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Investigating the Pharmacology, Dimerisation and Receptor-Dependent 

Toxicology of Metabotropic Glutamate Receptor 5 

Andrew Weaver 

ABSTRACT 

G protein-coupled receptors represent the largest family of druggable targets in the 

human genome, with over half of drugs currently on the market acting at these 

receptors. Metabotropic glutamate receptor 5 is one such receptor, thought to be 

involved in several neurological diseases such as schizophrenia, anxiety, and 

depression as well as many neurodegenerative disorders. Allosteric modulators, 

ligands which act at a site topographically different from that of the endogenous 

ligand, have shown promise in overcoming many of the problems associated with 

previous drug development efforts targeting this receptor. Understanding the 

mechanistic action of these compounds is fundamental to driving further drug 

discovery, and as such the way in which compounds interact with metabotropic 

receptor 5 both in vitro and ex vivo is a key focus of this thesis. 

In this thesis, previous studies of the allosteric mechanism of action of two 

allosteric modulators, CDPPB and ADX-47273, are extended to the human 

metabotropic glutamate receptor 5 using recombinant cell lines and show that the 

action of these compounds is preserved across species. Furthermore, the allosteric 

mode of action of LSN-2814617 and VU0430644 is demonstrated and shown to be 

efficacy driven at both the human and rat receptor homologues. The 

pharmacological consequences of heterodimerisation between group I metabotropic 

glutamate receptors is explored using mutant receptors which constitutively 

dimerise. Data herein demonstrates that metabotropic glutamate receptor 1 

inhibits the action of compounds acting at metabotropic glutamate receptor 5 in a 

non-reciprocal manner. Finally, the receptor-dependent neurotoxicity of LSN-

2814617 is demonstrated in ex vivo tissue samples with chronic, high-dose 

administration of LSN-2814617 inducing neuronal cell death in the anterior cortex 

of the rodent brain. Understanding the interactions between metabotropic 

glutamate receptor 5, compounds acting at this receptor, and other receptors will 

be key in the development of compounds for progression to the clinic. 
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CHAPTER 1. Introduction 

1.1 The G protein-coupled receptor superfamily 

The G protein-coupled receptor (GPCR) protein superfamily is large, 

diverse, and responsible for a large proportion of signal transduction across 

the cell membrane in eukaryotes (De Mendoza et al., 2014). These receptors 

respond to many different stimuli from photons, small organic molecules, 

amino acids, proteins and fatty acids to name but a few. Stimulation causes 

a change in conformation of the receptor from an inactive to an active state 

and results in a cascade of intracellular signalling, often mediated through 

heterotrimeric G proteins, which ultimately evokes a cellular response 

(Kobilka, 2007). The GPCRs have a common structure in a broad sense: they 

all contain an extracellular N-terminal tail, 7 transmembrane α-helical 

domains (TMDs) which are connected serially by intracellular loops (ICLs) 

and extracellular loops (ECLs), and an intracellular C-terminal tail 

(Rosenbaum et al., 2009). Despite this commonality there is a rich diversity 

of primary structure within the superfamily, with some members displaying  

next to no homology with any other members (Pin and Bockaert, 1999). In 

the human genome, GPCRs represent the largest group of transmembrane 

proteins with over 800 distinct GPCRs, and of these, 92 receptors have no 

known ligand (Davenport et al., 2013; Fredriksson et al., 2003). They are 

involved in the regulation of many physiological processes, such as blood 

pressure, neurotransmission, and metabolism (Pierce et al., 2002). It is 

perhaps unsurprising, given their widespread physiological relevance, that 

they are implicated in many diseases. Indeed, it is estimated that more than 

50% of all prescribed drugs target GPCRs, though currently less than 20% of 

GPCRs have been exploited (Allen and Roth, 2011; Schöneberg et al., 2004). 

Given this, and the fact they are so diverse in structure, it is clear that 

further research into the molecular mechanisms of this important receptor 

type has the potential to lead to further therapeutic knowledge and 

invention. 
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1.2  The five GPCR families 

The derivation of the primary sequences of the bovine rhodopsin and the 

human β2-adrenergic receptor, over 3 decades ago, gave credence to the idea 

that there were a large number of such 7TM receptors (Dixon et al., 1986; 

Nathans and Hogness, 1983). With the publication of the human genome 

(Lander et al., 2001; Venter et al., 2001), and the wealth of newly discovered 

GPCRs within, the receptors were grouped into five families based on 

residue conservation in primary sequence (a so-called ‘fingerprint’) and 

tertiary structure (Attwood and Findlay, 1994; Fredriksson et al., 2003). 

Commonly referred to as the GRAFS system, these five groups are: family A 

(‘rhodopsin-like’), family B (‘secretin-like’), family C (‘metabotropic 

glutamate-like’), the Adhesion family, and the Frizzled family (see Figure 

1.2.1). 

 

Figure 1.2.1  A diagram showing the tertiary structure of all five receptor families of the 

GPCR superfamily according to the GRAFS classification system. The receptor is shown in 

blue, the plasma membrane in red, and the position of ligand binding is denoted by an 

orange shape. Though all 5 families have a 7TM structure with an extracellular N-terminus 

and an intracellular C-terminus, the N-terminal domains are strikingly different in a 

tertiary sense. 
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1.2.1 Family A: Structure and activation 

Family A, the rhodopsin-like receptors, is the largest family of GPCRs with 

249 non-olfactory members and an estimated 460 olfactory receptors 

(Fredriksson et al., 2003; Lander et al., 2001; Takeda et al., 2002). These 

receptors typically have a short N-terminal domain with the ligand binding 

pocket located within the TMD. Despite this shared tertiary structure the 

primary sequence homology in this family is low, and though the binding 

site for the endogenous ligands is in a similar location with respect to the 

tertiary structure, there are large differences in the ligand binding domains 

on a molecular level.  

In the case of rhodopsin, an 11-cis-retinal moiety is covalently bound within 

the transmembrane domains by linkage to a lysine sidechain on the 7th 

TMD. 11-cis-retinal is a chromophore which acts as an inverse agonist in 

the absence of light, holding the receptor in an inactive state (R). Absorption 

of light causes a photoisomerisation of the chromophore to an all-trans-

retinylidene which ultimately pushes the receptor into an active state (R*) 

(Palczewski, 2006). Other family A receptors do not hold their ligand in the 

binding pocket in this way. For instance, the β-adrenergic receptors exist in 

an equilibrium between the inactive and active states, with a certain 

proportion of the receptor pool being constitutively active (Engelhardt et al., 

2001). The catecholamine agonists of this receptor bind transiently to the 

receptor, interacting with two serine residues in the 5th TMD, and an 

asparagine residue on the 3rd TMD. This transient interaction pushes the 

receptor equilibrium towards the active state and increases the signalling 

activity (Strader et al., 1989; Warne et al., 2011). Given the lack of primary 

sequence homology between the family A receptors, and the variety of 

ligands which interact with them, it may come as no surprise that the 

binding domains are highly varied. For example, the proteinase-activated 

receptors (PAR) contain a protease cleavage site in the N-terminus, which is 

cleaved to release a peptide ligand which interacts with the receptor 

through the 2nd ECL (Macfarlane et al., 2001). This heterogeneity is 
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undoubtedly key to the wide variety of roles these receptors play throughout 

the body. 

Despite the differences throughout the rhodopsin-like family, primary 

sequence alignment showed several conserved residues across the family A 

receptors. There is a conserved disulphide bridge between cysteine residues 

on ECL1 and ECL2 which has homologues across all GPCR families and is 

thought to be important for the tertiary structure of the helical bundle of 

TMDs (Peeters et al., 2011; Wheatley et al., 2012). There is a highly 

conserved E/DRY motif close to the cytoplasmic end of the 3rd TMD within 

all family A receptors, though only the arginine residue therein was fully 

conserved (Oliveira et al., 1993; Probst et al., 1992). It is perhaps 

unsurprising that such a highly conserved sequence of amino acids proved 

to be important to the function of the receptor. This motif appears in the 

third intracellular loop of the majority of family A GPCRs, and mutational 

studies across several receptors within this family have shown that it plays 

an important role in receptor activation (Rovati et al., 2007). Mutation of 

these residues in the gonadotrophin-releasing hormone receptor hinted that 

the glutamatic/aspartic acid residue interacted with the fully conserved 

asparagine residue, and this interaction stabilises the receptor in the 

inactive state (Ballesteros et al., 1998). Further examples of this interaction 

were demonstrated across a number of family A receptors, and a charged 

residue on the 6th TMD was also implicated in this so-called ‘ionic-lock’ 

(Ballesteros et al., 2001; Greasley et al., 2002; Li et al., 2001; Shapiro et al., 

2002).  

Mutations at these residues had a variety of effects depending on the 

receptor. In some receptors, such as the β2-adrenergic receptor, histamine 

H2 receptor, and the vasopressin II receptor, mutations to the E/D residue 

resulted in an increase in constitutive activity displayed by these receptors 

(Alewijnse et al., 2000; Morin et al., 1998; Rasmussen et al., 1999). 

Interestingly, for other family A receptors, such as the muscarinic M1 

receptor and the cannabinoid 2 receptor, a mutation at this residue did not 
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lead to an increase in constitutive activity (Feng and Song, 2003; Lu et al., 

1997). Similarly mutation of the fully conserved arginine residue leads to a 

variety of effects dependent on receptor; clearly the role of this moiety does 

not translate to all family A receptors (Rovati et al., 2007). The crystal 

structure of rhodopsin gave the first insight into the 3D arrangement of any 

GPCR (Palczewski et al., 2000). It confirmed beyond doubt the 7 

transmembrane domain nature of these receptors, and showed the presence 

of a ‘salt bridge’ interaction between the glutamic acid and the arginine 

residues of the E/DRY motif on the 3rd TMD, corroborating the mutagenesis 

studies discussed previously. The crystal structure also showed evidence of 

interactions between the arginine of the E/DRY and a glutamate and 

threonine residue on the 6th TMD, which is key to the receptor ground state. 

Following advances in crystallographic methods, the crystal structures of 

the inactive adenosineA2A receptor, the β1, and the β2-adrenergic receptor 

were derived. Though the ‘salt bridge’ between the glutamate/aspartate and 

the arginine in the E/DRY motif was present in all four crystal structures, 

the ligand activated receptors did not appear to have the strong ‘ionic lock’ 

present between TM3 and TM6 in rhodopsin (Kobilka, 2007; Rosenbaum et 

al., 2009). In family A, there is also a highly conserved NPxxY motif on the 

7th TMD, which may act as an ‘activation switch’ whereupon the binding of a 

ligand pushes the receptor into the R* state, and the asparagine residue of 

the NPxxY breaks its stabilising interactions with asparagine/threonine 

residues on the 6th TMD, and forms a new interaction with an asparagine 

residue on the 2nd TMD (Urizar et al., 2005). The proline in this motif is 

thought to induce an inwards kink at the intracellular end of the 7th TMD. 

The crystal structure for opsin, the active state form of rhodopsin, gave 

great insight into the conformational changes the receptor undergoes as it 

transfers from the inactive to active state (Park et al., 2008). Upon the 

photoisomerisation of the 11-cis-retinal the 6th TMD tilts outwards, the 5th 

TMD shifts sideways, and the ionic lock between the 3rd and 6th TMDs is 

broken. These changes open up a pocket in the core of the receptor helix 

bundle, which allows the binding and activation of the G protein (Scheerer 
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et al., 2008). Crystal structures of active ligand-binding family A GPCRs, 

such as the agonist-bound β2-adrenergic receptor and the adenosineA2A 

receptor, revealed that these changes were perhaps common determinants 

of receptor activity in this family (Lebon et al., 2011; Rasmussen et al., 

2011a; Xu et al., 2011). Since the year 2000, over 20 family A GPCR crystal 

structures have been published. Interestingly, it is now thought that there 

are approximately 24 important interactions within the TMDs of family A 

receptors, mediated by 36 amino acids which, although differing, play the 

same structural role in each (Venkatakrishnan et al., 2013). 

1.2.2 Family B: Structure and comparison 

Family B, the secretin-like receptors, are the second smallest family of 

GPCRs. Encoded by just 15 genes in the human, each receptor has a 

relatively long N-terminal tail of approximately 100-160 amino acids which, 

along with the extracellular portion of the TMDs, is thought to be involved 

in ligand binding in many of these receptors (Harmar, 2001). Endogenous 

ligands at this family tend to be peptides, for example secretin, glucagon-

like peptide (GLP), and parathyroid hormone (PTH). The receptors of this 

family have 21-67% sequence homology with most of the variation occurring 

in the large N-terminus. Despite the high variation, there is a network of 3 

disulphide bridges between highly conserved cysteine residues in the N-

terminus across the family (Lagerstrom and Schioth, 2008). Crystal 

structures of the N-terminus of various family B receptors gave rise to a 

proposed model of ligand binding and receptor activation named the ‘two-

domain’ model. In brief, the C-terminal of the large peptide ligand binds to 

the large N-terminus of the GPCR with high affinity, whilst the N-terminal 

domain of the ligand binds within the ECLs/TMDs of the receptor (Hoare, 

2005). This was deftly demonstrated using a chimeric peptide ligand 

consisting of the N-terminal portion of calcitonin combined with the C-

terminal portion of PTH activating a chimeric receptor with the N-terminal 

domain of the PTH1 receptor and the transmembrane portion of the 

calcitonin receptor (Bergwitz et al., 1996).  
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The crystal structure of the TMDs of the corticotrophin-releasing factor 

receptor subtype 1 (CRF1R) gave insight into the similarities and differences 

that may exist between the family A and family B receptors (Hollenstein et 

al., 2013). The receptor has a crucible-like tertiary structure, with a wide 

aperture at the extra-cellular portion, perhaps allowing binding of the large 

peptide between the ECL regions, which narrows towards the cytoplasmic 

end. Interestingly, the shape of the cytoplasmic section of the receptor, 

specifically of the 3rd and 5th TMDs, overlay quite well with that of the 

family A dopamine receptor subtype 3 (D3R). Given that these two GPCRs 

couple to the same effector G protein, a common structure at the 

cytoplasmic end is unsurprising, and may be important for the coupling of 

the G protein. Though the crystal structure revealed a lack of structural 

homologues present at family A receptors, a conserved GWGxP motif on the 

4th TMD of family B receptors was shown to have several strong interactions 

linking the 4th TMD to the rest of the receptor, which may be important for 

the tertiary structure of these receptors. 

The absence of an agonist bound family B receptor crystal structure makes 

understanding the conformational change from inactive to active states 

difficult to determine. Mutational studies have shown perhaps an 

interaction between a histidine residue on the 2nd TMD (His155) and a 

glutamate residue on the 3rd TMD (Glu209) are important for family B 

activation and this has been demonstrated on several receptors such as the 

GLP-1 receptor and calcitonin receptor (Heller et al., 1996; Vohra et al., 

2013). Given that the family B receptors lack the E/DRY motif as well as the 

ionic lock which are common features of the members of family A, it is likely 

that, despite the intracellular portions of the TMDs overlaying well with 

family A, the activation of this family involves different molecular 

machinations.  

1.2.3 Family C: Structure and comparison 

Family C, the metabotropic glutamate receptor (mGluR)-like receptors, are 

the third largest family of GPCRs, with 22 distinct members (Bräuner-
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Osborne et al., 2007). These receptors have a characteristically large N-

terminal domain (known as the venus flytrap domain (VFD)) which is the 

binding site of this family’s native ligands, which tend to be ions, amino 

acids, or sugar molecules. The metabotropic glutamate receptors were the 

first to be cloned, followed by the calcium-sensing receptors (CaRs), the 

GABAB receptors, and various others (Lagerstrom and Schioth, 2008; Masu 

et al., 1991). The LBD is a large, two-lobed structure stabilised by conserved 

cysteine residues which form disulphide bridges (Kunishima et al., 2000). 

This domain is highly conserved across the Family C receptors and, 

interestingly, it shares high homology with a bacterial periplasmic-binding 

protein LIVBP (O’Hara et al., 1993). The binding site within the LBD is also 

highly conserved, and studies show that it has comparable structure 

between the subfamilies (Brown et al., 1995; Kuang et al., 2003; Silve et al., 

2005).  

These receptors, with the exception of the GABAB receptors, also have a 

cysteine-rich domain (CRD) with 9 highly conserved cysteine residues, 

which is responsible for linking the LBD to the 7 TMDs and plays a critical 

role in transferring the conformational change of the LBD to the TMDs to 

alter the receptor confirmation and activate the receptors. For example, the 

lower lobe of the LBD of the mGlu2-receptor subtype was recently shown to 

form a disulphide bond with the CRD, and this interaction was crucial for 

receptor activation (Rondard et al., 2006). This interaction was also shown, 

via a crystal structure, to happen in the mGlu3-receptor subtype (Muto et 

al., 2007). 

Recent crystal structures of the TMDs of mGlu1 and mGlu5 have revealed 

some commonality between family A, B, and C. The first 4 TMDs of mGlu1 

overlaid well with those of family A and B, however, the 7th TMD has a 

proline-induced kink which pushes the cytoplasmic end of this helix away 

from the helix bundle, whereas in the family A receptors have a proline-

induced kink that pushes this helix towards the centre of the bundle (Wu et 

al., 2014). As a consequence, the extracellular end of the 7th TMD is pushed 
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towards the centre of the helix bundle, which makes sense given that the 

endogenous ligands do not bind here in the family C receptors like they do 

in family A. Although the family C receptors lack the E/DRY motif common 

to the family A receptors, the mGlu1 crystal structure showed that an 

equivalent salt-bridge to the family A discussed previously exists between a 

lysine on the 3rd TMD and a glutamate residue on the 6th TMD. This bridge 

was also present in the mGlu5 crystal structure and is well conserved across 

family C (Doré et al., 2014). It likely plays a similar role to that of the highly 

conserved salt bridge in family A in stabilising the inactive conformation of 

these receptors, and the breakage of this bridge may be important in 

activation of the receptor allowing G protein access to the helical bundle. 

An interesting feature of the family C receptors is that they exist as dimers, 

a phenomenon which has been demonstrated with the mGlu5 and the CaR 

(Bai et al., 1998; Romano et al., 1996b). These initial studies showed that 

the dimerisation was probably mediated primarily by the VFD, within 17 

kDa from the N-terminus. Further study showed that these dimers were 

stabilised by both disulphide bridges between conserved cysteine residues as 

well as non-covalent bonds between the protomers (Romano et al., 2001). 

Perhaps the most striking dimerisation in family C is that the of the GABAB 

receptors. When the GABAB1 monomer was first cloned it was noted that 

when expressed alone it had agonist affinity 3 orders of magnitude lower 

than the wild-type receptor. Not only that, its coupling to G proteins was 

relatively weak (Kaupmann et al., 1998). Studies revealed that when 

GABAB1 was expressed as a monomer it did not traffic past the endoplasmic 

reticulum, and it was only when dimerised with the GABAB2 subunit that it 

is successfully transported to the cell membrane (Marshall et al., 2016). It 

was subsequently shown that GABAB1 was responsible for the binding of an 

agonist which caused a conformational change in both protomers, allowing 

GABAB2 to activate the effector G protein (Bowery et al., 2002; White et al., 

1998). 
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1.2.4 The Adhesion family 

The adhesion receptors are the second largest GPCR family, with 33 

members. They share primary sequence homology with the family B 

receptors (Stacey et al., 2016), though they are classified in their own family 

due to large differences in the N-terminal domain and the fact they bind 

extracellular matrix molecules rather than peptide hormones (Fredriksson 

et al., 2003; Lagerstrom and Schioth, 2008). The large N-terminus of all 

adhesion class receptors contains a GPCR proteolytic (GPS) domain which is 

a motif that causes the receptor to be cleaved in the golgi apparatus, 

allowing correct folding and trafficking to the cell membrane (Krasnoperov 

et al., 2002). The TMDs of these receptors contain structural cysteines in 

ECL1 and 2 which are highly conserved among all GPCRs and stabilise the 

helical bundle (Harmar, 2001). Three of these receptors have known ligands 

(Hamann et al., 1996; Liu et al., 1999; Stacey et al., 2016), and it has been 

demonstrated that members of this family can couple to the Gq/11 G protein 

(Little et al., 2004), however, little is known of the signalling pathways and 

pharmacological characteristics of these receptors. 

1.2.5 The Frizzled family 

 The final family consists of 10 frizzled receptors (FZD1-10) and the 

smoothened receptor (SMO). The 10 frizzled receptors have a large N-

terminal domain (200-320 amino acids) where there is a set of 9 conserved 

cysteines which form a binding pocket alongside residues of the ECLs for 

Wnt glycoproteins (Chen et al., 2004; Dann et al., 2001). Comparisons with 

other GPCR families showed that the FZDs have some similarity to other 

GPCR families: They possess the conserved structural cysteine-mediated 

disulphide bridge between ECL1 and ECL2 (Barnes et al., 2016). They also 

possess a tyrosine in the 7th TMD which may be analogous to the tyrosine 

residue in the highly conserved NPxxY motif found on family A GPCRs 

(Robitaille et al., 2002),  and they may form homodimers mediated by a 

disulphide bridge much like the family C receptors (Carron et al., 2003). The 

SMO receptor is homologous to the Frizzled receptors, but interestingly it 
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appears to function in a ligand-independent fashion as part of a 

transcription factor complex (Murone et al., 1999). 

1.3  Signal transduction in GPCRs 

G protein-coupled receptors, as discussed in brief previously, have a 

remarkable range of ligands which initiate a conformational change and 

subsequent cellular response. Within this diverse array, there are sub-

families which bind the same endogenous ligand. For example, the family A 

muscarinic acetylcholine receptors have 5 members which all bind 

acetylcholine, a neurotransmitter. Despite having the same ligand, these 

receptors influence a wide array of processes within the body, from heart 

rate and smooth muscle contraction to learning and memory (Felder, 1995). 

Obviously, the localisation of GPCRs is an important determinant in their 

action on a systemic level, but on a cellular level different GPCRs can have 

remarkably diverse effects too, and a range of cellular machinery is 

responsible. In a simplistic sense the pathways by which GPCRs affect 

cellular processes can be divided into two types: G protein dependent 

signalling, and G protein independent signalling (Marinissen and Gutkind, 

2001). 

1.3.1 G protein-dependent signalling 

Guanine nucleotide-binding proteins, commonly referred to as G proteins, 

are responsible for linking the receptor to cellular effector proteins. They 

function as a heterotrimeric complex consisting of a combination of 3 

subunits, an α subunit, a β subunit, and a γ subunit, tethered to the cell 

membrane by a hydrophobic motif on the Gγ subunit. The shift of a receptor 

into the active R* state, particularly a tilting of the 6th TMD allows the 

binding of the G protein heterotrimer to residues on the 1st and 2nd ICLs. 

The GPCR then acts as a guanine-nucleotide-exchange factor (GEF) which 

causes a guanosine-diphosphate (GDP) molecule bound within the Gα 

subunit to be exchanged for guanosine-triphosphate (GTP) (Willars, 2006). 

The binding of GTP causes the dissociation of the G protein heterotrimer 
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into the Gα subunit with GTP bound, and a Gβγ dimer. These subunits go 

on to regulate/modulate effector mechanisms such as the cyclic adenosine 

monophosphate (cAMP) pathway, the inositol phosphate pathway, protein 

kinases or ion channels within the cell (Figure 1.3.1) (Simon et al., 1991). 

 

Figure 1.3.1 A diagram illustrating the association/dissociation of the heterotrimeric G 

protein complex with the active receptor. Several key features of the cycle are shown, with 

the exchange of GDP (purple pentagon) for GTP (blue hexagon) upon receptor binding, and 

the subsequent dissociation of the Gα subunit and the Gβγ complex. 

 

The cDNA cloning showed that there are at least 41 G protein subunits in 

the human genome: 23 Gα subunits, 5 Gβ subunits, and 12 Gγ subunits 

(Clapham and Neer, 1997; Neves et al., 2002). All Gα subunits have some 

commonality in structure revealed by the publication of several crystal 

structures (Lambright et al., 1996; Sondek et al., 1996, 1994). The α subunit 

provides the residues responsible for GDP/GTP binding, as well as Gβγ, 

GPCR, and effector protein association sites (Oldham and Hamm, 2008). All 

α subunits contain a conserved GTPase domain linked with a protein fold to 
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a helical domain which is made up of 6 α-helical domains which cap the 

GTPase domain to hold the guanine nucleotides within. There are also 3 

amino acid loops , known as switches I-III, which were shown to have 

different orientations in the active GTPyS-bound (a non-hydrolyzable 

nucleotide) when compared to the inactive GDP-bound state, suggesting an 

important role for these loops (Coleman et al., 1994; Noel et al., 1993). The 

GTPase activity of the α subunit can be modulated by other proteins, for 

example, a class of >37 proteins known as regulators of G protein signalling 

(RGS) proteins have been demonstrated in eukaryotes (Willars, 2006). The 

structure of these proteins is varied and as such they have a diverse range 

of actions on G proteins. 

Though the α subunits have these common structural features, there are 

key differences and as such they are subdivided into 4 groups based on 

sequence similarity: Gαs, Gαi/o, Gαq/11, and Gα12. Historically, the Gαs 

signalling pathway was the first to be delineated in a study about so called 

‘liver phosphorylase’ and was further understood in subsequent studies 

(Rall et al., 1956; Ross and Gilman, 1977; Sutherland and Wosilait, 1955). 

This group primarily acts by modulating adenylyl-cyclase (AC) which 

increases cAMP production which subsequently activates other cellular 

machinery such as protein kinase A (PKA), phospho-diesterase (PDE) and 

cAMP response element–binding protein (CREB). Gαi/o generally have an 

inhibitory effect on adenylyl-cyclase and as such is inhibitory on the cAMP 

pathways. Gαq/11 proteins activate phospholipase C (PLC) which causes the 

conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 

trisphosphate (IP3) and diacylglycerol (DAG). IP3 causes the release of 

calcium from cellular stores through the IP3 receptors, and DAG activates 

the protein kinase C pathway and further downstream effectors (Neves et 

al., 2002). Perhaps the least studied G protein group is that of the Gα12/13, 

and assays for the study of this family are a relatively recent development 

(Siehler, 2008). These G proteins interact mainly with Rho-GTPase 

nucleotide exchange factors (RhoGEFs) which modulate downstream 

signalling through RhoA and associated proteins (Siehler, 2009). 
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Subfamilies of GPCR can act on any number of these effectors, and as such 

the same ligand can have different cellular effects. For example the 

muscarinic M1 acetylcholine receptor, found mainly in the brain, 

preferentially signals through the Gq/11 family proteins, whereas the M2 

receptor, found mainly in the heart, signals primarily through the Gi/o 

family proteins (Griffin et al., 2007; Ross and Berstein, 1993). Interestingly, 

it is increasingly apparent that GPCRs are promiscuous in terms of G 

protein signalling. To use a previous example, the M2 receptor has also been 

shown to transduce signals through Gs and Gq/11 family G proteins, though 

perhaps less favourably than through Gi/o (Michal et al., 2007). Given that 

less than 30 Gα proteins associate with over 700 GPCRs it seems probable 

that there are common determinants of G protein coupling. Studies with 

rhodopsin have shown that there is an area with several hydrophobic 

residues which bind the C-terminal portion of a Gα protein (in this case 

transducin) and an 11 amino acid peptide corresponding to the C-terminal 

tail of this protein can compete with the full length protein binding to the 

receptor, implying a shared binding site (Hamm et al., 1988; Janz and 

Farrens, 2004). Similarly, modification of a cysteine residue on the C-

terminus of Gαi by pertussis toxin (PTX) inhibited the activation of this Gα 

subunit by the receptor (West et al., 1985).  

Perhaps the most detailed view of G protein coupling came from the crystal 

structure of the β2-adrenergic receptor in complex with Gαs for which Brian 

Kobilka shared the Nobel prize for chemistry in 2012 (Rasmussen et al., 

2011b). It showed several important interactions between the 2nd ICL and 

the 5th and 6th TMDs of the receptor with several residues across the Gαs 

structure. They also noted that the C-terminus of Gαs shares 5 conserved 

residues with Gαi, and that the coupling of certain Gα subunits must be 

conferred by more subtle secondary and tertiary characteristics. Despite 

this, one important interaction for all Gαs-coupled receptors has been 

postulated to form between a highly conserved phenylalanine residue 

(position 149) present on the 2nd ICL and a hydrophobic pocket in Gαs. 

Perhaps the publication of the crystal structure of another Gα subtype in 
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complex with its receptor will shed some light on the structural 

determinants of G protein specificity. 

The Gβ subunit is always associated with a Gγ subunit, except under 

denaturing conditions (Clapham and Neer, 1997). The Gβ subunit has two 

distinct structural domains: an α-helical sequence of 20 amino acids towards 

the N-terminus, and a propeller like repeated structure of amino acids 

known as a WD repeat due to 7 tryptophan-aspartate repeats. These 

structural elements were confirmed with the publication of crystal 

structures of the G protein heterotrimer (Lambright et al., 1996; Wall et al., 

1995). The α-helical domain forms a coiled-coil interaction with the N-

terminus of the Gγ protein, and further interactions between the rest of the 

Gγ protein and domains 5, 6, and 7, which perhaps explains why the dimer 

interface is so strong. The γ subunits contain a so-called ‘CAAX-box’ at the 

C-terminus which is a putative site of lipid modification which is key for 

anchoring the Gβγ complex to the cell membrane, as shown in mutagenesis 

studies (Simonds et al., 1991). Though there are approximately 72 

combinations of βγ subunits, not all of these are found to form. For example, 

Gγ1 will associate with Gβ2, but Gγ2 will not (Yan et al., 1996). This 

specificity is thought to be mediated by 5 important residues in the middle 

of the γ subunit, and the 5th WD repeat/N-terminus of the β subunit (Lee et 

al., 1995; Meister et al., 1995). 

It was initially assumed that the role of the Gβγ complex was simply to bind 

to inactivated GDP-Gα subunits and promote reinsertion into the membrane 

until further activation for GPCRs (Clapham and Neer, 1997). This 

assumption was challenged when the Gβγ complex was shown to directly 

affect potassium channels in the heart (Logothetis et al., 1987). Several 

more interactions like these were observed, such as the weaver potassium 

channel in the brain, and as such the subunits that make up these ion 

channels are known as G protein-gated inwardly rectifying potassium 

(GIRK) channels (Luscher et al., 2010; Navarro et al., 1996). We now know 

that Gβγ complexes can influence several effectors such as voltage-gated 
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calcium channels, phospholipase A and C isoforms, and adenylyl-cyclase to 

name a few (Herlitze et al., 1996; Jelsema and Axelrod, 1987; Park et al., 

1993; Tang and Gilman, 1991). 

1.3.2 Receptor desensitisation and G protein-independent signalling 

Further signalling acuity is gained through two methods of receptor 

desensitisation, heterologous or homologous desensitisation, which allow 

further spatio-temporal control of GPCR signalling. Heterologous 

desensitisation describes when the activation of a receptor leads to the 

inhibition of another which has not necessarily been activated itself (Hosey, 

1999). Increased secondary messenger activity (e.g. cAMP, DAG, or Ca2+) 

leads to the phosphorylation of receptors by kinases from the activated 

pathway, such as PKA or PKC, which inhibits the association of the G  

protein heterotrimer to the receptor and prevents further signalling (Pierce 

et al., 2002). Interestingly, not all GPCRs share this ability, for example, the 

activation of M3 muscarinic receptors can cause the desensitisation of 

bradykinin B2 receptors, but the reverse does not occur, at least in vitro. 

Furthermore, the desensitisation of B2 receptors by M3 receptors in this 

study does not appear to be phosphorylation dependent either (Willars et 

al., 1999). 

Homologous desensitisation involves two steps in which, firstly, the agonist-

bound receptor is phosphorylated by a G protein-coupled receptor kinase 

(GRK) and, secondly, a large arrestin-type protein binds to the intracellular 

face of the receptor, preventing G protein accession (Lefkowitz, 1998). The 

desensitising action of GRKs was first shown with rhodopsin, and 

subsequently with the β2-adrenergic receptor. The subsequent members of 

this family were discovered by cDNA cloning due to their homology with 

GRK1 and GRK2.  The GRK protein family, which has 7 members, 

phosphorylate serine/threonine residues on the 3rd ICL and C-terminus of 

active-state GPCRs (Pitcher et al., 1998) . The phosphorylation increases 

the likelihood of the binding of arrestin type proteins, and it has been 

demonstrated that arrestin binds an order of magnitude better compared to 
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the agonist occupied receptor alone (Gurevich et al., 1995; Lohse et al., 

1992).  

The arrestins are a family of at least 4 proteins, though only β-arrestin 1 

and 2 are known to be expressed outside of the retina (Smith and Rajagopal, 

2016). Initially, the only known function of the β-arrestins was as mediators 

of GPCR desensitisation. As mentioned previously they sterically inhibit the 

binding of G proteins to the GPCR thus inhibiting continued signal 

transduction through these receptors (Ferguson et al., 1996). Secondly they 

act as adapters, facilitating the trafficking of GPCRs from the cell 

membrane into clathrin-coated pits from where the receptors are either 

recycled to the membrane, or degraded (Kang et al., 2013; Laporte et al., 

1999). It is now increasingly apparent that β-arrestins play a larger role 

than simply shutting-down GPCR signalling. The emerging role of β-

arrestins as signal mediators was shown in vitro where β-arrestin appeared 

to co-localise with Src kinases after stimulation of the β2-adrenergic receptor 

(Luttrell et al., 1999a). Mutation of β-arrestin such that it no longer binds to 

the receptor or Src appeared inhibitory to ERK signalling after stimulation 

of the β2-adrenoceptor (Miller et al., 2000), therefore it seems likely the β-

arrestin is acting as a signalling scaffold linking the active receptor to Src 

kinase and ERK, a mitogen-activated protein kinase (MAPK) pathway. This 

ground-breaking finding showed that GPCR signalling is multifaceted, with 

the G protein-coupled transduction being relatively transient (<1h), and the 

β-arrestin signalling events lasting longer (Ahn et al., 2004; Gesty-Palmer et 

al., 2006). Though the ERK pathway is perhaps the best studied with 

respect to β-arrestin signalling, it has been shown to activate other MAPKs, 

such as JNK3 and p38, as well as other families of kinases such as AKT 

(protein kinase B) and RhoA (DeWire et al., 2007). Since the discovery that 

β-arrestins can act as signal mediators several other G protein-independent 

signalling pathways have been postulated, such as the PDZ, SH2 and SH3 

pathways, though these are not as thoroughly characterised (Marinissen 

and Gutkind, 2001). 
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1.4 The metabotropic glutamate receptors 

The amino acid glutamate plays the largest role as an excitatory 

neurotransmitter in the mammalian central nervous system (CNS). 

Receptors that respond to glutamate are found ubiquitously within the CNS, 

and they exert their effect, broadly speaking, through two types of receptor: 

The ionotropic receptors, which are ligand gated ion channels (LGICs); or 

the metabotropic receptors, which are ligand activated GPCRs (Meldrum, 

2000). In brief, the ionotropic glutamate receptors are divided into three 

groups named after their preferential synthetic ligands: the N-methyl-D-

aspartate (NMDA) receptors, the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors, and the kainate receptors. These 

receptors are comprised of 4 or more subunits in complex and the 

composition of each oligomer dictates many aspects of their function 

(reviewed in detail in Traynelis et al. 2010). In general terms, the binding of 

glutamate opens the ion channel to allow cations (mainly Na+ and Ca2+) into 

the cytosol, causing depolarisation and the initiation of an action potential 

in the neuron. These receptors are responsible for the fast excitatory 

transmission in the glutamatergic system. The metabotropic glutamate 

receptors, as previously discussed, are prototypical family C GPCRs which 

activate a variety of signalling cascades upon ligand binding, and mediate 

slower responses in the glutamatergic system, as well as regulating other 

pathways within this system. It is these receptors which are the focus of this 

thesis. 

The metabotropic glutamate receptors were first discovered when it was 

shown that glutamate was coupled to the formation of inositol phosphates 

via a mechanism that was unrelated to the ionotropic glutamate receptors 

(Sladeczek et al., 1985; Sugiyama et al., 1987). This discovery lead to the 

identification by two independent groups of the first metabotropic glutamate 

receptor, metabotropic glutamate receptor 1 (mGlu1, splice variant a) 

(Houamed et al., 1991; Masu et al., 1991). Pharmacological investigations 

following this discovery hinted at the possibility of the existence of several 



 

19 
 

subtypes, and cDNA analysis revealed 7 further members of the 

metabotropic glutamate receptor family, labelled mGlu1-8 (Schoepp et al. 

1990; reviewed in Conn & Pin 1997).  

1.4.1 Structure of the metabotropic glutamate receptors in detail 

The delineation of the primary sequence of mGlu1a showed a GPCR unlike 

any other known at the time (Figure 1.4.1.1). The mGlu1a receptor is 1199 

amino acids in length which is far larger than the family A GPCRs. The 

large N-terminal domain of approximately 590, which was to become 

characteristic of the family C GPCRs, bore resemblance to bacterial 

periplasmic binding proteins, such as LIVBP. At the very N-terminal end of 

the LBD, there is a sequence of approximately 20 amino acids with a 

hydrophobic profile which may serve as a signalling peptide (Abe et al., 

1992). By comparing the structures of the mGluRs with LIVBP a glutamate 

binding site was proposed. This binding site involved two residues (Ser165 

and Thr188) on the lower of the two lobes of the LBD, as the binding of 

glutamate was markedly reduced when these were mutated to alanine 

residues (O’Hara et al., 1993). These two lobes are connected by three short 

amino acid loops which create a ‘Venus fly-trap’ hinged structure (Jingami 

et al., 2003).  Analysis of several crystal structures of the ligand binding 

domains of various mGluRs lead to several revelations about glutamate 

binding in the LBD. Firstly, glutamate binds in a cleft formed by the lower 

and upper lobes of the LBD, there are several residues which form the 

binding pocket for glutamate (Acher and Bertrand, 2005). Seven polar 

residues are conserved across all mGluRs and they serve as principal 

interacting motifs for glutamate binding, alongside a Tyrosine residue (74) 

which forms a significant hydrogen bond with glutamate (Kunishima et al., 

2000). Where glutamate and other agonists cause a closing of the cleft which 

leads to receptor activation, antagonists prevent activation by holding the 

cleft open (Muto et al., 2007; Tsuchiya et al., 2002). The binding of an 

agonist induces a closing of the hinge between the two LBD lobes of 

approximately 31° (Jingami et al., 2003). Indeed, mutations which stabilise 
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the open state of the LBD can switch antagonists to agonists in mGlu8, 

showing the importance of these LBD conformations (Bessis et al., 2002). 

The crystal structure of the mGlu1 LBD showed that this portion of the 

receptor homodimerises via a disulphide bridge in which Cys140 was 

thought to be critical for increasing the number of mGluR homodimers at 

the cell surface (Jingami et al., 2003; Ray and Hauschild, 2000). Mutation of 

this residue to an alanine did not disrupt the dimerisation of the LBD and 

so the dimeric interaction is perhaps more complex than first assumed 

(Tsuji et al., 2000). The dimer interface is proposed to form between the N-

terminal side lobe of the LBD where two α-helices from each protomer form 

an area of hydrophobicity (Jingami et al., 2003). Given that this area is well 

conserved across the mGluR family it is likely a dimeric interface for other 

subtypes these receptors. It has been proposed that dimerisation of the 

LBDs has profound implications for the activation of the receptor 

(Niswender and Conn, 2010). For instance, a homodimer formed of a wild-

type mGlu1 receptor and an mutant mGlu1 was not activated by glutamate, 

showing that both LBDs need to be occupied in order to transduce a signal 

(Kammermeier and Yun, 2005). In contrast, a lone molecule of glutamate 

was able to activate mGlu5 homodimers, though ligand binding at both 

produced a more robust response (Kniazeff et al., 2004).  

The LBD is connected to the TMDs by the cysteine-rich domain (CRD), and 

is thought to be responsible for transducing the conformational change of 

the LBD from open to closed into a conformational change in the TMDs from 

inactive to active (Niswender and Conn, 2010). Within this region there are 

9 cysteine residues which are highly conserved in the family C receptors, 

and are thought to be critical for signal transduction from the LBD to the 

TMD in this family (Hu et al., 2000). Studies have shown that a cysteine in 

the lower lobe of the LBD (Cys234 in mGlu2) cross-links with cysteine in the 

CRD (Cys518 in mGlu2), and that this interaction is critical for receptor 

activation (Rondard et al., 2006). The exact role of the other conserved 

cysteines remains to be delineated, though it is likely that they are 

responsible for structural arrangement of the protein in a tertiary sense. 
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Indeed, mutation of the 9 conserved family C residues in the calcium-

sensing receptor resulted in a loss of expression at the cell surface (Fan et 

al., 1998). It is possible, due to incorrect protein folding, that the receptor is 

retained and degraded in the endoplasmic reticulum and this is likely to 

happen across family C GPCRs mutated in such a way.  

For a long time a crystal structure of a family C GPCR remained elusive. 

Many comparisons have been made with family A crystal structures, though 

the sequence homology between family C and either family A or B receptors 

is only 10-15% (Hermans and Challiss, 2001). Several key motifs present in 

the family A receptors are indeed missing in the mGluR family. For 

instance, the mGluR family lacks the E/DRY motif important for receptor 

activation in family A receptors (Conn and Pin, 1997). Truncated forms of 

mGlu5 which do not possess the LBD or the CRD can be activated by 

allosteric modulators which do not activate the full length receptor (Goudet 

et al., 2004). This implies that perhaps the N-terminal domain in its 

unbound, open state holds the TMDs in an inactive conformation and the 

binding of glutamate allows the movement of the TMDs in such a way to 

activate the receptor, suggesting that the LBD is contributing to stabilising 

the inactive conformation of the receptor. 

With the advancement of protein-crystallographic techniques crystal 

structures of the TMDs (581-860) of mGlu1, shortly followed by mGlu5 (569-

836), were published (Doré et al., 2014; Wu et al., 2014). The structure of 

the mGlu1 structure provided valuable insight into the potential role of the 

TMDs in the dimerisation typical of these receptors. There is a hydrophobic 

dimer interface that forms between the 1st TMD helix of each protomer. 

Additionally, 6 cholesterol molecules packed between the 1st and 2nd TMD of 

each protomer were robustly observed and these may be involved in 

mediating the dimerisation of the TMDs. This hydrophobic, cholesterol rich 

region was not noted in the published mGlu5 TMD structure. The 

disulphide bond between ECL2 and the extracellular side of the 3rd TMD, 
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which is highly conserved across all GPCR families, was present in mGlu1 

between Cys657 and Cys746, and mGlu5, between Cys644 and Cys733. 

The ‘ionic lock’ E/DRY motif present in family A, which stabilises the 

inactive conformation of the TMDs, is absent in both the mGlu1 and mGlu5 

structures. Instead in mGlu1 there is a similar salt bridge formed between 

Lys678 on the intracellular portion of the 3rd TMD and Glu783 on the 6th 

TMD, and Lys665 and Glu770 in mGlu5.  As mGlu5 can be activated by 

transmembrane binding ligands when the LBD is removed (Goudet et al., 

2004), it appears  that stabilisation and activation of family C GPCRs occur 

via a  similar mechanism to that of family A. The highly conserved NPxxY 

motif from family A, which undergoes large changes during activation, is 

absent in the mGlu1 and mGlu5 structure. The crystal structure of the 

mGlu1 and mGlu5 TMDs showed that Pro833 (mGlu1) and Pro 820 (mGlu5) 

are in a similar position on the 7th TMD to the NPxxY proline in family A 

receptors but it is on the other side of the helix resulting in an outwards 

kink at the C-terminal end as opposed to the inward kink observed in family 

A. The exact mechanism of activation of these receptors remains to be 

determined with an agonist-bound crystal structure of the TMDs. 

