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Abstract 

 

G-protein coupled receptor 50 (GPR50) is a genetic risk factor for psychiatric illness.  

It is a member of the melatonin receptor family, which includes the well 

characterised melatonin receptors 1 and 2 (MT1 and MT2).  However, the ligand for 

GPR50 remains elusive and little is known about GPR50 signalling pathways.  

Despite this, GPR50 is known to enhance neurite outgrowth and inhibit the actions of 

the neurite outgrowth inhibitor NOGO-A.  Existing evidence also indicates a role in 

lipid metabolism; GPR50 knockout mice displayed abnormalities in energy 

homeostasis and weight control, whilst sequence variants are associated with altered 

lipid levels in humans.  Further, a yeast-2-hybrid screen identified SREBF2 and 

ABCA2, regulators of lipid homeostasis, as GPR50 interactors.  This thesis explores 

the role of GPR50 in neuronal development and lipid metabolism. 

 

The work presented in this thesis shows that GPR50 promotes neuronal 

differentiation.  Overexpression significantly increased the number of neurites per 

cell in SH-SY5Y cells.  Further, dendritic branching was enhanced by GPR50 

transfection in hippocampal and cortical neurons (DIV 14).  In hippocampal neurons, 

GPR50 transfection also lead to a shift towards spine maturity although it had no 

effect on spine morphology, suggesting GPR50 enhances spine development but may 

not alter synaptic strength.  The effect of GPR50 on neuronal morphology may be 

driven by actin remodelling.  Immunocytochemistry showed an enrichment of 

GPR50 in highly dynamic regions of the membrane, i.e. the lamellipodia and 

dendritic spines.  Overexpression in SH-SY5Y cells also resulted in an increase in 

WAVE-2 and phosphorylated RAC1/CDC42, key modulators of actin dynamics.  

Additionally, GPR50 transfection altered the protein level and localisation of α-

catenin, another regulator of actin organisation, in HEK293 and SH-SY5Y cells 

respectively.   
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An involvement of GPR50 in lipid metabolism has also been demonstrated in this 

thesis.  Verification of the Y2H study suggested GPR50 does not physically interact 

with SREBF2 or ABCA2.  However, ABCA2 appears to induce the intracellular 

localisation of GPR50 in several cell lines.  In SH-SY5Y cells, this was mimicked by 

the inhibition of cholesterol trafficking, suggesting the translocation of GPR50 to the 

plasma membrane is dependent on cholesterol transport.  Further, the depletion of 

lipoproteins resulted in the downregulation of GPR50, indicating a responsiveness to 

lipid levels.  Finally, GPR50 increased lipid metabolism, as seen by a decrease in 

intracellular lipid droplets upon GPR50 overexpression. 

 

The data presented here extends previous work indicating a role of GPR50 in 

neurodevelopment.  It also highlights a potential mechanism by which GPR50 

regulates neuronal morphology, i.e. via actin remodelling.  Reports that GPR50 is 

involved in energy homeostasis is also supported in this thesis, further, results 

presented here suggest GPR50 is specifically involved in lipid metabolism.  These 

processes are often disrupted in mental illness, thus this work may provide a 

functional link between GPR50 and psychiatric disorders. 
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Chapter 1: Introduction 
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1.1 The study of G-protein coupled receptor 50  

 

Interest in G-protein coupled receptor 50 (GPR50) stems from studies addressing the 

biological basis of bipolar disorder (BD).  BD is amongst the most debilitating 

common disorders known, affecting a staggering 1% of the population and costing 

the UK approximately £4.59 billion a year (estimated 2007 value) (Fajutrao et al, 

2009).  Although there are reasonably effective treatments available, they are often 

accompanied with disturbing side effects and are ineffective in some patients.  In an 

attempt to improve this, studies have been performed to isolate the genetic basis of 

BD, with the belief that identifying the contributing genes will provide valuable 

information about the pathogenesis of the disorder.  This may also reveal novel drug 

targets.  The identification of GPR50 as a candidate gene came from such an attempt.   

 

The goal of this PhD was to improve our understanding of the role of GPR50 on a 

molecular level.  This introduction aims to provide a comprehensive overview of 

what is known about GPR50 and how this has shaped this PhD project.  Specifically, 

this chapter will discuss GPR50 as a G-protein coupled receptor, its position in the 

melatonin receptor family, its structure and function and how this knowledge leads to 

the overarching aims of this thesis. 

 

1.2 GPR50 – a G-protein coupled receptor 

 

With the characteristic seven transmembrane domains, GPR50 forms part of the G-

protein coupled receptor (GPCR) family.  GPCRs are a group of receptors, with over 

800 members (Dorsam & Gutkind, 2007; Ritter & Hall, 2009).  Their primary 

function is to mediate the intracellular response to external stimuli, i.e. ligands, such 

as neurotransmitters, lipids and hormones.  GPCRs govern a vast array of cellular 

processes and appear to have important roles in numerous medical disorders.  This is 
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demonstrated by the fact that GPCRs are targeted by over 50% of the therapeutic 

drugs currently available (Dorsam & Gutkind, 2007).  This raises the possibility that 

GPR50 could also be a therapeutic target.  The full characterisation of GPR50 would 

be a prerequisite for this; understanding how GPCRs work is the first step towards 

this characterisation process.  This section summarises the basic features of GPCR 

signalling. 

 

1.2.1 Signal transduction 

 

GPCRs have been studied extensively for many decades, as a result there is a 

comprehensive understanding of their signalling pathways (Dorsam & Gutkind, 

2007; Thomsen et al, 2005).  Classically, the binding of an extracellular ligand to a 

GPCR induces a conformational change that favours the binding and activation of a 

G-protein (guanine nucleotide binding protein).  This is a heteromeric protein 

consisting of an α-, β- and γ-subunit.  In its unstimulated state the Gα subunit is 

bound to GDP, this is exchanged with GTP upon activation.  In the active state, Gα 

dissociates from the heteromer to inhibit or stimulate downstream effectors such as 

adenylyl cyclase and phospholipase Cβ (PLCβ), this in turn regulates secondary 

messengers such as cyclic adenosine monophosphate (cAMP) and 

phosphatidylinositol bisphosphate (PIP2), figure 1.1.  G-proteins can be split into 

four subfamilies (Gs, Gi/o, Gq/11 and G12/13), which initiate different signalling 

cascades (figure 1.1).  This adds a level of specificity to the signalling cascade 

governed by a particular GPCR.  The Gβγ complex also regulates several effector 

molecules such as PLCβ and mitogen-activated protein kinase (MAPK).  The 

ultimate consequence of these signalling cascades is the regulation of genes involved 

in various biological responses.   
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Figure 1.1: G-protein coupled receptor signalling pathways. Upon ligand binding, GPCRs undergo 

conformational changes which catalyse the exchange of GDP, bound to the Gα subunit, for GTP.  In 

this active state the Gα subunit dissociates from the Gβγ dimer and initiates a signalling cascade 

depending on its subfamily.  Gαs typically stimulates adenylyl cyclase to increase cAMP levels, 

whereas Gαi/o acts in an inhibitory fashion.  Members of the Gαq/11 subfamily activate PLCβ, resulting 

in the generation of secondary messengers such as inositol phosphate (IP, IP2 and IP3) and DAG.  The 

Gα12/13 subfamily regulates the activity of effectors such as Rho GEF.  The Gβγ complex is also 

capable of signalling via various molecules including PLCβ and MAPKs.  Abbreviations: cAMP, cyclic 

adenosine monophosphate; DAG, diacylglycerol; GEF, guanine nucleotide exchange factor; MAPK, 

mitogen activated protein kinase; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLCβ, 

phospholipase Cβ; ROCK, rho-associated protein kinase; RGS, regulator of G-protein signalling.   

Figure modified from Thomsen et al, 2005.  

 

1.2.2 GPCR interacting proteins (GIPs) 

 

In addition to G-proteins, GPCRs interact with a diverse range of proteins which play 

an essential role in regulating their activity.  The most well established examples are 

GPCR kinases (GRKs) and arrestins (Ritter & Hall, 2009).  Binding of β-arrestin to 

GPCRs arises following their phosphorylation by GRKs.  β-Arrestin blocks G-
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protein coupling to GPCRs via steric hindrance, leading to desensitisation.  β-

Arrestin also drives the internalisation of GPCRs via clathrin-mediated endocytosis.  

Once internalised, GPCRs can be delivered to lysosomes for degradation or 

endosomes for recycling.  These mechanisms regulate the extent of G-protein 

mediated signalling.  Arrestins also act as scaffold proteins to bring signalling 

molecules together in order to initiate signal transduction independently of G-protein 

binding.  MAPK, AKT and anti-apoptopic pathways can be activated in this manner 

(Ahn et al, 2009; Rajagopal et al, 2010; Shenoy et al, 2006).   

 

Other GIPs are responsible for modulating the signalling cascade controlled by a 

given receptor.  For instance, Na+/H+ exchange regulatory factor (NHERF) 1 and 2 

binds to the lysophosphatidic acid receptor and parathyroid hormone 1 receptor 

(PTH1R), and by doing so, enhances their ability to activate PLCβ in response to 

agonist binding (Mahon et al, 2002; Mahon & Segre, 2004; Oh et al, 2004).  

Interestingly, PTH1R signalling is predominately through adenylyl cyclase in the 

absence of NHERF, thus this GIP switches signalling from the adenylyl cyclase to 

the PLCβ pathway.  This is likely to be due to an altered affinity for G-protein 

subtypes.  Under control conditions PTH1R shows a similar affinity towards Gαs, 

Gαq, and Gαi, however an association with NHERF1 shifts this towards Gαq.  

Further, NHERF2 favours Gαq and Gαi binding, whilst inhibiting Gαs stimulation 

(Wang et al, 2010).  Thus, knowledge of the interactors of a particular GPCR 

provides insight into the signalling output. 

 

Control of receptor trafficking is also essential to the regulation of GPCR signalling; 

again GIPs play a critical role here.  Overexpression of dopamine receptor interacting 

protein 78 (DRiP78) increases the ER retention of the D1 dopamine receptor, A1 

adenosine receptor and the CCR5 chemokine receptor (Bermak et al, 2001; Kuang et 

al, 2012; Malaga-Dieguez et al, 2010).  As a result, the signalling capacity of these 

receptors is attenuated.  Another well characterised example of GIP-mediated 

trafficking is by GPCR associated sorting protein 1 (GASP-1), which promotes 
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lysosomal targeting and the subsequent degradation of internalised receptors.  This is 

true for a number of GPCRs including the D2 dopamine receptor, cannabinoid 1 

receptor and the US28 chemokine receptor (Bartlett et al, 2005; Martini et al, 2007; 

Tschische et al, 2010).  Disrupting the interaction between these receptors and 

GASP-1 promotes their recycling.  Other GIPs, such as NHERF, have the converse 

function and promote receptor recycling rather than degradation (Cao et al, 1999; Li 

et al, 2002).   

 

These studies exemplify how dynamic the localisation of GPCRs can be.  They also 

highlight the fundamental importance of modulating receptor trafficking in order to 

regulate its activity; GIPs are critical for this process.  Moreover, these molecules 

play an important role in modulating GPCR signalling.  In the absence of a ligand, 

the identification of GIPs can provide key insight into the function and regulation of 

a GPCR.  Hence, this strategy was employed in the context of GPR50; this will be 

discussed in length later in this chapter. 

 

1.2.3 Ligand independent functions of GPCRs 

 

The activity of a GPCR is not necessarily dependent on ligand binding.  Some 

receptors, such as somatostatin receptor type 2, possess constitutive activity whereby 

signalling occurs in the absence of ligand binding (Bousquet et al, 2006).  The 

somatostatin receptor activates a phosphoinositide-3-kinase (PI3K) mediated 

pathway leading to cell survival; ligand binding, however, inhibits this activity.  In 

addition, some orphan GPCRs modulate signalling of other receptors upon 

heterodimerisation.  The orphan mas-related gene E receptor (MRGE) exemplifies 

this.  The activation of MRGD by β-alanine was enhanced when co-expressed with 

MRGE (Milasta et al, 2006).  MRGE also impedes agonist-induced internalisation of 

MRGD, therefore, potentiates MRGD signalling.  These results demonstrate the 
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complexity of GPCR signalling, but also show prior knowledge of a ligand is not 

always a prerequisite to study the actions of a GPCR. 

 

1.2.4 GPCRs and mental health 

 

Most commonly administered drug interventions for psychiatric illness target 

GPCRs, or molecules within the associated signalling pathway (Berton & Nestler, 

2006).  For instance, the serotonin receptor is involved in the efficacy of a number of 

antidepressants (Launay et al, 2006; Pejchal et al, 2002).  Clinical data shows ligand 

binding to various serotonin receptor subtypes is diminished in individuals with 

depression (Lewis et al, 1999; Yatham et al, 1999), highlighting the importance of 

this GPCR in the disorder.  In addition, polymorphisms within serotonin receptor 

genes are associated with depression and schizophrenia (Lemonde et al, 2003; 

Lorenzo et al, 2006).  As well as the serotonin receptor, signalling via dopamine and 

adrenergic receptors is routinely modified by drug treatment (Berton & Nestler, 

2006; Catapano & Manji, 2007).  Genetic studies have also linked these receptors to 

psychiatric disorders (Kaalund et al, 2011; Lochman et al, 2013; Wakeno et al, 

2008).  Thus, both genetic and pharmacological evidence link GPCRs to mental 

illness.  The search for novel treatments may result in the targeting of another GPCR, 

understanding how GPR50 functions may be important in this advancement. 

 

1.3 GPR50 – part of the melatonin receptor family 

 

GPR50, also known as melatonin-related receptor, is a member of the melatonin 

receptor family.  In mammals, this consist of melatonin receptors 1 and 2 (MT1 and 

MT2), which share a 45% sequence homology with GPR50 (Reppert et al, 1996).  

How does GPR50 fit in with other members of this family?  This question will be 

explored in this section by looking at the structure and function of the well 
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characterised melatonin receptors.  Information regarding GPR50’s structure, 

anatomical distribution and function will also be collated here. 

 

1.3.1 Melatonin receptors 

 

As the name implies, the melatonin receptors bind to melatonin, a neurohormone 

predominately produced in the pineal gland during the night (Hardeland et al, 2011; 

Perreau-Lenz et al, 2003).  Melatonin mediates a large number of processes but is 

best known for its involvement in the circadian cycle, the 24 hr cycle of activity 

which drives the rhythmic nature of events such as feeding, the sleep/wake cycle and 

energy homeostasis.  Unlike MT1 and MT2, GPR50 does not bind to melatonin 

(Levoye et al, 2006).  However, it does interact with both MT1 and MT2, and impacts 

the functionality of MT1 (Levoye et al, 2006).  This means the function of the three 

receptors may be linked, thus a solid understanding of these receptors may reveal 

some information about GPR50. 

 

1.3.1.1 Melatonin receptors structure and signalling 

In humans, MT1 and MT2 share a 55% sequence homology on the amino acid level; 

this increases to 70% when only including the transmembrane domains (Jockers et al, 

2008).  The signalling pathways of the two receptors have been well characterised, as 

outlined in figure 1.2 (Masana & Dubocovich, 2001).  Both MT1 and MT2 mediate 

the inhibition of adenylyl cyclase and the activation of PLCβ (Jockers et al, 2008; 

MacKenzie et al, 2002).  Activation of these receptors also leads to the 

phosphorylation of MAPKs and c-Jun N-terminal kinase (Chan et al, 2002; Witt-

Enderby et al, 2000).  In addition, MT2 inhibits the guanylyl cyclase pathway (Petit 

et al, 1999).  There is some overlap between the actions of the two receptors, as may 

be expected from the similar signalling cascades.  However, there are also some clear 

distinctions.  This shall be discussed next. 
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Figure 1.2: Signalling pathways of MT1 and MT2.  (A) MT1 signals via the Gαi pathway to inhibit 

adenylyl cyclase.  This leads to the reduction of cAMP, which in turn prevents the activation of PKA.  

Gβγ also mediates cell signalling via PLC to promote Ca
2+

 release.  (B) Upon melatonin binding, MT2 

also activates cAMP and PLC signalling via Gαi and Gβγ respectively.  In addition, MT2 activation leads 

to the inhibition of guanylyl cyclase, although this mechanism is poorly understood.  Abbreviations: 

AC, adenylyl cyclase; BK, big potassium channel; cAMP, cyclic adenosine monophosphate; cGMP, 

cyclic guanosine monophosphate; CREB, cAMP response element binding protein; DAG, 

diacylglycerol; GC, guanylyl cyclase; IP3, inositol trisphosphate; MLT, melatonin; PKA/C, protein 

kinase A/C; PLC, phospholipase C.  Figure adapted from Masana & Dubocovich, 2001.  

 

1.3.1.2 The function of melatonin receptors 

Studies employing mRNA hybridisation and autoradiography have shown MT1 is 

particularly enriched in the hypothalamus, especially in the suprachiasmatic 

nucleus (SCN) (Reppert et al, 1994).  MT2 is also found here, although at lower 

A 

B 
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levels.  The two receptors appear to have slightly different functions in this region of 

the brain.  MT1, and not MT2, has been shown to mediate the melatonin-induced 

inhibition to neuronal activity in the SCN (Jin et al, 2003; Liu et al, 1997).   

Conversely, MT2, rather than MT1, has been reported to mediate the ability of 

melatonin to induce phase shifts, i.e. changes to the timings of the circadian cycle 

(Liu et al, 1997).  However, in a more recent study, MT1 depletion prevented 

melatonin-induced phase shift (Dubocovich et al, 2005).  Thus, both receptors may 

be involved in phase shifting of the circadian rhythm but only MT1 appears to 

modulate neuronal activity. 

 

In animal studies, the administration of melatonin leads to a reduction in body 

weight, a resistance to weight gain and a decrease in circulating levels of insulin, 

glucose and triglycerides (Hussein et al, 2007; Rios-Lugo et al, 2010).  Evidence 

suggests that the melatonin receptors mediate this effect.  Association studies have 

linked MT2 to type-2-diabetes and abnormal fasting glucose levels (Bonnefond et al, 

2012; Bouatia-Naji et al, 2009).  Although this association is a matter of debate as 

MT1 knockout mice were found to be insulin resistant and unable to metabolise 

glucose effectively, whilst the deletion of MT2 had no effect on these parameters 

(Contreras-Alcantara et al, 2010).  These inconsistencies may reflect the difference 

between humans and rodents or the alternative outcomes of gene deletion vs. 

polymorphisms.  Whatever the case may be, these results show melatonin and its 

receptors have the ability to modulate metabolism. 

 

A neurodevelopmental role of melatonin and its receptors is also evident.  Melatonin 

has been shown to promote neurogenesis, neuronal survival and neuronal 

differentiation (Kim et al, 2004; Moriya et al, 2007; Ramirez-Rodriguez et al, 2009; 

Ramirez-Rodriguez et al, 2011).  Treating neurons with luzindole, a melatonin 

receptor antagonist, almost completely abolished the neuronal differentiation induced 

by melatonin (Ramirez-Rodriguez et al, 2009), indicating the receptors are largely 

responsible for this outcome.  In addition, researchers have demonstrated a 
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neuroprotective effect of melatonin in rodent models of ischemic stroke.  This 

neuroprotection was associated with the upregulation of MT2 and was blocked by 

treatment with MT2 antagonists (Chern et al, 2012; Lee et al, 2010), indicating a 

dependency on MT2.  However, this has been contested as an independent study 

showed melatonin’s neuroprotective effect was more pronounced in MT1/2 knockout 

mice compared to wild-type controls (Kilic et al, 2011).  Thus, the role of the 

melatonin receptors in neuroprotection is currently ambiguous. 

 

1.3.2 The structure of GPR50 

 

In a recent evolutionary study it was established that GPR50 is an orthologue of the 

non-mammalian Mel1c receptor (Dufourny et al, 2008).  During the evolutionary 

process, it has undergone extensive changes in the form of amino acid mutations and 

the addition of a long C-terminal tail.  These changes have had a dramatic impact on 

the protein.  An obvious example is the lost ability of GPR50 to bind to melatonin 

(Levoye et al, 2006; Reppert et al, 1996).  Transmembrane domains 4 and 6 (TM4 

and TM6) appear to be of great importance here.  Replacing TM4 and TM6 of MT1 

with the corresponding regions of GPR50 led to the loss of ligand binding and signal 

transduction (Conway et al, 2000; Gubitz & Reppert, 2000).  The reciprocal chimera, 

i.e. GPR50 with TM4 and TM6 of MT1, gained the ability to bind to melatonin.  In 

addition, melatonin dependent cAMP signalling was detected in this chimera.  TM6 

appears to be especially critical in ligand binding as the loss of this domain alone was 

sufficient to prevent melatonin binding to MT1 (Gubitz & Reppert, 2000).   

 

The importance of TM6 may be due to the presence of several amino acids which are 

essential for melatonin binding.  For example, glycine 258 (G258) of MT1 is 

conserved in MT2, aligning to G271, but in GPR50 this is replaced with threonine, 

aligning to T257 (Dufourny et al, 2008).  The substitution of this glycine residue 

with threonine in MT1 and MT2 significantly reduced melatonin binding (Gubitz & 
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Reppert, 2000; Mazna et al, 2004).  Thus, this amino acid change in GPR50 may 

largely contribute to its inability to bind melatonin.  Further, the substitution of 

leucine 271 in MT2, also found within TM6, abolished melatonin binding (Mazna et 

al, 2004).  Again this residue is conserved in MT1 but not GPR50 (figure 1.3 A).  

Interestingly, these residues are located in the ligand binding pocket of the melatonin 

receptors (figure 1.3 B, star); the substitution of amino acids here may sterically 

hinder ligand binding (Barrett et al, 2003).   

 

The C-terminal domain (CTD) of GPR50 shares high homology with RNA 

polymerase II (RNAPII) (Dufourny et al, 2008).  In RNAPII, this region acts as a 

scaffold mediating the binding of proteins involved in transcriptional regulation.  The 

CTD of RNAPII contains a particularly interesting structure - a seven amino acid 

repeat harbouring two serine residues.  These residues are phosphorylated to regulate 

protein binding.  As highlighted by Dufourny et al, this structure is conserved in 

GPR50 suggesting that the GPR50 CTD also functions as a scaffold structure 

modulated by phosphorylation.  Whether or not this is true remains to be seen, 

however, the CTD of GPR50 is responsible for at least one of its interactions, i.e. 

with the HIV-1 tat interactive protein, TIP60 (Li et al, 2011).  Coincidently, GPR50 

sequence variants associated with mental illness and lipid levels are located within 

the CTD (Bhattacharyya et al, 2006; Delavest et al, 2012; MacIntyre et al, 2010; 

Thomson et al, 2005).  Together, these results suggest the CTD has an important 

functional role, perhaps this importance is as a scaffold domain.   
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Figure 1.3: The structure of GPR50.  (A)  Sequence alignment between GPR50, bovine rhodopsin, 

MT1 and MT2.  Transmembrane domains (TM) are labelled above; stars denote amino acid residues 

shown to be essential for ligand binding in MT1 (dark blue), MT2 (light blue) and both (red).  Arrows 

indicate residues in GPR50 that have evolved under positive selection.  (B) 3D representation of 

GPR50 with coloured helices corresponding to the TM domains labelled in (A).  Amino acids essential 

in melatonin binding are also labelled, along with those that have evolved under positive selection.  

Note that T257 (star) is found within the ligand binding pocket.  This amino acid corresponds to G258 

in MT1 and G271 in MT2, which is crucial for melatonin binding.  Figure taken from Dufourny et al, 

2008.   

A 

B 
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1.3.3 Subcellular localisation of GPR50 

 

On the cellular level GPR50 resides on the plasma membrane, as first demonstrated 

by overexpression experiments in HEK293 cells (Hamouda et al, 2007; Levoye et al, 

2006).  This has subsequently been demonstrated on an endogenous level in HEK293 

cells and primary cortical neurons (Grünewald et al, 2009).  Interestingly, the 

subcellular localisation of GPR50 appears to be dynamic.  Upon co-transfection with 

TIP60, the full length GPR50 took up a perinuclear localisation, whilst the CTD 

adopted a nuclear distribution  (Li et al, 2011).  A truncated form of the receptor has 

been reported in both humans and mice (Li et al, 2011; Slominski et al, 2003).  This 

arises from a 151 bp deletion within exon two, resulting in a premature stop codon 

which creates a protein lacking the cytoplasmic tail and two TM domains.  It has 

been demonstrated that the murine form of this variant is unable to insert into plasma 

membrane and takes up a cytoplasmic localisation (Li et al, 2011). 

 

Trafficking to the plasma membrane 

The trafficking of proteins to the plasma membrane involves the intracellular 

shuttling of vesicles between various organelles.  During protein translation, 

transmembrane proteins like GPCRs are targeted to the endoplasmic reticulum (ER) 

by the signal recognition particle (SRP) (Huang et al, 2010; Kochl et al, 2002) .  For 

most GPCRs, SRP interacts with a transmembrane domain, although some GPCRs 

contain a specific signal peptide sequence (Kochl et al, 2002).  This interaction 

pauses translation and directs the nascent protein to the ER via the ER-bound SRP 

receptor.  At the ER translation proceeds and the hydrophobic transmembrane 

regions of the protein are inserted into the lipid bilayer of the ER.  Following 

translation the protein will undergo proper folding, post-translational modification, 

such as glycosylation, as well as dimerisation (Drake et al, 2006).  The full length 

protein is then targeted to the Golgi complex in coatomer protein complex II 

(COPII)-coated vesicles (figure 1.4), which bud off the ER and fuse onto the Golgi 

via SNARE proteins (Bonifacino & Glick, 2004; Mellman & Nelson, 2008).  The 
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nascent transmembrane protein can then traverse the Golgi complex via COPI-coated 

vesicles, again by the process of membrane budding and fusion.  In the Golgi, 

proteins will undergo additional post-translational modifications resulting in the fully 

mature protein.  This is then sorted into clathrin-coated transport vesicles for delivery 

to the plasma membrane. 

 

 
Figure 1.4:  Trafficking of transmembrane proteins.  Following synthesis in the endoplasmic 

reticulum, proteins are transported to the Golgi complex via coatomer protein complex (COP) II-

coated vesicles.  These vesicles tether and fuse onto the cis-face of the Golgi complex with the aid of 

SNARE proteins.  Within the Golgi complex, proteins can be transported via COPI-coated vesicle until 

they reach the trans-face.   At this stage, proteins are fully mature and are transported to the plasma 

membrane in clathrin-coated vesicles, along the cytoskeleton.  Diagram authors own. 

 

The intracellular trafficking of receptors through this series of organelles is a highly 

regulated process reliant on a number of factors.  This includes conserved sequence 

motifs that mediate the exit of transmembrane proteins from the ER or Golgi 

complex.  In GPCRs, many of these motifs are found within the C-terminus.  A triple 

phenylalanine motif has been shown to be important in the cell surface expression of 

several GPCRs.  Mutations within this site resulted in the ER accumulation of the 

dopamine D1 receptor and adiponectin receptors (Bermak et al, 2001; Juhl et al, 

2012).  Similarly, disruption of a di-leucine motif has been shown to cause the ER 
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retention of multiple GPCRs (Duvernay et al, 2009; Juhl et al, 2012).  Recent studies 

have also demonstrated the existence of motifs regulating the exit of GPCRs from the 

Golgi; these are present in both the C- and N-terminal regions (Dong & Wu, 2006; 

Dong et al, 2010; Wu, 2012).  In addition to these motifs, protein folding, 

glycosylation and interacting proteins mediate trafficking to the plasma membrane 

(Deslauriers et al, 1999; Dong et al, 2007; Kuang et al, 2012).  Thus, the deletion of 

the CTD of GPR50, and its interaction with TIP60, may disrupt the regulation of 

protein trafficking, resulting in the intracellular localisation of GPR50 described 

above (Li et al, 2011; Slominski et al, 2003).  

 

1.3.4 The distribution of GPR50 

 

In the brain, GPR50 is particularly enriched in the hypothalamus.  This was initially 

shown by in situ hybridisation studies in a range of species; namely mice, rats, sheep 

and humans (Drew et al, 2001; Drew et al, 1998; Sidibe et al, 2010).  In these studies 

the expression of GPR50 was largely restricted to the dorsomedial hypothalamic 

nucleus (DMH) and the ependymal layer of the third ventricle.  These regions have 

prominent roles in energy metabolism, the endocrine system and the circadian 

rhythm (Chao et al, 2011; Chou et al, 2003; Evans et al, 2004).  The enrichment of 

GPR50 here indicates the receptor may be involved in these processes.  GPR50 is 

also found in the pituitary and adrenal glands (Drew et al, 2001; Drew et al, 1998; 

Hamouda et al, 2007); this may denote an involvement in the hypothalamic-pituitary-

adrenal (HPA) axis, a major part of the neuroendocrine system.  This region of the 

brain is known to regulate processes such as metabolism, immunity and neurogenesis 

(Pariante & Lightman, 2008; Pasquali et al, 2006).  The abundance of GPR50 in 

these areas may point towards a neuroendocrine function. 

 

The development of more specific antibodies has meant the localisation of GPR50 

could be ascertained with greater precision.  This has been exploited with 
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immunohistochemistry to provide confirmation that GPR50 is found in the third 

ventricle and the DMH (Batailler et al, 2012; Grünewald et al, 2012; Sidibe et al, 

2010).  These studies have also identified novel sites of GPR50 expression in the 

brain, such as the hippocampus, arcuate nucleus (ARC), lateral hypothalamus (LH), 

cortex and the brainstem.  The diverse distribution of GPR50 expands the number of 

putative functions to consider.  For example, in the brainstem, GPR50 was found in 

noradrenergic, dopaminergic, and serotonergic neurons, suggesting an involvement in 

neurotransmission (Grünewald et al, 2012).   In addition, the ARC and LH 

accommodates some of the major nutrient sensing neurons (Blouet & Schwartz, 

2010), thus GPR50 may play a role in nutrient sensing and energy expenditure.   

 

Aside from the brain, mammalian GPR50 is widely distributed, e.g. in the lung, 

testes, heart, kidneys and ovaries (Drew et al, 2001).  This is in contrast to the 

peripheral distribution of Mel1c in fish, which is largely restricted to the skin (Sauzet 

et al, 2008).  This may reflect the functional divergence of the two proteins.  

However, there are some similarities in the distribution of Mel1c and mammalian 

GPR50; they are both expressed in the retina, optic nerve and optic chiasm (Drew et 

al, 2001; Reppert et al, 1995).  The preserved expression pattern here may indicate 

that the function of Mel1c and GPR50 crossover in these regions.  Therefore, this 

observation may outline an involvement of GPR50 in light sensing and the 

governance of the circadian rhythm, as true for Mel1c and other members of the 

melatonin receptor family (Dubocovich et al, 2005; Park et al, 2007; Wiechmann et 

al, 2009). 

 

1.3.5 GPR50 signal transduction 

 

There is little known about the signalling pathways regulated by GPR50.  However, 

interactions with Gαi, indicate GPR50 has the capacity to initiate a signalling cascade 

(Levoye et al, 2006).  This was recently replicated and extended to reveal that 
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GPR50 initiated signal transduction via Gαi1 to inhibit the forskolin-stimulated rise in 

cAMP (Hand, 2011), see figure 1.1 and 1.2.  Forskolin-dependent phosphorylation of 

the cAMP response element binding protein (CREB) was also inhibited by GPR50 

transfection.  In these experiments the addition of a ligand was not necessary to 

initiate signalling, suggesting GPR50 is constitutively active.  However, GPR50 was 

overexpressed in these studies; this is known to shift the GPCR equilibrium towards 

an active state despite the absence of a ligand (Ango et al, 2001).  Further, it cannot 

be ruled out that a ligand was present in the culture media and the increase in GPR50 

provided additional binding sites, and therefore, resulted in the increase in signalling.   

 

1.3.6 GPR50 functions 

 

The purpose of this PhD was to develop our understanding of GPR50’s function, 

which is relatively unclear.  However, research currently available does provide 

strong clues as to what this might be.  This is discussed below. 

 

1.3.6.1 Modulating the activity of interacting proteins 

As discussed in section 1.2.3, GPCRs can have ligand independent functions through 

binding to other proteins and modifying their activity.  GPR50 appears to bear this 

ability.  Through interacting with GPR50, the high affinity of MT1 for melatonin is 

diminished (Levoye et al, 2006).  Further, heterodimerisation prevented the coupling 

of Gαi and β-arrestin to MT1, thus MT1 signalling is diminished.  Interestingly, when 

the CTD of GPR50 was deleted the MT1-GPR50 heterodimer formed but the 

inhibitory effects were ablated.  Thus the inhibition may be attributed to steric 

hindrance from the CTD.  This work was carried out in vitro, using the 

overexpressed proteins; therefore, the physiological relevance may be questioned.  

However, there are similarities between the distribution of GPR50 and the MT1, 

especially in the cortex, hippocampus, DMH and retina (Jockers et al, 2008; Wu et 

al, 2006).  This means the two proteins may interact in vivo.  This is strengthened by 
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the observation that Mel1a and Mel1c, orthologues of MT1 and GPR50 respectively, 

colocalise in the corneal epithelium of Xenopus laevis during the day, suggesting 

heterodimerisation may be a mechanism to modulate receptor sensitivity/activity 

during the active period of the day (Wiechmann et al, 2009).  However, the lack of 

colocalisation in other areas of the brain indicates that the modulation of MT1 

signalling cannot be the only action of GPR50. 

 

In contrast, the interaction between GPR50 and the transcriptional co-activator TIP60 

was reported to potentiate TIP60 activity (Li et al, 2011).  Co-transfection with 

GPR50 significantly heightened the ability of TIP60 to increase glucocorticoid 

receptor (GR) activity.  Interestingly, GPR50 increased GR activity when transfected 

alone.  However, this increase was markedly lower than that observed in cells 

transfected with TIP60 alone or co-transfected with TIP60 and GPR50.  Further, the 

transfection of GPR50 alone did not affect the expression of Fkbp5, a GR-regulated 

gene.  Whilst in co-transfected cells, GPR50 enhanced the TIP60-dependent increase 

in this gene.  This suggests that GPR50 acts via TIP60 to modulate GR activity, and 

is largely unable to do this independently.  This study also showed the transfection of 

the CTD alone was sufficient to enhance TIP60 activity.  Conversely, the truncated 

form of GPR50, devoid of the CTD and unable to bind to TIP60, did not elicit any 

effect on GR signalling.  This emphasises the importance of the CTD and indicates 

the interaction between the two proteins was vital for the observed results. 

 

1.3.6.2 Neurodevelopment 

The extensive expression of GPR50 within the brain suggests that it may be 

important for the development or maintenance of the central nervous system (CNS).  

Recent papers have shed some light on what this role may be.  In Neuroscreen-1 

cells, a neuron-like cell line, the overexpression of GPR50 increased neurite 

outgrowth by 40% (Grünewald et al, 2009).  In the mouse brain, GPR50 was found 

to colocalise with the neuronal marker NeuN (Grünewald et al, 2012), thus the effect 

on neurite outgrowth may also occur in vivo.  A developmental profile of Gpr50 in 
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the mouse brain was also carried out.  This showed Gpr50 expression dramatically 

increased at embryonic day 18 (E18), particularly in the hypothalamus.  This 

observation is very intriguing as this stage of development is characterised by 

intensive dendritic and axonal outgrowth and branching (Polleux & Snider, 2010).  

The increase in Gpr50, therefore, may promote the outgrowth and development 

associated with E18.  At week 5, Gpr50 increased again (Grünewald et al, 2012), 

suggesting it is also required at later developmental time points.  

 

The role of actin dynamics in neuronal maturation  

Actin plays a vital role in neuronal morphogenesis and maturation.  In the cell, actin 

is found in two states: monomeric globular (G)-actin and polymeric filamentous (F)-

actin, a double stranded helical filament consisting of G-actin (Miller, 2002).  When 

bound to ATP, G-actin is readily incorporated into existing F-actin, preferentially at 

the plus (growing) end of the filament, via weak non-covalent bonds (figure 1.5).  

Upon hydrolysis of ATP to ADP the actin polymer destabilises, which results in the 

dissociation of G-actin at the minus end.  This is then free to bind to another ATP 

molecule and re-enter the cycle of actin polymerisation.  Due to the highly dynamic 

nature of F-actin, it is essential for various cellular processes involved in motility.  

This includes cell migration, cell spreading and growth cone extension (Heasman & 

Ridley, 2008; Sit & Manser, 2011).  In neurons, F-actin is an essential component for 

the development and dynamics of dendritic spines, dendrites and axons.  For 

example, drugs such as jasplakinolide, which interferes with actin dynamics, inhibit 

dendritic outgrowth (Tan et al, 2010).  Likewise, latrunculin A, an inhibitor of actin 

polymerisation, attenuates spine development and plasticity (Ramachandran & Frey, 

2009; Rex et al, 2007), whilst the promotion of polymerisation favours plasticity and 

increases spine density (Halpain et al, 1998; Huang et al, 2013).  

 

The dynamic nature of actin organisation is regulated by an array of actin binding 

proteins (ABPs), some of which are shown in figure 1.5.  Actin nucleators are an 
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important group of ABPs, which promote the polymerisation of actin filaments de 

novo.  Formins and ARP2/3 are well studied examples of these; the former promotes 

nucleation and polymerisation of unbranched filaments and the latter favours 

branched filaments (Dos Remedios et al, 2003; Heasman & Ridley, 2008).  

Depolymerisation proteins, such as cofilin, promote the disassembly of actin 

filaments by altering the structure of ADP-bound actin (Dos Remedios et al, 2003).  

Other proteins bind to G-actin to regulate its incorporation or dissociation from F-

actin.  For instance, profilins binds to monomeric actin and promotes the exchange of 

ADP for ATP and enhances polymerisation at the plus end of F-actin (Wen et al, 

2008).  On the contrary, Thymosin β4 sequesters G-actin and inhibits polymerisation 

(Dos Remedios et al, 2003).  As can be expected, these regulators of actin dynamics 

are also critical in neuronal development.  For instance, the loss of ARP2/3 led to a 

reduction in dendritic complexity, altered spine morphology and a progressive loss of 

synapses (Kim et al, 2013; Tan et al, 2010).  Similarly, the silencing of profilin 

reduced dendritic length, complexity and spine density (Michaelsen et al, 2010).  

