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Abstract 

The type 5 metabotropic glutamate receptor (mGlu5) plays an important role in 

learning and memory processes and has been identified as a potential drug 

target for the treatment of neurodegenerative diseases (NDD). Given the limited 

treatment options available to patients living with NDD, there is a pressing need 

for novel therapeutic interventions that treat both the symptomatic and 

progressive components of neurodegeneration. Promisingly, the pharmacological 

and genetic blockade of mGlu5 has been shown to reduce disease pathology and 

improve cognition in several preclinical mouse models of neurodegeneration 

(Budgett et al., 2022). Expressed in both neurons and glia, mGlu5 has been 

shown to play a role in neuroinflammation and, therefore, represents a potential 

target for regulating neuroinflammation in disease (Byrnes et al., 2009). 

Therefore, this thesis aimed to evaluate the role of mGlu5 in the modulation of 

neuroinflammation and the progression of NDD in a model of terminal 

neurodegeneration, murine prion disease.  

To provide insights into the signalling mechanisms of mGlu5 and the 

characteristics of novel compounds, in vitro functional assays were conducted on 

cell lines expressing mGlu5. Flp-in cells expressing mouse mGlu5 and mouse 

primary cortical astrocytes were found to be suitable systems for investigating 

the signalling properties of mGlu5 ligands. In these systems, VU0424238 was 

confirmed to be a mGlu5 negative allosteric modulator (NAM) that binds to the 

main allosteric binding site on mGlu5 (Felts et al., 2017). Furthermore, target 

engagement and efficacy in vivo were established.  

Recent studies have shown close correlates between murine prion disease and 

human NDDs, including hippocampal-based cognitive deficits, 

neuroinflammation, and terminal neurodegeneration (Bourgognon et al., 2018; 

Bradley et al., 2016). Here, the model of murine prion disease was investigated 

using histological and biochemical studies to characterise the neuroinflammatory 

response throughout disease progression. The astrocytic and microglial markers 

GFAP, vimentin, Iba-1, and CD68 were confirmed to be upregulated in murine 

prion disease, in addition to several pro-inflammatory cytokines. This is similar 

to human NDDs characterised by chronic neuroinflammation.  
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Subsequently, this thesis aimed to define the impact of mGlu5 blockade, both 

pharmacologically and genetically, on the progression of murine prion disease. 

Firstly, mGlu5 was inhibited pharmacologically using the NAM VU0424238. 

Although chronic VU0424238 treatment significantly reduced the expression of 

GFAP in the hippocampus of female prion-diseased mice, mGlu5 antagonism did 

not alter the overall progression of murine prion disease. There were no 

alterations to the accumulation of misfolded prion protein, symptom onset, 

survival, or behaviour after chronic VU0424238 treatment. Next, mGlu5-deficient 

mice were inoculated with prion disease. Although mGlu5 deficiency resulted in 

the reduced expression of the inflammatory markers Iba-1 and GFAP in  

early-stage disease, it did not affect overall disease progression.  

Overall, these findings suggest that mGlu5 may represent a potential approach 

by which neuroinflammatory processes in NDDs might be modulated. However, 

the results also suggest that mGlu5 may not play a significant role in the 

progression of prion disease and may function differently in prion disease 

compared to other NDDs. 
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1.1 G Protein-coupled Receptors 

The G protein-coupled receptor (GPCR) superfamily comprises over 800 members 

and is the largest group of cell surface receptors in the human genome  

(Hauser et al., 2017). Due to highly divergent sequences in the extracellular 

ligand-binding domain, GPCRs mediate intracellular signalling in response to a 

wide range of stimuli, including hormones, light, small molecules, and 

neurotransmitters (Fredriksson et al., 2003). GPCRs are expressed in every organ 

and play a role in a large variety of functions in both health and disease 

(Fredriksson et al., 2003). Given their important role in numerous physiological 

processes, GPCRs have emerged as one of the most successful families of 

therapeutic targets. Currently, more than 30% of clinically approved drugs target 

a member of this superfamily (Santos et al., 2017).  

GPCRs possess a common structural architecture that plays an important role in 

transmitting signals across the plasma membrane (Venkatakrishnan et al., 2013). 

Generally, GPCRs consist of an extracellular N-terminus, seven transmembrane 

(TM) α-helices linked by three intra- (ICL) and three extracellular (ECL) loops, 

and an intracellular C-terminus (Rosenbaum et al., 2009). The seven TM 

α-helices are made up of hydrophobic residues that facilitate the integration of 

the GPCR in the hydrophobic plasma membrane (Crasto, 2010). In contrast, the 

ICLs and ECLs contain hydrophilic residues that enable interactions within the 

extracellular and cytoplasmic environments (Fredriksson & Schiöth, 2005). 

Ligands typically bind to either the TM binding pocket or N-terminus, activating 

intracellular signalling cascades that usually involve G proteins or arrestins 

(Lefkowitz, 2007; Wacker et al., 2017).  

1.1.1 GPCR Classification 

Several classification systems have been suggested to categorise GPCRs based on 

characteristics such as amino acid sequence and evolutionary conservation. 

Here, the GRAFS system is described, which groups human GPCRs into 

subfamilies based on shared sequences and structural features (Schiöth & 

Fredriksson, 2005). Following this system, GPCRs can be broadly characterised 

into five classes: Glutamate (class C), Rhodopsin (class A), Adhesion (Class B2), 

Frizzled (class F)/taste2 (class T2) and Secretin-like (class B1) (Schiöth & 
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Fredriksson, 2005). Of the over 800 GPCRs present in mammals, approximately 

140 of them are orphan receptors, meaning that they have unknown endogenous 

ligands that are not yet classified (Tang et al., 2012).  

The glutamate receptor family (class C) consists of 22 receptors, including 

metabotropic glutamate (mGlu) receptors, a calcium-sensing receptor (CaSR), 

γ-aminobutyric acid (GABA) receptors, the sweet and amino acid taste 

receptors, and several orphan receptors (Fredriksson et al., 2003). These 

receptors typically exist as dimers (Figure 1-1A) (Pin et al., 2005). Glutamate 

receptors have a large N-terminus made up of 500-600 amino acid residues that 

form the ligand-binding domain (Pin et al., 2003). The N-terminus forms two 

distinct lobes making up a Venus flytrap (VFT) domain, constituting the 

orthosteric ligand-binding pocket where the endogenous ligand binds (O’Hara et 

al., 1993; Fredriksson et al., 2003). Except for GABAB receptors, most members 

of the glutamate family have a cysteine-rich domain (CRD) which connects the 

7 TM-domain with the VFT domain (Pin et al., 2003). Typically, agonist-binding 

stabilises the conformation of the VFT domain, leading to a conformational 

change that triggers the rearrangement of the TM domain through interactions 

between the second ECL and the CRD (Koehl et al., 2019; Mao et al., 2020). 

The rhodopsin receptor family (class A) is the biggest GPCR subfamily and 

contains approximately 720 human receptor proteins (Gloriam et al., 2007; 

Foster et al., 2019). This subfamily includes receptors for diverse ligands, 

including light, odorants, neurotransmitters, and hormones (Gether, 2000; 

Fredriksson et al., 2003). Most receptors in the rhodopsin family share a similar 

arrangement of their 7 TM domain (Baldwin et al., 1997). Unlike other GPCR 

subfamilies, most rhodopsin receptor orthosteric ligand-binding sites are within 

the TM region (Figure 1-1B) (Lagerström & Schiöth, 2008). Given the wide range 

of physiological functions and ligands, the rhodopsin family contains the most 

significant number of therapeutically targeted receptors (Tyndall & Sandilya, 

2005). Over 500 drugs target this family, with many drugs acting at more than 

one receptor (Yang et al., 2021).  

The adhesion receptor family (class B2) used to be classified together with 

secretin (class B1) receptors, to whom they are phylogenetically related. 

However, the identification of structural and residual differences has resulted in 
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their reclassification as two separate families. The adhesion family contains 33 

receptors and is the second-largest subfamily of human GPCRs (Alexander et al., 

2019). These receptors play a crucial role in cell adhesion and migration (Pal et 

al., 2012; Bhudia et al., 2020). While adhesion receptors share similarities with 

secretin receptors in the TM domain, they differ in their long and diverse  

N-termini (Figure 1-1C) (Fredriksson et al., 2003). Moreover, adhesion receptors 

contain a conserved GPCR autoproteolysis-inducing (GAIN) domain and a 

proteolysis site that are involved in receptor activation (Prömel et al., 2013).  

The frizzled (class F)/taste2 (class T2) receptors are the most recently 

discovered GPCR subfamily. This family is composed of two distinct groups: the 

smoothed (SMO) and frizzled (FZD) receptors and the Taste2 (TAS2) receptor 

(Lagerström & Schiöth, 2008). The SMO and FZD receptors are activated by 

Hedgehog proteins and Wingless/Int-1 glycoproteins, respectively (Schulte & 

Wright, 2018) and play a role in cell fate, proliferation, and polarity (Fredriksson 

et al., 2003). SMO and FZD share a characteristic long N-terminus which contains 

a highly conserved CRD, which is essential for ligand-binding (Figure 1-1D) 

(Fredriksson et al., 2003). Taste2 receptors are expressed in the palate and 

tongue epithelium and function as bitter taste receptors (Fredriksson et al., 

2003). They have a short N- and C-terminus, and ligands bind to the TM domain 

(Figure 1-1D) (Pronin, 2004; Lagerström & Schiöth, 2008; Nordstrom et al., 

2008).  

The secretin receptor family (class B1) contains 15 human members (Hauser et 

al., 2017). These receptors bind peptides such as glucagon and glucagon-like 

peptide which have high sequence similarity (Fredriksson et al., 2003). The  

N-terminus of secretin receptors is long and contains conserved cysteine bridges, 

which play a vital role in ligand-binding (Figure 1-1E) (Fredriksson et al., 2003). 

Upon peptide binding, the peptide’s C-terminus interacts with the receptor’s 

extracellular domain, orientating the peptide’s N-terminus towards the TM 

domain. This interaction activates the receptor (Karageorgos et al., 2018). 
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Figure 1-1 GRAFS classification of GPCR subfamilies. The core architecture of GPCRs 
consists of an extracellular N-terminus, seven transmembrane (TM) α-helices linked by alternating 
intra- and extracellular loops and an intracellular C-terminal tail. GPCR subfamilies have 
exceptionally diverse extracellular regions. (A) Glutamate receptors are typically organised as 
dimers and have a long N-terminal tail structured as a Venus flytrap (VFT) domain. The VFT 
constitutes the orthosteric binding site and is attached to the 7 TM domain by a cysteine-rich 
domain (CRD). (B) Ligand binding to rhodopsin receptors occurs in the TM domain, and these 
receptors have a shorter N-terminal tail. (C) Adhesion receptors contain diverse domains within the 
N-terminal tail, including a GPCR autoproteolysis-inducing (GAIN) domain. (D) Frizzled receptors 
contain a CRD within the N-terminal tail that facilitates ligand binding. Taste2 receptors have a 
short N- and C-terminal tail, and ligand-binding occurs in the TM domain. (E) Ligand binding occurs 
in secretin receptors via hormone peptide binding domains found within a long N-terminal tail. 
Ligands are shown in dark blue. Figure created using Reactome Icon Library, licensed under CC 
BY 4.0 (Sidiropoulos et al., 2017). 
 

1.1.2 GPCR Activation  

Receptors, including GPCRs, work to transduce signals from the extracellular 

environment across the plasma membrane to effector proteins in the cytoplasm, 

thus enabling the cell to respond to cues in their environment. Typically, these 

receptors are activated by a ligand binding to its orthosteric site, which triggers 

conformational changes in the receptor's TM and intracellular domains. These 

changes lead to the recruitment of effector proteins which bind to the 

intracellular domain of the GPCR (Calebiro et al., 2021). 
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1.1.2.1 G Protein-dependent Signalling 

The GPCR superfamily derives its name from the first cytoplasmic effector to be 

identified, known as the G protein. Also known as guanine nucleotide-binding 

proteins, G proteins are the main effectors of GPCRs and a highly studied 

component of the GPCR signalling cascade (Calebiro et al., 2021). They are 

composed of an α, β, and γ subunit, which together form a heterotrimeric 

G protein complex (Lambright et al., 1996). Lipid modifications on the α and 

γ subunits attach the G protein complex to the plasma membrane (Vögler et al., 

2008). Gα, which contains distinct structural features such as an α-helical 

domain, signals independently (Kamato et al., 2015). Gβ and Gγ subunits 

function as an obligate heterodimer (Gβγ) with the β-sheets and an α-helix of Gβ 

forming multiple interactions with the two α-helices of Gγ (Syrovatkina et al., 

2016) (Figure 1-2).  

G proteins get their name from guanosine triphosphate (GTP), and its inactive 

form, guanosine diphosphate (GDP), which regulate the activity of G proteins. 

Under basal conditions, the heterotrimeric G protein complex is in a GDP-bound 

state, with one molecule of GDP bound to the inactive Gα subunit (Gilman, 

1987). Following a stimulus or ligand binding, GPCRs undergo a conformational 

change which catalyses the exchange of GDP for GTP, with the receptor 

functioning as a guanine nucleotide exchange factor (GEF) (Dror et al., 2015). 

This exchange results in a rearrangement of the G protein complex, with 

dissociation of the GTP-bound Gα subunit and the Gβγ dimer (Hamm, 1998; 

Cabrera-Vera et al., 2003; Oldham & Hamm, 2008). This dissociation enables the 

Gα and Gβγ subunits to interact with downstream signalling pathways 

independently. This signalling is terminated by the intrinsic GTPase activity of 

the Gα subunit, which hydrolyses GTP to GDP, therefore promoting the 

reassociation of the heterotrimeric Gαβγ complex and terminating signalling 

(McCudden et al., 2005). The human genome encodes for 16 Gα, 5 Gβ, and 13 Gγ 

subunits, allowing for the formation of a wide range of G protein complexes 

which can all initiate different signalling pathways (Gautam et al., 1998; 

Hermans, 2003; Hewavitharana & Wedegaertner, 2012). 

G proteins are categorised into four functional families based on their Gα 

subunit: GαS, Gαi, Gα12/13, and Gαq/11 ( Simon et al., 1991; Oldham & Hamm, 
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2006). Each family has a distinct signalling profile, which dictates the 

downstream cellular effects upon activation (Figure 1-2). GαS and Gαi stimulate 

and inhibit adenylyl cyclase enzymes, respectively (Ross & Gilman, 1977; Hsia et 

al., 1984). Upon stimulation, activated adenylyl cyclase converts adenosine 

triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). The cellular 

effects of cAMP are diverse, including hormone release, neuronal activation, and 

smooth muscle relaxation (Sutherland, 1972; Wettschureck & Offermanns, 2005). 

Importantly, not all isoforms of adenylyl cyclase are inhibited by Gαi, and 

prolonged Gαi activation can enhance cAMP production (Brust et al., 2015). 

Gα12/13 stimulates Rho-specific GEFs which activate the Rho family of small 

GTPases. These play a role in regulating intracellular actin dynamics (Spiering & 

Hodgson, 2011). Lastly, Gαq/11 activates phospholipase C (PLC), leading to the 

synthesis of diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). DAG 

activates protein kinase C (PKC), and IP3 mediates the release of Ca2+ from 

intracellular stores (Kamato et al., 2015). These effectors play a role in synaptic 

transmission, smooth muscle contraction, and cellular hypertrophy 

(Wettschureck & Offermanns, 2005). Although it was once thought that 

individual GPCRs primarily coupled to one type of G protein, it is now known 

that GPCRs can be promiscuous, signalling via multiple G protein subtypes 

(Wootten et al., 2018). 

Initially, Gβγ subunits were considered an accessory component of G protein 

signalling, thought to facilitate the reassociation and anchoring of the G protein 

complex with the plasma membrane (Calebiro et al., 2021). However, it is now 

known that the Gβγ subunit plays a key role in signal transduction (Smrcka & 

Fisher, 2019). After the dissociation of Gβγ from Gα, multiple Gβγ surfaces 

become exposed, allowing for interactions with receptors, membrane proteins, 

and a number of downstream effectors. For example, Gβγ plays a role in 

regulating Ca2+ and K+ channels (Logothetis et al., 1987; Ikeda, 1996; Waard et 

al., 1997), mitogen-activated protein kinases (MAPKs) (Luttrell et al., 1997), 

phosphatidylinositol 3-kinase γ (P13Kγ) (Brock et al., 2003), and PLC-β (Park et 

al., 1993; Illenberger et al., 2003) (Figure 1-2).  
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Figure 1-2 G protein-dependent signalling. Following activation of a GPCR, conformational 
changes induce the exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) 
on the Gα subunit. This results in dissociation between the Gα and Gβγ subunits. Gα proteins are 
grouped into four subfamilies: GαS, Gαi, Gα12/13, and Gαq/11. GαS and Gαi proteins regulate adenylyl 
cyclase activity. Gα12/13 activates the Rho family of GTPase by stimulating Rho-specific guanosine 
exchange factors (GEF). Gαq/11 stimulates phospholipase C (PLC), which leads to an increase in 
intracellular calcium (Ca2+) through IP3 synthesis. PLC also leads to diacylglycerol (DAG) 
synthesis, which activates protein kinase C (PKC). Dissociated Gβγ subunits activate effectors 
such as ion channels, mitogen-activated protein kinases (MAPK), phosphatidylinositol 3-kinase γ 
(P13Kγ), and PLC-β. Figure created using Reactome Icon Library, licensed under CC BY 4.0 
(Sidiropoulos et al., 2017). 
 

1.1.2.2 Receptor Desensitisation and G Protein-independent Signalling  

The signalling of GPCRs is terminated by receptor phosphorylation at threonine 

and serine residues located in the C-terminus and/or intracellular loops. This is 

mediated by GPCR kinases (GRKs) when the receptor is in an agonist-bound state 
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(Tobin, 2008). This phosphorylation increases the receptor’s affinity for 

β-arrestin binding, which mediates desensitisation by preventing the Gα subunit 

from binding to the receptor (Carman & Benovic, 1998) (Figure 1-3). This is due 

to the overlapping of the β-arrestin and Gα binding interfaces (Szczepek et al., 

2014). Thus, G protein-dependent signalling is terminated. This process is 

important as prolonged GPCR signalling can be toxic to the cell (Rajagopal & 

Shenoy, 2018). Furthermore, β-arrestin facilitates clathrin-mediated endocytosis 

upon association with a GPCR. This results in receptor internalisation and the 

resulting intracellular vesicles are targeted for either recycling to the cell 

membrane or degradation (Goodman et al., 1996). Receptor phosphorylation can 

also occur independently from agonist-binding in a process known as 

heterologous desensitisation. This is via second messenger kinases such as PKC 

and protein kinase A (PKA) (Pierce & Lefkowitz, 2001; Carmona-Rosas et al., 

2019). This process directly uncouples a GPCR and its G proteins, thus halting 

G protein-dependent signalling. 

Apart from the role β-arrestin plays in GPCR desensitisation, it has recently been 

recognised as an important mediator of GPCR signalling. β-arrestins can induce 

signalling cascades by activating effectors such as MAPK (Eichel et al., 2016) and 

act as scaffold proteins for cytoplasmic signalling proteins (DeWire et al., 2007). 

Signalling via β-arrestin is slower and more sustained compared to 

G protein-dependent signalling (Shenoy et al., 2006).  

Activated receptors display distinct phosphorylation patterns, known as a 

phosphorylation barcode; therefore, the downstream functional outcomes are 

diverse (Butcher et al., 2011). The phosphorylation pattern is also dependent on 

the GRK expression. As kinase expression differs between cell types, this results 

in cell type-specific signalling (Tobin, 2008).  
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Figure 1-3 G protein-independent signalling. Following agonist-binding and G protein-signalling, 
GPCR kinases (GRK) phosphorylate threonine and serine residues on the intracellular loops or 
C-terminal tail of the GPCR. This recruits β-arrestin to the receptor, thus preventing G protein 
binding (receptor desensitisation). The GPCR is then internalised in intracellular vesicles. 
Moreover, GPCRs are able to signal via β-arrestin. Figure created using Reactome Icon Library, 
licensed under CC BY 4.0 (Sidiropoulos et al., 2017). 
 

1.1.3 GPCR Pharmacology 

The activity of a receptor after ligand binding can be described using a number 

of parameters, such as efficacy, affinity, and potency. Efficacy measures the 

ability of a ligand to induce a response from the receptor (Kenakin, 2002). 

Affinity measures the strength of the interaction between the ligand and its 

receptor (Rosenkilde & Schwartz, 2000). Lastly, the potency of a ligand 

measures the amount of drug needed for an effect of a given magnitude. 

Usually, this is quantified as the ligand concentration necessary to evoke 50% of 

the ligand’s maximal response (EC50) (Weatherall, 1966).  

The activity of a GPCR can be pharmacologically manipulated using ligands that 

either bind to the same site as the endogenous ligand, known as the orthosteric 

site, or by ligands that bind to a site that is topologically distinct from the 

orthosteric binding site, known as the allosteric site (Wootten et al., 2013). 

Ligands binding to the receptor's orthosteric site can be categorised as full, 

partial, or inverse agonists, or neutral antagonists (Figure 1-4A). Endogenous 

ligands usually maximally activate their GPCR and are thus considered full 

agonists. Agonists that do not maximally activate their GPCR are defined as 

partial agonists. By contrast, antagonists block receptor activity. These can 
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either be inverse agonists, which reduce the constitutive activity of a receptor, 

or neutral antagonists, which inhibit the effect of an agonist, but do not alter 

constitutive activity (Wacker et al., 2017).  

Allosteric ligands can be characterised based on their effect on the orthosteric 

ligand: they can affect the efficacy or binding affinity of the orthosteric ligand, 

or they can exert an effect that is independent of the orthosteric ligand 

(Langmead & Christopoulos, 2006). The modulation of GPCRs using allosteric 

ligands is an attractive therapeutic option as they can be developed to have 

increased spatial and temporal selectivity (Christopoulos et al., 2014). Positive 

allosteric modulators (PAMs) increase the efficacy/affinity of the orthosteric 

ligand, negative allosteric modulators (NAMs) decrease the efficacy/affinity of 

the orthosteric ligand, and silent allosteric modulators (SAMs) have no effect on 

the efficacy/affinity of the orthosteric ligand, but block PAM or NAM activity by 

acting as a competitive agonist at the allosteric site (Figure 1-4B).  

 

Figure 1-4 The pharmacology of GPCR ligands. Simplified concentration response curves 
demonstrating the activity of (A) orthosteric and (B) allosteric ligands. (A) Full (red) and partial 
(blue) orthosteric ligands result in a maximum or partial activation of the receptor, respectively. 
Orthosteric antagonists (black) elicit no response from the receptor. Inverse agonists (green) 
reduce the receptor’s constitutive activity. (B) The concentration response curve of an orthosteric 
ligand is shown in black. Allosteric ligands bind to a site that is distinct from the orthosteric site. 
These can be classified as positive allosteric modulators (PAM), which increase the activity 
induced by the orthosteric ligand, or negative allosteric modulators (NAM), which inhibit the activity 
induced by the orthosteric ligand. While PAMs increase the efficacy/affinity of the orthosteric ligand, 
NAMs reduce the efficacy/affinity of the orthosteric ligand.  
 

Some ligands can engage both the orthosteric and allosteric sites simultaneously. 

These are known as bitopic ligands and can be agonists or antagonists (Valant et 

al., 2012). Similar to allosteric ligands, bitopic ligands are therapeutically 

attractive as they provide an opportunity for increased selectivity.  
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Ligands targeting GPCRs can exhibit “signalling bias”, which refers to their 

ability to selectively activate a specific signalling pathway whilst minimising 

unwanted side effects from the activation of other pathways (Rajagopal et al., 

2010; Violin et al., 2014; Hauser et al., 2017). For example, ligands can be 

developed to favour coupling to either a G protein or β-arrestin (Maudsley et al., 

2012). Several potential therapeutic ligands which show bias towards one of 

these pathways over the other are currently being investigated in preclinical 

studies or clinical trials. For example, the β-arrestin signalling pathway of the 

M1 muscarinic receptor provides neuroprotective effects and minimises adverse 

responses in rodent models of neurodegenerative disease (NDD) (Scarpa et al., 

2021). A recent FDA-approved drug, oliceridine, which targets the μ-opioid 

receptor (Lambert & Calo, 2020), is designed to not signal via β-arrestin, a 

pathway linked to opioid-induced respiratory depression and constipation  

(Bohn et al., 1999).  

1.1.4 GPCRs as Drug Targets for Central Nervous System 
Disorders 

The diversity of GPCR downstream signalling cascades make GPCRs attractive 

candidates for drug development (Hauser et al., 2017). There are 826 human 

GPCRs, of which approximately 350 non-olfactory GPCRs are considered 

“druggable”. “Druggability” is the ability of a receptor to be targeted by a 

small, potent “drug-like” ligand (Hopkins & Groom, 2002). Of these 350 GPCRs, 

165 have been validated as drug targets, accounting for over 30% of all clinically 

approved drugs (Kunishima et al., 2000; Hauser et al., 2017; Santos et al., 2017).  

Around 25% of all approved GPCR-target drugs target diseases of the central 

nervous system (CNS) (Hauser et al., 2017). Several CNS disorders are NDDs, 

characterised by the progressive degeneration and loss of neurons. Common 

NDDs include Alzheimer’s disease (AD), Huntington’s Disease (HD), Amyotrophic 

lateral sclerosis (ALS), and Parkinson’s disease (PD) (Lamptey et al., 2022). Most 

current treatments for these diseases focus on alleviating disease symptoms 

rather than modifying the underlying disease pathology. Therefore, there is an 

urgent need for the development of novel therapeutics.  
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GPCRs play a role in the pathogenesis of a number of these diseases. For 

example, several GPCRs are downregulated in HD, with several GPCR-targeted 

drugs currently in clinical trials (Hauser et al., 2017). A number of 

GPCR-targeted drugs are in clinical trials for AD (Hauser et al., 2017), and GPCRs 

play a role in several neurotransmitter systems that are dysregulated in AD, such 

as the glutamatergic (Conway, 2020), cholinergic (Ferreira-Vieira et al., 2016), 

and serotonergic (Chakraborty et al., 2019) pathways. The dysregulation of the 

glutamatergic system, for example, is discussed in this thesis (see 1.3.2.2). 

Despite the large number of GPCR-target drugs, just over 10% of GPCRs have 

approved drugs targeting them (Sriram & Insel, 2018). However, as new 

functions are uncovered and orphan receptors are deorphanized, the number of 

GPCR-targeted drugs is hoped to increase (Laschet et al., 2018). 

1.2 Glutamate Receptors 

The type 5 metabotropic glutamate receptor (mGlu5) is a GPCR that has been 

proposed as a potential therapeutic target for the treatment of NDDs and is the 

focus of this thesis. However, as mGlu5 plays an important role in the modulation 

of N-methyl-ᴅ-aspartate (NMDA) receptor signalling, these are also discussed in 

this introduction. 

1.2.1 Classification 

Glutamate, the major excitatory neurotransmitter in the CNS, acts on two types 

of receptors: ionotropic receptors, which mediate fast, excitatory responses, 

and metabotropic receptors, which mediate slow, long-lasting responses  

(Conn & Pin, 1997). Ionotropic glutamate receptors are classified by function 

and molecular homology into three classes: NMDA, α-amino-3-hydroxy-5-methyl-

4-isoxazole propionic acid (AMPA), and kainate receptors. Each ionotropic 

glutamate receptor comprises a tetrameric assembly of multiple subunits 

exclusive to each receptor class (Rojas & Dingledine, 2013). The mGlu receptors 

belong to the glutamate (class C) GPCR subfamily (see section 1.1.1). The eight 

members of the mGlu family are divided into three subgroups based on their 

pharmacological profile and sequence homology (Table 1-1). Members within 

each group share around 70% of their sequence homology, while between 
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groups, sequence homology is reduced to approximately 45% (Conn & Pin, 1997). 

The mGlu5 receptor belongs to group I, along with the mGlu1 receptor, and 

predominantly couples to Gαq/11 proteins, which stimulate PLC, leading to the 

synthesis of DAG and IP3, which in turn leads to intracellular Ca2+ release (see 

section 1.1.2.1 and 1.2.5).  