Extensive study of mGlu1 revealed several residues thought to be critical in 

mediating the interaction of the receptor with specific G protein subunits 

(Francesconi and Duvoisin, 1998). Mutation of Cys694 and Thr695 in the 2nd 

ICL completely abolished signalling through Gq/11 proteins showing them 

as important residues for this interaction. These two residues are only 

conserved in mGlu1 and mGlu5, and these two receptors are consequently 

the only two of the mGluRs which activate this pathway. Mutation of the 

Lys690 showed a receptor with a markedly reduced ability to activate the 

Gq/11 pathway also. Chimaeric forms of mGlu1 and mGlu3, where the ICLs 

were exchanged, showed that the 2nd and 3rd ICL were important 

determinants in G protein specificity and activation and 3 key residues in 

the 2nd ICL, Pro698, Cys694 and Thr695, were responsible for Gs coupling 

(Francesconi and Duvoisin, 1998; Gomeza et al., 1996). Two residues in the 
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3rd ICL, Arg775 and Phe781, were critical for G protein activation (Hermans 

and Challiss, 2001).   

The C-terminal tails of mGluRs are highly variable in length and sequence, 

which is true across the GPCR superfamily. Even at the same subtype of 

receptor, there are many examples of splice modifications creating differing 

C-terminal tails. The mGlu1 receptor has 4 splice variants, a-d, which have 

variable C terminal tails, with mGlu1a having the longest (318 amino acids 

in the rat isoform), followed by mGlu1d (26 amino acids), mGlu1b (20 amino 

acids), and mGlu1c (11 amino acids) (Conn and Pin, 1997; Pin et al., 1992; 

Tanabe et al., 1992). The impact of these splice variants is unclear, but it 

has been suggested that they may differ in trafficking, signalling kinetics, 

and oligomerisation profiles (Techlovská et al. 2014; reviewed in detail in 

Hermans & Challiss 2001). The mGlu5 receptor has two splice variants, a 

and b, where the b variant has 32 extra amino acids residues approximately 

50 amino acids downstream of the cytosolic end of the 7th TMD (Minakami 

et al., 1994). These splice variants appear to have no discernible differences 

in pharmacology or signal transduction, so the unique function of each 

remains a mystery, though the expression of each subtype in astrocytes has 

been shown to differ over time (Cai et al., 2000; Joly et al., 1995). C-terminal 

tail splice variants of mGlu7 and mGlu8 receptor subtypes have also been 

demonstrated (Corti et al., 1998).  

The functional role of the C-terminal tails of GPCRs is multifaceted and 

complex. For instance, mGlu1a and mGlu5 isoforms C-terminal tails possess 

a PPxxF motif which is thought to bind Homer proteins (Brakeman et al., 

1997; Niswender and Conn, 2010). These proteins have been shown to 

influence the receptor localisation in both primary cells as well as 

transfected, recombinant systems (Shiraishi-Yamaguchi and Furuichi, 

2007). They may also be involved in a variety of higher-order complex 

formations with varying roles such as linking mGlu1 and mGlu5 to 

ionotropic glutamate receptors, as well as kinases (Hermans and Challiss, 

2001; Mao et al., 2005b). Tamalin, a scaffold protein with a PDZ domain, 
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like those found in homer proteins, can also bind mGlu1a and mGlu5 

isoforms, at the SSSSL motif conserved at these receptors (Kitano et al., 

2002). It appears to play a role in linking these mGluRs to other proteins in 

complex such as cytohesins, which are involved in trafficking and have some 

activity as a guanine-nucleotide exchange protein (GEP) (Meacci et al., 

1997). 

As well as the formation of protein complexes, a role for the C-terminal tail 

in G protein specificity has been reported in mGlu1 receptors. Essentially, 

an RRKK site on the C-terminal tail is inhibitory towards Gq/11 activity 

(Mary et al., 1998; Tateyama and Kubo, 2008). When the site is completely 

abolished with a C-terminal truncation, the mGlu1 receptor loses its ability 

to signal through Gq/11, instead signalling through the Gi/o pathway 

(Kammermeier, 2010). Interestingly, mGlu5 isoforms lack the RRKK motif, 

and little study has been performed to see whether there is a similar motif 

contained in the large C-terminal tail of this receptor subtype. 

Though the metabotropic glutamate receptors share several common 

structural features, such as the large N-terminal ligand binding domain, the 

7 transmembrane domains linked by extra and intracellular loops, and a 

variable C terminal tail, they display a variety of pharmacological 

properties, and as such are divided into three groups based on sequence 

homology, preferential G protein coupling, and agonist efficacy: Group I 

consists of the mGlu1 and mGlu5 isoforms and these receptors are the focus 

of this thesis. Group II consists of the mGlu2 and mGlu3 receptors, and 

group III consists of mGlu4, mGlu6, mGlu7, and mGlu8 (reviewed in Conn & 

Pin 1997). 
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Figure 1.4.1.1 A snake plot of mGlu1a, highlighting several important structural features 

of the receptor. Cysteines which play key roles in receptor structure, activation, and 

dimerisation are highlighted in yellow. The residues of the ligand binding domain 

responsible for the binding of glutamate are highlighted in red (for the upper lobe) and pink 

(for the lower lobe). The ‘salt-bridge’ residues are highlighted in green. The proline which is 

involved in the critical inward kink at this receptor is highlighted in blue. Residues in the 

2nd and 3rd ICLs responsible for G protein specificity are highlighted in dark yellow. The 

residues in the C-terminal tail responsible for Gq association are highlighted in grey. The 

PDZ domains responsible for homer and other PDZ domains are highlighted in purple and 

sky blue, respectively. Snakeplot created using tools provided by Horn et al., 2003. 
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1.4.2 Signal transduction of the group I metabotropic glutamate receptors  

Group I consists of mGlu1 and mGlu5, which share between 60 and 70% 

sequence homology between them, compared to 30 and 40% with the other 

mGluRs. Perhaps the most striking difference between group I and the 

other groups is that both mGlu1 and mGlu5 couple preferentially to the 

Gq/11 pathway, as opposed to the Gi/o pathway preferred by group II and 

III mGluRs (Masu et al., 1991; Minakami et al., 1994). Upon the binding of 

an agonist, the Gq/11 protein activates the phospholipase C (PLC) isozyme 

PLC-β, which converts PIP2 to IP3, which diffuses into the cytosol and 

stimulates calcium release from intracellular stores. Interestingly, there is a 

divergence of calcium signal characteristics between mGlu1 and mGlu5 

receptors (Kawabata et al., 1998).  

When expressed in recombinant HEK293 cells, the stimulation of mGlu1 

results in a single peak of calcium release from intracellular stores, with a 

steady plateau or oscillatory Ca2+ signal mediated by the influx of 

extracellular calcium through an mGlu1 mediated Ca2+ channel. After the 

initial Ca2+signal induced by activation of mGlu1, an extracellular buffer 

treated with EGTA to chelate Ca2+ ions prevented the plateau/oscillatory 

signalling, however, stimulation with carbachol activating the Gq/11 

pathways through endogenous muscarinic receptors produced a calcium 

response. This showed that the intracellular stores were not depleted, but 

their release through mGlu1 was attenuated after the initial activation of 

the receptor.  In contrast, mGlu5 expressed in HEK293 cells produced 

robust oscillations which were not alleviated by chelation of extracellular 

Ca2+ chelation. Chelation did affect the frequency of mGlu5 induced 

oscillations, but these oscillations were undoubtedly through Ca2+ release 

from intracellular stores through the IP3 pathway. Remarkably, mutation of 

an aspartate to threonine at position 850 of mGlu1 allowed it to cause 

oscillations in much the same way as those of mGlu5. Conversely, mutation 

of Thr840 to aspartate in mGlu5 made its signalling profile more like that of 

mGlu1.  Further study has shown that the Ca2+ oscillations caused by 
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mGlu5 stimulation are regulated by PKC. Inhibition of PKC results in a loss 

of oscillation via mGlu5, whereas activation of PKC abolishes the Ca2+ 

response of mGlu5 completely (Kawabata et al., 1996).  

Further study has shown that the initial activation of PKC by mGlu5 

stimulated Ca2+ signalling actually results in phosphorylation of a single 

residue on the mGlu5 receptor, Ser839, and not Thr840 as previously 

thought. The phosphorylation of Ser839 inhibits the activity of the receptor, 

and the oscillations are due to rapid phosphorylation/dephosphorylation 

cycles mediated by PKC (Kim et al., 2005). This study further showed that, 

rather than being directly phosphorylated by PKC, Thr840 plays a 

permissive but critical role in the phosphorylation of Ser839. This activity is 

not an artefact of recombinant cell expression systems, and it has been 

shown to occur in native preparations such as astrocytes and neurons (Flint 

et al., 1999; Nakahara et al., 1997).  A recent study, where different 

isoforms of PKC were knocked down using siRNA techniques, showed that 

in astrocytes this cyclic phosphorylation of Ser839 was likely mediated by 

the PKC isoform PKCε (Bradley and Challiss, 2011). Given that mGlu5, but 

not mGlu1, is highly expressed in astrocytes it is probable that these 

oscillations play important roles in astrocyte function. One such function of 

mGlu5 is reducing the expression of the glutamate transporters GLAST and 

GLT-1 in astrocytes, which may act to increase glutamate concentration at 

the synapse and increase neuronal excitability (Aronica et al., 2003). The 

formation of DAG by group I mGluRs, which remains localised to the 

membrane due to its hydrophobic structure, is important in the activation of 

PKC isoforms (Klein et al., 1997).  

mGlu1 has shown the ability to couple to cAMP formation by stimulation of 

AC through Gs G proteins (Aramori and Nakanishi, 1992). Interestingly, the 

homodimerisation of this receptor has been implicated in this functional 

response: When only one subunit of the dimer is in the active conformation,  

G protein coupling is split between Gs and Gq/11. In contrast,  when both 

subunits are in the active conformation Gq/11 is the preferential coupler 
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(Tateyama and Kubo, 2006). This coupling is disputed, with at least one 

study showing a failure of any splice variants of mGlu1 to couple to the 

cAMP signalling pathway (Hiltscher et al., 1998). It is possible that this 

coupling is dependent on the recombinant system in which it is expressed, 

though there is evidence of mGlu1 mediated cAMP signalling in neurons 

(Sugiyama et al., 2008). There is some evidence of mGlu1 coupling to Gi/o 

proteins in the baby hamster kidney (BHK) recombinant cell line, but 

whether this has any physiological relevance in vivo is debatable (Selkirk et 

al., 2001). No such promiscuity with respect to mGlu5-G protein coupling 

has been robustly reported to date, and indeed the initial evidence is in 

concurrence (Abe et al., 1992). 

Group I mGluRs have also shown the ability to signal through mechanisms 

independent of G proteins. In neurons from the CA3 region of the rat 

hippocampus it was shown that, despite blockage of G protein signalling 

using inhibitors such as GDPβS, EPSCs could be invoked by a mechanism in 

which Src, a tyrosine kinase, was activated by mGlu1 (Heuss et al., 1999). It 

has since been additionally shown that activation of mGlu1, not mGlu5, 

results in activation of ERK1/2 which is dependent on Src activation by 

mGlu1, at least in rat CA1 hippocampal neurons. This ERK activation 

pathway leads to an influx in cellular Ca2+ in these neurons whereby ERK 

potentiates the transient receptor potential (TRP) cation channels. A recent 

report suggested that EPSCs in CA3 neurons were mediated through the 

ERK1/2 pathway by the β-arrestin 2 isoform (Eng et al., 2015). In their 

study, CA3 neurons in hippocampal neurons from β-arrestin 2 knockout 

mice did not display EPSCs after mGlu1 activation, but β-arrestin 1 

knockout neurons were unaffected. Given that the β-arrestins are involved 

in complexing other GPCRs, such as the β-adrenoceptor 2, to the SRC and 

ERK pathways, it’s possible that this is true for mGluRs as well (Luttrell et 

al., 1999b; Miller and Lefkowitz, 2001). 

In the case of mGlu5 the role of β arrestins is unclear, though they do 

display a variety of G protein-independent signalling. For instance, mGlu5 
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has been shown to interact with protein phosphatase 2A, which is involved 

in the ability of the receptor to interact with the ERK pathway (Mao et al., 

2005a). mGlu1 and mGlu5 also interact with proline-rich tyrosine kinase 2 

(Pyk2) which results in phosphorylation of ERK1/2 (Nicodemo et al., 2010). 

A recent study has implicated mGlu5, specifically, in the action of amyloid-β 

proteins at neurons (Um et al., 2013). Essentially, it has been shown to 

transduce a signal when activated by amyloid-β in complex with cellular 

prion proteins through the tyrosine-kinase Fyn. Given the involvement of 

amyloid-β in the progression of Alzheimer’s disease, it is interesting to 

speculate whether this interaction will one day prove to be key in the 

pathophysiology of this neurodegenerative disease and indeed, in a mouse 

model of Alzheimer’s disease, mGlu5 knockout has been shown to reduce the 

cognitive impairment and pathogenesis which are hallmarks of this disease 

(Hamilton et al., 2014). 

1.4.3 Dimerisation of the metabotropic glutamate receptors 

As discussed previously, the mGluRs are homodimeric in nature. This 

homodimerisation has consequences for mGluR function. Replacing the C-

terminal tails of the mGluRs with those of the GABAB receptors drives 

constitutive dimerisation of the receptor at the cell membrane, and studies 

using this technique have given great insight into the functional 

consequences of dimerisation. For instance, the use of a heterodimer 

comprising of an mGluR1 construct with the GABAB1 C-terminal tail 

coupled to an mGluR1 construct with the GABAB2 C-terminal tail and point 

mutations to allow the non-competitive mGluR5 antagonist MPEP to bind 

showed that the inhibition of one protomer is not sufficient to prevent 

activation of the receptor dimer (Hlavackova et al., 2005). Furthermore, the 

activation of just one protomer was sufficient to induce the full activation of 

the receptor dimer in this model. Further study, using this model to create 

mGlu1 and mGlu5 heterodimers, demonstrated that the binding of a 

compound in the TMDs of either protomer was sufficient to induce the full 

activation of the dimer complex further adding to the theory that in the 
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active dimer only a single protomer is activated (Goudet et al., 2005). Given 

that the wild-type homodimers are symmetrical in nature, the asymmetric 

activation of the receptor is a surprising finding. Considering the evidence 

that for full activation both LBDs of the dimer must be occupied by agonist, 

this finding is even more peculiar. The constitutive heterodimers 

demonstrated in these studies are used in this thesis to model the 

pharmacology of allosteric modulators acting at mGlu1 and mGlu5 in order 

to further demonstrate the pharmacological interaction of this dimer. 

Inter-mGluR heterodimerisation has been demonstrated in the literature. 

For example, recent studies have shown that mGlu2 and mGlu4 can form 

heterodimers in native systems (Kammermeier, 2012). This 

heterodimerisation has effects on the pharmacological characteristics of 

compounds acting at these receptors, with the mGlu2 and mGlu4 ligands 

unable to potentiate the response of the heterodimer to glutamate. 

Furthermore, studies using radioligand binding techniques have shown the 

existence of mGlu2 and 5HT2A heterodimers in vivo (Moreno et al., 2011). 

This heterodimerisation alters the affinity of compounds acting at these 

receptors, and has functional consequences in vivo. Recent evidence has 

emerged that suggests that group I mGluRs can heterodimerise. For 

instance, recombinant cells co-transfected mGlu1 and mGlu5 receptors with 

fluorescent tags displayed fluorescence resonance energy transfer (FRET) 

which implied they were heterodimerising (Doumazane et al., 2011). 

Furthermore, co-transfecting the mGlu1 and mGlu5 receptor altered the 

pharmacology of ligands acting at either receptor, demonstrating that they 

were functionally interdependent (Sevastyanova and Kammermeier, 2014). 

Clearly, heterodimerisation of mGluRs has implications for the action of 

ligands and the function of these receptors. If mGlu1 and mGlu5 do 

heterodimerise in vivo then understanding how the pharmacology of ligands 

acting at these receptors is affected will be key to future therapeutic 

development.  In this thesis the mutant, constitutive mGlu1 and mGlu5 

heterodimer is used as a model for radioligand interaction, and these 
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interactions may provide evidence of heterodimerisation in vivo if 

demonstrated in native tissues. 

1.4.4 Expression and functional roles of the group I metabotropic glutamate 

receptors in the synapse 

When mGlu1 was first discovered, the expression profile in the brain was 

established through mRNA blotting and in situ hybridisation (Masu et al., 

1991). This early study showed that this receptor was expressed throughout 

the brain, with particularly high expression in the cerebellum and the 

olfactory bulb. It was also noted that there was high expression in the 

hippocampus, particularly the dentate gyrus and CA2-CA3 regions of the 

hippocampus, as well as in Purkinje cells in the cerebellum. For mGlu5, a 

similar technique was used and it showed expression across the CNS, with a 

particular emphasis in the dentate gyrus and CA1-CA4 region of the 

hippocampus, the cerebellum, areas of the olfactory bulb and anterior 

olfactory nucleus, as well as the striatum, accumbens nucleus, lateral septal 

nucleus, as well as further regions of the thalamic nuclei and inferior 

colliculus (Abe et al., 1992). In stark contrast to the expression of mGlu1, 

little expression of mGlu5 was noted in the Purkinje cells of the cerebellum. 

As a general guide, on the synaptic level group I mGluRs are thought to be 

expressed mostly on the postsynaptic neuron, where they act to increase the 

excitability of the synapse through depolarisation and ion channel 

modulation, though there are exceptions (Lujan et al., 1996; Niswender and 

Conn, 2010).  

(S)-3,5-DHPG stimulation of group I mGluRs results in increased neuronal 

excitability in a number of neuronal populations, such as the hippocampus 

and the cortex (Davies et al., 1995; Libri et al., 1997). As an example, in 

hippocampal CA1 pyramidal neurons, stimulation of group I mGluRs by 

DHPG caused an increase in postsynaptic neuronal depolarisation, and in 

guinea pig olfactory cortical neurons the administration of (S)-3,5-DHPG 

induced a similar increase in postsynaptic neuron excitability. The effect of 

group I mGluR stimulation on voltage gated ion channels are numerous, 
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diverse, and complex (for a detailed review see Anwyl 1999). As an example, 

N-type Ca2+ channels could be blocked by group I agonists in the cortex 

(Choi and Lovinger, 1996), and this inhibition was modulated in some way 

by PKC, a major downstream signalling pathway utilised by group I 

mGluRs (Swartz et al., 1993). In cerebellar granule cells, stimulation with 

group I selective agonists resulted in a slow inhibition of these channels 

(Chavis et al., 1995). Blockage of intracellular calcium release in retinal 

ganglion cells using IP3 and ryanodine receptor blockers prevented this 

inhibition upon mGluR agonist stimulation (Shen and Slaughter, 1998). In 

contrast, one of the groups who noted slow inhibition of these channels by 

group I cells in cerebellar granule cells later noted facilitation of these 

channels as a result of mGlu1 or mGlu5 signalling (Cellulaire and It, 1995). 

There are even more examples of mGluR influenced mechanisms which act 

to increase the excitability of the synapse through a variety of other Ca2+, 

K+, and non-specific cation channels (see Anwyl 1999).  

Another function of the mGluRs is to regulate the release of  various 

neurotransmitters into the synapse (Cartmell and Schoepp, 2000). 

Interestingly, the mGluRs can alter the amount of their own endogenous 

agonist, glutamate, into the synapse: they act as autoreceptors. Stimulation 

of group I mGluRs with (S)-3,5-DHPG enhanced K+ channel blockage evoked 

glutamate release from cortical synaptosomes (Reid et al., 1999). 

Electrophysiological studies on CA1 pyramidal cells showed this to be 

something of a ‘one-shot’ facilitation: a synaptic transmission resulted in a 

short-term facilitation of glutamate signalling in the synapse which is 

rapidly desensitised, and this desensitisation prevented further potentiation 

of glutamatergic transmission by (S)-3,5-DHPG in the short term 

(Rodríguez-Moreno et al., 2016). It is thought that perhaps this rapid 

desensitisation is important for preventing a feedback loop whereby the 

release of glutamate leads to increased glutamatergic transmission ad 

infinitum which could cause excitotoxicity at the synapse (Cartmell and 

Schoepp, 2000). The specific receptor originally thought to be responsible for 

this is mGlu5, as in mGlu1 knockout mice this effect of (S)-3,5-DHPG was 
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still observed (Sistiaga et al., 1998). It is now known that both mGlu1 and 

mGlu5 presynaptic receptors are expressed, and it has been demonstrated 

that their stimulation lead to exocytosis of aspartate and glutamate from 

the presynaptic terminal with mGlu5 being the ‘high-affinity’ target relative 

to mGlu1 (Musante et al., 2008; Raiteri, 2008). The release of other 

neurotransmitters such as GABA, dopamine, and serotonin, to name but a 

few examples, are also thought to be facilitated by group I mGluRs 

(reviewed in Cartmell & Schoepp 2000). Along with the role of mGlu5 in 

astrocytes discussed in the previous section, mGlu5 control of 

neurotransmitter levels appears multifaceted and nuanced. 

The excitatory action of group I mGluRs can also be enacted through 

interactions with ligand-gated ion channels including, but not limited to, the 

iGluRs. The excitotoxic action of NMDA in cultured cortical neurons with 

astrocytes was enhanced by the addition of the group I selective agonist (S)-

3,5-DHPG, suggesting that somehow NMDA receptor action is being 

potentiated by these receptors (Bruno et al., 1995). This potentiation was 

further demonstrated in other neuronal cell types, such as striatal and 

hippocampal cells (Pisani et al. 1997; Doherty et al. 1997). In the case of 

mGlu1, this potentiation was initially attributed to the actions of PKC as a 

downstream signal of the receptor (Skeberdis et al., 2001). It is now known 

to involve activation of the Src kinase family discussed in the previous 

section (Heidinger et al., 2002). In brief, stimulation of mGlu1 leads to 

activation of Src kinase which phosphorylates the NR2A subunit of the 

NMDARs, leading to a potentiation of NMDA mediated Ca2+ responses 

(Chen and Roche, 2007). This has also been reported for mGlu5 receptors 

(Takagi et al., 2012). The signalling between NMDARs and mGlu5 is 

interesting as it appears that cross-talk occurs between these receptors: the 

activation of mGlu5 causes the direct potentiation of NMDAR mediated Ca2+ 

currents (Awad et al., 2000). This potentiation has been shown to occur 

when both mGlu5 and NMDARs are activated together, and it is dependent 

on Gq/11/PKC/Src kinase activation, and can be blocked using the mGlu5 

selective negative allosteric modulator MPEP (Huang et al., 2001; Kotecha 
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et al., 2003). The activation of the NMDARs causes the dephosphorylation of 

mGlu5 receptors that have been desensitised by PKC through calcineurin 

(Alagarsamy et al., 2005). With high NMDAR activity, mGlu5 is 

phosphorylated by PKC signalling induced by NMDAR signalling activity 

(Alagarsamy et al., 2002; Challiss et al., 1994). Taken together, these 

studies suggest that the specific mGluR subtype involved in potentiating 

NMDAR responses varies based on which neuronal population is studied, 

with mGlu5 being implicated in the hippocampus and subthalmic nucleus, 

for example, and mGlu1 being implicated in cortical neurons, though it is 

not necessarily without exception (Doherty et al. 1997; Mannaioni et al. 

2001; Awad et al. 2000; Heidinger et al. 2002; Alagarsamy et al. 2005). 

Modulation of the AMPARs by group I mGluRs is similarly complex with 

stimulation of mGluRs leading to changes in the function and regulation of 

AMPARs in the brain through events mediated by protein kinases, Ca2+ 

channels, and phosphatases (see Ahn & Choe 2009; Gladding et al. 2009). 

1.4.5 Physiological function and role in disease  

The production of mGlu1 and mGlu5 knockout mice gave a great insight 

into the potential role of these receptors on a systemic level. In the first 

mGlu1 knockout study by Conquet et al. (1994), perhaps the most obvious 

phenotype was that of a severe motor deficit. It is perhaps not surprising to 

learn that mGlu1 is involved in motor control given the high expression of 

mGlu1 in the cerebellum. This has been attributed to a distinct impairment 

of long-term depression (LTD), a mechanism of learning at the neuronal 

level by which synaptic transmission is reduced due to distinct signalling 

inputs at the synapse (Aiba et al., 1994b). Further study indicated that 

mGlu1 is important for the regression of the multiple innervations of so 

called ‘climbing fibers’ to Purkinje cells. Where usually multiple inputs to 

the Purkinje cells would be ‘pruned’ until a single, dominant innervation 

pattern appears, in mGlu1 deficient mice this pruning process is impaired, 

and could be rescued by induced-expression of mGlu1 (Ichise, 2000).  
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The high expression of mGlu1 in certain areas of the hippocampus hinted 

that the receptor may be important in learning and memory events. Indeed, 

mGlu1 knockout mice show an impaired ability to induce long-term 

potentiation (LTP) in hippocampal neurons (Aiba et al., 1994a). mGlu1 

knockout mice had an impaired ability to induce context-specific learning 

and LTP in the CA1-3 region, where synaptic enhancement through mGlu1 

associated Ca2+ signalling was implicated (Galván et al., 2015; Gil-Sanz et 

al., 2008). Interestingly, recent study has suggested that mGlu1 induced 

LTD, mediated through interactions with NMDA receptors, is important for 

learning and memory processes and synaptic plasticity in the CA1 region of 

the hippocampus, showing the nuanced and varied function of these 

receptors, even within the same brain structures (Bhouri et al., 2014). 

Knockout of the mGlu5 receptor revealed a role for this receptor in a 

multitude of CNS functions (Niswender and Conn, 2010). For instance, mice 

lacking mGlu5 receptors show lower indicators of cocaine addiction than 

their wild-type counterparts. These mice do not self-administer cocaine or 

even respond to it in the same way that a wild-type mouse does (Chiamulera 

et al., 2001). Further study of the mGlu5 receptor has shown it to be an 

important factor in multiple addictions, such as alcohol, nicotine, and 

methamphetamine (Cozzoli et al., 2009; Olive et al., 2005; Osborne and 

Olive, 2008; Tronci et al., 2010). Remarkably, smokers and ex-smokers 

showed a reduced ability to bind an mGlu5 ligand used in an positron 

emission topography study which perhaps shows that nicotine can 

significantly alter the expression levels of this receptor in vivo (Akkus et al., 

2013). Pharmacological study has also implicated mGlu5 as a key player in 

anxiety disorders, pain, depression, and, as mentioned previously, 

neurodegenerative disorders such as Alzheimer’s disease (reviewed in 

Niswender & Conn 2010). mGlu5 may also play a key role in Fragile X 

syndrome, with mGlu5 signalling being significantly more pronounced in 

this disease (Bear et al., 2004). Indeed, pharmacological blockade of mGlu5 

receptors in mouse models of Fragile X leads to the attenuation of two 

phenotypes of disease models in the mouse (Yan et al., 2005). 
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Both mGlu1 and mGlu5 are potentially involved in schizophrenia, and 

knockouts of mGlu1 and mGlu5 show reduced prepulse inhibition, a 

measure of schizophrenia-like in animal models (Brody et al., 2004, 2003). 

As with mGlu1, mGlu5 is known to be involved in memory formation 

through synaptic plasticity mechanisms, with a key role in LTD and LTP in 

the brain, and the exact role is highly location dependent. For instance, 

studies have shown that mGlu5 is critical for types of LTP induction in the 

CA1 region of the hippocampus (Lanté et al., 2006). Conversely, 

administration of the mGlu5 selective agonist (R,S)-2-chloro-5-

hydroxyphenylglycine (CHPG) could also enhance LTD at these neurons 

(Neyman and Manahan-Vaughan, 2008). This follows the trend of LTP and 

LTD induction by group I mGluRs being highly dependent on context and 

location. 

1.4 .6 Ligand development at group I metabotropic glutamate receptors 

Despite the fact that drugs targeting the GPCR superfamily account for an 

estimated 50% of all prescribed drugs, it is the minority of these receptors 

for which drugs are available (Conn et al., 2009). Historically, ligand 

development at GPCRs focused on drugs binding at the same site as the 

endogenous receptor, such as the discovery of isoprenaline as an 

adrenoceptor agonist in the treatment of asthma, or the use of atropine 

purified from atropa belladonna to dilate the pupils by antagonising 

muscarinic acetylcholine receptor action in the muscles of the eye (Gay and 

Long, 1949; Moulton and Fryer, 2011). To some extent these early ligands, 

which were largely non-selective between similar receptor subtypes, were 

harbingers for drug development of competitive agonists and antagonists at 

group I mGluRs.  

Competitive ligands bind to the same site as the endogenous ligand, and 

this site is termed the ‘orthosteric’ site. In the case of mGluRs, the first 

group I selective agonist to be discovered was L-quisqualate (Aramori and 

Nakanishi, 1992). Though L-quisqualate activates group I receptors with at 

least 10-fold selectivity over other mGluRs (Conn and Pin, 1997), it also 
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activates other types of glutamate receptor such as the AMPA iGluRs 

(Schoepp et al., 1999). The first truly selective group I mGluR agonist to be 

discovered was (S)-3,5-dihydroxyphenylglycine ((S)-3,5-DHPG), which binds 

to and activates mGlu1 and mGlu5 isoforms (Schoepp et al., 1994). This 

compound and other orthosteric compounds, including antagonists, 

developed for the group I mGluRs were not ideal for therapeutic use due to 

their lack of subtype specificity which is perhaps unsurprising given the 

high homology of the LBD between the mGluRs as a whole. Indeed, the lack 

of specificity of orthosteric compounds such as these is a common 

characteristic across the GPCR superfamily; this is a direct consequence of 

the fact that these receptors bind the same engodenous ligand, and so there 

must be structural commonality within this binding pocket. Unfortunately, 

the orthosteric mGluR agonists lack bioavailability and CNS penetration 

characteristics necessary for drugs of therapeutic relevance (Kew, 2004). 

With the recent shift in focus away from radioligand binding towards 

functional assays in high-throughput compound screening technology 

another class of ligand has come to the fore: the allosteric modulator.  

Allosteric (from the greek for ‘other site’) modulators are defined as 

compounds which ‘act at a site that is topographically distinct from the 

orthosteric site’ (Conn et al., 2009). Though they do not compete with the 

orthosteric site they can potentiate a signal through the receptor, inhibit the 

signal, or bind but have no effect on the function of the receptor; as such 

they are known as positive (PAMs), negative (NAMs), or silent allosteric 

modulators (SAMs), respectively. The first specific mGluR allosteric 

modulator to be discovered was CPCCOEt, an mGlu1 specific NAM 

(Annoura et al., 1996; Litschig et al., 1999). Since the discovery of this NAM, 

many other examples have subsequently been identified with a variety of 

properties which have allowed for in vivo investigations into the function of 

this receptor (Sheffler et al., 2011). In particular, [4-[1-(2-fluoropyridine-3-

yl)-5-methyl-1H-1,2,3-triazol-4-yl]-N-isopropyl-N-methyl-3,6-

dihydropyridine-1(2H)-carboxamide] (FTIDC, for simplicity) has shown 

efficacy in animal models of pain (Satow et al., 2008; Suzuki et al., 2007). 
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These NAMs have also shown efficacy as an anxiolytic, an anti-psychotic, 

and in the treatment of addiction (Satow et al., 2008; Xie et al., 2010). PAMs 

for mGlu1 have also been reported with Ro 01-6128, Ro 67-4853, and Ro 67-

7476 being the prototypes of these compounds (Knoflach et al., 2001). 

Interestingly, PAMs of mGlu1 have shown efficacy in ameliorating addiction 

to cocaine in rats (Loweth et al., 2014).  

Mutagenesis studies of mGlu1 showed that the action of the PAMs Ro 01-

6128 and Ro 67-7476 is dependent on Val757 in the 5th TMD. The inhibition 

induced by CPCCOEt was mediated by two residues on the 7th TMD, Thr815 

and Ala818 (Litschig et al., 1999). The publication of the crystal structure of 

mGlu1, discussed previously, showed several interacting residues with the 

mGlu1 NAM 4-fluoro-N-(4-(6-(isopropylamino)pyrimidin-4-yl)thiazol-2-yl)-

N-methylbenzamide (FITM) (Wu et al., 2014). The binding of this compound 

was found to involve residues Gln660, Leu648, and Thr815 on the 3rd, 2nd, 

and 7th TMDs, respectively. Other mutagenesis studies have shown the 

large diversity of interactors which other allosteric modulators of mGlu1 are 

dependent on. For example, Val757 (5th TMD), Trp798, Phe801, Tyr805 (6th 

TMD), and the critical Val815 (7th TMD) were vital for the binding of 1-

ethyl-2-methyl-6-oxo-4-(1,2,4,5-tetrahydro-benzo[d]azepin-3-yl)-1,6-dihydro-

pyrimidine-5-carbonitrile (EM-TBPC), a negative allosteric modulator of 

mGlu1. This serves as a good example of the exploitability of these binding 

pockets for the discovery of multiple allosteric modulators. 

Obviously the term allosteric implies that a ligand can potentially bind at 

any site on the receptor distinct from the orthosteric site. In reality these 

allosteric sites must have a permissive structure which allows space for the 

ligand as well as interaction sites on the receptor which encourage 

interaction of the ligand and the protein. The family C receptors, especially 

the metabotropic glutamate receptors, have a wealth of allosteric ligands 

available for study. CPCCOEt, a negative allosteric modulator at mGlu1, is 

dependent on two residues at the extracellular surface of the 7th TMD, 

though residues in the 5th and 6th TMD have also been shown to be 
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important for the formation of the binding pocket (Malherbe et al., 2003). It 

was shown that this was likely to be a common binding site for multiple 

negative allosteric modulators of mGlu1, as they all inhibited the binding of 

the radiolabelled allosteric compound [3H]-R214127 (Lavreysen et al., 2003). 

The binding mGlu1 PAMs may happen in the same tertiary region of 

mGlu1, but interact with different individual residues (Knoflach et al., 

2001). It was shown through studies of mGlu1 and mGlu5 receptor mutants 

that NAMs occupy a similar tertiary binding pocket in both receptor 

subtypes: Mutating two residues in the 3rd TMD and one in the 7th  TMD of 

mGlu5 with their equivalents from mGlu1 collectively abolished the binding 

of the radiolabelled mGlu5 NAM [3H]M-MPEP, and the mutagenesis of 

hmGlu1 with the equivalent residues for mGlu5 gave the receptor a high 

affinity for the radioligand, the binding of which could be competitively 

inhibited by CPCCOEt (Pagano et al., 2000). Furthermore, by altering a few 

key chemical moieties on a compound it was shown that an mGlu5 NAM 

could be changed to a PAM, highlighting how important interactions with 

individual residues are not only for subtype selectivity, but also for the 

nature of the interaction (Wood et al., 2011). These studies serve as 

examples of how allosteric modulators allow increasingly nuanced control of 

GPCRs for therapeutic benefit. 

Allosteric modulators of all three classes, NAMs, PAMs, and SAMs, have 

been discovered for mGlu5 (O’Brien et al., 2003; Rodriguez et al., 2005; 

Varney et al., 1999), and those used in this thesis are summarised in Tables 

1.4.6.1 and 1.4.6.2. The first allosteric modulators of mGlu5, SIB-1757 and 

SIB-1893,  were found by high throughput functional screening, with a focus 

on small molecules dissimilar from amino acids (Spooren et al., 2001; 

Varney et al., 1999). These results showed that in recombant cells 

expressing human mGluRs, SIB-1757 was a specific, potent antagonist of 

mGlu5 by a non-competitive mechanism. SIB-1893 was a specific, potent 

antagonist of mGlu5, also acting by a non-competitive mechanism, however, 

it had some agonist activity at hmGlu4 receptors. These compounds also 

proved potent inhibitors of (S)-3,5-DHPG evoked calcium responses in 
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cultured primary cortical neurons of the rat. This showed that these 

compounds were not species specific, perhaps unsurprising given the high 

homology (95.4%) between the rat and human receptor. The discovery of 

these compounds lead to the rapid development of many specific allosteric 

modulators of mGlu5. MPEP, a derivative of SIB-1893, has a potency up to 

two orders of magnitude higher than that of the previous NAMs of mGlu5 

(Gasparini et al., 1999). MPEP is perhaps the most well characterised NAM 

of mGlu5. Due to its high potency, good oral bioavailability, and CNS 

penetration, MPEP has been used to investigate the action of NAMs in the 

CNS across an array of diseases (See Lea & Faden 2006). mGlu5 NAMs are 

known to be clinically validated anxiolytics as demonstrated by fenobam 

(Porter et al., 2005). They have also demonstrated potency in rodent models 

of depression and Fragile X Syndrome, as discussed previously 

(Tatarczyńska et al., 2001; Yan et al., 2005). Mutagenesis studies of MPEP 

binding to the mGlu5 receptor showed that 8 residues are critical for the 

action of MPEP: Pro654, Tyr658 (3rd TMD), Leu743 (5th TMD), Thr780, 

Trp784, Phe787, Tyr791(6th TMD), and Ala809 (7th TMD) (Malherbe et al., 

2003). Publication of the crystal structure of the mGlu5 TMDs in complex 

with mavoglurant, a derivative of MPEP-like NAMs, revealed important 

interactions between this drug and the receptor (Doré et al., 2014). Three 

hydrogen bonds between Asp747 (5th TMD), Ser805, and Ser809 (7th TMD) 

residues and the compound were critical though many more residues were 

involved (See figure 6a, Doré et al. 2014). Remarkably, the exchange of just 

4 amino acids (V664I, S668P, C671S, V823A) between mGlu5 and mGlu1 

results in the ability of mGlu1 to bind tritiated MPEP in a manner which 

can be competitively inhibited by the mGlu1 NAM CPCCOEt, showing that 

these binding pockets are in topographically similar locations on the two 

receptor subtypes. 

Several series of PAMs have been described for the mGlu5 receptor. The 

first, 3,3′-difluorobenzaldazine (DFB), binds at an overlapping site with the 

NAM MPEP (O’Brien et al., 2003). Unfortunately, this compound displayed 

low potency, a poor solubility profile and low CNS penetration and so lacks 
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therapeutic potential (Cleva and Olive, 2011). The second, N-[5-chloro-2-[(-

1,3-dioxoisoindolin-2-yl)methyl]phenyl]-2-hydroxybenzamide (CPPHA), 

binds at a site distinct from MPEP, but despite having a greater potency 

than DFB, it showed poor CNS penetration and therefore is not suitable for 

therapeutic intervention (O’Brien et al., 2004). Remarkably, CPPHA acts as 

a PAM of mGlu1 and mGlu5, but does not competitively displace ligands 

binding at either the MPEP pocket or the CPCCOEt pocket (Chen et al., 

2008). The great breakthrough in mGlu5 PAMS came with the discovery of 

3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB), a highly 

potent compound which binds in the same pocket as MPEP, and displays 

good CNS penetration (Chen et al., 2007; Lindsley et al., 2004). This 

compound has displayed the potential antipsychotic nature of mGlu5 

activators, discussed previously, in rodent models (Kinney et al., 2005).  

Several studies have begun to delineate the residues responsible for the 

action of PAMs at the MPEP binding site (Gregory et al., 2013; Turlington 

et al., 2013). Of particular interest was the finding that three mutations in 

the 5th TMD of mGlu5, P742S, L743V, and N746A, resulted in a sharp 

decline in the affinity of PAMs binding at the MPEP site, but their 

potentiation of the receptor response was unaffected. This highlights the 

complex structure-activity relationships at play and the decoupled nature of 

allosteric modulator affinity and allosteric action. There are now a wealth of 

mGlu5 NAMs and PAMs which display various properties, but the way 

these allosteric modulators interact with the receptor requires new 

modelling paradigms. 

1.4.6.1 Extending the operational model to allosterism 

A seminal paper by Black & Leff (1983) described the operational model of 

agonism to quantify the link between ligand binding and receptor function 

(See Equation 4). Wherein E is the response, EMAX is the maximum response 

of the system, [A] is the concentration of agonist (A), KA is the equilibrium 

dissociation constant (or affinity) of A, and τ is the function linking the 
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ability of the agonist to induce a response (efficacy) and the ability of the 

receptor stimulus to elicit a response from the system (see Equation 4b). 

𝐸 =
𝐸𝑀𝐴𝑋𝜏[𝐴]

[𝐴](1+𝜏)+𝐾𝐴)
   (Equation 4) 

This model was derived based on the observation that the relationship 

between agonist concentration and tissue response is commonly hyperbolic 

in nature. If receptor and drug interactions obey the law of mass action, 

then the function that links receptor occupancy to agonist action must also 

be hyperbolic.  

𝜏 =
[𝑅0]

𝐾𝐸
     (Equation 4b) 

To clarify, τ is derived as the ratio of the receptor density [R0] and a function 

(KE) expressing the ability of the system to elicit a response from the 

agonist/receptor complex combined with the intrinsic efficacy of the agonist. 

As such, the operational model takes into account all the features of 

agonism with ‘three necessary and sufficient parameters’ (Black and Leff, 

1983): The equilibrium dissociation constant of an agonist, KA; receptor 

density, [R0]; and the concentration of the AR complex that elicits 50% of the 

maximal response of a given system as a measure of efficacy, KE. It is worth 

noting that this model assumes that the agonist binding is at equilibrium in 

the system, and this is often not the case when functional assays are 

performed. For instance, the Fluorescence Imaging Plate Reader (FLIPR) 

technique used as a measure of agonist response in this thesis is taken 

immediately upon addition of agonist, a time frame in which the system is 

unlikely to have reached equilibrium. Therefore caution must be taken 

when interpreting functional data from methods with different sampling 

timepoints. 

The operational model was extended to model the interactions of allosteric 

modulators (Leach et al., 2007). In this extended model, the ability of an 

allosteric modulator to modify the affinity of an orthosteric compound is 

described. This co-operativity of binding (α) is a reciprocal effect, where any 
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change on an orthosteric ligand also reflects an equal change in affinity for 

the allosteric ligand. The ability of an allosteric modulator to modify the 

functional response is also described. This co-operativity of function (β) 

reflects an increase in the ability of the receptor to transduce the binding of 

an orthosteric agonist to a functional response. Finally, the intrinsic efficacy 

of an allosteric modulator is described by this model (τB). Logically, τB as 

described by the original operational model of agonism (Equation 4b) cannot 

account for allosteric modulators with no efficacy, as the only way to achieve 

that value would be by accepting the receptor density is zero. In order to 

allow for this, τB is redefined as follows (Equation 4c, Leach et al., 2007): 

𝜏𝐵 =
𝜀[𝑅0]

𝐾𝐸
     (Equation 4c) 

The addition of the intrinsic efficacy parameter (ε) is a logical basis for the 

use of the model for allosteric modulators without intrinsic efficacy, where ε 

= 0. 

1.4.6.2 Modelling allosteric interactions 

As described earlier, there are three ways in which the binding of a ligand 

at an allosteric site can influence the receptor: they can alter the receptor 

conformation such that the ability of the orthosteric ligand to bind to the 

receptor is altered, known as co-cooperativity of binding (α); they can affect 

the ability of the receptor to activate  downstream signalling effectors upon 

ligand binding, known as co-cooperativity of function (β); finally, they can 

activate the receptor in their own right, so-called ago-allosteric compounds. 

These properties of an orthosteric and allosteric compound binding at a 

receptor are described mathematically by the allosteric ternary complex 

model (Figure 1.4.6.1) (Stockton et al., 1983).  
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Figure 1.4.6.1 Diagram illustrating both the allosteric ternary complex model and 

operational model of allosterism.  The classic allosteric ternary complex model of the 

binding of one orthosteric ligand (A), and one allosteric modulator (B) is shown within the 

blue box. KA and KB represent the equilibrium dissociation constants of ligand (A) and 

ligand (B) respectively. The reciprocal change in affinity for the receptor (the cooperativity 

of binding) caused by the interaction between the binding of A and B is denoted by α. In the 

Operational Ternary Complex Model the receptor has two states: active (R*) and inactive 

(R). The relative efficacy of A and B is represented by τA and τB, respectively. The change in 

the ability of A to activate the receptor induced by the binding of B (cooperativity of 

function) is denoted by β. (reviewed in Leach et al. 2007). 