Conversely, promoting actin depolymerisation by increasing the activity of cofilin 

resulted in the reduction of spine maturity (Pontrello et al, 2012; Shi et al, 2009). 
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Figure 1.5:  Actin dynamics at the lamellipodia.  ATP-bound G-actin binds to the plus end of F-actin, 

resulting in F-actin elongation.  Following ATP hydrolysis, ADP-bound actin can dissociate from the 

minus end of the actin filament.  This process is supported by severing factors such as cofilin.  Once 

in its monomeric form, profilin can bind to G-actin and promote the exchange of ADP for ATP, which 

can once again be incorporated into the growing actin filament.  New filaments can be initiated by 

ARP2/3, which promote the nucleation of actin on the sides of existing filaments, resulting in a 

branched network of F-actin.  Figure adapted from (Miller, 2002). 

 

ABPs are modulated by various signalling pathways typically involving members of 

the Rho-family of GTPases, such as RAC1, CDC42 and RHOA.  In response to 

various stimuli, Rho GTPases are activated by guanine nucleotide-exchange factors 

(GEFs), which promote the dissociation of GDP and the binding of GTP (Heasman 

& Ridley, 2008; Sit & Manser, 2011).  GTPase activating proteins (GAPs), on the 

other hand, inactivate Rho GTPases by promoting the hydrolysis of GTP.  When 

active, Rho GTPases will interact with a variety of downstream effectors to modulate 

the polymerisation of actin.  RHOA, for example, directly binds and activates the 

formin mDia, promoting actin nucleation and polymerisation (Heasman & Ridley, 

2008; Sit & Manser, 2011).  Whereas RAC1 promotes the formation of actin 

branches by activating the WAVE complex, which in turn activates ARP2/3 

(Heasman & Ridley, 2008; Sit & Manser, 2011).  Given the role of Rho GTPases in 

actin polymerisation, it is not surprising that modulating these molecules has a 

profound effect on neuronal morphology.  The suppression of RAC1 and CDC42 
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results in the elimination of dendritic spines and the reduction of dendritic 

complexity (Nakayama et al, 2000; Scott et al, 2003).  Conversely, RHOA negatively 

regulates dendritic complexity (Nakayama et al, 2000).  Thus, the modulation of 

actin dynamics, at different points within the regulatory pathway, is a crucial aspect 

of neuronal development/maturation. 

 

If GPR50 regulates neuronal development and neurite outgrowth, as evidence 

suggests, it may act on modulators of actin polymerisation such as ABPs or Rho 

GTPases.  If true, GPR50 could influence neurodevelopment in numerous ways, in 

addition to its promotion of neurite outgrowth (Grünewald et al, 2009).  This may 

correlate with the receptors developmental profile (Grünewald et al, 2012). Thus, it 

would be of great interest to look at how GPR50 affects various features of neuronal 

morphology and development. 

 

1.3.6.3 Energy metabolism 

As described above, GPR50 is enriched in areas of the brain which play a major part 

in energy homeostasis and nutrient sensing.  Furthermore, GPR50 propagates GR 

signalling (Li et al, 2011), which is also known to regulate metabolism (Kadmiel & 

Cidlowski, 2013).  This indicates that GPR50 has a role in energy metabolism, which 

seems to be supported by experimental data.  GPR50 expression in the DMH and 

ependymal layer of the third ventricle decreased in wild-type mice placed on a high 

energy diet and those fasted (Ivanova et al, 2008).  A similar reduction in GPR50 

was found in these areas of the brain in Siberian hamsters placed on short-day 

photoperiods (Barrett et al, 2006), periods associated with decreased food intake 

(Mercer et al, 2000).  In addition, leptin-deficient mice, characterised by weight gain 

and increased food intake, also had significantly lower levels of GPR50 in the same 

hypothalamic regions (Bechtold et al, 2012).  These results imply GPR50 is sensitive 

to changes in energy/food intake.  It has been suggested that fatty acids regulate the 

reduction of GPR50 as these are increased in conditions of fasting and high energy 

diets (Frier et al, 2011).  The expression of GPR50 in the nutrient sensing regions of 
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the brain, i.e. ARC and LH (Grünewald et al, 2012), is very much in keeping with 

this possibility. 

 

The deletion of Gpr50 in mice also indicates that GPR50 regulates energy 

metabolism.  These mice displayed attenuated weight gain and were resistant to diet-

induced obesity (Ivanova et al, 2008).  They were also resistant to weight loss upon 

fasting, suggesting a general disruption to the metabolic response to food.  

Interestingly, these changes to body weight are very similar to the outcome of 

melatonin administration in mice (Hussein et al, 2007).  The absence of GPR50 may 

alleviate the inhibition to MT1 signalling (Levoye et al, 2006), resulting in an 

increased responsiveness to melatonin.  In a recent study, GPR50 was shown to 

mediate torpor, a response to cope with harsh environments by minimising energy 

expenditure (Bechtold et al, 2012).  Gpr50 knockout mice readily entered a state of 

torpor upon fasting, as characterised by a pronounced decline in body temperature 

and the metabolic rate.  The administration of leptin, a potent inhibitor of torpor, did 

not attenuate this, indicating GPR50 acts downstream of leptin to increase metabolic 

expenditure (Bechtold et al, 2012).   

 

In addition, GPR50 appears to modulate lipid levels.  Sequence variants have been 

found to associate with increased fasting triglyceride levels and a reduction in 

circulating high-density lipoprotein (HDL)-cholesterol levels (Bhattacharyya et al, 

2006).  This may signify that GPR50 specifically acts on lipid metabolism.  This has 

recently been supported by work showing GPR50 is expressed in adipocytes (Hand, 

2011), cells specialised for lipid storage (Cristancho & Lazar, 2011).  Further, the 

overexpression of GPR50 in adipogenic 3T3-L1 cells disrupted lipid homeostasis, 

resulting in the accumulation of intracellular lipids (Hand, 2011).  GPR50 silencing 

had the converse effect and resulted in the reduction of lipid storage.  This coincides 

with the reduced body fat observed in Gpr50
-/-

 mice (Ivanova et al, 2008).  Thus, the 

previously reported relationship between GPR50 and energy metabolism may be due 

to its ability to modulate lipid homeostasis. 
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1.3.6.4 Mental illness 

The first indication that GPR50 may have a role in BD came about through linkage 

analysis which revealed the genomic region harbouring GPR50, Xq28, was a 

candidate locus (Hayden & Nurnberger, 2006; Massat et al, 2002).  The 

identification of GPR50 as a potential contributor for this linkage came in the form 

of a four amino acid deletion, Δ502-505, that was significantly associated with BD in 

women, P=0.00023 (Thomson et al, 2005).  This study also demonstrated that the 

association was not limited to BD, Δ502-505 also associated with major depressive 

disorder (MDD) in females, P=0.0064.   Further, two single nucleotide 

polymorphisms (SNPs) within GPR50, rs13440581 and rs2072621, were found to 

associate with MDD (P=0.0096) and schizophrenia (P=0.0014) respectively, again in 

a female specific manner.  Therefore, GPR50 is not only implicated in the 

development of BD but also related disorders, possibly reflecting a shared aetiology. 

 

Replicating these key findings has not been straightforward.  In a smaller Swedish 

cohort, the Δ502-505 association was not reproduced (Alaerts et al, 2006).  Similarly, 

a Hungarian study found no association between GPR50 SNPs and childhood-onset 

mood disorder, which pools MDD and BD together (Feng et al, 2007).  This includes 

rs561077, which is in complete linkage disequilibrium with Δ502-505.  This lack of 

replication may be attributable to a number of factors, such as genetic heterogeneity, 

the lack of power or differences in phenotypic definitions.  Alternatively, the primary 

study may have reported a false positive. 

 

Recent studies, however, support the link between GPR50 and mental illness, 

although do not fully replicate the initial study.  An independent Scottish cohort 

found a female specific association between rs1202874 and BD (P=0.0035), but not 

with Δ502-505 (MacIntyre et al, 2010).  Interestingly, Δ502-505 did associate with 

indices of severity in early onset MDD patients, e.g. age of onset, number of 
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episodes and hypomanic symptoms in women and a familial history in men.  This 

suggests carriers of the deletion have a more severe form of MDD with a greater 

chance of developing BD later in life.  More recently, rs2072621, the SNP linked to 

schizophrenia in the primary study (Thomson et al, 2005), was shown to be 

significantly associated with seasonal affective disorder (SAD) in women (P=0.049) 

(Delavest et al, 2012).  However, an association with other GPR50 variants, 

including Δ502-505, were not detected in this study. 

 

There are clear inconsistencies between these reports, possibly because the causal 

variant has not been typed in these studies or the result of the small sample sizes 

used.  Despite this, these results seem to suggest GPR50 is a susceptibility gene for 

an array of psychiatric disorders.  Understanding the function of GPR50 will provide 

insight into the disrupted pathways contributing to such disorders.  Better treatment 

may in turn come from this knowledge.   

 

1.4 Investigating the functions of GPR50 

 

A number of methods can be used to deduce the functions of a GPCR; these usually 

revolve around G-protein activation.  A commonly used assay involves measuring 

cAMP, the secondary messenger associated with Gαs and Gαi/o activation (figure 

1.1).  Other secondary messengers routinely assessed are inositol phosphate and 

Ca
2+

, the functional screens for Gαq and Gαi/o-coupled receptors.  The guanine 

nucleotide binding assay is also widely used.  This records the binding of a labelled 

GTP analogue to the Gα subunit, which provides a measure of its activity level.  

Knowledge of the G-protein that associates with the receptor is not necessary for this 

method, which makes it especially useful when the signalling pathway is unknown.  

However, the exposure to a ligand is often required for these assays.  This means 

they are of limited use in the study of orphan GPCRs. 
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Attempts have been made to deorphanise GPR50 using the methods described above, 

but with little success.  Recently, however, the biopharmaceutical company Omeros 

announced that they have identified compounds that selectively bind to GPR50 in a 

large scale deorphanisation program (Omeros-Corporation, 2012).  They have yet to 

release any data on this, thus, for all intents and purposes, the ligand remains 

unknown.  Despite this setback, it has been established that GPR50 is capable of 

inducing a signalling cascade via Gαi1 (Hand, 2011).  Further, the overexpression of 

GPR50 in various cell lines has an observable consequence (Grünewald et al, 2009; 

Hand, 2011; Levoye et al, 2006; Li et al, 2011), presumably through the signalling 

cascade induced by overexpression.  Thus, the discovery of a ligand does not 

preclude the study of GPR50’s functions; overexpression and knockdown strategies 

are likely to be an effective tool to investigate the actions of GPR50. 

 

Determining the G-proteins that interact with GPR50 is crucial to identify the exact 

signalling cascades initiated.  However, this provides limited information in regards 

to the cellular events that occur further downstream and the ultimate cellular 

response.  For example, Gαi inhibits cAMP production which is required for PKA 

activation.  This regulates a diverse range of cellular responses including 

proliferation, glucogenesis and cell survival (Kim et al, 2008; Li et al, 2000; Liu et 

al, 2004).  Alone, knowledge that GPR50 acts through Gαi does not tell us what the 

activation of GPR50 leads to.  This depends on factors such as the ligand, tissue and 

cell type.  In addition, GIPs play an important role here.  Thus, knowledge of 

GPR50-interacting proteins may provide much needed illumination on the function 

and activity of GPR50, if much is known about the associated GIP.  With this in 

mind, a yeast-2-hybrid (Y2H) screen was performed prior to the start of this PhD 

(Grünewald et al, 2009). 
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1.4.1 Y2H screen 

 

The Y2H screen is an assay used to identify protein interactions.  It involves fusing 

the DNA-binding domain of a transcription factor onto a protein of interest; this is 

known as the bait.  The prey is generated from a cDNA library of potential 

interactors expressed as a fusion product with the activation domain of the same 

transcription factor.  These vectors are transformed into yeast, where the reaction 

occurs.  Interactions between the prey and bait proteins place the DNA-binding 

domain and the activation domain in close proximity, which reconstitutes the 

transcription factor allowing it to activate the transcription of a reporter gene.  The 

CTD of GPR50, amino acids residues 292-617, was used as the bait given the 

apparent functional importance of this domain.  The screen was also performed with 

the Δ502-505 deletion variant; again this was limited to the CTD.  Both constructs 

were screened against an adult human brain cDNA library by Hybrigenics 

(Grünewald et al, 2009). 

 

 

Over 23 interactors were identified in the GPR50 Y2H screen (results shown in table 

1) (Grünewald et al, 2009).  Each interactor was assigned a predicted biological score 

(PBS) reflecting the likelihood of the interaction being specific.  This is based on 

technical parameters such as the number of independent prey fragments found for a 

given interaction and the frequency of a prey protein appearing in independent 

screens using the same cDNA library (Blandin et al, 2013; Formstecher et al, 2005).  

A PBS of A-C are assigned to the more technically reliable associations and 

considered to be probable true positives, whereas D represents interactions detected 

from a single experimental clone, thus is less reliable.  PBS E flags up prey with 

interacting domains that have frequently appeared in independent screens with 

unrelated bait proteins, therefore, may represent false positives.  To decipher how 

these results reflect the function of GPR50, gene ontology (GO) analysis was 

performed.  This revealed that two biological processes were significantly enriched 
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in the Y2H screen – neuronal differentiation/development (P=0.004) and 

sterol/cholesterol metabolism (P=0.001).   
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Global 

PBS 

Gene 

symbol 

Isoform Gene name 

A RTN4 

(NOGO-A) 

Variant 5 Reticulon 4 

C CDH8 Type 2 Cadherin 8 

C SFRS18  Splicing factor, arginine/serine-rich 18 

D SHOT1  Shootin-1 

D RTN3 Variant 2 Reticulon 3 

D ABCA2 Variant 2 ATP-binding cassette, sub-family A, member 2 

D LRRC37A3  Leucine-rich repeat containing 37 member A3 

D OSBP2 Variant 1 Oxysterol binding protein 2 

D RTN4 

(NOGO-C) 

Variant 3 Reticulon 4 

D PSMA1 Variant 1 Proteasome (prosome, macropain) subunit, alpha type, 

1 

D MADD Variant 4 MAP-kinase activating death domain 

D PCDH9 Variant 2 Protocadherin 9 

D SATB1  Special AT-rich sequence binding protein 1 

D SLC12A5  Solute carrier family 12 (potassium-chloride transporter) 

member 5 

D SLC4A10  Solute carrier family 4 (sodium bicarbonate transporter-

like) member 10 

D SNX6 Variant 2 Sorting nexin 6 

E SREBF2  Sterol regulatory element binding transcription factor 2 

E SNX5 Variant 2 Sorting nexin 5 

E DDX24  DEAD (Asp-Glu-Ala-Asp) box polypeptide 24 

E ST13  Suppression of tumorigenicity 13 

E PAX6 Variant 2 Paired box gene 6 

E SPTAN1  Spectrin, alpha, non-erythrocytic 1 

E CNST  Consortin 

E PICK1 Variant 1 Protein interacting with PRKCA 1 

Table 1.1: Results from the Y2H study with the CTD of GPR50 screened against a human brain 

cDNA library.  The gene symbol, variant and full gene name are presented along with the predicted 

biological scores (PBS) generated for the given interaction (Grünewald et al, 2009).   
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Alone, Y2H screens provide insufficient evidence to prove an interaction.  This is 

due to a number of important limitations (Brueckner et al, 2009; Van Criekinge & 

Beyaert, 1999).  For example, the screen takes place in yeast, a system in which 

proteins may not be expressed, folded or modified correctly, which may have a 

marked effect on interactions.  Further, fusion proteins must be targeted to the 

nucleus to allow the transcription of the reporter gene.  Proteins shown to interact in 

a Y2H screen may normally be found in different subcellular compartments in 

mammalian cells, thus would not be able to interact.  Alternatively, the nuclear 

targeting of proteins that do interact may be unsuccessful; as a result, the reporter 

gene will not be transcribed despite the presence of a genuine association.  Hence, 

Y2H screens are prone to false positive and false negative results.  Therefore, it is 

essential to follow up Y2H results with more robust assays like co-

immunoprecipitation (co-IP) in conjunction with immunocytochemistry (ICC), 

focusing on the most compelling associations.  

 

The interaction between the neurite outgrowth inhibitor NOGO-A, the highest 

scoring protein in the screen (table 1), and GPR50 has been confirmed using co-IP 

and ICC (Grünewald et al, 2009).  Upon investigating the outcome of this interaction 

it was discovered that GPR50 attenuated the inhibitory actions of NOGO-A.  

Moreover, GPR50 itself positively modulated neurite outgrowth in Neuroscreen-1 

cells.  In addition, the interactions with CDH8 and ABCA2 were tested; GFP-tagged 

GPR50 was found to co-immunoprecipitate with GFP-CDH8 and untagged ABCA2 

(Grünewald et al, 2012).  However, these results should be treated with caution as 

GFP-GPR50 took up a more internal localisation (Grünewald, 2011).  Moreover, if 

both proteins have GFP tags, as was the case for GPR50 and CDH8, there is a risk of 

GFP dimerisation, resulting in a false positive result.  Co-IP with the untagged 

constructs was attempted, however, due to technical issues results were inconclusive 

(Grünewald, 2011).  
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An independent group also used the Y2H method to elucidate the functions of 

GPR50 (Li et al, 2011).  This group identified TIP60 as a potential GPR50-

interactor, which they confirmed with a co-IP assay.  Through the interaction with 

TIP60, a novel function for GPR50 in GR signalling was unveiled, as described 

earlier.  Interestingly, only one common interactor was found in the two screens, 

from a total of 34 putative interactors (23 identified in Grünewald’s paper, 2009, and 

11 by Li et al, 2011).  This was sorting nexin 5 (SNX5), a protein involved in 

intracellular trafficking (Wassmer et al, 2007).  However, in the Y2H screen 

presented by Grünewald et al the GPR50-SNX5 interaction was assigned a PBS of E, 

thus, there is a strong possibility that this interaction is non-specific.  The lack of 

crossover in the two papers may be due to the different libraries used, one utilised a 

human brain cDNA library (Grünewald et al, 2009), while the other used a mouse 

testes library (Li et al, 2011).  These libraries would be expected to consist of a 

different subset of genes expressed at different levels, and therefore, likely to 

produce different results.   

 

Whilst different proteins were identified in the two Y2H screens, both studies 

highlight how useful the discovery of GPR50-interacting proteins can be.  They led 

to the identification of previously unknown roles of GPR50 in neurite outgrowth and 

GR signalling.  For this reason, this PhD focused on, and attempted to extend, the 

results generated in the Y2H study performed by this group (Grünewald et al, 2009) 

by exploring the role of GPR50 in neurodevelopment and lipid metabolism.  In this 

section the Y2H results pertinent to these processes will be discussed in more detail.   

 

1.4.1.1 Neuronal differentiation/development 

The proteins involved in neuronal development/differentiation enriched in the Y2H 

study included ABCA2, CDH8, PCDH9, PAX6, PICK1, RTN3, NOGO-A and 

SHOT1 (table 1).  These have varied contributions to neurodevelopment including 

the development and maintenance of the myelin sheath, neuronal polarisation and 

synaptic transmission (Mack et al, 2007; Nakamura et al, 2011; Petrinovic et al, 



33 

 

2013; Toriyama et al, 2006).  Of these, NOGO-A and CDH8 had the strongest 

likelihood to interact with GPR50, PBS of A and C respectively, making them the 

most compelling proteins to study.  These interactions have now been confirmed 

with co-IP, although the GPR50-CDH8 interaction requires further experimentation 

(Grünewald, 2011; Grünewald et al, 2009).  In addition to the PBS scores, the roles 

of NOGO-A and cadherins in neurodevelopment have been studied extensively.  

Thus, of all the interactors identified, it seems that these proteins are most likely to 

expand our current understanding of GPR50.  

 

NOGO-A 

In the Y2H screen the short form of NOGO-A (RTN4 variant 5) was found to bind to 

GPR50.  NOGO-A is predominately expressed in the CNS, particularly in 

oligodendrocytes but also in neurons during development (Huber et al, 2002).  There 

is also some peripheral distribution, although this appears to be limited to the heart 

and testes (Huber et al, 2002).  On the plasma membrane, NOGO-A consists of two 

membrane spanning domains with two extracellular regions.  The extracellular 

domains bind to receptors on adjacent neurons leading to neurite outgrowth 

inhibition, the prevention of cell spreading and growth cone collapse (Niederost et al, 

2002; Oertle et al, 2003; Petrinovic et al, 2010).  Rho GTPases seem to mediate these 

processes.  Treating retinal ganglion cells with NOGO-A fragments activates RHOA 

and suppresses RAC1 (Niederost et al, 2002).  Further, the inhibition of RHOA 

signalling abolished the inhibitory effects of NOGO-A.  GPR50 may also alter RHO 

GTPase signalling pathways to attenuate the actions of NOGO-A, promoting neurite 

outgrowth by doing so. 

 

More recently additional functions for NOGO-A have been noted, especially in 

regards to synaptic function.  In neurons, both NOGO-A and its receptor localise to 

the synapse, at pre- and postsynaptic sites, and have a negative impact on neuronal 

maturity and dendritic complexity (Lee et al, 2008; Petrinovic et al, 2013).  To add to 
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this, synaptic plasticity is negatively regulated by NOGO-A (Delekate et al, 2011; 

Petrinovic et al, 2013); this also appears to be true for its receptor (Lee et al, 2008).  

Further, increased expression of the Nogo receptor has been shown to significantly 

impair long-term memory in mice (Karlen et al, 2009).  Thus, the inhibitory actions 

of NOGO-A are accompanied by physiological changes in vivo.  As with neurite 

outgrowth, the association with GPR50 may dampen the inhibitory effect of NOGO-

A on dendritic maturity and memory. 

 

Cadherin 8 

CDH8 is from a large family of transmembrane proteins which mediate cell-cell 

adhesions (Cavallaro & Dejana, 2011; Redies et al, 2012).  In the CNS, CDH8 is 

found in the dorsal root ganglion, the dorsal horn, subthalamic nucleus and the 

cerebellum (Hertel et al, 2008; Korematsu et al, 1998; Suzuki et al, 2007).  The 

function of this cadherin in the CNS has not been well defined, however, studies 

have demonstrated that CDH8 has a role in the migration of precerebellar neurons 

(Taniguchi et al, 2006).  It appears to act in a similar way in facial branchiomotor 

neurons, where its expression is switched on at the final phase of migration (Garel et 

al, 2000).  An interaction with CDH8 suggests GPR50 may regulate neuronal 

migration during brain development.  However, this process occurs early in 

development; for example, the migratory pathway of the facial branchiomotor neuron 

terminates around E14 (Garel et al, 2000).  Gpr50 expression, on the other hand, is 

strongest at E18 and moderate in adolescence (Grünewald et al, 2012).  At earlier 

ages, expression of Gpr50 is low, thus it is hard to imagine that GPR50 has a 

significant contribution to neural migration.   

 

Cadherins also act on the actin cytoskeleton through interactions with α/β-catenin 

(Desai et al, 2013).  These are known to regulate actin remodelling, spine 

development and synaptic transmission (Abe et al, 2004; Desai et al, 2013; Drees et 

al, 2005; Murase et al, 2002).  Neural cadherin (NCAD), the classical cadherin 
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typically studied in relation to neuronal development, promotes spine development 

and maturity and is also involved in synaptic transmission (Juengling et al, 2006; 

Mendez et al, 2010).  In addition, NCAD has been shown to mediate the stability and 

maintenance of activity-dependent dendritic outgrowth and branching (Tan et al, 

2010).  Importantly, this appears to be reliant on NCAD mediated neuron-neuron 

interactions and its association with actin filaments via catenins.  Further, disruption 

to actin dynamics completely abolished the dendrite-promoting effect of NCAD.  As 

dendritic outgrowth, branching and synapse formation typically occur later in 

development, from approximately E17 in rodents (Polleux & Snider, 2010), an 

involvement of GPR50 here may be more likely. 

 

1.4.1.2 Sterol/cholesterol metabolism 

The cholesterol metabolism group of interactors included ABCA2, OSBP2 and 

SREBF2.  These proteins were assigned a low PBS (ABCA2, D; OSBP2, D; 

SREBF2, E; table 1); however, they should not immediately be discounted.   

Biologically relevant interactions have been found within low confidence level 

groups (Formstecher et al, 2005).  Further, their involvement in lipid metabolism 

makes them compelling proteins to study in light of the possible role GPR50 plays 

here (Bhattacharyya et al, 2006; Davis et al, 2004; Goldstein & Brown, 1997; 

Ivanova et al, 2008; Wang et al, 2002).  Importantly, ABCA2 and SREBF2 have 

both been linked to mental health (Le Hellard et al, 2010; Wollmer et al, 2006).  An 

interaction with these proteins may provide the link between GPR50 and its 

association with psychiatric illness and abnormal lipid levels, thus focus was placed 

on these two proteins.   

 

ABCA2 

ABCA2 is the largest member of the ATP-binding cassette transporter family 

(Vulevic et al, 2001a).  The protein is predominately found in the brain, especially in 

oligodendrocytes (Broccardo et al, 2006b; Vulevic et al, 2001b; Zhou et al, 2001).  It 
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is also notably expressed in the dentate gyrus and the subventricular zone of the 

lateral ventricle (Broccardo et al, 2006b), sites of adult neurogenesis.  On the cellular 

level, ABCA2 shows partial overlap with lysosomal markers, suggesting it resides in 

lysosome-related organelles (Broccardo et al, 2006b; Vulevic et al, 2001b). 

 

ABCA2 appears to be involved in the trafficking of sterol-related compounds.  In 

CHO cells, overexpression led to the accumulation of cholesterol in lysosomes rather 

than the delivery to the ER (Davis et al, 2004) and therefore, prevents the subsequent 

storage in lipid droplets or packaging in lipoproteins (Guo et al, 2009).  

Overexpression also altered the expression of genes involved in sterol biosynthesis 

(Davis, 2011; Davis et al, 2004).  In mice, the deletion of Abca2 resulted in abnormal 

myelin structure in the spinal cord and cerebrum (Mack et al, 2007).  These mice also 

displayed a marked reduction in body weight and hyperactivity, similar to the 

phenotype observed in Gpr50 knockout mice (Ivanova et al, 2008).  In an 

independent study abnormalities in myelin structure were not detected, however, 

differences in the levels of sphingolipids were observed (Sakai et al, 2007).  This is 

of note as sphingolipids, along with cholesterol, are major components of myelin 

(Obrien & Sampson, 1965).  An interaction with ABCA2 may reflect the 

involvement of GPR50 in the regulation of these lipids, which could have an impact 

on myelination and neuronal transmission. 

 

From a neurodevelopmental perspective an interaction between GPR50 and ABCA2 

is interesting.  A synonymous SNP in exon 14 has shown a strong association with 

early onset Alzheimer’s disease (AD) (Macé et al, 2005; Wollmer et al, 2006).  

Interestingly, this SNP was also associated with cholesterol levels in the 

cerebrospinal fluid (Wollmer et al, 2006).  The link between ABCA2 and AD has 

also been demonstrated on a molecular level.  The overexpression of ABCA2 

resulted in increased levels of intracellular APP and secreted Aβ, key determinants of 

AD (Chen et al, 2004).  Intriguingly, there has been mounting evidence implicating 

lipids, especially cholesterol, to AD (Di Paolo & Kim, 2011).  Thus the association 
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between ABCA2 and AD may be due to the ability of ABCA2 to modulate 

cholesterol homeostasis.  These results are of high interest in the context of GPR50, 

which has been linked to cholesterol levels (Bhattacharyya et al, 2006).  Further, an 

increase in GPR50-immunoreactive cells undergoing degeneration has been observed 

in AD patients (Hamouda et al, 2007), possibly underlining a role of GPR50 in 

neurodegeneration.  An interaction with ABCA2, either physical or functional, may 

provide some explanation for these observations. 

 

SREBF2 

SREBF2 is a ubiquitously expressed transcription factor involved in the regulation of 

cholesterol levels (Goldstein & Brown, 1997).  In its inactive form the protein resides 

in the ER where it is bound to SREBF2 cleavage activating protein, Scap.  Under low 

intracellular cholesterol levels, Scap undergoes a conformational change which 

ultimately leads to the cleavage of SREBF2.  This releases the functionally active N-

terminal domain, which is translocated into the nucleus as a homodimer where it 

binds to sterol regulatory elements (SRE) to activate genes involved in cholesterol 

biosynthesis and uptake, e.g. 3-hydroxy-3-methylglutaryl-CoA reductase and the 

low-density lipoprotein receptor (Horton et al, 1998).   If GPR50 binds to SREBF2 

and alters its transcriptional activity, the modulation of cholesterol homeostasis 

would be expected. 

 

Much of the work on SREBF2 has been carried out in liver derived cells, thus, little 

is known about its effects in the CNS specifically.  However, it is particularly 

enriched in the hippocampus, especially in pyramidal neurons of the CA1 and CA3 

regions  (Kim & Ong, 2009).  It is also highly expressed in neurons of the cerebral 

cortex and other regions of the brain at lower levels.  This indicates that SREBF2 is 

likely to have a role in the cholesterol homeostasis of neurons.  As cholesterol plays 

an essential role in neuronal processes such as synapse formation and function, 

myelination and axonal growth (Dietschy, 2009), SREBF2 may contribute to these 
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process.  This may explain why SREBF2 has been implicated in mental health.  

Polymorphisms in SREBF2 and SREBF1, a member of the same family, were 

significantly associated with schizophrenia in two cohorts (Le Hellard et al, 2010).  

This is strengthened by in vitro work demonstrating SREBF2, and SREBF2-

regulated genes, are upregulated and activated in response to antipsychotics and 

antidepressants (Ferno et al, 2005; Polymeropoulos et al, 2009; Raeder et al, 2006).  

This indicates that SREBF2 may contribute to the efficacy of drug treatment, 

possibly through the restoration of cholesterol homeostasis.  Thus, validating the 

Y2H results may link GPR50 to drug efficacy. 

 

1.4.1.3 What does the Y2H screen tell us about GPR50? 

An interaction between GPR50 and any of these proteins could reveal novel 

functions of GPR50.  The NOGO-A interaction, has already led to the knowledge 

that GPR50 enhances neurite outgrowth.  This may extend to the promotion of 

dendritic complexity and synaptic transmission.  Further, an interaction with CDH8 

may reflect a role in actin remodelling or neuronal migration.  An interaction with 

SREBF2 or ABCA2 could highlight a role of GPR50 in cholesterol homeostasis.  In 

addition, this would provide mechanistic information into how GPR50 is involved in 

cholesterol metabolism, i.e. by modulating the transcriptional activity of SREBF2 or 

altering cholesterol trafficking by ABCA2.  Thus, as a direct consequence of the 

Y2H screen several possible pathways that GPR50 may act on have been unveiled.  

With all the information that could be gleaned from these interactions, it is of high 

interest to validate the Y2H study. 

 

1.5 Conclusion 

 

From the data presented here, potential roles for GPR50 clearly emerge in 

neurodevelopment and lipid metabolism.  However, there is a whole host of 

questions that must be addressed.  In regards to neurodevelopment, the main question 
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is what is its contribution?  Given the effects of GPR50 on neurite outgrowth and its 

peak expression at E18, GPR50 may promote dendritic and axonal outgrowth and 

branching.  The interaction with NOGO-A and CDH8 also indicate GPR50 may act 

on synaptic development and actin organisation; further, this function may be 

governed by Rho GTPases.  The involvement of GPR50 in metabolism is fairly 

evident; however, knowledge is far from complete.  Does GPR50 directly sense 

energy/nutrient levels and relay this information to the appropriate effector?  Or is it 

fed this information to modulate the required metabolic response?  Current data 

depicts GPR50 as an energy sensor; however, it also seems to modify the metabolic 

rate, especially in conditions of fasting.  Thus, its exact role is unclear.  In addition, 

in what aspect of metabolism is GPR50 involved and how is this governed?  

Evidence from association studies and mouse work points toward lipid metabolism, 

which is supported by the putative interaction with ABCA2 and SREBF2, but this 

evidence is largely circumstantial.   

 

Considering all that has been presented in this chapter, it is clear that our knowledge 

surrounding GPR50 has vastly improved since its initial identification.  However, 

there are still large gaps in this understanding.  The goal of this thesis is to fill in 

some of these gaps. 

 

1.5.1 Aim 

 

The aim of this PhD is to extend our understanding of the function of GPR50.  The 

key aspects this thesis will focus on are neurodevelopment and lipid metabolism by 

addressing the following: 

1. The role of GPR50 in neurodevelopment 

a. Determining whether GPR50 affects neuronal maturation, namely 

dendritic complexity and spine formation (chapter 3).   
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b. Elucidating a mechanism by which GPR50 acts on 

neurodevelopment, focusing on cytoskeletal organisation (chapter 

4). 

2. Involvement of GPR50 in lipid metabolism 

a. Verify results from the Y2H screen in regards to ABCA2 and 

SREBF2 (chapter 5). 

b. Determining whether GPR50 acts on lipid homeostasis, focusing 

on the relationship between GPR50 expression and lipid levels 

(chapter 6). 

 

Addressing these points will provide a more rounded insight into the role of GPR50, 

which can be extended to understand why the gene is associated with mental illness 

and abnormal lipid levels.  Potentially, this can be exploited to develop novel 

therapeutic interventions in the future.
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Chapter 2: Materials and methods 
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2.1 Buffers and solutions 

 

This section details the buffers and solutions routinely made up to perform the 

experiments described in this thesis.   

 

2.1.1 Bacterial culture 

 

Name Protocol 

L-Agar 

 

50 g Tryptone (Sigma) 

25 g Yeast extract (Sigma) 

50 g NaCl (Fisher) 

dH2O up to 5 L, pH 7.2, 

Autoclaved & stored at 4°C 

LB broth 50 g Tryptone (Sigma) 

25 g Yeast extract (Sigma) 

25 g NaCl (Fisher) 

dH2O up to 5 L, pH 7.2,  

Autoclaved & stored at 4°C  

Table 2.1: List of solutions required for bacterial work. 

 

2.1.2 Cell culture 

 

Name Protocol 

Borate buffer 

 

50 mM Boric Acid (Sigma) 

in dH2O, pH 8.5 with NaOH 

Dissection buffer 

 

500 ml Hank's Balanced Salt Solution, HBSS, with CaCl2 and MgCl2 

3.5 ml 1M HEPES 

5 ml GlutaMax 



43 

 

Freezing media 

 

10% dimethylsulfoxide, DMSO 

90% FBS 

Poly-D-lysine 

 

5 mg Poly-D-lysine (Sigma)  

50 ml dH2O 

50 ml Borate buffer  

Table 2.2: Buffers and solutions required for cell culture work.  Unless otherwise stated reagents 

were purchased from Invitrogen. 

 

2.1.3 Molecular biology 

 

Name Protocol 

Blocking Buffer 

 

1x Tris buffered saline, TBS 

0.1% Tween-20 (Sigma) 

5% w/v powdered milk (Marvel)  

Laemmli protein sample 

buffer (2x) 

 

125 mM Tris-HCl, pH 6.8  

20% Glycerol (Promega) 

4% SDS (Fisher) 

0.02% Bromophenol blue (Sigma) 

100 mM Dithiothreitol, DTT (Sigma) 

Made up in dH2O, stored at -20°C 

Mowiol 

 

7.5 g Mowiol  (Sigma) 

10 ml Glycerol (Promega) 

25 ml dH2O; this was incubated overnight at room temperature 

50 ml 0.2 M Tris-HCl (Fisher); heated for 20 minutes at 100°C to 

dissolve  

1.75 g DABCO (Sigma), stored at -20°C 

50 μg/ml DAPI (Vector Laboratories) was added to working aliquots, 

stored at 4°C 

Phosphate buffered saline 

(PBS) 

 

 

From tablets (Invitrogen) containing: 

10 mM Phosphate 

150 mM NaCl 

Made up in dH2O, pH 7.3-7.5 
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Ponceau S stain 

 

 

1 g Ponceau S (Sigma) 

4 ml Acetic acid (Fisher) 

dH2O up to 200 ml 

Primary antibody dilution 

buffer 

 

1x TBS 

0.1% Tween-20 (Sigma) 

5% Bovine serum albumin, BSA (Sigma) 

Radio-

immunoprecipitation 

assay (RIPA) lysis buffer 

(stringent) 

 

1x PBS (Sigma) 

1% NP-40 (Sigma) 

0.1% SDS (Fisher); omitted for a mild lysis buffer 

0.5% Sodium deoxycholate (Fisher) 

Made up in dH2O 

1 protease inhibitor cocktail tablet (Roche) per 50 ml if this solution 

TBS (10x) 

 

500 mM Tris base (Fisher) 

1.5 M NaCl (Fisher) 

Made up in dH2O, pH 7.6 with HCL 

Wash Buffer 

 

1x TBS 

0.1% Tween-20 (Sigma) 

Table 2.3: Buffers and solutions required to perform western blotting and immunocytochemistry. 

 

2.2 Expression constructs 

 

Gene Vector Promoter Resistance Company/source 

ABCA2 pcDNA3.1/Hygro
©

 

(Invitrogen) 

CMV Ampicillin Prof. Kenneth 

Tew
1
  

GFP pmaxCloning CMV Kanamycin Amaxa 

GPR50 pDEST40 CMV Ampicillin Invitrogen 

SREBF2 pCMV6-XL5 CMV Ampicillin Origene 

Empty vector pDEST40 CMV Ampicillin Invitrogen 

Table 2.4: Expression constructs used in this thesis.  
1
Gift from Prof. Tew, Medical University of 

South Carolina (Davis et al, 2004). 
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For amplification of expression constructs, competent E. coli (One Shot Omnimax 2-

Ti, Invitrogen) were transformed with 1 μl of the relevant plasmid by electroporation.  

Transformed cells were streaked onto agar plates with the appropriate antibiotic (100 

μg/ml ampicillin or 50 μg/ml kanamycin) and grown overnight at 37°C.  A single 

colony was picked and expanded in LB broth, with the appropriate antibiotic, in a 

shaking incubator at 37°C, 200 revolutions per minute (rpm).  Plasmids were 

extracted from the expanded bacterial colony using a Qiagen miniprep or maxiprep 

kit, following the manufacturer’s instructions.  For the ABCA2 construct, an endofree 

maxiprep kit was used (Qiagen).  The concentration of the purified plasmid was 

determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and the 

plasmid was subsequently stored at -20°C.  Aliquots from the bacterial colony were 

also reserved to make a glycerol stock (20% glycerol) for long-term storage at -80%.  