Table 1-1 Group classification of metabotropic glutamate receptors. 
Subgroup Receptors G protein Synaptic 

localisation* 

Function** 

Group I mGlu1 

mGlu5 

Gαq/11 Mainly 

postsynaptic  

Stimulation of PLC and adenylyl 

cyclase, MAPK phosphorylation, 

increase NMDA receptor activity  

Group II mGlu2 

mGlu3 

Gαi Mainly 

presynaptic  

Inhibition of adenylyl cyclase, 

activation of K+ channels, 

inhibition of Ca2+ channels, 

decrease NMDA receptor activity 

Group III mGlu4 

mGlu6 

mGlu7 

mGlu8 

Gαi Mainly 

presynaptic  

Inhibition of adenylyl cyclase, 

activation of K+ channels, 

inhibition of Ca2+ channels, 

decrease NMDA receptor activity 

*(Shigemoto et al., 1993) **(Niswender & Conn, 2010) 

1.2.2 Ionotropic Glutamate Receptors 

Ionotropic glutamate receptors are ligand-gated ion channels (Traynelis et al., 

2010). Among these receptors, NMDA and AMPA receptors are the most 

extensively studied. AMPA receptors are primarily localised to the postsynaptic 

membrane of glutamatergic neurons (Patriarchi et al., 2018). They exist as 

either homo- or hetero-tetramers with four subunits (GluA1-4). The GluA2 

subunit determines whether an AMPA receptor is permeable to Ca2+: 

GluA2-containing AMPA receptors are Ca2+-impermeable and mainly expressed on 

excitatory projection neurons (Lodge, 2009), whereas GluA2-lacking AMPA 

receptors are Ca2+-permeable and are mainly expressed on inhibitory 

interneurons (Mahanty & Sah, 1998). In addition, AMPA receptors are expressed 

on glial cells, including astrocytes and microglia (Ceprian & Fulton, 2019). Their 

activation on microglia contributes to the release of pro-inflammatory cytokines 

(Noda, 2013).  
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Like mGlu5 receptors (see 1.2.3), NMDA receptors are primarily localised to the 

postsynaptic membrane of glutamatergic neurons but can also be found on 

presynaptic membranes. They exist as obligate heterodimers, with two GluN1 

subunits and either two GluN2 subunits or a combination of GluN2 and GluN3 

subunits (Paoletti, 2011). The activation of NMDA receptors requires the binding 

of both glutamate and the co-agonist glycine (Johnson & Ascher, 1987), in 

addition to the removal of a Mg2+ block by membrane depolarisation (Mayer et 

al., 1984). Upon opening, NMDA receptors allow positively charged ions, such as 

Ca2+, to enter the cell (Furukawa et al., 2005). The signalling of NMDA receptors 

is slower and more prolonged than AMPA receptor signalling due to the 

requirement for membrane depolarisation and the slower kinetics of activation 

and desensitisation (Paoletti, 2011). Like AMPA receptors, NMDA receptors are 

expressed in astrocytes, although their specific functions in astrocytes are poorly 

understood (Skowrońska et al., 2019). It has been suggested that NMDA 

receptors containing a GluN2C subunit may regulate synaptic strength in 

hippocampal astrocytes (Chipman et al., 2021). As discussed later in this thesis, 

mGlu5 receptors are physically associated with NMDA receptors and can 

modulate their signalling (see 1.2.6.1). 

1.2.3 Distribution of mGlu5 Receptors 

There are two isoforms for the mGlu5 receptor, mGlu5a and mGlu5b (Joly et al., 

1995; Minakami et al., 2002). These isoforms have a similar structure except for 

the insertion of a 32 amino acid region in the C-terminus of mGlu5b (Joly et al., 

1995). While mGlu5 is expressed in most brain regions, mGlu5a is the 

predominant isoform during early postnatal development, and mGlu5b is the 

predominant isoform in adulthood (Romano et al., 1996; Minakami et al., 2002). 

The differential expression of the two isoforms suggests that they may have 

distinct functions during development.  

In situ hybridisation and RNA blot analysis have been used to analyse the 

expression of mGlu5 mRNA in the CNS (Figure 1-5A). In adults, mGlu5 is found in 

the hippocampus, cerebral cortex, striatum, olfactory bulb, and basal ganglia 

(Shigemoto et al., 1993; Wong et al., 2013). The highest expression is found in 

the hippocampus and basal ganglia and the lowest in the pons/medulla and 
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cerebellum (Abe et al., 1992; Shigemoto et al., 1993). Moreover, mGlu5 is 

abundantly expressed in spinal cord neurons (Valerio et al., 1997). 

Although also found on the presynaptic membrane, mGlu5 is predominantly 

expressed on the postsynaptic membrane of glutamatergic neurons (Figure 5-1B) 

(Luján et al., 1996). Along with mGlu1, it is localised in perisynaptic zones, 

where synaptic vesicle endocytosis occurs (Brodin & Shupliakov, 2006). A large 

proportion (50-80%) of mGlu5 receptors are found on intracellular membranes, 

such as the endoplasmic reticulum and nuclear membrane (Figure 5-1B) (Hubert 

et al., 2001; Kumar et al., 2008). These intracellular receptors are oriented with 

the C-terminal tail in the cytoplasm and the N-terminal tail in the lumen of the 

organelle, thus allowing access to the same cytoplasmic effectors as mGlu5 that 

is expressed on the plasma membrane (Jong et al., 2014). However, in order to 

reach intracellular mGlu5, ligands need to be transported or diffuse across the 

plasma membrane (Jong et al., 2005). Glutamate stimulates intracellular mGlu5 

after being transported into the cell via excitatory amino-acid transporters 

(EAATs) or cysteine-glutamate exchangers (xCT) (Jong et al., 2005). The 

activation of intracellular mGlu5 results in distinct downstream signalling 

pathways and Ca2+ responses as compared to mGlu5 receptors on the cell surface 

(Jong et al., 2009).  

In addition to its neuronal expression, mGlu5 is found in glial cells, including 

microglia and astrocytes (Loane et al., 2012). In rodents, mGlu5 expression has 

been observed in astrocytes isolated and maintained in culture from the cortex, 

hippocampus, striatum, and thalamus, but not the spinal cord or cerebellum 

(Biber et al., 1999; Silva et al., 1999). In cells isolated from rodent tissue and 

brain slices, the expression of mGlu5 in astrocytes peaks during 

neurodevelopment. This expression then decreases with age, suggesting that the 

role of astrocytic mGlu5 decreases with age (Cai et al., 2000).  

The expression of mGlu5 in the brain is altered in both ageing humans and those 

with a NDD. This is discussed in more detail in section 4.1.1.  
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Figure 1-5 Regional, synaptic, intracellular, and cellular expression of mGlu5. (A) Sagittal 
slice of a mouse brain showing mGlu5 expression in the hippocampus (Hi), cerebral cortex (CTX), 
striatum (St), and olfactory bulb (OB). (B) Although found on the pre-synaptic membrane, mGlu5 is 
predominantly expressed in perisynaptic zones on the postsynaptic membrane. In addition, mGlu5 
is expressed on intracellular membranes, including the endoplasmic reticulum (ER) and nuclear 
membranes. (C) In addition to its expression on neurons, mGlu5 is expressed on glial cells, 
including astrocytes and microglia. Figure created using Reactome Icon Library, licensed under CC 
BY 4.0 (Sidiropoulos et al., 2017). 
 

1.2.4 Structure of mGlu5 Receptors 

As discussed in section 1.1, all GPCRs have a similar core architecture 

(Venkatakrishnan et al., 2013). Glutamate receptors commonly exist as obligate 

dimers (McCullock & Kammermeier, 2021) (Figure 1-6). This is true for mGlu5, 

which is functional as a homodimer (Romano et al., 1996; Pin & Bettler, 2016; 

Nasrallah et al., 2021). This dimerisation is mediated by an intermolecular 

disulphide bridge that forms between the extracellular domain of each monomer 

(Nasrallah et al., 2021). In addition, mGlu5 can form an intra-group heterodimer 

with mGlu1, but it cannot associate with mGlu receptors in the other groups 

(Nicoletti et al., 2011).  

Glutamate receptors have a large extracellular VFT domain on their N-terminal 

tail. The VFT domain contains two lobes that close around glutamate upon 

binding, forming the orthosteric binding site (Kunishima et al., 2000). In an 

inactive state, neighbouring VFT domains have a single interaction interface 

primarily composed of hydrophobic residues and stabilised by a conserved 

disulphide bond (Koehl et al., 2019). This disulphide bond is not required for 

signalling or dimer formation (Ray & Hauschild, 2000). Linking the VFT domain to 

the 7 TM domain is a semi-rigid CRD which plays an important role in relaying 
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the conformational changes induced by glutamate in the VFT domain to the 

7 TM, thereby facilitating coupling with intracellular effectors (Rondard et al., 

2006; Nasrallah et al., 2021).  

Cryoelectron microscopy (cryo-EM) structures have revealed how the VFT 

domain, CRD, and 7 TM domain of mGlu5 reorganise upon receptor activation 

(Koehl et al., 2019). The binding of an agonist to a VFT lobe stabilises it in a 

closed state and reorients the VFT dimer into an active state. While closure of 

one VFT lobe is sufficient for activation of the receptor, closure of both lobes is 

necessary for full efficacy (Kniazeff et al., 2004). In contrast, the binding of an 

antagonist to a VFT lobe stabilises it in an open and inactive dimer state (Pin & 

Bettler, 2016). Following agonist-binding, the mGlu5 dimer compacts and the 

CRDs of adjacent VFT domains are brought into close proximity to each other 

(Figure 1-6B) (Kunishima et al., 2000; Koehl et al., 2019). This conformational 

change is propagated through the CRD to the second ECL (ECL2) of the 7 TM 

domain. In the resting state, the two 7 TM domains that make up the dimer are 

completely separated (Figure 1-6A). When activated, the conformational 

changes bring these into close proximity to each other, and intermolecular 

interactions occur at the top of the sixth TM (TM6) of each dimer (Koehl et al., 

2019) (Figure 1-6B). This TM6-TM6 interaction is a key hallmark of mGlu5 

activation, which promotes G protein coupling to the 7 TM domain, in the 

vicinity of the allosteric binding site (Nasrallah et al., 2021).  
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Figure 1-6 Schematic of mGlu5 activation. (A) In an inactive state, the mGlu5 dimers are 
physically separated, and the Venus flytrap domain (VFT) is stabilised in an inactive position. 
(B) Upon binding of glutamate (dark blue circle), a conformational change occurs. The VFT domain 
is stabilised in an active state, and the two 7 transmembrane domains (7 TM) and cysteine-rich 
domains (CRD) are brought into close proximity with each other. This conformational change 
promotes G protein coupling to the 7 TM domain and receptor activation. Figure created using 
Reactome Icon Library, licensed under CC BY 4.0 (Sidiropoulos et al., 2017). 
 

The main allosteric binding site of mGlu receptors is found in the 7 TM domain, 

situated between TM2, TM3, TM5, TM6, and TM7 (Figure 1-7). Crystal structures 

have revealed that this site overlaps with the orthosteric binding site in the 

rhodopsin (class A) receptor family (Doré et al., 2014; Christopher et al., 2015, 

2019). To allow for the binding of group I-specific ligands, group I mGlu 

receptors have three hydrophilic residues at the entrance to their allosteric 

binding site. Notably, the allosteric binding pocket of mGlu1 has been shown to 

sit higher in the 7 TM domain than that of mGlu5 (Bennett et al., 2015; Gregory 

& Conn, 2015).  

A second allosteric binding site has been proposed for mGlu5. Several mGlu5 

PAMs have shown non-competitive behaviour with a 2-methyl-6-(phenylethynyl) 

pyridine (MPEP) radioligand, which is known to bind to the well characterised 

allosteric binding pocket in the 7 TM domain (O’Brien et al., 2004; Noetzel et 
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al., 2013). Mutagenesis studies have suggested that a phenylalanine residue 

located in TM1 may contribute to this second allosteric binding pocket (Chen et 

al., 2008). Mutations in this residue do not affect the binding of ligands to the 

MPEP allosteric site and vice versa (Chen et al., 2008).  

 

 

Figure 1-7 Schematic of the allosteric binding sites of mGlu5. Allosteric modulators (red 
hexagon) bind to a site that is topographically distinct from the orthosteric site, known as the 
allosteric site, in the 7 transmembrane domain (7TM). The main allosteric site of mGlu5 is situated 
between TM2 and TM7. A phenylalanine (Phe) residue in TM1 (yellow star) may contribute to a 
second allosteric binding site. The simultaneous binding of an allosteric modulator and an 
orthosteric agonist (dark blue circle) affects the efficacy and affinity of the orthosteric agonist. 
Some allosteric modulators can exert their effect without orthosteric ligand binding. Figure adapted 
from Budgett et al., 2022 and created using Reactome Icon Library, licensed under CC BY 4.0 
(Sidiropoulos et al., 2017). 
 

1.2.5 Signalling of mGlu5 Receptors 

As a glutamate (class C) receptor, mGlu5 preferentially couples to Gαq/11 proteins 

upon activation. Gαq/11 activates PLC-β, which hydrolyses membrane-bound 

phosphoinositides into IP3 and DAG. Subsequently, IP3 binding to its receptors 

releases Ca2+ from intracellular stores (Masu et al., 1991; Abe et al., 1992; 

Hermans & Challis, 2001). Unlike mGlu1, which induces a single peak of Ca2+ 

release, mGlu5 is able to induce Ca2+ oscillations (Kawabata et al., 1996). The 

generation of Ca2+ oscillations is due to the phosphorylation of a threonine 

residue in mGlu5 by PKC, which is not found in mGlu1 (Kawabata et al., 1996). 
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Intracellular Ca2+, together with DAG, can modulate the activation of a variety 

of cellular substrates such as PKC, MAPK, and ion channels, providing diverse 

downstream signalling effects (Hermans & Challis, 2001; Conn et al., 2009). 

In addition to coupling to Gαq/11, mGlu5 has been shown to interact with GαS in 

HEK293 cells (Francesconi & Duvoisin, 1998), leading to increased cAMP 

formation (Joly et al., 1995). However, cAMP formation is not observed when 

mGlu5 is expressed in CHO cells or cultured astrocytes (Abe et al., 1992; Balázs 

et al., 1997), suggesting that the promiscuous activity of mGlu5 is cell-type 

dependent.  

The termination of mGlu5 signalling is initiated by the phosphorylation of 

threonine and serine residues in the C-terminus by GRKs, which initiates 

desensitisation and the recruitment of β-arrestin (see section 1.1.2.2). This 

process uncouples the receptor from its G proteins and initiates receptor 

internalisation (Ferguson, 2001; Dhami & Ferguson, 2006). GRK2 has been 

demonstrated to contribute to the phosphorylation of mGlu5, but it is also able 

to uncouple mGlu5 and Gαq/11 in a phosphorylation-dependent manner (Sorensen 

& Conn, 2003; Dhami & Ferguson, 2006; Ribeiro et al., 2009). PKC 

phosphorylation can also desensitise group I mGlu receptors (Alaluf et al., 1995; 

Gereau & Heinemann, 1998). In addition to the role of β-arrestin in receptor 

desensitisation, mGlu5 is able to signal via β-arrestin (Stoppel et al., 2017). 

Although there is currently no evidence for the coupling of β-arrestin directly to 

mGlu5, they have been shown to co-immunoprecipitate (Eng et al., 2016). 

Moreover, β-arrestin is required for some signalling pathways downstream of 

mGlu5 (Stoppel et al., 2017).  

Several proteins, other than G proteins, interact with mGlu5 at the plasma 

membrane. For example, Homer proteins bind to the C-terminal tail of mGlu5 

(Brakeman et al., 1997), linking mGlu5 with a number of signalling effectors such 

as PLC, P13K and the IP3 receptor (Tu et al., 1998; Xiao et al., 1998; Rong et al., 

2003). Moreover, Homer proteins enable mGlu5 to form physical connections 

with membrane proteins, including NMDA receptors, via connections with other 

scaffolding proteins such as postsynaptic density 95 (PSD95), guanylate 

kinase-associated protein (GKAP) and SHANK (Tu et al., 1999).  
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A number of effectors downstream of mGlu5 have been identified, including 

MAPK, mammalian target of rapamycin (mTOR), cAMP response element binding 

protein (CREB), and extracellular signal-regulated kinase 1/2 (ERK1/2). These 

are shown in Figure 1-8 and discussed in more detail in section 1.2.6.  

Figure 1-8 Schematic of mGlu5 signalling pathways. Upon glutamate binding, mGlu5
predominantly couples to Gαq/11 proteins, which activate phospholipase C-β (PLC-β), which 
mediates the hydrolysis of phosphoinositide (PIP2) into inositol-1,4,5-triphosphate (IP3) and 
diacylglycerol (DAG). IP3 binds to IP3 receptors (IP3R) on the endoplasmic reticulum, resulting in 
the release of calcium (Ca2+). Ca2+ and DAG activate protein kinase C (PKC). PKC activates a 
number of effectors including mitogen-activated protein kinases (MAPK). PKC and GRK2 are able 
to terminate mGlu5 signalling by uncoupling the G protein. mGlu5 inhibits TASK and TREK K+ 
channels via the depletion of PIP2 and the activation of DAG.  Autophagy is regulated by mGlu5 via 
alterations in the Unc-51-like kinase 1 (ULK1) and zinc finger and BTB domain-containing protein 
(ZBTB16) pathways. Additionally, mGlu5 recruits β-arrestin, which mediates the activation of other 
signalling pathways, including ERK1/2 recruitment. ERK1/2 phosphorylation activates transcription 
factors such as Elk-1, c-Jun, and cAMP response element binding protein (CREB). CREB 
modulates the transcription of learning and memory-related genes such as Arc, c-fos, and erg-1. 
Homer proteins bind to the C-terminal tail of mGlu5 and allow the formation of protein complexes 
which bridge mGlu5 to ligand-gated receptors, such as NMDA. This protein bridge includes 
SHANK, guanylate kinase-associated protein (GKAP), and postsynaptic density 95 (PSD95). 
NMDA is activated by mGlu5, and the subsequent influx of Ca2+ into the cell activates calcineurin 
(CaN), which reduces mGlu5 desensitisation. NMDA and mGlu5 also interact to regulate ERK1/2 
phosphorylation. In addition, the association of Homer proteins with mGlu5 results in an increase in 
phosphatidylinositol 3-kinase (P13K) activity, which is mediated by phosphatidylinositol 
triphosphate (PIKE). Subsequently, this results in protein kinase B (Akt) phosphorylation and the 
activation of mammalian target of rapamycin (mTOR). mTOR is able to modulate autophagy via 
interactions with ULK-1. Figure adapted from (Abd-Elrahman & Ferguson, 2022) and created using 
Reactome Icon Library, licensed under CC BY 4.0 (Sidiropoulos et al., 2017). 
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1.2.6 The Function of mGlu5 Receptors in the CNS 

1.2.6.1 Modulation of Other Receptors 

Electrophysiological studies have shown that mGlu5 receptors expressed on the 

postsynaptic membrane can modulate the activity of ligand- and voltage-gated 

ion channels in the CNS. In particular, group I mGlu receptors, including mGlu5, 

can contribute to cellular excitability by inhibiting background K+ channels, thus 

affecting membrane potential. Background K+ channels, which control the 

resting potential of a cell, are made up of four transmembrane segments and 

have two pore domains (K2P) in their primary sequence (Lesage & Lazdunski, 

2000; Patel & Honoré, 2001). Of the K2P family of K+ channels, TREK and TASK 

channels are highly expressed in the CNS (Duprat, 1997; Fink, 1998; Lesage & 

Lazdunski, 2000; Lauritzen et al., 2005). Glutamate inhibits TASK and TREK 

channels via Gαq/11-coupled mGlu receptors, including mGlu5. This occurs 

through two distinct pathways. Firstly, via the depletion of PIP2 and the 

synthesis of IP3 following the activation of PLC. And secondly, the channels are 

directly blocked by DAG (Chemin, 2003). Inhibition of background K+ channels 

induces membrane depolarisation and the subsequent firing of an action 

potential (Patel et al., 1999). 

In addition, mGlu5 is able to modulate currents conducted by ligand-gated ion 

channels, including NMDA receptors. NMDA receptors are physically associated 

with mGlu5 via the interaction of Homer proteins with SHANK, GKAP, and PSD95 

(Tu et al., 1999). NMDA receptors play an important role in synaptic function and 

plasticity (Salter, 1998), and their physical association with mGlu5 has been 

shown to be crucial for long-term potentiation (Awad et al., 2000). The 

activation of mGlu5 results in NMDA receptor activation and the entry of Ca2+ 

into the cytoplasm (Salter, 1998; Awad et al., 2000; Huang & van den Pol, 2007). 

This positive modulation of NMDA receptors via mGlu5 has been observed after 

the addition of a mGlu5 agonist to rat hippocampal slices (Doherty et al., 1997), 

mouse striatal medium spiny neurons (Pisani et al., 2001), and rat subthalamic 

nucleus slices (Awad et al., 2000). The influx of Ca2+ into the cell activates 

calcineurin (CaN), which subsequently reduces the desensitisation of mGlu5.  
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Furthermore, mGlu5 has been found to have functional interactions with 

dopaminergic neurons (Vezina & Kim, 1999). Although mGlu5 is not located on 

dopaminergic neurons (Testa et al., 1994), mGlu5 activation has been observed 

to reduce K+-stimulated dopamine release. For example, activating mGlu5 

reduced dopamine in the nucleus accumbens (Liu et al., 2008). Conversely, the 

mGlu5 NAM MPEP has been found to enhance dopamine release in the prefrontal 

cortex (Homayoun et al., 2004). It is thought that mGlu5 may modulate the 

activity of dopaminergic neurons either directly or indirectly through interaction 

with other neurotransmitter systems, such as the GABAergic (Smolders et al., 

1995) and cholinergic (Tallaksen-Greene et al., 1998) systems.  

In addition, mGlu5 plays a role in the activation of the endocannabinoid system. 

Endocannabinoids, including anandamide and 2-arachidonoylglyercol (2-AG), are 

endogenous lipids with similar properties to cannabinoids (Chanda et al., 2019). 

They are typically synthesised in postsynaptic neurons and exert their effects via 

cannabinoid receptors located at presynaptic terminals. The primary 

cannabinoid receptor in the CNS is cannabinoid receptor 1 (CB1), which is a 

Gαi/o-coupled receptor. In the CNS, CB1 is predominantly expressed in the 

hippocampus, cerebral cortex, cerebellum, and basal ganglia (Katona et al., 

2006). The activation of mGlu5 by glutamate stimulates endocannabinoid 

formation through both Ca2+-dependent (Cadas et al., 1996) and 

Ca2+-independent (Ohno-Shosaku et al., 2002) mechanisms. In addition, 

mGlu5-dependent endocannabinoid synthesis occurs following the interaction of 

homer proteins with PLCβ and diacylglycerol lipase-α (Jung et al., 2007, 2012). 

Following synthesis, endocannabinoids activate CB1 receptors on nearby 

presynaptic terminals. This activation subsequently inhibits neurotransmitter 

release, including GABA and glutamate (Shen et al., 1996; Ohno-Shosaku et al., 

2001; Wilson et al., 2001; Marsicano et al., 2003; Kano et al., 2009). Together, 

mGlu5 and CB1 have been shown to promote neuronal survival and activate 

neuroprotective pathways, such as ERK1 (Batista et al., 2016).  

1.2.6.2 Role in Cellular Processes  

Recent studies have demonstrated that mGlu5 plays a role in regulating 

autophagy, a cellular process responsible for the clearance of organelles and 

protein aggregates (Menzies et al., 2017). One mechanism by which mGlu5 
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regulates autophagy is through the zinc finger and BTB domain-containing 

protein (ZBTB16)-dependent pathway (Abd-Elrahman et al., 2017, 2018). In AD 

mouse models, aberrant mGlu5 signalling inhibits autophagy (Zhang et al., 2015; 

Abd-Elrahman et al., 2017). Following the genetic deletion or pharmacological 

blockade of mGlu5 in AD mice, autophagy is restored via alterations in the 

Unc-51-like kinase 1 (ULK1)-dependent and ZBTB16 pathways (Abd-Elrahman et 

al., 2018). Similarly, targeting mGlu5 in a mouse model of HD reduced the 

activation of ULK1-dependent autophagy via the activation of mTOR 

(Abd-Elrahman et al., 2017). In addition, mGlu5 has been shown to regulate 

autophagy in a rat model of chronic migraine through mTOR signalling (Niu et 

al., 2021).  

The role of mGlu5 in apoptosis, the process of programmed cell death (Elmore, 

2007), is complex, with studies showing both pro- and anti-apoptotic effects.  

In mouse primary cortical astrocytes, the upregulation of mGlu5 expression after 

oxygen-glucose deprivation was found to contribute to the apoptosis of 

astrocytes, suggesting that astrocytic mGlu5 plays a pro-apoptotic role (Paquet 

et al., 2013). This pro-apoptotic effect was reduced in astrocytes cultured from 

mGlu5 knockout mice. Similarly, in a mouse model of HD, chronic antagonism of 

mGlu5 using the NAM 2-chloro-4-((dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-

imidazol-4yl)ethynyl)pyridine (CTEP) led to a decrease in neuronal apoptosis and 

a related increase in cell survival (Abd-Elrahman et al., 2017). On the other 

hand, in primary neuronal cultures, the activation of mGlu5 was observed to 

reduce caspase-dependent neuronal apoptosis (Movsesyan et al., 2004). It is 

likely that the role of mGlu5 in apoptosis is cell-type and context-dependent.  

1.2.6.3 Modulation of Synaptic Plasticity  

One of the most studied roles of mGlu5 in the CNS is in synaptic plasticity, 

specifically long-term potentiation (LTP) and long-term depression (LTD). LTP is 

the strengthening of synapses, whereas LTD is a long-lasting decrease in synaptic 

strength. As memories are encoded by synapse modification, synaptic plasticity 

is thought to be a major cellular mechanism underlying learning and memory 

processes (Magee & Grienberger, 2020). Two brain regions are particularly 

important for learning and memory: the hippocampus plays an important role in 

short-term cognition and working memory, and the cortices store this 
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information (Frankland & Bontempi, 2005). These brain regions have abundant 

mGlu5 expression (Romano et al., 1996). In rodent studies, the knockout of 

mGlu5 has highlighted the role of mGlu5 in learning and memory processes, with 

knockout animals exhibiting impaired spatial learning in the Morris water maze, 

with a reduction in learning acquisition, and they show decreased contextual 

fear conditioning (Lu et al., 1997; Xu et al., 2009). Moreover, these knockout 

animals display a decrease in LTP in the CA1 region of the hippocampus (Lu et 

al., 1997). Similarly, the chronic administration of the mGlu5 NAM MPEP in rats 

impairs spatial, working, and reference memory, in addition to LTP 

(Manahan-Vaughan & Braunewell, 2005; Bikbaev et al., 2008).  

Several signalling pathways downstream of mGlu5 activation have been 

implicated in the contribution of mGlu5 to learning and memory processes. One 

such pathway involves the functional interaction of mGlu5 and NMDA receptors, 

as discussed in section 1.2.6.1 (Tu et al., 1999). The stimulation of NMDA 

receptors results in an influx of Ca2+ into cells which activates a number of 

signalling pathways and contributes to synaptic plasticity (Morris et al., 1986; 

Kullmann & Lamsa, 2007; Lee & Silva, 2009). The activation of NMDA receptors 

has been shown to be crucial for the induction of LTP in the CA1 region of the 

hippocampus (Tsien et al., 1996). Importantly, changes in Ca2+ homeostasis is 

associated with memory impairments that develop in ageing (Burke & Barnes, 

2010).  

NMDA and mGlu5 receptors interact synergistically to regulate the 

phosphorylation of ERK1/2 (Yang et al., 2004), an important signalling pathway 

for cell proliferation, differentiation, and survival (Thandi et al., 2002). ERK1/2 

is also recruited to mGlu5 via the scaffolding role of β-arrestin, which recruits 

cytoplasmic effectors to mGlu5 (Ferguson, 2001; Stoppel et al., 2017). The 

mGlu5-dependent activation of ERK1/2, and subsequently synaptic protein 

synthesis and LTP, is abolished in β-arrestin2 knockout mice (Thandi et al., 2002; 

Eng et al., 2016; Stoppel et al., 2017). The stimulation of ERK1/2 signalling 

following mGlu5 activation is independent of PKC and Ca2+ release and is 

required for mGlu receptor-dependent LTD in the hippocampus (Gallagher et al., 

2004). Moreover, ERK1/2 inhibition prevents long-term spatial memory formation 

(Blum et al., 1999). The activation of a number of transcription factors lies 
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downstream of mGlu5-mediated ERK1/2 phosphorylation, including Elk-1, c-Jun, 

and CREB (Choe & Wang, 2001; Gallagher et al., 2004; Kumar et al., 2012). 

These proteins play a key role in mediating LTP (Rush et al., 2002; Gallagher et 

al., 2004; Wang et al., 2007).  

The activation of mGlu5 leads to increased activity of mTOR, an important kinase 

for multiple signalling pathways (Hou & Klann, 2004; Page et al., 2006; Hoeffer 

& Klann, 2010; Huber et al., 2015). Agonist binding to mGlu5 increases P13K 

activity through the association of Homer proteins and phosphatidylinositol 

triphosphate (PIKE) (Rong et al., 2003). P13K converts PIP2 on the plasma 

membrane into PIP3, which activates mTOR via the phosphorylation of protein 

kinase B (Akt) by phosphoinositide-dependent kinase 1/2 (PDK1/2) (Dhami & 

Ferguson, 2006; Niswender & Conn, 2010; Abd-Elrahman & Ferguson, 2019). 

Downstream effectors of mTOR include several proteins that support mRNA 

translation (L. Hou & Klann, 2004; Ronesi & Huber, 2008). The inhibition of 

mTOR has been shown to prevent LTD (Hou & Klann, 2004) and impair the 

formation of long-term fear memory (Parsons et al., 2006). Disruption of the 

mGlu5-Homer-PIKE complex impairs mTOR activation and the subsequent protein 

synthesis that enhances synaptic plasticity (Ronesi & Huber, 2008).  

Through the regulation of three key transcription factors, CREB, c-Jun, and 

nuclear factor κB (NF-κB), mGlu5 is able to regulate synaptic protein expression 

and regulate gene transcription that supports synaptic function (Wang & Zhuo, 

2012; De Souza et al., 2020). CREB plays in important role in synaptic plasticity 

and memory formation (Kandel, 2012). The expression of CREB is reduced in 

aged memory-impaired rats (Brightwell, 2004), and it is dysregulated after fear 

conditioning experiments in the hippocampus of aged rats (Monti et al., 2005). 