 

The effect of the allosteric modulator on the affinity of the orthosteric 

compound is a reciprocal effect; an allosteric modulator which increases or 

decreases the affinity of an orthosteric compound will have its affinity for 

the receptor increased or decreased by the binding of the orthosteric 

compound in kind. This effect is probe-dependent, so the effect of an 

allosteric modulator on one orthosteric compound may differ for another, 

and vice versa. The effect of an allosteric modulator on the activation of the 

receptor is described by an extended ternary complex model which 

incorporates the operational model described previously (Black and Leff, 

1983; Leach et al., 2007). This incorporates the ability of an allosteric 

modulator to alter the efficacy of an orthosteric compound, whilst also 

allowing for the ability of the allosteric modulator to activate the receptor by 

itself. Interestingly, the co-cooperativity of binding and of function are 

independent of each other: a positive modulator with respect to binding is 

not necessarily a positive modulator of function. Perhaps the most striking 

example of this to date is the ligand Org27569 which has a positive co-
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cooperativity of binding with agonist CP 55940 at the CB1 receptor, but has 

negative co-cooperativity with respect to function (Price et al., 2005). In this 

thesis, the allosteric mode of action of two previously uncharacterised 

mGluR5 PAMs, LSN-2814617 and VU0430644, will be characterised using 

the models described herein to interpret data from radioligand binding and 

functional assays. 

There are many potential therapeutic advantages which allosteric 

modulators possess due to their mode of action. Firstly, because they do not 

bind in the highly conserved orthosteric site, they may bind in an area of 

low homology which allows for the development of subtype specific ligands. 

Secondly, where orthosteric ligands activate or deactivate the receptor, 

allosteric modulators without intrinsic efficacy only alter receptor signalling 

when the orthosteric ligand is present which preserves the spatiotemporal 

aspects of natural receptor function. Finally, the effect of an allosteric 

modulator is saturable: there is a limit to which they will alter the receptors 

activity even if the local concentration is increased further, and this may act 

to prevent excessive activation or inhibition of the receptor and ameliorate 

dose-dependent adverse events (Conn et al., 2009). The ago-allosterics, 

allosteric compounds with intrinsic efficacy, could provide an increased level 

of background signalling whilst also amplifying the natural ligand-mediated 

activation of the receptor. They may also provide a unique avenue for 

producing subtype-selective agonists at receptor subfamilies (May et al., 

2007). The silent allosteric modulators also have the potential for a niche 

role in therapeutic use. As they can compete for an allosteric site, but their 

binding will not cause any change of the receptor function, they could act to 

ameliorate the effect of a PAM or NAM if receptor-dependent adverse events 

were to occur once administered. 

1.4.7 mGlu5 positive allosteric modulators: neuroprotective? 

The role that mGlu5 plays in neuronal cell death is complex and heavily 

debated (Flor et al., 2002). Given that, as discussed previously, group I 

agonists such as (S)-3,5-DHPG potentiate the excitotoxic action of NMDA 
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receptors in vitro (Bruno et al., 1995), one would perhaps expect NAMs of 

mGlu5 to be neuroprotective. Indeed, the early negative allosteric 

modulators SIB-1757, SIB-1893, and MPEP reduced excitotoxic cell death in 

mixed cortical cultures and in mouse-brains injected with NMDA (Bruno et 

al., 2000). Initially, it was commonly accepted that this neuroprotection is 

mediated by mGlu5, however, evidence is emerging that these NAMs can 

interact directly with the NMDA receptor at concentrations at which their 

neuroprotective qualities become apparent, usually much higher a 

concentration than is required for the inhibition of phosphoinositide 

hydrolysis (Movsesyan et al., 2001; O’Leary et al., 2000). Indeed, in vitro 

characterisation of the neuroprotective effect of a newer, more selective 

mGlu5 NAM MTEP showed that the majority of neuroprotection is 

mediated through non-mGlu5 mechanisms(Lea et al., 2005). Intriguingly, 

group I mGluR inhibition with the group I selective antagonist AIDA has 

been shown to exacerbated neuronal cell death induced by amyloid-beta 

oligomers, but only in the presence of the iGluR antagonists MK-801 and 

NBQX (Allen et al., 1999). However, in a later study the inhibition of mGlu5 

with MPEP prevented cell-death induced by amyloid-beta oligomers at 

concentrations at which off target effects do not occur, showing that perhaps 

mGluR5 inhibition is neuroprotective against certain types of cell death 

(Bruno et al., 2000).  

Early studies into the role of mGlu5 activation in cell death were mired by a 

lack of subtype selective agonists, producing a complex picture on the role of 

group I receptors in neurodegeneration (Nicoletti et al., 1999). For instance, 

injection of (S)-3,5-DHPG induced seizures and neuronal cell death in the 

mouse hippocampus (Camón et al., 1998). In contrast, activation of group I 

mGluRs in hippocampal slices with (S)-3,5-DHPG prior to the induction of 

exctitotoxic cell death with NMDA showed group I activation to be 

neuroprotective (Blaabjerg et al., 2003). In vitro studies using the mGlu5 

selective agonist CHPG showed that mGlu5 activation could reduce 

amyloid-beta induced lactate dehydrogenase (LDH) release, indicative of 

cell-death (Movsesyan et al., 2004).  
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Positive allosteric modulators of mGlu5 play similarly complex roles in 

neuroprotection and neurotoxicity. CDPPB has been shown in vitro to be 

protective against neuronal injury, inhibiting LDH release in cultured 

neurons (Chen et al., 2012). CDPPB also decreases striatal cell death in vivo 

in a mouse model of Huntington’s disease via an AKT-related mechanism 

(Doria et al., 2015). In contrast, reports have recently emerged of mGlu5 

PAMs with an intrinsically neurotoxic profile. Chronic administration of a 

high-dose of the mGlu5 PAMs 5PAM523, 5PAM000, 5PAM413, and 

5PAM916 caused seizures and neuronal cell loss in the hippocampus and 

auditory cortex of treated mice (Parmentier-Batteur et al., 2014). This 

neurotoxicity was not observed in mGlu5 knock-out mice, indicating that it 

is mGlu5-dependent. Furthermore, PAMs from diverse chemical series, such 

as VU0424465, have also been shown to induce this mGlu5 dependent 

neurotoxicity, further reinforcing the theory that it is mGlu5-dependent, 

and not metabolite or compound related (Conde-Ceide et al., 2015). In house 

data from Lilly has shown that chronic, high-dose administration of LSN-

2814617 leads to seizures and neuronal cell death in mice, providing further 

evidence of mGlu5-dependent neurotoxicity. In this thesis the in vivo action 

of chronic, high-dose administration of LSN-2814617 is assessed using 

immunohistochemical methods. The neuronal toxicity induced by LSN-

2814617 is then evaluated in vitro using the primary cortical cultures 

discussed previously. 
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Table 1.4.6.1: Summary of positive allosteric modulators used. 

 Abbreviation Target Structure IUPAC Name 

CDPPB 

 

mGlu5 

 

3-Cyano-N-(1,3-

diphenyl-1H-pyrazol-5-

yl)benzamide 

CPPHA 

 

mGlu1/m

Glu5 

 

N-[4-Chloro-2-[(1,3-

dihydro-1,3-dioxo-2H-

isoindol-2-

yl)methyl]phenyl]-2-

hydroxybenzamide 

ADX47273 

 

mGlu5 

 

(S)-(4-fluorophenyl)-(3-

[3-(4-fluoro-phenyl)-

[1,2,4]-oxadiazol-5-

yl]piperidin-1-

yl)methanone 

Ro-67 4853 

 

mGlu1 

 

 (9H-Xanthen-9-

ylcarbonyl)-carbamic 

acid butyl ester 

LY2814617 mGlu5 

 

5-[(7S)-3-tert-butyl-

5H,6H,7H,8H-

[1,2,4]triazolo[4,3-

a]pyridin-7-yl]-3-(4-

fluorophenyl)-1,2,4-

oxadiazole 

VU0430644 mGlu5 

 

5-[2-(3-

fluorophenyl)ethynyl]-

N-(3-methyloxetan-3-

yl)pyridine-2-

carboxamide 
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Table 1.4.6.2: Summary of negative allosteric modulators used. 

 Abbreviation Target Structure IUPAC Name 

MPEP 

 

mGlu5 

 

2-Methyl-6-

(phenylethynyl)pyridine 

M-MPEP 

 

mGlu5 

 

 2-Methyl-6-[(3-

methoxyphenyl)ethynyl

]-pyridine 

JNJ 1625985 

 

mGlu1 

selective 

 

(3,4-dihydro-2H-pyrano-

[2,3-b]quinolin-7-yl)- 

(cis-4-

methoxycyclohexyl)-

methanone 
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1.5  Thesis aims 

 

1. To characterise the allosteric mode of action of two reference 

compounds, CDPPB and ADX-47273, and two previously 

uncharacterised compounds, LSN-2814617 and VU0430644, using 

pharmacological techniques to delineate cooperativity of binding (α) 

and cooperativity of function (β) of each compound at both the human 

and the rat mGlu5 receptor. 

2. To investigate pharmacological consequences of heterodimerisation 

between mGlu1 and mGlu5 receptors using chimeras wherein the C-

terminal tail is replaced with that of modified GABAB receptors. 

Furthermore to assess whether pharmacological characteristics of 

these mutants can provide evidence of this heterodimerisation in 

native tissues. 

3. To evaluate the toxic action of LSN-2814617 administration in vivo, 

and then model this toxicity using primary tissue culture methods. 
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Chapter 2. Materials and methods 

2.1 Materials 

2.1.1 Reagents, consumables, and compounds 

Standard reagents for buffers and solutions were purchased from Sigma-

Aldrich (Poole, UK) or Fisher Scientific (Loughborough, UK) unless 

otherwise stated. Buffers and solutions were made in-house, unless 

otherwise stated, using de-ionised water filtered through a PURELAB Ultra 

filtration system from ElgaVeolia (Marlow, UK). Any sterilisation for 

bacterial or mammalian cell culture was performed by autoclaving at 121°C 

for at least 20 minutes or, where applicable, through filtration using 

SteriCup filter units or Sterile Millex syringe filters, depending on volume, 

from EMD Millipore (Watford, UK). Media for cell culture, including serum, 

trypsin solution (10x), hygromicin B, zeocin, and Hank’s balanced salt 

solution (HBSS), were obtained from Thermo Fisher Scientific (Paisley, UK). 

The transfection reagent Genejuice was obtained from EMD Millipore 

(Watford, UK). The transfection reagent PEI (1 mg/ml in PBS) was kindly 

made in house by Dr. Adrian Butcher at the MRC Toxicology Unit 

(Leicester, UK). DNAase for using cortical cell preparations was obtained 

from Thermo Fisher Scientific (Paisley, UK). c0mplete protease inhibitor 

tablets and G418 solution were obtained from Roche (Hertfordshire, UK). 

DNA purification kits were obtained from Qiagen (California, USA). 

Restriction enzymes and buffers were from New England Biolabs (Hitchin, 

UK). CytoTox 96 Non-radioacitve Cytotoxicity Assay kits were purchased 

from Promega (Wisconsin, USA). Solutions used in SDS-PAGE and 

Western-blotting procedures, including molecular weight markers, were 

purchased from Bio-Rad (Hertfordshire, UK). Nitrocellulose membrane and 

Hyperfilm ECL film was obtained from GE Healthcare Life Sciences 

(Amersham, UK).  Bradford assay reagents were purchased from Thermo 

Fisher Scientific (Paisley, UK). Fluo4-AM for FLIPR assays was purchased 

from Thermo Fisher Scientific (Paisley, UK). L-glutamic acid monosodium 

salt monohydrate (L-glu) and M-MPEP hydrochloride were obtained from 
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Santa Cruz Biotechnology (Texas, USA). L-quisqualic acid, MPEP 

hydrochloride, (S)-3,5-DHPG, CDPPB, CPPHA, Ro 67-4853, and JNJ 

16259685 were obtained from Tocris Bioscience (Bristol, UK). LSN-2814617, 

VU0430644, and ADX-47273 were synthesised in-house by Lilly (Surrey, 

UK). [3H]-M-MPEP was donated kindly by Lilly, but originally synthesised 

by ViTrax (California, USA). Ultima Gold F scintillation cocktail was 

purchased from PerkinElmer (Beaconsfield, UK). GF/B glass-fiber filters 

were purchased from GE Healthcare Life Sciences (Amersham, UK). The 

monoclonal anti-mGluR5 rabbit antibody, which was raised against a 

synthetic peptide corresponding to a C-terminal portion (beginning at amino 

acid 1150) of the human metabotropic glutamate receptor 5a was purchased 

from Abcam (Massachusetts, USA). The monoclonal anti-mGluR1 rabbit 

antibody, which was raised against a synthetic peptide corresponding to a 

C-terminal portion (disclosed as ‘residues surrounding Leu1105’) of the 

human metabotropic glutamate receptor 1 was purchased from Cell 

Signalling Technologies (Massachusetts, USA). The monoclonal anti-GFAP 

mouse antibody, raised against GFAP protein from the pig spinal cord, was 

purchased from Sigma-Aldrich (Poole, UK). The polyclonal anti-c fos rabbit 

antibody, raised against a synthetic peptide corresponding to an N-terminal 

portion (amino acids 3-16) of the human c fos proto-oncogene, was purchased 

from Sigma-Aldrich (Poole, UK). The monoclonal anti-β tubulin mouse 

antibody, which was raised against purified bovine tubulin (as disclosed), 

was purchased from Sigma-Aldrich (Poole, UK). The monoclonal anti-

GAPDH rabbit antibody, which was raised against a synthetic peptide 

corresponding to the C-terminal portion of the human GAPDH protein 

(epitope not disclosed), was purchased from Cell Signalling Technologies 

(Massachusetts, USA). The polyclonal anti-NeuN rabbit antibody, raised 

against the N terminus (as disclosed by the manufacturer), was purchased 

from EMD Millipore (Watford, UK). All other antibodies were purchased as 

disclosed in Tables 2.6.4.1, 2.6.6.1, and 2.6.7.1. 
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2.1.2 cDNA constructs for transfection 

Plasmid pcDNA3.1 containing the following cDNA constructs were kindly 

provided by Lilly (Surrey, UK): 

hmGlu5: The full length human mGlu5b receptor cDNA.  

HA-hmGlu1/hmGlu5-C2-KKTN: A mutant receptor comprising of either the 

human mGlu1a or human mGlu5b receptor with an N-terminal 

hemagglutinin (HA) tag (-YPYDVPDYA-) inserted downstream of the signal 

peptide after Ser22 (outlined in Ango et al. 1999), and the C-terminal tail 

replaced with that of the human GABAB2 receptor (Gln761-E821), followed 

by the retention motif KKTN prior to a stop codon (based on Brock et al., 

2007). In the case of mGlu1a, the GABAB2-KKTN tail was inserted in place of 

the mGlu1a C-terminal tail after Met858. In the case of mGlu5a, the 

GABAB2-KKTN tail was inserted in place of the mGlu5a C-terminal tail after 

Met845.  

FLAG-hmGlu5-C1: A mutant receptor comprising of the human mGlu5b 

receptor with an N-terminal FLAG (-DYKDDDDK-) tag inserted 

downstream of the signal peptide after Ser22, and the C-terminal tail 

replaced with that of the human GABAB1 receptor (Lys875-Stop962) after 

Met845 (Based on mutants disclosed in Brock et al., 2007).. 

The full sequence data and pcDNA vectors used for these constructs are 

disclosed in Appendix 1. Figure A1 shows the full sequence of the hmGlu5b 

used. Figure A2 shows the vector used for the hmGlu5b receptor. Figure A3 

shows HA-hmGlu1-C2-KKTN sequence, and figure A4 shows the vector 

used. Figure A5 shows the full sequence of the HA-hmGlu5-C2-KKTN 

construct, and figure A6 shows the vector used. Figure A7 shows the FLAG-

hmGlu5-C1 sequence in full, and figure A8 shows the vector used. 
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2.1.3 Mammalian recombinant cell lines 

Human Embryonic Kidney 293 (HEK293) cells were used to generate cells 

transiently expressing cDNAs for binding studies. AV12 cell lines stably 

expressing the full length human mGlu1a or mGlu5b receptor, co-transfected 

with excitatory amino acid transporter 1(EAAT1) were kindly created, 

validated, and provided by Lilly (Surrey, UK) for use in functional assays. 

AV12 cell lines stably expressing constitutive heterodimer constructs, either 

HA-hmGlu1-C2-KKTN and FLAG-hmGlu5-C1 or HA-hmGlu5-C2-KKTN 

and FLAG-hmGlu5-C1, co-expressing EAAT1 were kindly created, 

validated, and provided by Lilly (Surrey, UK) for use in functional assays. 

2.1.4 Tissue samples from rodent 

The following tissue samples were kindly provided by Lilly (Surrey, UK): 

Cortices from wild-type, mGlu5 and mGlu1 knockout mice. 

Perfusion-fixed cortices from wild-type mice either treated with vehicle or 

with 100 mg.kg-1 of LSN2814617 per day for a total of 7 days.  

Prior ethical approval was sought from the local Lilly oversight committee 

for the use of animals in these studies. 

2.2 Bacterial culture, transformation, and purification 

XL-1 Blue competent Escherichia Coli (E. Coli) from New England Biolabs 

(Massachusetts, USA) were used for the purpose of plasmid cDNA 

amplification according to manufacturer’s instructions. 

2.2.1 Creation of an N-terminally HA-tagged full length hmGlu5 receptor 

cDNA construct in pcDNA3.1 

A restriction digest of the full length hmGlu5 cDNA in pcDNA3.1 and the 

HA-hmGlu5-C1 construct in pcDNA3.1 was performed using a BamHI 

restriction site present in the N-terminus of each construct according to a 

protocol provided, kindly, by Dr. Adrian Butcher (MRC Toxicology Unit, 
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Leicester, UK). In brief, plasmid cDNA was incubated in a 50 µl reaction 

volume containing 2.5 µg of purified plasmid cDNA, 5 µl of BamHI specific 

reaction buffer (10x), 10 units of BamHI restriction enzyme, and deionised 

water at 37 °C for 1 hour. Following digest, fragments were separated by 

electrophoresis through agarose gel as follows. Agarose gel was dissolved in 

TAE buffer (Tris/Acetate 40 mM, EDTA 1 mM, pH 8.0, 0.7% agarose (w/v)) 

and ethidium bromide was added to a concentration of 0.5 µg.ml-1  prior to 

being poured into a cast. After the addition of TAE buffer to the tray, DNA 

ladder (0.1 to 10 kb) from New England Biolabs (Massachusetts, USA) was 

added along with DNA fragment solutions mixed with loading buffer (Ficoll-

400 2.5% (v/v), EDTA 11mM, Tris-HCl 3.3mM, SDS 0.017% (w/v), 

bromophenol blue 0.015% (w/v), pH 8.0)  prior to electrophoresis at 100V for 

90 minutes. DNA bands were then visualised using UV light, and the bands 

were cut out and purified using the Nucleospin® Gel and PCR Clean-up kit 

from Macherey Nagel (Düren, Germany) according to manufacturer’s 

instructions. In brief, 200 µl of buffer NTI was added for every 100 mg of 

agarose gel prior to incubation at 50 °C for 10 minutes until gel is dissolved. 

The sample was then loaded into a spin column and collecting tube and 

centrifuged at 11,000 x g for 30 seconds. Bound cDNA is then washed with 

700 µl of buffer NT3 and centrifuged at 11,000 x g for 30 seconds. The 

column is then dried by further centrifugation at 11,000 x g for 30 seconds 

before the addition of 15-30 µl of buffer NE and incubation at room 

temperature for 1 minutes. After another centrifugation at 11,000 x g, the 

flow through containing cDNA is retained in the collecting tube. The small 

fragment containing the N-terminus of hmGlu5 with an HA tag is mixed 

with the large fragment containing the rest of the full receptor construct for 

ligation as follows. 7 parts of large fragment to 1 part of small fragment is 

incubated with 1 unit of T4 DNA ligase and 1 µl ligation buffer made up to a 

10 µl reaction volume with deionised water at 25 °C for 5 hours. After 

ligation, cDNA constructs were transformed into competent E. Coli, 

amplified, and purified as described in sections 2.2.2-2.2.5. Correct 

orientation of the insert was determined by sequencing carried out by 
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Protein and Nucleic Acid Chemistry Laboratory (PNACL) at the University 

of Leicester (Leicestershire, UK).  

2.2.2 Transformation of competent bacteria 

Competent bacterial cells were transformed according to the manufacturer’s 

instructions. In brief, 50 µl of competent bacterial cells were placed into a 

pre-chilled falcon tube and mixed with 1 µg of plasmid cDNA before 

incubation, on ice, for 30 minutes. The mixture was then ‘heat-shocked’ by 

incubation in a water bath at 42°C for 45 seconds, before immediate transfer 

and incubation on ice for 5 minutes. 450 µl of SOC medium (2% w/v 

tryptone, 0.5% w/v yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 

10 mM MgSO4, and 20 mM glucose) was added before incubation in a 

shaking incubator at 220 rpm, 37 °C for 1 hour. Following this incubation, 

20-200ul of the bacterial culture was spread evenly onto 10 cm dishes 

containing a layer of LB Agar (1% w/v tryptone, 0.5% w/v yeast extract, 1% 

w/v NaCl, and 1.5% w/v bacteriological agar) infused with 50 mg.ml-1 of 

ampicillin and incubated overnight at 37 °C. 

2.2.3 Amplification of plasmid cDNA using competent bacteria 

A single colony of bacterial culture expressing plasmid was picked and 

placed into a 1 L conical flask containing 250 mls of LB broth (1% w/v 

tryptone, 0.5% w/v yeast extract, and 1% w/v NaCl)  infused with 50 mg.ml-1 

of ampicillin. This was then incubated overnight at 220 rpm and 37 °C. 

2.2.4 Isolation and purification of plasmid cDNA 

Plasmid cDNAs were isolated using a MaxiPrep kit from Qiagen according 

to manufacturer’s instructions (California, USA). In brief, bacterial cultures 

were pelleted by centrifugation at 6000 x g at 4 °C for 15 minutes. Following 

centrifugation, the bacterial pellet was mixed thoroughly until homogenous 

with 10 ml of buffer P1 (resuspension buffer) before the addition of 10 ml of 

buffer P2 (lysis buffer). The mixture was inverted 6 times and then 

incubated at room temperature for 5 minutes. 10 mls of buffer P3 
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(neutralisation buffer), pre-chilled, was then added to the mixture which 

was then inverted 6 times to ensure mixing before incubation on ice for 20 

minutes. The mixture was then centrifuged at 20,000 x g, at 4 °C for 30 

minutes. Following centrifugation the supernatant was taken from the 

mixture and centrifuged for a further 15 minutes at 20,000 x g at 4 °C. 

During centrifugation the Qiagen-tip was equilibriated with 10 ml of buffer 

QBT, before the supernatant from the mixture was run through the column. 

The Qiagen-tip was then washed twice with 30 ml of buffer QC. Once 

filtration was complete, the plasmid cDNA was eluted using 15 ml of buffer 

QF, before the addition of 10.5 ml of isopropanol to precipitate the cDNA. 

The mixture was then centrifuged at 15000 x g at 4 °C for 30 minutes, and 

then the supernatant was carefully decanted leaving a plasmid cDNA pellet 

in the falcon tube. The pellet was washed with 5 ml of 70% ethanol, 30% 

deionised water before further centrifugation at 15000 x g for 10 minutes. 

The supernatant was removed, and then the pellet was resuspended in 0.5 

ml of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0).  

2.2.5 Plasmid cDNA quantification 

The plasmid cDNA was measured using a Nanodrop spectrophotometer 

from Thermo Fisher Scientific according to manufacturer’s instructions 

(Paisley, UK). In brief, 1 µl sample of plasmid cDNA in TE buffer was 

loaded into the machine, which gives out a concentration of the DNA, as 

well as a ratio of absorption at the wavelengths 260 nm over 280 nm. A ratio 

between 1.70 and 1.90 is considered pure enough for use in transfection. 

2.3 Tissue culture, transfection, and membrane harvesting 

2.3.1 Maintenance of HEK293 cells 

HEK293 cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) with 10% foetal bovine serum (FBS) in a humidified incubator 

(37°C, 95% air, 5% CO2) according to a standard tissue culture protocols. At 

90% confluency, cells were washed twice with sterile phosphate-buffered 

saline (PBS) and then trypsinised for 5 mins at 37°C using 0.25% w/v 
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Trypsin in PBS with 0.5 mM EDTA. Cells were mechanically dissociated 

from the tissue culture flask before dilution in DMEM with 10% foetal 

bovine serum. After centrifugation for 5 mins at 250 x g at room 

temperature, the supernatant was discarded and the cell pellet was 

triturated in media before being placed in a tissue culture flask. These cells 

were then incubated in the humidified incubator (37°C, 95% air, 5% CO2) 

until use or further passage.  

2.3.2 Transient transfection of HEK293 cells 

HEK293 cells were transfected using GeneJuice from Millipore 

(Massachusetts, USA) as per manufacturers’ instructions. In brief, HEK293 

cells were seeded into T175 tissue culture flasks, and transfected at 60% 

confluency. 500 µl of reduced serum OptiMEM from Thermo Fisher 

Scientific (Paisley, UK) was mixed with 30 µl of GeneJuice and incubated 

for 5 minutes at room temperature before the addition, dropwise, of 10 µg of 

plasmid cDNA. After 15 minutes of incubation at room temperature the 

mixture was added dropwise into the T175 flasks containing the HEK293 

cells. Cells were then incubated in a humidified incubator for 48 hours 

(37°C, 95% air, 5% CO2) before use. 

2.3.3 Membrane preparation from HEK293 cells  

Membrane preparation was performed using a standard laboratory 

membrane preparation protocol. In brief, 48 hours post transfection, 

HEK293 cells expressing constructs of interest were washed twice with an 

excess of PBS before mechanically dissociation from their flasks and 

centrifuged at 500 x g for 10 mins at 4 °C. They were then resuspended in 

10 ml of pre-chilled homogenisation buffer (20 mM HEPES, 10 mM EDTA 

and 1 x c0mplete protease cocktail inhibitor tablet per 50 ml). The cell 

suspension was homogenised at 20,000 rpm in 5 second bursts for 30 

seconds before centrifugation at 350 x g at 4 °C for 5 minutes. The 

supernatant was retained before the pellet was resuspended and 

homogenised as before. After 3 homogenisation cycles, the supernatant was 
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centrifuged at 40000 x g at 4 °C for 45 minutes. The supernatant was 

discarded and then the cell pellet was resuspended in 10ml of storage buffer 

(20 mM HEPES, 1 mM EDTA and 1 x c0mplete protease cocktail inhibitor 

tablet per 50 ml). The protein concentration was determined using the 

Bradford assay (Bradford, 1976), and then the membranes were diluted in 

storage buffer to a concentration of 1 mg.ml-1 and stored at -80 °C until use.  

2.3.4 Maintenance of AV12 stable cell lines  

AV12 cell lines were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) with 10% foetal bovine serum (FBS) in a humidified incubator 

(37°C, 95% air, 5% CO2) according to an in-house Lilly protocol. In brief, At 

90% confluency, cells were washed twice with sterile phosphate-buffered 

saline (PBS) and then trypsinised for 5 mins at 37°C using 0.25% w/v 

Trypsin in PBS with 0.5 mM EDTA. Cells were mechanically dissociated 

from the tissue culture flask before dilution in DMEM with 10% foetal 

bovine serum. After centrifugation for 5 mins at 250 x g at room 

temperature, the supernatant was discarded and the cell pellet was 

triturated in media before being placed in a tissue culture vessel. These cells 

were then incubated in the humidified incubator (37°C, 95% air, 5% CO2) 

until use or further passage. Selection of cells stably expressing constructs 

of interest was maintained by infusing the media with 0.75 mg.ml-1 of 

geneticin (G418) and 0.25 mg.ml-1 of hygromycin B and/or 0.5mg.ml-1 of 

zeocin, as appropriate.  

2.3.5 Membrane preparation from rat cortex samples 

Brains were taken from adult Wistar rats and both hemispheres of the 

cortex were isolated before storage at -80 °C. Once thawed, adult rat cortical 

membranes were prepared as described in section 2.3.3. 
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2.3.6 Membrane Preparation from Mouse Cortex Samples from mGlu5 or 

mGlu1 knockouts 

Once thawed, mouse cortical membranes from mGlu5 or mGlu1 knockout 

samples were prepared as described in section 2.3.3.  

2.3.7 Culture of rat cortical neurons and astrocytes 

Cortices from E18 (embryos 18 days post-gestation) Sprague-Dawley rats 

were purchased, already dissected and stored at 4 °C in Hibernate-E® 

media, from Charles River (London, UK). Pregnant females were killed by 

rising CO2 followed by cervical dislocation prior to removal of embryos). The 

cortices were trypsinised for 15 mins at 37°C using 0.25% w/v Trypsin in 

PBS with 0.5 mM EDTA, with mixing every 5 minutes. The trypsin was 

removed, 5ml of Neurobasal medium from Invitrogen (California, USA) 

containing 10 % FBS was added then removed 5x to neutralise any 

remaining trypsin, and then 10 ml of HBSS with 1mg.ml-1 DNAase was 

added. The mixture was then triturated 15x with a fine pipette. After 

centrifugation at 200 x g at 15 °C for 5 minutes, the pelleted cells were 

resuspended in 10 ml of HBSS before being triturated 15x. The mixture was 

then centrifuged at 200 x g at 15 °C for 5 minutes before being resuspended 

in 10 ml of Neurobasal media containing B-27 Serum-free supplement from 

Thermo Fisher Scientific (Paisley, UK) and passed through a 100 µm filter 

mesh. Cells were then counted and plated on poly-D-lysine coated culture 

plates. For pure neuronal cultures, arabinose C was added at a final 

concentration of 1 µM at 2 days in vitro (DIV) to inhibit glial growth. Half of 

the media was removed every 4 days and replaced with the same volume of 

fresh media until use. 

2.4 Radioligand binding 

Radioligand binding studies were carried out based on methods disclosed in 

Bradley et al. (2011) using the membranes prepared from recombinant 

HEK293 cells transiently expressing hmGlu5, HA-hmGlu1-C1 and FLAG-

hmGlu5-C2, or HA-hmGlu5-C1 and FLAG-hmGlu5-C2, as described in 
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section 2.3.3, using 30 µg.well-1 of membranes. Radioligand binding studies 

were also carried out using membranes prepared from the cortices of adult 

Wistar rats, as described in section 2.3.4, using 50 µg.well-1 of membranes. 

Finally, studies were also carried out using membranes prepared from the 

cortices of wild-type and mGlu1 knockout mice, as described in section 2.3.5, 

using 50 µg.well-1 of membranes. The final assay volume for all experiments 

was 1 ml per well, with constituents made up in assay buffer (50 mM 

HEPES, 2 mM MgCl2, pH 7.4). The mGlu5 specific negative allosteric 

modulator [3H]-M-MPEP was used as the probe in all experiments, and non-

specific binding was established using MPEP at a final assay concentration 

of 1 µM. After 90 minutes of incubation at room temperature, radioligand 

bound to membranes was separated from free radioligand by rapid vacuum 

filtration through GF/B glass fibre filters pre-soaked in ice-cold wash buffer 

(20 mM HEPES, 2 mM CaCl2, 2 mM MgCl2, pH 7.2) before being washed 

with 5 mls of pre-chilled, ice cold wash buffer. Once dried, membrane 

samples captured in the glass fibre filters were placed into scintillation 

tubes with an excess of Ultima Gold F scintillation cocktail and incubated 

overnight. Radioactivity was determined using a scintillation counter. 

DMSO concentration for all experiments was >0.05% (v/v). Radioligand 

binding experiments using [3H]-M-MPEP carried out in this thesis are based 

on methods disclosed by Bradley et al., (2011). 

2.4.1 Saturation binding of [3H]-M-MPEP 

Increasing concentrations of [3H]-M-MPEP (0.15 to 20 nM) were incubated 

with membrane, as described in section 2.4 in assay buffer (50 mM HEPES, 

2 mM MgCl2, pH 7.4).  

2.4.2 Inhibition binding  

1 nM of [3H]-M-MPEP was incubated with membrane in assay buffer with a 

range of concentrations of MPEP (100 pM to 1 µM), LSN2814617 (1 nM to 

10 µM), VU0430644 (1 nM to 10 µM), CDPPB (1 nM to 10 µM), (S)-3,5-
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DHPG (1 nM to 10 µM), ADX-47273 (1 nM to 10 µM), JNJ16259685 (100 pM 

to 1 µM), Ro-67 4853, or M-MPEP (10 pM to 1 µM). 

In order to assess the cooperativity of binding (α) between the allosteric and 

orthosteric binding sites of mGlu5, a range of concentrations of allosteric 

modulators as described above were incubated with a single concentration of 

[3H]-M-MPEP (1 nM) with (S)-3,5-DHPG (10 µM) or L-quisqualic acid (10 

µM). For the binding of ADX-47273, where the lower asymptote was not well 

defined, the analysis was constrained such that the lower asymptote is 

greater than zero and shared between the curves generated in the absence 

and presence of (S)-3,5-DHPG. This constraint means the resulting pKi 

values can only represent an estimate, and as such should be viewed with 

caution. 

In order to assess pharmacological interactions between the HA-hmGlu1-C1 

and FLAG-hmGlu5-C2  or HA-hmGlu5-C1 and FLAG-hmGlu5-C2 

constructs, a range of concentrations of mGlu5 allosteric modulators, as 

described above, were incubated with a single concentration of [3H]-M-

MPEP (1 nM) and a single concentration of (S)-3.5-DHPG (10 µM), Ro-67 

4853 (10 µM), or JNJ16259685 (100 nM). 

2.5 Measurement of intracellular calcium mobilisation using a 

Fluorescent Imaging Plate Reader (FLIPR) 

2.5.1 Measurement of intracellular calcium release in AV12 stable cell lines  

The use of FLIPR for quantification of calcium signalling was first disclosed 

by Schroeder, (1996). FLIPR functional assays were carried out according to 

an in-house Lilly protocol. AV12 cells were seeded at 60,000 cells per well 

into poly-D-lysine coated clear-bottomed black 96 well assay plates 48 hours 

prior to experiments. On the day of the experiment the growth media was 

removed and the fluorescent, calcium-sensitive dye Fluo4-AM from 

Invitrogen (California, USA) was dissolved with pluronic F127 at a final 

concentration of 1 µM/0.05% (v/v), respectively, into assay buffer (HBSS, 20 
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mM HEPES, pH 7.2). Cells were incubated with the Fluo4-AM/assay buffer 

mixture for 1 hour in the dark before being washed once with 50 µl of assay 

buffer. Following the addition of 100 µl of assay buffer, plates were 

transferred to the FLIPR2 from Molecular Devices (California, USA) for 

imaging. Images were collected before and after the addition of compounds 

of interest at a rate of 1 image per second. Intracellular calcium release was 

measured as the peak height of fluorescence measured at (excitation at a 

wavelength of 488 nm, emission at 520 nm), expressed as Relative 

Fluorescent Units (RFU). This value was baseline corrected using the 

fluorescence in the absence of agonist.  

For the measurement of intracellular calcium release induced by agonist, a 

range of concentrations of (S)-3,5-DHPG (100 nM to 25 µM) were added to 

the cells after baseline counting. For the measurement of the effect of the 

MPEP on agonist response, a set concentration of MPEP (1 µM), diluted in 

assay buffer, was pre-incubated for 3 minutes before the addition of a range 

of concentrations of (S)-3,5-DHPG (100 nM to 25 µM). For the measurement 

of the effect of positive allosteric modulators on the response of these 

receptors to agonist, a range of concentrations of LSN-2814617 (10 nM to 10 

µM), VU0430644 (100 pM to 10 µM), CDPPB (1 nM to 3 µM), ADX-47273 (1 

nM to 10 µM), CPPHA (1 nM to 10 µM), or Ro-67 4853 (1 nM to 10 µM), 

diluted in assay buffer, were pre-incubated for 3 minutes before the addition 

of a range of concentrations of (S)-3,5-DHPG (25 nM to 10 µM). For the 

measurement of the concentration-dependent ability of allosteric modulators 

to inhibit intracellular calcium release induced by receptor, a range of 

concentrations of MPEP (3 pM to 100 nM) or JNJ 16259685 (30 pM to 1 

µM), diluted in assay buffer, were pre-incubated for 3 minutes before the 

addition of a single concentration of (S)-3,5-DHPG (10 µM). DMSO 

concentration for all experiments was > 0.05%.  

2.5.2 Measurement of intracellular calcium release in rat cortical neurons 

Primary cortical neurons were seeded at 66,000 cells per well into poly-D-

lysine coated clear-bottomed black 96 well assay plates after preparation as 
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described in section 2.3.7. At 7 DIV the growth media was removed and the 

fluorescent, calcium-sensitive dye Fluo4-AM from Invitrogen (California, 

USA) was dissolved with pluronic F127 at a final concentration of 1 

µM/0.05% (v/v), respectively, into assay buffer (HBSS, 20 mM HEPES, pH 

7.2, 1 µM tetrodotoxin). Cells were incubated with the Fluo4-AM/assay 

buffer mixture for 1 hour in the dark before being washed once with 50 µl of 

assay buffer. Following the addition of 100 µl of assay buffer, plates were 

transferred to the FLIPR2 from Molecular Devices (California, USA) for 

imaging. Images were collected before and after the addition of compounds 

of interest at a rate of 1 image per second. Intracellular calcium release was 

measured as the peak height of fluorescence measured at (excitation at a 

wavelength of 488 nm, emission at 520 nm), expressed as Relative 

Fluorescent Units (RFU). This value was baseline corrected using the 

fluorescence in the absence of agonist.  

For the measurement of intracellular calcium release induced by agonist, a 

range of concentrations of (S)-3,5-DHPG (100 nM to 25 µM) were added to 

the cells after baseline counting. For the measurement of the effect of the 

MPEP on agonist response, a set concentration of MPEP (1 µM), diluted in 

assay buffer, was pre-incubated for 3 minutes before the addition of a range 

of concentrations of (S)-3,5-DHPG (100 nM to 25 µM). For the measurement 

of the effect of positive allosteric modulators on the response of these 

receptors to agonist, a range of concentrations of LSN-2814617 (10 nM to 10 

µM), VU0430644 (100 pM to 10 µM), or CDPPB (1 nM to 3 µM), diluted in 

assay buffer, were pre-incubated for 3 minutes before the addition of a range 

of concentrations of (S)-3,5-DHPG (25 nM to 10 µM). DMSO concentration 

for all experiments was less than 0.05%.  

2.6 Sample preparation and immunoassays 

2.6.1 Preparation of whole cell lysates from AV12 stable cell lines 

AV12 cells stably expressing hmGlu5 were grown in 6-well plates prior to 

preparation by a standard laboratory protocol. At 90% confluency, cell 
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media was removed and the cells were washed twice with ice-cold PBS. 

After washing, 250 µl of ice-cold RIPA buffer (20 mM Tris, 3 mM EDTA, 150 

mM NaCl, 1% Nonidet P-40, 0.5% Na deoxycholate, pH 7.4, one c0mplete 

protease inhibitor cocktail tablet per 50ml) was added and then the samples 

were incubated on ice for 30 minutes. After incubation, samples were 

centrifuged at 14000 x g at 4 ° C for 20 minutes, then the supernatant was 

removed and assayed for protein concentration using the Bradford method 

(Bradford, 1976). Samples were stored at -30 °C until use. 

2.6.2 Preparation of whole cell lysates from cultured primary tissues 

Primary cortical neurons, prepared as described in section 2.3.7, were plated 

at a cell density of 300,000 cells per well in a poly-D-lysine coated 6-well 

plate. Whole cell lysates were prepared according to a standard laboratory 

protocol. In brief, Samples were taken at DIV1, 7, 14, and 21 as follows. Cell 

media was removed and the cells were washed twice with ice-cold PBS. 

After washing, 250 µl of ice-cold RIPA buffer (20 mM Tris, 3 mM EDTA, 150 

mM NaCl, 1% Nonidet P-40, 0.5% Na deoxycholate, pH 7.4, one c0mplete 

protease inhibitor cocktail tablet per 50ml) was added and then the samples 

were incubated on ice for 30 minutes. After incubation, samples were 

centrifuged at 14000 x g at 4 ° C for 20 minutes, then the supernatant was 

removed and assayed for protein concentration using the Bradford method 

(Bradford, 1976). Samples were stored at -30 °C until use. 

2.6.3 Preparation of mouse cortex samples treated with vehicle, LSN2814617, 

or VU0430644 

Samples of cortices from mice treated with vehicle, 100 mg.kg-1 

LSN2814617, or 100 mg.kg-1 VU0430644 daily for seven days were kindly 

provided, snap-frozen, by Lilly (Surrey, UK). Samples were thawed before 

the addition of 500 µl of pre-chilled RIPA buffer per cortex. Samples were 

triturated until homogenous and then incubated on ice for 30 minutes. After 

incubation, samples were centrifuged at 14,000 x g at 4 °C for 20 minutes. 



 

66 
 

The supernatant was removed and assayed for protein concentration using 

the Bradford method (Bradford, 1976) before storage at -80 °C prior to use. 

2.6.4 Sample loading, SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide 

Gel Electrophoresis), and Western blotting 

Seperation of proteins using SDS-PAGE and detection of proteins using 

specific antibodies was performed based on a standard laboratory protocol. 

The original description of SDS-PAGE separation and Western blotting are 

described in Towbin et al. (1979) Burnette (1981). Samples of lysates 

(outlined in sections 2.6.1 to 2.6.3) or membranes (outlined in sections 2.3.3, 

2.3.5, and 2.3.6) were added to 5x concentrated loading buffer (125mM Tris, 

200mM dithiothreitol, 4% SDS, 20% glycerol, and 0.05% bromophenol blue, 

pH 6.8) at a ratio of 4 parts sample to 1 part buffer, mixed, and then 

incubated for 5 minutes at room temperature. Samples were then loaded 

onto SDS-PAGE gels, alongside molecular weight markers from Bio-Rad 

(Hertfordshire, UK) and electrophoresis was conducted at 200 V for 45 to 55 

minutes. Once complete, the gels containing sample proteins were incubated 

in semi-dry transfer buffer (25mM Tris, 192mM Glycine, 0.5% sodium 

dodecyl sulfate (SDS), 20% methanol). Protein samples were then 

transferred to nitrocellulose membranes, pre-soaked in transfer buffer, by 

electrophoresis at 400 mV for 1 hour using a semi-dry transfer cell from Bio-

Rad (Hertfordshire, UK). The protein samples immobilised on nitrocellulose 

membranes were then incubated in PBS (pH 7.4) with 5 % non-fat milk 

powder (w/v) and 0.1% Tween-20 (v/v) for 30 minutes at room temperature 

to block non-specific antibody binding sites. Samples were then incubated 

with primary antibodies of interest (outlined in Table 2.6.4.1) diluted in PBS 

(pH 7.4) with 5 % non-fat milk powder (w/v) and 0.1% Tween-20 (v/v) 

overnight at 4 °C. Samples were then washed 3 times with 15 ml of PBS (pH 

7.4) with 0.1 % Tween-20 (v/v) before incubation with their relevant 

secondary antibodies (outlined in Table 2.6.4.1) diluted in PBS (pH 7.4) with 

5 % non-fat milk powder (w/v) and 0.1% Tween-20 (v/v) for 1 hour at room 

temperature. After incubation, samples were again washed as before prior 
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to the addition of standard ECL reagents and photographic development 

using  Hyperfilm ECL film from GE Healthcare Life Sciences (Amersham, 

UK). 