 

2.3 Antibodies 

 

2.3.1 Primary antibodies 

 

Name/target Company/source Species Application/dilution 

ABCA2 Prof. Tew
1 

Rabbit ICC 1:2000 

WB 1:5000 

ABCA2 Santa Cruz 

Biotechnology (SCBT) 

Goat ICC 1:1000 

WB 1:1000 

Total AKT Sigma Rabbit WB 1:1000 

Phospho-AKT (S473) Cell Signaling Rabbit WB 1:5000 

ARP2 Cell Signaling Rabbit WB 1:500 

β-Actin SCBT Mouse ICC 1:2000 

WB 1:1000 

Calreticulin Abcam Mouse ICC 1:500 

α-Catenin Sigma Rabbit ICC 1:1000 

WB 1:500 
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β-Catenin Sigma Mouse ICC 1:1000 

WB 1:500 

GAPDH Millipore Mouse WB 1:100,000 

GPR50 Proteintech Rabbit ICC 1:1000 

WB 1:5000 

GPR50 SCBT Goat ICC 1:1000 

WB 1:2000 

Total GSK-3β BD Biosciences Mouse WB 1:1000 

Phospho-GSK-3β (S9) Cell signaling Rabbit  WB 1:1000 

Phospho-GSK-3β 

(Y216) 

Millipore Mouse WB 1:5000 

LAMP1 Abcam Mouse ICC 1:50 

N-WASP Cell Signaling Rabbit WB 1:5000 

Profilin-1 Cell Signaling Rabbit WB 1:2000 

PSD-95 Affinity BioReagents Mouse ICC 1:300 

SREBP2  SCBT Goat ICC 1:500 

WB 1:1000 

Total RAC1 Millipore Mouse ICC 1:500 

WB 1:500 

Phospho-

RAC1/CDC42 (S71) 

Cell Signaling Rabbit WB 1:500 

β-Tubulin III Covance Mouse ICC 1:2000 

WB 1:1000 

Vimentin Abcam Mouse ICC 1:1000 

WB 1:500 

WAVE-2 Cell Signaling Rabbit WB 1:10,000 

Table 2.5: Primary antibodies used in this thesis.  Presented with the dilutions for the relevant 

application.  ICC, immunocytochemistry; WB, western blotting.  
1
Gift from Prof. Tew, Medical 

University of South Carolina (Davis et al, 2004). 
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2.3.2 Secondary antibodies 

 

Name/target Company/source Application/dilution 

Alexa Fluor 488 donkey anti-goat  Invitrogen ICC 1:1000 

Alexa Fluor 488 donkey anti-rabbit Invitrogen ICC 1:1000 

Alexa Fluor 594 donkey anti-goat  Invitrogen ICC 1:2000 

Alexa Fluor 594 donkey anti-rabbit Invitrogen ICC 1:2000 

Alexa Fluor 647 chicken anti-mouse  Invitrogen ICC 1:1000 

HRP goat anti-rabbit Cell Signaling WB 1:2000 

HRP rabbit anti-goat  DAKO WB 1:2000 

HRP swine anti-rabbit DAKO WB 1:3000 

Table 2.6: Secondary antibodies used in this thesis.  Given with the dilutions for the relevant 

application.  ICC, immunocytochemistry; WB, western blotting. 

 

2.4 Cell culture 

 

2.4.1 Maintenance of cell lines 

 

2.4.1.1 Cell culture conditions 

Cells were maintained at 37°C in a humidified environment of 5% CO2 and 95% air, 

in a Galaxy 170S or Galaxy 170 incubator (Scientific Laboratory Supplies).  As 

standard, cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS).  FBS and all other cell culture 

reagents used were purchase from Invitrogen, unless otherwise stated.  These were 

pre-heated to 37°C in a sterilised water bath before use.  All plasticware were 

purchased pre-sterilised and glassware were autoclaved prior to use.  Cultures were 

assessed for mycoplasma infection on a monthly basis and were only used if 

mycoplasma-free.  In addition, cell morphology was routine checked using a light 
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microscope (Leica) to ensure cellular health.  All cell culture work was carried out in 

a sterile laminar flow hood. 

 

2.4.1.2 Cell lines 

HEK293, SH-SY5Y and N1E-115 cells were purchased from the American Type 

Culture Collection (ATCC).  Cells were cultured in 75 cm
2
 or 175 cm

2
 flasks and 

passaged every 3-5 days, when confluency reached ~90%.  To do this culture media 

was aspirated from flasks and cells were washed with tissue culture grade PBS.  

Cells were then detached by incubating with TrypLE Express for 5 mins at 37°C, 

then gently tapping the sides of the flask.  This reaction was quenched by the 

addition of FBS-supplemented DMEM and cells were resuspended by pipetting 

several times.  Finally, cells were added to a new flask containing supplemented 

DMEM at dilutions of 1:5 – 1:20, depending on the cell line and future use.  For 

immunocytochemistry (ICC), SH-SY5Y cells were plated onto glass coverslips in a 

12-well dish at a density of 7.5 x 10
4
 cells per well; HEK293 and N1E-115 cells were 

seeded at 5 x 10
4
 cells per well.  When co-immunoprecipitation (co-IP) experiments 

were planned, cells were grown in 10 cm plates at a density of 1 x 10
6
 cells per plate.  

For western blotting, cells were maintained in 6-well dishes at 5 x 10
5
 cells per well.   

 

2.4.1.3 Cell counting 

Cells were counted using a haemocytometer.  This was first prepared by cleaning 

with 70% ethanol and affixing a glass coverslip onto the counting chamber.  As 

described above, cells were dissociated from culture flasks and resuspended in 

supplemented DMEM.  The cell suspension was then diluted at 1:5, and slowly 

applied to the counting chamber via capillary action.  This was then visualised under 

the light microscope and the number of cells in the four large corner squares of the 

counting chamber were counted.  The cell concentration (cells per ml) was calculated 

using the following equation: Average count per square x dilution factor x 10
4
 

(conversion factor). 
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2.4.1.4 Handling cell stocks 

For long term storage of cell lines, cells were detached from culture flasks as 

described above and precipitated in a 15 ml falcon tube by centrifugation at 500 rpm 

for 5 mins.  The cell media was then removed and cells were washed twice with 

PBS.  Cells were resuspended in freezing media and aliquoted into 1 ml cryovials at 

a concentration of 1-2 x 10
6
 cells/ml.  These were placed in a Mr Frosty freezing 

container (Thermo Scientific) filled with isopropanol and stored overnight at -70°C.  

Cells were then transferred to liquid nitrogen for long term storage.  To use frozen 

stocks, cells were thawed at 37°C for 1-2 mins.  Cells were then centrifuged at 500 

rpm for 5 mins and freezing media was aspirated.  Precipitated cells were washed 

twice with PBS, to ensure the removal of DMSO, and then resuspended in 

supplemented DMEM.  This was added to culture flasks, at an appropriate dilution, 

and maintained as described above. 

 

2.4.2 Preparation and maintenance of primary neurons 

 

2.4.2.1 Preparation of plates for ICC  

Glass coverslips were thoroughly sterilised by washing in 100% ethanol, followed by 

autoclaving.  Once dry, coverslips were added to 12-well plates and incubated 

overnight in poly-D-lysine (Sigma) at 37°C with 5% CO2.  Plates were then washed 

three times with dH2O and ready for use.  This, along with all work involving 

primary cultures, was carried out in the tissue culture hood designated for primary 

mouse work.  Prepared plates could be stored for up to 1 month at 4°C prior to use.   
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2.4.2.2 Dissections 

Primary neurons were prepared from embryonic day 17-18 (E17-18) C57BL/6 

mouse embryos as previously described (Bradshaw et al, 2008).  Mothers were killed 

under the schedule 1 procedure by trained staff at the animal facility.  Embryos were 

obtained from the mother and killed by immersion in anaesthetic.  The brains were 

removed and placed into ice cold dissection buffer.  Using a Leica MZ6 microscope 

with a Fiber-Lite MI-150 High Intensity Illuminator, hippocampi and cortices were 

isolated and placed into fresh dissection buffer on ice; cortices and hippocampi were 

collected in separate tubes.  Once the hippocampi and cortices were isolated from 

each embryo they were placed into 0.1% TrypLE Express (diluted in HBSS) and 

incubated in a water bath at 37°C for 45 mins.  TrypLE Express was then removed 

using a Pasteur pipette and the cortices and hippocampi were resuspended with 

DMEM supplemented with 10% FBS.  Neurons were dissociated by pipetting the 

suspension repeatedly, ~ 30 times, with a Pasteur pipette until a homogenous 

solution was obtained.  The suspension was expelled against the side of the tube to 

minimise foaming.  The hippocampal and cortical suspensions were then passed 

through a 40 μM cell strainer and then centrifuged at 1500 rpm for 5 mins.  

Supernatant was discarded and cells were resuspended in Neurobasal media 

supplemented with 2% B27 and 2 mM GlutaMAX.  The dissociated neurons were 

plated onto the prepared 12-well plates, with 1ml supplemented Neurobasal media in 

each well, at a density of 2.5 x 10
5
 cells per well.  Cells were maintained at 37°C 

with 5% CO2.  Every seven days, half of the media was replaced with fresh 

Neurobasal media (with 2% B27 and 2 mM GlutaMAX).  When transfection was 

performed within a week of plating, the media was not changed. 

 

2.4.3 Transient transfections 

 

Transfections were carried out using the Lipofectamine 2000 protocol.  Briefly, DNA 

constructs and Lipofectamine 2000 were separately diluted in Opti-MEM and 

incubated at room temperature for 5 mins.  The two solutions were then combined 
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and incubated for a further 20 minutes at room temperature.  Meanwhile, cells were 

briefly washed and maintained in Opti-MEM.  Table 2.7 shows the exact amounts of 

the transfection reagents required for the different culture dishes used.  The DNA-

Lipofectamine mix was then added to the cells and incubated for 4-6 hrs at 37°C, 5% 

CO2.  After this incubation period, media was changed back to DMEM with 10% 

FBS and returned to 37°C overnight.  Western blot analysis or ICC could then be 

performed the following day.  For mock transfections, this protocol was followed 

without the addition of DNA. 

 

Component 10 cm 6-well 12-well 

Expression construct  12 μg 2.5 μg 1 μg 

Lipofectamine 2000 40 μl 5 μl 2 μl 

Plating volume 10 ml 1 ml 500 μl 

Dilution volume 1 ml 500 μl 100 μl 

Table 2.7: Lipofectamine 2000 transfection.  The amount of plasmid DNA, lipofectamine and Opti-

MEM required for transfections in the different types of culture dishes used; values are given per 

well.  When cells were dual transfected, the same amount of DNA was used for each construct, e.g. 

in a 12-well plate 1 μg of each construct was used. 

 

For neurons the same protocol was followed with a few modifications.  Neurobasal 

media, supplemented with 2 mM GlutaMAX alone, was used instead of Opti-MEM.  

Further, in a 12-well dish, 2 μg of each expression construct and 4 μl of 

Lipofectamine 2000 was used per well.  Finally, cells were used for further analysis 

two days after transfection. 
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2.5 Cell treatments 

 

2.5.1 U18666A treatment 

 

HEK293 cells were used to examine the effects of U18666A on endogenous GPR50 

levels.  Cells were seeded in 6-well culture dishes as previously described (day 0).  

On day 1, or when cells reached approximately 70% confluency, the culture media 

was replaced with DMEM supplemented with 10% FBS and U18666A (Cayman) at 

1, 2 or 5 μg/ml.  U18666A was taken from a 20 mg/ml stock solution made up with 

the solvent ethanol.  To ensure that the amount of ethanol was not responsible for 

any of the observed differences to GPR50 expression, the level of ethanol was 

maintained at 0.025% in all conditions, i.e. the percentage present at the highest 

U18666A concentration used.  For the vehicle control, supplemented DMEM 

containing 0.025% ethanol was used.  Treated cells were incubated at 37°C, with 5% 

CO2, for 18 hrs and cell lysates were collected for western blotting the following day 

(day 2). 

 

In the experiments assessing the effect of U18666A on GPR50 localisation, SH-

SY5Y cells were seeded onto 12-well plates on day 0 and transfected on day 1.  On 

day 2, cells were treated with 1 μg/ml U18666A for 5 mins, 30 mins, 1 hr, 4 hrs or 18 

hrs, at 37°C with 5% CO2.  For the vehicle control, cells were maintained in 

supplemented media containing 0.005% ethanol, i.e. the percentage present in 1 

μg/ml U18666A.  Cells were fixed and prepared for ICC after the incubation period. 
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2.5.2 Serum deprivation 

 

In experiments assessing the effects of serum deprivation on endogenous GPR50 

levels, HEK293 cells were seeded onto 6-well culture dishes.  On day 1, or when 

cells reached ~70% confluency, the culture media was removed and exchanged with 

DMEM containing different levels of FBS; 10%, 5%, 2.5%, 1.25%, 0.625% and 0%.  

This was incubated at 37°C, 5% CO2 for 18 hrs, followed by the collection of cell 

lysate on day 2 and the subsequent western blot analysis. 

 

In the ICC experiments looking at the effects of serum starvation on GPR50 

localisation, SH-SY5Y cells were seeded onto 12-well dishes (day 0).  On day 1, 

cells were transfected with GPR50 and the following day (day 2) media was removed 

from all wells and replaced with fresh DMEM supplemented with 10% FBS (control) 

or DMEM without FBS.  Cells were incubated at 37°C, 5% CO2, for 5 mins, 1 hr, 4 

hrs or 18 hrs.  Cells were fixed on day 2 or 3, depending on the incubation time, and 

ICC was performed. 

 

2.5.3 Lipoprotein depletion 

 

On day 0, HEK293 cells were seeded in 6-well dishes containing DMEM 

supplemented with 10% FBS.  The following day (day 1) the culture media was 

replaced with DMEM containing with 3 mg/ml lipoprotein deficient serum (LPDS) 

(Millipore), equivalent to 10% FBS according to the manufacturer’s instructions.  

Cells were treated for 18 hrs in the presence or absence of low density lipoprotein 

(Millipore), at 100 μg/ml or 250 μg/ml, at 37°C with 5% CO2.  After the incubation 

period (day 2) cell lysate was collected. 
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2.6 Protein analysis 

 

2.6.1 Cell lysate preparation and quantification 

 

Following the relevant transfection/treatment, cells were washed with ice cold PBS 

containing protease inhibitors (Roche) and the appropriate amount of RIPA lysis 

buffer was then added; 1 ml for a 10 cm dish or 250 μl per well for a 6-well plate.  

RIPA lysis buffer was thoroughly dispersed throughout the culture dish and cells 

were fully dissociated using a cell scraper.  Cells were then collected into separate 

eppendorf tubes and incubated at 4°C for 30 minutes with gentle agitation on a rotary 

wheel (20-25 rpm).  Lysates were then centrifuged at 13,000 rpm for 10 mins and the 

supernatant was collected.  This was maintained on ice or at -20°C, after snap 

freezing on dry ice, until ready for use.   

 

The protein concentration of each cell lysate was measured using the Bio-Rad 

protein concentration assay.  Briefly, five dilutions of bovine serum albumin (BSA) 

were prepared to create a protein standard (0.2, 0.4, 0.6, 0.8 and 1 mg/ml).  Cell 

lysates were also diluted at 1:10.  To each of these preparations, 125 μl of Reagent A 

and 1 ml of Reagent B were added.  This was mixed by inverting the eppendorf tube 

several times and then incubated at room temperature for 20 mins.  The absorbances 

of these dilutions were then measured at 720 nm, using the Ultrospec 3000 Optical 

Reader (Pharmacia Biotech).  Using Excel, a standard curve was generated and the 

equation of the line was used to calculate the protein concentration of the cell lysates. 
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2.6.2 Co-immunoprecipitation 

 

Cell lysates were collected from HEK293 cells the day after transfection.  Lysates (1 

mg total protein) were incubated with 3 μg of the primary antibody, or IgG (Sigma) 

for the control, overnight at 4°C under constant agitation on a rotary wheel.  G-

sepharose beads (Sigma) were added to each lysate and incubated at 4°C for 1 hr 

under gentle agitation.  Beads were spun down at 10,000 rpm, and washed three 

times with RIPA lysis buffer.  After the final wash, the supernatant was discarded 

and beads were resuspended in 40 μl laemmli sample buffer.  The samples were then 

incubated at 40°C for 10 mins and centrifuged at 10,000 rpm.  The supernatant was 

removed and reserved for western blotting. 

 

2.6.3 Western blotting 

 

2.6.3.1 Sample preparation and SDS-PAGE electrophoresis 

Cell lysates (10-15 µg total protein) were diluted in laemmli buffer (1:1) and boiled 

for 5 mins to denature proteins.  This was then cooled on ice.  When GPR50 was 

being detected, samples were incubated at 40°C for 10 mins to avoid protein 

aggregation.  Immunoprecipitated samples, already containing laemmli buffer, were 

also heated in the same manner.  Samples, along with a pre-stained Precision Plus 

protein standard (Bio-Rad), were loaded onto a NuPage SDS-PAGE gel (Invitrogen).  

This was run at 150V for 60-90 mins at 4°C using the XCell Surelock Mini cell 

(Invitrogen).  As standard, a 7% Tris-Acetate gel was used with the corresponding 1x 

Tris-Acetate running buffer (Invitrogen).  When the separation of larger proteins was 

required the 3-8% Tris-Acetate gel was used.  For proteins with a low molecular 

weight the 4-12% Tris-Bis gel was used with the 1x MOPS running buffer 

(Invitrogen). 
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2.6.3.2 Western blot transfer 

When electrophoresis was complete proteins were transferred from the gel onto a 

polyvinylidene difluoride (PVDF) membrane (GE healthcare) using the XCell II Blot 

Module (Invitrogen).  Briefly, PVDF membranes were pre-wet in methanol then 

soaked in 1x transfer buffer (Invitrogen) for several minutes.  Five blotting pads and 

two pieces of filter paper were also soaked in transfer buffer.  The gel was placed on 

top of a filter paper and the PVDF membrane was then layered on top of the gel, this 

was followed by another pre-soaked piece of filter paper.  Care was taken to remove 

any bubbles from this “sandwich” by gently rolling a falcon tube over it.  This was 

then placed into the XCell II Blot Module (Invitrogen), between transfer buffer 

soaked blotting pads.  The Blot Module was then loaded into the XCell Surelock 

Mini cell.  The inner chamber of this was filled with 1x transfer buffer, whilst the 

outer compartment was cooled with ice cold water.  This was run at 30V for 60-90 

mins at 4°C.  When finished, transfer was verified by staining the membrane with 

Ponceau S.   

 

2.6.3.3 Immunostaining and detection 

After Ponceau S staining, membranes were washed in distilled water and incubated 

with blocking buffer overnight at 4°C, or for 1 hr at room temperature, on a 

rocker/shaker at 25 rpm.  After blocking, membranes were incubated with the diluted 

primary antibody overnight at 4°C on the rocker/shaker.  In cases where a western 

blot was performed to verify that transfection was successful, or for co-IP 

experiments, the primary antibody was incubated for 1 hr at room temperature.  

Membranes were then washed in wash buffer (3 x 5 mins, on a rocker at 40 rpm).  

This was followed by incubation with the appropriate HRP-conjugated secondary 

antibody, diluted in blocking buffer, for 30 mins at room temperature with gentle 

agitation.  Membranes were washed again, followed by visualisation with the ECL 

western blotting detection kit (Pierce), according to the manufacturer’s instructions.  

The membrane was then exposed to an X-ray film (Scientific Laboratory Supplies) in 
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a dark room, which was developed using the Curix 60 film processor (AGFA 

healthcare). 

 

Where membranes were probed with multiple antibodies, membranes were washed 

with washing buffer (3x 5 mins) and then incubated in stripping buffer (Thermo 

Scientific) for up to 1 hr, at room temperature, on a rocker (25 rpm).  The membrane 

was then washed and blocked in blocking buffer for 1 hr.  Membranes could then be 

re-stained with the relevant antibodies.  In experiments looking at the effects of 

GPR50 transfection on the expression of other proteins, membranes were first probed 

for GPR50 to confirm transfection and then reprobed for the proteins of interest, 

following this stripping procedure. 

 

2.6.3.4 Semi-quantitative analysis 

Western blots were scanned into the computer and the open source imaging software 

Fiji (http://fiji.sc/Fiji (Schindelin et al, 2012)) was used to measure the densities of 

the protein bands (Liang et al, 2013).  The band corresponding to the target protein 

was selected using the rectangular selection tool and a profile plot was generated.  

The area under the curve for each plot was measured to give the band density.  This 

was normalised against the density of the internal loading control, GAPDH, for the 

respective sample.  These results were then presented relative to the control 

condition.  For statistical analysis, experiments were repeated a minimum of three 

times and a paired Student’s t-test was performed between the replicates. 

 

2.6.4 Immunocytochemistry 

 

Following the appropriate cell treatment, media was aspirated from each well and 

cells were washed in ice cold PBS.  Unless stated otherwise, cells were fixed by 
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incubating with 4% paraformaldehyde (PFA, Sigma) at room temperature for 10 

mins and then permeabilised with 0.2% triton (Sigma) for 10 mins.  Alternatively, 

cells were fixed and permeabilised with ice cold methanol for 10 mins.  Cells were 

then washed three times in PBS and blocked with 10% donkey serum (Sigma), 

diluted in PBS, for 30 mins on a rocker (25 rpm).  The blocking solution was then 

removed and the appropriate antibody, diluted in 1% BSA (Calbiochem)/PBS, was 

added to the fixed cells for 1 hr at room temperature, or overnight at 4°C, on a 

rocker/shaker.  After incubation, cells were washed three times in PBS and the 

secondary antibody, diluted in 10% donkey serum, was added.  Secondary antibodies 

were centrifuged at 10,000 rpm for 10 mins before use and cells were incubated for 1 

hr at room temperature, wrapped in foil, under gentle agitation.  After a further three 

washes with PBS, coverslips were mounted onto glass slides using mowiol (Sigma) 

+ DAPI (Vector Laboratories).  Slides were stored at 4°C, in darkness, for at least 1 

day before visualisation. 

  

2.6.4.1 Nile red staining 

Nile red, an intracellular lipid stain (Greenspan et al, 1985; Keembiyehetty et al, 

2011; Martin et al, 2005), was used to visualise lipid droplets in ICC.  Following the 

removal of the secondary antibody, cells were washed and then incubated with 1 

μg/ml Nile red (Sigma) for 10 mins at room temperature on a rocker.  Cells were 

then washed three times in PBS and mounted onto glass slides as described above. 

 

2.6.4.2 Microscopy 

Unless otherwise stated, the fluorescent images presented in this thesis were 

collected using the Zeiss LSM 510 confocal scanning laser microscope with a Plan 

Apochromat 63x objective (NA 1.40, oil immersion).  For primary neurons, optical 

sections (Z-stacks) were taken with 0.5 μm intervals.  The optical sections were then 

merged into a single 2D image using the “Z-projection” function of Fiji (Schindelin 

et al, 2012).  Morphological analysis was performed using these projections.  Other 
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fluorescent images were taken with the Zeiss Axioskop 2 fluorescent microscope 

with a PlanNeofluar 40x objective (NA 1.30, oil immersion); this was mainly used 

before confocal microscopy to ensure transfection and ICC was successful.  

 

2.7 Image analysis 

 

2.7.1 Measurements of fluorescence intensity 

 

2.7.1.1 Total cellular fluorescence 

For measurements of cellular fluorescence the imaging software ImageJ was used 

(Schneider et al, 2012).  First the “Subtract Background” tool was use to remove 

uneven background illumination within an image.  An outline of the cell of interest 

was then drawn manually using the β-tubulin signal as a guide and the fluorescence 

intensity within this region of interest (ROI) was measured for the desired protein.  

To correct for non-specific fluorescence, the average background fluorescence was 

subtracted from the cellular fluorescence; the background intensity was averaged 

from three regions within the same image with no apparent signal.  The corrected 

cellular fluorescence was calculated using the following equation: Corrected total 

cell fluorescence = integrated density − (area of selected cell x mean fluorescence of 

background) (Komitova et al, 2013; Rahman et al, 2014). 

 

2.7.1.2 Intensity profile plots 

Intensity profile plots were generated to visualise the areas in which colocalisation 

could be found.  To do this, a line was drawn across a selected region of the cell and 

the fluorescence intensity was quantified along the length of this line using Fiji 

(Schindelin et al, 2012).  These values were then plotted against the position along 
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the line (μm) using Microsoft Excel.  In this thesis, intensity profiles were produced 

to assess the distribution of GPR50 on the plasma membrane, thus an effort was 

made to ensure multiple structures were captured along the line drawn.  

 

2.7.2 Colocalisation analysis 

 

2.7.2.1 Colocalisation plots  

Colocalisation was assessed using the Intensity Correlation Analysis (ICA) plugin in 

ImageJ (Liu et al, 2004).  After subtraction of the background, β-tubulin was used to 

trace the cell of interest and the ICA plugin was launched.  For a visual 

representation of colocalisation, intensity scatter plots and ICA plots were generated.  

In the scatter plot, the signal intensity of each pixel in one channel is plotted against 

the intensity of the same pixel in another channel, within the selected ROI; pixels 

being the discrete points that make up an image.  A positive correlation denotes the 

dependency of the two signals.  The ICA plot shows the product of the differences 

from the mean (PDM) for each pixel in a given channel.  If staining is dependent the 

pixel intensities will vary together around their respective means, i.e. if a pixel 

intensity is above average in the red channel it would also be above average in the 

green channel.  Therefore the PDM would be positive; this is seen as a positive skew 

on the ICA plot.  When two proteins are found in different subcellular compartments 

the ICA plot will have a negative skew; the pixel intensity may be above average in 

one channel but below average in the other, resulting in a negative PDM.  Where 

there is no obvious skew, signal co-variation is random. 

 

2.7.2.2 Colocalisation coefficients 

The ICA plugin was also used to generate a number of colocalisation coefficients, 

including the Pearson’s coefficient (Rr), Manders’ coefficient (R) and the Intensity 

Correlation Quotient (ICQ).  The Pearson’s coefficient measures the correlation 
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between the signal intensity in two channels on a pixel-by-pixel basis.  It varies 

between -1 and 1, with values over 0.5 indicative of colocalisation.  The Manders’ 

coefficient denotes the fraction of overlap between two signals.  It ranges between 0 

and 1, where 1 indicates complete colocalisation.  Finally, the ICQ is a measurement 

of whether two signals vary in synchrony.  Values range from -0.5 to 0.5; where a 

positive value shows dependent staining, a negative value denotes segregated 

staining and a value of 0 means co-staining is random.  Changes to the colocalisation 

coefficients between two proteins under different experimental conditions were 

assessed using an unpaired Student’s t-test. 

 

2.7.3 Neurite outgrowth 

 

Images of SH-SY5Y cells were randomly taken, with the conditions known to the 

experimenter.  Fiji (Schindelin et al, 2012) was used for measurements of neurite 

outgrowth, where neurites were defined as projections from the cell soma equal to or 

greater than the soma width.  The β-tubulin signal was used to visualise neurites and 

the average length and number of neurites per cell were measured manually.  For the 

statistical analysis, the data from three experiments were pooled and a Mann-

Whitney U test was performed.  Where multiple comparisons were made, a Kruskal–

Wallis test was carried out prior to the Mann-Whitney U test. 

 

2.7.4 Sholl analysis 

 

Neurons were transfected with GFP alone or doubly transfected with GFP and 

GPR50 after seven or 14 days in vitro (DIV 7 or DIV 14); ICC was performed 48 hrs 

later.  Images of neurons with a pyramidal morphology were randomly taken, using 

the GFP signal, over three independent experiments.  In the initial experiment, the 

experimenter was aware of the conditions, i.e. whether cells were transfected with 
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GFP alone or co-transfected with GFP and GPR50.  The subsequent two replicates 

were performed blind, i.e. the conditions were not known.  To do this, slides were 

labelled by another member of the laboratory, images were then taken using the GFP 

signal, and the generated images were re-labelled by another group member.  Once 

analysis was complete, the transfection of GPR50 was confirmed before data was 

included in statistical analysis.  

 

Measurements of dendritic complexity were made using Fiji (Schindelin et al, 2012).  

Dendrites were classified as stout tapering processes emerging from the neuronal 

soma, morphologically distinct from axons which are longer and thinner with a 

uniform diameter (Bartlett & Banker, 1984; Kaech & Banker, 2006).  The Simple 

Neurite Tracer plugin of Fiji (Longair et al, 2011) was used to trace dendrites using 

the GFP signal as a guide.  This plugin was also used to perform Sholl analysis 

(Sholl, 1953).  This generates concentric circles radiating from the centre of the cell 

soma, at intervals of 10 μm, and measures the number of times dendrites intersect 

these virtual circles.  This was done for a total of 15-20 cells for each condition and 

the average number of dendritic intersection was plotted against the distance from 

the soma.  The number of primary dendrites was also counted, i.e. dendrites directly 

projecting off the neuronal soma (N= 17-25 cells per condition). 

 

Statistical analysis was performed on the unblinded and blinded datasets individually 

and also on the combined data.  An unpaired Student’s t-test was used to assess the 

effects of GPR50 overexpression on the number of dendritic intersection for each 

Sholl interval.  The dataset as a whole was analysed using a repeated measures 

ANOVA (transfection x Sholl interval).  Only a small proportion of neurons had 

dendritic processes extending to the larger Sholl intervals.  This was independent of 

GPR50 transfection and more likely to reflect neuronal age, thus could bias results.  

To prevent this, Sholl intervals in which less than 10% of the neurons were detected 

were excluded from the repeated measures analysis. 
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2.7.5 Spine morphology 

 

The spine density was also measured in the neurons transfected at DIV 14.  Spines 

were defined as protrusion emerging from dendrites with a definable head (Ciani et 

al, 2011).  Using Fiji, spines were counted manually on 1-2 stretches of secondary 

dendrites per neuron and normalised against the dendritic length examined.  Again, 

analysis was performed unblinded for the initial experiment and blinded for the 

subsequent two experiments, with a total of 15-21 cells analysed for each condition.  

For hippocampal neurons, a total dendritic length of 2141.4 μm was measured in the 

GPR50 + GFP transfected group; 601.1 μm in the unblinded and 1540.3 μm in the 

blinded experiments.  In the GFP group, a total dendritic length of 1851.3 μm was 

measured (unblinded: 437.7 μm; blinded: 1413.6 μm).  For GPR50 + GFP 

transfected cortical neurons, a total dendritic length of 1324.5 μm was measured 

(unblinded: 803.7 μm; blinded: 520.8 μm).  In the GFP control condition, a total 

length of 1586.7 μm was measured (unblinded: 819.0 μm; blinded: 767.7 μm).  For 

statistical analysis, the average spine density was compared using an unpaired 

Student’s t-test.  As a measure of spine maturity, the density of spines that stained 

positively for PSD-95 was measured, as these are more likely to form part of a 

functional synapse (Teodoro et al, 2013); this was analysed in the same way. 

 

Morphological analysis of spines was performed as previously described (Chen et al, 

2011; Teodoro et al, 2013).  Spine length was manually measured from the tip of the 

spine head to the base of the spine neck using Fiji (Schindelin et al, 2012).  The 

width of the spine was taken at the widest part of the spine head, perpendicular to the 

spine length.  For each spine, the length-to-head width ratio was also calculated.  

Comparisons of the cumulative frequency distribution were assessed using the 

Kolmogorov-Smirnov test, whilst comparisons of the average length, width and the 

length-to-head width ratio were evaluated with an unpaired Student’s t-test.  A total 
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of 257 spines were measured for GPR50 + GFP transfected neurons, and 211 spines 

for GFP-transfected neurons, from three independent experiments.  

 

2.7.6 Lipid droplet quantification 

 

Using Fiji  (Schindelin et al, 2012), an outline of the cell of interest was generated 

with β-tubulin as a guide.  The image was then converted into a binary image using 

the “Threshold” function of Fiji to remove unwanted background.  The number of 

lipid droplets, within the ROI outlined with β-tubulin, was then automatically 

measured using the “Analyse particle” function.  This also calculated the “Area 

fraction”, which in this case represents the area of the cell containing lipid droplets.  

Statistical significance was assessed by combining the data of three independent 

experiments and performing a Mann-Whitney U test. 

 

2.8 Statistical analysis 

 

Statistical analysis was performed using SPSS or Microsoft Excel.  When statistical 

tests were carried out, as indicated above, experiments were repeated a minimum of 

three times.  When a trend was observed, further replicates were often sought.  

Throughout this thesis, results are presented as mean ± standard error of the mean 

(SEM) and P<0.05 was considered to be statistically significant, P<0.01 was very 

significant and P<0.001 was regarded as highly significant.   
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Chapter 3: GPR50 expression promotes dendritic 

branching and spine formation 
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3.1 Introduction 

 

Multiple lines of evidence indicate that GPR50 has a role in neuronal development.  

Here, this refers to the process by which neurons acquire their distinctive polarised 

structure, typically consisting of multiple dendrites and a single axon.  Analysis of 

cultured neurons has revealed that this process occurs in five stages, figure 3.1 A 

(Dotti et al, 1988; Polleux & Snider, 2010).  Upon plating, neurons extend 

lamellipodia and filopodial protrusions (stage 1); these protrusions extend to form 

multiple immature neurites (stage 2).  Several days later neuronal symmetry breaks 

and one of these neurites rapidly elongates to form an axon (stage 3).  At stage 4, the 

remaining neurites elongate and develop into dendrites, with the development of 

dendritic branches.  Likewise, axonal outgrowth and branching occurs at this stage.  

In the final stage of maturation (stage 5), spinogenesis occurs, i.e. dendrites develop 

spines.  These are specialised protrusions capable of receiving synaptic input from 

axon terminals.  These stages also occur in vivo, where neuronal development is 

coupled with migration.  Figure 3.1 B shows this process for neocortical pyramidal 

neurons, which originate from the ventricular zone as neuronal precursors and 

migrate to their final position in the cortex, where neurons reside in their fully 

differentiated form (Hatanaka & Murakami, 2002; Nadarajah et al, 2003). 
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Figure 3.1: Neuronal development of cortical neurons.  (A) The key stages of neuronal development 

and polarisation following dissociation at embryonic day 14 (E14).  At stage 1, immature neurons are 

rich in lamellipodia and filopodia.  Multiple neurites emerge by stage 2 and at stage 3 neuronal 

symmetry breaks and a single neurite becomes an axon.  Extensive axonal and dendritic outgrowth 

and branching occurs at stage 4.  Finally, at stage 5 neurons are terminally differentiated with 

dendritic spines and synapse formation.  (B) The corresponding stages of development in vivo.  As 

neurons migrate to their final position within the brain, axons and dendrites arise from the trailing 

(TP) and leading (LP) processes respectively.  Key features of maturation, e.g. spine formation, arise 

within the first postnatal week.  Abbreviations: CP, cortical plate; DIV, days in vitro; IZ, intermediate 

zone; MZ, marginal zone; P21, postnatal day 21; SVZ, subventricular zone; VZ, ventricular zone; WM, 

white matter.  Figure taken from Polleux & Snider, 2010. 

 

A link between GPR50 and neuronal development comes from the yeast-2-hybrid 

study which identified several potential GPR50 interactors involved in neuronal 

development (Grünewald et al, 2009).  Amongst these were shootin-1, PICK1 and 

NOGO-A, proteins known to regulate neurite elongation and dendritic development 

(GrandPre et al, 2000; Rocca et al, 2008; Toriyama et al, 2006).  The interaction with 

NOGO-A was confirmed through colocalisation and co-immunoprecipitation 

experiments (Grünewald et al, 2009).  Furthermore, GPR50 was shown to block the 

B 

A 
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inhibitory actions of NOGO-A; when co-transfected with GPR50, NOGO-A did not 

lead to the anticipated attenuation of neurite outgrowth in Neuroscreen-1 (NS-1) 

cells.  In addition, the transfection of GPR50 alone was sufficient to drive an increase 

in neurite length (Grünewald et al, 2009).  These results depict GPR50 as a positive 

regulator of neurite outgrowth; whether this relies on the interaction with NOGO-A 

has yet to be investigated. 

 

The expression pattern of GPR50 in the mouse brain is also indicative of a 

neurodevelopmental role.  A number of studies have reported that GPR50 is highly 

expressed in multiple regions of the brain, most notably the hypothalamus (Batailler 

et al, 2012; Drew et al, 2001).  Recently, Gpr50 expression in the mouse brain was 

shown to be developmentally regulated (Grünewald et al, 2012).  Gpr50 was 

detected at low levels from embryonic day 13 (E13) and at E18 a dramatic rise was 

observed, particularly in the thalamus and hypothalamus.  This is particularly 

suggestive as neurons enter stage four of maturation by E18, which is characterised 

by rapid axonal and dendritic outgrowth, figure 3.1 (Polleux & Snider, 2010).  Given 

GPR50’s neuronal expression and ability to promote of neurite outgrowth 

(Grünewald et al, 2009; Grünewald et al, 2012), its upregulation may serve to induce 

a more fully developed neuron.  Further, Gpr50 expression rises again in the 

adolescent mouse, i.e. 5 weeks of age (Grünewald et al, 2012), thus GPR50 may also 

have a role in later stages of neuronal development.   

 

3.2 Aim 

 

The aim of this chapter was to determine whether GPR50 contributes to neuronal 

development and, if so, characterise its involvement.  This was investigated by 

examining the effects of GPR50 overexpression on the morphology of SH-SY5Y 

cells.  The effect of GPR50 overexpression on primary neurons was subsequently 

assessed.  Focus was placed on hippocampal and cortical neurons as abnormalities in 
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these areas are often reported in psychiatric disorders (Kolluri et al, 2005; Malberg et 

al, 2000).  Furthermore, endogenous GPR50 has previously been found in these 

regions (Grünewald et al, 2012).  Attention was placed on the phenotypic changes 

associated with late stages of neuronal development, namely dendritic branching and 

spine formation; neurons are most likely to be at this stage of development when 

endogenous Gpr50 expression peaks in the mouse brain.  The effect of GPR50 on the 

size of dendritic spines was also investigated as there is a strong correlation between 

spine morphology and synaptic function (Kasai et al, 2010; Kasai et al, 2003). 