CREB modulates the transcription of a number of important learning and 

memory-related genes, including Arc, c-fos, and erg1 (Finkbeiner et al., 1997; 

Bramham & Messaoudi, 2005; Shepherd & Bear, 2011; Kandel, 2012; Wang & 

Zhuo, 2012). A reduced expression of Arc has been shown to correlate with 

age-related cognitive deficits (Monti et al., 2005; Ménard & Quirion, 2012). 

Moreover, the translation of Arc-encoding mRNA in dendrites is thought to 

underlie the induction and maintenance of LTP and LTD (Bramham et al., 2008; 

Shepherd & Bear, 2011). The transcription factor c-fos regulates a number of 
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genes, such as brain-derived neurotrophic factor (BDNF), which promotes 

synaptic processes underlying learning and memory (Finkbeiner et al., 1997; 

Bramham & Messaoudi, 2005). Erg1 is important for the consolidation of 

long-term memory (Jones et al., 2001). The activation of mGlu5 increases CREB 

phosphorylation, resulting in elevated expression of these genes (Kandel, 2012; 

Kumar et al., 2012; Wang & Zhuo, 2012). The phosphorylation of c-Jun plays a 

role in the gene expression underlying synaptic plasticity (Costello & Herron, 

2004; Yang et al., 2006). Similarly, NF-κB, whose expression is increased in the 

cell nucleus following the activation of mGlu5 (O’Riordan et al., 2006; Sitcheran 

et al., 2008), regulates the expression of genes crucial for LTP 

(Mincheva-Tasheva & Soler, 2013). 

1.2.6.4 Regulation of Behaviour 

Aside from its role in learning and memory processes, mGlu5 has been shown to 

play a role in a number of other behaviours. The role of mGlu5 in locomotor 

activity is well established. Knockout mGlu5 mice, in addition to mice treated 

with the mGlu5 NAMs MPEP or 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl] pyridine 

(MTEP), have been shown to have increased locomotor behaviour (Gray et al., 

2009; Olsen et al., 2010; Ribeiro et al., 2014; Xu et al., 2021). Further 

experiments using microinfusion of MPEP into distinct brain regions of mice 

highlighted that mGlu5 in specific regions (specifically the hippocampus, motor 

cortices, and limbic structures) regulated locomotor activity, with different 

locomotor outcomes observed depending on the brain region injected 

(Guimaraes et al., 2015).  

In the spinal cord and periaqueductal grey matter (PAG), mGlu5 has been shown 

to play a key role in mediating pain (Dogrul et al., 2000; Fisher et al., 2002; 

Vincent et al., 2016). Under physiological conditions, mGlu5 expressed in the 

PAG is persistently active and helps to maintain normal sensory perception. 

However, in cases of neuropathic pain, this persistent mGlu5 activation is 

disrupted, leading to chronic pain (Chung et al., 2020). Moreover, the acute 

pharmacological blockade of mGlu5 in the PAG matter results in chronic pain, 

even without nerve injury (Chung et al., 2020).  
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Evidence suggests that mGlu5 and its downstream signalling pathways play an 

important role in regulating sleep. The dysregulation of mGlu5 signalling can lead 

to sleep/wake abnormalities, with downregulation promoting sleep and 

upregulation promoting wakefulness (Ahnaou et al., 2015; Holst et al., 2017). 

Furthermore, knockout mGlu5 mice exhibit more fragmented sleep and struggle 

to adjust to novel tasks following sleep deprivation (Holst et al., 2017; Aguilar et 

al., 2020). In drosophila, a small molecule screening approach found that the 

mGlu5 NAM 3,3′-difluorobenzaldazine (DFB) promoted longer and more 

consolidated sleep in older flies which usually have reduced and fragmented 

sleep (Hou et al., 2023).  

Research suggests that mGlu5 plays a role in regulating social behaviour and 

mood disorders. The treatment of rodent autism spectrum disorders models with 

mGlu5 NAMs has been shown to normalise social deficits and increase social 

investigation (Silverman et al., 2010; Burket et al., 2011; Chung et al., 2015; 

Liao et al., 2018). Moreover, MPEP and MTEP have been shown to decrease 

aggressive behaviour in mice (Navarro et al., 2006; Newman et al., 2012). 

Knockout mGlu5 mice and mice treated with a mGlu5 NAM have been shown to 

have reduced levels of anxiety behaviour (Varty et al., 2005; Olsen et al., 2010; 

Xu et al., 2021). Similarly, the knockout or blockade of mGlu5 has had 

antidepressant-like effects on behavioural despair tests such as the forced swim 

test (Domin et al., 2014; Felts et al., 2017; Pałucha et al., 2005; Shin et al., 

2015). The utility of basimglurant, a mGlu5 NAM, was examined in a phase II 

clinical trial for depression and had some anti-depressant efficacy in some 

secondary endpoints (Quiroz et al., 2016). However, another mGlu5 NAM, 

AZD20666, was found to not be efficacious in a phase II clinical trial for patients 

with mild depressive disorder (clincaltrials.gov; NCT01145755).  

1.2.7 Pharmacology of mGlu5 Receptors 

A diverse repertoire of ligands targeting mGlu5 is available, including orthosteric 

and allosteric ligands. However, the highly conserved orthosteric binding pocket 

between mGlu receptors is a limitation for developing ligands that are selective 

for mGlu5 (Sengmany & Gregory, 2016). Orthosteric ligands, such as  

(S)-3,5-dihydroxyphenyl glycine (DHPG) and quisqualate, block the binding of 

glutamate to mGlu5 in a competitive manner. DHPG was the first orthosteric 
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agonist to be developed that was selective for group I mGlu receptors. It is 

equally potent at both mGlu1 and mGlu5 (Wiśniewski & Car, 2006). Quisqualate is 

another group I receptor agonist, with higher potency than DHPG but less 

selectivity (Pin & Duvoisin, 1995).  

Allosteric modulators are a promising class of compounds for targeting mGlu5, 

offering a number of advantages over orthosteric ligands. As they are binding to 

the allosteric site, which is less conserved than the orthosteric site between 

mGlu receptor subtypes, they allow for greater selectivity. In addition, as most 

allosteric modulators exert their effects following binding of the orthosteric 

agonist, they allow for the fine-tuning of receptor responses in proportion to 

normal receptor physiology (Sengmany & Gregory, 2016). This maintains the 

spatial and temporal pattern of endogenous glutamate signalling (Trinh et al., 

2018) and is in contrast to the complete inhibition or activation of mGlu5 using 

orthosteric ligands, which may lead to adverse or undesirable effects 

(Christopoulos, 2002; Leach et al., 2007).  

The first mGlu5 NAMs to be reported were SIB-1893 and SIB-1757 (Varney et al., 

1998). Since then, mGlu5 NAMs have been developed to show both increased 

potency and selectivity, including MPEP (Gasparini et al., 1999), MTEP (Cosford 

et al., 2003), and CTEP (Lindemann et al., 2011). CTEP is the most potent and 

selective of these (Lindemann et al., 2011). Several mGlu5 NAMs have 

demonstrated promising results in preclinical trials for neurodegenerative 

diseases (NDDs) and disorders, such as mood disorders, that are characterised by 

impaired brain immune function. Some have progressed to phase II clinical trials 

for NDDs but have failed to show efficacy (Budgett et al., 2022). One mGlu5 

NAM, dipraglurant, showed efficacy in a phase II trial in NDD (clinicaltrials.gov: 

NCT01336088) and has recently progressed to phase III (clinicaltrials.gov: 

NCT04857359). However, mGlu5 NAMs have been associated with psychomimetic 

effects in humans, such as insomnia and hallucinations (Friedmann et al., 1980; 

Porter et al., 2005; Abou Farha et al., 2014). These side effects may be due to 

the interaction between mGlu5 and NMDA receptors. The inhibition of NMDA 

receptors caused psychomimetic effects in both rodents and humans, and the 

inhibition of mGlu5 may enhance NMDA inhibition (Marino & Conn, 2002).  
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The first mGlu5 PAM to be identified was DFB (O’Brien et al., 2003). 

Subsequently, [5-chloro-2-[(-1,3-dioxoisoindolin-2-yl)methyl]phenyl]-2-

hydroxybenzamide (CPPHA) was developed and demonstrated increased potency 

(O’Brien et al., 2004). 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide 

(CDPPB) was the first mGlu5 PAM to be developed with sufficient solubility for  

in vivo studies (O’Brien et al., 2003, 2004). PAMs for mGlu5 have shown 

promising efficacy in preclinical models of neurodegeneration, psychosis, and 

drug addiction (Kinney et al., 2005; Rodriguez et al., 2010; Reichel et al., 2011; 

Gregory et al., 2013; LaCrosse et al., 2015). However, they have also been 

linked to adverse side effects in the CNS. For example, mGlu5 PAMs have caused 

seizures, convulsions, and excitability in wild-type rats (Rook et al., 2013; 

Parmentier-Batteur et al., 2014).  

SAMs for mGlu5 allow for the targeting of mGlu5 without an alteration in 

glutamate-mediated signalling (Haas et al., 2017). The mGlu5 SAM BMS-984923 

has shown therapeutic benefit in a mouse model of AD by uncoupling mGlu5 from 

neurotoxic pathways (see 1.3.4.1) (Haas et al., 2017). Recently, a phase I 

clinical trial was conducted to assess its tolerability and safety in human 

patients (Huang et al., 2016; clinicaltrials.gov: NCT04805983). 

Biased agonists have been developed for mGlu5, such as VU29 and CDPPB, two 

PAMs which have higher efficacy for ERK1/2 signalling relative to Ca2+ 

mobilisation (Gregory et al., 2012). Biased agonism is therapeutically attractive, 

as it allows for fine-tuning mGlu5 signalling towards beneficial pathways while 

avoiding those associated with adverse effects (Trinh et al., 2018). The novel 

mGlu5 PAM, VU0409551, potentiates the coupling of mGlu5 to Gαq/11-mediated 

Ca2+ mobilisation but does not result in NMDA activation (Rook et al., 2015). This 

enables VU0409551 to show efficacy in preclinical models whilst avoiding 

adverse side-effects such as seizures (Balu et al., 2016).  
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1.3 The mGlu5 Receptor as a Therapeutic Target for 

Neurodegenerative Disease 

1.3.1 Introduction to NDDs 

The mGlu5 receptor has been highlighted as a potential therapeutic target for a 

number of NDDs (Budgett et al., 2022). Here, the focus is on its potential in AD, 

HD, and ALS, three common NDDs.  

1.3.1.1 Alzheimer’s Disease 

AD is a progressive NDD and the most prevalent form of dementia, affecting an 

estimated 32 million people worldwide. Including those with prodromal and 

preclinical AD, this figure increases to a global estimate of 416 million people 

(Gustavsson et al., 2023). AD patients typically have short-term memory 

difficulties and can also present with impairment in visuospatial processing, 

executive function, language, and attention (Knopman et al., 2021).  

Early-onset AD (EOAD) is a rare and familial form of AD, caused by genetic 

mutations that account for 5% of AD patients (Bateman et al., 2010). Typically, 

EOAD is caused by mutations in amyloid protein precursor (APP), presenilin-1 

(PSEN1), and presenilin-2 (PSEN2) (Lanoiselée et al., 2017). This dominantly 

inherited form of AD has an age of onset that is approximately 40 years earlier 

than the majority of cases, which are sporadic. Sporadic AD typically develops 

over the age of 65 and is termed late-onset AD (LOAD) (Knopman et al., 2021).  

AD is a multifactorial disorder that results from a complex interplay of 

environmental and genetic risk factors. Age represents that greatest risk factor 

for AD (Knopman et al., 2021). Environmental factors, such as education and 

physical exercise, have been linked to a reduced risk of developing AD. In 

contrast, factors such as diabetes, hearing loss, and stress have been associated 

with increased risk (Livingston et al., 2020). Around 20 new genes have been 

identified as risk factors for LOAD using genome-wide association studies (GWAS) 

(Karch & Goate, 2015). This included genes linked to inflammation, immune 

responses, and lipid metabolism. The Apolipoprotein E (ApoE) gene, particularly 

the ApoE ε4 allele was the first gene to be associated with LOAD (Verghese et 

al., 2011). Inheriting the ApoE ε4 allele increases a person’s risk of developing 
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dementia by 3-4 times in heterozygous carriers and 2-15 times in homozygous 

carriers (van der Lee et al., 2018). However, taken together, genetic risk factors 

play a modest role in the development of AD (Thambisetty et al., 2013).  

1.3.1.2 Huntington’s Disease 

HD is an autosomal dominant NDD characterised by motor deterioration, 

cognitive decline, and psychiatric symptoms (McColgan & Tabrizi, 2018). The 

main feature of human HD is chorea, which causes abnormal, dance-like 

movements. However, in late-stage disease, bradykinesia and rigidity become 

the prominent motor symptoms (Heemskerk & Roos, 2011). The primary 

pathological characteristic of HD is the loss of striatal medium spiny neurons 

(MSNs) (Vonsattel et al., 1985; Waldvogel et al., 2014). 

HD is an inherited disease caused by a trinucleotide CAG repeat expansion in the 

gene that codes for the huntingtin protein (Htt) on chromosome 4. CAG encodes 

the amino acid glutamine, and mutant Htt (mHtt) has an abnormally long 

polyglutamine repeat (Macdonald, 1993). Repeats of 36 or more CAG units is 

pathogenic (Bates et al., 2015), with the repeat length determining the onset 

age. Longer repeats result in earlier disease onset. Typically, HD develops in 

mid-life and leads to the death of HD patients within 15-20 years of disease 

onset. In European communities, the prevalence of HD is approximately 12 in 

every 100,000 individuals (Evans et al., 2013). 

1.3.1.3 Amyotrophic Lateral Sclerosis 

ALS is a NDD characterised by motor neuron degeneration in the motor cortex, 

spinal cord, and brainstem, leading to progressive muscle atrophy and weakness 

(Mejzini et al., 2019). The median survival for ALS patients is approximately 

three years after disease onset, with death most commonly attributed to 

respiratory failure (Masrori & Van Damme, 2020).  

ALS is estimated to affect 1.75-3 in every 100,000 people annually (Marin et al., 

2016). While the majority of ALS cases are sporadic, approximately 10% of ALS 

patients have familial ALS, which follows an autosomal dominant inheritance 

pattern (Kirby et al., 2016). Over 20 genes have been associated with ALS, the 

most common being hexanucleotide expansions in C9orf72 and mutations in 
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superoxide dismutase 1 (SOD1), transactive response DNA binding protein 

(TARDBP), and fused in sarcoma (FUS) (Hardiman et al., 2017; van Es et al., 

2017). In addition to genetic factors, a number of environmental factors play a 

role in the development of ALS. Risk factors such as smoking, exposure to metals 

and pesticides, viral infection, and head injury have been linked to the disease 

(Al-Chalabi & Hardiman, 2013; Fang et al., 2015; Pupillo et al., 2018). The most 

significant risk factors are age and male sex.  

1.3.2 Common Hallmarks of NDDs 

1.3.2.1 The Accumulation of Misfolded Proteins 

Most NDDs are characterised by the misfolding and aggregation of a specific 

protein, which varies between diseases (although there is a large overlap). 

Typically, these misfolded proteins have a similar intermolecular β-sheet-rich 

structure in both large fibrillar aggregates and smaller oligomeric forms (Soto et 

al., 2006).  

In the case of AD, there are two types of protein aggregate: β-amyloid (Aβ) 

plaques and neurofibrillary tangles (NFTs). Aβ plaques, formed of extracellular 

deposits of misfolded Aβ, are distributed throughout the cerebral cortex 

(Montine et al., 2012). The production of pathogenic Aβ peptides results from 

the cleavage of amyloid precursor protein (APP) (Chen et al., 2017). APP can be 

cleaved via two main pathways: the non-amyloidogenic and amyloidogenic 

pathways (Chen et al., 2017). In the non-amyloidogenic pathway, APP is cleaved 

by α-secretase at the plasma membrane or trans-golgi network. This results in 

the production of a membrane-bound C83 fragment, APP intracellular domain 

(AICD) fragments, and an extracellularly-released, soluble APPα peptide (Chen 

et al., 2017). As α-secretase cuts within the Aβ peptide sequence, Aβ production 

is blocked. The amyloidogenic pathway, on the other hand, promotes pathogenic 

Aβ production. In this pathway, APP is sequentially cleaved by β-secretase and 

γ-secretase, at the N- and C-terminals of Aβ, respectively. Further processing of 

the C-terminal fragment results in the production of AICD fragments, soluble 

APPβ peptides, and pathogenic Aβ peptides (Chen et al., 2017). Aβ peptides are 

released into the extracellular space, where they form Aβ plaques. The 
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42-amino acid form of Aβ, AB42, is the most pathogenic Aβ peptide and has a 

high propensity to aggregate (Hampel et al., 2021).  

Recent evidence suggests that Aβ oligomers (Aβos), rather than Aβ plaques, are 

the primary cause of neurotoxicity in the AD brain (Kayed & Lasagna-Reeves, 

2013). Aβos are toxic and are able to interact with receptors, including mGlu5 

and NMDA receptors (Spires-Jones & Hyman, 2014; Benarroch, 2018). Mutations 

that lead to EOAD typically affect APP processing and result in an increase in 

Aβ production (TCW & Goate, 2017). This finding forms the basis of the amyloid 

hypothesis, which proposes that Aβ accumulation in the brain of an AD patient is 

the primary driver of AD pathology (Selkoe & Hardy, 2016). NFTs are 

intracellular inclusions forms of hyperphosphorylated tau. Tau is a 

microtubule-associated protein that plays a role in several processes including 

microtubule stabilisation and axonal transport (Pooler et al., 2014; 

Eftekharzadeh et al., 2018). Post-translational modifications can result in the 

hyperphosphorylation and aggregation of tau in cell bodies and dendrites. 

Initially, NFTs occur in the medial temporal lobe, followed by spreading to the 

isocortical regions of the frontal, temporal, and parietal lobes (Arnold et al., 

1991; Montine et al., 2012). Compared to Aβ plaques, NFT pathology exhibits a 

more robust correlation with neuronal loss and cognitive impairments (Bennett 

et al., 2004; Serrano-Pozo et al., 2011). Despite this, misfolded Aβ and tau are 

thought to work together to cause the pathogenesis of AD (Guo et al., 2006; 

Sherman et al., 2016).  

In HD, the polyglutamine region of mHtt results in mHtt misfolding and 

aggregation. This region can be cleaved, with the resulting N-terminal fragments 

forming neuronal intranuclear inclusions (NIIs) or cytoplasmic aggregates 

(Hoffner et al., 2005). These aggregates have been observed in the striatum and 

cortex of both human HD patients and animal models (Sieradzan et al., 1999; 

Gray et al., 2008). The formation of these aggregates correlates with striatal 

neurodegeneration and disease progression (Miller et al., 2010). Initially, it was 

thought that mHtt aggregates were the main drivers of HD pathology (Davies et 

al., 1999; Ross et al., 1997). However, neuronal death can occur without the 

presence of aggregates and vice versa (Saudou et al., 1998; Kuemmerle et al., 

1999). Recent evidence suggests that, similar to toxic Aβos in AD, it is mHtt 
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oligomers that are toxic in HD (Lajoie & Snapp, 2010; J. Miller et al., 2011; 

Nucifora et al., 2012; Pieri et al., 2012; Sahl et al., 2012). Studies in animal 

models of HD have shown that the formation of mHtt oligomers occurs before 

symptom onset, and their levels increase in line with disease progression (Ast et 

al., 2018).  

ALS is characterised by the aggregation of multiple proteins, including 

transactive response (TAR) DNA-binding protein of 43 kDa (TDP-43) (Arai et al., 

2006; Neumann et al., 2006), Cu/Zn superoxide dismutase (SOD1) (Bruijn et al., 

1998), and fused in sarcoma (FUS) (Kwiatkowski et al., 2009; Vance et al., 2009). 

TDP-43 is a DNA/RNA binding protein that plays a role in RNA metabolism and 

gene transcription (Lagier-Tourenne et al., 2010). In ALS patients, TDP-43 is 

cleaved into C-terminal fragments, becomes hyperphosphorylated, and 

translocates from the nucleus to the cytoplasm, where it forms aggregates (Arai 

et al., 2006; Lagier-Tourenne et al., 2010; Mackenzie et al., 2007; Neumann et 

al., 2006). Aggregated TDP-43 is present in approximately 97% of sporadic ALS 

cases (Neumann et al., 2006). Initially, TDP-43 aggregates are found in the spinal 

motor neurons, agranular neocortex, and bulbar somatomotor neurons, and 

subsequently, pathology spreads throughout the CNS via axonal connections 

(Braak et al., 2013). SOD1 is an enzyme that protects cells from oxidative 

damage (McCord & Fridovich, 1969). Mutations in the gene encoding SOD1 were 

the first to be genetically linked to ALS (Rosen et al., 1993). ALS-associated 

mutations in SOD1 result in highly variable patient survival (Wang et al., 2008), 

and the extent of aggregation in cultured cells depends on the specific SOD1 

mutation (McAlary et al., 2016). It is not yet clear if SOD1 aggregates or soluble 

SOD1 oligomers are the cause of cellular toxicity in the brain (McAlary et al., 

2016; Sangwan et al., 2017; Weisberg et al., 2012; Zhu et al., 2018). Like 

TDP-43, FUS is a DNA/RNA binding protein (Lagier-Tourenne et al., 2010) that is 

translocated from the nucleus to the cytoplasm in ALS patients (Kwiatkowski et 

al., 2009; Vance et al., 2009). In the cytoplasm, it is thought to disrupt 

nucleocytoplasmic transport (Dormann et al., 2010). SOD1 mutations account for 

~20% and FUS mutations for ~4-5% of all familial ALS cases (Taylor et al., 2016). 

Misfolded TDP-43, SOD1, and FUS proteins have a number of downstream 

effects, including mitochondrial dysfunction (Nakaya & Maragkakis, 2018; Tafuri 
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et al., 2015), disruption of the proteostasis network (Medinas et al., 2017), and 

impaired mRNA metabolism (Woerner et al., 2016).  

1.3.2.2 Altered Excitatory Neurotransmission 

Excitotoxicity, a pathological process characterised by excessive neuronal 

excitation, primarily by glutamate, has been implicated in a number of NDDs. 

The regulation of glutamate in the brain is primarily through the 

glutamate/glutamine cycle, where excess glutamate is taken up by astrocytes 

(Figure 1-9) (Conway & Hutson, 2016). This rapid removal of glutamate from the 

extracellular space prevents overexcitation. Once astrocytes have taken up 

glutamate via glutamate-specific transporters (such as GLAST/EAAT1 and 

GLT1/EAAT2), glutamate is converted to glutamine by glutamine synthetase and 

released back into the extracellular space for reuptake by presynaptic neurons 

(Conway, 2020). Dysregulation of this system can result in excessive neuronal 

excitation, leading to synaptic dysfunction and neuronal cell death (Connolly & 

Prehn, 2015).  

 

Figure 1-9 Schematic of the glutamate-glutamine cycle. Presynaptic glutamatergic neurons 
release glutamate (blue) during synaptic transmission. Glutamate then interacts with glutamatergic 
receptors on the postsynaptic terminal, such as metabotropic glutamate (mGlu) or N-methyl-ᴅ-
aspartate (NMDA) receptors. Excess glutamate can lead to excitotoxicity and neuronal death. 
Astrocytes help to prevent overexcitation by removing excess glutamate from the synaptic cleft via 
glutamate transporters such as GLT1/EAAT2. Glutamate is converted to glutamine (pink) by 
glutamine synthetase. Glutamine is released by the astrocytes and is taken up by neurons where it 
is used to synthesis glutamate. Figure created using Reactome Icon Library, licensed under CC BY 
4.0 (Sidiropoulos et al., 2017). NH3, ammonia.  
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The excitotoxicity hypothesis of HD proposes that the neurodegeneration 

observed in the striatum of HD patients is driven by an excess of excitatory 

neurotransmitters, particularly glutamate, and/or the overactivation of 

glutamate receptors. The basis for this hypothesis stems from studies 

demonstrating that the direct injection of glutamate receptor agonists into the 

striatum of rats induces symptoms and pathology resembling HD (Beal et al., 

1986; Coyle & Schwarz, 1976; McGeer & McGeer, 1976). Similarly, altered 

excitatory neurotransmission is implicated in the progression of ALS. Both human 

ALS patients and ALS mouse models have elevated levels of extracellular 

glutamate in their cerebral spinal fluid (CSF) and spinal cord plasma (Alexander 

et al., 2002; Shaw et al., 1995; Wuolikainen et al., 2011), suggesting that 

excitotoxicity plays an key role in the degeneration of motor neurons. In the AD 

brain, there is evidence of damage to glutamatergic neurons in the cortex, 

specifically in layers III and IV of the neocortex (Albin & Greenamyre, 1992). This 

suggests that disruptions in glutamatergic signalling may also play a role in AD 

pathogenesis.  

The altered expression of glutamatergic transporters has been reported in 

several NDDs (Jacob et al., 2007). For example, the expression level of 

GLT1/EEAT2 is reduced in ALS patients (Ferrarese 2001, Rothstein 1992), and its 

function impaired in AD (Scott et al., 2011). Furthermore, a reduction in 

GLT1/EEAT2 mRNA and a subsequent decrease in glutamate uptake has been 

observed in HD human post-mortem brains (Arzberger et al., 1997) and HD model 

mice (Liévens et al., 2001). The accumulation of glutamate that results from 

impaired glutamate transport is neurotoxic, leading to the overstimulation of 

postsynaptic neurons and an excess of Ca2+ entry which occurs predominantly 

through NMDA receptors (Choi, 1987; Sattler & Tymianski, 2000; Mattson, 2007). 

Interestingly, in drosophila AD models, glutamate toxicity has been associated 

with tau-mediated neuronal death (Kilian et al., 2017).  

In AD, there is evidence to suggest that Aβ oligomers promote dysregulation in 

glutamatergic signalling by binding directly to NMDA receptors and inducing 

inward Ca2+ currents (De Felice et al., 2007; Alberdi et al., 2010; Bieschke et al., 

2011). Similarly, NMDA-mediated excitotoxicity plays a critical role in the 

pathogenesis of HD with the polyglutamine expansion in mHtt resulting in 
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increased concentrations of intracellular Ca2+ via the hyperactivation of NMDA 

receptors and their stabilisation to the postsynaptic membrane (Song et al., 

2003). Chronic and mild NMDA activation has been shown to result in 

neurodegeneration (Greenamyre & Young, 1989; Butterfield & Pocernich, 2003; 

Mattson, 2007). In vitro, striatal and cortical neurons cultured from HD mutant 

mouse models are more susceptible to NMDA-induced cell death than control 

mice (Levine et al., 1999). Moreover, mHtt interacts with IP3 receptors, leading 

to increased release of Ca2+ from intracellular stores (Kaltenbach et al., 2007; 

Tang et al., 2003, 2005). 

As Ca2+ regulates several signalling pathways, its excess has a number of 

downstream effects, including an increase in reactive oxygen species, membrane 

degradation, and the activation of protein kinases which contribute to the 

hyperphosphorylation of proteins such as tau (Conway, 2020). In addition, 

elevated Ca2+ levels are associated with increased activation of Ca2+-dependent 

proteases, such as calpain, overactivation of which can impair long-term 

synaptic potentiation (Jerónimo-Santos et al., 2015; Wu & Lynch, 2006).  

1.3.2.3 A Chronic Neuroinflammatory Response 

Another pathological hallmark of NDDs is a chronic neuroinflammatory response 

which involves the upregulation and activation of astrocytes and microglia, 

termed astro- and microgliosis (Ransohoff, 2016). Under physiological conditions, 

astrocytes play a key role in homeostasis, regulating the extracellular ionic 

environment, maintaining the blood brain barrier, and supporting neurons 

structurally (Wang & Bordey, 2008). Moreover, they prevent glutamate 

excitotoxicity by taking up excess glutamate and they release antioxidants to 

protect neurons from oxidative stress (Chen et al., 2001; Shih et al., 2003; 

Vargas et al., 2008; Chen et al., 2009). Although the activation of astrocytes has 

neuroprotective features, toxic astrogliosis can be found in NDD, for example 

surrounding Aβ plaques in both humans and animal models, where it leads to 

neuronal damage (Kumar et al., 2023). In NDD, astrocytes undergo a 

transformation from a resting to reactive state (Escartin et al., 2021), 

characterised by their star-like processes stretching towards sites of disease 

pathology (Schiweck et al., 2018) and the upregulation of inflammatory markers 

such as glial fibrillary acidic protein (GFAP), vimentin, and nestin (Yamada et 
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al., 1992; Moreels et al., 2008; Hol & Pekny, 2015). In NDDs, activated 

astrocytes secrete cytokines such as interleukin-1 (IL-1) and tumour necrosis 

factor α (TNF-α) (Björkqvist et al., 2008; Heneka et al., 2010). Moreover, in AD, 

astrocytes internalise misfolded tau, contributing to abnormal tau accumulation 

and propagation (Ikeda et al., 1995; Chiarini et al., 2017; Martini-Stoica et al., 

2018).  

In the CNS, physiological microglia act as phagocytes, maintaining CNS tissue, 

pruning unwanted synapses, and responding to injury and infection (Schafer et 

al., 2012; Nayak et al., 2014; Colonna & Butovsky, 2017;). However, like 

astrocytes, microglia also take on a reactive phenotype in NDDs, losing their role 

in homeostasis. In NDDs, microglia release pro-inflammatory cytokines in 

response to high levels of misfolded proteins, including TNF-α, IL-6, and 

interleukin-1 β (IL-1β) (Wang et al., 2015). In turn, this results in the 

recruitment and activation of astrocytes (Liddelow & Barres, 2017). Since a 

neuroinflammatory response is a hallmark of not just AD, but a broad spectrum 

of NDDs, including HD, PD, and ALS (Anneser et al., 2004), drugs that target 

inflammatory cells may be of benefit across multiple diseases.  