2.6.5 Immunocytochemistry 

Immunocytochemistry experiments were performed according to a standard 

laboratory protocol based upon a manufacterer’s protocol (Abcam, 

Massachusetts, USA). Recombinant cell lines of interest were seeded onto 

poly-D-lysine coated 10 mm glass coverslips in 24-well tissue culture plates 

at a low density at least 24 hours before experimental use.  On the day of 

the experiment, cells were washed three times with 500 µl of PBS prior to 

fixation with 4 % paraformaldehyde diluted in PBS. Coverslips bearing cells 

were incubated in fixative for 10 minutes to allow crosslinking of cellular 

proteins. For the permeabilisation of cells, coverslips bearing cells were 

incubated for 10 minutes at room temperature in PBS containing 0.2 % 

Triton X-100 (v/v). Following fixation (and permeabilisation, where 

applicable), coverslips were washed 3 times with 500 µl of PBS before 

incubation in blocking buffer (PBS, pH 7.4, 1% Bovine Serum Albumin 

(BSA) (w/v)) for an hour at room temperature. Coverslips were then 

incubated in primary antibody diluted in blocking buffer (see Table 2.6.6.1) 

for 1 hour at room temperature. Coverslips were then washed a further 

three times with 500 µl of PBS prior to the addition of the relevant 

fluorescent secondary antibody (see Table 2.6.6.1). Coverslips were 

incubated with the appropriate fluorescent secondary antibody, diluted in 

blocking buffer, for 1 hour at room temperature in darkness prior to 

washing as before. Coverslips were then mounted using VECTASHIELD 

HardSet Antifade Mounting Medium with DAPI from Vector Laboratories 

(California, USA). Once set, mounted coverslips were stored in the dark at 4 

°C until imaging. 
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2.6.6 Histochemistry and immunohistochemistry 

Perfusion-fixed mouse brain samples (outlined in section 2.1.4) were 

processed in paraffin wax and 5 µM slices were taken coronally. Sections 

were prepared and stained, where appropriate, with haemotoxylin and eosin 

in house by Dr. Jennifer Edwards at the MRC Toxicology Unit (Leicester, 

UK). Immunohistochemistry using antibodies was performed according to a 

protocol kindly provided by Dr. Sophie Bradley (MRC Toxicology Unit, 

Leicester, UK). After antigen retrieval the samples were washed in PBS 

with 0.25% Triton X-100 (v/v) three times for 15 minutes per wash prior to 

incubation with blocking buffer (PBS, pH 7.4, with 0.1% Triton X-100 (v/v), 

10 % goat serum (v/v), and 5% BSA (w/v)) for 2 hours at room temperature. 

After blocking, samples were incubated with primary antibodies diluted in 

blocking buffer (outlined in Table 2.6.7.1) overnight at 4 °C. After washing 

as before, samples were incubated with fluorescent secondary antibodies 

(outlined in Table 2.6.7.1). After three further washes as before, samples 

were mounted using VECTASHIELD HardSet Antifade Mounting Medium 

with DAPI from Vector Laboratories (California, USA). Once set, mounted 

coverslips were stored in the dark at 4 °C until imaging. 

2.6.7 Whole cell ELISA 

HEK293 cells were transfected with constructs of interest as described in 

section 2.3.2. Whole Cell ELISA experiments were performed according to a 

protocol kindly provided by Dr. Adrian Butcher (MRC Toxicology Unit, 

Leicester). In brief, 24 hours post-transfection, cells plated into poly-D-

lysine coated black 96-well tissue culture plates at a cell density of 40,000 

cells.well-1 and then incubated for a further 24 hours in a humidified 

incubator, as described previously, prior to experimental use. The cells were 

washed once with 200 µl of PBS (pH 7.4) followed by the addition of 100 µl of 

4 % PFA diluted in PBS (pH 7.4) for 10 minutes at room temperature for 

fixation. For the permeabilisation of cells, wells were incubated for 10 
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minutes at room temperature in PBS containing 0.2 % Triton X-100 (v/v). 

Following fixation (and permeabilisation, where applicable), wells were 

washed 3 times with 100 µl of PBS before incubation in blocking buffer 

(PBS, pH 7.4, 1% Bovine Serum Albumin (BSA) (w/v)) for an hour at room 

temperature. Coverslips were then incubated in HRP-conjugated primary 

antibody diluted in blocking buffer (outlined in table 2.6.6.1) for 1 hour at 

room temperature in prior to washing as before. 50 µl of ECL reagent was 

then added to each well, and chemiluminesence was assessed using a 

CLARIOstar plate reader from BMG Labtech (Offenburg, Germany).  

2.7 Assessment of cell death in primary cultures 

Cell death was assessed by measuring the activity of extracellular lactate 

dehydrogenase (LDH) activity (Decker and Lohmann-Matthes, 1988). In the 

following experiments, LDH activity was measured using a CytoTox 96® 

Non-Radioactive Cytotoxicity Assay from Promega (Wisconsin, USA), 

according to manufacturer’s instructions. In brief, a sample of 50 µl of media 

was taken from each well and frozen until use. On the day of experiment, 

the 50 µl media samples were thawed and placed into a clear-bottom black 

96-well plate along with 50 µl of CytoTox 96® Reagent and incubated in the 

dark for 30 minutes at room temperature. After 30 minutes, 50 µl of stop 

solution was added, and absorbance of light at a wavelength of 490 nm was 

measured using a CLARIOstar plate reader from BMG Labtech (Offenburg, 

Germany). 

2.7.1 Cell death measurement in primary cortical neurons 

Primary cortical neurons were plated into poly-D-lysine coated 96-well 

plates at a cell density of 100,000 cells.well-1, prior to use in this assay, and 

arabinose C at 1 µM was included in the media from 2 DIV to inhibit glial 

growth. At 7 DIV, 50 % of the media was removed, then the cells were pre-

incubated for 30 minutes with a set concentration of either LSN-2814617 

(100 µM) or MPEP (100 µM). After incubation, a range of concentrations of 

L-glutamate (1 µM to 10 mM), dissolved in cell media, was added to the 
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primary cortical cultures. The cultures were then returned to the humidified 

incubator for 24 hours before the assessment of LDH activity as described 

above. The concentration-dependent effect of MPEP on excitotoxic cell death 

was further assessed as before, but with a range of concentrations of MPEP 

(100 nM to 100 µM). 

2.7.2 The Effect of allosteric modulators of mGlu5 on the time course of 

excitotoxic cell death induced by L-glutamate in primary cortical neurons 

Primary cortical neurons were plated into poly-D-lysine coated 96-well 

plates at a cell density of 100,000 cells.well-1, prior to use in this assay, and 

arabinose C at 1 µM was included in the media from 2 DIV to inhibit glial 

growth. At 7 DIV, 50 % of the media was removed, then the cells were pre-

incubated for 30 minutes with a set concentration of either LSN-2814617 

(100 µM) or MPEP (100 µM). Following this, a set concentration of L-

glutamate (316 µM) was added to each well, and media samples were taken 

at a range of timepoints (1 minute to 24 hours) and frozen prior to the 

assessment of LDH activity as described above. 

2.7.3 The effect of LSN2814617 of mGlu5 on the excitotoxic cell death 

induced by L-glutamate in mixed primary cortical neurons and astrocytes 

Primary cortical neurons were plated into poly-D-lysine coated 96-well 

plates at a cell density of 100,000 cells.well-1, prior to use in this assay. At 

14 DIV, 50 % of the media was removed, then the cells were pre-incubated 

for 30 minutes with a set concentration of LSN-2814617 (10 µM) dissolved 

in cell media. After incubation, a range of concentrations of L-glutamate (10 

nM to 1 mM), dissolved in cell media, was added to the primary cultures. 

The cultures were then returned to the humidified incubator for 24 hours 

before the assessment of LDH activity as described above. 
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2.8 Data analysis 

2.8.1 Analysis of radioligand binding data 

Radioligand binding data was analysed using Prism v6.07 from GraphPad 

(California, USA). For the saturation binding of [3H]-M-MPEP, total binding 

and non-specific binding data was globally fitted using equation 1, where Y 

is radioligand binding (fmol.mg protein-1), Bmax is the maximal binding 

capacity of the available receptors, [A] is the radioligand concentration, KA 

is the equilibrium dissociation constant of the radioligand and NS is the 

fraction of non-specific radioligand binding. 

(Equation 1) 

𝑌 =
𝐵𝑚𝑎𝑥 ∙ [𝐴]

[𝐴] + 𝐾𝐴
+ 𝑁𝑆 ∙ [𝐴] 

  

For inhibition of the binding of [3H]-M-MPEP, the specific binding data from 

each compound was fitted to equation 2, where Emax and Basal are the 

maximal and minimal asymptotes of the curve, respectively, Log [B] is the 

concentration of inhibitor, Log IC50 is the logarithm of the concentration of 

inhibitor that reduces half the maximal radioligand binding for each binding 

site and nH is the Hill slope (constrained to unity). IC50 values were 

converted to KI values (equilibrium dissociation constant) using equations 

described by Cheng & Prusoff (1973).  

(Equation 2) 

𝑌 = 𝐵𝑎𝑠𝑎𝑙 +
(𝐸𝑀𝐴𝑋 − 𝐵𝑎𝑠𝑎𝑙)

1 +  10(𝐿𝑜𝑔[𝐵]−𝐿𝑜𝑔𝐼𝐶50)∙𝑛𝐻
 

Where an third compound, acting at a different binding site to [3H]-M-

MPEP, was added to the inhibition binding reaction between [3H]-M-MPEP 

and an allosteric compound, the cooperativity of binding (α) was calculated 

as a ratio between the KA of the allosteric modulator in the presence of the 

third compound, and the KA of the allosteric modulator in the absence of the 

third compound, based upon the allosteric ternary complex model outlined 
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in Lazareno & Birdsall (1995). This method assumes that the third ligand 

has no cooperative effect on the radioligand. For ADX-47273 data, the lower 

asymptote was constrained such that, whether (S)-3,5-DHPG was present or 

not, the lower asymptotes are shared and above zero. These are logical 

assumptions that allow an estimation of the co-operativity between the 

allosteric and orthosteric sites, but the pKi values should be viewed with 

caution. 

2.8.2 Analysis of functional data 

Analysis of agonist stimulated dose-response data was fitting using a four 

parameter equation (equation 3) with the operational model of agonism 

described by Black & Leff (1983) (equation 4) where Y represents the 

response of the agonist, Emax is the maximum system response, basal is the 

basal activity of the system, [A] is the concentration of the agonist, EC50 is 

the concentration of agonist required to elicit 50 % of its maximal response, 

n is the slope factor of the transducer function that links occupancy to 

response, EMAX is the maximum reponse of the system under measure, τ is 

an index of the efficacy of the agonist, and KA is the dissociation constant of 

the agonist. The operational model assumes that the affinity of the agonist 

remains unchanged regardless of the system being measured, and that the 

agonist obeys the law of mass action. 

 

(Equation 3) 

𝑌 = 𝐵𝑎𝑠𝑎𝑙 +
(𝐸𝑀𝐴𝑋 − 𝐵𝑎𝑠𝑎𝑙)

1 + 10(𝑙𝑜𝑔𝐸𝐶50 + 𝑙𝑜𝑔[𝐴])𝑛
 

(Equation 4) 

𝐸 =
𝐸𝑀𝐴𝑋𝜏[𝐴]

[𝐴](1 + 𝜏) + 𝐾𝐴
 

The ability of the allosteric modulators to inhibit agonist response in 

constructs of interest was analysed using the four parameter dose-response 

model (equation 3) where logEC50 is replaced with logIC50, the concentration 
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of antagonist required to elicit 50 % of the maximum inhibition of agonist 

activity. 

Comparisons between ligands and constructs, where appropriate, were 

analysed using an unpaired, two-tailed t-test, with a p-value <0.05 

considered statistically significant. 

The ability of positive allosteric modulators to potentiate the action of an 

orthosteric agonist were analysed globally using the full operational model 

of allosterism. This model accounts for the ability of allosteric modulators to 

modulate orthosteric agonist affinity and efficacy as well as activating the 

receptor in their own right (Black and Leff (1983); discussed in Leach et al., 

2007): 

(Equation 5) 

𝑌 = 𝐵𝑎𝑠𝑎𝑙 +
(𝐸𝑀−𝐵𝑎𝑠𝑎𝑙)∙((𝜏𝐴[𝐴](𝐾𝐵+𝛼𝛽[𝐵]))+𝜏𝐵[𝐵]∙𝐾𝐵)

𝑛

([𝐴]𝐾𝐵+𝐾𝐴𝐾𝐵+𝐾𝐴[𝐵]+𝛼[𝐴][𝐵])𝑛+〖(𝜏〗𝐴[𝐴](𝐾𝐵+𝛼𝛽[𝐵])+𝜏𝐵[𝐵]∙𝐾𝐵)𝑛  

This model estimates the equilibrium dissociation constants and relative 

efficacies of orthosteric and allosteric (KA, τA or KB, τB, respectively) ligands, 

as well as the cooperativity of binding and function between the two (α and 

β, respectively). Basal is the response of the system in the absence of ligand 

and the terms EM and n denote the maximal possible system response and 

the slope factor of the transducer function that links occupancy to response 

respectively. For Chapter 3 data, this model was fit by constraining τB to 

zero, KB and α were constrained to the values of the equilibrium dissociation 

constant and binding co-operativity (α) derived in corresponding radioligand 

binding studies. For Chapter 4, data was fit to a four parameter logistic 

equation (Equation 3), and the change in pEC50 of (S)-3,5-DHPG in the 

absence and presence of the highest concentration of positive allosteric 

modulator was used to compare constructs as appropriate. 
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2.8.3 Estimating the total number of neurons in a coronal section of the 

anterior cortex 

In order to estimate the number of neurons present in a coronal section, 

stained with eosin and haematoxylin in house, the total area of the cortical 

hemisphere of each coronal sample from three mice was calculated using  an 

Axiovert 200M microscope. The total number of neurons was counted 

manually from 3 portions of each hemisphere and then an estimate of the 

total number of neurons was made by multiplying the average by the 

scaling factor of the sample area vs. the full cortical area. 

2.8.4 Densitometric analysis of immunoblot data 

AUC values were generated from each band of interest from Western blot 

data using ImageJ from the National Institutes for Health (Maryland, 

USA).  

2.8.5 Statistical analyses 

Any comparisons between a pair of data sets were made using an unpaired, 

one-tailed t-test with a p-value less than 0.05 considered statistically 

significant. Multiple data sets were compared using a one-way analysis of 

variance (ANOVA) test where a p value less than 0.05 was considered 

statistically significant. Further multiple comparisons were performed using 

Tukey’s Honest Significant Difference (HSD) post-hoc analysis with a p-

value of less than 0.05 considered statistically significant. 

Details of statistical analyses performed can be found in the figure legend or 

accompanying table, as appropriate. 
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Table 2.6.4.1: Summary of antibodies and their use in Western blotting. 

 Antibody Species Dilution Company Catalogue 

No. 

Monoclonal anti-

mGluR5 

Rabbit 1:5000 Abcam ab76316 

Monoclonal anti-

β tubulin 

Mouse 1:1000 Sigma-Aldrich T8328 

Monoclonal anti-

mGluR1 

Rabbit 1:1000 Cell Signalling Technology #12551 

Monoclonal anti-

GAPDH 

Rabbit 1:2000 Cell Signalling Technology #2118 

HRP-conjugated 

anti-rabbit 

Goat 3:10,000 Bio-Rad 1706515 

HRP-conjugated 

anti-mouse 

Goat 3:10,000 Bio-Rad 1706516 
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Table 2.6.6.1: Summary of antibodies and their use in immunocytochemistry and whole cell 

ELISA. 

Antibody Species Dilution Company Catalogue No. 

Monoclonal 

anti-mGluR5 

Rabbit 1:300 Abcam ab76316 

Monoclonal 

anti-HA 

Rat 1:1000 Roche 11867423001 

Monoclonal 

anti-FLAG 

Mouse 1:1000 Sigma-Aldrich F3165 

Monoclonal 

anti-HA-

Peroxidase 

Rat 1:1000 Roche 12013819001 

Alexafluor ® 

488-conjugated 

anti-rabbit 

Donkey 1:1000 Thermo Fisher Scientific R37118 

Alexafluor ® 

488-conjugated 

anti-rat 

Donkey 1:1000 Thermo Fisher Scientific A-21208 

Alexafluor ® 

488-conjugated 

anti-mouse 

Donkey 1:1000 Thermo Fisher Scientific R37115 
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Table 2.6.7.1: Summary of antibodies and their use in immunohistochemistry. 

Antibody Species Dilution Company Catalogue 

No. 

Monoclonal anti-

mGluR5 

Rabbit 1:300 Abcam ab76316 

Monoclonal anti-

GFAP 

Mouse 1:400 Sigma-Aldrich G3893 

Monoclonal anti-

NeuN 

Rabbit 1:500 Millipore ABN78 

Polyclonal anti-c 

fos 

Rabbit 1:5000 Sigma-Aldrich F7799 

Alexafluor ® 

488-conjugated 

anti-rabbit 

Donkey 1:1000 Thermo Fisher Scientific R37118 

Alexafluor ® 

488-conjugated 

anti-mouse 

Donkey 1:1000 Thermo Fisher Scientific R37115 
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Chapter 3.  Pharmacological characterisation of 

allosteric modulators acting at the mGlu5 receptor 

3.1 Introduction 

The pharmacological manipulation of the mGlu5 receptor may provide a 

way to intervene in addiction, anxiety, depression, schizophrenia, fragile X 

syndrome, Parkinson’s disease and Alzheimer’s disease (Dekundy et al., 

2006; Kumar et al., 2015; Niswender and Conn, 2010). The development of 

ligands binding at the orthosteric site yielded the Group I selective agonist 

(S)-3,5-DHPG, a derivative of phenylglycine with micromolar affinity at 

these receptors (Brabet et al., 1995). Further development yielded an mGlu5 

specific orthosteric agonist, CHPG, though neither compound has 

progressed to the clinic due to the lack of subtype selectivity and poor blood-

brain barrier permeability typical of the amino acid derivative ligands 

(Doherty et al., 1997; Spooren et al., 2001). Recently, the development of 

ligands acting outside of the orthosteric site, so-called ‘allosteric 

modulators’, has allowed the development of highly subtype-specific ligands 

with favourable pharmacokinetic properties (Conn et al., 2009). 

The development of the mGlu5 specific PAMs DFB, CPPHA, and CDPPB 

showed the potential of exploiting the TMDs for drug development. CDPPB, 

for example, binds at the same site as MPEP, and has a micromolar potency 

for the mGlu5 receptor and is reported to be a partial agonist in its own 

right (Kinney et al., 2005; Lindsley et al., 2004). The fact that these 

allosteric modulators bind at an alternative site to the endogenous ligand is 

a great advantage for the development of subtype specific compounds as it is 

thought that there is less evolutionary pressure for conservation of the 

allosteric sites and so these sites have a more diverse, exploitable range of 

residues (Lewis et al., 2008). Interestingly, in the case of mGlu5, small 

changes to allosteric ligands can change their activity entirely, and this has 

been demonstrated for several structural chemotypes of mGlu5 allosteric 

modulator (Wood et al., 2011). For example, the prototypical PAM DFB can 
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be modified to exhibit NAM activity by substitution of the fluoro groups with 

methoxy groups (O’Brien et al., 2003).   Furthermore, substitution of the 

same groups with chloro moieties yields a silent allosteric modulator (SAM). 

Similarly, MPEP can be modified to produce NAMs which do not fully block 

receptor activity, M5-MPEP and Br-5MPEPy, as well as the SAM 5MPEP 

(Rodriguez et al., 2005). The mGlu5 ago-PAM (a PAM with intrinsic agonist 

activity) ADX-47372 has proven to be similarly malleable: alterations of 

chemical groups on this compound resulted in PAMs lacking agonist 

activity, as well as NAMs of various inhibitory strength (Engers et al., 2009; 

Lamb et al., 2011). These ‘molecular switches’ are useful in understanding 

structure-activity relationships, and may yield further unique compounds at 

mGlu5 and many other GPCRs. 

As well as the effect of molecular switches on compound activity, another 

important consideration for compound action is their individual interaction 

with the receptor. Given that allosteric modulators have cooperativity of 

binding (α) and of function (β), it is possible that there are examples of 

mGlu5 compounds which operate via differing modes of action. It has been 

previously demonstrated that MPEP and 5MPEP do not alter the binding of 

L-quisqualic acid at the orthosteric site, and so their inhibitory action must 

be through cooperativity of function (Bradley et al., 2011). The same study 

showed that many of the PAMs developed for mGlu5 act in a 

mechanistically different way. DFB displays approximately equal 

cooperativity of function and binding, CDPPB has a greater cooperativity of 

binding, and ADX-47273 having a greater cooperativity of function. 

Understanding these properties of allosteric modulators is vital in order to 

develop structure activity relationships and expand the pharmacological 

toolbox available for this receptor. 

In this chapter, I use pharmacological methods to delineate the 

characteristics of one recently reported PAM, LSN-2814617, and a 

previously unpublished PAM, VU0430644, both binding at the MPEP 

binding site (Gilmour et al., 2013). I then go on to characterise their 
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allosteric interaction with the orthosteric agonist (S)-3,5-DHPG in order to 

delineate the mechanism by which they exert their influence on receptor 

signalling. Finally, I investigate these properties in rat brain samples and 

primary rat cortical neurons in culture in order to delineate any species-

specific actions of these compounds and validate the study of the action of 

mGlu5 PAMs in recombinant cell lines. 
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3.2 Results 

3.2.1 HEK293 cells express transiently transfected hmGlu5 constructs at a 

level sufficient for radioligand binding studies  

HEK293 cell lines are well established as a vehicle for the production of 

recombinant proteins (Thomas and Smart, 2005). With that in mind, the 

expression of hmGlu5 in membranes prepared from transiently transfected 

HEK293 cells was assayed using immunoblot and immunocytochemical 

techniques (Figure 3.2.1.1). Western blotting using an mGlu5 specific 

antibody showed the presence of a protein band with a molecular weight of 

approximately 150 kDa in the membranes derived from transfected cells, 

with no band present in the untransfected cells (Figure 3.2.1.1A). Equal 

protein loading was confirmed by immunoassaying the levels of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a housekeeping gene 

expressed in many tissue types (Barber et al., 2005). Immunocytochemical 

analysis of untransfected cells (Figure 3.2.1.1B) and cell transiently 

transfected with hmGlu5 cDNA (Figure 3.2.1.1C) was performed by 

immunostaining with an mGlu5 specific antibody and DAPI, a fluorescent 

nuclear-staining agent. In untransfected and hmGlu5 transfected cells, 

nuclear staining with DAPI was clear, however, mGlu5 staining was only 

visible in hmGlu5 transfected cells. 

To assess the expression of hmGlu5 in membranes prepared from HEK293 

cells, a membrane titration was performed, and based on that 30 µg.well-1 

was chosen for radioligand binding experiments due to a high signal window 

and a depletion value less than 10 % (data not shown). To further 

investigate the expression of hmGlu5 in our membrane preparations, a [3H]-

M-MPEP saturation analysis was performed (Figure 3.2.1.2).  
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Figure 3.2.1.1 The transient transfection of HEK293 cells with an hmGlu5 construct was 

assessed using immunochemical methods. An immunoblot analysis of membranes from 

either unstransfected HEK293 cells or HEK293 cells transiently transfected with hmGlu5 

was performed with an anti-mGlu5  primary antibody, and an anti-GAPDH antibody to 

assess protein loading (A). Immunocytochemical analysis was performed on 

paraformaldehyde-fixed HEK cells which were either untransfected (B), or transiently 

transfected with hmGlu5 (C). The data shown are single representative images from three 

independent experiments. The images represent 40x magnification with the scale bar 

representing 20 µm. 
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Figure 3.2.1.2 Saturation binding of [3H]M-MPEP in membranes prepared from HEK293 

cells transiently expressing hmGlu5. The properties of [3H]M-MPEP binding to mGlu5 

receptors were assayed by incubating a range of concentrations (0.1-20 nM) with a set 

amount of membrane in the absence and presence of 1µM MPEP. The graph shows the 

combined data from 3 independent experiments performed in duplicate.  
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Saturation binding analysis revealed [3H]-M-MPEP binds to hmGlu5 with 

an affinity (KD) of 1.99 ± 0.59 nM, which is similar to previously reported 

figures (Gasparini et al., 2002). Receptor expression in this system (BMAX) 

was 2096 ± 191 fmol.mg-1. This represents a sufficient signal window for the 

pharmacological characterisation of ligands acting at this mGlu5 binding 

site. 

3.2.2 LSN-2814617 and VU0430644 inhibit radioligand binding at the 

MPEP site of hmGlu5 

The MPEP binding site is perhaps the most well characterised on the 

mGlu5 receptor, with several different classes of allosteric modulator 

binding at this location (Malherbe et al., 2003). Radioligand inhibition 

binding studies were performed, using [3H]-M-MPEP as a probe, in order to 

discover the site of action of LSN-2814617 and VU0430644. Firstly,  the 

ability of three reference compounds, MPEP, CDPPB, and (S)-3,5-DHPG, to 

competitively inhibit the binding of [3H]-M-MPEP at hmGlu5, under 

equilibrium conditions, was assessed in order to validate the assay (Figure 

3.2.2.1). A set concentration of [3H]-M-MPEP, approximately equal to the KD 

concentration calculated in section 3.2.1, was incubated with a range of 

concentrations of ligand for 90 minutes at room temperature, prior to rapid 

vacuum filtration through glass fibre filters.  The mGlu5 NAM MPEP and 

the mGlu5 PAM CDPPB inhibited the binding of radioligand in a 

concentration-dependent manner with pKi values of 8.2 ± 0.08 and 5.74 ± 

0.22, respectively. These affinity values are similar to those reported 

previously (Gasparini et al., 2002; Kinney et al., 2005). The Group I 

orthosteric agonist (S)-3,5-DHPG did not have any effect on the binding of 

[3H]-M-MPEP, indicating that there is no cooperativity of binding between 

the orthosteric agonist  and the allosteric radioligand.  
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Figure 3.2.2.1 Inhibition of the binding of [3H]-M-MPEP by various ligands. A range of 

concentrations of ligand were incubated with a set concentration, approximately equivalent 

to KD, of [3H]-M-MPEP. The graph shows the combined data from 3 independent 

experiments performed in duplicate. Quantitative analysis of the data is summarised in 

Table 3.2.2.1. 
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Table 3.2.2.1 A summary of the quantitative analysis of ligands binding at hmGlu5 in 

HEK293 cell membranes. 

 

  

Compound pKi n 

MPEP 8.24 ± 0.08 3 

LSN-2814617 5.91 ± 0.14 3 

VU0430644 7.29 ± 0.09 3 

CDPPB 5.74 ± 0.22 3 

(S)-3,5-DHPG - 3 
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The previously reported mGlu5 PAM LSN-2814617, and the previously 

unpublished PAM VU0430644, were also assessed for their ability to inhibit 

the binding of the radioligand. Both LSN-2814617 and VU0430644 fully 

inhibited the binding of radioligand in a concentration-dependent manner 

with pKi of values of 5.91 ± 0.14 and 7.29 ± 0.09, respectively. This data 

suggests that both LSN-2814617 and VU0430644 bind at the MPEP site. 

The quantitative analysis of these compounds is summarised in Table 

3.2.2.1. 

3.2.3 PAMs of mGlu5 display differing cooperativities with the orthosteric 

site 

PAMs of mGlu5 acting at the MPEP binding site have been previously 

demonstrated to increase the affinity of orthosteric agonists in membranes 

from the rat cortex and cultured rat cortical astrocytes (Bradley et al., 

2011). In order to assess whether this effect occurs with (S)-3,5-DHPG at the 

human receptor radioligand binding assays were performed using HEK293 

cell membranes transiently transfected with hmGlu5. The ability of LSN-

2814617 and VU0430644 to potentiate the affinity of (S)-3,5-DHPG at the 

human mGlu5 receptor was assessed, and compared to the reference 

compounds CDPPB and ADX-47273. The ability of these ligands to inhibit a 

KD concentration of [3H]-M-MPEP was assessed as in section 3.2.2 or in the 

presence of a concentration of (S)-3,5-DHPG sufficient to occupy the 

orthosteric site (Figure 3.2.3.1). As before all compounds decreased the 

binding of the radioligand in a concentration dependent manner in the 

absence of (S)-3,5-DHPG. In the presence of 10 µM (S)-3,5-DHPG, the 

affinity of LSN-2814617 and VU0430644 was slightly increased (Figure 

3.2.3.1A and B), inferring a weak positive cooperativity between the PAMs 

and the orthosteric agonist, however, this increase was not statistically 

significant when the curves were compared (p > 0.05, unpaired Student’s t-

test). CDPPB and ADX-47273 displayed a larger, statistically significant 

increase in affinity (Figure 3.2.3.1C and D, p < 0.05, unpaired Student’s t-

test), which suggests that these PAMs display a higher cooperativity with 



 

88 
 

(S)-3,5-DHPG than LSN-2814617 and VU0430644. The cooperativity values 

of the reference compounds with (S)-3,5-DHPG are comparable to those 

previously reported between these PAMs and the orthosteric agonist L-

quisqualic acid (Bradley et al., 2011), suggesting that they do not display 

probe dependency. The pharmacological properties of these compounds, 

calculated using the allosteric ternary complex model, are summarised in 

Table 3.2.3.1. 
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Figure 3.2.3.1 The ability of the radioligand to bind specifically to an allosteric site on the 

receptor was assessed in the presence of a range of concentrations of (A) LSN-2814617, (B) 

VU0430644, (C) CDPPB, or (D) ADX-47273. The effect of an orthosteric compound, (S)-3,5-

DHPG, on the affinity of these compounds was also determined. These graphs represent the 

combined data of 3-4 independent experiments performed in duplicate. A summary of the 

analysis of this data can be found in Table 3.2.3.1.  
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Table 3.2.3.1  A summary of the quantitative analysis of ligands binding at hmGlu5 in 

HEK293 cell membranes in the absence and presence of (S)-3,5-DHPG. Statistical 

significance between the pKi in the absence and presence of (S)-3,5-DHPG was determined 

with an unpaired Student’s t-test. 

Compound 

pKi   

α n No  

(S)-3,5-DHPG 

+ 10 µM  

(S)-3,5-DHPG 

 ΔpKi 

(log α) 
LSN-2814617 5.87 ± 0.12 6.02 ± 0.13 N.S N.D. ≈1.00 3 

VU0430644 7.27 ± 0.06 7.48 ± 0.06 N.S N.D. ≈1.00 3 

CDPPB 6.24 ± 0.19 6.79  ± 0.15  * 0.55 3.55 4 

ADX-47273 5.07 ± 0.13 5.67 ± 0.15 ** 0.60 3.98 4 

       

 * p < 0.05       

** p < 0.01       
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3.2.4 AV12 cells stably co-expressing hmGlu5 with EAAT1 are suitable for 

functional studies 

Studying the function of mGlu5 in recombinant cell lines is complicated by 

the fact the orthosteric agonist, L-glutamate, is an endogenously produced 

amino acid in all cell types. An AV12 cell line expressing EAAT1 reduces the 

extracellular level of L-glutamate and allows study of the receptor in the 

absence of activation by endogenous L-glutamate. Initial transfection, 

selection and validation of the stable cell line expressing hmGlu5 was kindly 

performed by Lilly (Surrey, UK).  The expression of hmGlu5 in the AV12 

stable cell line was also confirmed using immunochemical techniques herein 

(Figure 3.2.4.1). Western blotting using an mGlu5 specific antibody showed 

the presence of a protein band with a molecular weight of approximately 

150 kDa in whole cell lysates of the hmGlu5-AV12-EAAT1 cell line, with no 

band present in the untransfected cells (Figure 3.2.4.1A). Equal protein 

loading was confirmed by immunoassaying the levels of beta-tubulin, a 

cytoskeletal protein expressed in many tissue types. Immunocytochemical 

analysis of untransfected cells (Figure 3.2.4.1B) and the hmGlu5-AV12-

EAAT1 cells (Figure 3.2.4.1C) was performed by immunostaining with an 

mGlu5 specific antibody and DAPI In untransfected and hmGlu5 

transfected cells, nuclear staining with DAPI was clear, however, mGlu5 

staining was only visible in hmGlu5 transfected cells.  

The mGlu5 receptor couples mainly to the Gq/11 pathway, activating 

phospholipase C resulting in the production of inositol phosphates and 

diacyl-glycerol, which ultimately leads to the release of intracellular calcium 

and the activation of PKC (Schoepp et al., 1990). With this in mind, the 

functional response of the hmGlu5-AV12-EAAT1 cell line was assessed by 

measuring agonist-stimulated intracellular calcium release using the 

fluorescent, calcium-sensitive probe Fluo4-AM, detected using a fluorescent 

imaging plate reader (FLIPR). (S)-3,5-DHPG induced a concentration-

dependent increase in intracellular calcium release (Figure 3.2.4.1D), with 

an pEC50 value of 5.85 ±  0.06, comparable to previously reported values 
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(O’Brien et al., 2003). The (S)-3,5-DHPG stimulated release could be fully 

inhibited by 1 µM MPEP, indicating that the calcium release induced by 

agonist in this cell line is hmGlu5-dependent. This data shows this cell line 

expresses hmGlu5 at a level suitable for use in functional studies. 
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Figure 3.2.4.1 The expression of hmGlu5 in a stably transfected AV12 cell line was 

assessed using immunochemical and fluorimetric methods. An immunoblot analysis of 

membranes from either untransfected or AV12 cells stably transfected with hmGlu5 was 

performed with an anti-mGlu5 primary antibody, and an anti-β-tubulin antibody to assess 

protein loading (A). Immunocytochemical analysis was performed on paraformaldehyde-

fixed AV12 cells which were either untransfected (B), or stably transfected with hmGlu5 

(C). Imaging was performed at 40x magnification with the scale bar representing 20 µm. 

The activation of the Gq/11 pathway in response to a range of concentrations (100 nM to 30 

uM) to the Group I selective metabotropic glutamate receptor agonist (S)-3,5-DHPG was 

assessed by imaging transient calcium release using Fluo-4 AM as a probe (D). The ability 

of the mGlu5 specific negative allosteric modulator MPEP to inhibit this response was also 

assayed. Panel (A), (B), and (C) show representative examples from three independent 

experiments performed in singlicate. Panel (D) shows the combined data of three 

independent experiments performed in triplicate, where each data point represents the 

mean ± S.E.M. 
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3.2.5 LSN-2814617 and VU0430644 are positive modulators of hmGlu5 

function 

Section 3.2.3 demonstrated the ability of four PAMs of mGlu5 to increase 

the affinity of orthosteric agonist. PAMs can also potentiate receptor action 

by increasing the ability of an orthosteric agonist to activate a receptor, a 

property known as functional cooperativity (β). Furthermore, they can 

activate the receptor in the absence of agonist, so-called allosteric agonism 

(May et al., 2007). The ability of one unpublished and three previously 

reported PAMs of mGlu5 to potentiate the release of intracellular calcium in 

the hmGlu5-AV12-EAAT1 cell line upon agonist stimulation was assessed 

using FLIPR (Figure 3.2.5.1). LSN-2814617 and VU0430644 acted as PAMs, 

causing a concentration-dependent increase in the potency of (S)-3,5-DHPG 

with a maximal response of 188.8 ± 4.4 % and 200.9 ± 6.3 %, respectively,  of 

the response evoked by (S)-3,5-DHPG stimulation alone (Figure 3.2.5.1A 

and B).. The data was analysed using an operational model of allosterism, 

and revealed LSN-2814617 displays almost double the cooperativity with 

(S)-3,5-DHPG compared to VU0430644. Using the α values generated in 

section 3.3.3, the contribution of cooperativity of binding and functional 

cooperativity can be derived. This analysis suggests that LSN-2814617 and 

VU0430644 potentiate (S)-3,5-DHPG responses by increasing the ability of 

the agonist to activate hmGlu5.  

The previously reported PAM CDPPB caused a concentration-dependent 

increase in the potency of (S)-3,5-DHPG with a maximal response of 193.8 ± 

8.9 % of the response evoked by (S)-3,5-DHPG stimulation alone (Figure 

3.2.5.1C).  Furthermore, CDPPB potentiated the response induced by (S)-

3,5-DHPG to a greater extent than either LSN-2814617 or VU0430644. The 

cooperativity value displayed herein is concurrent with previously reported 

values (Gilmour et al., 2013). Deriving the contribution of affinity and 

efficacy driven cooperativity, as before, showed that CDPPB primarily 

potentiates hmGlu5 activation by increasing the affinity of the agonist, 

rather than enhancing the ability of (S)-3,5-DHPG to activate the receptor. 
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This allosteric mode of action has been reported previously and is different 

to that of LSN-2814617 and VU0430644 (Bradley et al., 2011).  

Finally, the previously reported PAM ADX-47273 caused a concentration-

dependent increase in the potency of (S)-3,5-DHPG with a maximal response 

of 369.0 ± 7.2 % of the response evoked by (S)-3,5-DHPG stimulation alone 

(Figure 3.2.5.1D).  ADX-47273 has a larger potentiating action than the 

other PAMs tested herein, displaying a cooperativity  nearly quadruple that 

of CDPPB. Combining the functional data with the cooperativity of binding 

value generated previously shows that ADX-47273 potentiates (S)-3,5-

DHPG responses mainly by increasing the ability of the agonist to transduce 

a signal, rather than increasing the affinity at the orthosteric site, a 

mechanistically different mode of potentiation to CDPPB.. The cooperativity 

values for LSN-2814617, CDPPB, and ADX-47273 are comparable to 

previously reported values (Gilmour et al., 2013). Quantitative analysis of 

the effect of these allosteric modulators using the operational model of 

allosterism is summarised in Table 3.2.5.1. 
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Figure 3.2.5.1 The ability of the allosteric ligands LSN-2814617 (A), VU0430644 (B), 

CDPPB (C), and ADX-47273 (D) to potentiate the activation of the hmGlu5 receptor by the 

orthosteric agonist (S)-3,5-DHPG in a concentration dependent manner was assessed in 

stably transfected AV12 cells. Cells were pre-incubated (5 mins) with a range of 

concentrations of potentiator before the addition of a range of concentrations of (S)-3,5-

DHPG. The data shown represents the mean ± S.E.M from three independent experiments 

performed in triplicate. Analysis using the operational model of allosterism is summarised 

in Table 3.2.5.1. 
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Table 3.2.5.1 A summary of the quantitative analysis of ligands acting at hmGlu5 in our 

stably transfected hmGlu5-AV12-EAAT1 cell line using the operational model of 

allosterism. 

Compound 

Potency 

(pEC50) 

Combined 

Cooperativity 

(αβ) 

Cooperativity 

of Function 

(β) 

 

n 

(S)-3,5-DHPG 5.85 ± 0.06 - - 4 

LSN-2814617 - ≈4.16 4.16 3 

VU0430644 - ≈2.49 2.49 3 

CDPPB - 11.01 3.10 3 

ADX-47273 - 41.04 10.40 3 
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3.2.6 Expression of mGlu5 in membranes prepared from adult Wistar rat 

cortex 

Given that animal models are often used in order to study the function of 

mGlu5 in vivo, it is important to characterise the action of compounds in the 

rat homologue of the receptor in case species differences are present. The 

expression of rmGlu5 in membranes prepared from adult Wistar rat cortex 

samples was assayed using immunoblot and radioligand binding techniques 

(Figure 3.2.6.1). Western blotting using an mGlu5 specific antibody showed 

the presence of a protein band with a molecular weight of approximately 

150 kDa in membranes prepared from rat cortex samples, with no band 

present in membranes prepared from mGlu5 knock-out mouse cortex 

samples (Figure 3.2.6.1A). Equal protein loading was confirmed by 

immunoassaying the levels of GAPDH. The level of mGlu5 was assessed in 

membranes prepared from adult Wistar rat cortex samples. A membrane 

titration was performed, and based on that 100 µg.well-1 was chosen for 

radioligand binding experiments due to a high signal window and a 

depletion value less than 10 % (data not shown). To further investigate the 

expression of mGlu5 in our membrane preparations, a [3H]-M-MPEP 

saturation analysis was performed (Figure 3.2.6.1B). Saturation binding 

analysis revealed [3H]-M-MPEP binds to hmGlu5 with an affinity (KD) of 

1.68 ± 0.43 nM. Receptor expression in this system (BMAX) was 1082 ± 161 

fmol.mg-1. The KD and BMAX of [3H]-M-MPEP binding to mGlu5 in rat brain 

membrane from our experiments are in agreement with previously reported 

data (Hintermann et al., 2007). This data suggests that membrane 

preparations from rat cortex are suitable for the study of ligands acting at 

the mGlu5 receptor. 
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Figure 3.2.6.1 The expression of mGlu5 in membranes prepared from adult wistar rat 

cortex samples was assessed using immunoblot and radioligand binding methods. An 

immunoblot analysis of membranes from either wild-type rat cortex samples or membranes 

prepared from mouse mGlu5 knock-out brains was performed with an anti-mGlu5 primary 

antibody, and an anti-GAPDH antibody to assess protein loading (A). Saturation binding of 

[3H]M-MPEP in membranes prepared from adult rat cerebral cortex (B). The properties of 

[3H]M-MPEP binding to mGlu5 receptors were assayed by incubating a range of 

concentrations (0.1-20 nM) with a set amount of rat cortex membrane in the absence and 

presence of 1 uM MPEP. The graph shows the combined data from 3 independent 

experiments performed in duplicate. 
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3.2.7 LSN-2814617 and VU-0430644 display no significant co-operativity of 

binding at the rat receptor  

Differences in the affinity cooperativity of mGlu5 PAMs and orthosteric 

agonists have been reported between rat astrocyte and rat cortex 

membranes (Bradley et al., 2011). In order to assess the affinity 

cooperativity between the orthosteric binding site and three PAMs acting at 

MPEP binding site of mGlu5 in the rat cortex, inhibition binding 

experiments were performed in the absence and presence of 10 µM (S)-3,5-

DHPG as before (Figure 3.2.7.1). LSN-2814617 and VU0430644 all inhibited 

the binding of [3H]-M-MPEP in a concentration dependent manner, with pKi 

values comparable to those generated at the human mGlu5 receptor. 

Furthermore, the affinity cooperativity between the PAMs and (S)-3,5-

DHPG was similar to that in the human receptor, suggesting that there is 

no difference in the action of these compounds at the rat and the human 

receptor.  

In order to assess whether LSN-2814617 or VU0430644 display any probe 

dependency at mGlu5, the effect of orthosteric binding site occupancy by L-

quisqualic acid on the affinity of these compounds was assayed in 

membranes prepared from rat cortex samples (Figure 3.2.7.2). The 

cooperativity of LSN-2814617 or VU0430644 were not significantly different 

from those generated in the presence of (S)-3,5-DHPG (p > 0.05, unpaired, 

two-tailed Student’s t-test), suggesting no probe dependence.  The 

quantitative analysis of these experiments using the allosteric ternary 

complex model is summarised in Table 3.2.7.2. 
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Figure 3.2.7.1 The ability of a set concentration, approximately equivalent to the KD, of 

[3H]M-MPEP to bind in membranes prepared from rat cortex. The ability of the radioligand 

to bind specifically to an allosteric site on the receptor was assessed in the presence of a 

range of concentrations of (A) LSN-2814617, or (B) VU0430644. The effect of an orthosteric 

compound, (S)-3,5-DHPG, on the pharmacological properties of these compounds was also 

determined. These graphs represent the combined data of 3 independent experiments 

performed in duplicate. A summary of the analysis of this data can be found in Table 

3.2.7.1. 
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Table 3.2.7.1 A summary of the quantitative analysis of ligands binding at mGlu5 in rat 

cortex membranes in the absence and presence of (S)-3,5-DHPG. 

Compound 

pKi   

α n No  

(S)-3,5-DHPG 

+ 10 µM  

(S)-3,5-DHPG 

 ΔpKi 

(log α) 

LSN-2814617 6.34 ± 0.16 6.54 ± 0.09 N.S. N.D. 1.00 3 

VU0430644 7.57 ± 0.06 7.74 ± 0.06 N.S. N.D. 1.00 3 
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Figure 3.2.7.2 The ability of a set concentration, approximately equivalent to the KD, of 

[3H]M-MPEP to bind in membranes prepared from rat cortex. The ability of the radioligand 

to bind specifically to an allosteric site on the receptor was assessed in the presence of a 

range of concentrations of (A) LSN-2814617 or (B) VU0430644. The effect of an orthosteric 

compound, L-quisqualic acid, on the pharmacological properties of these compounds was 

also determined. These graphs represent the combined data of 3-4 independent 

experiments performed in duplicate. A summary of the analysis of this data can be found in 

Table 3.2.7.2. 
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Table 3.2.7.2 A summary of the quantitative analysis of ligands binding at mGlu5 in rat 

cortex membranes in the absence and presence of (S)-3,5-DHPG. 