 

3.3 Results 

 

3.3.1 Overexpression of GPR50 increases the number of neurites on SH-SY5Y 

cells 

 

Immunocytochemistry (ICC) was used to examine the effects of GPR50 on the 

morphology of SH-SY5Y cells.  Cells were either transfected with the previously 

validated GPR50 expression construct (Grünewald et al, 2009, and appendix A), or 

left untransfected.  The following day, cells were fixed and stained with antibodies 

against GPR50 and β-tubulin.  The image analysis software Fiji (Schindelin et al, 

2012) was used to determine the number of neurites per cell and the average neurite 

length; neurites being defined as projections from the cell soma with a length equal 

to or greater than the soma width.  As demonstrated in figure 3.2, GPR50-transfected 

cells had almost twice as many neurites per cell (2.7 ± 0.08; N= 419 cells) compared 

to untransfected cells (1.6 ± 0.05; N= 473 cells), P<0.001, Mann-Whitney U test, 

three replicates.  However, GPR50 did not affect the average length of neurites; this 

was 28.9 ± 1.78 μm in untransfected cells (N= 184 cells) and 26.9 ± 0.64 μm in 

GPR50-transfected cells (N= 207 cells); P=0.55, Mann-Whitney U test, three 

independent experiments.   
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Figure 3.2 : GPR50 induces neurite formation in SH-SY5Y cells.  SH-SY5Y cells were transfected with 

GPR50 or left untransfected.  After 24 hrs, cells were fixed and immunostained for GPR50 and β-

tubulin.  (A) A representative fluorescent image showing a GPR50-transfected cell (arrow) with more 

neurites than an untransfected cell (arrowhead).  Scale bar, 20 μm.  (B) GPR50 transfection resulted 

in a highly significant increase in the number of neurites per cell.  N= 473 untransfected and 419 

GPR50-transfected cells.  (C) The average neurite length, measured using Fiji software, was not 

affected by GPR50.  N= 184 untransfected and 207 GPR50-transfected cells.  

Results shown as mean ± SEM; averaged from three independent experiments; ***P<0.001, Mann-

Whitney U test.   

 

3.3.2 GPR50 overexpression increases dendritic complexity of mature primary 

neurons  

 

To investigate the effect of GPR50 on neuronal morphology, hippocampal and 

cortical neurons were doubly transfected with GPR50 and GFP or transfected with 

GFP alone (control) after 14 days in vitro (DIV 14).  ICC was performed at DIV 16 

and dendritic complexity was measured by performing Sholl analysis (Sholl, 1953), 

using the Simple Neurite Tracer plugin on Fiji (Longair et al, 2011).  Unless 

otherwise stated, these experiments were carried out in triplicate.  The first 
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experiment was analysed unblinded, i.e. with the transfection conditions known, 

whilst the subsequent two experiments were blinded.  Statistical analysis of the 

blinded dataset, comprising of two replicates, and unblinded dataset was initially 

carried out separately; this was to determine whether blinding had any impact on the 

results.  The data was then pooled to increase the sample size (N). 

 

Hippocampal neurons 

In the unblinded experiment, a repeated measures ANOVA revealed a significant 

interaction between transfection (with or without GPR50) and the Sholl interval 

(F3,37= 3.1, P= 0.04, N=7 neurons per condition).  This indicates that GPR50 

overexpression alters the pattern of dendritic branching.  Comparisons of each Sholl 

interval showed GPR50 overexpression significantly increased the number of 

dendritic intersections 80-90 µm from the neuronal soma, compared to the GFP-

transfected control cells (figure 3.3 and 3.4 A; P<0.05 for both Sholl intervals, 

Student’s t-test).  In contrast, the number of primary dendrites was unchanged (GFP: 

4 ± 0.53; GPR50 + GFP: 4.14 ± 0.40; P=0.83, Student’s t-test).  Thus, the increase in 

the number of dendritic intersections was not due to an increase in newly formed 

dendrites.  This indicates that GPR50 promotes dendritic branching. 

 

Results from the blinded experiments also showed GPR50 overexpression effects 

dendritic complexity (F3,64= 3.2, P= 0.03, repeated measures analysis, N= 11-13 

neurons per condition, two independent experiment).  Upon comparisons of 

individual Sholl intervals, the overexpression of GPR50 significantly increased the 

number of dendritic intersections 60-100 µm from the cell soma (figure 3.4 B; 

P<0.05, Student’s t-test).   Again, the number of primary dendrites was not affected 

by GPR50 (GFP: 5.71 ± 0.45; GPR50 + GFP: 6.67 ± 0.52; P=0.17, Student’s t-test).  

The similarities between these results and those obtained in the unblinded experiment 

suggest there was little experimenter bias.   
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Combining the unblinded and blinded datasets led to the same results.  Repeated 

measures analysis of the pooled data showed GPR50 significantly altered dendritic 

complexity (F3,98= 3.9, P=0.01; N= 18-20 neurons per condition).  Further, neurons 

transfected with GPR50 and GFP displayed significantly more dendritic intersections 

60-100 µm from the neuronal soma (P<0.05 for each Sholl interval, Student’s t-test; 

figure 3.4 C).  In addition, GPR50 transfection had no effect on the number of 

primary dendrites (GFP: 5.14 ± 0.39; GPR50 + GFP: 5.74 ± 0.45; P=0.32, Student’s 

t-test).  Together, these results suggest GPR50 increases dendritic arborisation. 
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Figure 3.3: GPR50 alters the morphology of hippocampal neurons.  Primary neurons were 

transfected on DIV 14 and ICC was performed 48 hrs later, staining for GPR50.  (A) A representative 

image of a GFP-transfected neuron with a classical pyramidal morphology. (B) Neurons transfected 

with GPR50 and GFP typically displayed a more complex morphology.   

Scale bar, 10 µm. 
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Figure 3.4: GPR50 increases dendritic complexity in hippocampal neurons.  Cultured hippocampal 

neurons were transfected with GFP alone or co-transfected with GPR50 and GFP (DIV 14) and fixed 

on DIV 16.  Dendritic complexity was assessed using Sholl analysis on Fiji.  (A) In the unblinded 

experiment, GPR50 overexpression increased the number of dendritic intersections at Sholl intervals 

80-90 μm (left).  No changes were observed in the number of primary dendrites, right.  N= 7 GFP and 

7 GPR50 + GFP transfected cells.  (B) Blinded experiments show similar results, i.e. a significant 

increase in dendritic branching (at Sholl intervals 60-100 μm) and no effect on primary dendrites.  N= 

13 GFP and 11 GPR50 + GFP transfected cells, two independent experiments.  (C) Combined results 

from the three experiments show GPR50 transfection significantly increased the number of dendritic 

intersections 60-100 μm from the cell soma, but had no effect on the number of primary dendrites 

per neuron.  N= 20 GFP and 18 GPR50 + GFP transfected cells.  

Results presented as mean ± SEM; *P<0.05, unpaired Student’s t-test. 
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Cortical neurons 

In the initial unblinded experiment, the overexpression of GPR50 in cortical neurons 

did not significantly affect dendritic complexity (3.5 and 3.6 A; F3,49= 0.9, P= 0.46, 

transfection x Sholl interval, repeated measures analysis, N= 8-9 neurons per 

condition).  Further, the comparison of individual Sholl intervals did not reveal any 

significant differences in neurons transfected with GPR50 and GFP compared to the 

control (P>0.05 for each Sholl interval, Student’s t-test).  The number of primary 

dendrites was also unaffected in this experiment (GFP: 4.78 ± 0.47; GPR50 + GFP: 

5.5 ± 0.80; P=0.45, Student’s t-test).  This suggests that the morphology of cortical 

neurons is not affected by GPR50 overexpression. 

 

The blinded experiments, however, yielded different results.  GPR50 overexpression 

did not significantly affect the number of dendritic intersections when a repeated 

measures test was performed (F3,49= 1.9, P=0.144, 8-9 neurons per condition, from 

two experiments).  However, an increase in dendritic intersections at Sholl intervals 

20 μm and 30 μm was observed in neurons transfected with GPR50 (figure 3.6 B; 

P<0.05, Student’s t-test).  This is likely to reflect an increase in the number of 

primary dendrites which increased from 4 ± 0.37, in GFP-transfected neurons, to 

6.86 ± 0.59 in GPR50 + GFP transfected neurons (P=0.002, Student’s t-test, from 

two experiments; figure 3.6 B).  The inconsistency may reflect over-conservative 

measurements in the unblinded experiment or an inadequate sample size.  An 

additional replicate may help determine which of the datasets, blinded or unblinded, 

most accurately reflects the actions of GPR50 in cortical neurons. 

 

Again, the repeated measures analysis of the pooled dataset did not reveal any 

differences in dendritic complexity between neurons transfected with GFP alone or 

GFP with GPR50 (F4,115= 1.3, P=0.27, N= 17 neurons per condition).  Comparisons 

of the individual Sholl intervals revealed an increase in dendritic intersections 20-40 

µm from the cell soma in neurons transfected with GPR50 (figure 3.6 C; P<0.05 for 
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each Sholl interval, Student’s t-test).  Again, GPR50-transfected cells had a greater 

number of primary dendrites (GFP: 5.1 ± 0.31; GPR50 + GFP: 6.1 ± 0.52; P=0.008, 

Student’s t-test).  As an additional Sholl interval was found to be significant when 

the two datasets were combined, i.e. 40 μm, it is likely that an additional replicate to 

increase N would strengthen these results.  However, as they stand, these results 

suggest that GPR50 does not promote dendritic branching but enhances the 

formation of primary dendrites in cortical neurons. 

 

  
Figure 3.5:  GPR50 alters the morphology of cortical neurons.  ICC results of cortical neurons 

transfected on DIV 14 with GFP alone (left) or GPR50 and GFP (right), only the GFP signal is shown 

here.  GPR50 overexpressing neurons typically displayed a more developed morphology.   

Scale bar, 10 µm. 
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Figure 3.6: GPR50 increases dendritic complexity and primary dendrites in cortical neurons.   ICC 

was performed on cortical neurons transfected (DIV 14) with GFP with or without GPR50.  Sholl 

analysis was performed on Fiji to measure dendritic complexity.  (A) In the unblinded experiment, no 

significant change to dendritic complexity was observed upon GPR50 overexpression, left.  Likewise, 

GPR50 did not significantly affect the number of primary dendrites (right).  N=9 GFP and 8 GPR50 + 

GFP transfected cells.  (B) Blinded results show GPR50 increased dendritic complexity near the cell 

soma, right.  The number of primary dendrites, left, also showed a significant increase.  N=8 GFP and 

9 GPR50 + GFP transfected cells, two independent experiments.  (C) Pooled results show GPR50 

overexpression significantly increased dendritic intersections 20-40 μm from the cell soma and the 

number of primary dendrites (N=17 GFP and 17 GPR50 + GFP transfected cells, three independent 

experiments).   

Results presented as mean ± SEM; *P<0.05, **P<0.01, unpaired Student’s t-test. 
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3.3.3 GPR50 transfection does not affect the morphology of immature cortical 

neurons 

 

To ascertain whether GPR50 has a role at earlier stages of development, its effect on 

the morphology of immature neurons (transfected on DIV 7) was investigated.  Due 

to very poor transfection efficiencies this experiment was only conducted on cortical 

neurons.  A larger number of cortical neurons could be harvested compared to 

hippocampal neurons, therefore, the experiment could be attempted a greater number 

of times.  

 

The number of dendritic intersections did not vary greatly in neurons co-transfected 

with GPR50 and GFP compared to the GFP control (figure 3.7 and 3.8).  No 

significant differences were found using a Student’s t-test or a repeated measures 

analysis in any of the datasets analysed, i.e. the unblinded, blinded and pooled 

datasets (P>0.1, figure 3.8 A – C).  As could be expected, the number of primary 

dendrites was also unaffected by GPR50 (unblinded experiment: GFP: 4.08 ± 0.58; 

GPR50 + GFP: 4.11 ± 0.54; P=0.97.  Blinded data: GFP: 4 ± 0.2; GPR50 + GFP: 

4.44 ± 0.10; P=0.53.  Pooled data: GFP: 4.04 ± 0.10; GPR50 + GFP: 4.28 ± 0.2; 

P=0.63).  Thus, GPR50 expression does not appear to influence the complexity of 

cortical neurons at this stage of development.   
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Figure 3.7: GPR50 does not affect the morphology of younger cortical neurons (DIV 7).  ICC images 

taken from cortical neurons transfected for 48 hrs with GFP alone (left) or with GPR50 (right), the 

GFP signal is shown here.  Obvious difference in neuronal morphology was not observed.   

Scale bar, 10 µm. 
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Figure 3.8:  Transfection of GPR50 in immature cortical neurons, DIV 7, does not increase dendritic 

complexity.  Cortical neurons were transfected with GFP alone or co-transfected with GPR50 and 

GFP.  Cells were fixed 48 hrs later and ICC was performed.  Sholl analysis was used to assess dendritic 

complexity.  (A) The unblinded experiment detected no changes to dendritic branching upon GPR50 

overexpression (left; N=6 GFP and 6 GPR50 + GFP transfected cells).  Likewise, the number of 

primary dendrites was not altered (right; N= 12 GFP and 9 GPR50 + GFP transfected cells).  (B) The 

blinded data show similar results; no significant changes to dendritic complexity (left) or the number 

of primary dendrites (right).  N=13 GFP and N=9 GPR50 + GFP transfected cells, two independent 

experiments.  (C) Combined results from the three experiments show GPR50 transfection had no 

effect on dendritic complexity (left); N=19 GFP and 15 GPR50 + GFP transfected cells.  The number of 

primary dendrites was also unaffected (right); N=25 GFP and 18 GPR50 + GFP transfected cells.  

Results presented as mean ± SEM; statistical tests, unpaired Student’s t-test. 
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3.3.4 The density of postsynaptic spines is increased by GPR50 in hippocampal 

neurons 

 

The influence of GPR50 on dendritic spines was assessed by looking at changes in 

spine density.  Cortical and hippocampal neurons were transfected (DIV 14) with 

GFP with or without GPR50.  ICC was carried out at DIV 16, staining for GPR50 

and postsynaptic density protein 95 (PSD-95).  PSD-95 is enriched in mature 

excitatory spines (El-Hussein et al, 2000), thus quantifying spines containing PSD-95 

would give insight into whether GPR50 affects spine maturity.  Fiji was used to 

measure the density of dendritic spines, i.e. protrusion from dendrites with a 

definable head (Ciani et al, 2011).  Again, three replicates were carried out, with two 

of these analysed blind.  Pooling the data meant that in hippocampal neurons a total 

dendritic length of approximately 2000 μm was analysed for each condition; for 

cortical neurons this was approximately 1500 μm, see materials and methods for 

more detail.  

 

Hippocampal neurons 

Hippocampal neurons overexpressing GPR50 displayed more spines compared to the 

GFP controls (figure 3.9 A).  Upon quantification of the unblinded set of results it 

was found that GPR50 transfection led to an increase in the average spine density, 

figure 3.10 A (GFP: 0.47 ± 0.16 spines per 10 μm; GPR50 + GFP: 1.14 ± 0.18 spines 

per 10 μm, P=0.03, Student’s t-test, N= 6 neurons for each condition).  The density 

of spines containing PSD-95 also increased upon GPR50 overexpression (GFP: 0.21 

± 0.10 spines per 10 μm; GPR50 + GFP: 0.77 ± 0.04 spines per 10 μm; P<0.001, 

Student’s t-test).  The proportion of spines containing PSD-95 was also assessed 

relative to the total number of spines.  This was 2-fold greater in neurons 

overexpressing GPR50 (GFP: 33 ± 11%; GPR50 + GFP: 70 ± 4%; P=0.002, 

Student’s t-test).  This suggests GPR50 promotes the formation, or stabilisation, of 

dendritic spines and induces a shift towards maturity. 
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The blinded dataset generated consistent results.  The overall spine density increased 

from 0.89 ± 0.12 spines per 10 μm, in GFP-transfected cells, to 1.79 ± 0.15 spines 

per 10 μm, in GPR50 + GFP transfected cells (figure 3.10 B; P<0.001, Student’s t-

test, N= 15 cells per conditions, from two experiments).  Likewise, the 

overexpression of GPR50 resulted in a marked increase in the density of PSD-95 

positive spines (GFP: 0.07 ± 0.02 spines per 10 μm; GPR50 + GFP: 0.57 ± 0.12 

spines per 10 μm; P<0.001, Student’s t-test, N= 15 cells per condition).  This also 

corresponds to a greater proportion of PSD-95 positive spines (GFP: 9 ± 2%; GPR50 

+ GFP: 35 ± 6%; P=0.002, Student’s t-test). 

 

Pooling the unblinded and blinded data together strengthened these results (figure 

3.10 C).  The average spine density was 2-fold greater in neurons transfected with 

GPR50 and GFP (1.61 ± 0.11 spines per 10 μm) compared to GFP-transfected 

controls (0.79 ± 0.12 spines per 10 μm); P<0.001, Student’s t-test, N= 21 cells per 

condition.  The density of PSD-95 positive spines was 6-fold greater in GPR50 + 

GFP transfected cells compared to the control (0.63 ± 0.09 spines per 10 μm and 0.11 

± 0.03 spines per 10 μm respectively; P<0.001, Student’s t-test).  Finally, the 

proportion of PSD-95 positive spines increased from 16 ± 4 %, in control cells, to 43 

± 6 %, in neurons transfected with GPR50 + GFP (P<0.001, Student’s t-test).  These 

results indicate GPR50 is a positive regulator of spinogenesis and promotes spine 

maturity. 
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Figure 3.9:  The effect of GPR50 overexpression on dendritic spines.  Representative ICC results for 

neurons transfected on DIV 14 with GFP alone or GFP together with GPR50.  Neurons were fixed 

after 48 hrs and stained for PSD-95.  (A) Hippocampal neurons transfected with GPR50 and GFP, 

right, displayed more dendritic spines (arrows) compared to GFP-transfected neurons (left).  (B) Few 

spines were visible in cortical neurons in the GFP (left) or GPR50 + GFP (right) transfected conditions; 

instead numerous filopodia was seen in both conditions (arrowheads).   

Scale bar, 10 μm. 
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Figure 3.10:  Effects of GPR50 overexpression on the number of postsynaptic spines in 

hippocampal neurons.  Hippocampal neurons (DIV14) were transfected with GFP alone or co-

transfected with GPR50 and GFP.  On DIV 16, neurons were fixed and ICC was performed.  Using Fiji, 

spine density was quantified.  (A) In the unblinded experiment, GPR50 overexpression led to a 

significant increase in the overall number of spines and the number of PSD-95 immunoreactive 

spines (left).  GPR50 transfection also increased the portion of PSD-95 positive spines relative to the 

total number of spines (right).  N=6 GFP and 6 GPR50 + GFP transfected neurons.  (B) In the blinded 

replicates, GPR50 transfection led to an increase in spine density (left) and a greater portion of PSD-

95 positive spines (right).  N= 15 GFP and 15 GPR50 + GFP transfected cells, two independent 

experiments.  (C) Pooling the datasets generated similar results but with a higher degree of 

significance.  N=21 GFP and 21 GPR50 + GFP transfected neurons.   

Results presented as mean ± SEM; *P<0.05, **P<0.01, ***P<0.001, Student’s t-test. 
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Cortical neurons 

Whilst spines were clearly visible, and relatively abundant, in hippocampal neurons 

(transfected on DIV 14) this was not the case for cortical neurons (figure 3.9).  The 

average spine density in the control GFP-transfected conditions was two-fold greater 

in hippocampal neurons compared to cortical neurons (0.79 ± 0.12 spines per 10 μm 

and 0.34 ± 0.08 spines per 10 μm respectively; P=0.002, Student’s t-test).  Instead, 

there were numerous filopodia emerging from dendrites (figure 3.9 B, arrowhead), 

which may later develop into dendritic spines (Yuste & Bonhoeffer, 2004; Zuo et al, 

2005).  Thus, it is possible that cortical neurons were at an earlier developmental 

stage by the time ICC was carried out.  Despite this, it was still possible to quantify 

dendritic spines on cortical neurons, thus spine density was assessed. 

 

In the unblinded experiment, the spine density of cortical neurons expressing both 

GFP and GPR50 did not significantly differ from the GFP controls (figure 3.11 A; 

GFP: 0.28 ± 0.09 spines per 10 μm; GPR50 + GFP: 0.42 ± 0.10 spines per 10 μm; 

P=0.33, Student’s t-test, N= 8-9 cells per condition).  This was also the case for the 

number and proportion of PSD-95 positive spines, (P=0.75 and P=0.64 respectively, 

Student’s t-test).  From these results it appears that GPR50 does not have the same 

effect on cortical neurons as it does on hippocampal neurons. 

 

The blinded experiments led to a different result; GPR50 overexpression caused an 

increase in the density of dendritic spines (figure 3.11 B).  GFP-transfected cortical 

neurons displayed 0.39 ± 0.11 spines per 10 μm (N= 10 neurons), whilst neurons co-

transfected with GPR50 and GFP had a spine density of 1.12 ± 0.22 spines per 10 μm 

(N= 7 cells); P=0.006, Student’s t-test.  However, the number and ratio of PSD-95 

positive was not significantly altered by GPR50 overexpression (P=0.19 and 0.16 

respectively, Student’s t-test).  Thus, according to these results GPR50 increases the 

number of spines, but does not promote spine maturation in cortical neurons.  This 

observation is similar to what was seen when assessing the effects of GPR50 on 
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dendritic complexity, i.e. significance was only achieved in the blinded experiments.  

Thus an additional replicate should be sought.  

 

Although there were differences in the blinded and unblinded results, the data was 

pooled together to increase N.  In this combined dataset, the significant increase in 

the overall spine density was retained (figure 3.11 C).  GFP-transfected neurons had 

a density of 0.34 ± 0.08 spines per 10 μm and neurons transfected with GPR50 + 

GFP had a density of 0.76 ± 0.15 spines per 10 μm (P=0.01, Student’s t-test, N= 15-

19).  Again, the density and ratio of PSD-95 positive spines were not significantly 

affected by GPR50 transfection (P=0.35 and 0.37 respectively).  These results 

indicate that GPR50 may increase spine density in cortical neurons but does not 

appear to affect spine maturity.  However, the inconsistency between the blinded and 

unblinded datasets means that these results should be treated tentatively. 
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Figure 3.11:  Effects of GPR50 overexpression on the number of postsynaptic spines in cortical 

neurons.  Cortical neurons, DIV 14, were transfected with GFP with or without GPR50.  ICC was 

performed on DIV 16 and dendritic spines were quantified using Fiji.  (A) Unblinded results showed 

no significant changes to the overall spine density or the density of PSD-95 positive spines (left).  

Likewise the portion of PSD-95 positive spines was unaffected by GPR50, right.  N= 9 GFP and 8 

GPR50 + GFP transfected neurons.  (B) In the blinded experiments, GPR50 transfection resulted in an 

increase in the total number of spines but not PSD-95 positive spines, left.  The portion of PSD-95 

positive spines was not significantly altered either, right.   N= 10 GFP and 7 GPR50 + GFP transfected 

neurons, two independent experiments.  (C) When the unblinded and blinded data were combined, 

a significant increase was seen in the total number of spines upon GPR50 overexpression (left).  The 

number and proportion of PSD-95 immunoreactive spines were not significantly affected.  N= 19 GFP 

and 15 GPR50 + GFP transfected neurons, from three experiments. 

Results presented as mean ± SEM; *P<0.05, **P<0.01, unpaired Student’s t-test. 
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3.3.5 GPR50 transfection does not impact the morphology of dendritic spines 

 

To further determine the effects of GPR50 on spine development, the length and 

head width of dendritic spines were measured using Fiji.  Only hippocampal neurons 

were used here, as these had a greater spine density and were markedly affected by 

GPR50 transfection.  It should be noted that this analysis was not carried out blind; 

hence, only the average results from the three replicates are presented.  Further, due 

to the limitations of confocal microscopy these results may not provide precise 

measurements but highlight any relative changes to spine morphology.   

 

Neurons that were doubly transfected (DIV 14) with GPR50 and GFP had an average 

spine length of 1.19 ± 0.12 μm and head width of 0.60 ± 0.03 μm, whilst neurons 

transfected with GFP alone had an average length and width of 1.30 ± 0.18 and 0.58 

± 0.07 μm respectively (figure 3.12 A and B).  Comparisons of the mean spine length 

and head width for each condition did not yield any significant results (length: P= 

0.23, head width: P= 0.73, Student’s t-test, N= 21 cells per condition, three 

independent experiments).  A Kolmogorov–Smirnov (K-S) test was also used to 

compare the cumulative distributions of the datasets, again results were not 

significant (length, P=0.19; head width, P=0.36).  Thus, spine morphology does not 

appear to be affected by GPR50. 

 

By measuring the length or head width of spines separately it is possible to miss 

information about the morphological class of spines (Yuste & Bonhoeffer, 2004).  

For example, measurements of spine length would not differentiate between two 

spines of the same length but one with a small head diameter (“thin”) and the other 

one large (“mushroom”).  Likewise, if the head width were the same but one was 

short (“stubby”) and the other was long, measuring the width alone would mask this.  

To avoid such confounds, the ratio of the spine length to head width for each spine 

was calculated (figure 3.12 C).  Comparisons of this ratio revealed no statistical 
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differences between GPR50 + GFP transfected neurons and GFP controls (2.12 ± 

0.21 and 2.34 ± 0.12 μm respectively; P=0.13, Student’s t-test; P=0.20, K–S test).  

These results provide further evidence that GPR50 does not impact spine 

morphology.    
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Figure 3.12: Overexpression of GPR50 does not impact the morphology of spines.  Cultured 

hippocampal neurons (DIV 14) were transfected with GPR50 and GFP or GFP alone.  On DIV 16, ICC 

was performed and dendritic spines were measured with Fiji.  (A) The average length of spines did 

not significantly differ in neurons transfected with GPR50 and GFP compared to the GFP control 

(left).  The cumulative distribution of spine length was not significantly altered either (right).  (B) The 

average width of the spine head domain was not affected by GPR50 (left), nor were there any 

differences in the cumulative distribution (right).  (C) No statistical differences were observed in the 

spine length to head width ratio.   

Results presented as mean ± SEM; N= 21 neurons per conditions, from three independent 

experiment; Statistical tests, unpaired Student’s t-test and Kolmogorov-Smirnov test. 
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3.4 Discussion 

 

This chapter demonstrates that GPR50 promotes key aspects of neuronal 

differentiation and maturation.  In SH-SY5Y cells, GPR50 expression led to an 

increase in the number of neurites per cell but not neurite length.  Whilst in 

hippocampal neurons, transfection of GPR50 at DIV 14 significantly increased 

dendritic complexity.  This increase appears to be the result of greater dendritic 

branching as GPR50 overexpression did not affect the number of primary dendrites.  

Conversely, an increase in primary dendrites was observed in cortical neurons upon 

GPR50 transfection.  Interestingly, transfection of immature cortical neurons (DIV 7) 

with GPR50 had no effect on dendritic complexity or the number of primary 

dendrites, indicating the effects of GPR50 is temporally modulated. 

 

GPR50 was also demonstrated to be a regulator of dendritic spines.  Hippocampal 

neurons overexpressing GPR50 had significantly more spines compared to GFP 

transfected neurons.  This suggests that GPR50 promotes the formation of spines or 

inhibits spine elimination.  Further, in hippocampal neurons overexpressing GPR50, 

a greater proportion of spines contained PSD-95 clusters.  This suggests a shift 

towards spine maturation.  The morphology of these spines, however, was unaffected 

by GPR50, indicating that although GPR50 modulates spine density, it is unlikely to 

alter the strength of synaptic transmission.  The effect of GPR50 transfection in 

cortical neurons of the same age was less dramatic.  A significant increase in spine 

density was observed when transfected with GPR50, however, the amount of PSD-95 

positive spines was not significantly affected.  It should be noted that results 

generated using cortical neurons were inconsistent, thus should be regarded 

cautiously.   
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3.4.1 GPR50 induces neuronal differentiation 

 

3.4.1.1 Promotion of neurite outgrowth in cell lines 

The results presented here are somewhat contradictory to previously published work.  

In NS-1 cells, the transfection of GPR50 was reported to increase the length of 

neurites but not the number (Grünewald et al, 2009).  Here, the number of neurites 

increased upon GPR50 transfection, whilst the length of neurites was unaffected 

(figure 3.2).  This discrepancy may reflect the different cell types used.  SH-SY5Y 

cells, a human derived neuroblastoma cell line, were used in this investigation rather 

than NS-1 cells, a rat cell line derived from an adrenal gland tumour.  NS-1 cells are 

commonly used as quantifiable neurites can be readily generated; however, it is 

possible that the non-neuronal origin means GPR50 affects these cells in a different 

manner.  However, an increase in neurite formation and elongation are both 

characteristics of neuronal differentiation (Polleux & Snider, 2010).  Therefore, the 

work presented here, along with Grünewald’s report, implicates GPR50 in neurite 

outgrowth and differentiation.   

 

3.4.1.2 Differential effects of GPR50 on hippocampal and cortical neurons 

The results obtained from the overexpression of GPR50 in primary neurons further 

supports a role in outgrowth and differentiation.  In hippocampal neurons, the 

transfection of GPR50 increased dendritic branching, spine density and led to a shift 

towards spine maturity, features characteristic of a more fully developed neuron.  

GPR50 had a weaker effect on spine density in cortical neurons and did not 

significantly alter the number of PSD-95 positive spines.  Further, GPR50 appeared 

to increase the number of primary dendrites in cortical neurons, rather than dendritic 

branching.  These changes are also elements of neuronal differentiation, although 

characteristic of an earlier stage of the maturation process (figure 3.1).  The 

difference between the results generated from cortical neurons and hippocampal 

neurons may imply GPR50 has a distinct role in these neurons.   
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The contrast between the hippocampal and cortical results may also reflect 

differences in neuronal maturity.  Neurite outgrowth in cortical neurons has been 

reported to be slower than in hippocampal neurons (Kim & Lee, 2012).  

Furthermore, the results presented in this chapter showed significantly fewer spines 

developed in cortical neurons compared to hippocampal neurons under the GFP-

transfected condition, following transfection at DIV 14 (figure 3.7).  Cortical neurons 

also displayed an abundance of filopodia, which have been shown to be precursors of 

dendritic spines (Yuste & Bonhoeffer, 2004; Zuo et al, 2005).  These results suggest 

that cortical neurons were less mature than hippocampal neurons when ICC was 

performed.  If this experiment was repeated in older cortical neurons, the results 

generated may have been more comparable to the hippocampal neurons.  This is a 

pertinent matter to investigate as GPR50 is found in various regions of the brain, 

especially in the hypothalamus, so being able to extrapolate these findings to 

different types of neurons would provide a wealth of information. 

 

The lack of consistency between the experiments using cortical neurons should also 

be addressed.  Morphological changes upon GPR50 expression were observed in the 

blinded and pooled datasets, but not the initial unblinded experiment.  It is possible 

that the unblinded procedure introduced experimenter bias; in this case it may be 

appropriate to discard the unblinded results.  However, the impact of neuronal 

diversity should also be considered.  Different neuronal subtypes can have very 

different structures in regards to the extent of dendritic branching and spine density 

(Kawaguchi et al, 2006; Voelgyi et al, 2009).  Analysis that combines these different 

subtypes is likely to lead to a high degree of variation, especially if a particular 

subtype is disproportionately distributed amongst the different experiments.  This 

could mask the true effects of GPR50.  To minimise this confounding factor, only 

neurons with a pyramidal morphology were analysed in this chapter.  However, 

cortical pyramidal neurons are also highly heterogeneous in regards to their function 

and structure (Morishima & Kawaguchi, 2006; van Aerde & Feldmeyer, 2013), 

apparently more so than hippocampal neurons (Mizuseki et al, 2011).  This may 
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account for the inconsistent results generated when using cortical neurons and the 

differences compared to the hippocampal results.  Increasing the number of cortical 

neurons analysed may help compensate for this.  

 

3.4.1.3 How does GPR50 modulate neuronal differentiation? 

Despite the issues discussed above, GPR50 has clear effects on hippocampal neurons 

and SH-SY5Y cells.  A potential explanation for this may be the attenuation of 

NOGO-A.  The overexpression of NOGO-A in NS-1 cells significantly reduced 

neurite outgrowth compared to GFP controls, however, co-expression with GPR50 

prevented this (Grünewald et al, 2009).  NOGO-A is also an important modulator of 

dendritic development.  Mouse knockdown and overexpression experiments have 

shown NOGO-A negatively regulates the size and complexity of Purkinje neurons 

(Petrinovic et al, 2013).  Furthermore, silencing Nogo-A in rats reduced spine density 

in pyramidal neurons and promoted a shift towards immature spines (Pradhan et al, 

2010).  As GPR50 had the opposing effect on dendritic morphology, i.e. it promoted 

dendritic complexity and spine formation, GPR50 may act by attenuating the actions 

of NOGO-A in primary neurons.  This may occur via the interaction between the two 

proteins (Grünewald et al, 2009).  Alternatively, NOGO-A and GPR50 may act on 

the same pathway but in opposing directions.  This could be investigated by looking 

at the effects of GPR50 on neuronal morphology when Nogo-A is silenced. 

 

3.4.2 Does GPR50 impact synaptic function? 

 

It is tempting to propose GPR50 has a positive impact on neuronal function as genes 

inducing similar neuronal phenotypes promote synaptic transmission.  An example of 

this is Neuregulin 1 (NRG1), a gene strongly associated with schizophrenia (Dutt et 

al, 2009).  Like GPR50, NRG1 overexpression in cultured neurons increased spine 

density and, in addition, increased spine size (Barros et al, 2009; Li et al, 2007).  The 
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inhibition of NRG1 signalling has been reported to suppress synaptic transmission, 

indicating that NRG1 is a positive modulator of both spine development and function 

(Li et al, 2007).  Conversely, NOGO-A negatively regulated dendritic complexity 

and synaptic transmission size (Petrinovic et al, 2013).  This negative regulation 

coincides with the negative impact of NOGO-A on spine density (Pradhan et al, 

2010) and spine size (Petrinovic et al, 2013).  Given the enhancement of dendritic 

development upon GPR50 transfection, it would be valuable to perform 

electrophysiology experiments to investigate whether GPR50 has a role in synaptic 

transmission. 

 

In the absence of data regarding the impact of GPR50 on synaptic function, the effect 

on spine maturity was assessed.  This was investigated by looking at the effect of 

GPR50 overexpression on the number of PSD-95 positive spines.  PSD-95 is a major 

component of the postsynaptic density which is found in the head of spines that form 

mature excitatory synapses (El-Hussein et al, 2000).  PSD-95 is essential for the 

stability of spines and the clustering of the glutamate receptors required for synaptic 

transmission and plasticity (Ehrlich et al, 2007; El-Hussein et al, 2000; Migaud et al, 

1998).  The number and proportion of spines expressing PSD-95 increased in 

hippocampal neurons transfected with GPR50, indicating an increase in maturity.  

This may also lead to a greater number of synaptic contacts, and therefore an overall 

increase in synaptic transmission.  In cortical neurons, however, GPR50 did not 

significantly affect spine maturity, thus it is unlikely to alter synaptic transmission.   

 

Another proxy to synaptic function is spine morphology.  Larger spines are 

associated with stronger synaptic connections and memory formation, while smaller 

spines are linked to weaker connections and learning (Hung et al, 2008; Kasai et al, 

2003).  Thus, any changes to the size of dendritic spines in neurons overexpressing 

GPR50 could reflect the modulation of synaptic strength.  However, GPR50 did not 

alter spine morphology as assessed by measurements of spine length and head width 

(figure 3.10).  This indicates that GPR50 does not change the function of dendritic 
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spines.  However, knockdown experiments may yield different results.  Several 

studies have employed both overexpression and silencing techniques to find that 

whilst the knockdown of the protein of interest modulates the size (Choi et al, 2005) 

or density (Petrinovic et al, 2013) of dendritic spines, overexpression had no effect.  

Therefore, silencing experiments should be performed to confidently assess the 

effects of GPR50 on spine morphology.  This would also strengthen the results 

reported in regards to dendritic complexity.  However, spine size is only an indicator 

of synaptic strength; direct measurements using techniques such as electrophysiology 

are essential to determine whether GPR50 contributes to synaptic transmission.   

 

There are additional issues to address in regards to the methods used to analyse 

dendritic spines in this chapter.  Firstly, limitations to the resolution of confocal 

microscopy means measurements of such small structures, i.e. spines, would not be 

precise.  Further, measurements were taken manually and are therefore subject to 

experimenter error.  This may be improved by using a neuron modelling software, 

such as Neurolucida, which allows 3D reconstructions and automated measurements 

of dendritic spines (Halavi et al, 2012).  Despite the technical limitations, however, 

the techniques employed in this chapter are routinely used for morphological 

assessments.  Although measurements are not exact, changes to spine morphology 

relative to a control can be detected.  Thus, insight into the function of a protein, in 

this case GPR50, can still be gained.  Another matter to consider is that ICC was 

performed on DIV 16.  Neurons at this age undergo spinogenesis, however, it may be 

at an early stage, figure 3.1 (Polleux & Snider, 2010).  Potentially, this may be too 

early for fully developed spines to appear at a high density.  GPR50 may accelerate 

spinogenesis so that larger PSD-95 positive spines appear earlier than in control 

conditions, however, analysing spine morphology too early could miss this.  This is 

especially problematic in regards to cortical neurons, which appeared to lag behind 

hippocampal neurons in terms of development.  Assessing spine morphology at a 

later point may be more informative. 
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3.4.3 Correlating the role of GPR50 to its developmental profile 

 

The role GPR50 plays in neuronal differentiation sheds some light on its 

developmental profile.  Dendritic outgrowth and branching are key features of the 

fourth stage of maturation, which neurons enter late in embryonic development 

(figure 3.1, Polleux & Snider, 2010).  Coincidently, this is the period in which Gpr50 

expression in the mouse brain dramatically rises, i.e. E18 (Grünewald et al, 2012).  

This may significantly contribute to stage four of neuronal development by inducing 

the increase in dendritic arborisation characteristic of this phase.  Spinogenesis tends 

to occurs later, from the first postnatal week and peaks in adolescence (Markus & 

Petit, 1987; Polleux & Snider, 2010).  This is noteworthy as Gpr50 expression is 

maintained postnatally and rises again in adolescence, although to a lesser degree 

than at E18 (Grünewald et al, 2012).  This postnatal expression of Gpr50 may 

support for the formation, or stabilisation, of dendritic spines, as well as further 

dendritic branching. 