1.3.3 The Need for Novel Therapeutic Interventions for NDDs 

In 2021, the World Health Organisation estimated that approximately 55 million 

people were living with dementia worldwide, a number that continues to 

increase with 10 million new cases each year (World Health Organisation, 2021). 

This rising prevalence places a considerable demand on health and social care 

services.  

Current treatments for dementia-related diseases, including AD, HD, and ALS, 

focus on providing symptomatic relief rather than modifying disease progression. 

For example, the Food and Drug Administration (FDA) in the United States has 

approved two drugs for the treatment of ALS: riluzole, a glutamate antagonist, 

and edaravone, a free radical scavenger. Both these drugs offer modest clinical 

benefits but do not target underlying disease mechanisms (Oskarsson et al., 

2018). In the case of HD, current therapies aim to manage specific symptoms, 

for example, neuroleptics and benzodiazepines aim to treat chorea, and 

antidepressants and antipsychotics aim to treat behavioural changes (Ferguson 
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et al., 2022). Since HD is associated with glutamate excitotoxicity, efforts have 

been made to develop drugs that normalise these alterations. NMDA receptor 

antagonists, for example, have been shown to improve chorea in clinical trials. 

However, the adverse side effects of these drugs have resulted in their failure 

(Ferguson et al., 2022).  

The FDA has approved six drugs for the treatment of AD, four of which aim to 

temporarily alleviate AD symptoms (Alzheimer’s Association, 2023; Yiannopoulou 

& Papageorgiou, 2013). These treatments are based on either the glutamatergic 

(memantine) or cholinesterase (galantamine, rivastigmine and donepezil) 

systems (Conway, 2020). Memantine, an NMDA antagonist, works by inhibiting 

the prolonged influx of Ca2+ into cells, thereby reducing excitotoxicity. It has 

been shown to have a modest effect on cognition, mood, and behaviour in 

moderate-to-severe AD (McShane et al., 2019; van Dyck et al., 2007), but does 

not benefit those with mild AD (Schneider, 2011). Unfortunately, due to the 

non-specific nature of these drugs they are accompanied by side-effects such as 

headaches and nausea.  

While current treatments for NDD offer some symptomatic relief, there remains 

a need for more effective therapies that target the underlying mechanisms of 

disease. Recently, two new drugs were approved by the FDA with the promise 

that they would not only treat the symptoms of AD but also modify disease 

progression. In 2021, the FDA approved aducanumab (marketed as Aduhelm by 

Biogen), a human monoclonal antibody that targets Aβ aggregates (Arndt et al., 

2018). Aducanumab was the first FDA-approved drug for AD since 2003. Although 

it was shown to reduce Aβ levels in the brain (Sevigny et al., 2016; Budd 

Haeberlein et al., 2022), the effect on cognition was modest, and the effect on 

disease progression and patient lifespan is unknown. Moreover, there are 

concerns surrounding its significant side effects, such as seizures, headaches, 

dizziness, confusion, and amyloid-related imaging abnormalities (ARIA), 

including haemorrhages and oedema (Sevigny et al., 2016; Behl et al., 2022; 

Budd Haeberlein et al., 2022). Due to these concerns, aducanumab was rejected 

by the European Medicines Agency and requires a post-approval clinical trial to 

confirm any therapeutic benefit (U.S. Food and Drug Administration, 2021; Walsh 
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et al., 2021). The results of this study will be available in 2030 (Walsh et al., 

2021).  

In early 2023, a second Aβ targeting antibody, lecanemab (marketed as Leqembi 

by Biogen & Eisai), received accelerated approval from the FDA. Like 

aducanumab, lecanemab reduced Aβ plaques in the brain and slowed the 

progression of cognitive decline (Satlin et al., 2016; Wang et al., 2016; Swanson 

et al., 2021). Aducanumab and lecanemab have different mechanisms of action, 

with the former working to remove Aβ from the brain and the latter targeting a 

form of Aβ called N3pG, which plays a key role in the formation of Aβ plaques. 

Although it is unclear whether either of these drugs will effectively halt AD 

progression, their approval marks a milestone in dementia research. Further 

research is needed to determine their long-term safety and efficacy.  

Several other antibody-based therapies targeting Aβ peptides are in different 

stages of development, including gantenerumab, crenezumab, and donanemab. 

Recently, Eli Lily published positive results from a phase III clinical trial for 

donanemab, which was found to slow AD progression by 35% in patients treated 

with the drug compared to placebo over an 18-month period (Sims et al., 2023). 

PET imaging showed significant reductions in Aβ plaque levels after six months 

of donanemab treatment. Moreover, donanemab reduced the decline in 

patients’ ability to perform daily tasks by 40%. Similar to aducanumab, a number 

of patients on donanemab experienced ARIA, with three ARIA-related deaths 

reported. Based on these results, Lilly plan to apply for FDA drug approval for 

donanemab by summer 2023 (Eli Lilly and Company, 2023). These breakthroughs 

in AD research suggest that disease-modifying treatments for NDDs are possible. 

Nevertheless, further research is necessary to ensure efficacious and safe 

treatments for all individuals living with NDDs. 

1.3.4 Targeting mGlu5 in Neurodegeneration 

Recently, the mGlu5 receptor has emerged as a potential target for the 

treatment of NDDs. As previously discussed (see 1.2.2), mGlu5 is highly expressed 

in brain regions that are important for learning and memory processes, such as 

the hippocampus and cortex. Moreover, mGlu5 has been shown to play a key role 

in cognition, locomotion, and synaptic plasticity (see 1.2.6.3 and 1.2.6.4).  
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1.3.4.1 The Role of mGlu5 in NDD Pathology 

Several studies have shown that mGlu5 plays a direct role in AD pathology. As 

previously discussed (see 1.3.1), AD is characterised by the accumulation of 

misfolded Aβ peptides into extracellular plaques. Aβ also exists in the brain as 

Aβos (Kayed & Lasagna-Reeves, 2013). Aβos accumulate and create clusters at 

excitatory synapses (Renner et al., 2010). These clusters recruit mGlu5 to the 

synapse and act as an extracellular scaffold, thereby reducing the mobility of 

mGlu5 and preventing its lateral diffusion (Figure 1-10). Therefore, mGlu5 

receptors are more readily available for glutamate and further Aβos activation, 

resulting in increased Ca2+ levels and subsequent excitotoxicity. Importantly, in 

cultured neurons, this increase in Ca2+ is blocked by the addition of a mGlu5 

antagonist, which suggests that the interaction between Aβo and mGlu5 is 

essential for mediating Aβo toxicity (Renner et al., 2010). Moreover, these 

oligomers have been shown to bind to cellular prion protein (PrPC) with high 

affinity, forming a complex that requires mGlu5 as a co-receptor (Laurén et al., 

2009; Um et al., 2013). PrPC is a cell surface protein that plays a key role in the 

pathogenesis of prion disease, as discussed in section 1.5.1. Aβos have been 

shown to cause a mGlu5- and PrPC-dependent increase in intracellular Ca2+ via 

the activation of PLC and IP3 receptors (Um et al., 2013), with the subsequent 

excitotoxicity contributing to synapse loss (Renner et al., 2010). This has been 

observed after the addition of Aβo to hippocampal neurons (Lacor et al., 2007) 

and in AD mouse models (Koffie et al., 2009).  

In addition, Aβos have been shown to modulate the association of mGlu5 with a 

number of signalling cascades, including Fyn kinase, Pyk2, and  

calmodulin-dependent protein kinase II (CaMKII) (Figure 1-10)  (Haas et al., 

2016; Haas & Strittmatter, 2016). These cascades play an important role in AD 

pathology. Fyn kinase has been shown to associate with tau physically and plays 

a role in its phosphorylation that is dependent on the formation of the Aβo-PrPC 

complex (Lee et al., 2004; Larson et al., 2012). Similarly, Pyk2 phosphorylates 

glycogen synthase kinase 3β (GSK3β), a kinase that plays a role in tau 

hyperphosphorylation (Hartigan et al., 2001; Sayas et al., 2006). Pyk2 is 

phosphorylated and activated by a physical interaction with Fyn (Park et al., 

2004; Collins et al., 2009). Exposure to Aβos activates these signalling cascades 

in a PrPC- and mGlu5-dependent manner (Haas et al., 2016; Um et al., 2013). 
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Moreover, Aβ-mediated Fyn kinase activation increases the surface expression of 

NMDA receptors (Um et al., 2012, 2013). In addition, Aβos enhance the 

association between PrPC and CaMKII. This is mediated through mGlu5 and 

highlights a mechanism via which Aβo aberrantly disrupts normal glutamatergic 

signalling (Haas et al., 2016; Haas & Strittmatter, 2016). Since Aβo levels are 

elevated in the brain throughout AD and increase in line with disease severity, 

this disruption of normal mGlu5 signalling would occur throughout disease 

progression.  

 

Figure 1-10 Schematic of the Aβo-PrPC-mGlu5 protein complex and its downstream 
signalling effects. The binding of amyloid-β oligomers (Aβo) to mGlu5 requires cellular prion 
protein (PrPC) as a co-receptor. Clusters of Aβo recruit mGlu5 to the plasma membrane and 
prevents its lateral diffusion. This makes mGlu5 more accessible for activation by glutamate and 
Aβos, leading to an increase in intracellular calcium (Ca2+). Aβos activate mGlu5 to stimulate  
Fyn kinase, which physically associates with and phosphorylates Pyk2, which plays a role in tau 
hyperphosphorylation. Moreover, Fyn kinase increases the cell surface expression of N-methyl-ᴅ-
aspartate (NMDA) receptors. Finally, Aβos enhance the association of Ca2+/calmodulin-dependent 
kinase II (CamKII) and PrPC via mGlu5. Figure created using Reactome Icon Library, licensed 
under CC BY 4.0 (Sidiropoulos et al., 2017). 
 

The mGlu5 SAM, BMS-984923, has been demonstrated to block the Aβo-induced 

interaction between PrPC and mGlu5 and, therefore, pathological Aβ intracellular 

signalling without altering physiological glutamate signalling (Haas et al., 2017). 

In aged APP/PS1 AD mice, treatment with BMS-984923 reversed memory and 
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learning deficits and alleviated synaptic loss (Haas et al., 2017). Astro- and 

microgliosis, in addition to the accumulation of Aβ plaques, were unaltered with 

SAM treatment. This suggests that BMS-984923 rescued behaviour by blocking the 

downstream signalling of Aβo-mGlu5-mediated events rather than altering the 

upstream Aβ accumulation. This highlights the potential of targeting mGlu5 as a 

therapeutic option for treating AD. Treatment with a mGlu5 SAM, although 

unable to reverse existing symptoms such as Aβ accumulation, may slow or halt 

further disease progression by preventing neuronal loss. BMS-984923 binds to the 

main allosteric binding site on mGlu5 (see Figure 1-7), and it is hypothesised that 

it may block the interaction between Aβos, PrPC, and mGlu5 by stabilising the 

receptor in a conformation that allows for glutamate binding, but prevents any 

conformational change triggered by Aβos binding to PrPC. It would be interesting 

to uncover whether other allosteric modulators that bind to this allosteric site 

also block signalling via the Aβo-PrPC-mGlu5 complex. As excitotoxicity plays a 

critical role in neuronal damage in NDDs (see 1.3.2.2), it may be important to 

dampen the excess in glutamate signalling alongside blocking the binding of Aβos 

to mGlu5.  

In HD, there is evidence of a direct interaction between mGlu5 and both Htt and 

mHtt. This interaction disrupts mGlu5 signalling, resulting in an increase in 

intracellular Ca2+ levels and subsequent excitotoxicity (Anborgh et al., 2005; 

Tang et al., 2003). Studies have shown that mGlu5 signalling is altered in a HD 

mouse model, with the uncoupling of mGlu5 from Gαq/11-mediated inositol 

phosphate formation due to increased PKC-mediated desensitisation of mGlu5 

(Ribeiro et al., 2010). 

Autoradiography studies have shown that the expression of mGlu5 is elevated in 

the frontal, motor, and temporal cortices, and basal ganglia of human ALS 

patients as compared to controls (Müller Herde et al., 2019). Similarly, mGlu5 

expression is elevated in ALS mice, particularly in the hippocampus, cortex, 

striatum, and spinal cord (Bonifacino et al., 2019; Brownell et al., 2015; 

Giribaldi et al., 2013). This elevation increases as the disease progresses in the 

cortex, hippocampus, and spinal cord. Group I mGlu receptors, including mGlu5, 

have been shown to produce abnormal glutamate release in the spinal cord of 

both pre-symptomatic and late-stage ALS mice (Bonifacino et al., 2019; Giribaldi 
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et al., 2013). This glutamate release was excitotoxic in nature and triggered by 

an increase in intracellular Ca2+ released from intracellular stores. 

The abnormal activity of mGlu5 in AD, HD, and ALS and its direct role in 

excitotoxicity supports the rationale for the therapeutic exploitation of reducing 

mGlu5 signalling.   

1.3.4.2 Inhibition of mGlu5 Signalling 

Both the genetic knockout of mGlu5 and the pharmacological blockade of mGlu5 

signalling have shown that reducing mGlu5 activity is neuroprotective in a 

number of models of NDD (Um et al., 2013; Hamilton et al., 2014, 2016; 

Abd-Elrahman et al., 2017, 2018, 2020). Blocking mGlu5 activity reduced spatial, 

episodic, and recognition memory deficits in AD mice (Um et al., 2013; Hamilton 

et al., 2014, 2016; Abd-Elrahman et al., 2018, 2020). In HD mice, blocking mGlu5 

activity improved motor coordination (Abd-Elrahman et al., 2017; Li et al., 2022; 

Ribeiro et al., 2014; Schiefer et al., 2004). Similarly, mGlu5 blockade delayed 

disease onset in ALS mice (Bonifacino et al., 2017, 2019). Importantly, these 

studies found that mGlu5 blockade reduced the presence of disease pathology, 

including the accumulation of misfolded proteins, synaptic and neuronal loss, 

and astro- and microgliosis (Abd-Elrahman et al., 2017; Bonifacino et al., 2017; 

Hamilton et al., 2014, 2016; Um et al., 2013).  

Moreover, mGlu5 blockade was paralleled by the modulation of the autophagy 

and apoptosis pathways discussed in 1.2.6.2 (Abd-Elrahman et al., 2017, 2018, 

2019). In addition, mGlu5 blockade reduced mGlu5-regulated aberrant repressor 

element 1-silencing transcription factor/neuron restrictive silencer factor 

(REST-NRSF) signalling (De Souza et al., 2020). These pathways are discussed in 

more detail in Chapter 5 (see 5.1.2).  

Due to the neuroprotective effects of mGlu5 NAMs in preclinical models, a 

number of mGlu5 NAMs have reached clinical trials. However, many have failed 

to show efficacy in phase II clinical trials for NDDs (Budgett et al., 2022). Several 

mGlu5 NAMs have progressed into clinical trials for addiction disorders. These 

trials are relevant to NDD, as neuropsychiatric symptoms can overlap with 

symptoms of NDD (Husain, 2017). In a phase II trial for cocaine use disorder, 
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mavoglurant was found to significantly reduce cocaine use and neuropsychiatric 

symptoms of addiction and has therefore moved into phase III (clinicaltrials.gov: 

NCT03242928). As mGlu5 NAMs have shown efficacy in addiction disorders, there 

is still potential for their success as a treatment for NDDs.  

1.3.4.3 Activation of mGlu5 Signalling 

Perhaps surprisingly, evidence suggests that the activation of mGlu5 through 

treatment with a mGlu5 PAM is also neuroprotective in NDD. In transgenic AD 

mice and mice injected with Aβ, the mGlu5 PAM CDPPB reduced AD pathology, 

including neuronal loss, cytokine release, and gliosis (Bellozi et al., 2019). In the 

Aβ injection model, CDPPB treatment restored contextual and aversive memory. 

However, there was no alleviation of cognitive impairment in transgenic AD 

mice. This may be due to the timing of CDPPB treatment, which was 

administered when the mice already showed severe AD pathology and cognitive 

decline. Similarly, CDPPB improved cognition and motor function, in addition to 

reducing toxic protein aggregates and preventing neuronal cell death in a HD 

mouse model (Doria et al., 2015). It has been suggested that the mechanism by 

which activation of mGlu5 is neuroprotective is through the enhancement of 

signalling via neuroprotective pathways. The behavioural improvements 

observed in PAM-treated HD mice were paralleled by an increase in the 

activation of neuroprotective pathways, such as Akt, ERK1/2, BNDF, and c-Fos 

(Ribeiro et al., 2010).  

As previously mentioned, Aβos result in the clustering of mGlu5 at the plasma 

membrane, where it becomes accessible for activation. The activation of mGlu5 

in NDD has been implicated in the exacerbation of excitotoxicity, as it promoted 

the release of Ca2+ from intracellular stores and the entry of Ca2+ into the cell 

via NMDA receptors (see 1.3.2.2). Therefore, it is reasonable to hypothesise that 

treating mouse or human NDD patients with a mGlu5 PAM may be neurotoxic in 

the long term. In preclinical models, mGlu5 PAMs have been associated with 

severe adverse side effects such as seizures and neurotoxicity (Bridges et al., 

2013; Parmentier-Batteur et al., 2014; Rook et al., 2013). For example, the 

administration of the mGlu5 PAM 5PAM523 to wild-type rats has been observed to 

induce convulsions and excitability (Parmentier-Batteur et al., 2014). Despite 

preclinical evidence for the use of mGlu5 PAMs as a treatment for NDDs, as well 
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as other disorders such as schizophrenia (Nicoletti et al., 2019), they have not 

yet progressed to clinical trial due to issues concerning their lack of oral 

bioavailability and solubility (Newell, 2013). Consequently, their potential 

neurotoxic effect in humans is unknown.  

Further thought is needed to understand why both reducing and enhancing mGlu5 

signalling using NAMs and PAMs, respectively, have been shown to be 

neuroprotective in rodent models of NDD. It may be that mGlu5 NAMs and PAMs 

are neuroprotective at different stages of disease progression. Research in an 

APPswe model of AD has suggested that the contribution of mGlu5 to AD 

pathology is dependent on disease stage, with the authors suggesting that the 

contribution of mGlu5 to AD pathology is reduced at advanced disease stages 

(Abd-Elrahman et al., 2020b).  

1.4 Targeting mGlu5 in Neuroinflammation 

As discussed in section 1.3.1, a chronic neuroinflammatory response is a key 

hallmark of NDDs. As mGlu5 is expressed on glial cells (section 1.2.2), it 

represents a potential target for modulating neuroinflammatory processes in 

NDDs. This may have a therapeutic benefit across a range of NDDs. 

1.4.1 The Function of mGlu5 in Glial Cells 

Signalling via mGlu5 has been shown to regulate interactions between astrocytes 

and neurons. Astrocytic mGlu5 signalling plays a key role in regulating structural 

and functional interactions between these two cell types during development. 

For example, mGlu5-dependent Ca2+ signalling promotes the proliferation and 

migration of astrocytes towards developing glutamatergic synapses (Bernardinelli 

et al., 2014). This process facilitates the development of tripartite synapses 

between the fine processes of astrocytes and the presynaptic and postsynaptic 

elements of neurons. After early development, the expression of mGlu5 on 

astrocytes decreases (Cai et al., 2000).  

In astrocytes, mGlu5 activation induces Ca2+ oscillations (Bradley et al., 2011). 

Moreover, astrocytic mGlu5 activation leads to the release of glutamate from 

astrocytes, which triggers a slow, inward current in neurons mediated by 
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extra-synaptic NMDA receptors (Loane et al., 2012). This promotes the 

synchronised activation of neighbouring neurons (Pasti et al., 1997), allowing 

astrocytes to regulate neuronal excitability (Angulo et al., 2004; Fellin et al., 

2004). In addition, the activation of astrocytic mGlu5 results in the release of 

neurotrophic factors, such as BNDF, which impact neuronal function (Jean et al., 

2008).  

In addition to modulating glutamate release, mGlu5 signalling regulates the 

expression and function of astrocyte glutamate transporters (see 1.3.2.2). This 

plays an important role in the regulation of excitatory signalling in the 

hippocampus. For example, mGlu5 activation increases GLT1 activity in 

astrocytes, leading to rapid glutamate uptake via PLC- and PKC-mediated 

mechanisms (Vermeiren et al., 2005). These findings suggest that astrocytic 

mGlu5 may have neuroprotective potential in the brains of individuals with NDD.  

Regarding microglial mGlu5, its activation leads to phosphoinositide hydrolysis 

and activation of the Gαq/11 signalling pathway (Byrnes et al., 2009; Loane et al., 

2009). However, little is known about the physiological role of microglial mGlu5. 

1.4.2 Targeting mGlu5 on Glial Cells 

In both AD and ALS, pathological conditions lead to the overexpression of mGlu5 

in reactive astrocytes. This has been observed in AD mice and cultured 

astrocytes after exposure to Aβos (Casley et al., 2009; Lim et al., 2013; 

Shrivastava et al., 2013). When Aβos bind to cultured astrocytes, it results in the 

clustering of mGlu5 at the astrocyte cell surface. This leads to a mGlu5-mediated 

increase in ATP release, which amplifies aberrant Aβo-induced signalling 

(Shrivastava et al., 2013). Similarly, in diseased astrocytes cultured from ALS 

rodents, mGlu5 is upregulated as compared to controls (Vermeiren et al., 2006). 

This impairs glutamate transport (Vermeiren et al., 2006) and increases the 

vulnerability of astrocytes to glutamate, resulting in their subsequent 

degeneration (Rossi et al., 2008).  

Treatment with a mGlu5 NAM, or the genetic knockout of mGlu5, has been shown 

to reduce the increased expression of astrocytic and microglial markers in mouse 

models of AD, ALS, and HD (Abd-Elrahman et al., 2017; Bonifacino et al., 2017; 
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Hamilton et al., 2014, 2016). In addition, mGlu5 NAMs prevent the release of 

inflammatory cytokines from cultured astrocytes (Shah et al., 2012). These 

observations suggest that reducing mGlu5 signalling may contribute to the 

disease-modifying effects observed in AD models after treatment with an mGlu5 

NAM. By reducing the neurotoxic inflammatory response, mGlu5 inhibition may 

potentially mitigate disease progression.  

As reactive microglia secrete proinflammatory cytokines (Wang et al., 2015), it 

could be assumed that a reduction in microgliosis following mGlu5 NAM 

treatment would be neuroprotective. However, mGlu5 inhibition using MPEP has 

been shown to drive cultured microglia towards a pro-inflammatory state, 

characterised by an increase in the production of reactive oxygen species, IL-6, 

and mitochondrial superoxide (Chantong et al., 2014). Similarly, the blockade of 

microglial mGlu5 signalling using MTEP in a PD microglia cell culture model led to 

enhanced inflammatory signalling pathways (Zhang et al., 2021).  

There is evidence to suggest that the activation of microglia mGlu5 is 

neuroprotective. The addition of a mGlu5 agonist or PAM reduces microglial 

activation and the subsequent inflammatory response in primary glial cultures 

and cell lines challenged with Aβ (Byrnes et al., 2009; Farso et al., 2009; Piers et 

al., 2011; Loane et al., 2009, 2012, 2013, 2014). In vivo, treatment with an 

mGlu5 PAM significantly reduced neurodegeneration and improved motor 

function after traumatic brain injury in mice (Loane et al., 2014). Furthermore, 

the activation of microglial mGlu5 has been shown to reduce the accumulation of 

reactive oxygen species, decrease apoptosis, and increase BDNF production in 

microglial cell lines (Ye et al., 2017). Therefore, while astrocytic mGlu5 

activation is neurotoxic, microglial mGlu5 activation appears to be 

neuroprotective.  

Of note, activated microglia have been demonstrated to induce the conversion 

of astrocytes into a reactive phenotype (Liddelow & Barres, 2017). Therefore, 

the benefits of microglia activation in neurodegeneration may be compromised 

by the subsequent neurotoxic response from astrocytes. Conversely, a mGlu5 

NAM may reduce astrocyte neurotoxicity in NDDs while subsequently driving a 

proinflammatory microglial response. Therefore, a better understanding of the 
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specific contribution of each cell type to NDD pathology is crucial for selecting 

the most effective ligands to treat disease.  

1.5 Modelling Neurodegeneration  

A significant challenge in developing novel therapeutics for NDDs is the 

successful translation of findings from preclinical animal models to clinical trials. 

This is due, in part, to the lack of available animal models that accurately 

recapitulate the processes observed in human disease. Extensive efforts have 

been dedicated to the development of NDD animal models that best reflect 

human pathology. These models have served as invaluable tools for 

understanding the underlying mechanisms of neurodegeneration and allow for 

the development and validation of potential disease-modifying treatments 

(Selkoe, 2011). However, no single animal model has been developed that fully 

reproduces the mechanisms and phenotypes of any human NDD. Until more 

effective animals are available, there will always be limitations in understanding 

the mechanisms underlying NDDs and identifying novel therapeutic 

interventions.  

Several animal species, including dogs, cats, sheep, and some non-human 

primates, naturally develop pathology similar to human AD as they age (Van Dam 

& De Deyn, 2011). Among these species, non-human primates represent an ideal 

animal model since they show the greatest similarity to humans. However, the 

use of these spontaneous models in research is limited due to their lack of 

availability, ethical concerns, and the financial challenges associated with their 

long lifespans (Van Dam & De Deyn, 2011). There are few natural models of ALS 

or HD in the animal kingdom. Consequently, researchers have developed induced 

and transgenic animal models as viable alternatives to overcome these 

limitations.  

Induced models of NDD involve the injection of chemical or pharmacological 

compounds, as well as physical lesions, to induce disease pathology (Van Dam & 

De Deyn, 2011). For example, AD-like pathology in rodents can be induced by 

the injection of pathogenic Aβ into the brain (Harkany et al., 1998, 2000; 

Yamada et al., 2005). The specific pathology and phenotypes in these models 

vary depending on the administration method and the Aβ strain used but 
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typically include neuroinflammation, oxidative stress, neuronal loss, and AD-like 

cognitive deficits (Harkany et al., 1998; Yamada et al., 2005; Sipos et al., 2007). 

However, induced models of AD often exhibit localised Aβ pathology that differs 

from the distribution of Aβ plaques in human disease, and they do not develop 

progressive neurodegeneration. Induced models of HD involve the introduction of 

selective neurotoxins such as kainic or quinolinic acid, which produce striatal 

lesions similar to those observed in human HD patients (Beal et al., 1986; Coyle 

& Schwarz, 1976). While these models replicate some of the histopathology of 

HD, similar to induced AD models, they do not exhibit progressive disease.  

Transgenic models are extensively used in NDD research. While mice are the 

most common transgenic models, other organisms such as rats, fruit flies, 

nematodes, and zebrafish are also available (Prüßing et al., 2013; Saleem & 

Kannan, 2018; Tambini et al., 2020; Giunti et al., 2021). On Alzforum (Alzforum, 

2023), over 200 transgenic mouse models are listed for AD, demonstrating the 

wide range of available models (Alzforum, 2023). Initially, AD transgenic models 

were developed based on the amyloid hypothesis, involving mutations in genes 

such as APP and PSEN (Games et al., 1995; Hsiao et al., 1996; Sturchler-Pierrat 

et al., 1997; Van Dam & De Deyn, 2011). These mice exhibit AD pathologies such 

as neuroinflammation, synaptic loss, hippocampal atrophy, and AD-like cognitive 

impairments. To investigate tau pathology, transgenic mice with mutations in 

the MAPT gene have been produced (Zhang et al., 2022). Many therapies are 

tested only in an Aβ or tau model, but not both, representing a significant 

limitation. To address this issue, double transgenic mice expressing mutant APP 

and tau have been produced, however, these mice do not exhibit the 

colocalization of Aβ and NFTs in brain regions typically associated with AD 

pathology (Götz et al., 2004; Ribé et al., 2005). Triple mutant mice, containing 

mutations in PS1, APP, and MAPT, exhibit Aβ plaques and NFTs in a temporal and 

spatial pattern similar to human AD. These mice also display neuroinflammation, 

synaptic loss, and cognitive deficits (Oddo et al., 2003). It is important to note 

that the mutations used to develop transgenic AD models are primarily derived 

from mutations associated with EOAD, which is a rare form of AD. Research has 

highlighted the differences in AD pathology between LOAD and EOAD, including 

variations in the patterns of Aβ and tau accumulation as well as cognitive 
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symptoms (Castellano et al., 2011; Drummond & Wisniewski, 2017; Condello et 

al., 2018).  

Since a single gene mutation causes HD, it is possible to develop animal models 

that closely recapitulate HD pathology. Transgenic models of HD have been 

created using various approaches. For example, researchers have introduced the 

full-length human polyglutamine-expanded mHtt protein (e.g., BACHD mice) or 

the amino-terminal end of mHtt (e.g., R6/2 mice) (Gray et al., 2008; Li et al., 

2005). Another strategy involves inserting an expanded CAG repeat into the 

endogenous HTT gene, known as a ‘knock-in’ strategy (e.g., HdhQ111/Q111 mice) 

(Menalled, 2005). However, these animals are slow to develop the motor deficits 

that characterise HD and, in many cases, the deficits observed are mild. 

Importantly, a key limitation of genetic HD rodent models is that they do not 

generally exhibit chorea-like movements, which are characteristic of HD (Pouladi 

et al., 2013).  