Compound 

pKi   

α n 
No  

L-quisqualic 

acid 

+ 10 µM  

L-quisqualic 

acid 

 ΔpKi 

(log α) 

LSN-2814617 6.56 ± 0.11 6.47 ± 0.08 N.S. N.D. ≈1.00 3 

VU0430644 7.49 ± 0.07 7.59 ± 0.09 N.S. N.D. ≈1.00 4 
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3.2.8 LSN-2814617 and VU0430644 potentiate the mGlu5 receptor in 

cultured rat cortical neurons 

In order to investigate the functional effect of the mGlu5 PAMs on (S)-3,5-

DHPG induced calcium release at the rat receptor primary cortical neurons 

from the rat were grown for 7 DIV and mGlu5 response was assessed by 

measuring agonist-stimulated intracellular calcium release using Fluo4-AM, 

detected using a fluorescent imaging plate reader (FLIPR). (S)-3,5-DHPG 

induced a concentration-dependent increase in intracellular calcium release 

(Figure 3.2.8.1), with an pEC50 value of 5.95 ±  0.01, comparable to 

previously reported values (Gilmour et al., 2013). The (S)-3,5-DHPG 

stimulated release could be robustly inhibited by 1 µM MPEP, though a (S)-

3,5-DHPG response equal to 7.25 ± 0.35 % of the maximum (S)-3,5-DHPG 

response could be obtained. In the presence of 1 µM MPEP, (S)-3,5-DHPG 

caused intracellular calcium release with a pEC50 value of 5.39 ± 0.04. This 

indicated that the calcium release induced by agonist in this cell line is 

mostly mGlu5-dependent, with a small proportion of that response 

transduced through another receptor, likely mGlu1. 

The ability of LSN-2814617 and VU0430644 to potentiate the release of 

intracellular calcium in cultured primary cortical neurons upon agonist 

stimulation was also assessed (Figure 3.2.8.2). Both PAMs potentiated the 

(S)-3,5-DHPG induced intracellular calcium release, with values comparable 

to those generated previously at the human receptor. The allosteric mode of 

action of each PAM in terms of cooperativity was preserved across species. 

The quantitative analysis of this data is summarised in Table 3.2.5.1.  



 

106 
 

 

Figure 3.2.8.1 The activation of the Gq/11 pathway in cultured rat primary cortical 

neurons (DIV7) in response to a range of concentrations (100 nM to 30 µM) to the group I 

selective metabotropic glutamate receptor agonist (S)-3,5-DHPG was assessed by imaging 

transient calcium release using Fluo-4 AM as a probe. The ability of the mGlu5 specific 

negative allosteric modulator MPEP to inhibit this response was also assayed. The graph 

shows the combined data of two independent experiments performed in triplicate, where 

each data point represents the mean ± S.E.M. 
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Figure 3.2.8.2 The ability of the allosteric ligands LSN-2814617 (A) and VU0430644 (B) to 

potentiate the activation of the mGlu5 receptor by the orthosteric agonist (S)-3,5-DHPG in 

a concentration dependent manner was assessed in rat cortical neurons grown for 7 days in 

vitro. Cells were pre-incubated (3 mins) with a range of concentrations of potentiator before 

the addition of a range of concentrations of DHPG. The data shown represents the mean ± 

S.E.M from two independent experiments performed in triplicate. Analysis using the 

operational ternary complex model are summarised in Table 3.2.8.2. 
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Table 3.2.8.2 A summary of the quantitative analysis of ligands acting at mGlu5 in 

cultured rat primary cortical neurons using the operational model of allosterism. 

Compound 

Potency 

(pEC50) 

Combined 

Cooperativity 

(αβ) 

Cooperativity 

of Function 

(β) 

 

n 

(S)-3,5-DHPG 5.95 ± 0.01 - - 2 

LSN-2814617 - ≈3.35 3.35 2 

VU0430644 - ≈1.92 1.92 2 
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3.3 Discussion 

Orthosteric compounds acting at mGlu5 have failed to progress to the clinic 

to date due to lack of blood-brain barrier permeability and poor subtype 

selectivity. Allosteric modulators hold great promise in overcoming these 

issues by allowing the development of small molecule ligands that exploit 

the more heterologous TMDs of these receptors (Conn et al., 2009). NAMs 

and PAMs of mGlu5 have been extensively studied for several 

characteristics. The in vivo effects of allosteric modulators in mouse models 

of multiple disease types have given a great insight into their potential 

therapeutic use. For example, negative allosteric modulators have shown 

promise in mouse models of fragile X syndrome, Alzheimer’s disease, 

anxiety, depression, and addiction (Michalon et al. 2012; Kumar et al. 2015; 

Tatarczyńska et al. 2001; Lea  & Faden 2006). Positive allosteric modulators 

may also be beneficial therapeutically, for instance CDPPB has been shown 

to be effective in mouse models of schizophrenia and Huntington’s disease 

(Doria et al., 2015; Gastambide et al., 2012).   

Understanding the in vivo effects of these compounds is useful for predicting 

their potential therapeutic use, as well as allowing insight into their 

bioavailability and pharmacokinetic properties. It is equally important that 

the in vitro pharmacological characteristics are not ignored, as 

understanding the properties of the compound acting at a molecular level is 

key to driving discovery of further compounds. Allosteric modulators of all 

types, NAMs, SAMs, and PAMs, have been reported for mGlu5 and 

delineation of their pharmacological properties often focuses on the measure 

of affinity (Ki) and potency (EC50). Recently, efforts have been made to 

understand the underlying mechanisms by which PAMs of mGlu5 modulate 

the action of the orthosteric ligands: by a combination of cooperativity of 

binding (α) and cooperativity of function (β) (Bradley et al., 2011; Langmead 

and Christopoulos, 2006). Bradley et al. (2011) found that CDPPB displayed 

a combined cooperativity (αβ) value of 25 in astrocytes, using [3H]IPx 

accumulation as the probe for Gq/11 activity, and that the α value for 
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CDPPB was different for mGlu5 expressed in membranes prepared from rat 

astrocytes and rat cortex.  The experimental data generated herein for the 

human mGlu5 receptor in recombinant AV12 cells shows that CDPPB has a 

combined co-operativity (αβ) of 11.01 in this system, with a co-operativity of 

binding (α) of 3.55, and an efficacy co-operativity (β) of 3.10. Care should be 

taken when comparing this data with that of the aforementioned study for 

several reasons: Firstly, the data herein was generated using a different 

functional assay, with a different timepoint for measurement of the 

response. The operational model of agonism assumes the ligands and 

receptor are at equilibrium (Black and Leff, 1983), and that cannot be 

assumed to be true with FLIPR as the measurement point is after only 3 

minutes of pre-incubation with allosteric modulator, and the immediate 

response of the agonist. Secondly, the data for CDPPB has been generated 

in homologues from different species of the mGlu5 receptor, rat and human, 

and there may be species specific differences between these receptors. 

Finally, where (S)-3,5-DHPG was used as an agonist herein, the 

aforementioned study used L-quisqualic acid. Therefore, the difference could 

be an example of probe dependency. As a further study it would be 

interesting to address these points by repeating the functional data herein 

using the IPx assay with rat receptors expressed in these recombinant cells 

to see whether this is an example of species specific effects. In order to 

elucidate whether this is an example of probe dependence, the effect of these 

PAMs on L-quisqualic acid response could be assayed using FLIPR, so that 

the orthosteric ligands can be compared in the same system. 

It is worth noting that the maximum response of the system herein 

increases with increasing concentration of allosteric modulator at the 

human mGlu5 receptor. One possible explanation is that the kinetics of the 

response are altered by the allosteric modulators, and given that FLIPR 

measures the average fluorescence of a plurality of cells, this could manifest 

as an increased peak response. Comparing the time to peak of the calcium 

response to (S)-3,5-DHPG in the absence and presence of these PAMs would 

elucidate whether this explanation is true. It is also interesting to note that 
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this effect was not observed for the rat mGlu5 receptor data herein, 

indicating that perhaps there is a species specific effect on kinetics if that is 

the explanation for the increased response in this system. This increase in 

the maximum response has been noted for mGluRs in other assay types 

(Fell et al., 2011; Mathiesen et al., 2003). In one of these studies, the mGlu2 

PAM, THICC showed a concentration dependent increase in maximum 

response of mGlu2 to L-glutamate stimulation as measured by GTPγS 

binding (Fell et al., 2011). With hindsight the data to answer this question 

with respect to my own functional data would have been readily available, 

but regrettably it could not be included at the time of writing. 

The cooperativity values generated in this study using primary tissues were 

in concurrence with those generated in recombinant systems. This perhaps 

showed that the recombinant system provides a good analogue for 

delineating the cooperativity of compounds at the receptor level between 

species and native and recombinant systems. With this in mind we 

generated cooperativity values for another previously reported PAM: ADX-

47273. In our study this compound displayed different properties to those 

shown in the previous report, and the same caveats apply. Interestingly, our 

data showed that ADX-47273 potentiates the actions of (S)-3,5-DHPG to 

almost quadruple that which CDPPB does, and these allosteric modulators 

appear to act in a mechanistically different way: Though both compounds 

display cooperativity of binding and function, ADX-47273 has a greater 

effect on enhancing the ability of the orthosteric ligand to induce a response, 

whereas CDPPB increases the ability of the orthosteric ligand to bind to 

hmGlu5. These allosteric modes of action are in agreement with studies 

previously reporting these findings (Bradley et al., 2011).  

The recently reported PAM LSN-2814617 induced a fold-shift in (S)-3,5-

DHPG potency in rat cortical neurons and in recombinant AV12 cells in 

good agreement with our own data in the same systems (Gilmour et al., 

2013). Interestingly, LSN-2814617 potentiation appears to be efficacy 

driven, with insignificant co-operativity of binding. The unpublished PAM 
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VU0430644 appeared to act in much the same way as LSN-2814617 though 

with a smaller degree of modulation. Interestingly, VU0430644 was the 

ligand with the highest affinity at mGlu5, followed by CDPPB, LSN-

2814617, and ADX-47273 in descending order. In contrast, combined 

cooperativity values were highest in ADX-47273, followed by CDPPB, LSN-

2814617, and VU0430644 in descending order. The decoupling of these 

aspects of ligand action show the importance of fully delineating the action 

of allosteric modulation in terms of cooperativity. Furthermore, by studying 

the diverse chemical structures of these compounds perhaps structure 

activity relationships can begin to be rationalised. For example, studies 

have already demonstrated which chemical moieties on the CDPPB 

molecule are responsible for affinity and efficacy of the compound (Zou et al., 

2011). This study showed that understanding how a compound works on a 

molecular level allows us to develop compounds with different properties, 

and indeed it demonstrated that substitution of specific chemical groups 

yielded compounds with a lower efficacy. This may be desirable 

therapeutically if a smaller degree of mGlu5 modulation is required to 

correct a receptor in a disease state. 

Given our inhibition binding data, it is clear that [3H]-M-MPEP is binding 

at the MPEP binding site, as MPEP fully inhibited the binding of the 

radioligand. In addition VU0430644, LSN-2814617, CDPPB, and ADX-

47273 all appear to bind at the MPEP binding site. Perhaps utilising 

mutagenesis techniques would help us to understand which moieties of each 

compound interact with which residue and could unlock a structure-activity 

relationship to allow similar divergent molecules to be discovered. It is 

known that PAMs acting at other sites on mGlu5, have displayed stimulus 

bias, whereby certain downstream signalling events are preferentially 

activated in the presence of agonist. For example, CPPHA does not activate 

MAPK pathways, but can robustly potentiate intracellular calcium release 

(Zhang et al., 2005). Whether these differences are due to differing binding 

sites on the mGlu5 receptor, mechanistic differences in their allosteric 

action, or both remains to be delineated and investigating the signalling 
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bias of the allosteric modulators outlined in this chapter would potentially 

offer insight. It is interesting to speculate whether PAMs which increase the 

affinity of orthosteric agonists lead to signalling profiles typical of those 

agonists, whereas perhaps PAMs which alter the coupling of the orthosteric 

agonist to a functional response could potentially alter their signalling 

profile by differently enhancing the ability of the agonist to couple to G 

protein or β-arrestin mediated responses. Indeed LY2033298, a PAM acting 

at the muscarinic M4 receptor, has been demonstrated to have differing 

cooperativity of function depending on which downstream signalling 

pathway is probed (Leach et al., 2009). Understanding these allosteric 

properties may be critical in the development of compounds that retain 

therapeutic efficacy without potentiating potentially harmful signalling 

cascades. 
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Chapter 4. Exploring the use of a constitutive 

dimer construct for investigating the 

pharmacological consequences of 

heterodimerisation of mGlu1 and mGlu5 

4.1 Introduction 

The dimerisation of Family C GPCRs is accepted to be crucial for their 

function (Pin et al., 2003). The homodimerisation of mGlu5 was the first to 

be reported, based on experimental evidence that higher order oligomers of 

mGlu5 were observed from immunoblotting experiments where proteins 

were separated by SDS-PAGE. Romano et al. (1996) reported that an HA-

tagged mGlu5 construct could co-immunoprecipitate with a wild-type 

version of the receptor, providing the first evidence that mGlu5 forms 

homodimers. This study provides evidence that homodimers are covalently 

linked by disulphide bonds, as the dimeric version of the receptor was not 

found under reducing conditions, where the disulphide bonds would be 

broken. Furthermore, a truncated form of the receptor lacking the LBD 

could not immunoprecipitate with the wild-type, showing that a major 

mediator of dimerisation was within 17 kDa of the N-terminus of the 

receptor. Further studies showed that the LBD of many mGluRs can form 

stable dimers in their own right, and though dimerisation involves 

disulphide bridges between LBDs, such as between Cys140 residues in 

mGlu1, they can also form through hydrophobic interactions between the 

upper lobes of the LBD (Han and Hampson, 1999; Kunishima et al., 2000; 

Okamoto et al., 1998; Ray and Hauschild, 2000). Since these early 

investigations, many structural aspects of mGluR dimerisation have been 

delineated.  

The recently published crystal structure of mGlu1 noted that dimerisation 

may also be mediated by the TMDs, with a hydrophobic pocket located at 

the 1st and 2nd TMD associating with cholesterol molecules between the 
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protomers (Wu et al., 2014). Furthermore, the C-terminal tail is also 

thought to be involved in the formation of the mGluR homodimers. For 

instance, the mGlu1 splice-variants differentially form homodimers, with 

mGlu1a failing to dimerise with mGlu1b (Robbins et al., 1999). The only 

structural difference between these splice variants is the C-terminal tail, 

and moieties contained therein may play a role in dimerisation.  

The effect of dimerisation on activation of the mGluRs has been extensively 

studied. The crystal structure of the LBD of mGlu1 bound with agonist or 

antagonist showed that the two lobes of each protomer are open when the 

receptor is inactive, with the lower lobe of each LBD relatively far apart, 

and upon agonist binding the two lobes of each protomer close, and the 

lower lobes move closer together (Kunishima et al., 2000; Tsuchiya et al., 

2002). Indeed, closure of the LBD moves the lower lobes at least 28 Å closer 

together. Further study showed that this change in LBD orientation induces 

movement in the 1st and 2nd ICLs of mGlu1, with the 2nd ICL of each 

protomer moving closer together, and the 1st ICL moving apart (Tateyama 

et al., 2004). Given the importance of the 2nd ICL in G protein coupling of 

mGlu1, it is clear that the movement of this domain upon activation of the 

dimer may be involved in its signal transduction (Gomeza et al., 1996).  

The effect of dimerisation on the activation characteristics of the mGluRs 

has been the focus of recent study. In one such study the dimerisation 

properties of the GABAB1 and GABAB2 C-terminal tails to produce a 

constitutive mGlu1 heterodimer in which one of the protomers could be 

inhibited by the mGlu5 specific NAM MPEP (Hlavackova et al., 2005). This 

study showed that antagonism of one protomer did not prevent the full 

activation of the other. Furthermore, when one protomer is blocked using 

MPEP the single, uninhibited protomer is equal to the response of the whole 

dimer, indicating that only one protomer is activating the G protein 

heterotrimer. This was further confirmed using a mutant form of mGlu5 

which responds to Ro 01-6128, an mGlu1 specific PAM (Goudet et al., 2005). 

In this study they used the GABAB1 and GABAB2 C-terminal tails to create 
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constitutive heterodimers of the mutant form of mGlu5 and the wild-type 

mGlu5 receptor. The heterodimer could be fully potentiated in the presence 

of Ro 01-6128, indicating again that a single protomer was required for the 

full response. Furthermore, mGlu1 and mGlu5 heterodimers responded in 

the same way to DFB and to Ro 01-6128, and the presence of both PAMs did 

not increase the response further. This indicated that perhaps at any dimer, 

only a single G protein heterotrimer is associated, and this theory is 

supported by evidence from family A dimers (Banères and Parello, 2003). 

Interestingly, it has been reported that the monomeric form of mGlu2 

cannot signal through G proteins in the presence of agonist, despite 

retaining the ability to bind agonist and couple to G proteins (El Moustaine 

et al., 2012). This is likely because the movement of the LBDs in the family 

C dimers discussed previously are vital in shifting the receptor to the active 

confirmation, and it is reasonable to expect that this will translate to all 

mGluRs. 

It is interesting to speculate whether, given their high homology, the 

mGluRs can form heterodimers. Early evidence suggested that mGlu1 and 

mGlu5 do not form heterodimers with each other, as mGlu1a and mGlu5 do 

not co-immunoprecipitate (Romano et al., 1996b). Interestingly, despite the 

lack of evidence for inter-mGluR heterodimerisation, there is evidence that 

mGlu2 forms an oligomer with the family A 5HT2A receptor (Moreno et al., 

2011). Binding of the mGlu2 ligand LY379268 to the receptor was markedly 

reduced in 5HT2A knock-out mouse cortex membranes and vice versa. 

Furthermore, mGlu5 has been shown to form heterodimers with several 

family A GPCRs, for example µ-opioid receptors, and compounds have been 

engineered which interact with these heterodimers producing robust 

antinociceptive effects (Akgün et al., 2013). The heterodimerisation of 

mGlu5 with the adenosine A2a receptor and the dopamine D2 receptor has 

also been reported in the literature (Cabello et al., 2009). It is clear that 

unearthing mGlu1 and mGlu5 heterodimers has the potential to allow even 

greater manipulation of these receptors, if not for therapeutic benefit, than 
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at least to allow us to increase our understanding of the nature of these 

receptors. 

 The use of pharmacological techniques, such as those described herein, is 

perhaps superior to immunochemical techniques as they give an insight into 

the actual structural interaction between protomers. In the case of binding, 

it is fair to assume that any changes induced by dimerisation are due to 

direct, structural interactions between the protomers. In functional assays, 

it is difficult to rule out crosstalk or associated protein complexes for the 

differential behaviour of the dimer. 

In this chapter I use mutant forms of the human mGlu1 and mGlu5 

receptors (See Table 4.1.1) where the C-terminal tail has been replaced with 

the C-tail of either GABAB1a or GABAB2 to promote heterodimerisation at 

the cell surface as previously described (Brock et al., 2007; Goudet et al., 

2005; Hlavackova et al., 2005). GABAB1 receptors are retained in the 

endoplasmic reticulum due to an RSRR moiety in the C-terminal tail. This 

is occluded by coiled-coil association with the C-terminal tail of GABAB2, 

allowing dimerised receptors to traffic to the cell surface (Pagano et al., 

2001). The use of a KKXX retention motif with the GABAB2 tail has been 

shown robustly in the literature to allow distinct control over the 

composition of mGluR receptor dimers at the cell surface for use in 

functional studies (Brock et al., 2007). In these constructs only the 

association of C1 and C2-KKTN coiled-coiled domains occludes the RSRR 

and KKXX retention motifs, meaning only the heterodimers are expressed 

at the cell surface. This system has been used within this chapter to allow 

the study of the pharmacology of ligands acting at the mGlu1-mGlu5 

heterodimer. The system was kindly validated by Lilly (Surrey, UK) by 

assaying the function and expression of the constructs using FLIPR and 

immunofluorescent techniques (data not shown). The constructs have been 

further characterised herein using immunofluorescent and whole-cell 

ELISA techniques on transiently transfected HEK293 cells. Importantly, 

the study on which these constructs are based on showed that these 
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chimaeric, forced dimers do not form tetramers (Brock et al., 2007), and the 

resulting pharmacological effects can be reasonably assumed to be the result 

of dimerisation, and not the formation of higher order oligomers, such as a 

‘dimer of dimers’. I investigate the functional significance of this 

dimerisation with respect to receptor activation, prior to investigating the 

effect of dimerisation on ligand binding in the dimer. Finally, interactions 

observed in this heterodimerisation model are used to investigate, using 

radioligand binding techniques, whether there is pharmacological evidence 

of heterodimerisation between mGlu1 and mGlu5 in the mouse brain. 

Existence of such a heterodimer in vivo could potentially lead to 

therapeutics able to target this subpopulation in a highly specific manner. 
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Table 4.1.1 Constructs used within this chapter 

Construct Description Diagram 

HA-mGlu5b N-terminally HA-tagged full length 

human mGlu5 receptor 

 

mGlu1-C2-KKTN Human mGluR1a (Met1-Ser33) with 

an HA tag (YPYDVPDYA) and human 

mGluR1 (Ser34-Met858) and human 

GABAB2 (Gln761-E821) and a C-

terminal KKTN motif 

 

 

mGlu5-C2-KKTN Human mGluR5b (Met1-Ser22) with 

an HA tag (YPYDVPDYA) and human 

mGluR5b (Ser23-Met845) and human 

GABAB2 (Gln761-E821) and a C-

terminal KKTN motif 

 

 

mGlu5-C1 Human mGluR5b (Met1-Ser22) with a 

FLAG tag (DYKDDDDK) and human 

mGluR5 (Ser23-Met845) And the 

human GABAB1a C-terminal tail 

(Lys875-Stop962) 

 

 

mGlu5.5/mGlu1.5 mGlu5-C2-KKTN or mGlu1-C2-KKTN 

co-transfected with mGlu5-C1 
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4.2 Results 

4.2.1 mGluR receptor chimeras with GABAB C-terminal tails are functional in vitro  

AV12 cell lines co-expressing EAAT1 and either the human mGlu1, mGlu5, 

the constitutively homodimerised mGlu5 constructs (referred to hereafter as 

mGlu5.5) or the constitutively heterodimerised mGlu1 and mGlu5 

constructs (referred to hereafter as mGlu1.5) were cloned and validated by 

Lilly (Surrey, UK, data not shown). The functional response of these 

constructs were assessed by measuring agonist-stimulated intracellular 

calcium release using the fluorescent probe Fluo4-AM, detected using a 

fluorescent imaging plate reader (FLIPR). In all cell lines (S)-3,5-DHPG 

induced a concentration-dependent increase in intracellular calcium release 

(Figure 4.2.1.1). The potency of (S)-3,5-DHPG was lowest in mGlu1 

expressing AV12 cells, with a pEC50 value of 5.41 ±  0.04. (S)-3,5-DHPG had 

comparable potencies at mGlu5, mGlu5.5, and mGlu1.5. Though (S)-3-5-

DHPG has increased potency at mGlu1.5 dimers, the effect is not 

statistically significant (p > 0.05, one-way ANOVA). This data shows that 

mGlu5.5 and mGlu1.5 constructs in these stable cell lines produce a 

functional response when stimulated with agonist. Quantitative and 

statistical analyses of (S)-3,5-DHPG action in these cell lines are 

summarised in Table 4.2.1.1.  
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Figure 4.2.1.1 The activation of the Gq/11 pathway in AV12 cells stably expressing either 

mGlu1, mGlu5, the constitutive mGlu5 homodimer (mGlu5.5), or the constitutive mGlu1 

and mGlu5 heterodimer (mGlu1.5) in response to a range of concentrations (100 nM to 30 

uM) to the group I selective metabotropic glutamate receptor agonist (S)-3,5-DHPG was 

assessed by imaging transient calcium release using Fluo-4 AM as a probe. The graph 

shows the combined data of three independent experiments performed in triplicate, where 

each data point represents the mean ± S.E.M. Analysis using the operational model of 

agonism and statistical analysis are summarised in Table 4.2.1.1. 
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Table 4.2.1.1 A summary of the quantitative analysis, using the operational model of 

agonism, of (S)-3,5-DHPG acting at the mGlu1, mGlu5, mGlu5.5, or mGlu1.5 constructs 

stably transfected into AV12 cell lines co-expressing EAAT1. Data shown represents 3 

independent experiments performed in triplicate expressed as mean ± S.E.M. Statistical 

analyses represent the results of a Tukey’s HSD post-hoc test following a one-way ANOVA. 

 

Compound Receptor pEC50  n 

(S)-3,5-DHPG mGlu1 5.41 ± 0.04 N.S. 3 

 mGlu5 5.47 ± 0.03 N.S. 3 

 mGlu5.5 5.51 ± 0.03 N.S. 3 

 mGlu1.5 5.68 ± 0.02 N.S. 3 

 

N.S. p > 0.05  
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4.2.2 The Action of mGlu5 PAMs acting at the MPEP site is inhibited at the 

mGlu1 and mGlu5 heterodimer 

In order to assess the effect of heterodimerisation on PAMs acting at the 

mGlu5 protomer, LSN-2814617, CDPPB, and ADX-47273 were assessed for 

their ability to potentiate the release of intracellular calcium in the mGlu1, 

mGlu5, mGlu5.5, and mGlu1.5 expressing AV12 cells upon agonist 

stimulation was assessed, using a FLIPR with Fluo4-AM as a probe 

(Figures 4.2.2.1-3). Neither LSN-2814617, CDPPB, or ADX47273 displayed 

any concentration-dependent potentiation at the mGlu1 receptor, though 

maximal concentrations of CDPPB and ADX-47273 did display intrinsic 

efficacy at this receptor (Panel A in Figures 4.2.2.1-3).  

All three PAMs displayed concentration-dependent effect on the (S)-3,5-

DHPG response at the mGlu5 and mGlu5.5 receptors with approximately 

equal potentiation (Panels B and C in Figures 4.2.2.1-3). The maximal 

intracellular calcium release induced by (S)-3,5-DHPG in the presence of 

LSN-2814617 was 138.6 ± 4.3% and 172.7 ± 6.4% of the maximum induced 

by (S)-3,5-DHPG alone at mGlu5 and mGlu5.5, respectively. For CDPPB, 

the maximal response was 152.4 ± 3.2% and 203.9 ± 4.7% for mGlu5 and 

mGlu5.5, respectively. Finally, the maximal response for ADX-47273 was 

366.7 ± 5.0% and 332.6 ± 4.5% for mGlu5 and mGlu5.5, respectively. The 

EC50 shifts of (S)-3,5-DHPG in the absence or presence of a high 

concentration of these PAMs were not significantly different between mGlu5 

and mGlu5.5 (p > 0.05, one-way ANOVA with Tukey’s HSD post hoc test).  

In contrast, all three PAMs displayed a significantly reduced ability to 

potentiate (S)-3,5-DHPG response at the mGlu1.5 receptor (Panel D in 

Figures 4.2.3.1-3, p < 0.05, Tukey’s HSD post hoc test). The maximal 

response of (S)-3,5-DHPG was 113.5 ± 2.9%, 133.7 ± 3.8%, and 366.6 ± 10.9% 

for LSN-2814617, CDPPB, and ADX-47273, respectively.  The quantitative 

analyses of the compounds using a four parameter logistic equation (See 

Methods), as well as the statistical analyses of LSN-2814617, CDPPB, and 

ADX-47273 are summarised in Table 4.2.2.1, 4.2.2.2, and 4.2.2.3, 
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respectively. These data show that the heterodimerisation of mGlu5 with 

mGlu1 significantly inhibits the action of PAMs acting at the MPEP site on 

the mGlu5 protomer. Note that for figure 4.2.2.3, the potency of (S)-3,5-

DHPG appears somewhat lower at mGlu1 than in other experiments. This 

data was gathered at a different time to the other data, and the lowered 

potency likely reflects a change in the receptor expression of the stable cell 

line over this time period. 
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Figure 4.2.2.1 The ability of the allosteric ligand LSN-2814617 to potentiate the activation 

of the mGlu1 (A), mGlu5 (B), the constitutive mGlu5 homodimer (C), or the constitutive 

mGlu1-mGlu5 heterodimer (D) by the orthosteric agonist (S)-3,5-DHPG in a concentration 

dependent manner was assessed in stably transfected AV12 cells. Cells were pre-incubated 

(3 mins) with a range of concentrations of potentiator before the addition of a range of 

concentrations of (S)-3,5-DHPG. The data shown represents the mean ± S.E.M. from three 

independent experiments performed in triplicate. Analysis using a four parameter logistic 

equation and statistical analyses are summarised in Table 4.2.2.1. 
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Table 4.2.2.1 A summary of the quantitative analysis, using a four parameter logistic 

equation, of LSN-2814617 acting at the mGlu1, mGlu5, mGlu5.5, or mGlu1.5 constructs 

stably transfected into AV12 cell lines co-expressing EAAT1. Data shown represents 3 

independent experiments performed in triplicate expressed as mean ± S.E.M. Statistical 

analyses represent the results of a Tukey’s HSD post-hoc test following a one-way ANOVA. 

Receptor 
pEC50 of (S)-3,5-DHPG 

ΔpEC50 n 
No LSN-2814617 + 10 µM LSN-2814617 

mGlu1 - - - 3 

mGlu5 5.49 ± 0.03 6.08 ± 0.05 0.59 3 

mGlu5.5 5.51 ± 0.03 6.06 ± 0.06 0.55 3 

mGlu1.5 5.67 ± 0.02 5.84 ± 0.03 0.17**†† 3 

 

*  p < 0.05 vs. mGlu5 

**  p < 0.01 vs. mGlu5 

†  p < 0.05 vs. mGlu5.5 

†† p < 0.01 vs. mGlu5.5 
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Figure 4.2.2.2 The ability of the allosteric ligand CDPPB to potentiate the activation of the 

mGlu1 (A), mGlu5 (B), the constitutive mGlu5 homodimer (C), or the constitutive mGlu1-

mGlu5 heterodimer (D) by the orthosteric agonist (S)-3,5-DHPG in a concentration 

dependent manner was assessed in stably transfected AV12 cells. Cells were pre-incubated 

(3 mins) with a range of concentrations of potentiator before the addition of a range of 

concentrations of (S)-3,5-DHPG. The data shown represents the mean ± S.E.M. from three 

independent experiments performed in triplicate. Analysis using a four parameter logistic 

equation and statistical analyses are summarised in Table 4.2.2.2. 
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Table 4.2.2.2 A summary of the quantitative analysis, using a four-parameter logistic 

equation, of CDPPB acting at the mGlu1, mGlu5, mGlu5.5, or mGlu1.5 constructs stably 

transfected into AV12 cell lines co-expressing EAAT1. Data shown represents 3 

independent experiments performed in triplicate expressed as mean ± S.E.M. Statistical 

analyses represent the results of a Tukey’s HSD post-hoc test following a one-way ANOVA. 

Receptor 
pEC50 of (S)-3,5-DHPG 

ΔpEC50 n 
No CDPPB + 3 µM CDPPB 

mGlu1 - - - 3 

mGlu5 5.58 ± 0.04 6.41 ± 0.07 0.83 3 

mGlu5.5 5.37 ± 0.09 6.38 ± 0.10  1.01 3 

mGlu1.5 5.74 ± 0.03 6.20 ± 0.06 0.46*† 3 

 

*  p < 0.05 vs. mGlu5 

**  p < 0.01 vs. mGlu5 

†  p < 0.05 vs. mGlu5.5 

†† p < 0.01 vs. mGlu5.5 
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Figure 4.2.2.3 The ability of the allosteric ligand ADX-47273 to potentiate the activation of 

the mGlu1 (A), mGlu5 (B), the constitutive mGlu5 homodimer (C), or the constitutive 

mGlu1-mGlu5 heterodimer (D) by the orthosteric agonist (S)-3,5-DHPG in a concentration 

dependent manner was assessed in stably transfected AV12 cells. Cells were pre-incubated 

(3 mins) with a range of concentrations of potentiator before the addition of a range of 

concentrations of (S)-3,5-DHPG. The data shown represents the mean ± S.E.M. from three 

independent experiments performed in triplicate. Analysis using a four parameter logistic 

equationand statistical analyses are summarised in Table 4.2.2.3. 
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Table 4.2.2.3 A summary of the quantitative analysis, using a four parameter logistic 

equation, of ADX-47273 acting at the mGlu1, mGlu5, mGlu5.5, or mGlu1.5 constructs 

stably transfected into AV12 cell lines co-expressing EAAT1. Data shown represents 3 

independent experiments performed in triplicate expressed as mean ± S.E.M. Statistical 

analyses represent the results of a Tukey’s HSD post-hoc test following a one-way ANOVA. 

Functional data of ADX-47273 acting at mGlu5 is taken from Chapter 3. 

Receptor 
pEC50 of (S)-3,5-DHPG 

ΔpEC50 n 
No ADX-47273 + 10 µM ADX-47273 

mGlu1 - - - 3 

mGlu5 5.40 ± 0.03 6.38 ± 0.09 0.98 3 

mGlu5.5 5.26 ± 0.04 6.60 ± 0.11 1.34 3 

mGlu1.5 5.31 ± 0.04 6.12 ± 0.05 0.81*†† 3 

 

*  p < 0.05 vs. mGlu5 

**  p < 0.01 vs. mGlu5 

†  p < 0.05 vs. mGlu5.5 

†† p < 0.01 vs. mGlu5.5 
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4.2.3 The action of the dual mGlu1 and mGlu5 PAM CPPHA is unaffected by 

heterodimerisation between these receptors 

CPPHA is a PAM of both mGlu1 and mGlu5, however, unlike the PAMs 

previously used it does not bind to the MPEP site (Bradley et al., 2011; Zhao 

et al., 2007). To assess whether the heterodimerisation of mGlu1 and mGlu5 

is a binding site-dependent effect, the ability of CPPHA to potentiate (S)-3,5-

DHPG stimulated intracellular calcium release was assessed in all four cell 

lines (Figure 4.2.3.1). CPPHA potentiated the action of (S)-3,5-DHPG in a 

concentration-dependent manner, inducing a maximal response of 179.4 ± 

4.4%, 160.1 ± 4.8%, 186.1 ± 4.1%, and 169.3 ± 3.1% at mGlu1, mGlu5, 

mGlu5.5, and mGlu1.5, respectively. There was no significant difference in 

the EC50 shift induced by CPPHA of  at any of the constructs (p > 0.05, one-

way ANOVA), showing that heterodimerisation of mGlu1 and mGlu5 does 

not cause a significant inhibition of CPPHA action at the mGlu5 protomer. 

The quantitative analysis of CPPHA action using a four parameter logistic 

equation, as well as the statistical analysis of the action of CPPHA are 

summarised in Table 4.2.3.1. 
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Figure 4.2.3.1 The ability of the allosteric ligand CPPHA to potentiate the activation of the 

mGlu1 (A), mGlu5 (B), the constitutive mGlu5 homodimer (C), or the constitutive mGlu1-

mGlu5 heterodimer (D) by the orthosteric agonist (S)-3,5-DHPG in a concentration 

dependent manner was assessed in stably transfected AV12 cells. Cells were pre-incubated 

(3 mins) with a range of concentrations of potentiator before the addition of a range of 

concentrations of (S)-3,5-DHPG. The data shown represents the mean ± S.E.M. from three 

independent experiments performed in triplicate. Analysis using a four parameter logistic 

equation and statistical analyses are summarised in Table 4.2.3.1. 
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Table 4.2.3.1 A summary of the quantitative analysis, using a four parameter logistic 

equation, of CPPHA acting at the mGlu1, mGlu5, mGlu5.5, or mGlu1.5 constructs stably 

transfected into AV12 cell lines co-expressing EAAT1. Data shown represents 3 

independent experiments performed in triplicate expressed as mean ± S.E.M. Statistical 

analyses represent the results of a one-way ANOVA. 

Receptor 
pEC50 of (S)-3,5-DHPG 

ΔpEC50 
 

n 
No CPPHA + 10 µM CPPHA  

mGlu1 5.34 ± 0.07 5.98 ± 0.04 0.64 N.S. 3 

mGlu5 5.54 ± 0.06 6.27 ± 0.07 0.73 N.S. 3 

mGlu5.5 5.48 ± 0.04 6.27 ± 0.06 0.79 N.S. 3 

mGlu1.5 5.76 ± 0.03 6.53 ± 0.13 0.77 N.S. 3 

 

N.S. p > 0.05  
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4.2.4 The action of an mGlu1 PAM is not inhibited by heterodimerisation of 

mGlu1 with mGlu5 

PAMs of mGlu1, such as Ro 67-4853, have been shown to bind to mGlu1 at a 

topographically homologous site to the MPEP binding site of mGlu5 (Pagano 

et al., 2000). To assess whether the inhibitory action of mGlu1 on mGlu5 

PAMs in the heterodimer is reciprocal, the ability of the hmGlu1 specific 

PAM Ro 67-4853 to potentiate (S)-3,5-DHPG stimulated intracellular 

calcium release was assessed in all four cell lines (Figure 4.2.4.1). Ro 67-

4853 acted as a PAM at both mGlu1 (4.2.4.1A) and mGlu1.5 (4.2.4.1D), 

causing a concentration-dependent increase in the potency of (S)-3,5-DHPG 

with a maximal response of 162.0 ± 5.5% and 202.0 ± 4.5%, respectively. The 

potentiation induced by Ro 67-4853 was not significantly different between 

the mGlu1 and mGlu1.5 heterodimer, indicating that the occupation of the 

orthosteric site of mGlu5 by (S)-3,5-DHPG does not inhibit the action of Ro 

67-4853 (p > 0.05, unpaired, one-tailed Student’s t-test). Ro 67-4853 did not 

potentiate the (S)-3,5-DHPG response at mGlu5 (4.2.4.1B) or mGlu5.5 

(4.2.4.1C) receptor constructs. The quantitative analysis of the data using a 

four parameter logistic equation, as well as the statistical analyses of the 

data, is summarised in Table 4.2.4.1. 
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Figure 4.2.4.1 The ability of the allosteric ligand Ro-67 5853 to potentiate the activation of 

the mGlu1 (A), mGlu5 (B), the constitutive mGlu5 homodimer (C), or the constitutive 

mGlu1-mGlu5 heterodimer (D) by the orthosteric agonist (S)-3,5-DHPG in a concentration 

dependent manner was assessed in stably transfected AV12 cells. Cells were pre-incubated 

(3 mins) with a range of concentrations of potentiator before the addition of a range of 

concentrations of (S)-3,5-DHPG. The data shown represents the mean ± S.E.M. from three 

independent experiments performed in triplicate. Analysis using a four parameter logistic 

equation and statistical analyses are summarised in Table 4.2.4.1. 

  



 

136 
 

Table 4.2.4.1 A summary of the quantitative analysis, using a four parameter logistic 

equation, of Ro-67 4853 acting at the mGlu1, mGlu5, mGlu5.5, or mGlu1.5 constructs 

stably transfected into AV12 cell lines co-expressing EAAT1. Data shown represents 3 

independent experiments performed in triplicate expressed as mean ± S.E.M. Statistical 

analyses represent two-tailed, unpaired Student’s t-tests with a significance value set at 

5%. 

Receptor 

pEC50 of (S)-3,5-DHPG 

ΔpEC50 

 

n No  

Ro-67 4853 

+ 10 µM 

Ro-67 4853 

 

mGlu1 5.49 ± 0.05 6.19 ± 0.09 0.70 - 3 

mGlu5 - - - - 3 

mGlu5.5 - - - - 3 

mGlu1.5 5.49 ± 0.03 6.14 ± 0.04 0.66 N.S. 3 

 

N.S. (p > 0.05) vs. mGlu1 
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4.2.5 Heterodimerisation of mGlu1 and mGlu5 has differential effects on the 

inhibitory action of an mGlu5 NAM and an mGlu1-selective NAM 

Given the inhibitory effect of heterodimerisation on the action of PAMs 

acting at the mGlu5 protomer, it is possible that mGlu1 occupancy by (S)-

3,5-DHPG could also affect the mGlu5 NAM MPEP, which binds at the 

same site as LSN-2814617, CDPPB, and ADX-47273. With that in mind, the 

ability of the mGlu5 NAM MPEP to inhibit the (S)-3,5-DHPG response was 

assessed in all four receptor constructs (Figure 4.2.5.1). MPEP fully 

inhibited the response of (S)-3,5-DHPG at both the mGlu5 and mGlu5.5 

receptors, with comparable pIC50 values of 8.89 ± 0.06 and 8.59 ± 0.02, 

respectively. The IC50 value for mGlu5 is comparable to previously reported 

values (Gasparini et al., 1999). MPEP did not inhibit the action of (S)-3,5-

DHPG at mGlu1, however, at the mGlu1.5 heterodimer the response was 

inhibited to 44.0 ± 8.2% of the maximum induced by (S)-3,5-DHPG alone. 

Furthermore, the pIC50 value of MPEP acting at the mGlu1.5 heterodimer 

was 7.82 ± 0.09, significantly different to that of mGlu5 alone (p < 0.01, one-

way ANOVA with Tukey’s HSD post-hoc analysis ). This suggests that the 

occupancy of the mGlu1 protomer by (S)-3,5-DHPG inhibits the potency of 

MPEP and switches the inhibition of MPEP from a full non-competitive 

antagonist to a partial antagonist.  

To assess whether mGlu5 can inhibit NAM action at the mGlu1 protomer, 

similar experiments were performed on all four cell lines with the mGlu1 

selective inhibitor JNJ16259685 (Figure 4.2.5.2).  JNJ16259685 acted as a 

full inhibitor at the mGlu1 and mGlu1.5 receptors, though with significantly 

differing pIC50 values of 8.54 ± 0.01 and 7.72 ± 0.03, respectively (p < 0.01, 

one-way ANOVA with Tukey’s HSD post-hoc analysis ). Full inhibition of 

the (S)-3,5-DHPG response at mGlu5 and mGlu5.5 was not observed, 

though analysis suggests the inhibition would be complete in concordance 

with previous reports (Lavreysen et al., 2004). Quantative analysis revealed 

JNJ16259685 acted at mGlu5 and mGlu5.5 with pIC50 values of 6.14 ± 0.03 

and 6.29 ± 0.06, respectively. The quantitative and statistical analyses of 
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MPEP and JNJ16259685 acting at these receptors is summarised in Tables 

4.2.5.1 and 4.2.5.2, respectively. Taken together, this data suggests that 

heterodimerisation of mGlu1 and mGlu5 reduces the potency of NAMs 

acting at both protomers. Interestingly the negative cooperativity of MPEP 

was reduced at the heterodimer, but this effect was not observed for 

JNJ16259685 which was fully able to inhibit the dimer response at 

concentrations where one would expect mGlu5 to be relatively uninhibited 

by this PAM. These results combined suggest that mGlu1 and mGlu5 are 

functionally interdependent in this system. 
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Figure 4.2.5.1 The ability of the allosteric ligand MPEP to inhibit the activation of the 

mGlu1 (A), mGlu5 (B), the constitutive mGlu5 homodimer (C), or the constitutive mGlu1-

mGlu5 heterodimer (D) by the orthosteric agonist (S)-3,5-DHPG in a concentration 

dependent manner was assessed in stably transfected AV12 cells. Cells were pre-incubated 

(3 mins) with a range of concentrations of NAM before the addition of a set concentration 

(10 µM) of (S)-3,5-DHPG. The data shown represents the mean ± S.E.M. from three 

independent experiments performed in sextuplicate. Pharmacological and statistical 

analyses are summarised in Table 4.2.5.1. 
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Table 4.2.5.1 A summary of the quantitative analysis of MPEP acting at the mGlu1, 

mGlu5, mGlu5.5, or mGlu1.5 constructs stably transfected into AV12 cell lines co-

expressing EAAT1. Data shown represents 3 independent experiments performed in 

sextuplicate expressed as mean ± S.E.M. Statistical analyses represent the results of a 

Tukey’s HSD post-hoc test following a one-way ANOVA. 