 

It is intriguing that GPR50 appeared to have no impact on immature cortical neurons 

(transfected at DIV 7).  This may be because GPR50 requires the presence of 

additional factors that are absent in immature neurons in order to exerts its effect.  

Alternatively, factors expressed in younger neurons may inhibit the actions of 

GPR50.  Interestingly, GPR50 transfection at DIV 7 was particularly difficult, 

despite the fact that younger neurons tend to be more amenable to transfection 

(Buerli et al, 2007).  It may be that GPR50 expression is inhibited in young neurons 

to prevent premature differentiation.  This may account for the low mRNA levels at 

early points of development (Grünewald et al, 2012).  To fully understand the 

different outcomes of GPR50 transfection in immature and mature neurons, work 

must be done to reveal the mechanisms behind its temporal regulation.  However, as 

the actions of GPR50 on cortical neurons transfected on DIV 14 was less apparent 

than in hippocampal neurons, it is possible that the lack of a morphological change in 

immature cortical neurons was due to the type of neuron tested.  Repeating this 
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experiment in hippocampal neurons may yield different results, and therefore, is 

necessary to conclude that GPR50 transfection has no impact on the structure of 

immature neurons.   

 

It should be noted that the cultured neurons used in this chapter were harvested from 

mice at E17-18.  This means that most neurons are likely to be fairly mature prior to 

dissociation.  Therefore, these experiments may be recording the actions of GPR50 

overexpression on previously polarised neurons, which may have retained some of 

their differentiated characteristics.  This makes it harder to correlate the number of 

days in vitro to the developmental stages in vivo (as shown in figure 3.1).  It may also 

mask the full extent of GPR50’s influence on neuronal differentiation.  To overcome 

this, dissections can be performed earlier, although, this would be restricted to time 

points where the hippocampus and cortex are sufficiently developed.  Techniques 

such as in utero electroporation could also be used.  Here, GPR50 would be 

prenatally introduced into neurons at selected regions of the brain.  Dissections and 

cell culturing can then be performed as described in this chapter and changes to 

neuronal morphology can be assessed (Kwon et al, 2012).  Alternatively, neurons can 

be visualised in organotypic (brain) slices, which maintains many aspects of the 

cellular environment found in vivo (Cho et al, 2007; Kwon et al, 2012). 

 

3.4.4 The importance of neuronal development in psychiatric illness 

 

The role of GPR50 in neuronal maturation fits in well with the growing body of 

evidence linking abnormal neurodevelopment to psychiatric disorders.  For example, 

post-mortem studies have reported decreases in spine density in the prefrontal cortex 

of individuals with schizophrenia (Glantz & Lewis, 2000; Kolluri et al, 2005).  

Similar results were recently found in patients with major depressive disorder 

(MDD) (Kang et al, 2012).  Microarray analysis was also performed using the 

samples derived from MDD patients; this revealed a significant reduction in the 
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expression of several genes which regulate the structure and function of synapses.  

Interestingly, Kang and colleagues also found the transcriptional repressor GATA1 

was upregulated in MDD patients.  The overexpression of this gene in cortical 

neurons significantly decreased dendritic complexity, spine density and the 

expression of synapse-related genes.  Furthermore, increased GATA1 expression led 

to depression-like behaviour in rats.  Thus, this study links neuronal atrophy to 

mental illness, and demonstrates how genes contributing to these structural changes 

may be responsible for the associated behavioural deficits. 

 

There are also numerous studies that have shown antidepressants can promote 

neuronal development.  Chronic treatment with fluoxetine, an antidepressant, 

increased the dendritic complexity of neurons in the dentate gyrus of mice (Wang et 

al, 2008).  Antidepressants have also been reported to increase adult neurogenesis 

(Malberg et al, 2000).  Furthermore, the inhibition of adult neurogenesis in mice was 

found to attenuate the beneficial effects of several antidepressants (Santarelli et al, 

2003; Snyder et al, 2011).  This indicates that the promotion of neurogenesis is 

central to the efficacy of drug treatments.  However, adult neurogenesis is not 

required for all the therapeutic benefits associated with antidepressants (David et al, 

2009), thus, drug efficacy can only be partly attributed to neurogenesis.  These 

results show that to some extent neurodevelopment in the adult brain plays a role in 

psychiatric illness and is an important aspect of drug treatment.  Thus, the 

involvement of GPR50 in neurodevelopment may contribute to its association with 

mental illness. 

 

3.4.5 Conclusion 

 

The data presented in this chapter suggests GPR50 promotes aspects of neuronal 

differentiation/maturation.  GPR50 overexpression increased the number of neurites 

per cell in SH-SY5Y cells.  In primary neurons, GPR50 increased dendritic 
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complexity and spine development.  To increase confidence in these results, GPR50 

knockdown experiments should be performed.  This would not be applicable to SH-

SY5Y cells, as this cell line does not express GPR50 endogenously.  However, 

endogenous expression has been reported in cortical and hippocampal neurons 

(Grünewald et al, 2009; Grünewald et al, 2012).  It would also be beneficial to assess 

the effects of GPR50 transfection at different time points, especially in regards to 

cortical neurons.  This would help determine whether the phenotypic manifestation 

of GPR50 overexpression is directed by the cell type or the developmental stage.  To 

build on the results presented in this chapter, it is also necessary to determine the 

mechanism by which GPR50 modulates cell morphology.  One possibility is that 

GPR50 alters the organisation of the cytoskeleton.  Cytoskeletal rearrangement is 

crucial for neurite outgrowth, dendritic branching and spine formation (Hotulainen & 

Hoogenraad, 2010; Koleske, 2013).  Furthermore, various risk factors associated 

with psychiatric disorders, such as NRG1, are involved in cytoskeleton dynamics 

(Kamiya et al, 2005; Sparrow et al, 2012).  The involvement of GPR50 in this 

process shall be explored in following chapter.   
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Chapter 4: GPR50 localises at lamellipodia-like 

structures and activates the RAC1-WAVE pathway 
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4.1 Introduction 

 

In chapter three, GPR50 was demonstrated to be a positive regulator of neurite 

outgrowth, dendritic complexity and spine density.  How GPR50 regulates this is the 

next question to address.  There are numerous modulators of neuronal morphology, 

many of which act through members of the Rho family of GTPases, in particular ras-

related C3 botulinum toxin substrate 1 (RAC1), cell division cycle 42 (CDC42) and 

ras homolog family member A (RHOA).  These act on a diverse range of effector 

molecules to regulate a variety of cellular responses (some of these are shown in 

figure 4.1).  RAC1 and CDC42 are regarded as promoters of dendritic outgrowth and 

spine formation.  The suppression of these molecules dramatically reduces spine 

density and causes the simplification of the dendritic tree (Nakayama et al, 2000; 

Scott et al, 2003).  Conversely, RHOA is a negative regulator; its constitutive 

activation causes the reduction of dendritic complexity (Nakayama et al, 2000).  

Modulation of Rho GTPases by GPR50 may provide some explanation for the results 

seen the previous chapter. 

 

Once in the active GTP-bound state, Rho GTPases initiate signalling cascades which 

ultimately modulate actin dynamics.  As shown in figure 4.1, CDC42 and RAC1 

promote actin polymerisation via Wiskott-Aldrich syndrome protein (WASP) and 

WASP-family verprolin-homologous protein (WAVE) respectively (Heasman & 

Ridley, 2008).  These factors are instrumental in the development of dendritic spines 

(Soderling et al, 2007; Wegner et al, 2008).  RHOA acts via Rho-associated protein 

kinase (ROCK) to regulate actin organisation (Draber et al, 2012; Sit & Manser, 

2011).  This effector appears to have a critical role in the negative effects of RHOA 

on dendritic morphology; ROCK activation alone is sufficient to reduce dendritic 

branching in pyramidal neurons (Nakayama et al, 2000).  GPR50 may act on these 

actin remodelling pathways to modulate dendritic morphogenesis.  This may be 

through the regulation of Rho GTPases or their effectors, thus the effects of GPR50 

on various components of the actin remodelling pathway should be investigated. 
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Figure 4.1: Regulation of actin organisation.  (A) Highlights some of the key functions of Rho 

GTPases.  RAC promotes the formation of lamellipodia through the activation of the WAVE complex, 

which mediates the formation of branched actin filaments via ARP2/3.  CDC42 induces the activation 

of a number of effectors including WASP, which ultimately leads to filopodia formation.  RHO has an 

important role in the formation of stress fibres, through the activation of ROCK and mDia, required 

for the retraction of the trailing edge of motile cells.  Figure adapted from Draber et al, 2012.  (B) 

Shows the structure of actin at the leading edge of a migrating cell.  Actin is found in highly branched 

networks in the lamellipodia, whilst in filopodia actin is arranged in parallel bundles.  Figure taken 

from Heasman & Ridley, 2008.  Abbreviations: ARP2/3, actin-related protein-2/3; ENA/VASP, 

enabled/vasodilator-stimulated phosphoprotein; LIMK, LIM kinase; mDia, mammalian diaphanous; 

MLC, myosin regulatory light chain; MLCP, MLC phosphatase; PAK, p21-activated kinase; ROCK, RHO-

associated protein kinase; WASP, Wiskott–Aldrich syndrome protein; WAVE, WASP-family verprolin-

homologous protein complex.   

 

A 

B 
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A link between GPR50 and Rho GTPases may already exist.  Neurite outgrowth 

inhibitor A (NOGO-A), the GPR50-interacting protein, activates RHOA and inhibits 

RAC1 (Kilic et al, 2010; Niederost et al, 2002).  This would explain the inhibitory 

effects of NOGO-A on dendritic outgrowth and spine formation (Petrinovic et al, 

2013; Pradhan et al, 2010).  Furthermore, the inhibition of dendritic complexity and 

synapse formation by NOGO-66 receptor 1 is reliant on RHOA activation (Wills et 

al, 2012).  GPR50 may counteract the inhibition of neurite outgrowth via NOGO-A 

(Grünewald et al, 2009) by attenuating its ability to modulate Rho GTPase 

signalling.  Alternatively, GPR50 may modulate Rho GTPase activity of its own 

accord, leading to the changes in neuronal morphology induced by GPR50 

overexpression (chapter three). 

 

GPR50 may also modulate cytoskeletal organisation via α-catenin.  This is the 

protein that links cadherin adhesion molecules to the actin cytoskeleton, via β-

catenin (Miller et al, 2013).  This linker activity occurs when α-catenin is in its 

monomeric form (Desai et al, 2013; Hansen et al, 2013); as a homodimer it inhibits 

actin branching via ARP2/3 (Drees et al, 2005; Hansen et al, 2013).  It is the 

monomeric properties of α-catenin that are of greatest interest in the context of 

GPR50, as evidence suggests GPR50 binds to cadherin 8 (Grünewald et al, 2012).  

This may disrupt the α-catenin-mediated bridge between the cadherin/β-catenin 

complex and filamentous actin (F-actin).  This linker property is crucial for the 

regulation of dendritic growth and arborisation by neural cadherin (Tan et al, 2010).  

Further, silencing and overexpression studies have demonstrated that α-catenin 

promotes the stability of dendritic spines and branches (Abe et al, 2004; Tan et al, 

2010).  If GPR50 impacts α-catenin, changes to actin organisation and dendritic 

morphology would be expected. 
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4.2 Aims 

 

This chapter set out to investigate whether GPR50 has a role in the modulation of the 

cytoskeleton, in particular actin organisation.  To do this, the effect of GPR50 

transfection on the localisation and cellular levels of the major cytoskeleton 

molecules, i.e. microtubules, intermediate filaments and microfilaments, was 

examined.  A more targeted approach was used to investigate whether GPR50 alters 

the levels of key regulators in actin nucleation and polymerisation.  Finally, another 

link to actin remodelling was explored by determining whether GPR50 acts on α-

catenin.  

 

4.3 Results 

 

4.3.1 GPR50 has no effect on the amount or localisation of the major 

components of the cytoskeleton 

 

The effect of GPR50 on the cytoskeleton was investigated in the neuronal SH-SY5Y 

cell line.  Cells were transfected with GPR50 or an empty vector (pDEST40 vector), 

transfection rate ~ 40%, and a western blot was performed the following day.  

Western blot analysis confirmed the transfection of GPR50, with a doublet band 

clearly visible at the expected size of 67 kDa (figure 4.2; see appendix A for 

antibody characterisation).  Blots were then re-stained for β-actin, β-tubulin or 

vimentin (representing microfilaments, microtubules and intermediate filaments 

respectively).  Using the imaging software Fiji (Schindelin et al, 2012), band 

densities were quantified to show there were no differences between the levels of 

these cytoskeletal proteins in GPR50-transfected cells compared to the empty vector 

controls (figure 4.2; β-actin, P=0.43; β-tubulin, P=0.79; vimentin, P=0.55; Student’s 

t-test, N= 3 replicates).   
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Figure 4.2:  GPR50 overexpression has no effect on the expression of the major cytoskeletal 

elements in SH-SY5Y cells.  Cells were transfected with GPR50, or an empty vector, and 24 hours 

later a western blot was performed.  Protein levels were quantified by measuring the density of the 

appropriate band using Fiji, this was normalised with GAPDH and the data is presented relative to 

the empty vector control.   The average levels of β-actin, β-tubulin and vimentin were not altered by 

GPR50 transfection, left.  Representative western blots are shown on the right, including the 

confirmation blot showing GPR50 transfection was successful.  Results shown as mean ± SEM; N= 

three independent experiments; Statistical test: paired Student’s t-test. 

 

Immunocytochemistry (ICC) was carried out to assess the cellular distribution of 

these filaments following GPR50 transfection (figure 4.3).  β-Actin was distributed 

throughout the cell and characteristic structures such as stress fibres, cortical actin 

and lamellipodia were clearly visible (figure 4.3 A).  β-Tubulin was also found 

throughout the cell in a filamentous form.  It was mainly concentrated at the centre of 

the cell but also extended to the plasma membrane (figure 4.3 B).  Finally, vimentin 

was arranged in intracellular filaments surrounding the cell nucleus (figure 4.3 C).  

These distribution patterns were observed regardless of GPR50 expression.   
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Figure 4.3: GPR50 overexpression does not alter the cytoskeleton in SH-SY5Y cells.  Cells were 

transfected with GPR50 and ICC was performed the following day staining for GPR50 and the 

appropriate cytoskeletal filament.  Representative results from over three independent experiments 

are shown.  (A) No observable differences were detected in the organisation of β-actin in GPR50-

expressing (arrow) and non-expressing (*) cells.  (B) GPR50 overexpression did not affect the 

organisation of filamentous β-tubulin.  (C) Intracellular localisation of vimentin was maintained in 

GPR50-expressing cells (arrow).   

Scale bar, 10 µm.     
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4.3.2 Enrichment of GPR50 at lamellipodia-like structures in SH-SY5Y cells 

 

Upon investigating the effects of GPR50 on the cytoskeleton, it was noted that 

GPR50 was enriched at lamellipodia-like structures, i.e. flat veil-like protrusions of 

the plasma membrane.  Thus, ICC was performed on SH-SY5Y cells transfected 

with GPR50 to assess the colocalisation between GPR50 and lamellipodia-associated 

proteins; namely β-actin and β-catenin (Etienne-Manneville & Hall, 2003; Suraneni 

et al, 2012). 

 

The imaging software ImageJ (Schneider et al, 2012) was used to measure the 

colocalisation between GPR50 and β-actin.  Colocalisation analysis, as assessed by 

the Pearson’s correlation coefficient (Rr), revealed a moderate positive correlation 

between the GPR50 and β-actin fluorescence signals; Rr= 0.40 ± 0.01 (N= 31 cells, 

three independent experiments), where 1 reflects a perfect positive correlation and 0 

represents no relationship.  The average Manders’ coefficient (R) also indicated 

moderate colocalisation; R= 0.63 ± 0.01, where 1 represents complete overlap 

between two signals and 0 represents none.  This increased to 0.71 ± 0.02 when 

measuring the extent to which GPR50 overlaps with β-actin, indicating GPR50 

largely colocalised with β-actin.  Finally, the intensity correlation quotient (ICQ) also 

indicated a modest colocalisation between β-actin and GPR50; ICQ= 0.20 ± 0.01, 

where +0.5 indicates that the intensities of two proteins vary in synchrony and 0 

represents an absence of co-variation.  Together, these results indicate the 

colocalisation between GPR50 and β-actin was moderate. 

 

Interestingly, colocalisation between GPR50 and β-actin appeared to be restricted to 

lamellipodia and neurite tips (figure 4.4 A).  Other areas of the membrane were 

largely devoid of GPR50.  From the intensity profile generated for this image, figure 

4.4 B, it can be seen that GPR50 expression peaked with β-actin at the neurite tip 

(peak 1) and lamellipodia (peak 3).  In contrast, where cortical actin was present 
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(peak 2), β-actin was abundant but GPR50 was limited.  This indicates that GPR50 

preferentially localised to the lamellipodia and growth cones. 

 

 

  

Figure 4.4: GPR50 colocalises with β-actin at the lamellipodia of SH-SY5Y cells.  ICC was performed 

on GPR50-transfected cells staining for GPR50 and β-actin.  (A) A representative image from three 

independent experiments shows exogenous GPR50 mainly aggregated at the lamellipodia (arrow) 

where it colocalised with β-actin.  Areas rich in cortical actin (arrowhead) were largely deficient in 

GPR50.  Scale bar, 10 µm.  (B) The intensity profile of this image (left) shows the expression of GPR50 

peaked with β-actin at the neurite tip and lamellipodia (peaks 1 and 3 respectively).  GPR50 was 

weaker where cortical actin was seen (peak 2).  The line used to generate this profile is shown on the 

right, with the corresponding points labelled.   

 

To focus on the localisation of GPR50 at the lamellipodia, ICC was performed, 

staining for GPR50 and β-catenin, which has been shown to localise at the 

lamellipodia of migrating cells (Etienne-Manneville & Hall, 2003), although it is not 

exclusively located at these sites.  Results show GPR50 colocalised with β-catenin 

(Rr= 0.52 ± 0.02; R= 0.78 ± 0.01; ICQ= 0.19 ± 0.01; N= 27 cells, three independent 

experiments).  Again colocalisation was most abundant at the lamellipodia (figure 
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4.5 A).  This can clearly be seen in the intensity profile, which shows the expression 

of GPR50 peaked with β-catenin at the leading edge of the cell (figure 4.5 B; peak 

1).  

 

 

 

 

Figure 4.5: GPR50 is enriched at the lamellipodia of SH-SY5Y cells.  GPR50 was transfected into SH-

SY5Y cells and ICC was performed the following day staining for GPR50 and β-catenin.  (A) A 

representative image, from three independent experiments, showing GPR50 colocalised with β-

catenin at the leading edge (arrows).  Other areas with high levels of β-catenin (arrowhead) 

displayed lower amounts of GPR50.  Scale bar, 10 µm.  (B) The intensity of GPR50 peaked with β-

catenin at the leading edge of the cell (peak 1).  Peak 2 shows a non-lamellipodial region of the 

plasma membrane with high levels of β-catenin but little GPR50.  The corresponding line used to 

generate this profile is shown on the right.   
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4.3.3 GPR50 is enriched in dendritic spines of hippocampal neurons 

 

Dendritic spines share a very similar structure to lamellipodia.  Both consist of 

highly branched networks of F-actin (dendritic actin) and are regulated by many of 

the same actin remodelling factors, including ARP2/3 and the WAVE complex 

(Hotulainen & Hoogenraad, 2010).  Thus, in neurons, GPR50 may be enriched in 

dendritic spines.  This was shown to be true in a subcellular fractionation experiment 

(Grünewald et al, 2012).  In this chapter, ICC was performed to provide further 

support.  Hippocampal neurons were transfected with GPR50 at DIV 19 and fixed 48 

hrs later.  Neurons were stained with antibodies against GPR50 and postsynaptic 

density 95 (PSD-95), β-actin or β-catenin, proteins known to accumulate in dendritic 

spines (Hotulainen & Hoogenraad, 2010; Togashi et al, 2002).   

 

In hippocampal neurons, transfected GPR50 was found on the plasma membrane of 

dendrites (figure 4.6 A).  The intensity of GPR50 appeared to be strong at dendritic 

spines, where a high degree of colocalisation with PSD-95 was observed (figure 4.6 

A, asterisk).  The intensity profile generated from this image shows GPR50 

expression was strongest in dendritic spines, where it peaked with PSD-95 (figure 

4.7, peaks 4, 7 and 9).  Although GPR50 is not exclusively located at dendritic spines 

as high expression can be seen in other areas of dendrites (figure 4.7).  Colocalisation 

between GPR50 and β-actin also occurred in dendritic spines (figure 4.6 B, asterisk).  

In contrast, GPR50 and β-catenin did not appear to colocalise (figure 4.6 C).  β-

Catenin was found within the dendritic shaft, i.e. the segment of the dendrite carrying 

spines, rather than in the dendritic spines.  This may be consistent with reports 

showing β-catenin resides in the dendritic shaft and moves into spines upon neuronal 

stimulation or the formation of mature synaptic contacts (Murase et al, 2002; Togashi 

et al, 2002).
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Figure 4.6: GPR50 is expressed in the dendritic spines of hippocampal neurons.  Primary hippocampal neurons (DIV 19) were transfected with GPR50 and its 

dendritic localisation was assessed by ICC staining for GPR50 and the relevant dendritic protein.  (A) GPR50 was found on the plasma membrane of dendrites, 

especially at dendritic spines where it colocalised with PSD-95 (*).  (B) GPR50 also colocalised with β-actin at dendritic spines (*).  (C) GPR50 and β-catenin did not 

colocalise; GPR50 was found in spines (*) and other areas of the plasma membrane, whilst β-catenin was located within the dendritic shaft (arrow).  Scale bar, 10 

μm.
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Structure Peaks 

Spine 4,7,9 

Shaft 1,2,3,5,6,8 
 

Figure 4.7: Expression of GPR50 is enriched in postsynaptic spines.  Intensity profile (left) of a 

GPR50-transfected hippocampal neuron (DIV 19) stained for GPR50 and PSD-95; the image used to 

generate the profile is shown on the right, with the corresponding points labelled.  Results show 

colocalisation between PSD-95 and GPR50, indicating GPR50 is found in postsynaptic spines (peaks 4, 

7 and 9).  GPR50 was also found at the dendritic shaft (peaks 1-3, 5, 6 and 8).     

 

4.3.4 GPR50 modulates key components of the actin remodelling pathway 

 

The aggregation of GPR50 in areas of the membrane containing dendritic actin may 

have important functional implications.  GPR50 may localise here because it is 

directed to these sites, possibly via interactions with factors enriched in these areas.  

Alternatively, GPR50 itself may induce the formation of dendritic actin.  To explore 

this possibility, SH-SY5Y cells were transfected with GPR50 or an empty vector and 

a western blot was performed the following day.  After confirming the transfection of 

GPR50, the blot was probed for key regulators of actin remodelling, namely 

RAC1/CDC42, WAVE-2, N-WASP, ARP2 and profilin-1.  The overexpression of 

GPR50 significantly increased the levels of phosphorylated RAC1/CDC42 and 

WAVE-2 by 45 ± 8% and 64 ± 4% respectively (phospho-RAC1/CDC42, P=0.03; 

WAVE-2, P=0.004; Student’s t-test, N= 3 replicates; figure 4.8).  Total RAC1, N-

WASP, ARP2 and profilin-1 were not significantly affected by GPR50 (P<0.1, N= 3-

4 replicates).  Table 4.1 summarises these results and highlights the roles of these 

proteins in actin organisation.   
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Figure 4.8: Regulators of actin remodelling are activated by GPR50.  Western blotting results from 

SH-SY5Y cells transfected with GPR50 or an empty vector.  Band densities were measured using Fiji 

and GAPDH served as the loading control.  Results showed the transfection of GPR50 significantly 

increased the levels of phospho-RAC1/CDC42 and WAVE-2 compared to the empty vector control 

(top panel).  The other proteins tested were not significantly affected by GPR50 overexpression.  

Representative western blots are shown below.  Results shown as mean ± SEM; N= three 

independent experiments (N= four for total RAC1); *P<0.05, **P<0.01, paired Student’s t-test. 
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Protein Function Effect of GPR50 

overexpression 

RAC1/CDC42 Promote lamellipodia and filopodia production respectively, 

through the regulation of downstream actin modulators 

such as WAVE-2, N-WASP and mammalian Diaphanous-

related formins (Peng et al, 2003; Snapper et al, 2001; 

Steffen et al, 2013) 

 

 phosphorylated 

form 

WAVE-2 Activates the ARP2/3 complex to promote lamellipodia 

formation and cell spreading (Eto et al, 2007; Mendoza et al, 

2011; Yamazaki et al, 2005). 

 

N-WASP Activated by CDC42 to induce ARP2/3-mediated actin 

nucleation, which promotes filopodia formation (Martinez-

Quiles et al, 2001; Miki et al, 1998; Snapper et al, 2001) 

NS 

ARP2 Forms a complex with ARP3 to induce actin polymerisation 

and branching (Rouiller et al, 2008; Smith et al, 2013).  This 

supports lamellipodia and filopodia formation, cell spreading 

and cell migration (Korobova & Svitkina, 2008; Suraneni et al, 

2012). 

NS 

Profilin-1 Modulates actin dynamics by binding to monomeric 

globular-actin (G-actin) and promoting the exchange of G-

actin-bound ADP for ATP (Wen et al, 2008; Wolven et al, 

2000).  This enhances lamellipodia formation and cell 

migration (Mouneimne et al, 2012; Syriani et al, 2008). 

NS 

Table 4.1:  The functions of the modulators of actin dynamics tested in this study.  Key: , 

significant increase in protein level; NS, no significant effect. 

 

Activation of RAC1 is associated with the translocation to the plasma membrane 

(Bustelo et al, 2012; Even-Ram et al, 2007).  It can then recruit and activate the 

WAVE complex leading to the subsequent induction of lamellipodia formation 

(Tahirovic et al, 2010).  ICC was used to determine whether RAC1 localised to the 

plasma membrane of GPR50-transfected SH-SY5Y cells, giving additional insight to 

its level of activity.  As can be seen in figure 4.9, RAC1 was found throughout the 

cell, especially at the lamellipodia and other areas of the plasma membrane.  

Interestingly, RAC1 colocalised with GPR50 (Rr= 0.53 ± 0.04; R= 0.81 ± 0.02; 
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ICQ= 0.20 ± 0.02; N= 10 cells, from one experiment).  Again, colocalisation was 

found at lamellipodia-like structures (figure 4.9 A, arrows).  This was also 

demonstrated in the corresponding intensity profile (figure 4.9 B), in which the 

fluorescence intensities of GPR50 and RAC1 peaked at lamellipodia-like regions, i.e. 

peaks 1 and 4.  Conversely, little colocalisation was seen in peaks 2 and 3, which 

correlate to more stabile areas of the membrane, likely to contain cortical actin.  

RAC1 was present at these sites, whereas GPR50 was largely absent.  Thus, GPR50 

may modulate RAC1 at specific areas of the plasma membrane leading to localised 

changes in actin organisation. 

 

 

 
 

Figure 4.9: GPR50 colocalises with RAC1 at lamellipodia in SH-SY5Y cells.  ICC was performed on 

GPR50 transfected SH-SY5Y cells, staining for GPR50 and RAC1.  (A)  A representative image shows 

GPR50 colocalised with RAC1 at lamellipodia-like structures (arrow).  Scale bar, 10 μm.  (B) The 

intensity profile (left), with the corresponding image displayed on the right, shows GPR50 levels 

peaked with RAC1 at lamellipodia-like structures (peaks 1 and 4) and not other areas of the 

membrane (peaks 2 and 3). 
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4.3.5 Increased mTORC2 activity upon overexpression of GPR50 

 

The mammalian target of rapamycin complex 2 (mTORC2) was investigated as a 

potential mediator of the increased phosphorylation of RAC1 by GPR50 transfection.  

It has been well recognized that mTORC2 modulates actin dynamics and functions 

via RAC1 (Huang et al, 2013; Jacinto et al, 2004), making it a promising protein to 

study in relation to GPR50.  To investigate the involvement of mTORC2, western 

blot analysis was performed to assess the effect of GPR50 transfection on the levels 

of AKT phosphorylated at serine (S) 473, a well established readout for mTORC2 

activity (Huang et al, 2013).  The level of GSK-3β, a substrate of AKT, was also 

assessed.  GSK-3β has two phosphorylation sites; one at S9, which is phosphorylated 

by AKT leading to its inhibition (Feng et al, 2004; Sarbassov et al, 2005).  The other 

site is at tyrosine (Y) 216, which is auto-phosphorylated to increase GSK-3β activity 

and is independent of mTORC2/AKT activity.  The effect of GPR50 overexpression 

on both GSK-3β phosphorylation sites was investigated.  This 

phosphorylation/activation pathway is summarised in figure 4.10.   

 

 
Figure 4.10: Phosphorylation pattern of AKT and GSK-3β.  AKT is phosphorylated at serine (S) 473 by 

mTORC2 and threonine (T) 308 by phosphoinositide-dependent kinase 1 (PDK1).  This leads to the 

activation of AKT, which phosphorylates GSK-3β at S9, leading to its inactivation.  GSK-3β is 

additionally auto-phosphorylated at tyrosine (Y) 216, which increases its activity levels.  Schematic by 

the author. 
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SH-SY5Y cells were transfected with GPR50 or the empty vector and the following 

day cell lysates were subjected to western blot analysis.  First, the effect of GPR50 

on the absolute levels of AKT and GSK-3β was assessed.  GPR50 had no effect on 

the total protein levels (figure 4.11 A; P>0.1, Student’s t-test, N= 3-6 experiments).  

In an independent series of experiments, the effect of GPR50 overexpression on the 

phosphorylated forms of these proteins was investigated.  Transfection of GPR50 

increased the levels of phospho-AKT (S473) by 33 ± 6.4%, (figure 4.11 B, P=0.02, 

Student’s t-test, N= four replicates), indicating an increase in AKT activity.  

However, GPR50 did not increase the levels of phosho-GSK-3β (S9) (figure 4.11 B, 

P=0.25, Student’s t-test, N= four replicates), thus, the increased phosphorylation of 

AKT (S473) may not have been sufficient to increase its kinase activity.  

Interestingly, there was an apparent increase in phospho-GSK-3β (Y216), however, 

this did not reach significance (figure 4.11 B; P=0.08, Student’s t-test, N= four 

experiments).  This may reflect a trend, thus further replicates may be necessary to 

confirm this observation.  Together, these results indicate that phospho-AKT (S473) 

is specifically increased, which is likely to reflect an enhancement of mTORC2 

activity. 
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Figure 4.11: GPR50 transfection increases phosphorylation of AKT at S473.  Western blot analysis of 

SH-SY5Y cells following transfection with GPR50 or an empty vector.  Band densities were measured 

using Fiji, with GAPDH as the loading control.  Results are presented relative to the empty vector 

control.  (A) GPR50 transfection had no effect on the total levels of AKT and GSK-3β.  N= three 

replicates in the case of AKT and six for GSK-3β; western blots representative of these results are 

shown on the right.  (B) The overexpression of GPR50 led to a significant increase in the amount of 

phospho-AKT (S473).  Phospho-GSK-3β (S9 and Y216) was not significantly affected.  N= four 

independent experiments, with representative blots shown on the right.   

Results shown as mean ± SEM; *P<0.05, paired Student’s t-test. 

 

4.3.6 GPR50 alters the cellular distribution of α-catenin in SH-SY5Y cells 

 

The interest in actin remodelling was also explored by examining the effects of 

GPR50 on α-catenin, the linker molecule that bridges cadherins to the actin 

cytoskeleton (Desai et al, 2013).  To investigate this, SH-SY5Y cells were 

transfected with GPR50 or an empty vector and α-catenin protein levels were 

assessed by western blot analysis.  As shown in figure 4.12, GPR50 expression had 

no effect on the amount of α-catenin compared to the empty vector control (P=0.17, 
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Student’s t-test, N= six experiments).  In addition, β-catenin, which mediates the 

interaction between cadherin and α-catenin, was unaffected by GPR50 (figure 4.9, 

P=0.53, Student’s t-test, N= six experiments).  This indicates that GPR50 does not 

regulate actin polymerisation via α- or β-catenin. 

 

 

 

 

 

 

Figure 4.12: Levels of α and β-catenin are not affected by GPR50 in SH-SY5Y cells.  Western blot 

analysis of SH-SY5Y cells transfected with GPR50 or an empty vector.  Protein levels were measured 

using Fiji to quantify the band densities, which were normalised to GAPDH.  Results are presented 

relative to the control.  No significant changes to the amount of α-catenin or β-catenin were 

detected in response to GPR50 transfection (left).  Representative western blots can be seen on the 

right.  Results shown as mean ± SEM; N= six independent experiments; statistical test, paired 

Student’s t-test.  

 

In preliminary experiments, however, the localisation of α-catenin appeared to be 

modulated by GPR50.  Focus was placed on α-catenin rather than β-catenin as it is α-

catenin that has the capacity to modulate actin organisation (Desai et al, 2013; Drees 

et al, 2005; Hansen et al, 2013).  Further, any disruption to β-catenin at the plasma 

membrane would ultimately affect the distribution of α-catenin given their 

interaction (Drees et al, 2005).  SH-SY5Y cells were transfected with GPR50 or GFP 

and ICC was performed the following day, staining for α-catenin, β-actin and 

GPR50.  In GFP-transfected cells, the distribution of α-catenin was predominately 

found at lamellipodia (figure 4.13 A).  However, upon transfection with GPR50, α-

catenin was less apparent at the lamellipodia and often assumed a radial distribution 

(figure 4.13 B).  This pattern was found in 38% of cells transfected with GPR50 and 
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15% of GFP-transfected cells.  However, this was quantified from one experiment 

with an N of 20 GFP-transfected cells and 15 GPR50-transfected cells.  Before any 

conclusions are drawn, further replicates are essential.  Although it may be better to 

develop this by looking at whether GPR50 transfection alters the colocalisation 

between α-catenin and a robust lamellipodia marker such as ARP2/3 or abl-interactor 

1 (Yang et al, 2007).   
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Figure 4.13: GPR50 alters the cellular distribution of α-catenin in SH-SY5Y cells.  ICC results from SH-SY5Y cells transfected with GFP or GPR50 and stained for 

GPR50, α-catenin and β-actin.  (A) In GFP-transfected cells, α-catenin typically had a plasma membrane distribution, this was particularly apparent at lamellipodia 

(arrow).  (B)  In GPR50-transfected cells, α-catenin was less abundant at lamellipodia (arrow).  Further, there was an increased radial distribution of α-catenin 

(arrowhead). 

Scale bar, 10 μm.  
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4.3.7 In HEK293 cells GPR50 decreases α-catenin levels but does not alter its 

localisation 

 

The cadherin/catenin interaction is essential for cell-to-cell adhesion.  Such contacts 

are more readily detected in HEK293 cells than in SH-SY5Y cells, thus HEK293 

cells were also tested.  In this cell line, the level of α-catenin was significantly lower 

in GPR50-transfected cells compared to those transfected with an empty vector 

(figure 4.14; 25 ± 3% decrease, P=0.005, Student’s t-test, N= four replicates).  On 

the other hand, β-catenin was not significantly affected by GPR50 overexpression 

(P=0.10, Student’s t-test, N= five replicates).  This suggests that the decrease in α-

catenin was not due to a limited availability of β-catenin.  In terms of protein 

localisation, α-catenin was found at cell-to-cell junctions of GFP-transfected cells, as 

expected (figure 4.15 A, arrows).  GPR50 transfection did not appear to alter this 

localisation (figure 4.15 B, arrows).   

 

 

          

 

      

 
Figure 4.14: Decrease in α-catenin levels upon GPR50 transfection in HEK293 cells.  Western blot 

analysis of HEK293 cells transfected with GPR50 or an empty vector.  Band densities were quantified 

with Fiji and normalised with GAPDH; results are presented relative to the empty vector control.  

GPR50 overexpression significantly reduced levels of α-catenin but did not affect β-catenin levels 

(left).  Representative western blot results are displayed on the right.  Results shown as mean ± SEM; 

N= four independent replicates for the α-catenin experiments and five for β-catenin; **P<0.01, 

paired Student’s t-test.
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Figure 4.15: GPR50 overexpression does not alter the localisation of α-catenin in HEK293 cells.  ICC was performed on HEK293 cells 24 hrs after transfection 

with GPR50 or GFP, staining for GPR50, α-catenin and β-actin.  (A) Localisation of α-catenin was most predominant at cell-to-cell contact sites (arrows) in GFP-

transfected cells.  (B) Upon GPR50 transfection, α-catenin maintained its localisation at cell-to-cell junctions (arrows).   

Scale bar, 10 μm.   
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4.4 Discussion 

 

The aim of this chapter was to determine whether GPR50 affects cytoskeletal 

organisation.  The overexpression of GPR50 in SH-SY5Y cells did not impact the 

levels of β-actin, β-tubulin or vimentin; the cellular organisation of these proteins 

was also unaffected.  However, GPR50 did appear to localise with F-actin at the 

lamellipodia.  This was supported by the colocalisation with β-catenin, a factor 

known to localise to the lamellipodia of migrating cells.  In addition, GPR50 

transfection increased levels of phospho-RAC1/CDC42 and WAVE-2, indicating the 

induction of actin remodelling.  GPR50 overexpression also led to a significant 

increase in phospho-AKT (S473), suggesting GPR50 enhances mTORC2 activity.  

Finally, GPR50 overexpression led to changes in the localisation of α-catenin in SH-

SY5Y cells and reduced its protein level in HEK293 cells.  As α-catenin also 

modulates actin organisation, changes to its cellular distribution or levels may have 

an impact on the structure of actin.  Thus, this chapter highlights two mechanisms by 

which GPR50 may influence actin organisation: by regulating the RAC1-WAVE 

pathway and by preventing the accumulation of α-catenin at the lamellipodia. 