The first transgenic mouse model of ALS was developed by overexpressing a 

mutation in the SOD1 gene, in which alanine was substituted for glycine in 

position 93 (SOD1G93A) (Gurney et al., 1994). Since then, several other transgenic 

ALS models have been developed based on different SOD1 mutations (Bruijn et 

al., 1997; Ripps et al., 1995; Wong et al., 1995). While these models may differ 

in disease onset and presentation, they generally reproduce the major 

pathological mechanisms observed in human ALS, including significant motor 

neuron loss, protein aggregation, and progressive paralysis (Philips & Rothstein, 

2015). For example, SOD1G93A mice exhibit the rapid degeneration of motor 

neurons, leading to motor deficits and subsequent paralysis and death within 

4-5 months (Gurney et al., 1994). However, a key limitation of this model is that 

the copy number of the mutation spontaneously and progressively diminishes 

across generations, directly impacting disease severity. Therefore, each 

generation requires rigorous monitoring (Lutz, 2018). Moreover, SOD1 mutant 

mice do not exhibit the TDP-43 pathology which is present in most ALS patients; 

therefore, this model represents a small proportion of patients. ALS models have 

been developed that overexpress mutant TDP-43, but the development of these 

models is challenging as mutant TDP-43 is not well tolerated. Overexpression of 

TDP-43 is lethal (Philips & Rothstein, 2015; Picher-Martel et al., 2016), and 
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silencing of TDP-43 can lead to neurodegeneration and non-specific toxicity 

issues. Furthermore, TDP-43 mutants have diet-related effects on phenotype (De 

Giorgio et al., 2019; Lutz, 2018; Philips & Rothstein, 2015). Mouse models for 

FUS have also been developed (Nolan et al., 2016), however FUS loss of function 

mutations do not result in ALS-like phenotypes (Kino et al., 2015) and its 

overexpression is toxic in rodents, leading to reduced survival (Nolan et al., 

2016). FUS mutant knock-in mice exhibit progressive degeneration of their motor 

neurons but the disease does not result in paralysis or death (Devoy et al., 2017; 

Scekic-Zahirovic et al., 2017). 

As transgenic models often rely on the forced overexpression of mutant human 

genes, this can lead to non-disease-associated side effects (Saito et al., 2016). 

These side effects may be amplified by crossbreeding between transgenic lines 

(Saito et al., 2014). Moreover, many transgenic models lack some aspects of 

disease pathology, such as the presence of Aβ plaques or NFTs in AD models. 

Given that no single model fully replicates the entirety of human AD pathology, 

researchers must carefully consider which model best suits their specific 

experimental objectives. In this thesis, the chosen model was murine prion 

disease, which offers valuable insights into the role of mGlu5 in the advancement 

of end-stage NDD. By employing this particular model, this study aims to shed 

light on the contribution of mGlu5 to the progression of terminal NDD.  

1.5.1 Prion Disease 

In addition to the NDDs described above, there are a number of other NDDs, such 

as Parkinson’s disease, frontotemporal dementia, multiple sclerosis, and prion 

disease (Wilson et al., 2023). Despite the diversity of clinical symptoms observed 

in these NDDs, these disorders share several common hallmarks (Bertram, 2005; 

Bourdenx et al., 2017). One key feature is the presence of misfolded proteins 

that aggregate within specific regions of the brain, eventually leading to 

neuronal loss and death (Halliday & Mallucci, 2015). A number of these proteins, 

including Aβ and tau, are capable of spreading templated conformational change 

in both cell culture and mouse models (Petkova et al., 2005; Clavaguera et al., 

2009; Desplats et al., 2009; Frost et al., 2009; Jucker & Walker, 2011; Luk et al., 
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2012). This seeding and propagating behaviour has been termed “prion-like”, as 

this mechanism was first described for prion disease (Prusiner, 1998).  

Although the first human cases of prion disease were described in the 1920s 

(Creutzfeldt, 1989; Jakob, 1989), the term “prion” was not used until 1997 when 

Stanley Prusiner isolated the infectious agent and confirmed that it was a 

misfolded protein (Prusiner, 1998). In humans, prion disease can manifest as 

sporadic, inherited, or acquired forms, and its incidence is very rare (Jankovska 

et al., 2021). One of the most notable outbreaks of human prion disease 

occurred in the 1990s in the United Kingdom in the form of variant 

Creutzfeldt-Jakob disease (CJD), colloquially known as “mad cow disease” (Will 

et al., 1996; Hill et al., 1997). Other human prion diseases include 

Gerstmann-Sträussler-Scheinker syndrome, kuru, and fatal familial insomnia. 

These are all progressive and fatal NDDs (Jankovska et al., 2021).  

1.5.1.1 Prion Protein Structure and Function 

PrPC is highly expressed throughout the animal kingdom and has been identified 

in all mammals, birds, and fish (Strumbo et al., 2001; Rivera-Milla et al., 2003). 

It is ubiquitously expressed and particularly abundant in neurons (Manson et al., 

1992; Kistner et al., 1996), where it is primarily localised to the synapse (Vey et 

al., 1996). 

PrPC is a membrane-bound glycoprotein attached to the cell membrane with a 

glycosylphosphatidylinositol (GPI) anchor (Stahl et al., 1987). As determined by 

NMR spectroscopy, PrPC has a high α-helical (45%) and low β-pleated sheet (3%) 

structure (Riek et al., 1996). PrPC has a structured C-terminal domain and an 

unstructured, flexible N-terminal domain. The C-terminal domain consists of 

three α-helices flanked by two short, antiparallel β-strands (Riek et al., 1996, 

1997). Moreover, the C-terminal domain contains two N-linked glycosylation sites 

at asparagine (Asn) residues: Asn181 and Asn197 in humans, and Asn180 and 

Asn196 in mice. These sites are variably glycosylated, resulting in di-, mono-, 

and un-glycosylated forms of PrPC (DeArmond et al., 1997). The N-terminal 

domain has a random-coil sequence, a series of octapeptide repeat units, and a 

positively charged cluster (Riek et al., 1996, 1997).  
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The specific function of PrPC remains unclear. PrPC knockout mice show no overt 

phenotypes in regard to behaviour and development (Büeler et al., 1992; Manson 

et al., 1994). Since the initial PrPC knockout experiments, subtle abnormalities 

have been observed in PrPC knockout mice which may shed light on the potential 

role of PrPC. For example, hippocampal slices from PrPC-deficient mice have 

displayed weakened inhibitory GABA signalling (Collinge et al., 1994). Overall, 

the predominant discovery from PrPC knockout mice is that PrPC knockout results 

in resistance to prion neurodegeneration (Büeler et al., 1992). 

1.5.1.2 Prion Toxicity  

Prion diseases involve the conversion of normal PrPC into a misfolded, toxic form 

known as scrapie prion (PrPSc) (Figure 1-11). As previously discussed, PrPC has a 

high α-helical and low β-pleated sheet structure, whereas PrPSc has a high  

β-sheet content (Pan et al., 1993; Riek et al., 1996). The conversion of PrPC into 

PrPSc occurs when the misfolded PrPSc comes into contact with PrPC, acting as a 

template for the conversion process (Figure 1-11A-B). Once converted, the 

misfolded proteins can either interact with more PrPC, leading to progressive 

amplification (Figure 1-11C), or form aggregates (Figure 1-11D). As PrPC is 

depleted in neurons, further PrPC is synthesised, providing additional material 

for conversion to the misfolded form. PrPSc can spread between neurons and thus 

gradually propagate throughout the brain. In addition, PrPSc is able to spread 

between organisms if infected material is ingested or transmitted through 

iatrogenic exposure.  

As this self-propagation mechanism has been found to be a common hallmark of 

numerous NDDs, the study of prion disease has provided valuable insights into 

their pathology, as well as leading to the development of animal models of prion 

disease, which allow a unique opportunity to study terminal neurodegeneration. 

The study of prion disease offers valuable insights into the broader field of NDDs, 

paving the way for improved therapeutic approaches.  
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Figure 1-11 Schematic of the prion-misfolding mechanism. In prion disease, endogenous prion 
protein (PrPC, blue) can become misfolded, thereby forming PrPSc. This misfolding can be induced 
by rare genetic mutations of environmental factors (such as ingestion of PrPSc). (A) Misfolded PrPSc 
then interacts with PrPC, changing its conformation and converting them to PrPSc (B). PrPSc can 
then either (C) interact with further PrPC or (D) accumulate into aggregates. 
 

1.5.2 Murine Prion Disease as a Model of Neurodegeneration 

Most animal models of neurodegeneration are engineered to express human 

genes carrying disease-associated mutations (see 1.5). By contrast, the 

inoculation of misfolded prion protein into the brains of mice induces a natural 

model of neurodegeneration. As NDDs share a number of key hallmarks, these 

insights are relevant not just to prion disease but to a broader spectrum of NDD.   

The mouse model of prion disease used in this thesis involves inoculating 

hemizygous Tg37 mice with prion disease. The Tg37 mouse line expresses PrPC at 

approximately three times the levels found in wild-type mice (Mallucci et al., 

2002). At 3-4 weeks of age, Tg37 mice receive an intracerebral inoculation of 

rocky mountain laboratory (RML) scrapie-infected brain homogenate prepared 

from the brains of terminally sick prion-diseased mice. This initiates the 

propagation of misfolded protein around the brains of these mice. Control mice 

are inoculated with brain homogenate prepared from the brains of healthy 

animals. From 8 weeks post inoculation with prion homogenate (w.p.i.), 

prion-diseased Tg37 mice show disease pathology in their brains, including 

neuroinflammation, spongiosis, and neuronal loss in the hippocampus, and PrPSc 
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deposition in the cortex and hippocampus (Mallucci et al., 2002, 2003; Bradley 

et al., 2016). This is followed by the onset of disease symptoms at 10 w.p.i., and 

a terminal disease endpoint at around 12 w.p.i. (Mallucci et al., 2002, 2003; 

Bradley et al., 2016).  

Prion-diseased mice display a progressive decline in behaviour that is typical of 

mice, such as burrowing and novel object recognition, as well as deficits in 

learning and memory (Mallucci, 2009; Bradley et al., 2016). These behavioural 

deficits can be assessed using simple, non-invasive tests, which provide useful 

paradigms for preclinical studies which aim to investigate any modification in 

the early stages of disease. These observed deficits correlate with early stages 

of disease pathology, such as synapse loss in the dorsal hippocampus (Mallucci, 

2009). This correlation is similar to the earliest behavioural symptoms of human 

AD, which correlate with the loss of synapses, dendrites, and spines, before the 

deposition of Aβ plaques (Näslund, 2000). The behavioural deficits observed in 

prion-diseased mice, in addition to synaptic dysfunction, can be ameliorated 

with neuronal PrPC depletion, demonstrating that neuronal function in these 

mice can be recovered (Mallucci et al., 2003, 2007).  

Murine prion disease shares a number of key disease hallmarks with other NDDs.  

Recent unbiased global proteomic and transcriptomic analyses of murine prion 

disease demonstrated that murine prion disease is associated with several 

pathology-associated markers also observed in human NDDs (Dwomoh et al., 

2022). This included markers of neuroinflammation such as astro- and 

microgliosis, mitochondrial dysfunction, and oxidative stress. Notably, the 

upregulation of protein markers associated with misfolded protein clearance 

demonstrates that murine prion disease and human NDD share common disease-

related changes. Similar to the activation of microglia surrounding Aβ plaques in 

AD (Salter & Stevens, 2017), microglial activation is found in response to PrPSc 

accumulation and surrounding PrPSc deposits (Williams et al., 1997; Bate et al., 

2002; Giese et al., 2006; Kercher et al., 2007; Gómez-Nicola et al., 2014; 

Sandberg et al., 2014; Vincenti et al., 2016). Importantly, prion-diseased mice 

display neuronal loss, which enables investigation into the mechanisms linking 

protein misfolding and neuronal death (Mallucci, 2009). Moreover, this 
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characteristic allows for the evaluation of novel compounds and their potential 

to modify disease progression and improve survival rates. 

As both murine prion disease and other NDDs display prion-like mechanisms of 

seeding and propagation, they likely share other common pathogenic 

mechanisms (Halliday & Mallucci, 2015; Condello et al., 2018). An improved 

understanding of murine prion disease will hopefully lead to the discovery of 

novel therapeutic interventions for the treatment of NDDs. 

1.6 General Aims of the Thesis 

As discussed, there are currently limited disease-modifying treatments available 

for NDDs. The mGlu5 receptor has been proposed as a therapeutic target, with 

the potential to have both a symptomatic and disease-modifying effect in NDD. 

Expressed on glial cells, ligands that target mGlu5 provide an opportunity to 

target the neuroinflammatory processes that occur in NDDs. This thesis builds 

upon the previous work of my supervisors using murine prion disease as a model 

of progressive terminal neurodegeneration (Bradley et al., 2016; Bourgognon et 

al., 2018; Scarpa et al., 2021; Dwomoh et al., 2022). By employing novel 

pharmacological ligands, together with mouse models of neurodegeneration, this 

thesis aims to evaluate the role of mGlu5 in the modulation of 

neuroinflammation and the progression of NDD. The primary hypothesis was that 

mGlu5 inhibition would be neuroprotective in murine prion disease.  

The three general aims of this thesis were to: 

1. Characterise two novel mGlu5 allosteric modulators, VU0409551 (a PAM) 

and VU0424238 (a NAM), in an immortal cell line and mouse primary 

cortical astrocytes (Chapter 3).  

2. Investigate the effect of chronic treatment of prion-diseased mice with 

VU0424238 (Chapter 4).  

3. Investigate the effect of mGlu5 deficiency on the progression of murine 

prion disease (Chapter 5).   
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2.1 Materials 

The key materials used in this thesis are listed with the corresponding supplier 

and catalogue number. 

2.1.1 Pharmacological Compounds 

The mGlu5 agonist Glutamate (D-(+)-Glucose) was purchased from Sigma-Aldrich 

(G5767), and DHPG ((S)-3,5-DHPG) was purchased from Tocris Bioscience (0805). 

The mGlu5 NAM, VU0424238, and PAM, VU0409551, were kindly provided by Dr 

Jerri M. Rook at Vanderbilt University (Warren Center for Neuroscience Drug 

Discovery, Nashville).  

For the in vitro and mouse ex vivo occupancy studies, [3H]M-MPEP (2-[3-

methoxyphenyl]ethynyl)-6-methylpyridine) was custom synthesised by Tritec 

(Specific activity 65.9 Ci/mmol). HTL0011867/mavoglurant [(3aR,4S,7aR)-4-

hydroxy-4(3-methylphenyl)ethynyl-octahydro-indole-1-carboxylic acid methyl 

ester] was synthesised by Sosei Heptares.  

2.1.2 General Materials and Reagents 

4–15% Mini-PROTEAN TGX Precast Protein Gels, 15-well, 15 μl (Bio-Rad, 4561086)  

384-well MicroAmp Optical PCR plates (Applied Biosystems, 4309849)  

384-well Optiplate (PerkinElmer, 6007290) 

Acrylamide Bis-Acrylamide Stock Solution, 30% Acrylamide (w/v) Ratio 37.5:1 

(Severn Biotech Ltd, 20-2100-10) 

Amersham Protran Nitrocellulose western blotting membranes (GE Healthcare, 

GE10600002) 

Ammonium Persulfate (APS) (Sigma-Aldrich, 7727-54-0) 

Amphotericin B (Gibco, 15290018) 

Beta-mercaptoethanol (β-mercaptoethanol) (Sigma-Aldrich, M3148) 



Chapter 2 62 
 
Bis-Acrylamide 2% solution (Bio-Rad, 1610142) 

Blasticidin S HCl (10 mg/ml) (Thermo Fisher, A1113903) 

Bovine Serum Albumin (BSA) (Sigma-Aldrich, A9418) 

Bradford protein assay reagent (Sigma-Aldrich, B6916-500ml)  

Brilliant III Ultra-Fast SYBR Green (Agilent, 600882) 

Calcium chloride solution (Sigma, 21115) 

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich, 

11836170001)  

Coverslips, round, 30 mm diameter, thickness no. 1 (VWR, 631-0174) 

Dialysed Fetal Bovine Serum (Sigma-Aldrich, F0392) 

Dimethyl Sulphoxide (DMSO) (Thermo Fisher, D/4120/PB08) 

DNase 1 (Type IV, 15KU) (Sigma-Aldrich, D5025) 

Doxycycline hydrochloride (Thermo Fisher, J60422-06) 

Dulbecco's Modified Eagle Medium (DMEM), high glucose (Gibco, 1196592) 

DMEM, high glucose, GlutaMAX™ Supplement, pyruvate (Gibco, 10569010) 

Dulbecco's Phosphate Buffered Saline (DPBS) (Gibco, 14190-094) 

Earle's Balanced Salt Solution (EBSS) (Gibco, 14155063) 

0.5M EDTA, pH 8.0 (Invitrogen, 15575-038) 

0.5M EGTA, pH8.0 (Bioworld, 405200081) 

Fast SYBER™ Green Master Mix (Thermo Fisher, 4385612) 
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Fetal Bovine Serum (FBS) (Sigma-Aldrich, F9665) 

Fura-2 AM (Abcam, ab120873) 

G5 Supplement (Thermo Fisher, 17503012) 

Gentamycin (Gibco, 15750078)  

Goat serum (Sigma-Aldrich, G6767) 

Glutamate-pyruvate transaminase (GPT) (Sigma-Aldrich, G9880) 

Glycine (Sigma-Aldrich, G7126) 

Hank's Balanced Salt Solution (HBSS), no calcium, no magnesium, no phenol red 

(Gibco, 14175129) 

Hanks' Balanced Salt Solution (HBSS; 10X), calcium, magnesium, no phenol red 

(Gibco, 14065049) 

N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES; VWR Chemicals, 

441485H) 

Hygromycin B Solution (Santa Cruz Biotechnologies, sc-29067) 

ImmEdge Hydrophobic Barrier PAP Pen (Vector Laboratories, H-4000) 

Isoflurane (Zoetis, ISOFLO) 

L-Glutamine 200 mM (Thermo Fisher Scientific, 25030081) 

Lipopolysaccharides from Escherichia Coli O111:B4 (LPS) (Sigma-Aldrich, L2630-

50MG) 

Magnesium Sulphate (MgSO4) (Sigma-Aldrich, M2643) 

N,N,N′,N′-Tetramethyl ethylenediamine (TEMED) (Merck, 1107320100) 
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Paraformaldehyde (PFA) powder, 95% (Sigma-Aldrich, 158127) 

Penicillin-Streptomycin (Pen-Strep) (10,000U/mL) (Gibco, 15140122) 

Phosphatase Inhibitor Cocktail tablets, 20 tablets (PhosSTO EASTpack) (Sigma-

Aldrich, 04906837001) 

Poly-D-lysine (Thermo Fisher Scientific, A3890401) 

Precision Plus Protein All Blue Prestained Protein Standards (Bio-Rad, 1610373) 

Proteinase K from Engyodontium album (Sigma, P2308) 

Restore Plus Stripping Buffer (Thermo Fisher Scientific, 46430) 

RNaseZap RNase Decontamination Solution (Invitrogen, AM9780) 

ScintLogic U (LabLogic, SG-BXX-14) 

Sodium Azide (Sigma-Aldrich, S2002) 

Sodium Chloride (NaCl) (Sigma-Aldrich, 7653) 

Sodium Dodecyl Sulphate (Sigma-Aldrich, L3771) 

Sodium Deoxycholate (Sigma-Aldrich, D6750) 

Sodium Pyruvate (Thermo Fisher, 11360070) 

TagMan™ Fast Advanced Master Mix (Applied Biosystems™, 444556) 

Tris Glycine SDS 10x solution (Severn Biotech Ltd, 20-6400-50) 

Tris Hydrochloride (Tris-HCl), 0.5M, pH6.8 (Sigma-Aldrich, T3253) 

Tris-HCl, 1.5M, pH8.8 (Sigma-Aldrich, B2237) 

Triton X-100 (Sigma-Aldrich, T9284)  
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Tris Base (Sigma-Aldrich, T1503) 

Trypan Blue Solution (0.4%) (Sigma-Aldrich, T8154)  

TrypLE Select Enzyme (10X), no phenol red (Gibco, A1217701)  

Trypsin (Bovine Pancreas) (Sigma-Aldrich, T9201) 

Trypsin-EDTA (0.25%), phenol red (Gibco, 25200056) 

Trypsin Inhibitor (Type 1-S) (Sigma-Aldrich, T9003) 

Tween-20 (Sigma-Aldrich, P7949)  

Tween-80 (Sigma-Aldrich, P1754) 

VECTASHIELD Hardset Antifade Mounting Medium with DAPI (Vector Laboratories, 

H-1500)  

Whatman Grade 3MM Chr Cellulose Chromatography Paper (Cytiva, 3030-917)  

Whatman GF/C Microfilter Paper (Brandel, FP-200) 

2.1.3 Assay Kits 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, 4368813) 

IP-One – Gαq kit HTRF® assay (CisBio, 62IPAPEC)  

LEGENDplex™ Mouse Inflammation Panel (13-plex) with V-bottom Plate 

(BioLegend, 740446) 

Pierce™ BCA Protein Assay Kit (Thermo Fisher, 23227)  

RNeasy Plus Mini Kit (Qiagen, 74134) 

TaqMan™ Gene Expression Cells-to-CT™ Kit (Thermo Fisher, AM1728) 
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2.1.4 Specialised Equipment 

24-well Brandel Cell Harvester (Alpha Biotech) 

CLARIOstar Microplate Reader (BMG LABTECH) 

Eppendorf BioPhotometer™ (Eppendorf) 

EVOS™ FL Auto 2 Imaging System (Thermo Scientific, Invitrogen)  

FACS Canto™ II Flow Cytometer (BD Biosciences) 

FLEXstation II Plate Reader (Molecular Devices) 

FLUOstar OPTIMA plate reader (BMG LABTECH) 

Hidex 300 SL liquid scintillation counter (Hidex) 

Immunoblotting apparatus from the Bio-Rad Mini-PROTEAN range (Bio-Rad 

Laboratories Ltd.) 

IncuCyte® Live-Cell Analysis Incubator (Sartorius) 

LI-COR Odyssey Sa Infrared Imaging System (LI-COR Biosciences) 

Mr. Frosty™ Freezing Container (Thermo Fisher, 5100-0001) 

PHEROstar Microplate Reader (BMG LABTECH) 

QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific) 

Zeiss LSM 880 Confocal Laser Scanning Microscope (Zeiss) 
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2.2 Cell Culture 

2.2.1 Flp-In mGlu5 Cell Lines 

Human Embryonic Kidney (HEK293) cells expressing either human or mouse 

mGlu5 were previously generated in the laboratory using the Flp-In™ T-Rex™ 

system. In this thesis, these are referred to as Flp-In mGlu5 cells.  

The generation of a Flp-In™ T-Rex™ parental cell line which is able to express a 

protein of interest requires the integration of two plasmids: pFRT/lacZeo, which 

contains a Flp Recombination Target (FRT) site; and pcDNA6/TR, which 

constitutively expresses the tetracycline repressor (TetR) under the control of a 

human cytomegalovirus (CMV) promotor. These plasmids are made resistant to 

the antibiotics zeocin and Blasticidin, respectively, to ensure their expression in 

the genome (Craig, 1988; Sauer, 1994). This parental cell line is then 

co-transfected with two additional plasmids: pcDNA5/FRT/TO, which contains 

the gene of interest under the control of a tetracycline-regulated human CMV 

promotor as well as a hygromycin resistance gene with a FRT site; and pOG44 

which expresses Flp recombinase under the control of the human CMV promotor. 

Upon co-transfection, the Flp recombinase expressed by pOG44 catalyses a 

homologous recombination event between the FRT site in the host cell genome 

and the FRT site on pcDNA5/FRT/TO. This results in the insertion of 

pcDNA5/FRT/TO, and consequently the gene of interest, into the genome 

(O'Gorman et al., 1991). Once this insertion has occurred, the expression of the 

protein of interest can be induced by the addition of tetracycline or its derivate 

doxycycline. Tetracycline (or doxycycline) binds to the tetracycline repressor, 

causing it to dissociate from the tetracycline operator and allowing for 

transcription of the protein of interest (Yao et al., 1998). 

A haemagglutinin (HA) epitope tag was attached to the C-terminal tail of mGlu5 

to facilitate the detection of the receptors.  

Immunoblot analysis was carried out on both human and mouse Flp-In mGlu5 

cells. The results showed mGlu5 receptor expression in the mouse Flp-In mGlu5 

cells, while no expression was detected in the human Flp-In mGlu5 cells 

(Figure 2-1A). In addition, the human Flp-In mGlu5 cells showed a minimal 
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response in an inositol monophosphate (IP1) accumulation assay (see section 

2.9.1) as compared to the mouse Flp-In mGlu5 cells (Figure 2-1B). Based on these 

findings, it was decided that experiments in this thesis would be conducted 

solely in the mouse Flp-In mGlu5 cells.  

 

Figure 2-1 Comparison of Flp-In™ T-Rex™ 293 cells expressing human or mouse mGlu5. (A) 
Detection of mGlu5 expression in membrane samples from Flp-In™ T-Rex™ 293 cells expressing 
either mouse or human mGlu5 induced with different concentrations of doxycycline overnight 
(ng/ml). Blot was probed with an anti-mGlu5 antibody. Na+/K+ ATPase was used as a loading 
control. A representative blot is shown (n=2). (B) Concentration response curve showing 
IP1 accumulation in Flp-In™ T-Rex™ 293 cells expressing- either mouse or human mGlu5 after 
1 hour stimulation with increasing concentrations of glutamate or DHPG (n=2). Data were analysed 
using a log(agonist) vs response (three parameters) analysis of non-linear regression using 
GraphPad Prism 7 and are shown as means ± S.E.M. for independent experiments performed in 
duplicate. 
 

2.2.1.1 Maintenance  

Flp-In mGlu5 cells were maintained at 37°C, 5% carbon dioxide (CO2) in a 

humidified atmosphere and grown until confluent in Dulbecco's minimum 

essential medium (DMEM) high glucose supplemented with 10% fetal bovine 
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serum (FBS), 1% Penicillin-Streptomycin, 100 μg/ml Hygromycin, and 5 μg/ml 

Blasticidin. Parental Flp-In cells were maintained in the same environment but 

without adding Hygromycin to the medium.  

Cells were passaged once confluent. Flasks of Flp-In mGlu5 cells were washed 

with phosphate-buffered saline (PBS), followed by incubation with TrypLE for 

5-10 min at 37°C, 5% CO2 to detach the cells from the bottom of the flask. To 

neutralise the TrypLE, culture media was added to the cells, and the cell 

suspension was subsequently centrifuged (200 xg, 5 min). Cell pellets were 

resuspended in fresh culture medium and transferred to a sterile culture flask. 

An appropriate volume of fresh culture medium was added to achieve a 

1:10 dilution. The cells were subsequently incubated at 37°C, 5% CO2 in a 

humidified atmosphere until confluent. 

For experiments, cells were diluted to the desired concentration and seeded 

onto plates coated with poly-D-lysine (PDL) as described in section 2.2.3). Cells 

were seeded in DMEM high glucose supplemented with 10% dialysed FBS, and 

1% Penicillin-Streptomycin (assay medium). After 3-4 hours, the assay medium 

was replaced with fresh assay medium containing doxycycline at a concentration 

of 2 ng/ml unless otherwise specified. 

2.2.1.2 Cryopreservation  

For long-term storage, cell lines were cryopreserved in liquid nitrogen or a -80°C 

freezer. Confluent cells were pelleted as described in Section 2.2.1.1. Cell 

pellets were resuspended in 10% (v/v) DMSO in FBS (1 ml per T75 flask). Aliquots 

of 1 ml were frozen at -80°C in a Mr. Frosty™ Freezing Container to allow for a 

cooling rate of approximately -1°C per min, which is optimal for cell 

preservation. Cryopreserved cells were revived by rapid thawing in a 37°C water 

bath. Thawed cells were transferred to a flask containing 10 ml of pre-warmed 

culture medium and passaged as above (Section 2.2.1.1) after 16-24 hours.  
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2.2.2 Mouse Primary Cortical Astrocyte Culture 

2.2.2.1 Preparation and Maintenance 

Mouse primary cortical astrocytes were prepared according to a modified 

protocol described by Zhang et al. (2005). The protocol was appropriate for 

8 mouse pups and was adjusted depending on the size of the litter. The 

solutions used for the preparation are summarised in Table 2-1. C57BL/6J mice 

(postnatal day 1-4) were decapitated, and the cortices removed. The cortices 

were kept in ice-cold EBSS+ during the dissection. Following this, the cortices 

were cut into small pieces and incubated in 10 ml of solution 1 at 37°C for 

15 min. The tissue was agitated by shaking every 5 min during this period. Next, 

10 ml of solution 2 was added to the tissue suspension and allowed to stand for 

5 min. The supernatant was then removed and 2.5 ml of solution 3 was added. 

Tissue was dissociated into a single-cell suspension by triturating using a 

fire-polished glass pipette. The resulting solution was transferred to a fresh 

falcon tube and the titration was repeated. Following this, 2.5 ml of solution 4 

was added, and the suspension was centrifuged (200 xg 8 min). The supernatant 

was discarded, and the pellet was resuspended in DMEM high glucose with 

GlutaMAX™ and pyruvate supplemented with 15% heat-inactivated FBS, 

10 mg/ml gentamycin and 250 mg/ml amphotericin B.   