Receptor pIC
50

 of MPEP n 

mGlu1 - 3 

mGlu5 8.89 ± 0.06 3 

mGlu5.5 8.59 ± 0.02 3 

mGlu1.5 7.82 ± 0.09**†† 3 

 

*  p < 0.05 vs. mGlu5 

**  p < 0.01 vs. mGlu5 

†  p < 0.05 vs. mGlu5.5 

†† p < 0.01 vs. mGlu5.5 
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Figure 4.2.5.2 The ability of the allosteric ligand JNJ16259685 to inhibit the activation of 

the mGlu1 (A), mGlu5 (B), the constitutive mGlu5 homodimer (C), or the constitutive 

mGlu1-mGlu5 heterodimer (D) by the orthosteric agonist (S)-3,5-DHPG in a concentration 

dependent manner was assessed in stably transfected AV12 cells. Cells were pre-incubated 

(3 mins) with a range of concentrations of NAM before the addition of a set concentration 

(10 µM) of (S)-3,5-DHPG. The data shown represents the mean ± S.E.M. from three 

independent experiments performed in sextuplicate. Pharmacological and statistical 

analyses are summarised in Table 4.2.5.2. 
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Table 4.2.5.2 A summary of the quantitative analysis of MPEP acting at the mGlu1, 

mGlu5, mGlu5.5, or mGlu1.5 constructs stably transfected into AV12 cell lines co-

expressing EAAT1. Data shown represents 3 independent experiments performed in 

sextuplicate expressed as mean ± S.E.M. Statistical analyses represent the results of a 

Tukey’s HSD post-hoc test following a one-way ANOVA. 

Receptor pIC
50

 of 

JNJ16259685 

n 

mGlu1 8.54 ± 0.01**†† 3 

mGlu5 6.44 ± 0.03‡‡ 3 

mGlu5.5 6.29 ± 0.06‡‡ 3 

mGlu1.5 7.72 ± 0.03**††‡‡ 3 

 

*  p < 0.05 vs. mGlu5 

**  p < 0.01 vs. mGlu5 

†  p < 0.05 vs. mGlu5.5 

†† p < 0.01 vs. mGlu5.5 

‡ p < 0.05 vs. mGlu1 

‡‡ p < 0.01 vs. mGlu1 
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4.2.6 Co-expression of mGlu1-C1 or mGlu5-C1 constructs with the mGlu5-C2 

construct allows receptor dimer trafficking to the cell membrane 

In order to assess the effect of replacing the mGlu1 and mGlu5 C-terminal 

tail with those of the GABAB2-KKTN  (N-terminally HA-tagged mGlu1 or 

mGlu5 with the GABAB2 C-terminal tail and KKXX retention motif, 

referred to hereafter as HA-mGlu1-C2-KKTN or HA-mGlu5-C2-KKTN, 

respectively) or GABAB1 (N-terminally FLAG-tagged mGlu5 with the 

GABAB1 C-terminal tail, referred to hereafter as FLAG-mGlu5-C1) 

receptors, the expression of these constructs was assessed when transiently 

transfected alone, or transiently co-transfected using immunocytochemical 

techniques (Figures 4.2.6.1 and 4.2.6.2).  

Immunocytochemical analysis of untransfected cells, or cells expressing 

either N-terminally HA-tagged full length mGlu5, HA-mGlu1-C2-KKTN, 

HA-mGlu5-C2-KKTN, or FLAG-mGlu5-C1 was performed by 

immunostaining either permeabilised or non-permeabilised samples with 

primary antibodies recognising the HA-epitope (N-YPYDVPDYA-C) and the 

FLAG-epitope (N-DYKDDDDK-C) and DAPI (Figure 4.2.6.1). Except for the 

N-terminally HA-tagged full length mGlu5 receptor, immunostaining was 

not observed in chimeric constructs in non-permeabilised cells, however, 

immunostaining was present for all of the constructs when cells were 

permeabilised. This suggests that the receptor constructs with these GABAB 

tails are retained intracellularly when expressed alone. In contrast, when 

constructs expressing the GABAB2-KKTN tail were co-expressed with the 

mGlu5 receptor bearing the GABAB1 tail, immunostaining was evident in 

both the permeablised and non-permeabilised cells (Figure 4.2.6.2). This 

suggests that association of the GABAB1 and GABAB2-KKTN tails allows 

trafficking of the receptor dimer to the cell surface. 

In order to assess the level of cell surface expression of the receptor 

constructs alone and co-expressed, a whole cell ELISA was performed on 

both non-permeabilised and permeabilised cells (Figure 4.2.6.3). The 

expression of the full length N-terminally HA-tagged mGlu5 receptor alone, 
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or the HA-mGlu1-C2-KKTN or HA-mGlu5-C2-KKTN co-expressed with the 

FLAG-mGlu5-C1 was generally higher at the cell surface than when these 

constructs were expressed alone. The expression of these constructs at the 

cell surface was concurrent with the immunocytochemical data and with 

previously reported data (Brock et al., 2007; Goudet et al., 2005). 
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Figure 4.2.6.1 Immunocytochemical analysis was performed on paraformaldehyde-fixed 

HEK cells which were either untransfected or transiently transfected with an N-terminally 

HA-tagged mGlu5 receptor, an N-terminally HA-tagged mGlu1 receptor with a GABAB2-

KKTN tail (HA-mGlu1-C2-KKTN), an N-terminally HA-tagged mGlu5 receptor with a 

GABAB2-KKTN tail (HA-mGlu5-C2-KKTN), or an N-terminally FLAG-tagged mGlu5 

receptor with the corresponding GABAB1 tail (FLAG-mGlu5-C1). The panels on the left 

show unpermeabilised cells and the panels on the right show permeabilised cell. The 

images represent 40x magnification with the scale bar representing 20 µm. Images shown 

are single representative experiments from three independent experiments. 
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Figure 4.2.6.2 Immunocytochemical analysis was performed on paraformaldehyde-fixed 

HEK cells which were either untransfected or transiently co-transfected with an N-

terminally HA-tagged mGlu5 receptor with a GABAB2-KKTN tail (mGlu5-C2-KKTN) or an 

N-terminally HA-tagged mGlu1 receptor with a GABAB2-KKTN tail (mGlu1-C2-KKTN), 

and an N-terminally FLAG-tagged mGlu5 receptor with the corresponding GABAB1 tail 

(FLAG-mGlu5-C1). The panels on the left show unpermeabilised cells and the panels on the 

right show cells permeabilised with 0.25% Triton X-100. The images represent 40x 

magnification with the scale bar representing 20 µm. Images shown are single 

representative experiments. 
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Figure 4.2.6.3 The percentage of HA-tagged receptors present at the membrane was 

determined by whole cell ELISA on both non-permeabilised (cell surface expression) and 

permeabilised (total expression) HEK293 cells transiently transfected with full length HA-

tagged mGlu5 (HA-mGlu5), HA tagged mGlu1 or mGlu5 with the GABAB2-KKTN tail 

(mGlu1-C2-KKTN and mGlu5-C2-KKTN, respectively FLAG-tagged mGlu5 with the 

GABAB1 tail (mGlu5-C1) , 5C2-KKTN and 5C1 co-transfected (mGlu5.5) or 1C2-KKTN and 

5C1 co-transfected (mGlu1.5) constructs. The data shown represents the ratio of the 

number of receptors detected in non-permeabilised cells over the number detected in 

permeabilised cells. The graph shown represents the mean ± S.D. of a single representative 

experiment performed in triplicate. 
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4.2.7 Heterodimerisation of mGlu1 and mGlu5 does not affect [3H]-M-MPEP 

binding 

In order to assess whether the mGlu1 protomer has any effect on NAMs 

acting at the MPEP binding site the affinity of [3H]-M-MPEP binding at 

either mGlu5, mGlu5.5, or mGlu1.5 in membranes prepared from HEK293 

cells was delineated. Firstly, a membrane titration was performed and 

based on that 30 µg.well-1 was chosen for radioligand binding experiments 

due to a high signal window and a depletion value less than 10 % (data not 

shown). In order to assess the affinity of the radioligand a [3H]-M-MPEP 

saturation analysis was performed (Figure 4.2.7.1). No significant difference 

was observed in the affinity (KD) of [3H]-M-MPEP binding at mGlu5, 

mGlu5.5, or mGlu1.5 expressing membranes or the receptor expression 

(BMAX) in these samples (one-way ANOVA, Tukey’s HSD post-hoc test p > 

0.05).  

4.2.8 Allosteric modulators of mGlu1 have no effect on the binding of LSN-

2814617 

Our functional data suggests that the mGlu1 protomer has an inhibitory 

effect on PAMs acting at the MPEP site of the mGlu5 protomer in the 

heterodimer. In order to assess the effect of mGlu1 allosteric site occupancy 

at the dimer constructs, the ability of the LSN-2814617 to inhibit the 

binding of [3H]-M-MPEP, in the absence and presence of either the mGlu1 

selective NAM JNJ16259685 or the mGlu1 specific PAM Ro-67 4853, was 

assessed in membranes prepared from HEK293 cells transiently expressing 

mGlu5 or mGlu1.5 (Figures 4.2.8.1 and 4.2.8.2).  
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Figure 4.2.7.1 Saturation binding of [3H]M-MPEP in membranes prepared from HEK293 

cells transiently expressing either mGlu5 (A), the constitutive mGlu5 homodimer (B), or the 

constitutive mGlu1-mGlu5 heterodimer (C). The properties of [3H]M-MPEP binding to 

mGlu5 receptors were assayed by incubating a range of concentrations (0.1-20 nM) with a 

set amount of membrane in the absence and presence of 1uM MPEP to define non-specific 

binding (NSB). The graph shows the combined data from 3 independent experiments 

performed in duplicate. The graphs show the combined data from 3 independent 

experiments performed in duplicate. Quantitative analysis of the data is summarised in 

Table 4.2.7.1. 
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Table 4.2.7.1 A summary of the saturation analysis of [3H]-M-MPEP binding at mGlu5 in 

HEK293 cell membranes prepared from cells transiently transfected with either mGlu5, 

mGlu5.5 or mGlu1.5 constructs. Mean ± S.E.M. from three independent experiments 

performed in duplicate are shown. Statistical analysis represents the results of a one-way 

ANOVA with a Tukey’s HSD post-hoc analysis. 

Receptor Affinity  

(nM) 

BMAX  

(fmol.mg-1) 

 n 

mGlu5 1.25 ± 0.20 1119 ± 124 N.S. 3 

mGlu5.5 2.35 ± 0.27 1824 ± 378 N.S. 3 

mGlu1.5 3.09 ± 0.73 1038 ± 239 N.S. 3 

 

N.S. p > 0.05 
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The mGlu1 selective NAM, JNJ16259685, had no effect on the binding of 

[3H]-M-MPEP at either mGlu5 or the mGlu1.5 construct, showing that 

occupation of the mGlu1 protomer with a NAM does not inhibit the binding 

of a NAM at the mGlu5 protomer (Figure 4.2.8.1A). As before, LSN-2814617 

inhibited the binding of [3H]-M-MPEP in a concentration-dependent manner 

at mGlu5 (Figure 4.2.8.1B) and mGlu1.5 (Figure 4.2.8.1C), however, no 

significant difference between the pKi of LSN-2814617 at either construct 

was observed whether JNJ16259685 was present or not (p > 0.05, unpaired, 

one-tailed Student’s t-test). This suggests that the occupancy of the mGlu1 

allosteric site by this NAM has no effect on the affinity of LSN-2814617 at 

the mGlu5 protomer. The pharmacological and statistical analyses of this 

data is summarised in Table 4.2.8.1. 

Given that the inhibition of mGlu5 PAMs was only observed in the active 

form of the dimer, perhaps occupation of the mGlu1 protomer with a PAM 

induces a conformation closer to the active state of the receptor. With this in 

mind, the ability of the mGlu1 specific PAM Ro 67-4853 to inhibit the 

binding of either [3H]-M-MPEP or LSN-2814617 was assessed in the 

mGlu1.5 membranes, and compared to the wild-type mGlu5 membranes. Ro 

67-4853 had no effect on the binding of [3H]-M-MPEP at either mGlu5 or the 

mGlu1.5 construct (Figure 4.2.5.2A), indicating that the occupancy of the 

mGlu1 protomer with a PAM does not inhibit binding of the NAM at the 

MPEP binding site of the mGlu5 protomer. Furthermore, there was no 

significant difference between the pKi of LSN-2814617 at either construct 

whether Ro 67-4853 was present or not (p > 0.05, unpaired, one-tailed 

Student’s t-test). This implies that the occupancy of the mGlu1 allosteric 

site with a PAM has no inhibitory effect on ligand binding at the MPEP site. 

The pharmacological and statistical analyses of this data is summarised in 

Table 4.2.5.1. 
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Figure 4.2.8.1 The ability of the hmGlu1 selective allosteric modulator JNJ16259685 to 

alter [3H]-M-MPEP binding at the hmGlu5 receptor was assessed. A set concentration of 

[3H]-M-MPEP, approximately equal to its KD, was incubated in the presence of a range of 

concentrations (1 fM to 1 µM) of JNJ16259685 and a set amount of HEK293 membranes 

transiently expressing either the mGlu5 receptor or the constitutive mGlu1-mGlu5 

heterodimer (A). The ability of the radioligand to bind specifically to an allosteric site on 

the mGlu5 receptor in membranes prepared from HEK293 membranes transiently 

expressing either the mGlu5 receptor (B) or the constitutive mGlu1-mGlu5 heterodimer (C) 

was assessed in the presence of a range of concentrations of LSN-2814617 (1 nM to 1 µM). 

The effect of the hmGlu1 specific allosteric modulator JNJ16259685 on the pharmacological 

properties of LSN-2814617 was also determined. These graphs represent the combined data 

of 3 independent experiments performed in duplicate. A summary of the analysis of this 

data can be found in Table 4.2.8.1. 
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Table 4.2.8.1 A summary of the pharmacological and statistical analysis of LSN-2814617 

binding in the absence and presence of JNJ16259685 at mGlu5 in HEK293 cell membranes 

prepared from cells transiently transfected with either mGlu5 or mGlu1.5 constructs. The 

p-value represents the result of an unpaired, two-tailed Student’s t-test with a significance 

value set at 5%. 

 

Receptor 

pKi of LSN-2814617 
 

p-value        

vs. mGlu5 

 

n Control 
p-value 

vs. mGlu5 

+ 100 nM 

JNJ16259685 

mGlu5 6.06 ± 0.04 N/A 6.25 ± 0.14 N/A 3 

mGlu1.5 6.17 ± 0.20 >0.05 6.24 ± 0.07 >0.05 3 
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Figure 4.2.8.2 The ability of the hmGlu1 selective allosteric modulator JNJ16259685 to 

alter [3H]-M-MPEP binding at the hmGlu5 receptor was assessed. A set concentration of 

[3H]-M-MPEP, approximately equal to its KD, was incubated in the presence of a range of 

concentrations (1 fM to 1 µM) of Ro 67-4853 and a set amount of HEK293 membranes 

transiently expressing either the mGlu5 receptor or the constitutive mGlu1-mGlu5 

heterodimer (A). The ability of the radioligand to bind specifically to an allosteric site on 

the mGlu5 receptor in membranes prepared from HEK293 membranes transiently 

expressing either the mGlu5 receptor (B) or the constitutive mGlu1-mGlu5 heterodimer (C) 

was assessed in the presence of a range of concentrations of LSN-2814617 (1 nM to 1 µM). 

The effect of the hmGlu1 specific allosteric modulator Ro 67-4853 on the pharmacological 

properties of LSN-2814617 was also determined. These graphs represent the combined data 

of 3 independent experiments performed in duplicate. A summary of the analysis of this 

data can be found in Table 4.2.8.2. 
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Table 4.2.8.2 A summary of the pharmacological and statistical analysis of LSN-2814617 

binding in the absence and presence of Ro 67-4853 at mGlu5 in HEK293 cell membranes 

prepared from cells transiently transfected with either mGlu5 or mGlu1.5 constructs. The 

p-value represents the result of an unpaired, two-tailed Student’s t-test with a significance 

value set at 5%. 

 

Receptor 

pKi of LSN-2814617 
 

p-value        

vs. mGlu5 

 

n Control 
p-value 

vs. mGlu5 

+ 10 µM              

Ro 67-4853 

mGlu5 6.02 ± 0.09 N/A 5.98 ± 0.08 N/A 3 

mGlu1.5 6.06 ± 0.12 >0.05 6.04 ± 0.14 >0.05 3 
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4.2.9 Orthosteric occupancy of mGlu1 has no effect on LSN-2814617 acting 

at the mGlu5 protomer of the heterodimer 

Given that Ro 67-4853 has no intrinsic efficacy, it is likely that the fully 

active conformation of the mGlu1 TMDs is not induced by the binding of this 

ligand. In order to assess whether the fully active conformation of the 

mGlu1 protomer causes inhibition of mGlu5 PAM binding at the MPEP site, 

the binding of LSN-2814617 was assessed in the presence of the orthosteric 

group I mGluR selective agonist (S)-3,5-DHPG in membranes prepared from 

HEK293 cells expressing either the mGlu5.5 or mGlu1.5 constructs (Figures 

4.2.9.1). The quantitative and statistical analysis of the action of LSN-

2814617under these conditions are summarised in Table 4.2.9.1-3, 

respectively.  

At the mGlu5 receptor, the affinity of LSN-2814617 in both the presence 

and absence of (S)-3,5-DHPG was comparable to my previous results 

(Chapter 3, Figure  3.2.3.1A). The affinity of LSN-2814617 was unaffected 

by the presence and absence of (S)-3,5-DHPG at either the mGlu5.5 or 

mGlu1.5 receptors (Figure 4.2.9.1), with no significant difference between 

the mGlu1.5 and mGlu5.5 affinity values under either condition (p > 0.05, 

one-way ANOVA, Tukey’s HSD post-hoc analysis). This indicated that the 

orthosteric occupancy of the mGlu1 receptor had no effect on the binding of 

this PAM at the MPEP site of the mGlu5 protomer.  
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Figure 4.2.9.1 The ability of the [3H]-M-MPEP to bind specifically to an allosteric site on 

the mGlu5 receptor in membranes prepared from HEK293 membranes transiently 

expressing either the constitutive mGlu5 homodimer (A), or the constitutive mGlu1-mGlu5 

heterodimer (B) was assessed in the presence of a range of concentrations of LSN-2814617 

(1 nM to 3 µM). The effect of the group I orthosteric agonist (S)-3,5-DHPG on the 

pharmacological properties of LSN-2814617 was also determined. These graphs represent 

the combined data of 3 independent experiments performed in duplicate. A summary of the 

pharmacological and statistical analysis of this data can be found in Table 4.2.9.2. 
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Table 4.2.9.1 A summary of the pharmacological and statistical analysis of LSN-2814617 

binding in the absence and presence of (S)-3,5-DHPG at mGlu5 in HEK293 cell membranes 

prepared from cells transiently transfected with either mGlu5, mGlu5.5 or mGlu1.5 

constructs. The p-value represents the result of a one-way ANOVA with a Tukey’s HSD 

post-hoc analysis. *Data for the binding of LSN-2814617 at mGlu5 is taken from Chapter 3. 

 

Receptor 

pKi of LSN-2814617 

 

 

 

n Control 
 

+ 10 µM             

(S)-3,5-DHPG 

mGlu5* 5.87 ± 0.12 N.S. 6.02 ± 0.13 N.S. 3 

mGlu5.5 5.87 ± 0.11 N.S. 5.89 ± 0.15 N.S. 3 

mGlu1.5 5.83 ± 0.17 N.S. 6.11 ± 0.11 N.S. 3 

N.S. p > 0.05 
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4.2.10 The affinity of mGlu5 allosteric modulators are unaffected in mGlu1 

KO mice, regardless of the orthosteric occupancy state 

 In order to assess whether the pharmacological interaction between mGlu1 

and mGlu5 between CDPPB and (S)-3,5-DHPG in the mGlu1.5 construct 

from the previous section translates into native tissue, the pharmacological 

profile of these compounds was evaluated in membranes prepared from 

mouse cortex samples from wild-type and mGlu1 knockout mice (Figure 

4.2.10.1). The expression of mGlu1 in both the wild-type and knockout 

cortex samples was verified using immunoblotting after separation of 

proteins by SDS-PAGE (Figure 4.2.10.1A). Western blotting using an mGlu1 

specific antibody showed the presence of a protein band with a molecular 

weight of approximately 150 kDa in the membranes derived from wild-type 

mouse cortex samples, with no band present in the mGlu1 knock-out mouse 

cortex membrane samples, confirming ablation of mGlu1 expression in these 

animals. With an mGlu5 specific antibody, a band of approximately 150 kDa 

was observed in both samples, which indicated equal protein loading as well 

as unaffected mGlu5 expression in wild-type and mGlu1 knock-out animals.  

The pharmacological properties of [3H]-M-MPEP binding at mGlu5 in 

membranes prepared from both samples were characterised by homologous 

binding (Figure 4.2.10.1B). In membranes prepared from wild-type mouse 

cortex samples [3H]-M-MPEP bound with a KD of 8.71 ± 0.02, with a BMAX of  

552.9 ± 107.3 fmol.mg-1. In membranes prepared from mGlu1 knock-out 

mouse cortex samples [3H]-M-MPEP bound with a KD of 8.71 ± 0.06, with a 

BMAX of 729.6 ± 131.1 fmol.mg-1. There was no significant difference between 

KD and BMAX of the radioligand in the membranes prepared from wild-type 

or mGlu1 knock-out cortex samples (p > 0.05, unpaired, two-tailed Student’s 

t-test). This mirrors what was observed in our model system using chimeric 

heterodimer constructs. In order to assess whether orthosteric occupancy 

with (S)-3,5-DHPG inhibits the binding of CDPPB as in our chimeric model, 

the pharmacological characteristics of CDPPB binding at mGlu5 in the 

absence and presence of (S)-3,5-DHPG were determined in membranes 
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prepared from both wild-type and mGlu1 knock-out mice (Figure 4.2.10.1C). 

In contrast to the data generated using the chimeric heterodimer, there was 

no significant difference between the pKi values of CDPPB binding at 

mGlu5 in either wild-type or mGlu1 knock-out membrane samples whether 

or not (S)-3,5-DHPG was present (p > 0.05, unpaired, two-tailed Student’s t-

test). This data taken together suggests that mGlu1 expression in the mouse 

brain does not have a significant effect on ligands binding at the mGlu5 

receptor. Pharmacological and statistical analyses of this data is 

summarised in Table 4.2.10.1. 
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Figure 4.2.10.1 The pharmacological properties of the mGlu5 receptor expressed in 

membranes from mGlu1 knock-out (KO) mice were investigated and compared to 

membranes from a wild-type mouse brain. The expression of mGlu1 and mGlu5 were 

investigated by immunoblot (A). The data shown represents a single representative 

example from three independent experiments. The pharmacological properties of [3H]-M-

MPEP binding to the mGlu5 receptor in membranes created from both  mGlu1 knock-out 

and wild-type mouse cortex samples were assessed using a range of concentrations of M-

MPEP (10 fM to 1 µM) (B). The ability of [3H]-M-MPEP to bind specifically to an allosteric 

site on the mGlu5 receptor in membranes prepared from both mGlu1 knock-out and wild 

type mouse brains were assessed in the presence of a range of concentrations of CDPPB (1 

nM to 3 µM). The effect of the group I orthosteric agonist (S)-3,5-DHPG on the 

pharmacological properties of CDPPB was also determined.  These graphs represent the 

combined data from three independent experiments performed in duplicate. A summary of 

the analysis of the pharmacological data is shown in Table 4.2.10.1. 
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Table 4.2.10.1 A summary of the pharmacological and statistical analysis of ligands 

binding in the absence and presence of (S)-3,5-DHPG at mGlu5 in membranes prepared 

from wild-type and mGlu1 knock-out cortex samples. The p-value represents the result of 

an unpaired, two-tailed Student’s t-test with a significance value set at 5%.  

Compound WT pKi 

Mean ± S.E.M. 

mGlu1 KO pKi 

Mean  ± S.E.M. 

 n 

M-MPEP 8.71 ± 0.06 8.71 ± 0.02 N.S. 3 

CDPPB 6.53 ± 0.02 6.67 ± 0.03 N.S. 3 

CDPPB + 10 µM 

(S)-3,5-DHPG 

7.25 ± 0.09 7.52 ± 0.12 N.S. 3 

N.S. p > 0.05 
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4.3 Discussion 

Heterodimerisation of mGlu5 has been reported with µ-opioid, adenosine 

A2a, and dopaminergic D2 receptors, and these interactions have 

physiological and pharmacological implications for the action of the receptor 

(Akgün et al., 2013; Cabello et al., 2009). The molecular determinants of 

these interactions have not been elucidated, but given that mGlu1 and 

mGlu5 both constitutively homodimerise, and given the high sequence 

identity between these two receptors, it is surprising that 

heterodimerisation of these receptors has not been conclusively 

demonstrated in vivo. In the present chapter mutant mGlu1 and mGlu5 

receptor constructs, in which the C-terminal tails are replaced with those of 

the GABAB1 and GABAB2 with a KKXX (in this case, KKTN) retention motif, 

were used to induce heterodimerisation at the cell surface and study the 

pharmacological interaction between the group I receptors. This approach 

has previously been used in to investigate the functional nature of mGluR 

dimers (Brock et al., 2007; Goudet et al., 2005; Hlavackova et al., 2005).  

Data herein showed that the group I selective agonist (S)-3,5-DHPG did not 

have significantly higher potency at the mGlu1.5 construct, compared to 

either the mGlu1, mGlu5, or mGlu5.5 constructs. Replacing the mGluR C-

terminal tails with those of the GABAB protomers does not have a 

potentiating effect on G protein-coupling as demonstrated by data herein 

showing the mGlu5.5 dimer construct did not display an increased potency 

compared to the wild-type mGlu5 receptor. 

The effect of each receptor protomer on the overall activation of the dimer 

was investigated using the mGlu5 selective PAMs LSN-2814617, CDPPB, 

and ADX-47273. The potentiation of all three of these compounds was 

reduced by approximately half in the mGlu1.5 heterodimer compared to the 

wild-type or mutant homodimer, suggesting that the heterodimerisation of 

mGlu5 with mGlu1 had an inhibitory effect on the potentiation of mGlu5. 

This could perhaps be explained by the fact that approximately half of the 

receptors are signalling through the mGlu1 protomers, which are not 
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potentiated by these ligands, and so the overall potentiation of the dimer 

would be reduced compared to dimers where both can be activated by the 

ligand. Indeed, the dual mGlu1-mGlu5 PAM CPPHA showed no significant 

difference in potentiation between mGlu1, mGlu5, mGlu5.5 and mGlu1.5 

constructs, in agreement with this explanation. However, this explanation is 

not sufficient given that the potentiation induced by Ro 67-4853, which is 

mGlu1 specific at the human receptor, was not significantly reduced in the 

mGlu1.5 heterodimer compared to the wild-type mGlu1 receptor. The data 

herein suggests that perhaps mGlu1 is having an inhibitory effect on the 

function of mGlu5, but this effect is not equally reciprocal. Remarkably, a 

similar asymmetric effect has been observed in cell lines expressing mGlu2 

heterodimerised with mGlu4 (Kammermeier, 2012; Yin et al., 2014). In this 

recent study PHCCC, a PAM of mGlu4, displayed markedly reduced 

cooperativity when mGlu4 was heterodimerised with mGlu2. Furthermore 

VU0155041, an mGlu4 PAM acting at a different site to PHCCC, had 

increased cooperativity when the receptor was heterodimerised with mGlu2. 

In contrast, mGlu2 specific PAMs were not affected to the same extent by 

heterodimerisation. The similarity between these findings and the findings 

of this thesis is striking, and perhaps there are common structural changes 

at the heterodimer which can explain these effects in both heterodimers. 

One possible explanation for this asymmetric functional interdependence is 

that the activation of the mGlu1 protomer with (S)-3,5-DHPG somehow 

inhibits the action of the PAM at mGlu5. Given studies showing that the 5th 

TMD is likely the dimer interface of the mGluR TMDs (Yanagawa et al., 

2011), perhaps activation of the mGlu1 receptor causes a change in the 

position of the 5th TMD of the mGlu5 protomer. This helix is known to form 

part of the MPEP binding site, with many PAMs interacting with residues 

within this α-helix (Gregory et al., 2014). Indeed, mutation of the Y658 

residue on the 5th TMD converted of an mGlu5 PAM, VU0405396, into a 

NAM (Gregory et al., 2013). Perhaps movement of the mGlu5 TMDs induced 

by mGlu1 activation could lead to a reduced affinity or cooperativity of 

PAMs acting at this site. This would also explain why the potentiation 
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induced by CPPHA is unaffected by the heterodimerisation: CPPHA is 

known to be reliant on the F585 residue in the 1st TMD of mGlu5, and F599 

in the 1st TMD of mGlu1 (Chen et al., 2008) and so movement of the 5th 

TMD of either receptor may not inhibit the action of CPPHA action by 

virtue of the topographical distinction of the binding site of this ligand. It is 

therefore possible that the difference in the amount of inhibition is site-

dependent, with the MPEP binding site PAMs of mGlu5 more susceptible to 

5th TMD movement than PAMs acting at the CPPHA site. Furthermore, 

perhaps the lack of inhibition of mGlu1 can be explained by evidence 

suggesting that the 1st  and 2nd TMDs of this receptor are responsible for the 

dimer interface (Wu et al., 2014). Agonist bound crystal structures of the 

TMDs of mGlu1 and mGlu5 receptors would be useful in establishing how 

the tertiary structure of the TMDs changes upon receptor activation. With 

this information, the effect of heterodimerisation on PAM action at each 

protomer could be rationalised.  

If the mGlu1 receptor was having an inhibitory effect on the MPEP binding 

pocket of the mGlu5 protomer in its own right then one would expect MPEP 

to have a reduced antagonistic effect and indeed the data showed that 

MPEP inhibited the response of the mGlu1.5 construct to only half that of 

the wild-type mGlu5. Perhaps a direct steric hindrance at the MPEP 

binding site by mGlu1 is responsible, as the potency of MPEP was reduced 

at the mGlu1.5 construct compared to the wild-type mGlu5 and mGlu5.5 

homodimer constructs, which is explained by the involvement of the 5th 

TMD in the MPEP binding pocket discussed previously. A similar effect of 

heterodimerisation has been noted previously for neuropeptide Y (NPY) 

receptors 1 and 5, where the heterodimerisation switched the mode of 

antagonism from a surmountable effect to insurmountable (Kilpatrick et al., 

2015). Interestingly, the potency of JNJ16259685, an mGlu1 selective NAM, 

was also significantly reduced at the mGlu1.5 heterodimer compared to 

mGlu1, however, at concentrations where it had no effect on the mGlu5 or 

mGlu5.5 constructs it was still able to fully inhibit the mGlu1.5 response. 

This evidence supports the conclusion that the inhibition of the MPEP site 
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by the mGlu1 protomer is not reciprocal. Given that JNJ16259685 has been 

previously shown to bind in the same binding pocket as Ro 67-4853 

(Lavreysen et al., 2004), perhaps again the reduction in potency could be 

explained by the movement of the 5th TMDs induced by activation of the 

mGluR protomer. 

An alternative interpretation could be due to the relative occupancy of the 

compounds at the mGlu1 and mGlu5 orthosteric binding sites. Given that 

the occupancy of both protomers of the dimer with an agonist has been 

shown to increase responses over single protomer activation (Kniazeff et al., 

2004), it could be that the contribution of mGlu1 to the overall response is 

greater than that of mGlu5 due to the increased affinity (S)-3,5-DHPG 

displays at mGlu1 compared to mGlu5 (Mutel et al., 2000). This would 

manifest as asymmetry of the contribution of mGlu5 and mGlu1 ligands, 

and may be the reason for this observed change. A further study to elucidate 

whether there is any heterodimer-dependent pharmacology between mGlu1 

and mGlu5 could be to mutate the residues, Cys694 and Thr695, responsible 

for G protein coupling at the mGlu1 protomer in the constitutive 

heterodimer constructs herein (Francesconi and Duvoisin, 1998). This would 

mean that 100% of the functional response comes from mGlu5, and any 

inhibition of PAM activation would be caused by inhibition of mGlu5 

activation due to heterodimerisation of mGlu1 and mGlu5. 

In order to elucidate whether steric hindrance exists between the mGlu1 

and mGlu5 receptor binding sites, we used the constitutive dimer constructs 

to generate membranes which express the mGlu1.5 and mGlu5.5 

heterodimers, and compared the pharmacological profile of compounds 

acting at these receptors to the wild-type mGlu5 receptor. The ability of 

these constructs to limit cell surface expression of these receptors to their 

dimerised form has been demonstrated previously by Lilly (data not shown) 

and other studies (Brock et al., 2007; Goudet et al., 2005; Hlavackova et al., 

2005).  Immunocytochemical data in this study showed that transiently 

transfected HEK293 cells only express mGlu5.5 and mGlu1.5 dimers at the 
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cell surface, though the level of expression of these receptors is heterologous. 

Furthermore, the whole cell ELISA data generated in this study showed 

that the expression of the constructs with the modified C-terminal tails is 

highly dependent on transfection efficiency of each protomer construct, with 

half the probability of dimer expression at the cell surface compared to the 

mGlu5 receptor. Though only the dimer constructs are expressed at the cell 

surface it is likely that monomeric constructs, as well as other combinations 

of dimer, are expressed and retained in the endoplasmic reticulum. Despite 

this, differences in the pharmacology of membranes prepared from cells 

expressing mGlu1.5 can still be compared to wild-type mGlu5 receptors as 

any difference due to the replacement of mGlu1 and mGlu5 C-terminal tails 

with those of the GABAB receptors can be accounted for using the mGlu5.5 

construct.  

No significant difference in the pharmacology of mGlu5 was observed 

between the mGlu5, mGlu5.5 and mGlu1.5 dimers in this assay, suggesting 

that there is no obvious steric hindrance at the MPEP binding site induced 

by heterodimerisation with mGlu1. Interpretation of this data is complex 

because though the membrane preparation likely harvests the extracellular 

membrane, where mGlu1.5 heterodimers are the dominant population, it 

also likely includes intracellular membranes such as the Golgi apparatus 

and endoplasmic reticulum, which may contain monomers, mGlu5-C1 

homodimers, and other combinations of the constructs used. A better, but 

certainly not perfect experiment would be to perform these binding 

experiments in whole cells, however, this would not guarantee that the 

radioligand would not penetrate the cell membrane and interact with the 

other possible dimers induced by this system. 

The use of radioligand binding to delineate the presence and 

pharmacological consequences of heterodimerisation in vivo has been 

previously demonstrated using 5-HT2A and mGlu2 receptor ligands (Moreno 

et al., 2011).  The radioligand binding data in this thesis showed that the 

affinity of the radioligand was unaffected in the mGlu1 knock-out 
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membranes compared to the wild-type, indicating that there was no steric 

hindrance in the binding of this compound due to mGlu1. Similarly, the 

affinity of CDPPB was unaffected in the presence or absence of (S)-3,5-

DHPG, suggesting that the binding  and allosteric properties of this 

compound are unaffected by the mGlu1 receptor. There are several possible 

explanations for the lack of binding interaction between mGlu1 and mGlu5 

in ex vivo samples. Firstly, perhaps mGlu1 and mGlu5 do not form 

heterodimers in vivo though this would be surprising given that mGlu1 and 

mGlu5 have been shown to dimerise when co-transfected into recombinant 

cells (Doumazane et al., 2011). Secondly, perhaps mGlu1 and mGlu5 do not 

interact pharmacologically, despite the evidence from the constitutive 

mGlu1.5 heterodimer constructs. Finally, perhaps in vivo mGlu1 and mGlu5 

heterodimers represent a small minority of the total receptor population, so 

any pharmacological interaction is obscured by the dominant homodimer 

populations. A recently reported study using functional readouts of group I 

mGluR action in native cells to study heterodimerisation perhaps provides a 

method to investigate the existence and functional consequence of group I 

mGluR heterodimerisation in vivo (Sevastyanova and Kammermeier, 2014). 

Using cultured medium spiny neurons, or other native tissues where mGlu1 

and mGlu5 are highly expressed, to investigate whether PAMs of mGlu5 

have a reduced ability to potentiate agonist response could provide 

conclusive evidence that these dimers exist and are functionally 

interdependent in native systems. 

The modification of GPCRs in order to induce dimerisation at the cell 

surface has been used to evaluate signalling properties of these receptors 

with some success. For example, a system using a bimolecular fluorescence 

complementation (BiFC) system in NPY receptors and the β2-adrenoceptor 

has provided evidence that dimerisation has pharmacological and regulatory 

consequences across GPCR families (Kilpatrick et al., 2015). In the case of 

the mGluRs, using the natural ‘quality control’ properties of the GABAB 

receptor has given great insight into the effect of dimerisation at these 

receptors. Studies using these receptors have led to many insights into the 
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function of the mGluR homodimer. It is important to understand the limits 

of these systems, and in the present study, we have shown that the action of 

allosteric modulators at these complexes displays asymmetry and probe 

dependency. Though previous studies using these constructs have provided 

evidence that the full activity of the dimer can be achieved by potentiation 

of either protomer of the dimer (Goudet et al., 2005), the data suggests that 

this phenomenon is highly dependent on both the ligand and target. This is 

highlighted by the data presented herein showing that PAMs of mGlu5 are 

unable to potentiate the response of the heterodimer to the same degree as 

the homodimer, but the mGlu1 PAM does. The use of mGluRs modified with 

GABAB1 and GABAB2-KKTN tails to drive dimerisation at the cell 

membrane, based on previous studies (Brock et al., 2007), was validated 

furthermore by the immunocytochemical and whole-cell ELISA performed 

on transiently transfected HEK293 cells herein. It showed that mGlu1 or 

mGlu5 receptor chimaeras where the C-terminal tail has been replaced with 

that of GABAB2-KKTN will only reach the cell surface in the presence of the 

corresponding GABAB1 tail. This makes this model incredibly useful for 

studying the interaction between mGluR heterodimers, and these constructs 

make good candidates for the study of other inter-mGluR heterodimers.  

Understanding pharmacological interactions between mGlu1 and mGlu5, 

such as those demonstrated in this chapter, is key to understanding 

potential pharmacological consequences of the dimerisation in vivo. Indeed, 

functional consequences of heterodimerisation of mGlu5 and the µ-opioid 

receptors has already been demonstrated (Akgün et al., 2013). Such 

pharmacological interactions have also been shown to be important for 

inter-mGluR heterodimers, with PAMs of mGlu4 failing to potentiate the 

action of their target receptor in mGlu2/4 heterodimers expressed in 

corticostriatal neurons (Yin et al., 2014). Furthermore, the findings herein 

extend the pharmacological toolbox available for the study of 

heterodimerisation of mGlu1 and mGlu5 in vivo. Such heterodimerisation 

has not been conclusively demonstrated, however, given that the full length 

receptors do dimerise in recombinant systems, it is only a matter of time 
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until they are demonstrated in native systems (Doumazane et al., 2011). 

The findings of this chapter could be readily translated to native systems 

where mGlu1 and mGlu5 are expressed in order to provide conclusive 

evidence of heterodimerisation in vivo.  
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Chapter 5 – Investigating Neuronal Cell Death 

Induced by Positive Allosteric Modulators Acting 

at the mGlu5 Receptor 

5.1 Introduction 

The ionotropic glutamate receptors have long been known to induce 

excitotoxic cell death of neurones in the CNS (Sattler and Tymianski, 2001). 

In brief, an abundance of glutamate in the synapse causes prolonged, 

abnormal influx of Ca2+ into the neuronal cells through NMDA receptors 

and Ca2+ permeable AMPA or kainate receptors. This influx of Ca2+, along 

with intracellular Ca2+ release, overwhelms the signalling and regulatory 

mechanisms of the cell leading to free-radical formation and metabolic 

dysfunction ultimately resulting in cell death. This process of excitotoxic cell 

death is thought to be involved in the pathology of many diseases of the 

CNS, such as cerebral ischemia and  neurodegenerative diseases (Choi, 

1992; Mattson, 2000). Indeed memantine, an NMDA receptor antagonist 

clinically validated for the treatment of Alzheimer’s disease, has been shown 

to be neuroprotective in both in vivo and in vitro models (Parsons et al., 

1999). Given that glutamate is the neurotransmitter responsible for 

excitotoxic cell death, it is reasonable to assume that the mGluRs may also 

play a role in neuronal cell death.  

A lack of potent subtype specific agonists of group I mGluRs limited the 

ability to study the effects of mGlu5 activation on cell death. In vitro studies 

using the mGlu5 selective agonist CHPG showed that mGlu5 activation 

attenuates cell death in cortical neurons co-cultured with microglia (Byrnes 

et al., 2009). Furthermore, CHPG induced activation of mGlu5 inhibits 

neuronal cell death in primary cortical cultures treated with amyloid-beta 

(Movsesyan et al., 2004). The discovery of mGlu5 specific PAMs have 

allowed the study of this receptor in isolation. Studies performed in vitro 

paint a complex picture; for instance, CDPPB has been shown to be 

protective against neuronal injury, inhibiting lactate-dehydrogenase (LDH) 
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release in a concentration-dependent manner in a cultured neuronal model 

of traumatic brain injury (Chen et al., 2012). In addition to these in vitro 

observations, in vivo studies have shown that mGlu5 PAMs can have 

neuroprotective action. For example, in a mouse model of Huntington’s 

disease, CDPPB decreased striatal cell death via an AKT-related 

mechanism (Doria et al., 2015). Similarly VU0360172 administration 

significantly reduced the size of lesions induced by traumatic brain injury in 

the mouse cortex and hippocampus (Loane et al., 2014).  

In contrast, reports have recently been published which show that some 

mGlu5 PAMs are intrinsically neurotoxic. Chronic administration of a high-

dose of the mGlu5 PAMs 5PAM523, 5PAM000, 5PAM413, and 5PAM916 

caused seizures and neuronal cell loss in the hippocampus and auditory 

cortex of treated mice (Parmentier-Batteur et al., 2014). The lack of 

neurotoxicity in mGlu5 knock-out mice suggests that this effect is 

dependent on the action of mGlu5. Further studies have shown that this is 

not a unique effect of this chemical series: VU0424465 also induces 

neurotoxicity, providing further evidence that toxicity is caused by an 

mGlu5-dependent mechanism, and not caused by a metabolite or related 

compound acting elsewhere (Conde-Ceide et al., 2015).  

In this chapter, I investigate the effect of chronic, high-dose LSN-2814617 

administration in the mouse brain using immunohistochemical methods. 