 

4.4.1 GPR50 promotes the RAC1-WAVE pathway 

 

Although not explicitly shown, the results presented in this chapter indicate that 

GPR50 activates RAC1.  The uncertainty stems from the antibody used in this 

investigation.  This was specific for the phosphorylated form of RAC1/CDC42 

(S71), which has been shown to exclusively localise at the plasma membrane and is 

predominately found in the active GTP-bound state (Schoentaube et al, 2009; 

Schwarz et al, 2012).  Thus, this antibody is used as an indicator of active 

RAC1/CDC42 (Faraone et al, 2006; John et al, 2004).  However, it is not possible to 

distinguish between phospho-RAC1 and phospho-CDC42.  The differentiation 

between RAC1 and CDC42 is important as they activate different pathways; the 
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former promotes lamellipodia formation via the WAVE complex and the later 

favours filopodia via N-WASP (figure 4.1).  Crucially, GPR50 had a different impact 

on the effector proteins; WAVE-2 was markedly increased by GPR50 transfection, 

whilst N-WASP was not significantly affected (figure 4.8).  This suggests that 

WAVE-2 was activated; activation increases its stability, which would result in an 

apparent increase in protein levels (Dubielecka et al, 2011).  As RAC1 activates the 

WAVE complex rather than WASP, GPR50 is likely to signal via RAC1.  The 

activation of RAC1 would also be in keeping with the attenuation of NOGO-A by 

GPR50 (Grünewald et al, 2009).  NOGO-A has been shown to suppress RAC1 

activity (Niederost et al, 2002), thus GPR50 may antagonise NOGO-A via the 

enhancement of RAC1 activity.  

 

Although these results are suggestive, it may be necessary to show GPR50 

specifically activates RAC1, especially as the phosphorylation of RAC1/CDC42 

does not always correlate with its functional activity.  For example, the 

phosphomimetic form of RAC1/CDC42 (S71) appeared to promote nuclear factor-

κB-mediated signalling, suggesting an increase in activity (Schwarz et al, 2012).  

However, the phosphomimetic protein also had a reduced affinity to certain 

interactors including the Specifically Rac1-associated protein (Sra-1); this implies a 

reduced level of activity.  Therefore, direct measurements of GTP-bound RAC1, or 

CDC42, should be taken following GPR50 transfection.  This can be achieved with a 

pull-down activity assay.  This involves precipitating active GTP-bound 

RAC1/CDC42 from cell lysate using a GST-fusion construct containing the 

CDC42/RAC interactive binding (CRIB) region of p21-activated protein kinase 

(PAK).  Western blots can then be performed to assess levels of active RAC1 or 

CDC42 using specific antibodies.   

 

The effect of GPR50 transfection on the interaction between RAC1 and WAVE-2 

should also be assessed.  This would help determine whether the change in RAC1 

activity is responsible for the apparent activation of WAVE-2.  Alternatively, the 
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effect of RAC1 depletion, using genetic or pharmacological interventions, on the 

GPR50-induced increase in WAVE-2 levels can be monitored.  If GPR50 is unable 

to induce WAVE-2 activation under such conditions, it may be concluded that 

GPR50 acts via RAC1 to modulate WAVE-2.  However, redundancy between RAC1 

and CDC42  could complicate this experiment, as a CDC42-mediated signalling 

cascade may be switched on to compensate for the absence of RAC1 (Wheeler et al, 

2006).  If this occurs, the effect of GPR50 may be obscured. 

 

Despite the ambiguity regarding the activity of RAC1/CDC42, the increase in 

WAVE-2 indicates that GPR50 is able to promote lamellipodia development.  When 

WAVE-2, or its isoform WAVE-1, is silenced, lamellipodia formation and stability 

is severely disrupted (Yamazaki et al, 2005).  In light of this, the increase of WAVE-

2 in response to GPR50 overexpression may lead to the promotion of lamellipodia 

formation or stability.  It would be of great interest to explore the exact role GPR50 

has here.  Its presence at the membrane may lead to a localised activation of RAC1, 

which in turn may drive WAVE-2 to promote actin branching and lamellipodia 

production.  Alternatively, GPR50 may be recruited to the lamellipodia after the 

structure has formed.  In this case, the activation of the RAC1-WAVE pathway by 

GPR50 may result in the extension of existing lamellipodia, which is an important 

aspect of growth cone development and cell migration (Polleux & Snider, 2010; 

Suraneni et al, 2012).  Time-lapse confocal imaging could be used to determine 

whether the localisation of GPR50 precedes or follows lamellipodia formation.   

 

To develop these results, it is important to determine whether the GPR50-induced 

activation of RAC1/CDC42 and WAVE-2 translates to structural changes.  This can 

be achieved by using highly motile cells, such as fibroblasts, in which lamellipodia 

dynamics are readily observable.  When plated onto an adhesive substrate these cells 

will flatten and spread with a uniform lamellipodia surrounding the cell.  If GPR50 is 

a positive regulator of lamellipodia development, silencing would impede normal 

cell spreading.  This technique has been used to show WAVE-2 and ARP2/3 are 
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essential for lamellipodia formation (Suraneni et al, 2012; Yamazaki et al, 2005).  A 

wound heal assay can also be performed.  Here, a gap is created in a layer of cultured 

cells and the time taken for the “wound” to heal, i.e. the closure of the gap by 

migrating cells, is monitored.  The silencing of factors that induce actin remodelling, 

such as ARP2/3, increases this recovery time (Suraneni et al, 2012).  If GPR50 is 

also involved in actin dynamics, its overexpression or knockdown will influence the 

recovery time.  These experiments should be performed to demonstrate that GPR50 

actually induces lamellipodia formation; as they stand, the results presented in this 

chapter are only suggestive.   

 

It should be noted that GPR50 does appear to induce some of the structural changes 

associated with actin remodelling in primary neurons.  In chapter 3, GPR50 was 

shown to increase spine density in hippocampal neurons.  This is important as 

dendritic spines closely resemble lamellipodia and are formed in a similar manner 

(Hotulainen & Hoogenraad, 2010; Soderling et al, 2007).  In addition, GPR50 was 

enriched in dendritic spines (figure 4.7), thus it would be reasonable to hypothesise 

that GPR50 is capable of inducing actin remodelling in primary neurons.  However, 

the effects of GPR50 overexpression on modulators of actin organisation was not 

investigated in primary neurons, this should be followed up. 
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4.4.2 Regulation of the RAC1-WAVE pathway may be mediated by mTORC2 

 

Having observed that GPR50 acts on the RAC1-WAVE pathway, it was of high 

interest to discover how this was mediated.  To this end, preliminary experiments 

were carried out to investigate the involvement of mTORC2.  This seemed 

particularly fitting as the key function of mTORC2 is the regulation of the actin 

cytoskeleton.  Silencing mTORC2 in NIH/3T3 cells, a fibroblast cell line, resulted in 

a marked reduction of cell spreading and the absence of F-actin (Jacinto et al, 2004).  

In vivo work has also shown a reduced ratio of F-actin to G-actin, in mTORC2 

deficient mice (Huang et al, 2013).  These mice also had diminished levels of 

phospho-PAK and phospho-cofilin, modulators of actin polymerisation (figure 4.1).  

Importantly, mTORC2 appears to signal through RAC1.  RAC1 activity was 

diminished in the absence of mTORC2, whereas CDC42 was not altered (Huang et 

al, 2013; Jacinto et al, 2004).  Further, constitutively active RAC1 has been shown to 

reverse the actin cytoskeleton defects associated with the loss of mTORC2, 

indicating it acts via RAC1 to modulate actin organisation (Jacinto et al, 2004).  

Thus, the activation of mTORC2 by GPR50 could explain its effects on the RAC1-

WAVE pathway.   

 

The results presented in this chapter indicate that GPR50 does activate mTORC2.  

This can be inferred by the increase in phospho-AKT (S473) levels in cells 

overexpressing GPR50.  The activation of AKT is mediated by mTORC2 and PDK1, 

figure 4.16 (Alessi et al, 1997; Costa-Mattioli & Monteggia, 2013; Jacinto et al, 

2006).  These phosphorylate AKT on S473 and T308 respectively.  Although full 

activation requires phosphorylation at both sites, the phosphorylation of T308 is 

sufficient to increase AKT activity (Feng et al, 2004; Sarbassov et al, 2005).  

Phosphorylation of S473 enhances this activity but also appears to regulate substrate 

specificity, e.g. the phosphorylation of FOXO1/3 and Bad is dependent on AKT 

phosphorylation at S473 (Jacinto et al, 2006; Murata et al, 2011).  Conversely, TSC2 

and GSK-3β phosphorylation is not affected by phospho-AKT (S473), indicating that 
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the phosphorylation at T308 alone is sufficient to drive the activation of these 

proteins.  The results in this chapter showed the level of phospho-GSK-3β (S9) was 

not significantly affected by GPR50 (figure 4.11).  As phosphorylation of this 

substrate requires the activation of AKT via T308 phosphorylation, this result 

indicates that GPR50 is unlikely to modulate the activity of PDK1.  These results 

also indicate that GPR50 may play a role in driving the substrate specificity of AKT.   

 

 

Figure 4.16: Regulation of the mTOR pathway.  Upon activation by a variety of signals, including 

glutamate and neurotrophins, mTORC2 activates actin remodelling via RAC1 and phosphorylates AKT 

(at S473).  This is also phosphorylated at T308, by PDK1, which leads to the full activation of AKT.  

Once active, AKT can phosphorylate various substrates including TSC2, preventing its inhibitory 

actions on mTORC1.  Ultimately, this leads to the modulation of a number of cellular processes such 

as lipid synthesis, translation and autophagy.  Abbreviations: mTORC, mammalian target of 

rapamycin complex; PDK1, phosphoinositide-dependent kinase 1; PI3K, phosphoinositide-3 kinase; 

TSC, tuberous sclerosis complex; TrkB, tyrosine receptor kinase B .  Schematic authors own. 

 

Additional evidence supporting a GPR50-mediated increase in mTORC2 activity 

comes from the increased levels of phospho-RAC1/CDC42 (S71), which is also a 

substrate of AKT (Schoentaube et al, 2009).  However, these results must be 

expanded to understand the full nature of mTORC2 in GPR50 signalling.  This can 
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be done by investigating the effects of GPR50 on substrates specifically targeted by 

phospho-AKT (S473), such as FOXO1/3 (Jacinto et al, 2006).  Further, the effects of 

GPR50 on the level of mTORC2 itself and phospho-AKT (T308) should be 

determined.  If the relationship between mTORC2 and GPR50 is confirmed, it 

should be established whether the increase in mTORC2 activity is responsible for the 

increase in phospho-RAC1/CDC42 and WAVE-2 that arises as a result of GPR50 

transfection.  To do this, the effects of mTORC2 depletion/inhibition on the ability of 

GPR50 to activate this pathway should be investigated. 

 

4.4.3 The modulation of α-catenin by GPR50 

 

This chapter also touches upon an additional mechanism GPR50 may employ to 

regulate actin organisation.  This involves the modulation of α-catenin.  The 

overexpression of GPR50 in HEK293 cells reduced α-catenin levels by 25%.  This 

decrease was not seen in SH-SY5Y cells; instead α-catenin appeared to be 

redistributed away from the lamellipodia, although this requires replication.  On the 

surface, these results appear to be different; however, the amount of α-catenin at the 

lamellipodia may be reduced in both situations.  To begin to understand the 

functional consequence of these results it is important to consider the multiple 

actions of α-catenin.  As a monomer it anchors F-actin to cadherins, stabilising F-

actin at cell adhesion sites (Desai et al, 2013; Tan et al, 2010).  While as a 

homodimer it appears to compete with ARP2/3 for F-actin, which prevents actin 

branching in favour of actin bundling (Drees et al, 2005; Hansen et al, 2013).  Thus, 

a reduction in α-catenin could result in the destabilisation of F-actin at the plasma 

membrane and alleviate any inhibition to ARP2/3, therefore, allowing actin 

branching and lamellipodia formation to occur.  The increased radial distribution of 

α-catenin noted in GPR50-transfected SH-SY5Y cells may support this hypothesis.  

This pattern is indicative of focal adhesion sites, which are associated with cell 

spreading and migration (Burks & Agazie, 2006; Gavard et al, 2004).   
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However, before the functional impact of these results is fully investigated, some 

more fundamental experiments are required.  Firstly, experiments investigating the 

effects of GPR50 on the subcellular distribution of α-catenin should be repeated.  

This can be improved by assessing whether GPR50 transfection changes the 

colocalisation between α-catenin and markers of lamellipodia and focal adhesion 

sites.  This can be supported with a subcellular fractionation experiment to determine 

whether GPR50 affects the level of α-catenin at the plasma membrane.  In addition, 

co-immunoprecipitation could be performed to establish whether GPR50 impacts α-

catenin’s interactions with cadherin or F-actin.  This information is essential to 

understand the effects of GPR50 on α-catenin. 

 

4.4.4 Conclusion 

 

The modulation of the RAC1-WAVE pathway and the regulation of α-catenin 

highlight the potential of GPR50 to initiate actin polymerisation and branching.  This 

means GPR50 may promote lamellipodia and growth cone extension.  However, this 

must be tested directly with assays measuring actin polymerisation, cell spreading 

and cell migration.  In addition, the results reported here should be confirmed using a 

RAC1 activity assay.  This can be expanded by looking at the activity of alternative 

Rho GTPases, e.g. RHOA or CDC42, as these are also important modulators of actin 

organisation.  Finally, the information gathered from this should be used to 

investigate GPR50’s contribution to actin remodelling in primary neurons.  The 

results presented in this chapter show GPR50 localised to dendritic spines; the 

induction of actin remodelling here could explain the results obtained in chapter 3.  

To develop this investigation, it is essential to determine whether GPR50 also affects 

the levels actin remodelling factors in primary neurons.
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Chapter 5: Validation of the putative GPR50-interacting 

proteins SREBF2 and ABCA2 
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5.1 Introduction 

 

The focus of this chapter is the verification of the yeast-2-hybrid (Y2H) screen, 

suggesting that GPR50 interacts with sterol regulatory element binding transcription 

factor 2 (SREBF2) and ATP-binding cassette transporter 2 (ABCA2) (Grünewald et 

al, 2009).  The Y2H assay is a useful tool in the identification of protein interactions; 

however, they tend to be prone to false positives.  For this reason, it is essential to 

confirm the interactions reported in a Y2H screen using techniques such as 

immunocytochemistry (ICC) in conjunction with co-immunoprecipitation (co-IP).  In 

the context of GPR50, this method has already proven successful; the highest scoring 

interaction in the Y2H screen, GPR50 with the neurite outgrowth inhibitor NOGO-A, 

was confirmed in this way (Grünewald et al, 2009).  This association was explored 

further to show GPR50 positively regulates neurite outgrowth and attenuates the 

inhibitory actions of NOGO-A.  In an independent Y2H study, GPR50 was shown to 

interact with the HIV-1 TAT-interactive protein, TIP60 (Li et al, 2011).  Once this 

interaction was confirmed, a role for GPR50 in glucocorticoid receptor signalling 

emerged.  In both Y2H studies, the identification of GPR50-interacting proteins 

revealed functions of the receptor that were previously unknown.  Thus, these studies 

emphasise the value of uncovering GPR50 interactors. 

 

In the Y2H screen performed by this laboratory (Grünewald et al, 2009), the 

interaction between GPR50 and NOGO-A was assigned a predicted biological score 

(PBS) of A (from A – E), indicating that the likelihood of this being a true-positive 

interaction was high.  On the other hand, ABCA2 and SREBF2 were given low 

scores, D and E respectively, indicating a low probability of these interactions being 

specific (Grünewald et al, 2009).  However, their potential as GPR50-interacting 

proteins should not be immediately discounted as they possess biological properties 

that make them compelling candidate interactors.  Both proteins play a role in the 

regulation of cholesterol homeostasis; ABCA2 modulates cholesterol trafficking 

(Davis et al, 2004), while SREBF2 regulates genes essential for cholesterol synthesis 

(Horton et al, 1998).  This is significant given the link between GPR50 and 
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lipid/cholesterol metabolism (Bechtold et al, 2012; Bhattacharyya et al, 2006; 

Ivanova et al, 2008).  In addition, both proteins have been linked to mental illness 

(Le Hellard et al, 2010; Macé et al, 2005).  As interactions assigned low PBS values 

have been confirmed with co-IP (Formstecher et al, 2005), investigating GPR50’s 

putative interaction with ABCA2 and SREBF2 may be fruitful.  

  

Interestingly, recent work indicates that there may be a functional relationship 

between GPR50 and these proteins.  The developmental expression pattern of Abca2 

showed a significant correlation with Gpr50 expression in the mouse brain, 

suggesting the two proteins may be co-regulated (Grünewald et al, 2012).  This could 

reflect an involvement in the same biological pathway.  In addition, co-IP was 

observed between ABCA2 and GFP-tagged GPR50, indicating that an interaction 

does exist (Grünewald et al, 2012).  However, validation with the untagged protein is 

necessary to ensure that this was not an artefact caused by the presence of the GFP-

tag.  The expression of Srebp2, the mouse homologue of SREBF2, did not correlate 

with Gpr50 (Grünewald, 2011).  However, there was a strong correlation between 

the expression of Srebp2 and Abca2, possibly signifying that the three proteins act in 

the same processes, e.g. cholesterol homeostasis.  A physical interaction may be the 

mechanism by which GPR50 is involved in such processes.   

 

5.2 Aims 

 

The aim of this chapter was to test the interactions observed in the Y2H screen with 

regards to SREBF2 and ABCA2.  First colocalisation between the proteins was 

assessed to determine whether they reside within the same subcellular compartment.  

The human neuroblastoma SH-SY5Y cell line was used to provide a neuronal model.  

If colocalisation was found, the experiment was repeated in additional cell lines for 

confirmation; namely, human embryonic kidney (HEK) 293 cells and the mouse 

neuroblastoma-derived N1E-115 cells.  Colocalisation was followed up using co-IP 
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to determine whether a physical interaction exists.  This was done in HEK293 cells, a 

cell line with high transfection rates.   In addition, the effect of GPR50 on the 

localisation, and therefore activity, of SREBF2 was investigated by assessing 

changes to its localisation in the endoplasmic reticulum (ER) upon GPR50 

transfection.  Note, all the expression constructs and antibodies used in this chapter 

have been previously validated by independent researchers (Davis et al, 2004; 

Grünewald et al, 2009; Logette et al, 2005; Zhu et al, 2013).  This was confirmed 

prior to these experiments, see appendix A. 

 

5.3  Results  

 

5.3.1  GPR50 does not colocalise with SREBF2  

 

ICC was performed on SH-SY5Y cells to investigate whether GPR50 and SREBF2 

were found at the same subcellular location.  Cells were transfected with SREBF2 or 

GPR50 and ICC was performed the following day, staining for the relevant protein 

and subcellular marker.  When transfected alone, SREBF2 strongly colocalised with 

calreticulin, indicating that it resides in the ER (figure 5.1 A), consistent with 

previous reports (Horton et al, 1998).  In cells transfected with GPR50 alone, the 

receptor localised to the plasma membrane, as can be seen by the colocalisation with 

VLA-2α, a plasma membrane marker (figure 5.1 B).  Again, this is in agreement with 

published data (Grünewald et al, 2009; Hamouda et al, 2007).  Upon co-transfection 

of GPR50 and SREBF2, GPR50 retained its plasma membrane localisation whilst 

SREBF2 remained intracellular (figure 5.1 C).  The Intensity Correlation Analysis 

(ICA) plugin of the imaging software ImageJ (Li et al, 2004) was used to assess the 

degree of colocalisation within the cell in figure 5.1 C.  ICA plots provide a visual 

representation of colocalisation; a positive or negative skew denotes the 

colocalisation or segregated staining of two proteins respectively.  In the case of 

SREBF2 and GPR50, no obvious skew was seen in the corresponding ICA plots 
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(figure 5.1 D and E respectively), this indicates that the signal intensities of the two 

proteins do not vary together and any colocalisation seen is likely to be random.  

Similarly, no correlation was seen in the GPR50-SREBF2 signal intensity scatter plot 

(figure 5.1 F).  Thus, there is little colocalisation between the two proteins in this 

cell. 

 

ImageJ was also used to calculate colocalisation coefficients (see materials and 

methods for full descriptions).  The average results indicate GPR50 does not 

colocalise with SREBF2 (N=13 cells; table 5.1).  The average Pearson’s coefficient 

(Rr) was 0.17 ± 0.03, from a range of -1 to 1, indicating that the signal intensity of 

the two proteins do not correlate.  The average Manders’ (R) value of 0.59 ± 0.02, 

from 0 to 1, indicates a modest overlap between the GPR50 and SREBF2 signals.  

Finally, the average ICQ was close to zero (0.11 ± 0.01, from -0.5 to 0.5), indicating 

that there was little co-variation between the GPR50 and SREBF2 signals.  These 

results show, the two proteins are not found within the same subcellular 

compartment, and therefore, it is unlikely that GPR50 and SREBF2 interact with 

each other under the tested conditions.  For this reason, co-IP was not attempted.  
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Figure 5.1: GPR50 does not colocalise with SREBF2 in SH-SY5Y cells.  (See the following page for 

figure legend). 
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Figure 5.1: GPR50 does not colocalise with SREBF2 in SH-SY5Y cells.  Cells were transiently 

transfected with SREBF2 and GPR50 individually or together and ICC was performed the following 

day to assess the subcellular localisation.  (A) SREBF2 colocalised with calreticulin, an ER marker, 

when cells were transfected with SREBF2 alone.  (B) Overexpressed GPR50 was found at the plasma 

membrane of singly transfected cells, as determined by the colocalisation with VLA-2α.  (C) Upon co-

transfection, SREBF2 remained in the ER and GPR50 retained a plasma membrane staining.  ICA plots 

of SREBF2 (D) and GPR50 (E) generated from the dual transfected cell (C) were not obviously skewed, 

indicating little co-variation.  (F) The scatter plot of the fluorescence intensities of GPR50 (x-axis) vs. 

SREBF2 (y-axis), generated from the cell shown in image (C), shows little correlation between the 

signals.   

Representative results from three experiments; scale bar, 10 μm. 

 

 Coefficient Average SEM 

Pearson’s (Rr) 0.17 0.03 

Manders’ (R) 0.59 0.02 

ICQ 0.11 0.01 

Table 5.1: Colocalisation coefficients between GPR50 and SREBF2.  SEM, standard error of mean; 

N=13 cells, from three independent experiments. 

 

5.3.2 GPR50 does not promote the translocation of SREBF2 

 

The effect of GPR50 on the ER localisation of SREBF2 was also examined.  The 

inactive form of SREBF2 is found in the ER, whilst the active form resides in the 

nucleus; thus, assessing its localisation gives an indication of the level of activity.  

To investigate this, ImageJ was used to quantify the colocalisation between SREBF2 

and calreticulin in SH-SY5Y cells transfected with SREBF2 individually or together 

with GPR50.  As anticipated, a high degree of colocalisation was observed between 

SREBF2 and calreticulin in cells transfected with SREBF2 alone (table 5.2; Rr= 0.60 

± 0.03; R= 0.81 ± 0.02; ICQ= 0.25 ± 0.01; N=13 cells).  This indicates SREBF2 was 

predominately found within the ER.   
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In the presence of GPR50, the SREBF2-calreticulin colocalisation remained strong 

(table 5.2; Rr= 0.52 ± 0.03; R= 0.78 ± 0.01; ICQ, 0.21 ± 0.01; N= 12 cells).  Further, 

the Mander’s coefficient (R) and ICQ were not significantly altered upon GPR50 

overexpression (P= 0.16 and 0.09 respectively, Student’s t-test), suggesting GPR50 

had no effect on the localisation of SREBF2.  However, the Pearson’s coefficient 

(Rr) was significantly lower in dual transfected cells (P= 0.046, Student’s t-test), 

which could suggest that SREBF2 was translocated from the ER.  Whilst it is 

possible that this inconsistency was due to the differences between each coefficient 

(Dunn et al, 2011), technical issues are likely to be the cause.  Co-transfection 

resulted in low SREBF2 signal intensities.  This reduced the signal-to-noise ratio, 

which makes colocalisation measurements less reliable and can cause the 

underestimation of colocalisation (Dunn et al, 2011).  Further, the Pearson’s 

coefficient appears to be particularly sensitive to noise (Adler & Parmryd, 2010).  

With questions surrounding the accuracy of these measurements, it is difficult to 

draw any conclusions from these results.  Further replicates may not improve this; 

instead, an alternative method to measure SREBF2 translocation should be 

considered. 

 

 SREBF2 alone SREBF2 + GPR50  
Coefficient Average SEM Average SEM p-value 

Pearson’s (Rr) 0.60 0.03 0.52 0.03 0.05 

Manders’ (R) 0.81 0.02 0.78 0.01 0.16 

ICQ 0.25 0.01 0.21 0.01 0.09 

Table 5.2: Colocalisation coefficients between SREBF2 and calreticulin in SH-SY5Y cells expressing 

SREBF2 alone or with GPR50.   SEM, standard error of mean; N= 13 SREBF2 and 12 SREBF2 + GPR50 

transfected cells, three independent experiments; Statistical test, unpaired Student’s t-test. 
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5.3.3 GPR50 colocalises with ABCA2 in intracellular compartments 

 

ICC was also used to assess colocalisation between exogenous GPR50 and ABCA2 

in SH-SY5Y cells.  As previously reported (Broccardo et al, 2006a; Vulevic et al, 

2001a), ABCA2 partially colocalised with the lysosomal marker LAMP1 when 

transfected alone (figure 5.2 A), suggesting it resides in lysosome-related organelles.  

As before, GPR50 was predominately plasma membrane bound in GPR50-

transfected cells (figure 5.2 B).  These distributions were maintained in doubly 

transfected cells when ABCA2 expression was relatively low (figure 5.2 C).  The 

ICA plots for this cell were negatively skewed (figure 5.2 D and E), which indicates 

GPR50 and ABCA2 were found in different subcellular compartments.  In addition, 

the scatter plot clearly demonstrates that there was no correlation between the signals 

of the two proteins (figure 5.2 F).  However, intracellular colocalisation was seen in 

cells expressing high amounts of ABCA2 (figure 5.2 G).  The corresponding ICA 

plots displayed positive skews indicating the staining of ABCA2 and GPR50 co-

varied (figure 5.2 H and I).  The ABCA2-GPR50 intensity scatter plot also had a 

positive trend (figure 5.2 J), further denoting colocalisation. 
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Figure 5.2: ABCA2 and GPR50 show some colocalisation within the cytoplasm of SH-SY5Y cells.  

Cells were transfected with ABCA2 and/or GPR50 and ICC was carried out to determine the 

subcellular localisation.  (A) When transfected alone ABCA2 partially colocalised with the lysosomal 

marker LAMP1. (B) GPR50 was predominately found on the plasma membrane, with VLA-2α, when 

singly transfected.  (C) In dual transfected cells expressing low levels of ABCA2, very little 

colocalisation was seen between GPR50 and ABCA2.  The corresponding ICA plots for ABCA2 (D) and 

GPR50 (E) have a negative skew, denoting segregated staining.  (F) The scatter plot for the signal 

intensity of GPR50 vs. ABCA2 shows no correlation between the two proteins in image (C).  (G) A 

doubly transfected cell expressing high levels of ABCA2, showing intracellular colocalisation between 

ABCA2 and GPR50.  Corresponding ICA plots (H and I) have a positive skew and a positive correlation 

can be seen in the scatter plot (J), indicating colocalisation.  Representative results from three 

experiments; scale bar, 10 μm. 

 

Using ImageJ, colocalisation coefficients for ABCA2 and GPR50 were generated 

(table 5.3).  These values suggested that overall colocalisation between ABCA2 and 

GPR50 was weak (Rr= 0.28 ± 0.07; R= 0.60 ± 0.05; ICQ, 0.16 ± 0.03; N= 12 cells, 

from three replicates).  However, if colocalisation is dependent on ABCA2 

expression, it is likely that only a small subset of doubly transfected cells would 

display any colocalisation, i.e. those expressing high levels of ABCA2.  Averaging 

the data would mask this.  To overcome this, ImageJ was used to measure the 
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ABCA2 fluorescence intensity in doubly transfected cells, correcting for background 

fluorescence, and this was plotted against the average Pearson’s, Manders’ and ICQ 

value (N=37; figure 5.3).  Again, the average colocalisation coefficients for this 

dataset suggested that there was little colocalisation between the two proteins (Rr= 

0.16 ± 0.04; R= 0.59 ± 0.02; ICQ, 0.11 ± 0.02).  However, linear regression analysis 

revealed that there was a moderate positive correlation between ABCA2 

fluorescence and colocalisation between GPR50 and ABCA2 (r=0.4 and P<0.05 for 

each coefficient; figure 5.3).  These results indicate that colocalisation between 

ABCA2 and GPR50 is dependent on ABCA2 expression.  Moreover, colocalisation 

indicates ABCA2 and GPR50 can be found in close proximity to each other, 

therefore an interaction between the two proteins may be possible. 

 

 Coefficient Average SEM 

Pearson’s (Rr) 0.28 0.07 

Manders’ (R) 0.60 0.05 

ICQ 0.16 0.03 

Table 5.3: Colocalisation coefficients between GPR50 and ABCA2 in SH-SY5Y cells.  SEM, standard 

error of mean; N=12 cells from three independent experiments. 
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Figure 5.3: The colocalisation between ABCA2 and GPR50 is positively correlated with the ABCA2 

signal intensity.  ICC was performed on SH-SY5Y cells co-transfected with ABCA2 and GPR50.  ImageJ 

was used to quantify colocalisation and measure the total cellular fluorescence of ABCA2.  Linear 

regression analysis detected a significant correlation between ABCA2 fluorescence and the 

colocalisation between ABCA2 and GPR50, as measured by the Pearson’s coefficient (A; r=0.39; 

P=0.017), Manders’ coefficient (B; r=0.39; P=0.016), and ICQ (C; r=0.40; P=0.015).  N=37 cells, from 

three independent experiments.  
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5.3.4 ABCA2 colocalises with GPR50 in additional cell lines 

 

The colocalisation between ABCA2 and GPR50 was also tested in N1E-115 cells 

and HEK293 cells.  The cytoplasmic colocalisation between transfected GPR50 and 

ABCA2 was reproduced in these cell lines (figure 5.4).  This strengthens the results 

generated in SH-SY5Y cells, suggesting ABCA2 and GPR50 may interact.  It also 

indicates that alternative cell lines could be used in a co-IP assay.  However, caution 

must be taken when using N1E-115 cells as intracellular GPR50 was often observed 

when cells where transfected with GPR50 alone (figure 5.4, asterisk).  This may 

reflect the mislocalisation of the transfected protein, thus the colocalisation observed 

with this cell line may be an artefact.   
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Figure 5.4: Colocalisation of ABCA2 and GPR50 is conserved in different cell lines.  Both proteins 

were overexpressed in various cell lines and ICC was performed, staining for ABCA2, GPR50 and 

counterstained with DAPI for nuclear staining (blue).  (A) In SH-SY5Y cells, colocalisation of 

exogenous ABCA2 and GPR50 occurred within the cytoplasm.  Similar patterns of colocalisation 

occurred in HEK293 cells (B) and N1E-115 cells (C).  Note, intracellular GPR50 was often seen in N1E-

115 cells in the absence of ABCA2 overexpression (C, *). 

Scale bar, 20 μm.  Note, these images were taken with a fluorescence microscope and cells were 

fixed with methanol rather than the standard 4% paraformaldehyde.   
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5.3.5 GPR50 does not interact with ABCA2 

 

Co-IP was performed to determine whether GPR50 and ABCA2 physically interact.  

This was done in HEK293 cells as colocalisation was observed in this cell line and 

transfection rates were high, ~70% compared to 40% in SH-SY5Y cells.  Thus, an 

interaction would be more readily detectable in this cell line.  Cells were transfected 

with ABCA2 and GPR50, individually or together, and GPR50 was 

immunoprecipitated from the cell lysates.  Western blotting of the 

immunoprecipitated samples showed the enrichment of GPR50, however, ABCA2 

was not co-immunoprecipitated (figure 5.5 A).  This experiment was performed 

using a stringent lysis buffer, containing the ionic detergent SDS as well as the non-

ionic NP-40.  Stringent buffers benefit from a reduced chance of reporting false 

positives as they are more efficient in disrupting non-specific associations.  However, 

interactions that are weak, but genuine, may also be disrupted.  To circumvent this, 

the experiment was repeated with a mild lysis buffer, without SDS.  Again co-IP was 

not detected (figure 5.5 B).  This experiment was repeated in triplicate with 

consistently negative results.  Thus, GPR50 and ABCA2 do not appear to interact 

with each other. 

 

Figure 5.5 also shows that the extraction of endogenous GPR50 was greater when 

using the stringent lysis buffer compared to the mild buffer.  It is widely known that 

stringent RIPA buffer is more effective in solubilising transmembrane proteins and 

those that form complexes, which is may account for this observation.  Alternatively 

the level of endogenous GPR50 may have differed between the two experiments.  It 

may be necessary to investigate this further as if the former is true, the ease of 

extracting exogenous GPR50 with the mild lysis buffer could signify that the 

overexpressed protein is not properly anchored to the plasma membrane or does not 

from multimers.  This is important to note as it could mean that the functional 

properties of the exogenous protein are not equivalent to that of the endogenous one. 
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Figure 5.5: GPR50 and ABCA2 do not co-immunoprecipitate in HEK293 cells.  Cells were transfected 

with ABCA2 and/or GPR50 and cell lysates were subjected to immunoprecipitation with an anti-

GPR50 antibody.  (A) Co-IP results using a stringent lysis buffer containing SDS.  Both GPR50 and 

ABCA2 were detected in the input lysate, arrow (left), however, when GPR50 was 

immunoprecipitated ABCA2 was not pulled down (right).  Note there was a high level of endogenous 

GPR50 expression in these cells, which was also immunoprecipitated; ABCA2 did not co-

immunoprecipitate with endogenous GPR50.  (B) The same negative results were generated using a 

mild lysis buffer.  ABCA2 was not co-immunoprecipitated with GPR50 (right).  Again, the input lysate 

showed both proteins were successfully transfected (left), although endogenous GPR50 expression 

was low in these cells.  Results shown are representative of three independent experiments.  
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The negative results may have been due to insufficient levels of ABCA2 expression.  

Colocalisation was only found in a small subset of cells, thus, if an interaction exists 

it would be at relatively low levels; low amounts of ABCA2 in the input lysate would 

lessen the chance of the interaction being detected.  For this reason the reciprocal 

experiment was also performed, i.e. ABCA2 was immunoprecipitated and GPR50 

was probed for in the western blot (figure 5.6).  Again, co-IP results were negative; 

GPR50 was not immunoprecipitated with ABCA2.  This experiment was performed 

only once, and therefore could benefit from further replicates.  However, it does 

agree the previous results indicating ABCA2 and GPR50 do not physically interact, 

thus additional experiments may not be necessary.   

 

 

Figure 5.6: GPR50 does not co-immunoprecipitate with ABCA2.  HEK293 cells were transfected with 

ABCA2 and/or GPR50.  Cell lysate was collected the following day and subjected to 

immunoprecipitation with an anti-ABCA2 antibody.  GPR50 and ABCA2 were detected in the input 

lysate of transfected HEK293 cells (left) and ABCA2 was successfully immunoprecipitated, arrow 

(right).  However, GPR50 was not precipitated with ABCA2 (right).  
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5.4 Discussion 

 

The aim of this chapter was to verify the findings of the GPR50 Y2H screen carried 

out by this group (Grünewald et al, 2009), focusing on the proposed interaction with 

SREBF2 and ABCA2.  The results described here do not support the Y2H study.  

When SH-SY5Y cells were transfected with GPR50 and SREBF2, colocalisation not 

was found; GPR50 was found on the plasma membrane whilst SREBF2 had an ER 

localisation.  As the two proteins are not found within the same cellular compartment 

they are unlikely to interact.  In addition, GPR50 transfection did not appear to 

significantly alter the retention of SREBF2 in the ER, suggesting it does not affect 

SREBF2 activity.  On the other hand, colocalisation was observed between ABCA2 

and GPR50 in dual transfected cells, although this was only seen in cells expressing 

high levels of ABCA2.  This was followed up with co-IP, which showed GPR50 and 

ABCA2 did not physically interact.  This suggests ABCA2 overexpression alters the 

localisation of GPR50 by a mechanism that does not involve an interaction. 

 

5.4.1 GPR50 and SREBF2 are unlikely to interact 

 

The results described above show GPR50 and SREBF2 are unlikely to interact as 

they are found in different cellular locations.  The positive result in the Y2H study is 

likely to be due to the tendency of SREBF2 to form non-specific interaction, which is 

reflected in the low confidence level assigned to this interaction in the Y2H screen, 

i.e. PBS E (Grünewald et al, 2009).  However, the results of this chapter also indicate 

that the localisation of GPR50 is not static; in the presence of ABCA2 it can take up 

an intracellular localisation.  GPR50 has also been reported to adopt a cytoplasmic 

localisation when co-transfected with TIP60 (Li et al, 2011).  Moreover, when the C-

terminal domain (CTD) of GPR50 was transfected with TIP60 it was translocated 

from the cytoplasm to the nucleus.  Thus, under conditions where GPR50 is not 

plasma membrane bound, especially if it is found within the ER or nucleus, an 
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interaction with SREBF2 may be possible.  Hence, investigating the conditions that 

alter GPR50 localisation would be beneficial to fully investigate the potential 

SREBF2-GPR50 interaction. 

 

The effect of GPR50 on the localisation of SREBF2 was unclear.  The Manders’ 

coefficients and ICQ indicated that there were no changes to the localisation of 

SREBF2 when transfected with GPR50.  SREBF2 showed strong colocalisation with 

calreticulin in the presence and absence of GPR50, thus remained in the ER in both 

condition.  The Pearson’s coefficient between SREBF2 and calreticulin contradicts 

this; there was a significant reduction in doubly transfected cells (Rr= 0.60 in 

SREBF2-transfected cells and R= 0.52 in dual transfected cells; P=0.046).  This 

would indicate a reduction in ER-bound SREBF2 upon GPR50 transfection.  

However, no obvious nuclear staining was observed; this is unlikely to be due to the 

antibody used, which has been shown to detect the active nuclear form of the protein 

(Kannenberg et al, 2013; Vecchini et al, 2003), also see appendix A.  The 

discrepancy between the colocalisation coefficients may have arisen as a result of 

technical issues.  In doubly transfected cells, the signal intensity for SREBF2 and 

GPR50 was weaker, which made quantification difficult and possibly led to 

inaccurate measurements (Adler & Parmryd, 2010; Dunn et al, 2011).  Thus, an 

alternative approach should be taken to investigate the effect of GPR50 on SREBF2 

activity.  For example, a subcellular fractionation experiment could be performed to 

determine whether nuclear SREBF2 levels changes upon GPR50 transfection.  