Table 2-1 Composition of solutions for mouse primary cortical astrocyte preparation. 
EBSS+ 100 ml EBSS (Ca2+/Mg2+-free), 1 ml MgSO4 (stock 3.82 g/100 mL), 

0.3 g BSA, 0.25 g D-(+)-glucose  

Solution 1 2.5 mg trypsin, 10 ml EBSS+ 

Solution 2 1.6 ml solution 3, 8.4 ml EBSS+ 

Solution 3 100 μl DNase I (stock 4 mg/ml), 12 mg trypsin inhibitor, 

100 μl MgSO4 (stock 3.82 g/100 ml), 10 ml EBSS+ 

Solution 4 0.4 g BSA, 80 μl MgSO4 (stock 3.82 g/100 ml), 10 ml EBSS+ 

Cells were grown in PDL-coated T175 cell culture flasks and incubated at 37°C, 

5% CO2 for 7 days, with the medium being refreshed on day 4. On day 7, the 

medium was replaced with DMEM high glucose with GlutaMAX™ and pyruvate 

supplemented with 10% heat-inactivated FBS, 10 mg/ml gentamycin and 

250 mg/ml amphotericin B, and the flask was transferred to a shaking incubator 
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overnight (37°C, 320 rpm). Shaking removes oligodendrocytes and microglia, 

which remain in the supernatant. The cells that remain adhered to the shaken 

flask are predominantly astrocytes. These were washed twice with PBS and 

harvested with 0.05% trypsin-EDTA. Flasks were bashed by hand to ensure the 

detachment of all cells. The astrocytes were centrifuged (200 xg 5 min) and 

resuspended in fresh culture medium.  

Cells were seeded onto PDL-coated plates (Section 2.2.3) at a density of 

400,000 cells/ml in a 96-well plate for cell-based assays and IncuCyte® imaging, 

400,000 cells/ml in a 6-well plate for immunoblotting, or 200,000 cells/ml in a 

6-well plate for immunocytochemistry (ICC). The density chosen for cell-based 

assays ensured that the cells were confluent in the wells of a 96-well plate, and 

a lower density was chosen for plating in a 6-well plate for ICC in order for cell 

morphology to be observed (Figure 2-2). The next day, the medium on the 

astrocytes was replaced with DMEM high glucose with GlutaMAX™ and pyruvate 

supplemented with 10 mg/ml gentamycin, 250 mg/ml amphotericin B and 

G5 supplement. Cells were used for experiments 3-4 days later when visibly 

differentiated. 

 

Figure 2-2 Optimisation of mouse primary cortical astrocyte plating density. Phase contrast 
images taken on an EVOS FL Auto 2 imaging system at 20x magnification showing mouse primary 
cortical astrocytes plated at six different densities (50-500,000 cells/ml). Cells were grown in the 
presence of G5 supplement for 4 days before imaging. Scale bar = 200 μm.  
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2.2.3 Preparation of Experimental Plates 

PDL was added to the required plates at a concentration of 0.1 mg/ml in enough 

volume to cover the plate surface. Plates were incubated at 37°C for 1-24 hours 

before being washed three times with sterile PBS. Plates were left to dry in a 

sterile hood under UV light before storage at 4°C until use.   

2.2.4 Counting of Cells 

Cell counting for Flp-In mGlu5 cells and mouse primary cortical astrocytes was 

carried out using trypan blue staining. Cell suspensions were gently mixed, and 

100 μl added to 0.4% trypan blue at a 1:1 ratio. This dye penetrates the plasma 

membrane of dead cells, staining them blue. Through manual haemocytometer 

counting, the total number of viable cells per ml was estimated.  

2.3 Experimental Animals 

2.3.1 Mouse Maintenance 

All procedures were carried out in accordance with the Animals (Scientific 

Procedures) Act 1986 under personal licence I40161082, held by the 

undersigned, and project licences PP0894775 and PP7704105, held by Prof 

Andrew B. Tobin (University of Glasgow). Animals care followed the national 

guidelines for animal experimentation. Mice were group-housed in groups of 2 or 

more in individually ventilated cages (GM500 for mice, floor area 501 cm2; 

Techniplast). Cages were lined with corn cob bedding which was replaced every 

two weeks or when wet. In addition, cages contained a cardboard or plastic 

house, a cardboard tube, and shredded brown paper as nesting material. Animals 

were fed ad libitum with standard mouse chow and water and were maintained 

in a controlled environment (18-23˚C, 40-60% humidity, 12-hour light/dark 

cycle).  

In Chapter 4, the mice used were Tg37 hemizygous mice that overexpress mouse 

prion protein, described previously (Mallucci et al., 2003). In Chapter 5, the 

mice used were mGlu5 wild-type (mGlu5+/+), hemizygous (mGlu5+/-) or 

heterozygous (mGlu5-/-) knockout on a C57/BL6 background.  
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2.3.2 Generation of Knockout Animals 

Mutant mGlu5+/+, mGlu5+/- and mGlu5-/- mice were kindly provided by Stephen 

Ferguson at the University of Ottawa (Ribeiro et al., 2014). At the University of 

Glasgow, mouse colonies were generated using heterozygous-heterozygous 

breeding, with offspring genotyped by PCR analysis. All experiments carried out 

on mGlu5+/+, mGlu5+/- and mGlu5-/- mice in this thesis were carried out blind. 

Experimental groups were assigned by a different person to the experimenter. 

During experimentation and statistical analysis, the experimenter was unaware 

of an animal's genotype. Sample sizes were based on previous publications and 

studies in the laboratory.  

2.3.3 Prion Infection of Mice 

Mice were inoculated intracerebrally into the right parietal lobe with 20 μl 

1% Rocky Mountain Laboratories (RML) prion-infected brain homogenate or 20 μl 

1% normal brain homogenate (NBH) (control) at approximately 3 weeks of age as 

previously described (Mallucci et al., 2003). Inoculations were carried out free 

hand by the same animal technician. Sample sizes were based on previous 

publications and studies in the laboratory. 

2.3.4 VU0424238 Dosing Study 

Cohorts of male and female control and prion-infected mice were given daily 

intraperitoneal (i.p.) injections from 4 w.p.i. of either vehicle (10% Tween-80) 

or VU0424238 (10 mg/kg). Injections were given at the same time each day to 

ensure consistency. Sample sizes were based on previous studies and 

publications. 

2.3.5 Tissue Harvesting  

Mice were sacrificed by cervical dislocation (followed by confirmation of death 

by exsanguination) and their brain tissue (cortex and hippocampus) collected for 

biochemical analysis. Harvested tissue was snap-frozen on dry ice and stored 

at -80˚C until use. For histology protocols, brains were fixed in 

4% paraformaldehyde (PFA) by an animal technician using a perfusion-fixation 
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technique. Anaesthesia was initiated using 5% isoflurane and maintained using 

2.5-3.5% isoflurane in 100% oxygen at 2 l/min.  

2.3.6 Behavioural Observations 

2.3.6.1 Symptom Scoring and Survival Studies  

Prion-diseased mice were scored daily based on the appearance of early 

indicators and confirmatory signs of prion disease. Early indicators include a 

rigid tail, sustained erect ears, piloerection, erect penis, clasping of hind legs 

when lifted by the tail, un-sustained hunched posture, mild loss of coordination, 

and being subdued. Confirmatory signs included ataxia, impairment of the 

righting reflex, sustained hunched posture, dragging of limbs, and abnormal 

breathing. Symptom onset was established with the appearance of at least 

2 early indicator signs of disease. A clinical disease diagnosis was defined as the 

presence of 2 early indicator signs and 1 confirmatory sign, or 2 confirmatory 

signs alone. Animals were culled when they developed clinical signs of prion 

disease. 

2.3.6.2 Burrowing 

The assessment of burrowing behaviour was carried out weekly on female 

control and prion-diseased mice from either 7 w.p.i. (Chapter 4; Tg37 animals) 

or 12 w.p.i. (Chapter 5; mGlu5+/+, mGlu5+/-, and mGlu5-/- animals). The mice 

were acclimatised to the burrowing cages the day before testing began 

("training"). On the day of testing, mice were placed into individual cages with a 

plastic cylinder containing 140 g food pellets. After 2 hours, the pellets 

remaining in the cylinders were weighed and the percentage of the pellets 

displaced ("burrowed") was calculated. 

2.3.6.3 Open Field  

The assessment of locomotor and anxiety-like behaviour using an open field test 

was carried out on male and female mGlu5+/+, mGlu5+/-, and mGlu5-/- mice. 

Animals were habituated to the behavioural testing suite overnight prior to 

testing, and the light cycle was set to 12 hours dark, 12 hours light. Mice were 

placed in the centre of a clear Perspex box (50 x 50 cm), and their activity was 
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tracked for 10 min using ANY-maze software (Stoelting). Before testing and 

between animals, the testing area was cleaned with 70% ethanol and allowed to 

dry. Data were analysed using ANY-maze software.  

2.4 Human Tissue 

Human brain tissue was provided by the London Neurodegenerative Diseases 

Brain Bank (Brains for Dementia Research). Samples were stored at -80˚C until 

use. The samples are listed in Table 2-2 below.  

Table 2-2 List and description of human brain tissue provided by the London 
Neurodegenerative Diseases Brain Bank (Brains for Dementia Research). Samples received 
included 250 mg of the hippocampus and cortex. AD = Alzheimer's Disease, M = male, F = female.  
Sample Pathology Age Sex MRC ID 

Control 
Normal brain consistent with 

patient age 
81 F BBN002.32844 

Control 

Age-related changes and very mild 

Alzheimer's disease pathology 

(modified Braak/BNE stage II) 

86 F BBN002.30171 

Control 
AD-modified Braak (BNE) stage 2 

with moderate amyloid angiopathy 
98 F BBN002.30069 

Control 
Moderate to severe amyloid 

angiopathy 
87 M BBN002.29416 

Control 
Normal brain consistent with 

patient age 
80 M BBN002.28858 

AD 
Alzheimer's Disease (modified Braak 

(BNE) stage VI 
90 F BBN002.26094 

AD 

Alzheimer's disease (modified Braak 

(BNE) stage VI) with moderate 

amyloid angiopathy 

89 F BBN002.28697 

AD 

Alzheimer's disease (modified Braak 

(BNE) stage VI) with moderate 

amyloid angiopathy 

70 M BBN002.29053 

AD 

Alzheimer's disease (modified 

Braak/BNE stage VI) with mild 

amyloid angiopathy 

80 M BBN002.29411 
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AD 
Alzheimer's disease (modifed Braak 

(BNE) stage VI) Thal phase V 
95 F BBN002.30132 

 

2.5 Immunoblotting 

2.5.1 Preparation of Lysates from Cultured Cells 

Flp-In mGlu5 cells and primary cortical astrocytes were plated in a cell culture 

dish or 6-well plate as previously described (Sections 2.2.1.1 and 2.2.2) and 

grown to confluence. The medium was removed, and cells were washed twice 

with ice-cold PBS. The cells were left to incubate on ice with 1 ml PBS from a 

stock of 10 ml PBS containing 1 phosphatase inhibitor cocktail tablet and  

1 protease inhibitor tablet. Cells were scraped from the bottom of each cell 

culture dish into an Eppendorf tube and centrifuged (16000 xg, 10 min, 4°C). 

The pellet was resuspended via sonification and centrifuged again (16000 xg,  

30 min, 4°C). The supernatant was discarded, and the cells were resuspended in 

200 μl ice-cold RIPA buffer (50 nM Tris/HCl pH 7.5, 1 mM EDTA pH 8, 1 mM EGTA 

pH8, 1% Triton-X-100, 0.1% β-mercaptoethanol) from a stock of 10 ml RIPA 

buffer containing 1 phosphatase inhibitor cocktail tablet and 1 protease inhibitor 

tablet. The suspension was rotated for 30 min at 4°C, centrifuged (16000 xg, 

30 min, 4°C), and the supernatant was collected and kept at -80°C until needed. 

2.5.2 Preparation of Membranes from Brain Tissue 

Frozen brain tissue (section 2.3.5) was homogenised using a handheld 

homogeniser in 500 μl T/E buffer (10 mM Tris, 1 mM EDTA, pH 8.0) containing 

phosphatase and protease inhibitors. Samples were then centrifuged at 100 xg 

for 10 min at 4°C. The supernatant was further centrifuged at 21000 xg for 

1 hour at 4°C. After discarding the supernatant, the pellet was resuspended in 

300 μl RIPA buffer (50 nM Tris/HCl pH 7.5, 1 mM EDTA pH 8, 1mM EGTA pH 8, 

1% Triton-X-100, 0.1% β-mercaptoethanol) containing phosphatase and protease 

inhibitors using a sonicator at amplitude 3-5 Hz. Samples were then rotated for 

2 hours or overnight at 4°C and centrifuged at 21000 xg for 10 min at 4°C. The 

supernatant was transferred into a clean Eppendorf and stored at -80°C.  
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2.5.3 Determination of Membrane Protein Concentration 

A Bicinchoninic acid (BCA) or Bradford assay was used to determine protein 

concentration in cell lysates.  

For a BCA assay, BSA standards or protein standards (20 μl) were mixed with the 

manufacturer's BCA working reagent (200 μl) for 30 sec on a plate shaker, then 

incubated at 37°C for 30 min. The plate was cooled to room temperature, and 

then absorbance at 562 nm was measured using an Optima microplate reader. 

The data were analysed using Prism. The BSA standard curve ranged from 0 to 

2000 μg/ml and was used as a reference for determining the protein 

concentration of each sample.  

For a Bradford assay, a volume of 1 μl of each protein sample and a RIPA control 

were diluted in 499 μl of distilled H2O. 500 μl of Bradford protein assay reagent 

was subsequently added to each sample. Protein concentrations were measured 

on an Eppendorf BioPhotometer using the pre-calibrated Bradford settings.  

Protein concentrations were normalised to the sample with the lowest protein 

concentration by the addition of RIPA buffer. 

2.5.4 Running of Gels 

Gels were either manually cast using Bio-Rad Mini-PROTEAN III equipment or  

4-15% Mini-PROTEAN® TGX™ precast protein gels were used. For manually cast 

gels, the percentage of the resolving gel was determined by the size of the 

protein of interest, typically 12% for proteins smaller than 60 kDa and 8% for 

proteins larger than 60 kDa. Resolving gels also contained 275 mM Tris (pH 8.8), 

0.1% SDS (v/v), 0.1% APS (w/v) and 200 nM TEMED in distilled H2O. Once the 

resolving gel was set, the stacking gel was cast on top and contained 

4% acrylamide, 125 mM Tris (pH 6.8), 0.1% SDS (v/v), 0.05% APS, 200 nM TEMED 

in distilled H2O. Gels were typically 1.5 mm in thickness.  

On ice, 2X loading buffer (250 mM 0.5 M Tris/HCl pH 6.8, 10% SDS, 40% glycerol, 

5% β-mercaptoethanol, 0.01% bromophenol blue) was added to each sample to 

give a 1X final concentration. Samples were denatured by heating at 65°C for 

5 min and spun down on a mini centrifuge. Samples were run at 60-120V for 
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approximately 2 hours in 1X Tris Glycine SDS running buffer (25 mM Tris-Cl, 

192 mM glycine, and 0.1% SDS).  

2.5.5 Probing and Detection 

Nitrocellulose membranes and filter paper were equilibrated in transfer buffer 

(25 mM tris base, 192 mM glycine, 20% Et-OH) before assembly in a blot 

sandwich. To assemble a transfer cassette, the gel was placed in direct contact 

with the nitrocellulose membrane within a sandwich of transfer sponges and  

1 mm Whatmann chromatography paper. The cassette was placed in a transfer 

tank containing transfer buffer, and the transfer from the gel to the membrane 

was performed for 2 hours at 60 V. The membrane was then incubated in  

5% non-fat milk powder in TBS-T buffer (20 mM tris base, 137 mM NaCl,  

0.1% Tween-20) for 1 hour at room temperature to block non-specific binding 

sites. Membranes were then incubated with a primary antibody (Table 2-3) 

diluted 1:1000 in 5% milk overnight at 4°C. After washing with TBS-T (3x 5 min), 

membranes were incubated with the relevant secondary antibody (Table 2-4) in 

the dark for 1 hour at room temperature. The membrane was then washed with 

TBS-T (3x 5 min) and developed using the LI-COR Odyssey Sa Infrared Imaging 

System. When re-probing was required, the primary and secondary antibodies 

were removed by incubating the membrane with Restore Plus stripping buffer for 

15 min. The membrane was then washed with TBS-T, blocked with 5% milk in 

TBS-T for 1 hour and incubated with the desired antibodies for a different 

protein of interest as outlined above. Quantification of band intensities was 

carried out as outlined in section 2.5.5.  
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Table 2-3 List of primary antibodies for immunoblotting. Primary antibodies are listed 
according to their antigen, and details include the host species, supplier, and catalogue number 
(Cat#). All antibodies were diluted 1:1000 in 5% milk in TBS-T. 

Antibody Host Organism Supplier (Cat#) 

α-tubulin Mouse Abcam (ab7291) 

Glial Fibrillary Acidic Protein 

(GFAP) 
Mouse Sigma-Aldrich (G3893) 

Ionised Calcium Binding 

Adaptor Molecule 1 (Iba-1) 
Rabbit Thermo Fisher (PA5-27436) 

Type 5 Metabotropic 

Glutamate Receptor (mGlu5) 
Rabbit Merck Millipore (MABN139) 

Postsynaptic Density Protein 

95 (PSD95) 
Rabbit Abcam (ab18258) 

Prion Protein (PrP) Mouse Abcam (ab61409) 

Sodium Potassium ATPase 

(Na+/K+ ATPase) 
Rabbit Abcam (ab76020) 

Vimentin Mouse R&D Systems (MAB21052) 

 

Table 2-4 List of secondary antibodies for immunoblotting. Secondary antibodies are listed 
according to their antigen, and details include the host species, supplier, and catalogue number 
(Cat#). All antibodies were diluted 3:10,000 in 5% milk in TBS-T. 

Antibody Supplier (Cat#) 

IRDye® 800CW donkey anti-mouse LI-COR Biosciences (926-32212) 

IRDye® 680LT donkey anti-mouse LI-COR Biosciences (926-68022) 

IRDye® 800CW donkey anti-rabbit LI-COR Biosciences (926-32213) 

IRDye® 680LT donkey anti-rabbit LI-COR Biosciences (926-68023) 

 

2.5.6 Proteinase K Digestion 

To assess levels of scrapie prion protein, brain tissue was prepared as above 

(Section 2.5.2) and digested with proteinase K before western blotting. Lysates 

were incubated with 0.01 mg/ml of proteinase K for 10 min at 37°C prior to the 

addition of sample buffer. Control samples (for probing for total prion protein) 

were incubated with the equivalent volume of water before the addition of 

sample buffer. Western blotting was then carried out as described in sections 

2.5.4 and 2.5.5. 
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2.5.7 Densitometry  

Band intensities for the protein of interest or a housekeeping protein were 

quantified using Image Studio Lite (Version 5.2; LI-COR Biosciences) by 

measuring the median pixel intensity (arbitrary units) of each band. The 

software automatically corrected for background. Band intensities for the 

protein of interest were normalised to the band intensity for the corresponding 

housekeeping band. Housekeeping proteins were probed for on the same blot as 

the protein of interest following incubation of the membrane with Restore Plus 

stripping buffer (see section 2.5.5.).  

2.6 Histology 

2.6.1 Tissue Harvest  

Mice were transcardially perfused with 20 ml of ice-cold DPBS followed by 20 ml 

of freshly prepared ice-cold 4% PFA (in DPBS). Following perfusion, brains were 

removed immediately and further fixed in 4% PFA for 24-48 hours. Brains were 

stored in 0.2% sodium azide in DPBS at 4°C until processing. 

2.6.2 Tissue Processing  

Brains were processed by the University of Glasgow Histology Research Service 

(Vet Diagnostic Services) as follows: 

1. Ethanol  1 hour (4x) 

2. Ethanol  1.5 hours 

3. Ethanol  2 hours 

4. Xylene   2 hours (2x) 

5. Xylene   1.5 hours  

6. Paraffin wax  2 hours (3x) 

 

The whole process took 17 hours and was carried out overnight. The paraffin-

embedded samples were cut coronally into 5 μm sections using a Thermo Shando 

HM340 rotary microtome by the University of Glasgow Histology Research 

Service. The sections were then baked overnight in a 37°C oven.  
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2.6.3 Deparaffinisation and Rehydration  

Deparaffinisation and rehydration of brain samples were carried out by the 

University of Glasgow Histology Research Service (Vet Diagnostic services) as 

follows: 

1. Histoclear (to de-wax) 5 min 

2. 100% ethanol   5 min 

3. 70% ethanol   5 min 

4. Water    5 min 

 

2.6.4 Heat-induced Epitope Retrieval 

After deparaffinisation and rehydration of the brain sections, antigen retrieval 

was carried out on the sections by the University of Glasgow Histology Research 

Service (Vet Diagnostic Services). This was done using a Menarini Access 

Retrieval Unit with Sodium Citrate Buffer (pH 6) for 1 min 40 sec at 125°C at full 

pressure.  

2.6.5 Immunohistochemistry 

Following antigen retrieval, slices were washed for 1 hour with washing buffer 

(0.1% Triton-X-100 in TBS). Slides were dried around the edges, and a 

hydrophobic pen was used to draw around the brain slices in order to reduce the 

amount of antibody required for staining. Non-specific binding was blocked by 

incubation with 200 μl blocking buffer (5% BSA, 10% goat serum, 

0.1% Titron-X-100) for 24 hours at 4°C. Subsequently, incubation with primary 

antibodies (Table 2-5) in blocking buffer was conducted for 2 hours at room 

temperature or overnight at 4°C. After three washes in washing buffer, slides 

were incubated with the appropriate Alexa Fluor™ antibody (Table 2-6) in 

blocking buffer for 2 hours at room temperature. Slides were washed a further 

three times, then mounted on glass slides using VECTASHIELD® Hardset™ 

Antifade Mounting Medium with DAPI. Samples were left to dry overnight at 4°C 

and sealed with nail polish the following day. 
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Table 2-5 List of primary antibodies for immunohistochemistry and immunocytochemistry. 
Primary antibodies are listed according to their antigen, and details include the host species, 
working dilution, supplier and catalogue number (Cat#). All antibodies were diluted in the relevant 
blocking buffer. 

Antibody Host Organism Working Dilution Supplier (Cat#) 

GFAP Mouse 1:1000 
Sigma-Aldrich 

(G3893) 

Human Influenza 

Haemagglutinin (HA) 
Rat 1:500 

Roche 

(12158167001) 

Iba-1 Rabbit 1:500 
Thermo Fisher 

(PA5-27436) 

mGlu5 Rabbit 1:1000 
Merck Millipore 

(MABN139) 

Vimentin Mouse 1:400 
R&D Systems 

(MAB21052) 

 

Table 2-6 List of secondary antibodies for immunohistochemistry and 
immunocytochemistry. Secondary antibodies are listed according to their antigen, and details 
include the supplier and catalogue number (Cat#). All antibodies were diluted 1:400 in the relevant 
blocking buffer. 

Antibody Supplier (Cat#) 

Alexa Fluor™ 488 goat anti-mouse Invitrogen (A11001) 

Alexa Fluor™ 594 goat anti-mouse Invitrogen (A11005) 

Alexa Fluor™ 488 goat anti-rabbit Invitrogen (A11008) 

Alexa Fluor™ 594 goat anti-rabbit Invitrogen (A11037) 

Alexa Fluor™ 488 goat anti-rat Invitrogen (A11006) 

 

2.6.6 Fluorescence Microscopy 

Samples were imaged either using a confocal microscope (Zeiss LSM 880) or a 

NanoZoomer S60 digital slide scanner with the fluorescence imaging module 

(Hamamatsu) using 10x, 20x, 40x (oil-based), or 63x (oil-based) objective. The 

microscope used is indicated in the appropriate figures. Imaging on the 

NanoZoomer was conducted at the Glasgow Tissue Research Facility at the 

Queen Elizabeth University Hospital. Within each experiment, the same 

microscope settings were used. 
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2.6.7 Quantification of Fluorescent Staining 

Images were analysed using ImageJ to determine the % area stained by each 

antibody. As shown in Figure 2-3A, appropriate regions of interest (ROI) were 

selected for the imaging of brain samples analysed in Chapter 4. ROIs included 

the cortex and three hippocampus regions (CA1, CA3 and dentate gyrus). In 

Chapter 5, whole brain slices were imaged, and ROIs were selected from a larger 

image, as shown in Figure 2-3B. Using Zen 3.4 (blue edition) software, images 

were split and saved as individual channels (i.e., DAPI, red, green) (Figure 2-3C). 

Using ImageJ, the required colour channel was converted to 16-bit greyscale 

(Figure 2-3D). Once in greyscale, the images were manually adjusted to a 

threshold to highlight any area covered by staining and ensure that no 

background noise was included in the analysis (Figure 2-3D). ImageJ software 

was then used to calculate the area covered by the stain and gave a figure for 

the % of the total area for each antibody and ROI analysed.  
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Figure 2-3 Schematic of quantification of immunohistochemistry. (A and B) Appropriate 
images were selected, focusing on specific regions of interest (ROI). (C) Channels were split and 
saved as individual images. (D) Images were converted to greyscale, and the threshold was 
adjusted and set. (E) Images were analysed, and data were expressed as a % of the total area 
covered by the stain. CA = cornu ammonis, CTX = cortex, DG = dentate gyrus.  
 



Chapter 2 85 

2.7 Immunocytochemistry 

2.7.1 Immunofluorescence  

Flp-In mGlu5 cells and mouse primary cortical astrocytes were seeded onto 

25 mm glass coverslips in 6-well plates as previously described (Sections 2.2.1.1 

and 2.2.2). The medium was removed and cells were washed with PBS. The cells 

were then fixed with 4% PFA (10 min, room temperature). After washing three 

times with PBS, non-specific binding was blocked by incubation with 1 ml 

blocking buffer (1% BSA, 0.1% Titron-X-100 in PBS) for 1 hour at room 

temperature. Incubation with primary antibodies (Table 2-5) was carried out at 

4°C overnight. After three washes with PBS, the samples were incubated with 

the appropriate secondary antibodies (Table 2-6) for 2 hours in the dark at room 

temperature. The samples were then washed three times again and mounted 

using VECTASHIELD® Hardset™ Antifade Mounting Medium with DAPI. Samples 

were left to dry overnight at 4°C and sealed with nail polish the following day. 

Samples were imaged using a Zeiss 880 confocal microscope using 10x, 20x, 40x 

(oil-based), or 63x (oil-based) objectives as indicated in the appropriate figures. 

Within each experiment, the same microscope settings were used. 

2.7.2 Phase Contrast Imaging 

At Sosei Heptares, mouse primary cortical astrocytes were plated in a clear 

96-well plate as described in section 2.2.2. Phase contrast imaging was carried

out in an IncuCyte® incubator using their Live-Cell Analysis software. Images

were taken every 4 hours for a total of 100 hours.

At the University of Glasgow, mouse primary cortical astrocytes were plated in a 

clear 6-well plate as described in section 2.2.2. Phase contrast imaging was 

carried out using an EVOS FL Auto 2 imaging system at 20x magnification. 

2.8 Radioligand Binding 

2.8.1 Preparation of Membranes from Cultured Cells 

Flp-In mGlu5 cells were grown in five T175 flasks as previously described (Section 

2.2.1.1). The medium was removed, and cells were washed with ice-cold PBS. 
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Following this, cells were scraped from the bottom of each flask and combined 

into an Eppendorf tube, centrifuged (300 xg, 5 min, room temperature) and 

stored at -80°C. Cells were resuspended in 10 ml homogenisation buffer 

(10 mM HEPES, 0.9% (w/v) NaCl, 0.2% (w/v) EDTA, pH 7.4) using a Polytron 

homogeniser (20500 rpm, 20 sec). Samples were then centrifuged (300 xg, 5 min, 

4°C) and the supernatant was collected into a clean falcon tube. The pellet was 

homogenised and centrifuged a further 2 times, with the collection of the 

supernatant into a fresh tube each time. The total supernatant (3 x 10 ml) was 

centrifuged at 40000 xg for 1 hour at 4°C. This time, the supernatant was 

discarded, and the pellet was resuspended in storage buffer (20 nM HEPES, 

0.1 mM EDTA, pH 7.4) using a needle and syringe. Samples were stored at -80°C 

until required.  

2.8.2 Preparation of Membranes from Brain Tissue 

Frozen brain tissue (section 2.3.5) was homogenised on ice in homogenisation 

buffer (10 mM HEPES, 0.9% (w/v) NaCl, 0.2% (w/v) EDTA, pH 7.4) using a 

handheld glass homogeniser. Samples were further homogenised using a Polytron 

homogeniser (15,000 rpm) and subsequently centrifuged (40,000 xg, 1 hour, 

4°C). The supernatant was discarded, and the pellet was resuspended in storage 

buffer (20 nM HEPES, 0.1 mM EDTA, pH 7.4) using a needle and syringe. Samples 

were stored at -80°C until required.  

2.8.3 Radioligand Binding Assays 

a. Saturation binding assays were performed in triplicate with 25 μl of

increasing concentrations of [3H]M-MPEP (~0.015-40 nM) added to each

well containing 122 μl binding buffer and 100 μl brain tissue or cell

membranes.

b. Competition binding assays were performed in triplicate. [3H]M-MPEP at

Kd value and increasing concentrations of an unlabelled ligand of choice

were added to membrane protein (5 μg cell membranes and 30 μg brain

tissue membranes).

In saturation and competition binding assays, non-specific binding of 

[3H]M-MPEP was determined by the addition of 1 μM of HTL0011867/

mavoglurant in DMSO. In addition, 2.5 μl of 100% DMSO was added to the total
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binding wells. The total volume in each well was 250 μl. 