Furthermore, I attempt to model this neurotoxicity using primary cortical 

cultures in order to provide an in vitro model for further investigation of the 

toxic signalling mechanism and to aid screening of future mGlu5 PAMs. 
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5.2 Results 

5.2.1 Evaluating the action of LSN-2814617 in the Hippocampus 

Based on previous reports, mGlu5 PAMs are neurotoxic, with neurones 

present in the hippocampus displaying nuclear condensation with an 

eosinophilic cytoplasm, ‘typical morphological characteristics of necrotic 

neurons stained with H&E’ (Parmentier-Batteur et al., 2014). In order to 

assess the action of LSN-2814617 in the mouse hippocampus, histochemical 

and immunohistochemical methods were applied to brain samples obtained 

from mice treated with either vehicle or 100 mg.kg-1 of LSN-2814617 for 7 

days. Haemotoxylin and eosin (H & E) staining was used to visualise cells in 

coronal sections of the hippocampus from formalin-fixed mouse brains. In 

the vehicle treated brains, neuronal staining was evident, and there were no 

necrotic neurones (as defined above) present in the dentate gyrus, CA3 or 

CA1 regions (Figure 5.2.1.1). Similarly, in the LSN-2814617 treated brains 

there was no evidence of necrotic neurones in the dentate gyrus, CA3, or 

CA1 regions (Figure 5.2.1.2). In order to assess the identity of cell-types 

present, coronal sections of the dentate gyrus in the hippocampus from both 

animal groups were stained with an antibody specific for glial fibrillary 

acidic protein (GFAP), a marker for astrocytes, and NeuN, a neurone 

specific marker, and visualised with appropriate fluorescent secondary 

antibodies (Figure 5.2.1.3). The fluorescent secondary antibodies did not 

display non-specific staining (Figure 5.2.1.3A). In both the vehicle and LSN-

2814617 treated brains, the dentate gyrus was heavily stained by NeuN, 

indicating a population of neuronal cells. GFAP staining was also evident in 

the surrounding area, however, there was no obvious difference in the level 

of GFAP staining, indicating that astrocytes were present, but not elevated 

in drug-treated animals. In order to assess the level of mGlu5 expression, 

coronal sections of the hippocampus from vehicle and drug-treated animals 

were stained with an anti-mGlu5 antibody, and visualised as before (Figure 

5.2.1.4). The mGlu5 receptor was expressed in both vehicle and LSN-

2814617 treated animals, with staining visible in the dentate gyrus and the 
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surrounding area, indicating expression in both neurones and glial cell 

types. There was no obvious difference in the expression of mGlu5 between 

vehicle and drug treated animals. In order to assess whether LSN-2814617 

activates mGlu5 expressed in these cell types, Gq/11 activity was 

investigated using an antibody specific for c-fos, a transcription factor 

intrinsically linked to Gq/11 activation (Edling et al., 2007). Staining of c-fos 

was clearly elevated in the dentate gyrus of LSN-2814617 treated mice 

compared to vehicle treated mice, indicating that LSN-2814617 is present at 

sufficient concentrations to activate mGlu5 in the these samples (Figure 

5.2.1.5). 
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Figure 5.2.1.1 Images from an H&E stained coronal section of the hippocampus of a perfusion fixed brain from 

a mouse treated with vehicle once a day for 7 days. The image shows the hippocampus at 5x magnification with 

the scale bar representing 500 µm (top). Close up images are shown of the dentate gyrus (left), CA3 (middle), 

and CA1 (right) of the hippocampus at 40x magnification with the scale bar representing 50 µm. The images are 

of a brain from a single animal, chosen as a representative sample of eight animals. 
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Figure 5.2.1.2 Images from an H&E stained coronal section of the hippocampus of a perfusion fixed brain from 

a mouse treated with 100 mg.kg-1 LSN-2814617 once a day for 7 days. The image shows the hippocampus at 5x 

magnification with the scale bar representing 500 µm (top). Close up images are shown of the dentate gyrus 

(left), CA3 (middle), and CA1 (right) of the hippocampus at 40x magnification with the scale bar representing 50 

µm. The images are of a brain from a single animal, chosen as a representative sample of eight animals. 
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Figure 5.2.1.3 Images from an immunohistochemical analysis of the hippocampus of a 

perfusion fixed brain from a mouse treated with vehicle or 100 mg.kg-1 LSN-2814617 once a 

day for 7 days. The top panel (A) shows the dentate gyrus stained with DAPI, a flourescent 

secondary anti-rabbit antibody, and a fluorescent secondary anti-mouse antibody. Panel (B) 

shows the dentate gyrus stained with NeuN and GFAP primary antibodies and their 

corresponding fluorescent secondary antibodies. All images were taken at 40x 

magnification using confocal microscopy with the scale bar representing 50 µm. 
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Figure 5.2.1.4 Images from an immunohistochemical analysis of the hippocampus of a 

perfusion fixed brain from a mouse treated with vehicle or 100 mg.kg-1 LSN-2814617 once a 

day for 7 days. The images show the dentate gyrus stained with an anti- mGlu5 primary 

antibody with the corresponding fluorescent secondary antibodies. All images were taken at 

40x magnification using confocal microscopy with the scale bar representing 50 µm. 
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Figure 5.2.1.5 Images from an immunohistochemical analysis of the hippocampus of a 

perfusion fixed brain from a mouse treated with vehicle or 100 mg.kg-1 LSN-2814617 once a 

day for 7 days. The images show the dentate gyrus stained with an anti- c-fos primary 

antibody with the corresponding fluorescent secondary antibodies. All images were taken at 

40x magnification using confocal microscopy with the scale bar representing 50 µm. 
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5.2.2 Evaluating the action of LSN-2814617 in the anterior cortex of the 

mouse brain 

Previous reports suggest that chronic treatment with mGlu5 PAMs 

produces neurotoxicity, with necrotic neurones present in the anterior 

cortex, specifically the auditory cortex (Parmentier-Batteur et al., 2014). 

The effect of chronic, high-dose treatment with LSN-2814617 in the mouse 

anterior cortex was investigated with histochemical and 

immunohistochemical methods in slices from formalin-fixed brains of mice 

treated with vehicle or 100 mg.kg-1 of LSN-2814617 for 7 days. H & E 

staining showed the presence of pkynotic neurones in the midsection, dorso-

ventrally, of the anterior cortex of treated animals (illustrated in Figure 

5.2.2.1A and C), which were absent in vehicle treated animals (Figure 

5.2.2.1B). Necrotic neurones are characterised by a fragmented nucleus 

surrounded by diffuse magenta staining (illustrated in Figure 5.2.2.2). 

These necrotic neurones were specifically localised to this section, with the 

surrounding areas absent of any neuronal cell death in treated animals, 

however, the number of necrotic neurones was highly variable. The total 

number of neurones in the cortical portion of each section from untreated 

and treated animals was estimated, and found to be the same (Figure 

4.2.2.3A). The total number of necrotic neurones in both vehicle and drug-

treated brain samples was counted manually, and revealed that the degree 

of cell death was highly variable in the drug treated animals (Figure 

4.2.2.3B). 
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A 

B C 

Figure 5.2.2.1 Images from an H&E stained coronal section of the anterior cortex of a perfusion fixed brain 

from a mouse. The image shows the left hemisphere of the cortex at 2.5x magnification with the scale bar 

representing 1000 µm (A). Close up images are shown of the middle section (dorso-ventrally) of the cortex 

from the brain of a mouse treated with vehicle (B) or 100mg.kg-1 LSN-2814617 (C) once a day for 7 days. 

Necrotic neurons are indicated by a leftward arrow and three examples are given, though more may be 

present. These images were taken at 40x magnification with the scale bar representing 50 µm. The images 

are of a brain from a single animal, chosen as a representative sample of eight animals. 
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Figure 5.2.2.2 Images from an H&E stained coronal section of the anterior cortex of a 

perfusion fixed brain from a mouse. Typical example neurons are indicated with a black 

arrow, example necrotic neurons are indicated by a blue arrow and two examples of each 

are given.  These images were taken at 40x magnification with the scale bar representing 

10 µm. The image is a single coronal section chosen as a representative example from 8 

treated animals. 
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Figure 5.2.2.3 The number of total neurons in one hemisphere of the coronal sections of 

the anterior cortex from a mouse brain were estimated (See Methods). The total estimated 

number of neurons are shown as the mean ± S.D. from three mouse brains from mice 

treated with vehicle or 100 mg.kg-1 LSN-2814617 for 7 days (A). The total number of 

necrotic neurons  present in a coronal section were manually counted from each mouse (B). 

The graph is a scatter plot showing each individual section from 8 separate animals in each 

group with the mean and standard deviation. 
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Immunohistochemical techniques were used in order to assess the effects of 

LSN-2814617 in the midsection of the anterior cortex. The coronal sections 

from mice treated with 100 mg.kg-1 of LSN-2814617 had an increased 

expression of c-fos in the midsection of the anterior cortex and an apparent 

increase or activation of astrocytes across the cortex, indicated by GFAP 

immunostaining, compared to the vehicle treated animals (Figure 5.2.2.4 

and Figure 5.2.2.5). The effect of chronic LSN-2814617 administration on 

mGlu5 expression in the anterior cortex was also assessed (Figure 5.2.2.6). 

In the dorso-lateral midsection of the cortex, mGlu5 expression was reduced 

in the drug-treated animals compared to the wild-type (Figure 5.2.2.6A). 

The antibody used did not display any non-specific staining (Figure 

5.2.2.6B). Taken together, these data show that LSN-2814617 activates 

mGluR5 in this area of the cortex, and furthermore, astrocytic invasion of 

this area is occurring as a direct consequence of LSN-2814617 action. 
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A 

B C 

Figure 5.2.2.4 Images from a coronal section of the anterior cortex of a perfusion fixed 

brain from a mouse treated with vehicle for 7 days immunostained  using anti-GFAP 

(orange) and anti-c-fos (green) primary antibodies. (A) The image shows a tilescan of 

images taken at 40x magnification with the scale bar representing 1000 µm. Close up 

images of the midsection of the cortex (highlighted in A with a white square) show 

GFAP (B) or c-fos (C) immunostaining. These images were taken at 40x magnification 

using fluorescent photography with the scale bar representing 50 µm. The images are of 

a brain from a single animal, chosen as a representative sample of three animals. 
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Figure 5.2.2.5 Images from a coronal section of the anterior cortex of a perfusion fixed 

brain from a mouse treated with 100 mg.kg-1 LSN-2814617 for 7 days immunostained  

using anti-GFAP (orange) and anti-c-fos (green) primary antibodies. (A) The image 

shows a tilescan of images taken at 40x magnification with the scale bar representing 

1000 µm. Close up images of the midsection of the cortex (highlighted in A with a white 

square) show GFAP (B) or c-fos (C) immunostaining. These images were taken at 40x 

magnification using fluorescent microscopy with the scale bar representing 50 µm. The 

images are of a brain from a single animal, chosen as a representative sample of three 

animals. 
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Figure 5.2.2.6 Images from an immunohistochemical analysis of the anterior cortex of a 

perfusion fixed brain from a mouse treated with vehicle or 100 mg.kg-1 LSN-2814617 once a 

day for 7 days. The images in panel (A) show sections from the mid-cortex (dorsolaterally) 

of the left hemisphere of the anterior cortex stained with an anti- mGlu5 primary antibody 

with the corresponding fluorescent secondary antibody. The images shown represent a 

section from a single animal at 40x magnification using confocal microscopy with the scale 

bar representing 50 µM, chosen as representative of three independent experiments. The 

images in panel B show mGlu5 knock-out mouse (B) stained with an anti- mGlu5 primary 

antibody with the corresponding fluorescent secondary antibody. All images were taken at 

20x magnification with the scale bar representing 100 µM and represent a single 

representative image from three independent experiments.  
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5.2.3 Modelling the Neurotoxicity of mGlu5 using Primary Cortical Neurones 

from the Rat 

Given that the neuronal damage induced by mGlu5 PAMs in the mouse 

brain is highly localised, an in vitro model using primary cortical neurones 

is potentially a superior angle from which to approach study of the 

signalling cascades involved. With this in mind, the ability of mGlu5 

allosteric modulators to affect glutamate-induced neurotoxicity was 

assessed in primary rat cortical neurone cultures. The ability of a set 

concentration of LSN-2814617 and MPEP to affect neuronal cell death 

induced by a range of concentrations of glutamate was assessed in neurones, 

grown for 7 days in vitro (DIV), using LDH activity as a measure of cell 

death (Figure 5.2.3.1). L-glutamate induced a concentration-dependent 

increase in LDH activity indicating neuronal death was occurring (Figure 

5.2.3.1A). LSN-2814617 did not potentiate the neurotoxicity of L-glutamate, 

however, the negative allosteric modulator MPEP reduced LDH activity to 

65.1 ± 0.3 % of the maximum induced by L-glutamate alone. Further 

experiments showed that the neuroprotective effect of MPEP was not 

concentration-dependent, indicating that this is an off-target effect (Figure 

5.2.3.1B). The pharmacological and statistical analyses of these data are 

summarised in Table 5.2.3.1. 

It is possible that LSN-2814617 does not alter total cell death, but rather 

increases the rate at which L-glutamate induces excitotoxic cell death. With 

this in mind, LDH activity was assessed at various time-points over 24 

hours in primary cortical neurones grown for 7 DIV in the presence of an 

LD80 concentration of L-glutamate alone, or with a set concentration of LSN-

2814617 or MPEP (Figure 5.2.3.2). L-glutamate induced 50% cell death 

after 306 ± 21 minutes. The addition of LSN-2814617 did not affect the rate 

of cell death, however, MPEP reduced the maximum cell death to 21.3 ± 

2.9% of the maximum induced by L-glutamate alone, with 50% of the 

maximal cell death under these conditions occurring after 479 ± 75 minutes.  
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Figure 5.2.3.1 The ability of allosteric modulators to affect the excitotoxic cell death of rat 

cortical neurons grown in vitro for 7 days was assessed using an enzymatic lactate 

dehydrogenase colourometric assay. A range of concentrations of the neurotransmitter L-

glutamate (1 µM to 10 mM) was incubated in the absence or presence of a set concentration 

of LSN-2814617 or MPEP for 24 hours before a media sample was taken and analysed for 

lactate dehydrogenase activity (A). A range of concentrations of L-glutamate (1 µM to 10 

mM) was incubated with a range of concentrations of MPEP (100 nM to 100 µM) for 24 

hours before a sample of media was taken and assayed for lactate dehydrogenase activity 

(B). The graphs show the combined data shown as mean ± S.E.M. of three independent 

experiments performed in duplicate. Pharmacological and statistical analyses of the data is 

summarised in Table 5.2.3.1. 
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Table 5.2.3.1 A summary of the quantitative analysis of ligands inducing excitotoxic cell 

death in mixed primary cortical neurones grown for 7 DIV. pLD50 and the total % of cell 

death induced under each condition are expressed as mean ± S.E.M. Statistical analyses 

were performed with an unpaired, two-tailed Student’s t-test. 

Compounds pLD50 p-value % of maximum cell death 

induced by L-glutamate 

p-value n 

L-glutamate alone 4.49 ± 0.09 - 104.2 ± 2.9 - 3 

+ 100 μM LSN-

2814617 

4.29 ± 0.08 >0.05 108.5 ± 2.9 >0.05 3 

+ 100 μM MPEP  3.41 ± 0.10 <0.01 65.1 ±3.1  <0.01 3 
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Figure 5.2.3.2 The ability of allosteric modulators to affect the rate of excitotoxic cell death 

of rat cortical neurons grown in vitro for 7 days was assessed using an enzymatic lactate 

dehydrogenase colourometric assay. A set of concentration of the neurotransmitter L-

glutamate was incubated in the absence or presence of a set concentration of LSN-2814617 

or MPEP for a range of incubation times (0 to 24h) before a media sample was taken and 

analysed for lactate dehydrogenase activity. The graphs show the combined data shown as 

mean ± S.E.M. of three independent experiments performed in duplicate. 
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5.2.4 Modelling the Neurotoxicity of mGlu5 using Primary Mixed Cortical 

Cultures of Neurones and Astrocytes 

Given that astrocytes were increasingly localised nearby the site of neuronal 

damage in the mouse cortex, determining whether they play a key role in 

the cell death induced by LSN-2814617 deserved investigation. With this in 

mind, the level of expression of mGlu5 and the astrocytic marker GFAP was 

immunoassayed in primary cultures, in the absence or presence of the glial 

inhibitor arabinose C, over 21 DIV (Figure 5.2.4.1). In mixed primary 

cultures, expression of both mGlu5 and GFAP increased over 21 days, 

plateauing after 14 DIV (Figure 5.2.4.1A-C). In primary cultures grown in 

the presence of arabinose C, mGlu5 expression was lower than in mixed 

cultures overall, though it plateaued after 14 DIV as before. GFAP 

expression was absent, indicating the absence of astrocytes in these primary 

cultures (Figure 5.2.4.1D-E). 

The suitability of mixed neuronal cultures grown for 14 DIV as a model of 

LSN-2814617 toxicity was assessed using LDH activity as a measure of cell 

death as before (Figure 5.2.4.2). L-glutamate induced a concentration 

dependent increase in LDH activity indicating excitotoxic cell death. The 

maximum LDH activity induced by L-glutamate represented approximately 

22% of the maximum upon lysis of the cells, indicating that neuronal cells 

account for approximately a fifth of the total cells in the mixed culture. 

LSN-2814617 did not significantly change either the ability of L-glutamate 

to induce cell death, or the total amount of cell death (p > 0.05, unpaired, 

two-tailed Student’s t-test). This data suggests that this model does not 

accurate reflect the neurotoxic action of LSN-2814617 demonstrated in vivo. 

Pharmacological and statistical analyses of this data is summarised in 

Table 5.2.4.1. 
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Figure 5.2.4.1 The expression of mGlu5 and the glial marker GFAP in rat cortical neurons 

grown over the course of 21 days in vitro was assessed by an immunoblot assay. An 

immunoblot analysis of solubilised protein samples from rat cortical neurons grown in the 

absence (A, mixed cultures) or presence (D, pure neuronal cultures) of Ara-C were 

seperated by SDS-PAGE before being assayed with an anti- mGlu5, anti- GFAP, or anti- 

GAPDH primary antibody. These images show a representative example of three 

independent experiments. The graphs show the densitometric analysis of mGlu5 expression 

in mixed cultures (B) and neuronal cultures (E), and GFAP expression in mixed cultures 

(C). The graphs show the combined data expressed as the mean ± S.D. from three 

independent experiments. Comparisons between the groups was performed with a One-way 

ANOVA with Tukey’s HSD post-hoc analysis. Versus DIV1, p < 0.05 is denoted by *, p < 

0.01 is denoted by **, p <0.005  is denoted by ***, and p < 0.001 is denoted by ****. Versus 

DIV7, p < 0.05 is denoted by † and p < 0.01 is denoted by ††.   
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Figure 5.2.4.2 The ability of the mGlu5 allosteric modulator LSN-2814617 to affect the 

excitotoxic cell death of mixed cultures of rat cortical neurons and glial cells grown in vitro 

for 14 days was assessed using an enzymatic lactate dehydrogenase colourometric assay. A 

range of concentrations of the neurotransmitter L-glutamate (10 nM to 10 mM) was 

incubated in the absence or presence of a set concentration of LSN-2814617 or 24 hours 

before a media sample was taken and analysed for lactate dehydrogenase activity The 

graphs show the combined data shown as mean ± S.E.M. of three independent experiments 

performed in duplicate. Pharmacological and statistical analyses of the data is summarised 

in Table 4.2.5.1. 
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Table 5.2.4.1 A summary of the quantitative analysis of ligands inducing excitotoxic cell 

death in mixed primary cortical cultures grown for 14 DIV. pLD50 and the total % of cell 

death induced under each condition are expressed as mean ± S.E.M. Statistical analyses 

were performed with an unpaired, two-tailed Student’s t-test. 

Compounds pLD50 p-value % of maximum cell death 

induced by L-glutamate 

p-value n 

L-glutamate alone 4.20 ± 0.34 - 102.1 ± 6.2 - 3 

+ 10 μM LSN-2814617 4.46 ± 0.17 >0.05 97.1 ± 7.8 >0.05 3 

 

 

 

  



 

196 
 

5.3 Discussion 

Several PAMs of mGlu5, from diverse chemical series, have been previously 

reported to induce neuronal cell death in the mouse brain (Conde-Ceide et 

al., 2015; Parmentier-Batteur et al., 2014). In this chapter I explored the 

action of LSN-2814617 in the mouse brain, and attempted to develop an in 

vitro model for the neurotoxicity of mGlu5 PAMs. The histochemical data 

data from formalin-fixed, coronal sections from mice treated for 7 days with 

a high dose of LSN-2814617 provided some insight into the in vivo 

consequences of mGlu5 potentiation. Though mGlu5 receptors are expressed 

in the hippocampus and LSN-2814617 increases their activation above 

normal levels, as evidenced by the increased presence of c-fos shown herein, 

we found no evidence of cell death in this part of the mouse brain. This is 

contrary to in-house data (not shown) and studies performed with other 

mGlu5 PAMs (Parmentier-Batteur et al., 2014). There are many 

possibilities as to why this is the case, for instance, coronal sectioning of the 

brain only gives insight into a specific plane on the rostro-caudal axis. 

Without sectioning and investigating the whole hippocampus across several 

animals one cannot rule out the possibility, however slim, that evidence of 

neuronal cell death has been missed. The immunohistochemical staining for 

the presence of GFAP and NeuN showed no obvious difference in the 

number of astrocytes or neurons between vehicle treated animals or those 

treated with LSN-2814617. Reactive astrocytes are known to localise to 

damage in the CNS, and perhaps increased GFAP immunostaining in the 

drug-treated animal brains would have shown whether neuronal cell death 

was occurring (Ridet et al., 1997).  

In contrast to the histochemical data generated in the hippocampus, 

neuronal cell death was evident and obvious in the anterior cortex of all 

treated animals, in agreement with previous studies (Parmentier-Batteur et 

al., 2014). The extent of cell death was highly variable across the sample set, 

however, the same caveats about the coronal sectioning of the brain 

discussed previously apply. Though the neuronal cell death occurs in the 
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same section of the cortex as the neuronal cell death previously reported 

(Parmentier-Batteur et al., 2014), fluorojade C staining herein would have 

confirmed beyond doubt that the cell death observed is neuronal and not 

glial. Immunohistochemical data revealed an increase in c-fos activation in 

this rostro-caudal section of the cortex, and GFAP staining was also 

increased. Firstly, the increase in c-fos staining suggests that the mGlu5 

PAM LSN-2814617 is active in this section of the brain and, secondly, 

increased GFAP staining indicates astrocytes are localised in close 

proximity to the site of damage. The increased astrocytic staining is no 

surprise given that astrogliosis, the activation of astrocytes in damaged 

neuronal tissue, is a well-documented phenomenon (Castillo-Ruiz et al., 

2007). The expression of mGlu5 in this area was shown to be reduced in the 

drug treated animals compared to the vehicle treated. Whether this is due 

to receptor downregulation or neuronal loss is unclear.  

In order to critically evaluate the specificity of the mGlu5 antibody, mGlu5 

knockout mice were stained as a matter of course (Figure 5.2.2.6). No 

staining was evident in samples derived from mGlu5 knockout mice (Figure 

5.2.2.6B). Furthermore, the anti-mGlu5 antibody did not bind to the mGlu1 

knockout mousebrain samples assayed by Western blot in Chapter 4 (Figure 

4.2.10.1A). Given the assumption that if the antibody was not mGlu5 

specific, one could expect it to bind to its closest homologue, mGlu1, the 

specificity of the anti-body seems apparent. For the anti-c fos antibody, 

given that the staining appears more pronounced in samples where 

presumably mGlu5 is activated, and furthermore the cell bodies and specific 

extracellular regions are stained, not the entire local region, the antibody is 

appears to be reasonably specific (Figures 5.2.1.2, 5.2.2.4, and 5.2.2.5). 

Staining of a tissue sample in which c-fos is not expressed would have made 

a good control to elucidate the specificity of this antibody.  

Though the immunohistochemical data presented in this study provides us 

with a snapshot of the effects of LSN-2814617 administration in the brain, 

interpretation of the images is qualitative in nature and beset by caveats. 
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Given the precise localisation of cell death, immunoassay of the whole brain 

by western blot or other techniques seems a bleak prospect, and indeed my 

own immunoblot investigations failed to yield any data of note (data not 

shown). 

The data herein is displayed qualitatively, as this appears to be the most 

robust display. To quantify the whole section would diminish the presence of 

the highly localised effect of LSN-2814617, and choosing a single region 

from each cortex would be questionable. To illustrate, one could choose an 

area with barely any staining, or take an image slightly further away and 

find an area with increased staining. Since there is no objective rationale for 

choosing any one area for quantification, a qualitative display is how I have 

chosen to display data of this type, as has been done in the relevant 

published literature (Parmentier-Batteur et al., 2014). 

In order to provide a high-throughput, quantitative measure of the ability of 

LSN-2814617 to induce cell death in neurons, the use of cultured primary 

cortical neurons was evaluated as a model of mGlu5 potentiation in the 

brain. Such models have been extensively used to provide insight into the 

role and downstream signalling of ionotropic glutamate receptors and other 

synaptic signal transducers in neuronal cell death (Erdö et al., 1991; Luo et 

al., 2003; Zhou et al., 2013). Based on previous studies into the 

neuroprotective abilities of mGlu5 against NMDA receptor-induced 

excitotoxicity, primary neuronal cultures grown for 7 days in vitro were 

evaluated as a model (Lea et al., 2005). My data showed that glutamate 

could induce excitotoxic cell death in a concentration-dependent manner 

and, in agreement with previous studies, a high concentration of MPEP 

could inhibit glutamate induced cell death. The effect of MPEP was not 

concentration-dependent and likely represents an off target effect, perhaps 

at NMDA receptors, as previously described (Lea et al., 2005; O’Leary et al., 

2000). LSN-2814617 had no effect on the ability of glutamate to induce cell 

death in these neuronal cultures. Similarly, LSN-2814617 had no effect on 

the rate of cell death induced by glutamate in primary cortical neurons. In 
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conclusion, the evidence presented herein provides evidence that primary 

cortical neuron cultures are not a suitable model for neurotoxicity induced 

by LSN-2814617, despite the fact that mGlu5 present in neurons cultured 

this way can be potentiated by the PAM as shown in chapter 3. These 

findings do show that the direct potentiation of NMDA currents by mGlu5 

in cortical neurons is not the cause of the neurotoxic profile of LSN-2814617. 

The mGlu5 receptor is known to potentiate NMDA receptor currents by a 

PKC-dependent phosphorylation of the NR1 subunit, a critical subunit in 

the NMDA tetramer (Chen et al., 2011; Choe et al., 2006). It would be of 

interest to assess whether this phosphorylation is occurring in our primary 

cortical neuron model in order to rule out this potentiation as the cause of 

LSN-2814617 induced neurotoxicity. 

In this chapter, I further characterised the expression of mGlu5 in both pure 

neuronal and mixed cortical cultures over 21 DIV. Immunoblot data showed 

that in both neuronal and mixed cultures mGlu5 expression increased, 

plateauing at approximately 14 DIV. Mixed cultures had markedly 

increased mGlu5 expression compared to pure neuronal culture, and the 

presence of astrocytes is clearly indicated with a rising expression of GFAP 

over 21 DIV, plateauing at 14 DIV. Neuronal cell death induced by amyloid-

beta has previously been shown to be mediated by astrocytes in culture and 

so it is possible, given the high expression of mGlu5 in astrocytes, that these 

glia are also responsible for the neurotoxic effect of mGlu5 PAMs (Garwood 

et al., 2011). Though glutamate induced concentration-dependent cell death 

in mixed cultures grown for 14 DIV, this excitotoxic cell death was not 

potentiated by LSN-2814617 in experiments described herein. This shows 

that excitotoxic cell death induced by glutamate in either pure neuronal 

cultures or mixed cultures of neurons and astrocytes are not valid models of 

the cytotoxic action of mGlu5 PAMs. The experimental modelling with 

cortical cultures herein would have benefitted from further experiments 

where the ability of mGlu5 was considered more acutely. By using (S)-3,5-

DHPG as the agonist, with increasing concentrations of LSN-2814617, we 

could have elucidated whether LSN-2814617 could induce cell death 
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through its action on mGlu5 alone. Similarly the use of stronger 

potentiators of mGlu5 action, such as ADX-47273, would have provided 

perhaps a more pronounced effect on cell death. 

Recent studies have suggested that glutamate is not the only endogenous 

ligand capable of activating mGlu5 receptors, with amyloid-beta 

increasingly implicated in mGlu5 signalling in the brain (Um et al., 2013). 

Amyloid-beta oligomers have also been shown to induce cell-death in 

primary cortical cultures (Alberdi et al., 2010), and it would be interesting 

to see whether this cell-death can be potentiated by mGlu5 PAMs. Studies 

in cultured primary hippocampal neurons has shown the activation of 

mGlu5 to be protective against amyloid-beta induced cell death, however, 

and so whether this model is more suitable for the study of the neurotoxicity 

of LSN-2814617 is debatable (Liu et al., 2005). In the absence of a suitable 

model, the exact mechanism of mGlu5 induced cell death remains unclear. 

Another possible explanation of the toxic action of LSN-2814617 could be 

explained by signalling bias. The neuroprotective action of CDPPB has been 

shown to be AKT-dependent (Doria et al., 2015). Perhaps LSN-2814617 does 

not potentiate this pathway, instead increasing other pathways which 

contribute to neurotoxicity. Studies where several downstream pathways of 

LSN-2814617 are considered would be of use in establishing the neurotoxic 

action of this, and other neurotoxic PAMs. Given the high expression of 

mGlu5 across various regions of the CNS, the reason why only specific 

neuronal populations appear to be affected remains unclear (Romano et al., 

1996a; Shigemoto et al., 1993). It is likely that some localised ‘flavour’ of 

mGlu5 is responsible. Whether a specific protein interaction, differential 

synaptic environment, or a unique signalling profile of the neurons is 

involved remains to be delineated.  
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Chapter 6. Final discussion 

The mGlu5 receptor is a highly attractive drug target, validated in several 

animal models. For example, inhibition of mGlu5 has shown efficacy in 

animal models of anxiety (Porter et al., 2005; Swanson et al., 2005; 

Tatarczyńska et al., 2001), Fragile X syndrome (Bear et al., 2004; Hamilton 

et al., 2014; Michalon et al., 2012; Yan et al., 2005), pain (Dogrul et al., 

2000; Olive et al., 2005; Spooren et al., 2001), and neurodegenerative 

disorders (Hamilton et al., 2014; Schiefer et al., 2004; Vernon et al., 2005). 

Activation of mGlu5 is thought to be a potential avenue for the treatment of 

schizophrenia (Kinney et al., 2005; Liu et al., 2008), Huntington’s disease 

(Doria et al., 2015), as well as having pro-cognitive effects (Ayala et al., 

2009; Balschun et al., 2006; Fowler et al., 2013). The development of 

allosteric modulators overcame early hurdles encountered in drug 

development, like a lack of subtype-selectivity and poor blood-brain barrier 

penetration (Gasparini and Spooren, 2007; Schoepp et al., 1999), however, 

some mGlu5 PAMs have recently been shown to be neurotoxic (Parmentier-

Batteur et al., 2014). Though the toxicity was demonstrated to be mGlu5-

dependent, as evidence by the lack of toxicity in mGlu5 knock-out mice, the 

mechanism of neurotoxicity remains poorly understood. Understanding the 

mechanism of action of these compounds, as well as the functional diversity 

of mGlu5, will be crucial in overcoming these issues. This thesis extends 

previous studies into the allosteric mode of action of mGlu5 PAMs by 

delineating the allosteric action of the previously reported PAM LSN-

2814617 and the previously unpublished PAM VU0430644 (Bradley et al., 

2011; Gilmour et al., 2013). Furthermore the asymmetric functional 

interdependence of mGlu1 dimerised with mGlu5, which may have 

consequences for the function of the receptor in vivo, is demonstrated 

herein. Finally, the signalling and neurotoxic action of LSN-2814617 in the 

hippocampus and cortex is demonstrated, and attempts are made to model 

these interactions with native tissues. 
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6.1 Differing modes of action of the mGlu5 positive allosteric modulators 

The data presented in chapter 3 expanded on the previous characterisation 

of the allosteric mode of action of two positive allosteric modulators of 

mGlu5, CDPPB and ADX-47273 (Bradley et al., 2011), providing further 

evidence that CDPPB and ADX-47273 have differing modes of action at the 

mGlu5 receptor. In concurrence with the previous report, CDPPB acted to 

increase the affinity of the orthosteric compound (S)-3,5-DHPG to a greater 

extent than it increases the coupling of the orthosteric site to a functional 

response. In contrast, ADX-47273 potentiated the response of the mGlu5 

receptor primarily by increasing the ability of the orthosteric ligand to 

induce a functional response, increasing affinity at the orthosteric site to a 

lesser degree. The analyses of allosteric cooperativity were extended to two 

further compounds, LSN-2814617 and VU0430644, which potentiate (S)-3,5-

DHPG agonism of the mGlu5 receptor to a lesser degree than the two 

reference compounds in this study. Both LSN-2814617 and VU0430644 

acted in a mechanistically similar way, with efficacy driven allosteric 

potentiation. This represents the first published delineation of the mode of 

action for these two PAMs.   DFB, another mGlu5 PAM, has previously been 

shown equally potentiate both the affinity and efficacy of orthosteric agonist 

(Bradley et al., 2011) It has been suggested that in recombinant cell lines 

such as HEK293 cells allosteric potentiation induced by PAMs of mGlu5 is 

solely due to cooperativity of function (Gregory et al., 2012). The data herein 

directly refutes that claim, as CDPPB clearly displayed a mechanism of 

action dependent on cooperativity of affinity in recombinant cell 

membranes, in agreement with previous studies in native tissue (Bradley et 

al., 2011). Furthermore, the data generated for LSN-2814617 and 

VU0430644 in rat cortex and rat cortical neurones was in good agreement 

with the recombinant human mGlu5 data, showing that these compounds 

do not display species-dependent differences. Therefore, any differences in 

the allosteric mode of action are examples of probe dependence, rather than 

a result of the species under study using these probes.  
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The discovery and characterisation of the allosteric action of novel ligands is 

important if we are to understand what structure activity relationships 

exist between the allosteric modulator and the receptor. For example, subtle 

changes in the distal phenyl ring of MPEP can convert this NAM into a full 

PAM (Sharma et al., 2008) and altering the size of chemical groups in this 

position could yield stronger or weaker potentiation, allowing nuanced 

design of positive allosteric modulators.  The ability to design compounds 

with limited potentiation has been suggested to be a theoretical advantage 

in applications where only a slight modulation is required, as the compound 

can be administered at high dose without the risk of overdosing typical for 

orthosteric agonists (May et al., 2007). In the case of mGlu5, limiting the 

maximum potentiation induced by an allosteric ligand may allow receptor 

potentiation at a level that is sufficient for therapeutic benefit, whilst 

avoiding side-effects associated with overstimulation. For example, weak 

potentiators have been proposed as a solution to the neurotoxicity seen in 

animals undergoing chronic, high-dose administration of mGlu5 PAMs 

(Conn et al., 2009; Parmentier-Batteur et al., 2014). The concentration of 

these toxic PAMs at which efficacy was maintained without the neurotoxic 

profile was estimated to be equivalent to a 2-fold shift in the potency of 

glutamate, and it was suggested that limiting the maximum cooperativity of 

a positive allosteric modulator to a two-fold potency shift would allow high 

dosing of compound without risk of toxicity. This suggestion lead to the 

development of recently reported positive allosteric modulators which have 

a saturable potentiation limited to that safety margin, though the 

toxicological profile of these ligands have not yet been disclosed (Ellard et 

al., 2015; Huang et al., 2016).  

The value of delineating the allosteric mode of action to develop structure-

activity relationships is clear, however, the importance of affinity versus 

efficacy driven cooperativity in a therapeutic context is debatable. Afterall, 

combined cooperativity (αβ) gives us the measure of the strength of allosteric 

action, and presumably there is little difference between a PAM that acts 

through modulation of affinity or efficacy. To highlight this point, the 
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cannabinoid CB1 receptor negative allosteric modulator Org27569 is a 

positive modulator with respect to binding, inducing a 14 fold increase in 

the affinity of the orthosteric agonist CP55940. This positive cooperativity is 

overshadowed by the allosteric effects on efficacy, where Org27569 reduces 

the efficacy of CP55940 by 144-fold (Price et al., 2005), and so it acts as a 

NAM overall.  

Perhaps a more therapeutically relevant question is to what extent an 

allosteric modulator can potentiate different functional readouts; so-called 

‘signalling bias’. To use the above example, the allosteric modulator 

Org27569 acted as a negative allosteric modulator of cannabinoid receptor 1 

(CB1) receptor Gαi signalling, but acted as a PAM of β-arrestin mediated 

internalisation of this receptor (Ahn et al., 2012). It is now understood that 

the conformational state of a receptor is not as simple as moving between 

active and inactive isomers, but that every ligand has the potential to 

induce a unique conformation of the receptor which can lead to a unique 

functional response (Khoury et al., 2014). This is highlighted by the 

signalling profile of LY2033298, a PAM of muscarinic M4 receptors which 

potentiated intracellular calcium mobilization to half the level of receptor 

internalization (Leach et al., 2009).  Given the differing modes of action for 

the mGlu5 PAMs described, it is interesting to speculate whether each 

archetype represents a different conformation of the receptor. Furthermore, 

it would be interesting to examine the signalling profiles of each ligand to 

see whether the differing modes of action lead to a biased response. Indeed, 

VU0409511, an mGlu5 PAM acting at the MPEP binding site, has recently 

been reported to enhance Gq/11 signalling of mGlu5 without potentiating 

NMDA receptor currents (Rook et al., 2015; Zhou et al., 2015). The mGlu5-

dependent neurotoxicity induced by PAMs is reportedly absent in this 

compound, but it maintains dose-dependent antipsychotic activity in mouse 

models. Biased ligands such as these may provide the key to maintaining 

therapeutic aspects of mGlu5 signalling whilst avoiding adverse events. 

This has been demonstrated for the opioid receptors where orthosteric 

agonists such as morphine can induce lethal side effects such as respiratory 
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depression (McNicol et al., 2003). By understanding structure activity 

relationships between allosteric modulators and their target receptor, an 

allosteric modulator was designed which favours analgesia, a G protein-

dependent signalling outcome, over respiratory depression, a β-arrestin 

mediated outcome (Manglik et al., 2016). This shows the promise of 

developing structure activity relationships, which will aid drug development 

across the GPCR superfamily. 

6.2 Heterodimerisation of mGlu1 and mGlu5 has pharmacological 

consequences for the action of allosteric modulators of mGlu5 

As well as understanding the action of ligands at the receptor, 

understanding the pharmacological consequences of heterodimerisation of 

the receptor is also important. Heterodimerisation has already been 

demonstrated to have pharmacological effect across the GPCR superfamily. 

For example, allosteric modulators acting at the µ-opioid receptor, such as 

DAMGO, were able to increase the binding of [3H]-deltorphin at the δ-opioid 

receptor in µ/δ-opioid heterodimers (Fujita et al., 2014). Given that 

deltorphin is a naturally produced opioid peptide, coupled with the fact that 

overstimulation of opioid receptors can cause lethal side effects, this finding 

has obvious implications for the development of ligands acting at these 

receptors (Kieffer, 1995). Heterodimerisation also has pharmacological 

effects in the mGluR family. For instance, the inhibition of mGlu5 with 

MPEP impairs the phosphorylation, internalisation, and desensitization of 

µ-opioid receptors when these receptors heterodimerise (Schröder et al., 

2009). Inter-mGluR heterodimerisation was also recently reported and 

interestingly the group I mGluRs were shown to exclusively heterodimerise 

with each other (Doumazane et al., 2011). Functional interdependence 

between mGlu2 and mGlu4 serves as an example of the pharmacological 

consequences of inter-mGluR heterodimerisation, with PAMs of either 

mGlu2 or mGlu4 unable to potentiate glutamate response when the 

receptors are expressed as a dimer (Kammermeier, 2012; Yin et al., 2014). 

Given that mGlu1 and mGlu5 heterodimerise in vitro (Doumazane et al., 
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2011), but it has not been conclusively demonstrated in vivo (Sevastyanova 

and Kammermeier, 2014), studying these heterodimers for unique 

pharmacological profiles could provide a framework for identifying their 

existence in native tissues.  

In order to study the pharmacological interaction between mGlu1 and 

mGlu5, modified mGlu1 and mGlu5 receptors with GABAB C-terminal tails 

were used to ensure that heterodimers were the dominant population of 

receptors at the cell surface, using models where one protomer has the C-

terminal tail of GABAB1 with the RSRR retention motif, and the other 

protomer has the GABAB2 tail with an added KKXX-type retention motif 

(Brock et al., 2007). This approach has been extensively used in order to 

explore the functional and regulatory consequences of dimerisation in 

Family C GPCRs (Brock et al., 2007; Goudet et al., 2005; Hlavackova et al., 

2005). In chapter 4, pharmacological techniques were employed to 

investigate the consequences of the heterodimerisation of mGlu5 with 

mGlu1 using these recombinant constructs.  

By characterising and comparing the functional effects of orthosteric 

agonists and allosteric modulators between the wild-type receptors and 

chimeric dimers, this study provides evidence that the mGlu1 receptor 

appears to inhibit the action of allosteric ligands acting at the mGlu5 

receptor to a greater degree than the mGlu5 receptor affects the mGlu1 

receptor. This was demonstrated by the repeated finding that PAMs acting 

at the MPEP site of the mGlu5 protomer were consistently reduced to half 

the potentiation they display at wild-type mGlu5 receptor. In contrast, the 

mGlu1 PAM Ro 67-4853 was not inhibited to the same extent, implying a 

reduced ability of mGlu5 to inhibit the action of mGlu1 PAMs. This conflicts 

data from previous studies which proposed that the binding of PAMs to a 

single protomer is sufficient for the full activation of the dimer (Goudet et 

al., 2005; Hlavackova et al., 2005). One possible explanation is that this 

effect is site-dependent: The mGlu5 PAMs used herein bind at the MPEP 

site (Feng et al., 2015), whereas DFB binds at an overlapping, but distinct 
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site (Mühlemann et al., 2006). It is therefore possible that DFB is 

uninhibited by the mGlu1 protomer, whereas CDPPB, LSN-2814617, and 

ADX-47273 display significant inhibition.  

This idea of site-dependent inhibition is supported by data herein showing 

that CPPHA, a PAM of mGlu1 and mGlu5, is completely unaffected by the 

heterodimerisation. Furthermore, this asymmetric inhibition has been 

observed for heterodimers of mGlu2 and mGlu4 receptors (Yin et al., 2014), 

and so it is possible that there are common structural changes upon 

activation which mediate this effect in inter-mGluR heterodimers. Given 

that the 5th TMD is thought to be the dimeric interface, perhaps movement 

of the TMDs of mGlu5 is altered somehow by the presence or activation of 

mGlu1 (Yanagawa et al., 2011). There is evidence, for instance, that CDPPB 

interacts with asparagine 747 in the 5th TMD of mGlu5 through a hydrogen 

bond (Feng et al., 2015), though DFB also interacts with this residue and so 

this residue cannot be the sole determinant of this functional 

interdependence. 

The reason why the mGlu1 PAM Ro 67-4853 is not affected is unclear. One 

possible explanation is that the 1st TMD, which is on the opposite side of the 

helical bundle to the Ro 67-4853 binding site (Harpsøe et al., 2015; Knoflach 

et al., 2001), is thought to be the dimer interface for mGlu1 (Wu et al., 

2014). This would mean that activation of mGlu1 could sterically inhibit the 

5th TMD of mGlu5 where the MPEP binding site is located, without 

inhibition of PAMs at the binding site on the mGlu1 protomer. Interestingly, 

antagonists of both mGlu1 and mGlu5 were inhibited by heterodimerisation: 

MPEP had a reduced potency, and its mode of action switched from full to 

partial antagonism but JNJ16259685 was able to fully inhibit both 

receptors with reduced potency, at a concentration where only mGlu1 is 

significantly inhibited. The result does not contradict the result where Ro 

67-4853 was unaffected, as this PAM binds at a different site to 

JNJ16259685 (Hemstapat et al., 2006). Further studies which delineate the 

binding site of Ro 67-4853 fully would allow us to rationalise why this 
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compound is unaffected by mGlu1-mGlu5 heterodimerisation. Though 

previous studies demonstrated that a heterodimer comprised of a mutant 

mGlu1 receptor which can interact with MPEP and the wild-type mGlu1 are 

not inhibited by MPEP, our data suggests that mGlu1 and mGlu5 do not 

dimerise in the same way as this mutant, and this MPEP can antagonise 

mGlu1-mGlu5 heterodimers.   

Previous studies have successfully used radioligand binding techniques to 

demonstrate the existence and pharmacological consequences of 

heterodimerisation in native tissue samples (Moreno et al., 2011). In this 

study, we used the chimeric mGlu1 and mGlu5 constructs to produce 

membranes expressing mGlu1 and mGlu5 heterodimers, and characterised 

the action of [3H]-M-MPEP acting at mGlu5 in these membranes. 