Alternatively, rt-qPCR or western blotting could be performed to investigate whether 

GPR50 alters the transcription of SREBF2 target genes. 
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5.4.2 ABCA2 overexpression leads to the intracellular trafficking of GPR50 

 

Unlike SREBF2, co-localisation was observed between GPR50 and ABCA2.  This 

was largely restricted to cells expressing high levels of ABCA2, with the extent of 

colocalisation being positively correlated with the level of ABCA2 (figure 5.3).  

However, this colocalisation did not translate to a physical interaction as co-IP 

results were negative.  This contradicts a previous report showing ABCA2 interacts 

with GFP-tagged GPR50 (Grünewald et al, 2012).  This difference is unlikely to be 

due to methodology as the same protocol was used initially, i.e. cell lysis with a 

stringent buffer.  This experiment was then repeated with a mild lysis buffer; 

however, the same negative outcome was obtained (figure 5.5).  Instead, the 

contradictory results may be due to the constructs used.  In this thesis the previously 

validated untagged-GPR50 construct was used, this correctly localised to the plasma 

membrane (Grünewald, 2011; Grünewald et al, 2009).  The GFP-tagged protein, 

however, often assumed an intracellular localisation which raised concerns about 

mislocalisation (Grünewald, 2011).  Thus, results generated using the untagged 

protein may be more physiologically accurate than the GFP-tagged construct.  

However, the low levels of ABCA2 expression in the doubly transfected cells should 

not be ignored as this may have prevented the detection of an interaction.  Further 

optimisation of ABCA2 transfection rates or a more sensitive technique may be 

necessary to confidently assess the putative ABCA2-GPR50 interaction.  

 

If the colocalisation between ABCA2 and GPR50 was not the due to a physical 

interaction between the two proteins, the next question to address is: how does 

ABCA2 induce the intracellular trafficking of GPR50?  To begin to understand the 

process behind this, it is essential to consider the actions of ABCA2.  The 

overexpression of ABCA2 in Chinese hamster ovary (CHO) cells has been 

demonstrated to cause an accumulation of cholesterol in lysosomal vesicles and a 

reduction of cholesterol within the plasma membrane (Davis et al, 2004).  Further, in 

N2a cells, a mouse neuroblastoma cell line, ABCA2 expression decreased total and 
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membrane cholesterol levels (Davis, 2011).  In addition, constitutive expression of 

ABCA2 altered the expression of genes involved in cholesterol homeostasis.  Thus, 

ABCA2 appears to have a role in regulating intracellular cholesterol levels.  The 

regulatory ability of ABCA2 does not appear to be restricted to cholesterol; abnormal 

sphingolipid levels have been observed in ABCA2 deficient mice (Sakai et al, 2007).  

The ability of ABCA2 to modulate lipid levels may be responsible for GPR50 

internalisation; this shall be addressed in chapter six. 

 

The internalisation of GPR50 may have important functional implications.  This was 

recently demonstrated by Li et al, 2011, who found that co-transfection with TIP60 

resulted in the cytoplasmic trafficking of GPR50, where the two proteins strongly 

colocalised.  Colocalisation also occurred between TIP60 and the CTD of GPR50, 

within the nucleus.  Expanding these results, the authors showed that TIP60 

interacted with full length GPR50 and its CTD, further, both forms of GPR50 

enhanced the co-activation of glucocorticoid receptor signalling by TIP60.  Thus, in 

the study by Li and colleagues, the translocation of GPR50 reflected the 

enhancement of TIP60 activity.  Likewise, the ABCA2-driven intracellular 

trafficking of GPR50 may signify the modulation of GPR50’s functionality. 

 

Internalisation is also a mechanism to attenuate GPCR signalling (Ritter & Hall, 

2009).  Once internalised, GPCRs can be recycled back to the plasma membrane via 

recycling endosomes or delivered to lysosomes for degradation.  As ABCA2 is 

largely found in endo-lysosomal vesicles (Broccardo et al, 2006a), it is possible that 

colocalisation occurs here.  This would support the idea that the internal trafficking 

of GPR50 attenuates its signalling properties.  However, intracellular GPR50 did not 

appear to take up the vesicular pattern usually associated with endo-lysosomal 

proteins (figure 5.2 G and 5.4).  Rather, colocalisation between GPR50 and ABCA2 

was largely perinuclear.  This suggests that colocalisation occurred in other 

compartments such as the ER or trans-golgi network, where ABCA2 has also been 

detected (Broccardo et al, 2006a). Interestingly, the trans-golgi network has also 
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been implicated in GPCR degradation (Cheng & Filardo, 2012; Lelouvier et al, 

2008).  Thus, if colocalisation occurs here, ABCA2 may contribute to GPR50 

downregulation rather than increasing/modulating its functionality.  To build upon 

this observation it is important to identify the exact compartment in which 

colocalisation occurs.  This is of high interest as it may dictate the outcome of 

GPR50 translocation, which would provide insight into how the receptor is regulated.    

 

It should be noted that the lipids modulated by ABCA2, i.e. sphingolipids and 

cholesterol, are essential components of the plasma membrane and lipid rafts (LRs) 

in particular.  LRs are specialised microdomains of the plasma membrane which act 

as platforms for the assembly of signalling molecules (Allen et al, 2007).  These 

structures are known to modulate receptor trafficking to the plasma membrane; 

moreover, the disruption of LRs leads to the internalisation of LR-associated proteins 

(Borroni & Barrantes, 2011; Xu et al, 2006).  If ABCA2 overexpression 

compromises the integrity of LRs, the internalisation of GPR50 may not reflect a 

specific mode of regulation.  Rather, it may signify a non-selective disruption to the 

localisation of various plasma membrane bound proteins, including GPR50.  

Therefore, it would be useful to ascertain the effect of ABCA2 overexpression on the 

integrity of LRs by assessing how its expression affects the distribution of flotillin-1, 

an LR marker (Nothdurfter et al, 2010).  Following this, the impact of LR disruption 

on GPR50 localisation could be tested (Allen et al, 2007; Nothdurfter et al, 2010). 

 

5.4.3 Conclusion 

 

The aim of this chapter was to verify Y2H results showing GPR50 interacts with 

SREBF2 and ABCA2.  Evidence presented here indicates that GPR50 does not 

interact with these proteins; GPR50 and SREBF2 were found in separate subcellular 

compartments, whilst ABCA2 did not immunoprecipitate with GPR50.  Despite the 

lack of a physical interaction, ABCA2 overexpression appeared to modulate the 
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subcellular distribution of GPR50.  Finding the driving force behind the 

internalisation of GPR50 is an important step in understanding its function, as it may 

provide information about its regulation.  To do this, the aspect of ABCA2 

overexpression causing the intracellular trafficking of GPR50 must be isolated.  For 

example, GPR50 may take up a internal localisation in response to the disruption of 

cholesterol trafficking and homeostasis caused by ABCA2 overexpression (Davis et 

al, 2004).  Investigating how lipid levels, especially cholesterol, regulate GPR50 

localisation and protein levels may provide some explanation to the results presented 

in this chapter.  This chapter also indicated that the localisation of GPR50 is 

dynamic.  Fully characterising the subcellular localisations in which GPR50 may be 

found, and the functional impact of alternative GPR50 trafficking, may reveal 

significant information about the role of the protein.
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Chapter 6: GPR50 expression is associated with lipid 

metabolism 
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6.1 Introduction 

 

The potential role of GPR50 in lipid metabolism first emerged from its anatomical 

distribution; GPR50 is predominately found within the hypothalamus, in particular 

the dorsomedial hypothalamic nucleus (DMH) and the ependymal layer of the third 

ventricle (Drew et al, 2001).  These are regions with an established role in feeding, 

body weight and energy expenditure (Chao et al, 2011).  In mice, the expression of 

GPR50 in these areas appears to be modulated by energy/food intake, suggesting it 

may have a role in the metabolic response to feeding (Barrett et al, 2006; Ivanova et 

al, 2008).  Support for this comes from knockout studies showing GPR50 modulates 

weight control, fat storage and energy expenditure (Bechtold et al, 2012; Ivanova et 

al, 2008).  In humans, GPR50 polymorphisms have been linked to elevated levels of 

circulating triglycerides and lower levels of high density lipoprotein (HDL)-

cholesterol (Bhattacharyya et al, 2006).  Together these results indicate GPR50 is 

involved in lipid homeostasis.   

 

The yeast-2-hybrid screen carried out by this group has also contributed to this 

growing body of evidence.  This screen identified several potential GPR50-

interactors with strong links to lipid metabolism, i.e. ATP-binding cassette 

transporter 2 (ABCA2) and sterol regulatory element binding transcription factor 2 

(SREBF2) (Grünewald et al, 2009).  In chapter five, these interactions could not be 

verified; however, it was observed that ABCA2 promoted the intracellular 

localisation of GPR50.  As this altered trafficking does not appear to be the 

consequence of a physical interaction between the two proteins, it may be induced by 

the modulation of cholesterol homeostasis by ABCA2.  Stable transfection of 

ABCA2 has been demonstrated to cause an accumulation of intracellular cholesterol, 

a reduction in cholesterol esterification and a decrease in the low-density lipoprotein 

(LDL)-receptor (Davis, 2011; Davis et al, 2004).  These characteristics are similar to 

U18666A treatment, an inhibitor of cholesterol trafficking (Sparrow et al, 1999; 

Underwood et al, 1996).  U18666A also inhibits de novo cholesterol synthesis 
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through the inhibition of oxidosqualene cyclase, a key enzyme in cholesterol 

biosynthesis (Issandou et al, 2004; Sexton et al, 1983).  Together, this creates a sterol 

deprived intracellular environment, even when extracellular cholesterol is present 

(Issandou et al, 2004; Sparrow et al, 1999; Zhang et al, 2004).  If the ABCA2-

mediated change to the intracellular cholesterol environment was responsible for the 

cytoplasmic distribution of GPR50, U18666A would be expected to have the same 

effect.  

 

In this chapter, particular interest was placed on the role of GPR50 in the regulation 

of intracellular lipid levels.  In most eukaryotic cells, excess lipid, such as 

triglycerides and cholesterol esters, are stored in lipid droplets (Guo et al, 2009).  

This provides a reservoir of lipids for membrane synthesis and metabolic energy.  

When lipid demand is high, lipids are broken down (lipolysis) and released in a 

process known as mobilisation (Duncan et al, 2007; Guo et al, 2009).  Thus, 

investigating the effect of GPR50 on lipid droplets would provide insight into 

whether cellular lipid use is altered by the receptor.  Coincidentally, this was 

explored by an independent group who found GPR50 overexpression increased lipid 

accumulation in adipocyte cells (Hand, 2011); supporting mouse work showing 

Gpr50 deletion reduced fat accumulation (Ivanova et al, 2008).  Interestingly, this 

group also found GPR50 increased basal lipolysis (Hand, 2011), indicating the 

balance between lipogenesis and lipolysis was disrupted upon GPR50 

overexpression.  As GPR50 expression is abundant in neurons (Grünewald et al, 

2012), it would be of interest to investigate how its expression affects lipid levels in 

neuronal cells.  The GPR50-induced neurite outgrowth and dendrite maturation 

(chapter three) is likely to increase the cellular requirement for lipids, in order to 

support membrane synthesis.  Thus, GPR50 may promote lipid mobilisation and 

lipolysis.   
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6.2 Aim 

 

This chapter set out to characterise the role of GPR50 in lipid homeostasis, with 

particular interest in neuronal cells.  To this end, the relationship between GPR50 

expression and lipid levels was investigated.  This was done by assessing whether 

lipids regulate GPR50 expression in human embryonic kidney (HEK) 293 cells.  

Although not of a neuronal origin, HEK293 cells provide an endogenous system for 

GPR50 expression (Atwood et al, 2011).  HEK293 cells have also been suggested to 

possess neuronal characteristics due to the expression of multiple neuronal genes 

such as neurofilament, glutamate receptors and functional sodium channels (He & 

Soderlund, 2010; Shaw et al, 2002).  The ability of GPR50 to regulate intracellular 

lipid levels was also investigated in this chapter.  This was done by investigating the 

effect of GPR50 on lipid droplets in SH-SY5Y cells, a neuroblastoma-derived cell 

line.   

 

The second section of this chapter aimed to build upon results from chapter five and 

determine whether the disruption of cholesterol trafficking modified the localisation 

of GPR50, again in SH-SY5Y cells.  The functional implication of the cytoplasmic 

trafficking of GPR50 was also investigated, focusing on how this affects the ability 

of GPR50 to promote neurite outgrowth.  Finally, the relationship between GPR50-

induced neurite development and the modulation of intracellular lipid levels was 

investigated. 
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6.3 Results 

 

6.3.1 Investigating the relationship between GPR50 expression and lipid levels 

 

6.3.1.1 GPR50 expression is responsive to the depletion of exogenous lipids 

The first strategy used to assess whether GPR50 is regulated by lipids was serum 

deprivation.  This is known to alter the expression of key regulators of lipid 

metabolism, such as SREBF1, SREBF2 and the LDL-receptor (Horie et al, 2010; 

Zeng et al, 2004).  If GPR50 is involved in this process it may also be affected by 

serum starvation.  Thus, HEK293 cells were cultured in media containing reduced 

levels of fetal bovine serum (FBS) for 18 hrs followed by western blot analysis to 

measure endogenous GPR50 levels.  As can be seen in figure 6.1 A, the expression 

of GPR50 was increased upon serum starvation; incubation with 0.625% and 0% 

FBS resulted in a respective increase of 26 ± 9.31% and 56 ± 17.43% compared to 

cells maintained in 10% FBS (control) (P=0.03 and 0.02 respectively, Students t-test, 

N= six replicates).  Significance was not detected using a linear regression model 

(P=0.15), thus GPR50 expression did not have a linear relationship with the level of 

FBS.  Instead it appears to be raised in conditions of extreme deprivation.   

 

As lipoproteins are the major source of lipids in FBS, lipoprotein deficient serum 

(LPDS) was used to determine whether the increase in GPR50 expression was due to 

lipid depletion.  Cells were maintained in media containing 3 mg/ml LPDS or 10% 

FBS (control) for 18 hrs and GPR50 levels were measured.  Surprisingly, lipoprotein 

depletion resulted in a reduction of GPR50 compared to the control condition (figure 

6.1 B; 26 ± 7% decrease, P=0.04, Students t-test, N= four replicates).  The addition 

of LDL, at 100 μg/ml or 250 μg/ml, restored GPR50 expression to control levels 

(P=0.84 and 0.44 respectively).  This confirms that the reduction of GPR50 was due 

to the absence of lipoproteins.  When assessing cells maintained in LPDS, it was 

found that the increase in GPR50 upon the addition of 250 μg/ml LDL, compared to 
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cells maintained in LPDS without LDL, reached near significance (P=0.054).  

However, the apparent increase following the addition of 100 μg/ml LDL did not 

reach significance (P=0.15).  This may indicate that the effect of LDL on GPR50 

expression was dose dependent; further replicates with additional LDL 

concentrations are required to determine this.  Together, these results indicate that 

GPR50 is positively regulated by lipids/lipoproteins and the effect of serum 

starvation on GPR50 expression was not due to a lack of lipids.  It should be noted 

that in this set of experiments 0% FBS was used as a positive control for the 

upregulation of GPR50.  An apparent increase in GPR50 was observed, however, 

this was not significant (P=0.26, Student’s t-test, figure 6.1 B).  Thus, further 

experiments may be required to validate this finding. 

 

As LDL is mainly responsible for the delivery of cellular cholesterol (Ikonen, 2008), 

the restoration of GPR50 levels in response to LDL application suggests that 

cholesterol may be the primary modulator of GPR50 expression.  To investigate this, 

a cholesterol-deprived environment was induced by treating HEK293 cells with 

U18666A for 18 hrs.  Western blot analysis showed GPR50 levels were not 

significantly affected by U18666A (figure 6.1 C); incubation with U18666A at 1, 2 

and 5 μg/ml generated P-values of 0.31, 0.3 and 0.25 respectively (Students t-test, 

N= four replicates).  This implies that GPR50 expression is not affected by 

intracellular cholesterol levels.  It was noted that there was unequal variance between 

the different U18666A concentrations (figure 6.1 C), which may be indicative of an 

increase in cell death or stress.  Based on cell morphology this was not evident, 

however, a cell viability assay may be necessary to ensure cellular health and 

survival following U18666A treatment.  
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Figure 6.1: Endogenous GPR50 is responsive to serum and lipoprotein levels in HEK293 cells.  

Western blot analysis was carried out on cell lysates taken from HEK293 cells subjected to various 18 

hr treatments to alter lipid levels.  GPR50 levels were quantified by densitometric analysis using Fiji, 

with GAPDH as the loading control.  Representative blots are shown on the right.  (A) GPR50 levels 

were significantly greater in cells maintained in 0.625% or 0% FBS compared to 10% FBS (left).  N= six 

replicates.  (B) Lipoprotein depletion reduced GPR50 expression compared to the control.  The 

addition of LDL restored GPR50 to control levels.  N= four experiments.  Note, the rabbit anti-GPR50 

antibody (Proteintech) was used here, opposed to the goat anti-GPR50 antibody (SCBT) routinely 

used elsewhere, this detects endogenous GPR50 as a doublet; see appendix A for comparisons. (C) 

Treatment with U18666A did not significantly alter the level of GPR50 compared to vehicle treated 

cells (left).  N= four experiments.   

Results presented as mean ± SEM; *P<0.05, paired Students t-test.   
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6.3.1.2 GPR50 reduces the accumulation of intracellular lipid droplets 

To investigate whether GPR50 regulates intracellular lipid levels, the effect of 

GPR50 transfection on intracellular lipid droplets was assessed in SH-SY5Y cells.  

These were visualised using the lipophilic dye Nile red, which stains neutral lipids 

such as cholesterol esters and triglyceride (Greenspan et al, 1985; Keembiyehetty et 

al, 2011; Martin et al, 2005).  Following immunocytochemistry (ICC), lipid droplets 

were quantified using Fiji.  GPR50 transfection significantly decreased the number 

of lipid droplets in SH-SY5Y cells (P<0.001, Mann-Whitney U test, N= three 

experiments), figure 6.2 A and B.  To account for any changes in cell 

size/morphology caused by GPR50 transfection, the percentage of the cell occupied 

by lipid droplets was also measured with Fiji.  Again, this was significantly lower in 

GPR50-transfected cells (P<0.001, figure 6.2 C).  The reduction of lipid droplets 

indicates that GPR50 induces the breakdown of lipid reserves. 

 

Lipid droplets are believed to form at the periphery of cells and are transported to the 

perinuclear region for storage (Wolins et al, 2005), thus the distribution of lipid 

droplets provides some information about lipid metabolism.  In mock-transfected 

cells lipid droplets accumulated at the perinuclear region, whereas in GPR50-

transfected cells lipid droplets were largely absent from the perinuclear region and 

mostly found at the cell periphery (figure 6.2 A).  A total of 51 ± 4.73% of GPR50-

transfected cells displayed a lack of perinuclear lipid droplets, whilst in mock-

transfected cells this was only 17 ± 2.61% (figure 6.3; P=0.03, Student’s t-test, N= 

110-155 cells per condition).  These results provide supporting evidence that the 

overexpression of GPR50 caused the depletion of lipid stores. 
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Figure 6.2: GPR50 overexpression decreases the accumulation of lipid droplets in SH-SY5Y cells.  

GPR50 or mock-transfected cells were subjected to ICC, staining for GPR50, β-tubulin and lipid 

droplets, using Nile red.  (A) Cells overexpressing GPR50 (arrow) displayed fewer lipid droplets 

compared to neighbouring cells which did not express the protein (*).  Lipid droplets typically took 

up a perinuclear localisation in cells which did not express GPR50 (arrowhead).  This distribution was 

largely absent in GPR50-transfected cells (arrow).  (B) Quantification of lipid droplets using Fiji 

showed the average number of lipid droplets was significantly reduced upon GPR50 transfection.  (C) 

The area of the cell occupied by lipid droplets was also significantly lower in cells transfected with 

GPR50 compared to mock-transfected cells.   

Results presented as mean ± SEM; N=57 mock and 66 GPR50-transfected cells, from three 

independent experiments; ***P<0.001, Mann-Whitney U test. 
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Figure 6.3: GPR50 transfection reduces the perinuclear distribution of lipid droplets in SH-SY5Y 

cells.  ICC was used to assess the localisation of lipid droplets in GPR50 or mock-transfected cells.  

The overexpression of GPR50 resulted in a greater proportion of cells devoid of lipid droplets in the 

perinuclear region of the cell and solely at the periphery.  Results presented as mean ± SEM; N=155 

mock and 110 GPR50-transfected cells, from three experiments; *P<0.05, paired Students t-test. 
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6.3.2.1 U18666A promotes the intracellular localisation of GPR50 

In the previous chapter, ABCA2 was shown to cause the intracellular trafficking of 

GPR50.  As ABCA2 has been shown to inhibit cholesterol transport (Davis et al, 
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treated 24 hrs later with vehicle or 1 μg/ml U18666A, a concentration in which 
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transient as U18666A treatment had no effect on GPR50 localisation after incubation 

for 4 and 18 hrs (P=0.47 and 0.67 respectively).  

 

As U18666A is known to create a sterol deprived environment it was necessary to 

determine whether the cytoplasmic trafficking of GPR50 was due to the inhibition of 

cholesterol transport or cholesterol deprivation.  To look at this, the effect of serum 

starvation on GPR50 localisation was also investigated; serum being a rich source of 

exogenous cholesterol.  The absence of serum had no effect on the localisation of 

GPR50 compared to cells maintained in 10% FBS; for each time point tested P>0.1, 

Students t-test, N=114 -161 cells per condition, three replicates (figure 6.4 D).  This 

suggests that the increase in intracellular GPR50 in cells treated with U18666A was 

due to deficiencies in cholesterol trafficking rather than the depletion of cholesterol.   
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Figure 6.4: U18666A treatment leads to a rise in intracellular GPR50 in transfected SH-SY5Y cells.  

Following transfection with GPR50, cells were treated with U18666A, or vehicle, for various 

incubation periods.  The localisation of GPR50 was then assessed with ICC.  (A) Overexpressed GPR50 

in vehicle treated cells (1 hr) was predominately found at the plasma membrane (*).  (B) In cells 

treated with U18666A (1 hr), GPR50 localisation was often intracellular (*).  (C) U18666A treatment, 

for 5 mins, 30 mins or 1 hr, significantly increased the amount of cells with intracellular GPR50 

compared to vehicle treated cells.  For each condition, N=118 – 180 cells.  (D) The effect of serum 

deprivation was also assessed in GPR50-transfected cells.  This had no effect on the subcellular 

distribution of GPR50 compared to cells maintained in 10% FBS.  N=114 – 161 cells.     

Results presented as mean ± SEM; N= three independent experiments; *P<0.05, **P<0.01, paired 

Students t-test. 
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6.3.2.2 Inhibition of cholesterol transport attenuates the promotion of neurite 

outgrowth by GPR50 

The plasma membrane trafficking of G-protein coupled receptors (GPCRs) is often 

essential for their activity.  This means the internalisation of GPR50 may have a 

negative impact on the receptors role in neurite outgrowth.  To explore this 

hypothesis, SH-SY5Y cells transfected with GPR50 were treated with 1 μg/ml 

U18666A for 18 hrs and neurites were quantified following ICC, using the imaging 

software Fiji.  In mock transfected cells, U18666A had no effect on the number or 

length of neurites per cell compared to the vehicle control (figure 6.5; P=0.74 and 

0.86 respectively).  This indicates that alone, U18666A has no effect on neurite 

development in SH-SY5Y cells. 

 

However, the stimulation of neurite outgrowth by GPR50 was significantly impeded 

by U18666A.  GPR50 transfection led to a 2.8-fold increase in the number of 

neurites per cell in the vehicle control condition (figure 6.5 A; GPR50: 1.63 ± 0.14; 

mock: 0.59 ± 0.1, P<0.001, Mann-Whitney U test, N= 88-96 cells per condition, 

three experiments).  This dropped to a 1.7-fold increase when U18666A was present 

(P=0.01, Mann-Whitney U test, N=87-91 cells per condition).  Further, the number 

of neurites on GPR50-transfected cells was two-fold lower when grown in the 

presence of U18666A compared to vehicle (P<0.001, Mann-Whitney U test).  The 

increase in neurite length was also attenuated (figure 6.5 B).  In the vehicle treated 

condition, GPR50 significantly increased neurite length when compared to mock 

transfected cells (GPR50: 29.68 ± 1.63 μm; mock: 23.03 ± 1.24 μm, P=0.002, Mann-

Whitney U test, N= 45-58 cells per condition, from three replicates).  The application 

of U18666A completely blocked this effect (P=0.86, Mann-Whitney U test, N=35-51 

cells per condition).  Collectively, these results illustrate U18666A impedes the 

promotion of neurite development by GPR50.  This means the mobility of 

cholesterol, and the subsequent maintenance of GPR50 at the plasma membrane, is 

essential for GPR50 to exert its full effects on neurite outgrowth.   
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Figure 6.5: Treatment with U18666A attenuates the GPR50-mediated increase in neurite 

outgrowth in SH-SY5Y cells.  SH-SY5Y cells were transfected with GPR50, or mock transfected, then 

subjected to U18666A/vehicle treatment for 18 hrs.  Following ICC, neurites were quantified with 

Fiji.  (A) GPR50 overexpression led to a significant increase in the number of neurites per cell in 

vehicle and U18666A (1 μg/ml)-treated cells.  However, this increase was significantly lower in the 

presence of U18666A.  N= 96 mock and 88 GPR50-transfected cells in the vehicle condition.  In the 

U18666A condition, N= 91 mock and 87 GPR50-transfected cells.  (B) The average neurite length was 

significantly enhanced by GPR50 transfection when cells were treated with vehicle.  This increase 

was completely abolished upon treatment with U18666A.  For the vehicle treated condition, N= 45 

mock and 58 GPR50-transfected cells.  For U18666A treatment, N= 33 mock and 51 GPR50-

transfected cells.   

Results presented as mean ± SEM; N= three independent experiments; *P<0.05, **P<0.01, 

***P<0.001, Mann-Whitney U test after a one-way Kruskal–Wallis test. 
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been sufficient for GPR50 to drive neurite extension under the control condition.  

This shows some similarities to the work by Grünewald et al, 2009, who found an 

increase in neurite length in Neuroscreen-1 cells 48-72 hrs after GPR50 transfection.  

However, an increase in the number of neurites per cell was not observed. 
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6.3.2.3 GPR50 transfection induces a depletion of lipid droplets in the presence 

of U18666A 

The depletion of lipid droplets upon GPR50 transfection may reflect an increased 

requirement for lipids to support the enhanced neurite outgrowth.  If true, the 

GPR50-induced reduction of lipid droplets should be attenuated in the presence of 

U18666A, as true for neurite outgrowth (figure 6.5).  To investigate this, transfected 

SH-SY5Y cells were incubated with 1 μg/ml U18666A, or vehicle, for 18 hrs and 

lipid droplets were quantified using Fiji.  U18666A treatment led to an increase in 

Nile red staining, which meant it was difficult to accurately count individual lipid 

droplets.  For this reason, lipid droplets were only measured as a percentage of the 

cell in this experiment.   

 

As expected, GPR50 transfection resulted in a highly significant reduction of lipid 

droplets in the vehicle-treated condition (figure 6.6; mock: 0.26 ± 0.03%; GPR50: 

0.11 ± 0.02%; P<0.001, Mann-Whitney U test, N=75-86 cells per condition, three 

replicates).  This reduction was maintained in the presence of U18666A (mock: 1.2 ± 

0.07%; GPR50: 0.8 ± 0.06%; P<0.001, Mann-Whitney U test, N=78-84 cells per 

condition, three replicates).  The magnitude of the GPR50-induced decrease in lipid 

droplets appeared to be lower in the presence of U18666A, with a 31 ± 2.05% 

decrease detected in the presence of U18666A and 55 ± 5.68% in the absence (figure 

6.6).  However, this difference did not reach significance (P=0.08, Student’s t-test).  

This indicates that GPR50 promotes lipid turnover despite the presence of U18666A, 

suggesting that GPR50 internalisation does not prevent the ability of GPR50 to 

promote lipid mobilisation.  However, these results may be indicative of a trend, thus 

additional replicates should be considered. 
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Figure 6.6: Overexpression of GPR50 in SH-SY5Y cells significantly reduced lipid droplets in the 

presence of U18666A.  Following mock or GPR50 transfection, SH-SY5Y cells were treated with 

vehicle or U18666A for 18 hrs.  ICC was then performed and lipid droplets were visualised using Nile 

red.  U18666A did not appear to affect the depletion of lipid droplets; a highly significant reduction 

was seen in response to GPR50 overexpression when cells were cultured with either 1 μg/ml 

U18666A or vehicle.  Results presented as mean ± SEM; N=86 mock and 75 GPR50-transfected cells 

in the vehicle condition; N=84 mock and 78 GPR50-transfected cells in the U18666A condition; 

results taken from three replicates. ***P<0.001, Mann-Whitney U test.  

 

6.4 Discussion 

 

This chapter investigated the involvement of GPR50 in lipid homeostasis, the key 

findings are summarised in figure 6.7.  To initiate this study, serum deprivation 

experiments were performed, which revealed an increase in GPR50 expression upon 

serum starvation.  This does not appear to be driven by a lack of lipids as lipoprotein 

depletion resulted in the reduction of GPR50 expression.  These findings suggest 

GPR50 is responsive to both lipoprotein and non-lipoprotein components of FBS.  In 

addition, GPR50 was demonstrated to be a regulator of intracellular lipid levels.  Its 

overexpression in SH-SY5Y cells led to the depletion of lipid droplets.  Thus, 

GPR50 appears to be both responsive to lipid availability and involved in their 

utilisation.   

 

An additional aim of this chapter was to elucidate why ABCA2 transfection 

promoted the intracellular localisation of GPR50 (chapter 5) and determine the 

functional significance of this.  Results presented in this chapter suggest that the 

0 

0.5 

1 

1.5 

Vehicle U18666A 

Li
p

id
 le

ve
l (

%
 o

f 
ce

ll)
 

Mock 

GPR50 

*** 

*** 



 173 

ability of ABCA2 to inhibit cholesterol transport may be responsible for this effect.  

In SH-SY5Y cells, treatment with the cholesterol transport inhibitor U18666A 

resulted in the transient cytoplasmic distribution of exogenous GPR50.  Interestingly, 

U18666A also blocked the ability of GPR50 to induce neurite outgrowth, suggesting 

the plasma membrane localisation of the receptor is required for this function.  

Conversely, U18666A did not alter the ability of GPR50 to induce the depletion of 

lipid droplets, which may suggest the two processes are independent. 

 

 
 

Figure 6.7:  Relationship between GPR50 and lipid metabolism.  (A) Under standard conditions 

exogenous GPR50 was predominately located at the plasma membrane and lipid droplets could be 

found throughout the cell.  (B)  When cells were maintained in lipoprotein-depleted culture media, 

GPR50 expression significantly decreased (i).  The inhibition of intracellular cholesterol trafficking 

and synthesis with U18666A did not alter the levels of GPR50, however, it did reduce the localisation 

of GPR50 at the plasma membrane (ii).  GPR50 expression also appeared to increase lipid utilisation 

as the overexpression of the receptor reduced the level of intracellular lipid droplets, especially at 

the perinuclear region (iii).  Diagram authors own. 

  

(i) 

(ii) 

(iii) 

A B 
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6.4.1 A role in lipid homeostasis 

 

6.4.1.1 GPR50 expression is responsive to extracellular lipid levels 

Results presented in this chapter suggest that lipids positively regulate GPR50 

expression.  In HEK293 cells, the depletion of lipoproteins, a rich source of lipids, 

caused a significant decrease in the expression of endogenous GPR50.  This may 

support previous work showing Gpr50 was downregulated in the DMH and the third 

ventricle of the hypothalamus in response to decreased food intake (Barrett et al, 

2006; Ivanova et al, 2008).  Potentially, this reduction in GPR50 was due to a 

reduction in dietary lipids.  An attempt was made to isolate the component of 

lipoproteins responsible for the modulation of GPR50 levels.  Given that the addition 

of LDL reversed the effects of lipoprotein depletion, focus was placed on cholesterol, 

as LDL is a major cholesterol-carrier (Ikonen, 2008).  Incubation with U18666A, 

which has been shown to create a cholesterol deprived intracellular environment 

(Issandou et al, 2004; Sparrow et al, 1999; Zhang et al, 2004), had no effect on 

GPR50 levels.  This suggests that the downregulation of GPR50 was due to another 

lipoprotein component.  As well as cholesterol, lipoproteins provide a source of 

phospholipids, triglycerides, and a variety of proteins (Ikonen, 2008); any of which 

may modulate GPR50 expression.  Alternatively, GPR50 is responsive to the 

presence of extracellular lipoproteins, which have the capacity to act as signalling 

molecules (Rubina et al, 2005). 

 

Another possible explanation for the results described above is that GPR50 is 

responsive fatty acid (FA) levels.  Lipoprotein depletion induces lipid mobilisation 

(Masuda et al, 2006; Ozeki et al, 2005), which in turn raises FA release 

(Zimmermann et al, 2004). This is in keeping with the hypothesis presented by 

Ivanova et al, 2008, who found GPR50 expression decreased in response to high 

energy diets, as well decreased food intake.  This is suggestive as FA levels are 

raised in both conditions (Frier et al, 2011).  A role of GPR50 in FA detection is 

especially intriguing given the metabolic dysfunction associated with the disruption 
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of known FA receptors.  For example, like Gpr50 deletion, Gpr43 knockdown led to 

a reduced body weight and fat accumulation in mice placed on a high fat diet 

(Bjursell et al, 2011).  Conversely, GPR120 dysregulation appears to promote 

obesity in both humans and mice (Ichimura et al, 2012).  Thus, studying GPR50 as a 

FA receptor is a compelling hypothesis to explore.  The first step to investigating this 

is establishing whether FAs alter GPR50 expression.   

 

6.4.1.2 Increase of GPR50 during serum deprivation 

As serum deprivation caused an increase in GPR50, rather than a decrease, it is 

unlikely that the lack of lipids/lipoprotein was responsible for this effect.  Instead, 

this increase may be due to the cellular changes invoked by serum deprivation.  For 

example, the depletion of serum is known to reduce cell viability (Wang et al, 2009) 

and activate pro-survival pathways, such as the mitogen-associated kinase (MAPK) 

and AKT pathways (Katsuma et al, 2005; Wang et al, 2009).  Therefore, the 

upregulation of GPR50 may denote a role in pro-survival or pro-apoptosis pathways.  

Interestingly, GPR50 appears to mediate leptin signalling (Bechtold et al, 2012), 

which has been shown to increase cell survival under serum deprivation (Russo et al, 

2004).  In addition, GPR50 was shown to promote AKT activation in chapter four; 

this may implicate GPR50 in a pro-survival pathway.  Taking these findings into 

account, it would be useful to investigate GPR50’s effect on cell viability, especially 

in the absence of serum.  Further insight can be gained by assessing whether GPR50 

initiates pro-survival or pro-apoptosis signalling cascades.  However, it is important 

to bear in mind that the upregulation of GPR50 may not have any functional 

significance, rather it may reflect the transcriptional dysregulation often associated 

with apoptosis (Kerr et al, 2013).   

 

In addition to cell death, there are other factors to consider in regards to the serum 

deprivation experiment.  Firstly, FBS is a source of a multitude of factors required 

for cell growth and propagation, such as growth factors, hormones and adhesion 

molecules (Brunner et al, 2010).  The upregulation of GPR50 may be the response to 
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the absence of any of these factors, thus, it is difficult to isolate the cause of this 

upregulation.  Further, the serum deprivation experiment was performed on two 

occasions, with different anti-GPR50 antibodies (results shown in figure 6.1 A and 

B).  Both sets of experiments showed an upregulation of GPR50, although, 

significance was only achieved in one (figure 6.1 A).  Thus, further replicates are 

necessary to ascertain which of the two sets of results accurately reflect GPR50’s 

response to serum starvation.  However, this may not be particularly informative as 

numerous variables are altered upon serum deprivation; this makes it difficult to 

isolate the driving force behind the upregulation of GPR50. 

 

6.4.1.3 GPR50 promotes lipolysis in SH-SY5Y cells 

The reduction of lipid droplets in response to GPR50 transfection suggests there is an 

increase in lipid metabolism, leading to the depletion of lipid reserves.  This is 

strengthened by the observation that GPR50-transfected cells were largely devoid of 

lipid droplets in the perinuclear region of the cell, where they are believed to be 

stored (Wolins et al, 2005).  As lipolysis is coupled with the reduction of lipid 

droplets (Garciafigueroa et al, 2013; O'Rourke & Ruvkun, 2013), these results imply 

that GPR50 promotes lipid mobilisation and lipolysis.  Existing evidence appears to 

support this.  Stable transfection of GPR50 in 3T3-L1 cells increased levels of 

glycerol and FAs, i.e. products of lipolysis, providing more direct evidence that 

GPR50 promotes basal lipolysis (Hand, 2011).  Indirect associations between GPR50 

and lipolysis have also been established.  GPR50 has been reported to increase 

glucocorticoid receptor (GR) activity (Li et al, 2011), which is of note as GR 

activation has been shown to enhance basal lipolysis in 3T3-L1 cells (Campbell et al, 

2011).  Further, GPR50 appears to mediate leptin signalling (Bechtold et al, 2012), 

which is also known to induce lipolysis in white adipose tissue (Siegrist-Kaiser et al, 

1997).  The GPR50-mediated depletion of lipid droplets, seen in this chapter, 

complements these studies.  However, this should be backed up with direct 

measurements of triglyceride levels, along with measurements of glycerol and FAs.   
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6.4.2 The intracellular localisation of GPR50  

 

6.4.2.1 Defects in cholesterol transport leads to the cytoplasmic trafficking of 

GPR50 

In chapter 5, ABCA2 overexpression was found to induce a cytoplasmic distribution 

of GPR50.  As ABCA2 transfection has been shown to cause defects in cholesterol 

trafficking (Davis, 2011; Davis et al, 2004), it was hypothesised that the altered 

localisation of GPR50 was due to abnormalities in cholesterol transport.  Thus, the 

effect of U18666A on GPR50 localisation was assessed.  As shown in figure 6.4, 

U18666A increased the intracellular localisation of GPR50.  This was only true for 

short incubation times (5 mins – 1 hr), at the longer periods tested (4 hrs and 18 hrs) 

GPR50 resumed a plasma membrane distribution.  Importantly, these results were 

not obtained following serum deprivation, indicating that defects in cholesterol 

trafficking, rather than cholesterol depletion, mediates the internalisation of GPR50.  