Reactions were incubated at room temperature on a shaker (900 rpm) for 

90 min. Bound and unbound radioligand were separated by rapid filtration using 

a 24-well Brandel cell harvester onto GF/C filter paper pre-soaked for 30 min in 

0.5% polyethyleneimine (PEI). Filters were dried for a minimum of 30 min at 

room temperature, then transferred into scintillation vials containing 3 ml of 

ScintLogic U. Data were read using a Hidex Liquid Scintillation Counter and 

analysed using GraphPad Prism 7 to obtain non-linear regression curves. 

2.8.4 Ex Vivo Receptor Occupancy Assay 

NBH-infected Tg37 mice (section 2.3.3) were given i.p. injections of 10 mg/kg 

VU0424238 or vehicle (10% Tween-80). The animals were culled by cervical 

dislocation 30 min later. The cortex and hippocampus were dissected out, 

snap-frozen, and stored at -80°C until use. The receptor occupancy assay was 

carried out using crude brain homogenate. Tissue was weighed and 

homogenised in binding buffer (50 nM HEPES, 150 nM NaCl, pH 7.5) using a 

polytron homogeniser (7000 rpm, 20 sec). The volume of binding buffer was 4X 

the weight of the tissue. Reactions were performed in sextuplicate, with 100 μl 

of crude brain homogenate added to wells containing 25 μl [3H]M-MPEP and 

125 μl binding buffer. Total binding wells contained 2.5 μl 100% DMSO and 

non-specific binding wells contained 2.5 μl 10 μM MPEP for a total well volume 

of 250 μl. The brain homogenates were incubated at 4°C on a shaker (900 rpm) 

for 10 min. This short incubation time is to avoid dissociation of the dosed 

compound. Bound and unbound radioligand were separated by rapid filtration 

using a 24-well Brandel cell harvester onto GF/C filter paper pre-soaked for 

30 min in 0.5% PEI. Filters were dried for a minimum of 30 min at room 

temperature, then transferred into scintillation vials containing 3 ml of 

ScintLogic U. Data were read using a Hidex Liquid Scintillation Counter.  



Chapter 2 88 
 
2.9 Cell Signalling Assays 

2.9.1 IP1 Accumulation Assay 

Gq protein signalling via mGlu5 was determined by measuring the inositide 

signalling pathway. This was conducted by detecting the by-product inositol 

monophosphate (IP1) using an IP-One Gq kit HTRF® (CisBio). IP1 accumulation 

assays were carried out on cells seeded in 96-well plates at a density of 

40,000 cells/well. For the assay, cells were washed and incubated in 

pre-warmed stimulation buffer (20 mM HEPES, 1.2 mM CaCl2, 20 mM LiCl, HBSS 

without phenol red, pH 7.4) supplemented with 1-10U/ml glutamate-pyruvate 

transaminase (GPT) and 6 mM sodium pyruvate at 37°C, 5% CO2 for 1 hour prior 

to experimentation. Compound dilutions were prepared at a 10X concentration 

in supplemented stimulation buffer. Cells were pre-treated with the antagonist 

for 10 min at room temperature. The agonist was added, and the cells were 

incubated at 37°C for 1 hour. The reactions were stopped by removing the 

compounds and adding lysis buffer (IP-One Gq kit, Cisbio). The cells were shaken 

(600 rpm, 10 min), and the lysates (7 μl/well) were added to a 384-well white 

optiplate. Serial dilutions of the IP1 standards (IP-One Gq kit, Cisbio) were 

prepared in stimulation buffer and added to the optiplate for the standard 

curve. IP1-d2 and IP1-cryptate antibodies were diluted in lysis buffer (both 1:20) 

and 3 μl added to the lysates and standards in the optiplate. The plate was 

briefly spun and incubated for 1 hour at 37°C. Fluorescence emissions at 665 and 

620 nm wavelengths were measured using a CLARIOstar microplate reader, and 

results were calculated as a 665/620 nm ratio. Unless otherwise stated, data 

were normalised by setting the 665/620 nm ratio from the highest ligand 

concentration as 100% and the 665/620 nm ratio from the lowest ligand 

concentration as 0%. To estimate ligand potency (EC50), stimulation non-linear 

regression models in GraphPad Prism were used.  

2.9.2 Ca2+ Mobilisation Assay 

Ca2+ mobilisation assays were carried out on cells seeded in black, 

clear-bottomed 96-well plates at a density of 40,000 cells/well. For the assay, 

cells were pre-labelled with the Ca2±sensitive dye Fura-2-AM in HBSS 

supplemented with 10 mM HEPES, 1-10 U/ml GPT and 6 mM sodium pyruvate at 
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37°C, 5% CO2 for 45 min. Compound dilutions were prepared in HBSS 

supplemented with 10 mM HEPES (HBSS-H) in a clean 96-well plate. Cells were 

then washed and maintained in HBSS-H for 15 min at 37°C, 5% CO2. An 

antagonist was added at this point if being used. Fura-2 fluorescent emission at 

510 nm resulting from 340 or 380 nm of excitation was then monitored using a 

Flexstation II plate reader. Unless otherwise stated, data were normalised by 

setting the Fura-2 ratio from the highest ligand concentration as 100% and the 

Fura-2 ratio from the lowest ligand concentration as 0%. To estimate ligand 

potency (EC50), stimulation non-linear regression models in GraphPad Prism were 

used. 

2.10 Gene Expression Analysis 

2.10.1 RNA Extraction from Brain Tissue 

RNA extraction from human and mouse brain tissue was performed from frozen 

brain samples using a Qiagen RNeasy Plus Mini Kit. Briefly, tissue was 

homogenised using a handheld homogeniser in RLT buffer containing 

10% β-mercaptoethanol. The homogenate was centrifuged for 3 min at maximum 

speed and the supernatant was subsequently centrifuged at 10,000 xg for 30 sec 

in a gDNA eliminator column. The flow-through was collected and mixed 1:1 with 

70% ethanol and added to an RNeasy spin column. This was then centrifuged for 

15 sec at 8000 xg, and the flow through was discarded. The column was washed 

with guanidine containing stringent wash buffer, centrifuged for 15 sec at 

10,000 xg, washed with a mild wash buffer, and then centrifuged again for 2 min 

at 10,000 xg. The columns were placed into a clean collection tube and 

centrifuged for a further 2 min at maximum speed to remove residual ethanol. 

Next, a volume of 30 μl nuclease-free water was added to the RNeasy Mini spin 

column which was subsequently centrifuged for 1 min at 10,000 xg to elute the 

RNA. 

2.10.2 Determination of RNA Concentration 

The RNA concentration was determined using a PHERAstar microplate reader by 

measuring absorbance at 260 nm. RNA purity was assessed using absorbance 
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ratios of 230/260 nm and 260/280 nm, with ratios of 2-2.2 considered pure. RNA 

was stored at –80°C until required. 

2.10.3 Reverse Transcription  

For cDNA synthesis, reverse transcription was carried out using a High-Capacity 

cDNA Reverse Transcription Kit with RNase inhibitor. Reactions were carried out 

in PCR tubes with a total volume of 20 μl as follows: 1 μg RNA in 10 μl 

RNAse-free water and 10 μl reaction mix containing 1X RT buffer, 4 mM dNTP 

mix, 1X RT random primers, 50 units MultiScribe Reverse Transcriptase and 

RNAse-free water.  

Reaction mixtures were incubated in a thermal cycler using the following 

conditions: 

Step 1  25°C  10 min Annealing 

Step 2  27°C  120 min RT inactivation 

Step 3  85°C  5 min  Inactivation 

Step 3  4°C  ∞  Storage 

 

cDNA samples were stored at -20°C until needed.  

2.10.4 Real-Time Quantitative PCR 

Quantitative RT-PCR (RT-qPCR) was conducted using Fast SYBR Green Master 

Mix. The primers used are listed in Table 2-7. cDNA was diluted 10x before use. 

Each reaction was performed in duplicate or triplicate in 384-well MicroAmp® 

Optical PCR plates at a total volume of 10 μl as follows:  

5 μl  Fast SYBER Green Master Mix 

0.8 μl  primers (10 μM stock) 

2.6 μl  Nuclease-free water 

1.6 μl   cDNA 

 

Plates were read on a QuantStudio™ 5 Real-Time PCR System using the 

fluorescence channel for SYBR green. The following conditions were used for the 

amplification cycles: 
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 Step 1  95°C  3 min  Preheating 

 Step 2  95°C  5 sec  Denaturing 

 Step 3  60°C  12 sec  Annealing 

 Step 4  Repeat steps 2-3 (x40) 

 

A melt curve was produced using the following conditions: 

 Step 1  95°C  1 sec  Heating 

 Step 2  60°C  20 sec  Annealing 

 Step 3  95°C  1 sec  Heating 

 

Table 2-7 List of primers used for RT-qPCR. All primers were acquired from Qiagen. 
Primer Template Species Primary Assay Name (Cat#) 

α-tubulin Mouse Mm_Tuba1b_1_SG (QT00198877) 

mGlu5 Mouse Mm_Grm5_1_SG (QT00288596) 

Cluster of Differentiation 

68 (CD68) 
Mouse Mm_Cd68_1_SG (QT00254051) 

GFAP Mouse Mm_Gfap_1_SG (QT00101143) 

Tumour Necrosis 

Factor-alpha (TNF-α) 
Mouse Mm_Tnf_1_SG (QT00104006) 

Interleukin-1alpha (IL-1α) Mouse Mm_Il1a_1_SG (QT00113505) 

Interleukin-1beta (IL-1β) Mouse Mm_Il1b_2_SG (QT01048355) 

Interleukin-6 (IL-6) Mouse Mm_Il6_1_SG (QT00098875) 

Interleukin-10 (IL-10) Mouse Mm_Il10_1_SG (QT00106169) 

Monocyte Chemoattractant 

Protein-1 (MCP-1) 
Mouse Mm_Ccl2_1_SG (QT00167832) 

Granulocyte-Macrophage 

Colony-Stimulating Factor 

(GM-CSF) 

Mouse Mm_Csf2_1_SG (QT00251286) 

 

2.10.5 RT-qPCR Data Analysis 

Comparative cycle threshold (Cт) values were acquired using QuantStudio™ 

Design and Analysis software (Thermo Fisher Scientific). Quantification of the 

qPCR results was carried out using a comparative Cт method. Cт values for the 

gene of interest were normalised by comparison with a suitable housekeeping 
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gene which has been run in parallel as an internal control (typically α-tubulin), 

to calculate ΔCт values (ΔCт = Cт of internal control – Cт of gene of interest). 

ΔCт values of control conditions were averaged, and ΔΔCт values were 

calculated (ΔΔCт = ΔCт of gene of interest – averaged control ΔCт of gene of 

interest). Data were expressed as 2-ΔΔCт to show the fold change in expression.  

2.11 Statistical Analysis  

Unless otherwise specified, statistical analyses were carried out using GraphPad 

Prism (version 9.3.0) software. Statistical tests used are indicated in the 

relevant figure legends.  

Generally, for statistical analysis of differences between groups of measures, a 

parametric test was used as data were assumed to be normally distributed. For 

data comparing fewer than two groups, an unpaired t-test was used. A two-way 

Analysis of Variance (ANOVA) was used to compare more than two groups. Post 

hoc analysis of multiple comparisons was used following a two-way ANOVA. 

Tukey's multiple comparisons were used when the mean of every data set was 

compared with the mean of every other data set. Dunnett's multiple comparisons 

were used the mean of every data set was compared to one reference mean.  

For the analysis of burrowing experiments, a mixed effects model (for analysis of 

repeated measures) was used as the number of data-points differed between 

groups. For these experiments, Fisher’s least significant difference test was used 

to compare the mean of every data set with the mean of every other data set. 

For statistical analysis of survival curves, a Gehan-Breslow-Wilcoxon test was 

applied.  
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Chapter 3 Characterisation of mGlu5 Receptor 
Expression and Signalling in Flp-In mGlu5 Cells 
and Mouse Primary Cortical Astrocytes 
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3.1  Introduction 

The mGlu5 receptor has been identified as a potential therapeutic target for the 

treatment of neurodegenerative diseases, including AD, HD, and ALS (Kumar et 

al., 2015; Ribeiro et al., 2014; Zhang et al., 2019). A number of compounds 

which modulate the activity of mGlu5 have been developed, several of which 

have progressed into clinical trials for neurodegenerative disorders (Budgett et 

al., 2022). Once a compound has been identified, it must be characterised in 

order to understand its pharmacological profile and potential as a drug target. 

An essential part of the drug discovery process is to understand the properties 

that drive the efficacy and potency of potential drug candidates. In vitro, 

cell-based assays with defined outcome measures are an important part of this 

process as they are generally fast, simple, and cost-effective (Michelini et al., 

2010). Immortal cell lines are commonly used for screening and evaluating drug 

candidates using these assays. However, since these cell lines do not capture the 

physiological state of the target cell, the use of primary cells, which are isolated 

from tissue, is also important. This chapter investigates mGlu5 receptor 

expression and signalling using a mouse Flp-In™ T-REx™ 293 cell line and mouse 

primary cortical astrocytes. Subsequently, these cell types were used to 

characterise two mGlu5 allosteric modulators, VU0409551 (Conde-Ceide et al., 

2015) and VU0424238 (Felts et al., 2017).  

3.1.1 The Flp-In™ T-REx™ System 

The stable transfection of receptors, such as GPCRs, into cells, followed by 

clonal cell line selection, is a useful tool for understanding receptor signalling.  

In this chapter, the Flp-In™ T-REx™ system was used to stably express mGlu5 in a 

HEK293 cell background (for more details, see 2.2.1). There are several other 

advantages to the Flp-In™ T-REx™ system as compared to both transient 

transfection and the generation of traditional stable cell lines (Ward et al., 

2011). Unlike traditional methods of generating stable cell lines, this system 

offers the advantage of inducible receptor expression through the addition of a 

small molecule inducer, doxycycline. In the context of studying mGlu5 receptors 

in vitro, there is a specific challenge when using traditional stable cell lines 

constitutively expressing the receptor. In these cell lines, endogenous glutamate 

is released from the cells into the medium, which can constantly activate and 
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desensitise mGlu5, posing a potential complication (Desai et al., 1995).  

The Flp-In™ T-REx™ system allows cells to be grown without the expression of 

mGlu5 until its expression is required. When expression is required, it can be 

regulated by varying the concentration of doxycycline added. 

Moreover, this method of transfection enables the direct integration of the gene 

of interest into a well-defined site in the genome of the host cell, while the 

subsequent clonal selection ensures the generation of an isogenic cell line.  

This means that protein expression will be consistent across a population of cells 

and that all the Flp-In cells derived from the same parental cells have the same 

genetic background (Szczesny et al., 2018). This is advantageous over short-term 

transient transfection, which results in a heterogeneous cell population, with 

cells expressing varying levels of the protein of interest across a population 

(Ward et al., 2011). Overall, this is a reliable way to generate a cell line that is 

easy to maintain and allows a degree of control over the level and time of onset 

of mGlu5 expression.  

3.1.2 Mouse Primary Cortical Astrocytes  

Astrocytes are the most prevalent non-neuronal cell in the CNS, accounting for 

20-50% of total CNS cell number (Hasel & Liddelow, 2021). Their distinct 

morphological properties and spatial distribution mean they play a key role in 

maintaining neuronal homeostasis via functions that include mediating synapse 

function, providing trophic support to neurons, and regulating neurotransmitter 

uptake (Hasel & Liddelow, 2021). A key hallmark of NDDs is a chronic 

inflammatory response involving astrocyte upregulation and activation.  

This phenomenon, which contributes significantly to the pathogenesis of NDDs,  

is discussed in detail in 1.3.2.3.  

Communication between neurons and astrocytes is achieved, in part, due to the 

expression of receptors on their cell surfaces (Kofuji & Araque, 2021). Astrocytes 

express both ionotropic and metabotropic glutamate receptors, but the majority 

of their glutamatergic signalling is mediated by the latter, specifically mGlu1, 

mGlu3, and mGlu5 receptors (Loane et al., 2012). Under pathophysiological 

conditions, the expression of astrocytic mGlu5 is elevated, and its signalling 

becomes dysregulated (see 1.4.2) (Vermeiren et al., 2006; Casley et al., 2009; 
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Lim et al., 2013; Shrivastava et al., 2013). Misfolded proteins, such as Aβ, which 

are characteristic of neurodegenerative diseases, can bind to and activate mGlu5 

receptors on astrocytes, resulting in excitotoxicity (Vermeiren et al., 2006; Price 

et al., 2010; Spampinato et al., 2018; Vergouts et al., 2018). This disruption of 

mGlu5 signalling may play a key role in the pathology of neurodegenerative 

diseases.  

Traditionally, drug development programmes for neurodegenerative diseases 

have focussed on targeting neurons. However, it is now understood that 

astrocytes play a pivotal role in maintaining brain health and can both induce 

and rescue neurons from disease states (Ransohoff, 2016). Therefore, drugs that 

target astrocytes may offer a novel approach for the treatment of 

neurodegeneration (Michelini et al., 2010). Due to the expression of mGlu5 

receptors in astrocytes and the emerging importance of astrocytes in 

neurodegeneration, this chapter uses cultured mouse primary cortical astrocytes 

as a physiologically relevant model in which to investigate mGlu5 signalling and 

its modulation by allosteric modulators.  

In vitro, astrocyte cell cultures are a powerful tool for studying the biological 

properties of these cells in isolation. Moreover, they enable the investigation of 

the actions of novel drugs in a more physiologically relevant model. The method 

of isolating mouse primary cortical astrocytes used in this thesis is based on an 

astrocyte culture preparation from neonatal rat brains (Zhang et al., 2005). This 

protocol has three main steps. Firstly, the death of neurons in the culture over 

the first week due to the composition of the growth medium. Secondly, the 

rapid proliferation of astrocytes, microglia, and oligodendrocytes. And thirdly, 

the selective detachment of microglia and oligodendrocytes by shaking. This 

protocol yields a dense monolayer of pure primary astrocytes. These cells are 

grown in a culture medium containing G5 growth factor supplement (biotin, 

epidermal growth factor (EGF), basic fibroblast growth factor (FGF), human 

transferrin and insulin), a widely used culture additive which is designed to 

support the growth of primary glial cells (Michler-Stuke et al., 1984; Vermeiren 

et al., 2005). This protocol is fast and highly reproducible. However, it should be 

kept in mind that these astrocytes are cultured in vitro, and therefore while 

they reflect many characteristics of in vivo astrocytes, they also display 
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differences. Notably, the astrocytes are grown in serum-containing media, and 

serum components are usually absent from the CNS (Foo et al., 2011).  

3.1.3 Choice of Assay to Investigate mGlu5 Signalling 

Selecting an appropriate assay system to investigate receptor signalling and test 

potential ligands is an important part of the drug discovery process. Using 

cell-based assays, it is possible to define the action of a ligand as a full or partial 

agonist, inverse agonist, or antagonist. These assays provide detailed 

information about a ligand’s efficacy in the particular assay (described as the 

maximal effect of the drug, or EMax) and potency (the concentration required to 

produce 50% of the maximal effect of the drug, or EC50). A variety of cell-based 

assays are used to screen compounds that target GPCRs, and often these assays 

measure signals downstream of activations of specific Gα subtypes activated by 

the receptor. As discussed in section 1.2.5, mGlu5 predominantly couples to 

Gαq/11 G proteins. Gαq/11 proteins activate phospholipase C, which leads to an 

increase in the secondary messengers DAG and IP3, resulting in the release of 

Ca2+ from intracellular stores and the activation of PKC (Dhami & Ferguson, 

2006).  

Given the importance of Ca2+ signalling in biological systems, several techniques 

have been developed to measure Ca2+ levels. In this chapter, a Ca2+ mobilisation 

assay is used. This assay uses a calcium-sensitive fluorescent dye to measure the 

transient increase in intracellular Ca2+ associated with the activation of a 

Gαq/11-coupled receptor. This method of determining the function of 

Gαq/11-coupled GPCRs is robust and amenable to high-throughput screening 

(Garbison et al., 2012). However, as changes in intracellular Ca2+ are typically 

rapid and transient, this method does not allow for the detection of constitutive 

activity (Garbison et al., 2012). Therefore, Ca2+ assays do not typically enable 

the characterisation of inverse agonist compounds that inhibit constitutive GPCR 

signalling (Khilnani & Khilnani, 2011). 

Alternatively, an IP1 assay is used, which measures the levels of IP1, a product 

of IP3 degradation. This method takes advantage of the ability of lithium 

chloride to prevent the degradation of IP1 and uses an IP1 antibody to quantify 

the amount of IP1 that accumulates in cells over a period of time as a surrogate 
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measure of IP3 production (Garbison et al., 2012). Unlike the transient responses 

measured in Ca2+ assays, because IP1 assays measure accumulation over a longer 

period of time, this assay can measure the constitutive activity of Gαq/11-coupled 

GPCRs (Garbison et al., 2012) and, therefore, can determine if a ligand acts as 

an inverse agonist.  

Although they give no functional information about a ligand, ligand binding 

assays can be used to determine the binding affinity of a ligand to a particular 

GPCR, either directly (saturation binding) or indirectly (displacement binding). 

Competition binding assays are used in this chapter to determine the selectivity 

of VU0409551 and VU0424238 for mGlu5 and to confirm their reported binding 

sites. By using [3H]M-MPEP, a radioligand known to bind to the main allosteric 

binding pocket on mGlu5, competition binding assays can assess the ability of an 

unlabelled ligand to displace the labelled radioligand from the binding pocket, 

thus confirming that they bind to the same binding pocket on the receptor.  

3.1.4 Ex Vivo Receptor Occupancy Assay 

Receptor occupancy studies are used during drug development to confirm target 

engagement in the tissue of interest. Receptor occupancy for mGlu5 NAMs has 

been determined in vivo in rodents by measuring direct binding to radioligands 

or by indirectly measuring the displacement of radiolabelled ligands (Anderson 

et al., 2002; Gasparini et al., 2002). This involves dosing the animal with the 

test compound, followed by intravenous administration of a suitable radiotracer 

for the receptor of interest. The animal is then sacrificed, and the percentage 

reduction in radiotracer binding to the receptor of interest due to competition 

with the test compound is measured. Positron emission tomography (PET) 

imaging has been used in primates and humans, with the development of several 

mGlu5 PET ligands which allow for the measurement of receptor expression and 

distribution as well as the receptor occupancy of mGlu5 ligands after drug 

administration (Hamill et al., 2005; Kågedal et al., 2013; Sullivan et al., 2013; 

Wong et al., 2013; Xu & Li, 2019). Although PET ligands have been used 

extensively to investigate mGlu5 expression and distribution, understanding of 

receptor occupancy in relation to drug exposure is still limited (Bennett et al., 

2021). Ex vivo tissue homogenate filtration-based assays are an accessible, 

alternative approach to measuring receptor occupancy (Bennett et al., 2021). 
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This method involves dosing the animal with the test compound shortly before 

the animal is sacrificed. The receptor of interest is then labelled with a 

radioligand, and the reduction in specific binding resulting from receptor 

occupancy by the test compound is measured. The ex vivo receptor occupancy 

method enables an in-depth investigation of the relationship between drug 

exposure and receptor occupancy, as well as how receptor occupancy may vary 

between species. This method was used in this thesis to look at the receptor 

occupancy of VU0424238 in mice. 

3.1.5 VU0409551, an mGlu5 PAM 

[6,7-Dihydro-2-(phenoxymethyl)oxazolo[5,4-c]pyridin-5(4H)-

yl](fluorophenyl)methanone, or VU0409551 (structure in Figure 3-1), was first 

discovered in 2015 as part of a collaboration between Janssen Research and 

Development and the Vanderbilt Centre for Neuroscience Drug Discovery 

(Conde-Ceide et al., 2015). The collaboration aimed to develop a PAM for mGlu5 

that had robust antipsychotic efficacy without directly potentiating NMDA 

receptors which can lead to neurotoxicity (Conde-Ceide et al., 2015). VU0409551 

is a highly selective and potent mGlu5 PAM. Since its discovery, VU0409551 has 

been shown to rescue cognitive deficits and improve disease pathology in a 

mouse model of Huntingtin’s disease (Doria et al., 2018) and a rat model of 

schizophrenia (Brown et al., 2022). 

 

Figure 3-1 Chemical structure of VU0409551. [6,7-Dihydro-2-(phenoxymethyl)oxazolo[5,4-
c]pyridin-5(4H)-yl](fluorophenyl)methanone (VU0409551) is a selective positive allosteric modulator 
of mGlu5. The structure was drawn using molview.org (based on Conde-Ceide et al., 2015).  
 

3.1.6 VU0424238, an mGlu5 NAM 

N-(5-Fluoropyridin-2-yl)-6-methyl-4-(pyrimidin-5-yloxy)picolinamide, or 

VU0424238 (structure in Figure 3-2), was discovered in 2018 (Felts et al., 2017). 
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This compound was found to be a highly potent and selective mGlu5 NAM. Initial 

in vivo studies found VU0424238 to be efficacious in rodent models of anxiety 

and depression (Felts et al., 2017), and a primate model of alcohol 

self-administration (Salling et al., 2021).  

 

Figure 3-2 Chemical structure of VU0424238. N-(5-Fluoropyridin-2-yl)-6-methyl-4-(pyrimidin-5-
yloxy)picolinamide (VU0424238) is a selective negative allosteric modulator of mGlu5. The 
structure was drawn using molview.org (based on Felts et al., 2017). 
 

3.1.7 Aims 

The aims of this chapter were to: 

• Examine the expression and signalling of mGlu5 receptors in Flp-In mGlu5 

cells. 

• Establish a mouse primary cortical astrocyte culture and investigate mGlu5 

receptor expression and signalling in these cells, in addition to the effects 

of growth factor pre-treatment on mGlu5 receptor expression and 

signalling. 

• Characterise two mGlu5 allosteric modulators, VU0409551 (a PAM) and 

VU0424238 (a NAM), in Flp-In mGlu5 cells and mouse primary cortical 

astrocytes, and look at their mGlu5 binding sites and VU0424238 receptor 

occupancy in ex vivo mouse tissue.   
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3.2 Results 

3.2.1 Analysis of mGlu5 Receptor Expression in Flp-In mGlu5 
Cells 

Flp-In™ T-REx™ 293 cells were generated expressing mouse mGlu5 (Flp-In mGlu5 

cells). The ability of doxycycline to induce mGlu5 receptor expression in these 

cells was initially confirmed using immunoblot analysis (Figure 3-3A). Parental 

Flp-in and Flp-In mGlu5 cells were incubated with 100 ng/ml doxycycline to 

induce receptor expression. Cell membranes were then prepared and run on an 

SDS-PAGE gel alongside membranes prepared from wild-type and mGlu5 knockout 

mouse brain as controls. Using an anti-mGlu5 antibody confirmed the ability of 

doxycycline to induce mGlu5 receptor expression in this cell line. Two bands 

were observed, one at ~150 kD and the other at ~300 kD, with the former 

corresponding to the predicted molecular weight of a mGlu5 receptor monomer 

and the latter to the predicted weight of a mGlu5 receptor dimer. No bands were 

observed in Flp-In parental cells or mGlu5 knockout brain. ICC confirmed mGlu5 

expression after doxycycline addition at the cellular level, using an antibody for 

the HA epitope tag on the C-terminus of mGlu5 (Figure 3-3B). 

A key feature of the Flp-In™ system is that the protein expression level can be 

regulated by varying the concentration of doxycycline added. Treatment of 

Flp-In mGlu5 cells with increasing concentrations of doxycycline overnight 

confirmed that the expression of mGlu5 increased with increasing doxycycline 

(Figure 3-4). The expression of mGlu5 was observed at all concentrations of 

doxycycline, with maximal expression levels at 100 ng/ml doxycycline (380-fold 

increase, p<0.0001).  
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Figure 3-3 Confirmation of mGlu5 expression in Flp-In mGlu5 cells. (A) Western blot analysis of 
mGlu5 expression in Flp-In mGlu5 cells. Flp-In parental cells are not transfected with mGlu5 and 
were used as a control alongside membrane samples from the cortex of knockout (KO) and 
wild-type (WT) mice. Flp-In parental and mGlu5 cells were induced with 100 ng/ml doxycycline the 
night before the preparation of membrane samples. 10 μg membrane protein was loaded for each 
sample. Protein expression was detected using a mGlu5-specific antibody. The loading control was 
α-tubulin. The blot shown is a representative blot from 3 separate experiments. (B) Detection of 
mGlu5 expression (green) in PFA-fixed Flp-In mGlu5 cells after incubation with either 0 (- dox) or 
100 (+ dox) ng/ml of doxycycline overnight. An anti-HA antibody was used to detect HA-tagged 
mGlu5. The nuclei were stained with DAPI (blue). Representative images of n=3 are shown. 
Secondary (antibody) only control was included to control for antibody specificity (n=1). Images 
were taken on a Zeiss 880 confocal microscope with a 40x objective, scale bar is 50 μM.  