Furthermore, the allosteric action of mGlu1 and mGlu5 allosteric ligands 

were fully characterised to provide a pharmacological interaction that could 

clarify the existence of these heterodimers in vivo. These binding studies 

performed herein showed no change in pharmacology at mGlu5 in mGlu1 

and mGlu5 heterodimers. Interpretation of this data is difficult because, as 

previously discussed, these membranes likely include intracellular 

membrane bound compartments, with immature forms of the receptor 

dimer, as well as combinations of dimer which would be present in these 

intracellular membranes. No pharmacological difference was found in 

membranes prepared from native tissues where mGlu1 has been knocked-

out, suggesting that the heterodimer does not exist as a significant 

population in vivo. Indeed, early evidence suggested that mGlu1 and mGlu5 

do not heterodimerise in vivo (Romano et al., 1996b), however, recent 

evidence has emerged suggesting that mGlu1 and mGlu5 receptors can form 

heterodimers, and that it may have consequences for the development of 

ligands acting at these dimers. For example, a unique pharmacological 

profile was observed when primary neurons from the superior cervical 

ganglion were co-transfected with full length mGlu1 and mGlu5 receptors. 

In this model, specific antagonists of mGlu1 and mGlu5 inhibited the action 

of glutamate to an extent that cannot be explained by inhibition of their  
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respective targets alone, showing that perhaps these receptors interact 

pharmacologically in native systems (Sevastyanova and Kammermeier, 

2014). Furthermore, they demonstrated that medium spiny neurons from 

the striatum, which express both mGlu1 and mGlu5 (Kerner et al., 1997; 

Tallaksen-Greene et al., 1998), display greater inhibition by mGlu1 and 

mGlu5 antagonists than can be explained by functionally independent 

receptors. Perhaps translating the data generated with mGlu5 PAMs from 

this thesis into the medium spiny neuronal cultures described by 

(Sevastyanova and Kammermeier, 2014), could provide further insight into 

whether mGlu1 and mGlu5 heterodimers exist and how they interact in 

vivo.  

6.3 LSN-2814617 is toxic to neurons in specific CNS locations 

As discussed in brief previously, chronic high-dose administration of mGlu5 

PAMs has been shown to be neurotoxic in vivo, by a mechanism which is 

mGlu5-dependent (Parmentier-Batteur et al., 2014). This has not been 

reported for all PAMs of mGlu5, for example, studies with CDPPB suggest 

that it has neuroprotective action in several models of neuronal 

degeneration including traumatic brain injury and Huntington’s disease 

(Chen et al., 2012; Doria et al., 2015). In chapter 5, the consequences of 

chronic, high-dose LSN-2814617 administration in the mouse brain was 

investigated, and the use of primary cortical neuronal and mixed cultures 

were evaluated to provide a high-throughput model of mGlu5 PAM toxicity. 

Histological data displayed herein showed that LSN-2814617 is brain-

penetrant, and active in both the hippocampus and anterior cortex of the 

mouse brain, as evidenced by the increased immunostaining of c-fos, a 

transcription factor activated by ERK phosphorylation induced by mGlu5 

(Mao et al., 2005b). Interestingly, despite mGlu5 activation in the 

hippocampus and anterior cortex, the neurotoxicity of LSN-2814617 was 

only observed in a relatively small locus of the anterior cortex. The mGlu5 

receptor is known to play a role in LTP in the neocortex (Sourdet et al., 

2003), and persistent reinforcement of synaptic signalling by LTP is thought 
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to lead to excitotoxic cell death (McEachern and Shaw, 1999). This would 

perhaps begin to explain why persistent activation of mGlu5 with LSN-

2814617 induces cell death in neurones, but is insufficient to explain why 

the cell death is localised acutely, given that mGlu5 is expressed throughout 

the CNS (Romano et al., 1996a). One can speculate that perhaps the 

neurones susceptible to LSN-2814617 induced neurodegeneration are more 

susceptible to mGlu5-mediated dysfunction. For example, audiogenic 

seizures are shown to be reduced in fragile X mouse models, where mGlu5 

expression is reduced by half, which implies that neurones in these areas 

are more susceptible to dysfunction induced by mGlu5 activation (Michalon 

et al., 2012). Further studies, perhaps with functional MRI (fMRI) 

techniques, would reveal the extent to which different brain areas are 

affected by LSN-2814617 administration. Indeed, fMRI study of the mGlu5 

specific antagonist MTEP has shown that mGlu5 inhibition is heterogenous 

across different areas of the cortex (Simon et al., 2011), and logic dicates 

that this heterogeneity is likely true for activators of mGlu5 such as LSN-

2814617. 

Increased astrocyte staining was observed in LSN-2814617-treated animals, 

demonstrated herein by GFAP immunostaining, and previous studies have 

shown that mGlu5 expression in astrocytes is increased in this cell-type 

after epileptic events and in response to neuronal damage (Aronica et al., 

2000; Ferraguti et al., 2001; Gwak and Hulsebosch, 2005; Ulas et al., 2000). 

It is my opinion that the upregulation of astrocytes upon LSN-2814617 

treatment is a response to the neuronal damage induced by chronic mGlu5 

activation, a phenomenon known as astrogliosis (Drouin-Ouellet et al., 

2011). During astrogliosis, astrocytes invade the damaged area and 

attenuate further excitotoxic damage by releasing vasoconstrictors and 

increasing glutamate uptake (Iadecola and Nedergaard, 2007; Vermeiren et 

al., 2005). The effects of LSN-2814617 administration on mGlu5 in 

astrocytes is unknown, however, our primary culture models demonstrated 

that LSN-2814617 had no effect on neuronal cell loss induced by glutamate 

whether or not astrocytes are present. Further study into the effects of LSN-
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2814617 acting at mGlu5 in astrocytes would perhaps help to elucidate 

what effect PAM administration has on astrocytic cell signalling. Two PAMs 

of mGlu5, DFB and CPPHA, have already shown signalling bias in 

astrocytes (Zhang et al., 2005), and understanding the pathways activated 

by LSN-2814617 will be an important step in understanding what role 

astrocytes are playing in the neurotoxicity of this PAM in vivo. 

The role of mGlu5 ligands as neurotoxic or neuroprotective agents is highly 

controversial in the literature, with both in vivo and in vitro studies 

providing contradictory evidence (discussed in Flor et al., 2002). Early 

studies were hampered by the lack of availability of compounds able to 

specifically target each member of the group I mGluRs (Nicoletti et al., 

1999). Studies performed in vitro with the mGlu5-selective agonist CHPG 

showed that mGlu5 activation could attenuate amyloid-beta induced cell 

death in cultured cortical neurons (Movsesyan et al., 2004). Furthermore, 

the neuroprotective action of CHPG was shown to occur in vivo, reducing 

neuronal cell loss in the cortex induced by traumatic brain injury via 

activation of the AKT (Chen et al., 2012). AKT can inactivate several cell 

death promoting effectors, such as caspase-9 and Bad (Cardone, 1998; Datta 

et al., 2016), and so activation of mGlu5 may be neuroprotective by 

increasing the activity of AKT and subsequently decreasing the activity of 

cell-death effectors. The discovery of allosteric modulators has provided a 

more nuanced tool to delineate the role of the mGlu5 receptor in neuronal 

cell death, however, the evidence remains just as contradictory. For instance 

CDPPB, a PAM of mGlu5, is robustly neuroprotective both in vitro and in 

vivo. The administration of CDPPB in cultured striatal neurons, even at low 

concentrations, was found to be neuroprotective against glutamate-induced 

excitotoxic cell death (Doria et al., 2015). In the same study, long term 

administration of CDPPB in a mouse-model of Huntington’s disease was 

found to prevent cell death robustly, with the number of neurons in the 

striatum significantly higher than in the untreated mice. In contrast, 

administration of other mGlu5 PAMs such as LSN-2814617 in this study, or 

the structurally distinct PAMS 5PAM23, 5PAM000, and 5PAM413 have 
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been shown to cause significant neuronal loss in the mouse brain, especially 

in the anterior cortex (Parmentier-Batteur et al., 2014). One possible 

explanation for the divergence of mGlu5 PAM neurotoxicity is that these 

compounds display heterogenous signalling bias. For example, given that 

the neuroprotective effect of CDPPB is AKT –dependent, and several PAMs 

of mGlu5 can activate AKT signalling in the absence of orthosteric agonist 

(Doria et al., 2015), perhaps the neurotoxic PAMs do not activate these 

pathways, or even inhibit their activation. Examining LSN-2814617 or any 

of the toxic mGlu5 PAMs described herein for their ability to activate AKT, 

would be the first step in delineating what aspects of their mGlu5 signalling 

is responsible for the neurotoxic action of this receptor. 

6.4 Concluding remarks 

In this thesis, previous studies into the allosteric mode of action of PAMs of 

mGlu5 have been corroborated and extended with additional data about two 

ligands previously uncharacterised in this way (Bradley et al., 2011): 

LSN2814617 and VU0430644. The characterisation of ligands in this way 

will inform future studies into the structure-activity relationships that exist 

between PAMs and the mGlu5 receptor. By understanding which ligand-

receptor interactions dictate cooperative effects, it’s possible that PAMs 

could be designed which have bespoke pharmacological profiles and indeed 

studies have already begun delineating structure activity relationships 

between allosteric modulators and mGlu5 (Gregory et al., 2014, 2013, 2012; 

Turlington et al., 2013). These studies have demonstrated the importance of 

the 3rd, 5th, 6th and 7th TMDs for mediating cooperativity with the 

orthosteric site but could be further extended by determining what residues 

are important for the divergent allosteric mode of action of mGlu5 PAMs, 

such as that displayed between CDPPB, ADX-47273, and LSN-2814617.  

As discussed previously, this thesis also demonstrates the inhibition of 

mGlu5 PAMs acting at the MPEP site induced by heterodimerisation of 

mGlu5 with mGlu1. This is the first report, to my knowledge, showing that 

mGlu1 and mGlu5 display asymmetric functional interdependence which is 
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binding-site specific. This type of interaction has been previously noted 

between heterodimers of mGlu2 and mGlu4, which shows that there may be 

common aspects of these interactions across the mGluR family (Yin et al., 

2014). Obviously the functional inter-dependence between mGlu1 and 

mGlu5 was only demonstrated herein using mutant forms of the receptor, 

and so whether these interactions persist in full length, wild-type receptors 

is worth future exploration. If shown to exist in vivo, these PAMs will 

possess a pharmacological profile with which group I mGluR heterodimers 

can be potentiated to a smaller degree to other mGlu5 heterodimers, though 

their pharmacological profile at other mGlu5 heterodimers such as 

mGlu5/D2 and mGlu5/µ-opioid will need to be characterised (Akgün et al., 

2013; Cabello et al., 2009). 

Finally this thesis demonstrated that LSN-2814617 is neurotoxic in specific 

loci of the rat brain when chronically administered at high dose in 

agreement with reports of other neurotoxic PAMs (Parmentier-Batteur et 

al., 2014).  The exact mechanism of neurotoxicity remains unknown, but 

perhaps the lowest-hanging fruit would be to explore signalling bias of these 

neurotoxic compounds, given the previous reports showing that CDPPB was 

neuroprotective in an AKT-dependent fashion previously discussed (Doria et 

al., 2015). In fact delineating the signalling bias of LSN-2814617 could 

inform all three aspects of this thesis: By understanding whether LSN-

2814617 displays signalling bias at the wild-type mGlu5 receptor, structure 

activity relationships could be used to guide development of PAMs towards 

downstream signalling pathways which avoid adverse events and promote 

therapeutic effects. This approach has been recently demonstrated for opioid 

receptors (Manglik et al., 2016), where a compound was designed which 

would activate therapeutically indicated G protein-dependent signalling 

pathways, without potentiating G protein-independent pathways (Bohn, 

1999; Bohn et al., 2000). Furthermore, heterodimerisation has been shown 

to engender signalling bias in heterodimers of two family A GPCRs: the 

dopamine D1 and D2 receptors (Rashid et al., 2007). Expressed alone, these 

receptors signal through Gs and Gi/o to alter cAMP signalling, however, 
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when heterodimerised the dimer complex signals through Gq to activate 

PLC and induce intracellular calcium release. It would be of significant 

interest to assess whether mGlu1 and mGlu5 heterodimers display a unique 

signalling profile. Though this thesis has demonstrated that Gq is still 

activated by (S)-3,5-DHPG in the heterodimer, it is possible that G protein 

independent pathways are affected by heterodimerisation, and this was not 

tested herein. Furthermore, whether the full length mGlu1 and mGlu5 

heterodimerise and display differing signalling profiles remains unknown. 

Understanding these increasingly complex facets of the mGlu5 receptor may 

help to develop a compound with properties that allow progression to the 

clinic: an objective which, to date, has not been achieved (Lindsley et al., 

2016). 
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Appendix 

5’-

ATGGTCCTTCTGTTGATCCTGTCAGTCTTACTTTTGAAAGAAGATGTCCGTGGGAGTGCACAGTCCAGTGAGAGGAGGGTGGTGGCTCACATGCCGG

GTGACATCATTATTGGAGCTCTCTTTTCTGTTCATCACCAGCCTACTGTGGACAAAGTTCATGAGAGGAAGTGTGGGGCGGTCCGTGAACAGTATGGC

ATTCAGAGAGTGGAGGCCATGCTGCATACCCTGGAAAGGATCAATTCAGACCCCACACTCTTGCCCAACATCACACTGGGCTGTGAGATAAGGGACT

CCTGCTGGCATTCGGCTGTGGCCCTAGAGCAGAGCATTGAGTTCATAAGAGATTCCCTCATTTCTTCAGAAGAGGAAGAAGGCTTGGTACGCTGTGT

GGATGGCTCCTCCTCTTCCTTCCGCTCCAAGAAGCCCATAGTAGGGGTCATTGGGCCTGGCTCCAGTTCTGTAGCCATTCAGGTCCAGAATTTGCTCC

AGCTTTTCAACATACCTCAGATTGCTTACTCAGCAACCAGCATGGATCTGAGTGACAAGACTCTGTTCAAATATTTCATGAGGGTTGTGCCTTCAGAT

GCTCAGCAGGCAAGGGCCATGGTGGACATAGTGAAGAGGTACAACTGGACCTATGTATCAGCCGTGCACACAGAAGGCAACTATGGAGAAAGTGGG

ATGGAAGCCTTCAAAGATATGTCAGCGAAGGAAGGGATTTGCATCGCCCACTCTTACAAAATCTACAGTAATGCAGGGGAGCAGAGCTTTGATAAGC

TGCTGAAGAAGCTCACAAGTCACTTGCCCAAGGCCCGGGTGGTGGCCTGCTTCTGTGAGGGCATGACGGTGAGAGGTCTGCTGATGGCCATGAGGC

GCCTGGGTCTAGCGGGAGAATTTCTGCTTCTGGGCAGTGATGGCTGGGCTGACAGGTATGATGTGACAGATGGATATCAGCGAGAAGCTGTTGGTGG

CATCACAATCAAGCTCCAATCTCCCGATGTCAAGTGGTTTGATGATTATTATCTGAAGCTCCGGCCAGAAACAAACCACCGAAACCCTTGGTTTCAAG

AATTTTGGCAGCATCGTTTTCAGTGCCGACTGGAAGGGTTTCCACAGGAGAACAGCAAATACAACAAGACTTGCAATAGTTCTCTGACTCTGAAAACA

CATCATGTTCAGGATTCCAAAATGGGATTTGTGATCAACGCCATCTATTCGATGGCCTATGGGCTCCACAACATGCAGATGTCCCTCTGCCCAGGCTA

TGCAGGACTCTGTGATGCCATGAAGCCAATTGATGGACGGAAACTTTTGGAGTCCCTGATGAAAACCAATTTTACTGGGGTTTCTGGAGATACGATCC

TATTCGATGAGAATGGAGACTCTCCAGGAAGGTATGAAATAATGAATTTCAAGGAAATGGGAAAAGATTACTTTGATTATATCAACGTTGGAAGTTGG

GACAATGGAGAATTAAAAATGGATGATGATGAAGTATGGTCCAAGAAAAGCAACATCATCAGATCTGTGTGCAGTGAACCATGTGAGAAAGGCCAGA

TCAAGGTGATCCGAAAGGGAGAAGTCAGCTGTTGTTGGACCTGTACACCTTGTAAGGAGAATGAGTATGTCTTTGATGAGTACACATGCAAGGCATG

CCAACTGGGGTCTTGGCCCACTGATGATCTCACAGGTTGTGACTTGATCCCAGTACAGTATCTTCGATGGGGTGACCCTGAACCCATTGCAGCTGTGG

TGTTTGCCTGCCTTGGCCTCCTGGCCACCCTGTTTGTTACTGTAGTCTTCATCATTTACCGTGATACACCAGTAGTCAAGTCCTCAAGCAGGGAACTCT

GCTACATTATCCTTGCTGGCATCTGCCTGGGCTACTTATGTACCTTCTGCCTCATTGCGAAGCCCAAACAGATTTACTGCTACCTTCAGAGAATTGGC

ATTGGTCTCTCCCCAGCCATGAGCTACTCAGCCCTTGTAACAAAGACCAACCGTATTGCAAGGATCCTGGCTGGCAGCAAGAAGAAGATCTGTACCAA

AAAGCCCAGATTCATGAGTGCCTGTGCCCAGCTAGTGATTGCTTTCATTCTCATATGCATCCAGTTGGGCATCATCGTTGCCCTCTTTATAATGGAGC

CTCCTGACATAATGCATGACTACCCAAGCATTCGAGAAGTCTACCTGATCTGTAACACCACCAACCTAGGAGTTGTCACTCCACTTGGATACAATGGA

TTGTTGATTTTGAGCTGCACCTTCTATGCGTTCAAGACCAGAAATGTTCCAGCTAACTTCAACGAGGCCAAGTATATCGCCTTCACAATGTACACGAC

CTGCATTATATGGCTAGCTTTTGTGCCAATCTACTTTGGCAGCAACTACAAAATCATCACCATGTGTTTCTCGGTCAGCCTCAGTGCCACAGTGGCCC

TAGGCTGCATGTTTGTGCCGAAGGTGTACATCATCCTGGCCAAACCAGAGAGAAACGTGCGCAGCGCCTTCACCACATCTACCGTGGTGCGCATGCA

TGTAGGGGATGGCAAGTCATCCTCCGCAGCCAGCAGATCCAGCAGCCTAGTCAACCTGTGGAAGAGAAGGGGCTCCTCTGGGGAAACCTTAAGTTCC

AATGGAAAATCCGTCACGTGGGCCCAGAATGAGAAGAGCAGCCGGGGGCAGCACCTGTGGCAGCGCCTGTCCATCCACATCAACAAGAAAGAAAAC

CCCAACCAAACGGCCGTCATCAAGCCCTTCCCCAAGAGCACGGAGAGCCGTGGCCTGGGCGCTGGCGCTGGCGCAGGCGGGAGCGCTGGGGGCGTG

GGGGCCACGGGCGGTGCGGGCTGCGCAGGCGCCGGCCCAGGCGGGCCCGAGTCCCCAGACGCCGGCCCCAAGGCGCTGTATGATGTGGCCGAGGC

TGAGGAGCACTTCCCGGCGCCCGCGCGGCCGCGCTCACCGTCGCCCATCAGCACGCTGAGCCACCGCGCGGGCTCGGCCAGCCGCACGGACGACGA

TGTGCCGTCGCTGCACTCGGAGCCTGTGGCGCGCAGCAGCTCCTCGCAGGGCTCCCTCATGGAGCAGATCAGCAGTGTGGTCACCCGCTTCACGGCC

AACATCAGCGAGCTCAACTCCATGATGCTGTCCACCGCGGCCCCCAGCCCCGGCGTCGGCGCCCCGCTCTGCTCGTCCTACCTGATCCCCAAAGAGA

TCCAGTTGCCCACGACCATGACGACCTTTGCCGAAATCCAGCCTCTGCCGGCCATCGAAGTCACGGGCGGCGCGCAGCCCGCGGCAGGGGCGCAGG

CGGCTGGGGACGCGGCCCGGGAGAGCCCCGCGGCCGGTCCCGAGGCTGCGGCCGCCAAGCCAGACCTGGAGGAGCTGGTGGCTCTCACCCCGCCG

TCCCCCTTCAGAGACTCGGTGGACTCGGGGAGCACAACCCCCAACTCGCCAGTGTCCGAGTCGGCCCTCTGTATCCCGTCGTCTCCCAAATATGACA

CTCTTATCATAAGAGATTACACTCAGAGCTCCTCGTCGTTGTGA-3’ 

 

MVLLLILSVLLLKEDVRGSAQSSERRVVAHMPGDIIIGALFSVHHQPTVDKVHERKCGAVREQYGIQRVEAMLH

TLERINSDPTLLPNITLGCEIRDSCWHSAVALEQSIEFIRDSLISSEEEEGLVRCVDGSSSSFRSKKPIVGVIGPGSS

SVAIQVQNLLQLFNIPQIAYSATSMDLSDKTLFKYFMRVVPSDAQQARAMVDIVKRYNWTYVSAVHTEGNYGES

GMEAFKDMSAKEGICIAHSYKIYSNAGEQSFDKLLKKLTSHLPKARVVACFCEGMTVRGLLMAMRRLGLAGEF

LLLGSDGWADRYDVTDGYQREAVGGITIKLQSPDVKWFDDYYLKLRPETNHRNPWFQEFWQHRFQCRLEGFP

QENSKYNKTCNSSLTLKTHHVQDSKMGFVINAIYSMAYGLHNMQMSLCPGYAGLCDAMKPIDGRKLLESLMK

TNFTGVSGDTILFDENGDSPGRYEIMNFKEMGKDYFDYINVGSWDNGELKMDDDEVWSKKSNIIRSVCSEPCE

KGQIKVIRKGEVSCCWTCTPCKENEYVFDEYTCKACQLGSWPTDDLTGCDLIPVQYLRWGDPEPIAAVVFACLG

LLATLFVTVVFIIYRDTPVVKSSSRELCYIILAGICLGYLCTFCLIAKPKQIYCYLQRIGIGLSPAMSYSALVTKTNRI

ARILAGSKKKICTKKPRFMSACAQLVIAFILICIQLGIIVALFIMEPPDIMHDYPSIREVYLICNTTNLGVVTPLGYN

GLLILSCTFYAFKTRNVPANFNEAKYIAFTMYTTCIIWLAFVPIYFGSNYKIITMCFSVSLSATVALGCMFVPKVYI

ILAKPERNVRSAFTTSTVVRMHVGDGKSSSAASRSSSLVNLWKRRGSSGETLSSNGKSVTWAQNEKSSRGQHL

WQRLSIHINKKENPNQTAVIKPFPKSTESRGLGAGAGAGGSAGGVGATGGAGCAGAGPGGPESPDAGPKALYD

VAEAEEHFPAPARPRSPSPISTLSHRAGSASRTDDDVPSLHSEPVARSSSSQGSLMEQISSVVTRFTANISELNSM

MLSTAAPSPGVGAPLCSSYLIPKEIQLPTTMTTFAEIQPLPAIEVTGGAQPAAGAQAAGDAARESPAAGPEAAAA

KPDLEELVALTPPSPFRDSVDSGSTTPNSPVSESALCIPSSPKYDTLIIRDYTQSSSSLstop 

 

Figure A1 Sequence data showing the full nucleotide sequence of the hmGlu5b receptor 

used in this thesis, followed by the amino acid sequence.  
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Figure A2 Diagram showing the vector for the hmGlu5b construct used in this thesis. 
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5’-

atggtcgggctccttttgttttttttcccagcgatctttttggaggtgtcccttctccccagaagccccggcaggaaagtgttgctggcaggagcgtcgTACCCATAC

GATGTTCCAGATTACGCTtctcagcgctcggtggccagaatggacggagatgtcatcattggagccctcttctcagtccatcaccagcctccggccgagaa

agtgcccgagaggaagtgtggggagatcagggagcagtatggcatccagagggtggaggccatgttccacacgttggataagatcaacgcggacccggtcctcctgc

ccaacatcaccctgggcagtgagatccgggactcctgctggcactcttccgtggctctggaacagagcattgagttcattagggactctctgatttccattcgagatgaga

aggatgggatcaaccggtgtctgcctgacggccagtccctccccccaggcaggactaagaagcccattgcgggagtgatcggtcccggctccagctctgtagccattca

agtgcagaacctgctccagctcttcgacatcccccagatcgcttattcagccacaagcatcgacctgagtgacaaaactttgtacaaatacttcctgagggttgtcccttct

gacactttgcaggcaagggccatgcttgacatagtcaaacgttacaattggacctatgtctctgcagtccacacggaagggaattatggggagagcggaatggacgct

ttcaaagagctggctgcccaggaaggcctctgtatcgcccattctgacaaaatctacagcaacgctggggagaagagctttgaccgactcttgcgcaaactccgagag

aggcttcccaaggctagagtggtggtctgcttctgtgaaggcatgacagtgcgaggactcctgagcgccatgcggcgccttggcgtcgtgggcgagttctcactcattgg

aagtgatggatgggcagacagagatgaagtcattgaaggttatgaggtggaagccaacgggggaatcacgataaagctgcagtctccagaggtcaggtcatttgat

gattatttcctgaaactgaggctggacactaacacgaggaatccctggttccctgagttctggcaacatcggttccagtgccgccttccaggacaccttctggaaaatccc

aactttaaacgaatctgcacaggcaatgaaagcttagaagaaaactatgtccaggacagtaagatggggtttgtcatcaatgccatctatgccatggcacatgggctg

cagaacatgcaccatgccctctgccctggccacgtgggcctctgcgatgccatgaagcccatcgacggcagcaagctgctggacttcctcatcaagtcctcattcattgga

gtatctggagaggaggtgtggtttgatgagaaaggagacgctcctggaaggtatgatatcatgaatctgcagtacactgaagctaatcgctatgactatgtgcacgtt

ggaacctggcatgaaggagtgctgaacattgatgattacaaaatccagatgaacaagagtggagtggtgcggtctgtgtgcagtgagccttgcttaaagggccagat

taaggttatacggaaaggagaagtgagctgctgctggatttgcacggcctgcaaagagaatgaatatgtgcaagatgagttcacctgcaaagcttgtgacttgggat

ggtggcccaatgcagatctaacaggctgtgagcccattcctgtgcgctatcttgagtggagcaacatcgaatccattatagccatcgccttttcatgcctgggaatccttg

ttaccttgtttgtcaccctaatctttgtactgtaccgggacacaccagtggtcaaatcctccagtcgggagctctgctacatcatcctagctggcatcttccttggttatgtgt

gcccattcactctcattgccaaacctactaccacctcctgctacctccagcgcctcttggttggcctctcctctgcgatgtgctactctgctttagtgactaaaaccaatcgta

ttgcacgcatcctggctggcagcaagaagaagatctgcacccggaagcccaggttcatgagtgcctgggctcaggtgatcattgcctcaattctgattagtgtgcaacta

accctggtggtaaccctgatcatcatggaaccccctatgcccattctgtcctacccaagtatcaaggaagtctaccttatctgcaataccagcaacctgggtgtggtggcc

cctttgggctacaatggactcctcatcatgagctgtacctactatgccttcaagacccgcaacgtgcccgccaacttcaacgaggccaaatatatcgcgttcaccatgtac

accacctgtatcatctggctagcttttgtgcccatttactttgggagcaactacaagatcatcacaacttgctttgcagtgagtctcagtgtaacagtggctctggggtgca

tgttcactcccaagatgtacatcattattgccaagcctgagaggaatgtccgcagtgccttcaccacctctgatgttgtccgcatgcagttcactcagaatcagaagaaa

gaagattctaaaacgtccacctcggtcaccagtgtgaaccaagccagcacatcccgcctggagggcctacagtcagaaaaccatcgcctgcgaatgaagatcacaga

gctggataaagacttggaagaggtcaccatgcagctgcaggacacaccagaaAAGAAAACGAACTAA -3’  

 

MVGLLLFFFPAIFLEVSLLPRSPGRKVLLAGASYPYDVPDYASQRSVARMDGDVIIGALFSVHHQPPAEKVPERK

CGEIREQYGIQRVEAMFHTLDKINADPVLLPNITLGSEIRDSCWSSVALEQSIEFIRDSLISIRDEKDGINRCLPDG

QSLPPGRTKKPIAGVIGPGSSSVAIQVQNLLQLFDIPQIAYSATSIDLSDKTLYKYFLRVVPSDTLQARAMLDIVKR

YNWTYVSAVHTEGNYGESGMDAFKELAAQEGLCIAHSDKIYSNAGEKSFDRLLRKLRERLPKARVVVCFCEGM

TVRGLLSAMRRLGVVGEFSLIGSDGWADRDEVIEGYEVEANGGITIKLQSPEVRSFDYFLKLRLDTNTRNPWFP

EFWQHRFQCRLPGHLLENPNFKRICTGNESLEENYVQDSKMGFVINAIYAMAHGLQNMHHALCPGHVGLCDA

MKPIDGSKLLDFLIKSSFIGVSGEEVWFDEKGDAPGRYDIMNLQYTEANRYDYVHVGTWHEGVLNIDDYKIQM

NKSGVVRSVCSEPCLKGQIKVIRKGEVSCCWICTACKENEYVQDEFTCKACDLGWWPNADLTGCEPIPVRYLE

WSNIESIIAIAFSCLGILVTLFVTLIFVLYRDTPVVKSSSRELCYIILAGIFLGYVCPFTLIAKPTTTSCYLQRLLVGLS

SAMCYSALVTKTNRIARILAGSKKKICTRKPRFMSAWAQVIIASILISVQLTLVVTLIIMEPPMPILSYPSIKEVYLI

CNTSNLGVVAPLGYNGLLIMSCTYYAFKTRNVPANFNEAKYIAFTMYTTCIIWLAFVPIYFGSNYKIITTCFAVSL

SVTVALGCMFTPKMYIIIAKPERNVRSAFTTSDVVRMQFTQNQKKEDSKTSTSVTSVNQASTSRLEGLQS 

ENHRLRMKITELDKDLEEVTMQLQDTPEKKTNstop 

 

Figure A3 Sequence data showing the full nucleotide sequence of the HA-hmGlu1-C2-

KKTN chimaeric receptor used in this thesis, followed by the amino acid sequence. The 

mGlu1 sequence, HA tag, GABAB2a tail, and KKXX retention motif are highlighted in 

yellow, cyan, green, and grey, respectively. 
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Figure A4 Diagram showing the vector for the HA-mGlu1-C2-KKTN construct used in this 

thesis. 
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5’-

atggtccttctgttgatcctgtcagtcttacttttgaaagaagatgtccgtgggagtgcacagtccTACCCATACGATGTTCCAGATTACGCTagtga

gaggagggtggtggctcacatgccgggtgacatcattattggagctctcttttctgttcatcaccagcctactgtggacaaagttcatgagaggaagtgtggggcggtcc

gtgaacagtatggcattcagagagtggaggccatgctgcataccctggaaaggatcaattcagaccccacactcttgcccaacatcacactgggctgtgagataaggg

actcctgctggcattcggctgtggccctagagcagagcattgagttcataagagattccctcatttcttcagaagaggaagaaggcttggtacgctgtgtggatggctcc

tcctcttccttccgctccaagaagcccatagtaggggtcattgggcctggctccagttctgtagccattcaggtccagaatttgctccagcttttcaacatacctcagattgc

ttactcagcaaccagcatggatctgagtgacaagactctgttcaaatatttcatgagggttgtgccttcagatgctcagcaggcaagggccatggtggacatagtgaag

aggtacaactggacctatgtatcagccgtgcacacagaaggcaactatggagaaagtgggatggaagccttcaaagatatgtcagcgaaggaagggatttgcatcg

cccactcttacaaaatctacagtaatgcaggggagcagagctttgataagctgctgaagaagctcacaagtcacttgcccaaggcccgggtggtggcctgcttctgtga

gggcatgacggtgagaggtctgctgatggccatgaggcgcctgggtctagcgggagaatttctgcttctgggcagtgatggctgggctgacaggtatgatgtgacaga

tggatatcagcgagaagctgttggtggcatcacaatcaagctccaatctcccgatgtcaagtggtttgatgattattatctgaagctccggccagaaacaaaccaccga

aacccttggtttcaagaattttggcagcatcgttttcagtgccgactggaagggtttccacaggagaacagcaaatacaacaagacttgcaatagttctctgactctga

aaacacatcatgttcaggattccaaaatgggatttgtgatcaacgccatctattcgatggcctatgggctccacaacatgcagatgtccctctgcccaggctatgcagga

ctctgtgatgccatgaagccaattgatggacggaaacttttggagtccctgatgaaaaccaattttactggggtttctggagatacgatcctattcgatgagaatggag

actctccaggaaggtatgaaataatgaatttcaaggaaatgggaaaagattactttgattatatcaacgttggaagttgggacaatggagaattaaaaatggatga

tgatgaagtatggtccaagaaaagcaacatcatcagatctgtgtgcagtgaaccatgtgagaaaggccagatcaaggtgatccgaaagggagaagtcagctgttgt

tggacctgtacaccttgtaaggagaatgagtatgtctttgatgagtacacatgcaaggcatgccaactggggtcttggcccactgatgatctcacaggttgtgacttgat

cccagtacagtatcttcgatggggtgaccctgaacccattgcagctgtggtgtttgcctgccttggcctcctggccaccctgtttgttactgtagtcttcatcatttaccgtga

tacaccagtagtcaagtcctcaagcagggaactctgctacattatccttgctggcatctgcctgggctacttatgtaccttctgcctcattgcgaagcccaaacagatttac

tgctaccttcagagaattggcattggtctctccccagccatgagctactcagcccttgtaacaaagaccaaccgtattgcaaggatcctggctggcagcaagaagaaga

tctgtaccaaaaagcccagattcatgagtgcctgtgcccagctagtgattgctttcattctcatatgcatccagttgggcatcatcgttgccctctttataatggagcctcct

gacataatgcatgactacccaagcattcgagaagtctacctgatctgtaacaccaccaacctaggagttgtcactccacttggatacaatggattgttgattttgagctg

caccttctatgcgttcaagaccagaaatgttccagctaacttcaacgaggccaagtatatcgccttcacaatgtacacgacctgcattatatggctagcttttgtgccaat

ctactttggcagcaactacaaaatcatcaccatgtgtttctcggtcagcctcagtgccacagtggccctaggctgcatgtttgtgccgaaggtgtacatcatcctggccaa

accagagagaaacgtgcgcagcgccttcaccacatctaccgtggtgcgcatgcagttcactcagaatcagaagaaagaagattctaaaacgtccacctcggtcaccag

tgtgaaccaagccagcacatcccgcctggagggcctacagtcagaaaaccatcgcctgcgaatgaagatcacagagctggataaagacttggaagaggtcaccatgc

agctgcaggacacaccagaaAAG AAA ACG AAC TAA-3’ 

MVLLLILSVLLLKEDVRGSAQSYPYDVPDYASERRVVAHMPGDIIIGALFSVHHQPTVDKVHERKCGAVREQYGI

QRVEAMLHTLERINSDPTLLPNITLGCEIRDSCWHSAVALEQSIEFIRDSLISSEEEEGLVRCVDGSSSSFRSKKPI

VGVIGPGSSSVAIQVQNLLQLFNIPQIAYSATSMDLSDKTLFKYFMRVVPSDAQQARAMVDIVKRYNWTYVSAV

HTEGNYGESGMEAFKDMSAKEGICIAHSYKIYSNAGEQSFDKLLKKLTSHLPKARVVACFCEGMTVRGLLMAM

RRLGLAGEFLLLGSDGWADRYDVTDGYQREAVGGITIKLQSPDVKWFDDYYLKLRPETNHRNPWFQEFWQHR

FQCRLEGFPQENSKYNKTCNSSLTLKTHHVQDSKMGFVINAIYSMAYGLHNMQMSLCPGYAGLCDAMKPIDG

RKLLESLMKTNFTGVSGDTILFDENGDSPGRYEIMNFKEMGKDYFDYINVGSWDNGELKMDDDEVWSKKSNII

RSVCSEPCEKGQIKVIRKGEVSCCWTCTPCKENEYVFDEYTCKACQLGSWPTDDLTGCDLIPVQYLRWGDPEPI

AAVVFACLGLLATLFVTVVFIIYRDTPVVKSSSRELCYIILAGICLGYLCTFCLIAKPKQIYCYLQRIGIGLSPAMSY

SALVTKTNRIARILAGSKKKICTKKPRFMSACAQLVIAFILICIQLGIIVALFIMEPPDIMHDYPSIREVYLICNTTN

LGVVTPLGYNGLLILSCTFYAFKTRNVPANFNEAKYIAFTMYTTCIIWLAFVPIYFGSNYKIITMCFSVSLSATVAL

GCMFVPKVYIILAKPERNVRSAFTTSTVVRMQFTQNQKKEDSKTSTSVTSVNQASTSRLEGLQSENHRLRMKIT

ELDKDLEEVTMQLQDTPEKKTNstop 

 

Figure A5 Sequence data showing the full nucleotide sequence of the HA-hmGlu5-C2-

KKTN chimaeric receptor used in this thesis, followed by the amino acid sequence. The 

mGlu1 sequence, HA tag, GABAB2a tail, and KKXX retention motif are highlighted in 

yellow, cyan, green, and grey, respectively. 
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Figure A6 Diagram showing the vector for the HA-mGlu5-C2-KKTN construct used in this 

thesis. 
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5’-

atggtccttctgttgatcctgtcagtcttacttttgaaagaagatgtccgtgggagtgcacagtccGACTACAAGGACGACGATGACAAGagtgagag

gagggtggtggctcacatgccgggtgacatcattattggagctctcttttctgttcatcaccagcctactgtggacaaagttcatgagaggaagtgtggggcggtccgtg

aacagtatggcattcagagagtggaggccatgctgcataccctggaaaggatcaattcagaccccacactcttgcccaacatcacactgggctgtgagataagggact

cctgctggcattcggctgtggccctagagcagagcattgagttcataagagattccctcatttcttcagaagaggaagaaggcttggtacgctgtgtggatggctcctcc

tcttccttccgctccaagaagcccatagtaggggtcattgggcctggctccagttctgtagccattcaggtccagaatttgctccagcttttcaacatacctcagattgctta

ctcagcaaccagcatggatctgagtgacaagactctgttcaaatatttcatgagggttgtgccttcagatgctcagcaggcaagggccatggtggacatagtgaagag

gtacaactggacctatgtatcagccgtgcacacagaaggcaactatggagaaagtgggatggaagccttcaaagatatgtcagcgaaggaagggatttgcatcgccc

actcttacaaaatctacagtaatgcaggggagcagagctttgataagctgctgaagaagctcacaagtcacttgcccaaggcccgggtggtggcctgcttctgtgagg

gcatgacggtgagaggtctgctgatggccatgaggcgcctgggtctagcgggagaatttctgcttctgggcagtgatggctgggctgacaggtatgatgtgacagatg

gatatcagcgagaagctgttggtggcatcacaatcaagctccaatctcccgatgtcaagtggtttgatgattattatctgaagctccggccagaaacaaaccaccgaaa

cccttggtttcaagaattttggcagcatcgttttcagtgccgactggaagggtttccacaggagaacagcaaatacaacaagacttgcaatagttctctgactctgaaa

acacatcatgttcaggattccaaaatgggatttgtgatcaacgccatctattcgatggcctatgggctccacaacatgcagatgtccctctgcccaggctatgcaggactc

tgtgatgccatgaagccaattgatggacggaaacttttggagtccctgatgaaaaccaattttactggggtttctggagatacgatcctattcgatgagaatggagact

ctccaggaaggtatgaaataatgaatttcaaggaaatgggaaaagattactttgattatatcaacgttggaagttgggacaatggagaattaaaaatggatgatga

tgaagtatggtccaagaaaagcaacatcatcagatctgtgtgcagtgaaccatgtgagaaaggccagatcaaggtgatccgaaagggagaagtcagctgttgttgg

acctgtacaccttgtaaggagaatgagtatgtctttgatgagtacacatgcaaggcatgccaactggggtcttggcccactgatgatctcacaggttgtgacttgatccc

agtacagtatcttcgatggggtgaccctgaacccattgcagctgtggtgtttgcctgccttggcctcctggccaccctgtttgttactgtagtcttcatcatttaccgtgatac

accagtagtcaagtcctcaagcagggaactctgctacattatccttgctggcatctgcctgggctacttatgtaccttctgcctcattgcgaagcccaaacagatttactgc

taccttcagagaattggcattggtctctccccagccatgagctactcagcccttgtaacaaagaccaaccgtattgcaaggatcctggctggcagcaagaagaagatct

gtaccaaaaagcccagattcatgagtgcctgtgcccagctagtgattgctttcattctcatatgcatccagttgggcatcatcgttgccctctttataatggagcctcctga

cataatgcatgactacccaagcattcgagaagtctacctgatctgtaacaccaccaacctaggagttgtcactccacttggatacaatggattgttgattttgagctgca

ccttctatgcgttcaagaccagaaatgttccagctaacttcaacgaggccaagtatatcgccttcacaatgtacacgacctgcattatatggctagcttttgtgccaatct

actttggcagcaactacaaaatcatcaccatgtgtttctcggtcagcctcagtgccacagtggccctaggctgcatgtttgtgccgaaggtgtacatcatcctggccaaac

cagagagaaacgtgcgcagcgccttcaccacatctaccgtggtgcgcatgaagacagggtcatcgaccaacaacaacgaggaggagaagtcccggctgttggagaa

ggagaaccgtgaactggaaaagatcattgctgagaaagaggagcgtgtctctgaactgcgccatcaactccagtctcggcagcagctccgctcccggcgccacccacc

gacacccccagaaccctctgggggcctgcccaggggaccccctgagccccccgaccggcttagctgtgatgggagtcgagtgcatttgctttataagtga-3’ 

MVLLLILSVLLLKEDVRGSAQSDYKDDDDKSERRVVAHMPGDIIIGALFSVHHQPTVDKVHERKCG

AVREQYGIQRVEAMLHTLERINSDPTLLPNITLGCEIRDSCWHSAVALEQSIEFIRDSLISSEEEEGL

VRCVDGSSSSFRSKKPIVGVIGPGSSSVAIQVQNLLQLFNIPQIAYSATSMDLSDKTLFKYFMRVVPS

DAQQARAMVDIVKRYNWTYVSAVHTEGNYGESGMEAFKDMSAKEGICIAHSYKIYSNAGEQSFDK

LLKKLTSHLPKARVVACFCEGMTVRGLLMAMRRLGLAGEFLLLGSDGWADRYDVTDGYQREAVG

GITIKLQSPDVKWFDDYYLKLRPETNHRNPWFQEFWQHRFQCRLEGFPQENSKYNKTCNSSLTLK

THHVQDSKMGFVINAIYSMAYGLHNMQMSLCPGYAGLCDAMKPIDGRKLLESLMKTNFTGVSGD

TILFDENGDSPGRYEIMNFKEMGKDYFDYINVGSWDNGELKMDDDEVWSKKSNIIRSVCSEPCEK

GQIKVIRKGEVSCCWTCTPCKENEYVFDEYTCKACQLGSWPTDDLTGCDLIPVQYLRWGDPEPIAA

VVFACLGLLATLFVTVVFIIYRDTPVVKSSSRELCYIILAGICLGYLCTFCLIAKPKQIYCYLQRIGIGL

SPAMSYSALVTKTNRIARILAGSKKKICTKKPRFMSACAQLVIAFILICIQLGIIVALFIMEPPDIMHD

YPSIREVYLICNTTNLGVVTPLGYNGLLILSCTFYAFKTRNVPANFNEAKYIAFTMYTTCIIWLAFVP

IYFGSNYKIITMCFSVSLSATVALGCMFVPKVYIILAKPERNVRSAFTTSTVVRMKTGSSTNNNEEE

KSRLLEKENRELEKIIAEKEERVSELRHQLQSRQQLRSRRHPPTPPEPSGGLPRGPPEPPDRLSCD

GSRVHLLYKstop 

  

Figure A7 Sequence data showing the full nucleotide sequence of the FLAG-hmGlu5-C1 

chimaeric receptor used in this thesis, followed by the amino acid sequence. The mGlu1a 

sequence, FLAG tag, and GABAB1 tail are highlighted in yellow, cyan, and green, 

respectively. 
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Figure A8 Diagram showing the vector for the FLAG-mGlu5-C1 construct used in this 

thesis. 
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