Therefore, the results obtained here supports the hypothesis established in chapter 

five, that the intracellular localisation of GPR50 was due to the inhibition of 

cholesterol transport.  This can be further confirmed by using an alternative 

cholesterol trafficking inhibitor, such as imipramine (Xu et al, 2010).  In addition, the 

localisation of GPR50 could be assessed in Niemann-Pick type C1 (NPC1) deficient 

cells, which are characterised by the accumulation of cholesterol in endo-lysosomal 

vesicles (Appelqvist et al, 2011).   

 

The transient nature of GPR50’s cytoplasmic trafficking may suggest the receptor 

was recycled rather than degraded.  This appears to be supported by western blotting 

results which showed U18666A did not lead to the reduction of GPR50 in HEK293 

cells (figure 6.1), suggesting GPR50 was not downregulated.  However, this 

experiment is not entirely comparable to the ICC experiment described above.  In the 

ICC experiment, exogenous GPR50 was assessed in SH-SY5Y cells and 

internalisation was observed between 5 mins – 1 hr of U18666A application.  When 

assessing protein levels, endogenous GPR50 was measured in HEK293 cells treated 
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with U18666A for 18 hrs.  Additional work is required to determine the outcome of 

GPR50 internalisation.  This can be done by using HEK293 cells to investigate the 

effects of U18666A on the localisation of endogenous GPR50.  This must be done in 

conjunction with western blot analysis performed under an appropriate range of 

U18666A incubation times.  In addition, live cell imaging can be used to track the 

changes to GPR50 trafficking following U18666A treatment. 

 

6.4.2.2 Functional consequence of GPR50 internalisation 

Regardless of whether GPR50 is ultimately degraded or recycled, internalisation may 

be a mechanism to regulate its actions, which is often the case for GPCRs (Kuang et 

al, 2012; Ritter & Hall, 2009).  Interestingly, U18666A treatment, and therefore the 

internalisation of GPR50, attenuated GPR50’s enhancement of neurite outgrowth.  

Thus the internalisation of GPR50 may reflect a mechanism to regulate the receptor’s 

activities.  Interestingly, the intracellular distribution of GPR50 did not appear to 

affect its metabolic properties; U18666A did not prevent the reduction of lipid 

droplets upon GPR50 transfection (figure 6.6).  This suggests that the induction of 

lipid mobilisation by GPR50 may not be dependent on a G-protein mediated 

pathway.  An alternative route may be through the modulation of GR activity, in 

which the intracellular trafficking of GPR50, and its C-terminal domain (CTD), 

appears to be essential (Li et al, 2011).  The importance of the altered trafficking of 

GPR50 can be investigated further by transfecting cells with a cytoplasmic GPR50 

construct, or the CTD of GPR50, and assessing the effects on lipid mobilisation and 

neurite outgrowth. 

 

6.4.2.3 Is GPR50 specifically internalised in response to U18666A? 

It is important to note that U18666A may not specifically promote the cytoplasmic 

localisation of GPR50.  U18666A is known to inhibit cholesterol synthesis and cause 

the depletion of cholesterol from the plasma membrane (Davis et al, 2004; Sexton et 

al, 1983), both of which have been reported to lead to receptor instability at the 

plasma membrane (Hering et al, 2003; Nothdurfter et al, 2010).  Therefore, GPR50 
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internalisation may be a non-specific side effect to the disruption to cholesterol 

maintenance, especially at the plasma membrane.  Further, U18666A and similar 

inhibitors are known to induce autophagy (Ishibashi et al, 2009; Pacheco et al, 2007; 

Xu et al, 2010), a process in which cellular components, such as proteins, are 

internalised and broken down in a non-specific manner.  The initiation of this process 

could also explain the increase in cytoplasmic GPR50.  However, serum deprivation 

is also known to induce autophagy (Wei et al, 2008), yet had no effect on GPR50 

localisation (figure 6.4 D).  This indicates that GPR50 internalisation was unlikely to 

be a consequence of non-selective autophagy, thus is more likely to reflect a genuine 

regulatory mechanism.  However, stronger evidence should be obtained by 

establishing whether the internalisation of GPR50 occurs without an upregulation of 

autophagy markers, e.g. the microtubule-associated protein 1 light chain (LC3).  

Additionally, colocalisation between intracellular GPR50 and autophagic vesicles 

should be assessed. 

 

6.4.3 Conclusion 

 

From the data reported in this chapter it is evident that GPR50 plays a role in lipid 

homeostasis.  GPR50 expression and localisation appeared to be regulated by lipids, 

moreover, GPR50 was found to be a modulator of intracellular lipid levels.  To 

extend the findings of this chapter, it is important to determine how lipoproteins 

modulate GPR50 expression, possibly by focusing on FAs.  The internalisation of 

GPR50 should also be investigated further, especially in terms of isolating the 

mechanism behind it.  This would provide insight into how GPR50 is regulated and 

why it is necessary to modulate GPR50’s localisation and expression when lipids are 

limited.  Finally, whether GPR50 directly senses the changes to lipid levels should be 

explored.  To do this it is pertinent to look at whether GPR50 acts on signalling 

pathways involved in nutrient sensing, such as mammalian target of rapamycin 

(mTOR) and AMP-activated protein kinase (AMPK) (Kume et al, 2012).  Chapter 

four touched upon this; however, a more detailed investigation is necessary.  By 
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doing so, a better understanding of the role GPR50 plays in energy metabolism could 

be gained. 
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Chapter 7: Discussion 
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7.1 Investigating the role of GPR50 

 

In the last decade there have been major advances in the understanding of GPR50.  

Links to lipid metabolism have been established from expression studies (Batailler et 

al, 2012; Drew et al, 2001; Grünewald et al, 2012), Gpr50 knockout mice (Bechtold 

et al, 2012; Ivanova et al, 2008) and a genetic association study (Bhattacharyya et al, 

2006).  Association studies have also implicated GPR50 in neurodevelopment.  

Sequence variants are associated with a range of psychiatric disorders (Delavest et al, 

2012; MacIntyre et al, 2010; Thomson et al, 2005); which are increasingly being 

considered as disorders of a neurodevelopmental origin (Ansorge et al, 2007; Owen 

et al, 2011).  However, information regarding how GPR50 is involved in these 

processes is missing. 

 

A number of routes have been taken to unravel the function of GPR50.  This includes 

attempts to identify the receptor’s ligand using high-throughput screening assays and 

homology-based approaches (Levoye et al, 2006).  These attempts were largely 

unsuccessfully, however, Omeros have recently reported the identification of a 

ligand, although they have yet to reveal its identity (Omeros-Corporation, 2012).  On 

the whole, deorphanisation strategies are hindered by the limited pool of known 

ligands (Chung et al, 2008).  The lack of success in regards to GPR50 suggests the 

receptor binds to an unknown agent, making deorphanisation especially complicated.  

Hence an alternative strategy was used by this group to ascertain the function of 

GPR50; the identification of interacting proteins.  G-protein coupled receptor 

(GPCR)-interacting proteins (GIPs) are known to modulate numerous aspects of 

GPCR activity (Ritter & Hall, 2009), thus can provide a remarkable functional 

insight into the actions of a given receptor.   

 

To this end a yeast-2-hybrid (Y2H) assay was performed using the C-terminal 

domain of GPR50.  This identified two classes of interactors; proteins involved in 
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neurodevelopment and those involved in cholesterol metabolism (Grünewald et al, 

2009), reinforcing previous reports implicating GPR50 in these processes.  Results 

from this assay were expanded to reveal GPR50 is a positive regulator of neurite 

outgrowth (Grünewald et al, 2009), providing insight into the neurodevelopmental 

role of the receptor.  The aim of this thesis was to build upon the findings of this 

Y2H screen and characterise the role of GPR50 in neurodevelopment, focusing on 

neuronal maturation.  The function of GPR50 in lipid metabolism was also 

investigated in this thesis.  This was done by verifying the Y2H interactions within 

the “cholesterol metabolism” group of interactors and looking at the relationship 

between GPR50 expression and lipid levels. 

 

7.2 The role of GPR50 in neurodevelopment 

 

In chapter three, the overexpression of GPR50 in mouse hippocampal and cortical 

neurons led to a significant increase in dendritic branching.  In addition, an increase 

in spine density and maturity was also seen in hippocampal neurons.  These 

morphological changes are well matched with the peak expression of Gpr50 at 

embryonic day 18 (E18) (Grünewald et al, 2012), a developmental stage 

characterised by rapid dendritic outgrowth and the initiation of spinogenesis 

(Koleske, 2013; Polleux & Snider, 2010).  Notably, GPR50 overexpression had no 

effect on the morphology of dendritic spines, which implies it has no effect on 

synaptic strength (Kasai et al, 2003), although this has yet to be tested.  Importantly, 

dendritic abnormalities have been implicated in psychiatric disorders through animal 

models (Barros et al, 2009; Hajszan et al, 2009; Hayashi-Takagi et al, 2010) and 

post-mortem studies in humans (Glantz & Lewis, 2000; Kang et al, 2012).  Thus the 

ability of GPR50 to regulate dendritic morphology may be the root of its association 

with mental illness. 
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7.3 GPR50 regulates actin remodelling 

 

A potential signalling pathway governed by GPR50 was explored in chapter four.  

Here, it was shown that in SH-SY5Y cells, GPR50 increased the levels of phospho-

RAC1/CDC42 and Wiskott–Aldrich syndrome protein (WASP)-family verprolin 

homologous protein 2 (WAVE-2), promoters of actin branching.  In addition, GPR50 

was enriched in highly dynamic areas of the membrane, such as dendritic spines and 

lamellipodia, where colocalisation with RAC1 was observed.  Thus, GPR50 may 

induce remodelling of the plasma membrane through a localised activation of RAC1 

and the subsequent activation of the WAVE complex, leading to the induction of 

actin branching via actin-related protein (ARP) 2/3 (Tahirovic et al, 2010).  The 

induction of the RAC1/WAVE pathway is known to regulate dendritic structure.  

Loss of WAVE-1, the isoform enriched in the brain, reduced the density of mature 

dendritic spines and attenuated neurite outgrowth (Kim et al, 2006; Soderling et al, 

2007).  This is mimicked by the knockdown of other components of the WAVE 

complex and its downstream effectors (Choi et al, 2005; Kim et al, 2013; Proepper et 

al, 2007).  Thus, the GPR50-induced changes to dendritic morphology may be due to 

the activation of this actin remodelling pathway. 

 

Accumulating evidence suggests actin remodelling plays a role in the pathology of 

psychiatric disorders.  The well known schizophrenia risk factor, Disrupted-in-

Schizophrenia 1 (DISC1), has been shown to negatively regulate spine maturation 

through the interaction with kalirin-7, attenuating the ability of kalirin-7 to activate 

RAC1 (Hayashi-Takagi et al, 2010).  Similarly, dysbindin-1, another schizophrenia 

susceptibility factor, has been shown to promote the formation of the WAVE-2/Abl 

interactor 1 complex (Ito et al, 2010).  Further, Ito and colleagues found Dysbindin-1 

deletion prevented the maturation of dendritic spines, presumably a result of the 

reduction in WAVE-2/ Abl interactor 1 and inefficient actin polymerisation.  In 

addition, ARP2/3 has been linked to the cognitive deficits, social disturbances and 

manic behaviour that is characteristic of a range of psychiatric disorders (Han et al, 
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2013; Kim et al, 2013).  Considering these studies, the involvement of GPR50 in 

actin remodelling seems very fitting. 

 

Preliminary work in chapter four also suggests that GPR50 may modulate actin 

dynamics via α-catenin.  Overexpression led to the reduction of α-catenin in HEK293 

cells and the altered localisation in SH-SY5Y cells, although this requires replication.  

In neurons, α-catenin is essential for the long-term stability of dendrites and synapses 

but not their formation (Abe et al, 2004; Tan et al, 2010).  Therefore, the reduction of 

α-catenin by GPR50 may promote structural plasticity.  This could be beneficial at 

E18, when Gpr50 expression peaks (Grünewald et al, 2012).  At this age dendrites 

and spines are highly dynamic, undergoing rapid formation and elimination 

(Koleske, 2013).  The loss of α-catenin may favour this.  Dendrites gradually 

stabilise throughout adolescence and adulthood, where the level of Gpr50 is 

considerably lower compared to E18 (Grünewald et al, 2012).  This may alleviate the 

inhibition to dendrite stability caused by the reduction in α-catenin and ensure 

stabilisation occurs once appropriate synaptic contacts are made.  Much work is 

required to substantiate this theory, starting with the relevant replications; however, 

this is an interesting hypothesis to explore. 

 

7.4 GPR50 as a lipid sensor 

 

The Y2H screen performed by this group suggested GPR50 was involved in lipid 

regulation through interactions with ATP-binding cassette transporter 2 (ABCA2) 

and sterol regulatory element binding transcription factor 2 (SREBF2) (Grünewald et 

al, 2009).  However, results in chapter five indicated that a direct interaction between 

GPR50 and these proteins is unlikely.  Nonetheless, GPR50 does appear to be 

involved in lipid metabolism (chapter six).  In HEK293 cells, lipoprotein deficiency 

led to a decrease in endogenous GPR50, supporting reports of decreased Gpr50 

expression in regions of the hypothalamus in response to fasting (Barrett et al, 2006; 



 186 

Ivanova et al, 2008).  Interestingly, excess food consumption also reduced Gpr50 in 

these areas (Bechtold et al, 2012; Ivanova et al, 2008).  It has been suggested that 

Gpr50 is responsive to fatty acids as these are increased upon fasting and high 

energy diets (Frier et al, 2011).  Although this hypothesis is compatible with the 

results from chapter six, the effects of fatty acids on GPR50 expression should be 

directly tested.  The cellular distribution of GPR50 also appears to be regulated by 

lipids.  An internal localisation was observed upon co-transfection with ABCA2 

(chapter five) and U18666A treatment (chapter six), conditions in which cholesterol 

trafficking and synthesis are inhibited (Davis et al, 2004; Sexton et al, 1983).  This 

indicates that GPR50 is sensitive to changes in the intracellular cholesterol 

environment. 

 

The responsiveness of GPR50 to lipid levels may denote a role in lipid sensing.  This 

is compelling as GPR50 is found in areas of the brain harbouring key nutrient 

sensing neurons, such as the arcuate nucleus and lateral hypothalamus (Grünewald et 

al, 2012).  These neurons detect nutrient levels and use this information to 

appropriately modulate effectors such as feeding, glucose production and energy 

expenditure (Blouet & Schwartz, 2010; Migrenne et al, 2011).  Interestingly, Gpr50 

deletion in mice led to increased food intake (Ivanova et al, 2008) and lower fasted 

glucose levels compared to wild-type mice (Bechtold et al, 2012).  In addition, the 

energy expenditure of Gpr50 knockout mice were markedly higher than wild-type 

mice in control conditions (Ivanova et al, 2008) and drastically lower in fasted 

conditions (Bechtold et al, 2012).  Together these results, along with those presented 

in this thesis, implicate GPR50 in lipid sensing pathways.  Whether GPR50 directly 

binds to lipid mediators or is indirectly regulated by lipids should be investigated in 

the future. 
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7.5 GPR50 promotes lipolysis 

 

In chapter six the effects of GPR50 on intracellular lipid levels was also assessed.  

GPR50 overexpression in SH-SY5Y cells led to a decrease in lipid droplets, 

suggesting an increased requirement for lipids.  This agrees with the increase in basal 

lipolysis seen in adipocytes overexpressing GPR50 (Hand, 2011).  Lipids have a 

crucial role in neurite outgrowth and dendritic morphogenesis (Hering et al, 2003; 

Hozumi et al, 2009; Kim et al, 2009b; Ko et al, 2005).  For this reason, it was 

hypothesised that the increased use of lipids served to support the neurite outgrowth 

seen in SH-SY5Y cells following GPR50 transfection.  However, this does not 

appear to be the case as U18666A treatment inhibited GPR50-induced neurite 

outgrowth but not lipid mobilisation (chapter six).  Thus, GPR50’s role in lipid 

metabolism may be unrelated to its role in neurite outgrowth. 

 

It should be noted that lipids have been shown to regulate the stability of dendrites 

and spines.  Depletion of the LDL-receptor related protein 1 (LRP1), a major 

lipoprotein receptor in the brain, resulted in the progressive loss of spines in adult 

mice (Liu et al, 2010).  After 18 months Lrp1
-/-

 mice had fewer synapses than control 

mice, whereas at earlier time points Lrp1 deletion had no effect.  Diacylglycerol 

(DAG), a product of triglyceride hydrolysis, has also been implicated in spine 

stability.  Depletion of DAG kinase ζ (DGKζ) resulted in a dramatic increase in spine 

elimination but had no effect on spine formation (Kim et al, 2009b).  Further, 

cholesterol depletion has been demonstrated to reduce spine density and cause the 

reduction of filamentous actin (F-actin) in spines (Hering et al, 2003).  This decrease 

in spine density was reversed by Jasplakinolide, an F-actin stabilising drug, 

suggesting the effects of cholesterol depletion on spine stability was mediated by the 

actin cytoskeleton.  Importantly, these studies show dendritic development occurs 

despite lipid dysregulation, suggesting that although lipid metabolism is an important 

aspect of neuronal morphogenesis the two processes are not inherently coupled.  In 

view of this, GPR50 may induce dendritic outgrowth and spinogenesis via actin 
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remodelling pathways, while its role in lipid mobilisation may support the retention 

of these structures through an independent pathway.   

 

There appears to be an intricate relationship between lipid levels and cognition.  

Deletion of the lipid regulators Lrp1 and Dgkβ caused cognitive deficits in addition 

to changes to dendritic structure (Liu et al, 2010; Shirai et al, 2010).  This supports 

genetic and molecular studies which have linked LRP1 to Alzheimer’s disease 

(Fuentealba et al, 2010; Kang et al, 2000) and DGK to bipolar disorder and 

schizophrenia (Baum et al, 2008; Zeng et al, 2011).  Thus, the modulation of lipid 

levels by GPR50 may be central to its association with mental illness (Delavest et al, 

2012; MacIntyre et al, 2010; Thomson et al, 2005).  This is an intriguing prospect as 

the GPR50 polymorphisms linked to mental illness are also associated with high 

triglyceride and low high-density lipoprotein (HDL)-cholesterol levels 

(Bhattacharyya et al, 2006).  Coincidently, this lipid profile has repeatedly been 

reported in individuals with psychiatric disorders (Lehto et al, 2008; Lehto et al, 

2010; Saari et al, 2004).  Given this, it is of high interest to characterise the full 

effects of GPR50 on neuronal lipid metabolism.   

 

7.6 Does GPR50 signal via mTORC2? 

 

GPR50 transfection was shown to increase levels of phospho-AKT (S473) in SH-

SY5Y cells (chapter four), suggesting the mammalian target of rapamycin (mTOR) 

complex 2 (mTORC2)/AKT pathway may be activated.  At this stage, this finding is 

speculative; more work is required to confirm this pathway is activated by GPR50.  

However, this link may be highly significant as mTOR signalling is known to 

regulate multiple aspects of dendritic morphogenesis (Huang et al, 2013; Kumar et 

al, 2005; Lee et al, 2011).  Further, the promotion of spine density by mTORC2 

appears to be dependent on RAC1-mediated actin polymerisation (Huang et al, 

2013).  Huang et al also showed long-term synaptic plasticity and long-term memory 



 189 

were impaired by mTORC2 ablation, which is supported by an independent study 

showing synaptic deficits upon the depletion of mTORC2 (Thomanetz et al, 2013).  

This coincides with the reported link between mTORC2 signalling and disorders 

impairing cognition and memory (Humbert et al, 2002; Malagelada et al, 2008).  

Interestingly, the defects to synaptic plasticity and memory were largely restored 

through the promotion of actin polymerisation by Jasplakinolide (Huang et al, 2013).  

In light of these studies, it is reasonable to hypothesise that the activation of 

mTORC2/AKT by GPR50 may account for the induction of the RAC1/WAVE 

pathway and the changes to dendritic morphology.  By doing so, GPR50 may also 

impact synaptic plasticity and memory formation.   

 

The effects of GPR50 on intracellular lipids may also require mTORC2.  TORC2 

disruption in Caenorhabditis elegans led to an accumulation of fat (Jones et al, 2009; 

Soukas et al, 2009).  Likewise, the depletion of mTORC2 in mice caused lipid 

accumulation in the liver and skeletal muscle (Kumar et al, 2010).  This would 

suggest that the activation of mTORC2 by GPR50 would cause a reduction in lipid 

droplets, which was seen in chapter six.  However, mTORC2 deficient mice also 

displayed increased levels of lipolysis (Kumar et al, 2010) and a reduction in hepatic 

lipogenesis (Hagiwara et al, 2012; Yuan et al, 2012).  This implies mTORC2 

activation would increase lipid stores through the production of lipids and the 

reduction of its breakdown.  Thus, mTORC2 appears to be involved lipid 

homeostasis, although its exact role is unclear.  Until more is known about the role of 

mTORC2 in lipid metabolism it will be difficult to understand how/if activation by 

GPR50 contributes to lipid mobilisation. 

 

Interest in mTORC2 signalling also comes from its link to neurodevelopmental 

disorders.  Schizophrenia risk factors, DISC1 and neuregulin 1, have been shown to 

signal through mTORC2/AKT (Kim et al, 2009a; Schulz et al, 2013).  This is 

supported by genetic studies which show AKT1 is associated with schizophrenia and 

bipolar disorder (Karege et al, 2012; Mathur et al, 2010; Norton et al, 2007).  
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Interestingly, the inhibition of mTOR signalling has been shown to ameliorate the 

cognitive defects in models of Alzheimer’s disease and schizophrenia (Spilman et al, 

2010; Zhou et al, 2013).  Conversely, the antidepressant properties of ketamine 

appear to be dependent on mTOR activity (Li et al, 2010).  These results highlight 

the importance of mTOR signalling in the pathogenesis and treatment of psychiatric 

illness.  For this reason, along with the role in dendritic morphogeneis and lipid 

metabolism, further investigation into the involvement of mTORC2 in GPR50 

signalling is of great interest. 

 

7.7 Future work 

 

This thesis presents a role for GPR50 in the regulation of dendritic morphology and 

lipid metabolism.  It also highlights signalling pathways GPR50 may use to carry out 

these functions.  Although these results are compelling there are important gaps to 

fill.  In addition, new questions have arisen.  The most pertinent points are addressed 

below. 

 

1. Characterising the role of GPR50 in actin remodelling.  Results from 

chapter four suggest GPR50 is capable of inducing actin remodelling via the 

activation of the RAC1/WAVE pathway.  However, this must be formally 

tested by measuring the effects of GPR50 on actin polymerisation and cell 

migration/spreading.  It must also be established whether the activation of 

this pathway caused the changes to dendritic morphology observed following 

GPR50 transfection.  Finally, the effect of GPR50 on alternative actin 

remodelling pathways should be considered.   

2. Does GPR50 affect synaptic function?  It is important to determine whether 

the morphological changes to dendrites are coupled with changes to synaptic 

transmission, as this may translate to abnormalities in memory, cognition and 
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behaviour.  Electrophysiological measurements can be taken from GPR50 

transfected or silenced neurons to study this. 

3. Characterisation of GPR50’s involvement in lipid metabolism.  Although 

the depletion of lipid droplets suggests that GPR50 increases lipolysis, this 

should be accurately assessed by measuring the levels of the relevant lipids, 

e.g. triglyceride and DAG.  The role of GPR50 as a lipid sensor should also 

be explored by uncovering the lipoprotein component modulating the 

expression of GPR50.  Further, whether this lipid element acts as a ligand 

should be investigated. 

4. Does GPR50 function through mTORC2?  There are marked similarities 

between the actions of GPR50 and mTORC2 signalling; suggesting GPR50 

may activate the latter.  However, the only tangible piece of evidence comes 

from the phosphorylation and activation of AKT, via S473, and RAC1 via 

S71.  This must be extended by looking at additional AKT substrates.  It 

should also be established whether the effects of GPR50 on dendritic 

morphology and lipid mobilisation are dependent on mTORC2 signalling 

using the relevant inhibitors. 

5. Does GPR50 act alone or does it modulate the function of interacting 

proteins?  Much of the results described in this thesis may be attributed to 

the ability of GPR50 to modulate the activity of its interactors, such as neurite 

outgrowth inhibitor A (NOGO-A) and HIV-1 tat interactive protein (TIP60), 

rather than the direct effect of the receptor.  To determine whether this is the 

case experiments can be repeated in the absence of the GPR50-interactors 

using knockdown strategies. 

6. Characterisation of Gpr50 knockout mice.  Loss-of-function studies have 

assessed the impact of GPR50 on metabolism, but the effects on 

neurodevelopment have been overlooked.  Although this group does not have 

access to these mice, it would be of great interest to examine this.  As well as 

investigating structural changes within the brain, behavioural data should be 

collected. 
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7. How do polymorphisms within GPR50 impact its function?  As this PhD 

stemmed from an association study linking GPR50 to mental illness, it is 

important to assess how the identified sequence variants impact the actions of 

GPR50 revealed in this thesis.  Mechanistic insight into how GPR50 is 

involved in the pathology of mental illness can be ascertained from this data.
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A.1 Introduction 

 

Much of the work presented in this thesis is reliant on the integrity of antibodies and 

expression constructs.  This is especially important in chapter five, where the 

localisation and trafficking of GPR50, ABCA2 and SREBF2 are monitored.  The 

expression constructs and antibodies used for these proteins have been validated 

elsewhere (Davis et al, 2004; Grünewald et al, 2009; Logette et al, 2005; Zhu et al, 

2013).  However, they were also characterised here to ensure their integrity in the 

model systems used in this thesis.  To do this, cells were transfected with the relevant 

protein, or left untransfected, and 24 hrs later immunocytochemistry (ICC) or 

western blot analysis was performed.  Western blot analysis was used to determine 

whether the antibodies detected a specific band at the anticipated size, whilst ICC 

was used to determine whether the protein of interest assumed the correct subcellular 

localisation.  Given the high transfection rates of HEK293 cells, this cell line was 

favoured in western blot analysis.  For ICC, SH-SY5Y cells were predominately 

tested, as the colocalisation experiments presented in this thesis were mainly based 

on this cell line, although other cell lines were also tested.  

 

A.2 GPR50 is localised to the plasma membrane 

 

Two GPR50-specific antibodies were used in this thesis; the goat anti-GPR50 

antibody (Santa Cruz Biotechnology, SCBT), which was primarily used, and the 

rabbit anti-GPR50 antibody (Proteintech).  In HEK293 cells, the goat anti-GPR50 

antibody detected a doublet band at the expected size of 67 kDa (figure A.1 a), as 

previously shown (Grünewald, 2011).  A singlet band at 67 kDa was also found in 

untransfected HEK293 cells using this antibody.  This is likely to correspond to 

endogenous GPR50, which has been demonstrated in this cell line (Atwood et al, 

2011; Grünewald et al, 2009).  In SH-SY5Y cells, the 67 kDa doublet band was also 

detected in GPR50-transfected cells using the goat antibody (figure A.1 b).  This 
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band was not observed in untransfected cells, indicating the absence of endogenous 

GPR50 expression.  The rabbit anti-GPR50 antibody generated similar results.  In 

HEK293 cells, a strong doublet band at 67 kDa was observed in transfected and 

untransfected cells (figure A.1 c), with very little non-specific bands.  This band was 

also detected in GPR50-transfected SH-SY5Y cells, in a highly specific manner; 

again, this was not observed in untransfected cells (figure A.1 d).  These results show 

that both antibodies are capable of detecting GPR50.  In addition, HEK293 cells 

provide an endogenous system to study GPR50 expression, whereas SH-SY5Y cells 

are only suitable for overexpression studies.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1: A 67 kDa protein is detected by both GPR50 antibodies.  Western blot analysis was 

carried out using cells that were transfected with GPR50 or left untransfected.  (a) In HEK293 cells, a 

strong band was detected at 67 kDa (arrow) using the goat anti-GPR50 antibody (SCBT); in 

untransfected cells a 67 kDa band was also seen, suggesting the endogenous protein was detected.  

(b) The goat antibody also recognised a 67 kDa doublet band in transfected SH-SY5Y cells; this was 

not observed in untransfected cells, indicating SH-SY5Y cells do not endogenously express GPR50.  (c) 

The rabbit anti-GPR50 antibody (Proteintech) clearly detected a 67 kDa doublet band in transfected 

and untransfected HEK293 cells.  (d) In SH-SY5Y cells, the rabbit antibody also detected a band at 67 

kDa in GPR50-transfected cells.  Again, this band was not present in untransfected cells.  

 

Full length GPR50 has repeatedly been shown to reside on the plasma membrane 

(Grünewald et al, 2009; Hamouda et al, 2007).  Further, the commercially available 

goat anti-GPR50 antibody (SCBT) has been shown to detect this (Grünewald et al, 

2009).  For further confirmation, ICC was performed on GPR50-transfected SH-
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SY5Y cells, staining for GPR50 and VLA-2α, a plasma membrane marker.  Using 

this antibody, GPR50 was found to strongly colocalise with VLA-2α, indicating that 

it resides on the plasma membrane (figure A.2 a).  This plasma membrane 

distribution was also detected in GPR50-transfected N1E-115 cells and HEK293 

cells (figure A.2 b and c), although GPR50 often assumed a cytoplasmic distribution 

in N1E-115 cells.  As this may reflect the mislocalisation of GPR50, the use of N1E-

115 cells was limited in this thesis.  The goat antibody also detected GPR50 on the 

plasma membrane of untransfected HEK293 cells, confirming the endogenous 

expression of GPR50 in this cell line (figure A.2 d).  Endogenous GPR50 was not 

detected in untransfected SH-SY5Y cells or N1E-115 cells (results not shown).  The 

goat anti-GPR50 antibody was then used to validate the rabbit antibody 

(Proteintech).  Figure A.2 e shows strong colocalisation between the two antibodies 

at the plasma membrane, indicating they detect the same protein.  Thus, both 

antibodies can be used for the detection of GPR50. 
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Figure A.2:  The plasma membrane localisation of GPR50.  ICC was performed on various cell lines 

following GPR50 transfection and fixation with methanol.  Cells were stained for GPR50, the plasma 

membrane marker VLA-2α and counterstained with DAPI (blue).  Note these images were acquired 

using a fluorescent microscope.  (a) In SH-SY5Y cells, GPR50 was detected with the goat anti-GPR50 

antibody (SCBT).  This was largely plasma membrane bound, as seen by colocalisation with VLA-2α.  

The plasma membrane distribution was also detected in GPR50-transfected N1E-115 cells (b) and 

HEK293 cells (c), as detected by the goat antibody.  (d) The goat antibody also detected endogenous 

GPR50 in untransfected HEK293 cells, which again showed a plasma membrane distribution.  (e)  In 

SH-SY5Y cells, a strong colocalisation was observed between the goat and the rabbit anti-GPR50 

antibodies.  Again, this was mostly seen at the plasma membrane.   
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A.3 ABCA2 is found in discrete intracellular vesicles 

 

ABCA2 is a large 270 kDa protein which resides in lysosome-related vesicles 

(Broccardo et al, 2006b; Vulevic et al, 2001b).  Two antibodies were used to detect 

this protein, the most extensively used was the rabbit anti-ABCA2 antibody (gifted 

by Prof. Tew), which has been previously validated (Davis et al, 2004; Grünewald, 

2011).  In addition, the commercially available goat anti-ABCA2 antibody (SCBT) 

was used in the ABCA2 immunoprecipitation experiment.  These antibodies were 

first tested with western blot analysis on untransfected and ABCA2-transfected 

HEK293 cells.  Both the goat and the rabbit antibodies detected a doublet band at the 

expected size of 270 kDa, figure A.3 a and b.  Neither antibody detected endogenous 

ABCA2.  This was reproduced in SH-SY5Y cells, although the band density was 

substantially weaker (results not shown).  This is likely to reflect the lower 

transfection rates in SH-SY5Y cells. 

 

These antibodies were also assessed with ICC.  SH-SY5Y cells were transfected with 

ABCA2, or were left untransfected, and the following day cells were fixed and 

stained with the rabbit anti-ABCA2 antibody.  In keeping with previous work, 

ABCA2 was found in discrete punctuate vesicles which partially colocalised with 

LAMP1 (figure A.3 c).  Again, this was not detected in untransfected cells.  This 

antibody was then used as a positive reference to validate the goat anti-ABCA2 

antibody.  As can be seen in figure A.3 d, colocalisation between the two antibodies 

was observed.  This was also true in HEK293 cells (results not shown).  Thus, both 

antibodies appear to successfully detect ABCA2. 
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Figure A.3: Characterisation of the ABCA2 antibodies.  HEK293 cells were transfected with ABCA2, 

or left untransfected, and cell lysates were subjected to western blot analysis.  (a) Using the rabbit 

anti-ABCA2 antibody (Tew), a doublet band at 270 kDa (arrow) was detected in transfected HEK293 

cells.  This was not seen in untransfected cells.  (b) The goat anti-ABCA2 antibody (SCBT) also 

detected a 270 kDa protein (arrow) in transfected HEK293 cells.  Again, this was absent in 

untransfected cells.  (c) ICC was performed in SH-SY5Y cells transfected with ABCA2, staining for 

ABCA2 and the lysosomal marker LAMP1.  The rabbit antibody detected ABCA2 in a highly specific 

manner, which partially colocalised with LAMP1.  (d) A high degree of overlap was observed when 

ABCA2-transfected SH-SY5Y cells were stained with the rabbit (green) and the goat (red) anti-ABCA2 

antibodies.   
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A.4 Staining of active and inactive SREBF2 

 

SREBF2 exists in an inactive or active form, at 120 kDa and 60 kDa respectively 

(Goldstein & Brown, 1997; Horton et al, 1998).  In its inactive form, SREBF2 

resides in the endoplasmic reticulum (ER).  Upon stimulation, SREBF2 is cleaved to 

release the active N-terminal domain, which is translocated to the nucleus.  In 

chapter five, the commercially available goat anti-SREBP2 antibody (SCBT) was 

used.  This antibody is raised against SREBP2 (sterol regulatory element binding 

protein 2), i.e. the mouse homologue of SREBF2; however, it also detects human 

SREBF2.  Importantly, this antibody targets the N-terminal region of the protein, 

therefore, should be able to detect both forms of SREBF2.   

 

Western blot analysis was carried out in HEK293 cells to reveal a highly specific 

band at 120 kDa, when cells were transfected with SREBF2 (figure A.4 a).  This 

band was also seen in transfected SH-SY5Y cells, although this was very weak 

(results not shown).  The 120 kDa band was absent in untransfected cells, suggesting 

that the antibody does not detect endogenous SREBF2 in the tested cell lines.  

However, a weak band at 60 kDa was seen in untransfected and SREBF2-transfected 

HEK293 cells (figure A.4 a, arrowhead).  This may represent the nuclear form of 

SREBF2, which has previously been detected using this antibody (Kannenberg et al, 

2013; Vecchini et al, 2003).   

 

ICC was also used to validate the goat-anti SREBP2 antibody.  As shown in figure 

A.4 b, a strong signal was detected in SREBF2-transfected SH-SY5Y cells, with very 

little background.  SREBF2 showed a high degree of colocalisation with the ER 

marker calreticulin, confirming its presence in the ER.  However, nuclear staining 

was not observed.  In addition, the signal was not obtained in untransfected cells; 

again, this indicates that the endogenous protein was not detected with this antibody.  

These results suggest that at high levels of expression the inactive form of SREBF2 
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can be detected with this antibody.  However, detection of the active nuclear form of 

SREBF2 was less evident. 

 

 

 

 

 
 

 

   

Figure A.4: Characterisation of the goat anti-SREBP2 antibody (SCBT).  (a) Western blotting results 

from HEK293 cells transfected with SREBF2 or left untransfected.  Using the goat anti-SREBP2 

antibody (SCBT), a band at 120 kDa (arrow) was detected in transfected HEK293 cells; this was not 

detected in untransfected cells.  A weak band at 60 kDa (arrowhead) was also seen, possibly 

representing the active form of SREBF2.  (b) SH-SY5Y cells were transfected with SREBF2 and ICC was 

performed the following day, staining for the ER-marker calreticulin and SREBF2.  Strong 

colocalisation was observed between SREBF2 and calreticulin, confirming the ER localisation of 

SREBF2.   
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It is possible that poor detection of nuclear SREBF2 was due to the lack of SREBF2 

activation under the tested conditions.  To explore this possibility, the localisation of 

endogenous SREBF2 was investigated under conditions of serum deprivation, which 

is known to activate the protein (Harrison et al, 2009; Horie et al, 2010).  COS-7 

cells were used here, a cell line derived from monkey kidney tissue, as endogenous 

SREBF2 was detected and the large cell size made SREBF2 translocation readily 

observable.  Under standard conditions (DMEM supplemented with 10% FBS), 

SREBF2 was largely absent from the nucleus (figure A.5 a), displaying an ER-like 

distribution.  Whilst in serum starved cells (DMEM with 0.5% FBS, 18 hrs), 

SREBF2 was predominately found within the nucleus of cells, as seen by 

colocalisation with the nuclear stain DAPI (figure A.5 b).  Thus, the goat anti-

SREBF2 antibody appears to detect active SREBF2, as well as the inactive form. 
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Figure A.5:  Nuclear translocation of SREBF2 in COS-7 cells is detected by the goat anti-SREBF2 

antibody.  Untransfected COS-7 cells were grown in 10% or 0.5% FBS.   After 18 hrs cells were fixed 

with methanol and ICC was performed, staining for SREBF2 and counterstaining with DAPI (blue).  

Images were obtained with fluorescence microscopy.   (a) In cells maintained in media containing 

10% FBS, SREBF2 took up an ER-like distribution.  (b) When serum deprived, SREBF2 was 

predominately found in the nucleus where it colocalised with DAPI. 

 

A.5 Conclusion 

 

The work presented here confirms the integrity of the antibodies and expression 

constructions used in this thesis, particularly in chapter five.  Western blot analysis 

with each antibody detected proteins of the expected size, with little non-specific 

signals.  Further, the antibodies, and constructs, tested showed the same patterns of 

subcellular distribution that have been noted in previous reports.  Thus, they can be 

confidently used in this thesis. 
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