 

Figure 3-4 Inducibility of mGlu5 expression in Flp-In mGlu5 cells. (A) Detection of mGlu5 
expression in membrane samples from Flp-In mGlu5 cells induced with increasing concentrations 
of doxycycline overnight (0-100 ng/ml). Wild-type (WT) cortex was used as a positive control. 10 μg 
membrane protein was loaded for each sample. Protein expression was detected using a 
mGlu-specific antibody. Na+/K+ ATPase was used as a loading control. The blot shown is a 
representative blot from 3 separate experiments. (B) Band analysis (on both mGlu5 bands) for each 
blot was performed using Image Studio Lite Version 5.2. Protein levels were normalised to the 
loading control, and data are shown as fold over control (0 ng/ml doxycycline). Data shown are 
means ± S.E.M., with points representing individual experiments (n=3). Statistical analysis 
performed was a one-way ANOVA, with comparison to 0 ng/ml doxycycline, where **** P≤0.0001. 
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To further confirm mGlu5 expression in Flp-In mGlu5 cells, [3H]M-MPEP binding in 

membrane samples was assessed (Figure 3-5). M-MPEP is a prototypical negative 

allosteric modulator of mGlu5, which is known to bind to the main allosteric 

binding pocket of the receptor (see Figure 1-6). Total and non-specific binding 

was carried out in the presence of the mGlu5 NAM mavoglurant (Figure 3-5A). 

Subsequently, Bmax (maximum receptor density) and Kd (equilibrium dissociation 

constant) values were calculated from the specific binding curves (Figure 3-5B). 

This experiment yielded a Bmax of 85.9 ± 8.1 pmol/mg membrane protein, with a 

Kd value for [3H]M-MPEP of 3.6 ± 1.0 nM.  

 

Figure 3-5 Saturation binding experiment in Flp-in mGlu5 cells. (A) Non-linear regression 
curves of [3H]M-MPEP saturation binding assay on Flp-in mGlu5 cells. The capacity of varying 
concentrations of [3H]M-MPEP (~0.015-35 nM) to bind to mGlu5 was assessed in the absence 
(Total) or presence (Non-Specific) of 1 μM HTL0011867/mavoglurant. (B) Specific binding was 
determined by subtracting non-specific binding from total binding. A single representative 
experiment is shown, with comparable data being obtained in an additional 2 experiments. Data 
are displayed as disintegrations per minute (D.P.M.). Data shown are mean ± S.E.M. from single 
experiments run in triplicate. 

3.2.2 Analysis of mGlu5 Receptor Signalling in Flp-In mGlu5 Cells 

Concentration response curves for Ca2+ mobilisation and IP1 accumulation allow 

for the assessment of potency (EC50) and efficacy (Emax) of compounds at a 

receptor. Initially, the response of mGlu5 to its endogenous ligand, glutamate, 

was assessed after Flp-In mGlu5 cells were induced overnight with increasing 

concentrations of doxycycline. In a Ca2+ mobilisation assay, the maximum 

response of these cells to glutamate was observed with 2 ng/ml of doxycycline, 

with higher concentrations reducing the signalling window (Figure 3-6A;  

Table 3-1). The potency of glutamate trended to increase with increasing 

concentrations of doxycycline, with a significant difference in pEC50 at 10 ng/ml 

doxycycline as compared to 0 ng/ml doxycycline (P<0.05) (Table 3-1). In an IP1 
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accumulation assay, the potency and efficacy of glutamate did not significantly 

change with higher concentrations of doxycycline (Figure 3-6B; Table 3-2). 

However, increasing levels of doxycycline resulted in a significant increase in the 

baseline activity of Flp-In mGlu5 cells (Figure 3-6B-C). This may be due to the 

constitutive activity of mGlu5: with increasing concentrations of doxycycline, 

higher mGlu5 expression may lead to higher levels of constitutive activity 

(Figure 3-6B; Table 3-2). Moreover, at the highest concentrations of doxycycline 

(10 and 100 ng/ml), the maximum response to glutamate was observed at every 

concentration of glutamate (Figure 3-6B). This is likely to be due to very high 

levels of mGlu5 expression at these concentrations. Surprisingly, in both assays, 

glutamate stimulated a response in cells that had not been induced with 

doxycycline, suggesting that there might be some leakiness in the Flp-In™ T-REx™ 

expression system (Figure 3-6A-B). 

 

Figure 3-6 G protein-dependent mGlu5 signalling in Flp-In mGlu5 cells treated with varying 
concentrations of doxycycline. Concentration response curves showing (A) Ca2+ mobilisation or 
(B) IP1 accumulation in Flp-In mGlu5 cells after glutamate treatment (n=3-6). Cells were treated 
with different doxycycline (dox) concentrations overnight to induce mGlu5 expression. Data were 
analysed using a log (agonist) vs response (three parameters) analysis of non-linear regression 
using GraphPad Prism 9.3. Data shown are means ± S.E.M. of at least 3 independent experiments, 
each implemented in duplicate or triplicate. (C) Bar chart shows basal data from the graph in (B) in 
order to analyse the change in basal mGlu5 activity with increasing concentrations of doxycycline. 
Statistical analysis performed was a one-way ANOVA, with comparison to 0 ng/ml doxycycline, 
where * P≤0.05, ** P≤0.01, and *** P≤0.001. 
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Table 3-1 Ca2+ mobilisation induced by glutamate in Flp-In mGlu5 cells after induction of 
mGlu5 expression with different concentrations of doxycycline. Potency (pEC50) and efficacy 
(Emax) indicators for each concentration of doxycycline are derived from Figure 3-6A. Emax 
calculated as % of control (0 ng/ml doxycycline). The statistical analysis performed was an ordinary 
one-way ANOVA (Dunnett’s multiple comparisons) with comparison to 0 ng/ml doxycycline, where 
* P≤0.05. 

 
Ca2+ mobilisation 

Doxycycline 
conc. (ng/ml) 

pEC50 (Log[M]) 
Mean ± S.E.M. P Emax (%) 

Mean ± S.E.M. P n 

0 5.2 ± 0.1 - 100.0 ± 0.0 - 3 

1 5.7 ± 0.3 0.44 128.4 ± 12.4 0.83 3 

2 6.0 ± 0.3 0.15 136.1 ± 24.1 0.69 3 

4 6.1 ± 0.3 0.08 110.9 ± 27.2 0.99 3 

10 6.4 ± 0.0 0.02* 101.2 ± 37.8 >0.99 3 

100 6.2 ± 0.3 0.05 67.4 ± 10.00 0.76 3 

 
 
Table 3-2 IP1 accumulation induced by glutamate in Flp-In mGlu5 cells after induction of 
mGlu5 expression with different concentrations of doxycycline. Potency (pEC50) and efficacy 
(Emax) indicators for each concentration of doxycycline are derived from Figure 3-6B. Emax 
calculated as % of control (0 ng/ml doxycycline). The statistical analysis performed was a one-way 
ANOVA (Dunnett’s multiple comparisons) with comparison to 0 ng/ml doxycycline. 

 
IP1 accumulation 

Doxycycline 
conc. (ng/ml) 

pEC50 (Log[M]) 
Mean ± S.E.M. P Emax (%) 

Mean ± S.E.M. P n 

0 5.1 ± 0.1 - 100.0 ± 0.0 - 6 

1 5.9 ± 0.1 0.27 172.1 ± 28.4 0.23 5 

2 5.9 ± 0.2 0.39 209.6 ± 47.7 0.07 3 

4 6.0 ± 0.1 0.33 212.1 ± 49.6 0.06 3 

10 5.2 ± 0.6 0.99 213.5 ± 43.8 0.06 3 

100 6.5 ± 0.9 0.05 137.2 ± 11.7 0.90 3 

 

 

For future experiments, 2 ng/ml doxycycline was used to induce mGlu5 

expression in Flp-In mGlu5 cells to avoid over-expression of mGlu5. At 2 ng/ml 

doxycycline, the mGlu5 receptor agonists, glutamate and DHPG, had pEC50 values 

of 6.2 ± 0.0 and 5.3 ± 0.1 in a Ca2+ mobilisation assay and 5.8 ± 0.1 and 

5.33 ± 0.0 in an IP1 accumulation assay (Figure 3-7C-D; Table 3-3). The potency 

of DHPG was significantly lower than glutamate in both assays, with an 

approximately 8-fold and 3-fold shift to the right in Ca2+ mobilisation and IP1 
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accumulation assays, respectively. Moreover, the efficacy of DHPG was 

significantly lower than glutamate in an IP1 accumulation assay (Figure 3-7D; 

Table 3-3).  

 

 

 

Figure 3-7 G protein-dependent mGlu5 signalling in Flp-In mGlu5 cells treated with 2 ng/ml 
doxycycline. Concentration response curves showing (A) Ca2+ mobilisation or (B) IP1 
accumulation in Flp-In mGlu5 cells induced with 2 ng/ml dox overnight with both glutamate and 
DHPG as agonists (n=3). Data were analysed using a log (agonist) vs response (three parameters) 
analysis of non-linear regression using GraphPad Prism 9.3. Data shown are means ± S.E.M. of at 
least 3 independent experiments, each implemented in duplicate or triplicate. 
 

Table 3-3 Ca2+ mobilisation and IP1 accumulation induced by mGlu5 agonists glutamate and 
DHPG in Flp-In mGlu5 cells after induction of mGlu5 expression with 2 ng/ml doxycycline. 
Potency (pEC50) and efficacy (Emax) indicators for each concentration of doxycycline, derived from 
Figure 3-7C-D. Emax is calculated as % of control (glutamate). Statistical analysis performed was an 
unpaired t-test, where * P≤0.05 and ** P≤0.01. 

                  
             Ca2+ mobilisation 

   
     IP1 accumulation 

Agonist 

pEC50 
(Log[M]) 
Mean ± 
S.E.M. 

P 

Emax 
(%) 

Mean ± 
S.E.M. 

P 

pEC50 
(Log[M]) 
Mean ± 
S.E.M. 

P 

Emax 
(%) 

Mean ± 
S.E.M. 

P n 

Glutamate 6.2 ± 
0.03 - 100 ± 0 - 5.8 ± 0.1 - 100 ± 0 - 3 

DHPG 5.3 ± 0.1 0.001 
** 

109.0 ± 
7.2 0.28 5.3 ± 

0.03 
0.006 

** 
85.7 ± 

1.0 
0.02 

* 3 
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3.2.3 Characterisation of Mouse Primary Cortical Astrocytes 

To investigate mGlu5 signalling in a more physiologically relevant context, mouse 

primary cortical astrocyte cultures were established. Mouse primary cortical 

astrocytes were grown with and without the addition of G5 supplement (biotin, 

EGF, FGF, human transferrin, and insulin; see section 3.1.2) for 4 days in an 

IncuCyte® Live-Cell Analysis System (Figure 3-8A-B). After 4 days of incubation 

with G5 supplement, the morphology of the cultured astrocytes changed from 

small, rounded cells to the star-like morphology that characterises astrocytes 

(i.e., multiple extended processes) (Figure 3-8 A and C). Cells grown without G5 

supplement did not adopt this morphology, with most cells remaining rounded 

with one or two extended processes (Figure 3-8 B and C). Using the IncuCyte® 

Live-Cell Analysis software, the confluency of these cells was calculated to 

provide a crude measure of their spread over time. Cells grown both with and 

without the presence of G5 supplement initially decreased in confluency, with 

cells grown with G5 supplement increasing in confluency after ~2 days 

incubation (Figure 3-8D). 

ICC analysis confirmed the difference in morphology between cells grown with 

and without G5 supplement (Figure 3-9). Robust GFAP labelling was observed 

cells grown with and without G5 supplement; however, there was a stark 

difference in their morphology that was reflective of what was observed using 

the IncuCyte® Live-Cell Analysis System in Figure 3-8. Astrocytes were 

differentiated with G5 supplement for all subsequent experiments. 
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Figure 3-8 Mouse primary cortical astrocytes change morphology and increase in 
confluence in the presence of G5 supplement. Time-lapse phase contrast images taken using 
IncuCyte® Live-Cell Analysis system showing the growth of mouse primary cortical astrocytes 
grown with (A) and without (B) the addition of G5 supplement (n=1; an average of 12-18 biological 
replicates). Images were taken every hour for 100 hours, with images from 0 hours (0d), 48 hours 
(2d) and 96 hours (4d) shown. Scale bar is 200 μm. Larger sections of the 4d images in (A) and (B) 
are shown in (C). Confluency of primary mouse astrocytes grown with (green) and without (purple) 
the addition of G5 supplement calculated using the IncuCyte® Live-Cell Analysis system. Each 
point represents 4 hours, from 0-100 hours, and show mean ± S.E.M from 12 (- G5) or 18 (+ G5) 
wells of the same 96-well plate (n=1).  
 



Chapter 3 109 
 

 

Figure 3-9 Immunocytochemical analysis of mouse primary cortical astrocytes grown with 
or without G5 supplement. Astrocytes in the top panel were differentiated by the addition of G5 
supplement to the media for 4 days prior to fixation. Astrocytes in the bottom panel are 
non-differentiated i.e., grown in the absence of G5 supplement. Immunostaining was performed 
using an antibody raised against GFAP (green), and nuclei were stained with DAPI (blue). The 
images shown are representative of 3 separate experiments (n=3). Images were taken on a Zeiss 
880 confocal microscope with a 40x objective, scale bar is 50 μM.  
 

3.2.4 Analysis of mGlu5 Receptor Expression in Mouse Primary 
Cortical Astrocytes 

The expression of mGlu5 in mouse primary cortical astrocytes was initially 

investigated using ICC, using an antibody specific for mGlu5. This data showed 

mGlu5 expression in both differentiated and undifferentiated cells (Figure 3-10). 

Ideally, mouse primary cortical astrocytes cultured from mGlu5 knockout animals 

would have been used as a control to confirm that this staining was specific. 

However, mGlu5 homozygous knockout mice are poor breeders, and therefore 

this experiment was not possible.  
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Figure 3-10 Immunocytochemical analysis of mGlu5 expression in mouse primary cortical 
astrocytes. (A) Images show the detection of mGlu5 expression in differentiated (top panel) and 
undifferentiated (bottom panel) cultured mouse cortical astrocytes by immunocytochemistry. Cells 
were incubated with or without G5 supplement for 4 days before being PFA-fixed. Double 
immunostaining was performed using antibodies raised against mGlu5 (green) and GFAP (red). 
Nuclei were stained with DAPI (blue). The images shown are representative of 3 separate 
experiments (n=3). (B) Secondary (antibody) only control was included to control for antibody 
specificity (n=3). Images were taken on a Zeiss 880 confocal microscope with a 40x objective, 
scale bar is 50 μM. 
 

Next, Western blot analysis was used to investigate the effect of G5 supplement 

on mGlu5 expression over time. Cells were grown with and without G5 

supplement, and membrane lysates were collected each day for 4 days. There 

was no increase in mGlu5 expression in the absence of G5 supplement, while in 

the presence of G5 supplement mGlu5 expression increased with time, 

particularly 3-4 days after G5 addition (Figure 3-11). Two bands were observed, 

one at ~150 kD and the other at ~300 kD, which agrees with the data shown for 

receptor expression in the Flp-In mGlu5 cells and brain cortex in Figure 3-3. Data 

were analysed using densitometry with mGlu5 bands normalised to Na+/K+ 

ATPase. This showed that mGlu5 receptor expression increased significantly in 
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cells incubated with G5 at 3 and 4 days after G5 addition (P=0.0087 and 0.0155, 

respectively) (Figure 3-11B). Therefore, future experiments were carried out 

after 3-4 days in G5 medium. 

Figure 3-11 Immunoblot analysis of mGlu5 expression in mouse primary cortical astrocytes. 
(A) Immunoblot analysis of mGlu5 expression in mouse primary cortical astrocytes grown with or
without G5 supplement over a 4-day time period. Wild-type (WT) brain was included as a positive
control. 3 μg membrane protein was loaded for each sample. Protein expression was detected
using a mGlu5-specific antibody. Na+/K+ ATPase was used as a loading control. A representative
blot from 3 separate experiments is shown. (B) Band analysis (on both mGlu5 bands) for each blot
was performed using Image Studio Lite Version 5.2. Protein levels were normalised to the loading
control, followed by normalisation to 1 day after G5 addition. Data shown are ± S.E.M. with points
representing individual experiments (n=3). Statistical analysis performed was a two-way ANOVA
(Tukey’s multiple comparisons), where * P≤0.05 and ** P≤0.01.
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3.2.5 Analysis of mGlu5 Receptor Signalling in Mouse Primary 

Cortical Astrocytes 

To investigate mGlu5 signalling in astrocytes, initial experiments focussed on 

evaluating agonist-stimulated changes in Ca2+ mobilisation and IP1 accumulation 

as measures of mGlu5 signalling via Gαq/11, with and without G5 supplement 

addition (Figure 3-12). The maximal response of glutamate and DHPG were 

increased with G5 supplement as compared to glutamate without G5 supplement 

in both assays, which is likely reflective of increased receptor expression. The 

Emax for glutamate (+G5) was significantly higher than that of glutamate (-G5) in 

a Ca2+ mobilisation assay (P=0.002) (Figure 3-12; Table 3-4). Across both assays, 

there was no significant difference in potency between conditions (Figure 3-12; 

Table 3-4).  

 

 

Figure 3-12 G protein-dependent mGlu5 signalling in mouse primary cortical astrocytes in 
the absence and presence of G5 supplement. Concentration response curve showing (A) Ca2+ 
mobilisation and (B) IP1 accumulation in differentiated (+ G5) or undifferentiated (- G5) mouse 
primary cortical astrocytes with glutamate and DHPG as the orthosteric agonists. G5 was added for 
4 days prior to experimentation. Data were analysed using a log (agonist) vs response (three 
parameters) analysis of non-linear regression using GraphPad Prism 9.3. Data shown are mean ± 
S.E.M. for 3 separate experiments, each performed in duplicate or triplicate.  
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Table 3-4 Ca2+ mobilisation and IP1 accumulation induced by mGlu5 agonists in mouse 
primary cortical astrocytes in the absence and presence of G5 supplement. Potency (pEC50) 
and efficacy (Emax) indicators for each concentration of doxycycline are derived from Figure 3-12. 
Emax calculated as % of control (Glutamate +G5). Statistical analysis performed was an ordinary 
one-way ANOVA (Dunnett’s multiple comparisons) as compared to glutamate (+G5), where  
** P≤0.01. 

                  
            Ca2+ mobilisation 

    
    IP1 accumulation 

Agonist 
(condition) 

pEC50 
(Log[M]) 
Mean ± 
S.E.M. 

P 

Emax 
(%) 

Mean ± 
S.E.M. 

P 

pEC50 
(Log[M]) 
Mean ± 
S.E.M. 

P 

Emax 
(%) 

Mean ± 
S.E.M. 

P n 

Glutamate 
(+G5) 4.9 ± 0.2 - 100.0 ± 

0.0 - 5.8 ± 1.2 - 100.0 ± 
0.0 - 3 

DHPG 
(+G5) 5.4 ± 0.1 0.75 

 
75.9 ± 

8.5 0.17 5.0 ± 0.1 0.64 105.8 ± 
16.3 

0.97 
 3 

Glutamate 
(-G5) 6.1 ± 0.9 0.24 24.3 ± 

12.8 
0.002 

** 5.0 ± 0.2 0.64 36.9 ± 
29.9 0.11 3 

 

 
3.2.6 Characterisation of a mGlu5 PAM, VU0409551 

Next, VU0409551 was characterised in vitro. In an IP1 accumulation assay, the 

addition of 10 μM VU0409551 to Flp-in mGlu5 cells 10 minutes before the 

addition of increasing glutamate concentrations induced an approximately 

40-fold leftward shift of the glutamate concentration response curve, thus 

significantly increasing the potency of glutamate in evoking an increase in IP1 

(P=0.05) (Figure 3-13A; Table 3-5). In a Ca2+ mobilisation assay, pre-incubation 

with 1 μm VU0409551 induced a significant 10-fold increase in glutamate 

potency (P=0.03) (Figure 3-13B; Table 3-6). VU0409551 did not significantly 

increase glutamate efficacy in either assay. Interestingly, VU0409551 increased 

Ca2+ mobilisation in the absence of glutamate at 1 and 10 μM, which suggests 

that VU0409551 displays agonist activity. This agrees with previously published 

data (Rook et al., 2015; Sengmany et al., 2017). This data confirmed VU0409551 

to be a mGlu5 PAM with agonist activity.  
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Figure 3-13 Molecular pharmacological profile of VU0409551. (A) Concentration response 
curve showing IP1 accumulation in Flp-In mGlu5 cells (induced with 2 ng/ml doxycycline overnight) 
after 1 hour stimulation with increasing concentrations of glutamate. Cells were treated with 10 μM 
VU0409551 for 10 minutes before the addition of glutamate. Data shown are means ± S.E.M. from 
3 separate experiments, each performed in duplicate or triplicate (n=3). (B) Concentration 
response curve showing Ca2+ mobilisation in Flp-In mGlu5 cells (induced with 2 ng/ml doxycycline 
overnight) after glutamate addition. Cells were pre-treated with increasing concentrations of 
VU0409551 (0-10 μM) for 10 mins before the addition of a glutamate concentration response 
curve. Data shown are means ± S.E.M. from 4 separate experiments, each performed in duplicate 
(n=4). (A and B) IP1 accumulation and Ca2+ mobilisation data were analysed using a log (agonist) 
vs response (three parameters) analysis of non-linear regression using GraphPad Prism 9.3. 

Table 3-5 Effect of the mGlu5 PAM VU0409551 on agonist-induced IP1 accumulation in Flp-In 
mGlu5 cells. Potency (pEC50) and efficacy (Emax) indicators for 10 μM VU0409551 as compared to 
control (0 μM VU0409551), derived from Figure 3-13A. Emax was calculated as % of control (0 μM 
VU0409551). Statistical analysis performed was an unpaired t-test, where * P≤0.05 (10 μM 
VU0409551 versus control). 

IP1 accumulation 

VU0409551 
conc. (μM) 

pEC50
(Log[M]) 

Mean ± S.E.M. 
P 

Emax
(%) 

Mean ± S.E.M. 
P n 

Control 4.4 ± 0.4 - 100.0 ± 0.0 - 3 

10 6.0 ± 0.4 0.05* 108.7 ± 17.7 0.67 3 
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Table 3-6 Effect of the mGlu5 PAM VU0409551 on agonist-induced Ca2+ mobilisation in Flp-In 
mGlu5 cells. Potency (pEC50) and efficacy (Emax) indicators for increasing concentrations of 
VU0409551 as compared to control (0 μM VU0409551), derived from Figure 3-13B. Emax was 
calculated as % of control (0 μM VU0409551). Statistical analysis performed was an ordinary 
one-way ANOVA (Dunnett’s multiple comparisons) with comparison to 0 μM VU0409551, where 
*P≤0.05. 

Ca2+ mobilisation 

VU0409551  
conc. (μM) 

pEC50 
(Log[M]) 

Mean ± S.E.M. 
P 

Emax 
(%) 

Mean ± S.E.M. 
P n 

0 6.4 ± 0.1 - 100.0 ± 0.0 - 4 

0.001 6.4 ± 0.0 >0.99 123.1 ± 10.7 0.58 4 

0.01 6.4 ± 0.1 >0.99 134.7 ± 13.5 0.23 4 

0.1 6.9 ± 0.1 0.49 129.0 ± 13.8 0.37 4 

1 7.4 ± 0.5 0.03* 147.5 ± 9.4 0.06 4 

10 6.4 ± 0.4 0.99 147.1 ± 19.7 0.06 4 

 

Previous competition binding assays with VU0409551 showed that VU0409551 

binds to the same well-characterised allosteric pocket as the mGlu5 NAM MPEP 

(Conde-Ceide et al., 2015). To confirm this, a competition binding assay was 

carried out with the [3H]M-MPEP radioligand in membranes prepared from Flp-In 

mGlu5 cells and in wild-type mouse brain tissue (Figure 3-14). VU0409551 fully 

displaced this radioligand, suggesting an interaction with the MPEP binding site. 

A two-site model fit these data more accurately as the curve of the data was 

biphasic. This gave a pKiHigh of 11.8 ± 0.2 and a pKiLow of 4.9 ± 0.6 in the Flp-In 

mGlu5 cells, a pKiHigh of 9.2 ± 0.1 and a pKiLow of 6.1 ± 0.1 in the wild-type mouse 

cortex, and a pKiHigh of 8.3 ± 0.4 and a pKiLow of 6.4 ± 0.3 in the wild-type mouse 

hippocampus. This may suggest that VU0409551 binds to an additional site or 

multiple conformations of mGlu5 (i.e., active vs resting states).   
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Figure 3-14 Confirmation of VU0409551 mGlu5 binding site. Competition binding curves for 
VU0409551 in (A) Flp-In mGlu5 cells induced with 100 ng/ml doxycycline and (B) mouse brain 
tissue (cortex and hippocampus). Membranes (5 μg, Flp-In mGlu5 cells; 30 μg mouse brain tissue) 
were incubated for 90 mins with 4 nM [3H]M-MPEP and increasing concentrations of VU0409551. 
Non-specific binding was defined by 1 μM HTL0011867/mavoglurant. Data shown are means ± 
S.E.M. from 2 (hippocampus) or 3 (Flp-In mGlu5 cells and cortex) separate experiments, each 
performed in triplicate (n=2-3). Data were normalised to total binding and fit using a two-site model 
on GraphPad Prism 9.3. 
 

3.2.7 Characterisation of a mGlu5 NAM, VU0424238 

To characterise the effect of VU0424238 on mGlu5 signalling in vitro, an IP1 

assay was initially carried out in Flp-In mGlu5 cells. Increasing concentrations of 

VU0424238 were added 10 minutes before the addition of the glutamate 

concentration response curve. With increasing concentrations of VU0424238, a 

decrease in the maximal response of Flp-In mGlu5 cells to glutamate was 

observed (Figure 3-15A), becoming significant at 1 and 10 μM VU0424238 (P=0.03 

and P=0.001, respectively) (Table 3-7). Interestingly, treatment with VU0424238 

was observed to reduce the basal activity of mGlu5 in the absence of an agonist, 

as shown by a reduction in basal IP1, suggesting that it may function as an 

inverse agonist.  

To study the effect of VU0424238 in a native system, an IP1 assay was conducted 

in mouse primary cortical astrocytes. As expected from the previously described 

IP1 accumulation data in Flp-In mGlu5 cells, VU0424238 reduced the maximal 

response of primary cortical astrocytes to glutamate, similarly becoming 

significant at 1 and 10 μM VU0424238 (P=0.01 and P=0.0004 respectively) 

(Figure 3-15B; Table 3-7). Unlike the response in the Flp-In mGlu5 cells, 

VU0424238 did not reduce the basal IP1 response in mouse cortical astrocytes.  
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In a Ca2+ mobilisation assay, the addition of high concentrations of VU0424238 

(0.1, 1 and 10 µM) significantly inhibited the glutamate-induced Ca2+ response in 

Flp-in mGlu5 cells (P = 0.04, P = 0.0007, and P = 0.0007, respectively) 

(Figure 3-15C; Table 3-8). Lower concentrations of VU0424238 (0.001 and 

0.01 µM) did not significantly affect the maximal response of these cells to 

glutamate. There was no significant change in potency after VU0424238 

addition.  

 

 

Figure 3-15 Molecular pharmacological profile of VU0424238. (A and B) Concentration 
response curve showing IP1 accumulation in (A) Flp-In mGlu5 cells (induced with 2 ng/ml 
doxycycline overnight) and (B) mouse primary cortical astrocytes (4 days after the addition of G5 
supplement). Cells had 1 hour of stimulation with increasing concentrations of glutamate. Cells 
were treated with increasing concentrations of VU0424238 (0-10 μM) for 10 minutes before the 
addition of glutamate. Data shown are means ± S.E.M. from 3 (Flp-In mGlu5 cells) or 4 (primary 
astrocytes) separate experiments in duplicate or triplicate. (C) Concentration response curve 
showing Ca2+ mobilisation in Flp-In cells (induced with 2 ng/ml doxycycline overnight) after 
glutamate addition. Cells were pre-treated with increasing concentrations of VU0424238 (0-10 μM) 
before the addition of glutamate. Data shown are means ± S.E.M. from 5-7 (Flp-In mGlu5 cells) or  
3 (primary astrocytes) separate experiments, each performed in triplicate or duplicate (n=3-7).  
IP1 accumulation and Ca2+ mobilisation data were analysed using a log (agonist) vs response 
(three parameters) analysis of non-linear regression using GraphPad Prism 9.3. 
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Table 3-7 Effect of the mGlu5 NAM VU0424238 on agonist-induced IP1 accumulation in Flp-In 
mGlu5 cells and mouse primary cortical astrocytes. Potency (pEC50) and efficacy (Emax) 
indicators for increasing concentrations of VU0424238 as compared to control (0 μM VU0424238), 
derived from Figure 3-15A-B. Emax was calculated as % of control (0 μM VU0424238). Statistical 
analysis performed was an ordinary one-way ANOVA (Dunnett’s multiple comparisons) with 
comparison to 0 μM VU0424238, where * P≤0.05, ** P≤0.01, and *** P≤0.001. 

 IP1 accumulation 

                 Flp-In mGlu5 cells          Primary astrocytes 

VU0424238 
conc. (μM) 

pEC50 
(Log[M]) 
Mean ± 
S.E.M. 

P 

Emax 
(%) 

Mean ± 
S.E.M. 

P n 

pEC50 
(Log[M]) 
Mean ± 
S.E.M. 

P 

Emax 
(%) 

Mean ± 
S.E.M. 

P n 

0 7.1 ± 
0.6 - 100.0 ± 

0.0 - 3 4.4 ± 
0.5 - 100.0 ± 

0.0 - 4 

0.001 7.2 ± 
0.7 >0.99 99.7 ± 

2.3 >0.99 3 4.5 ± 
0.6 >0.99 101.3 ± 

13.7 0.99 4 

0.01 7.0 ± 
0.8 0.99 91.9 ± 

5.7 0.99 3 5.0 ± 
1.0 0.98 93.6 ± 

27.3 0.99 4 

0.1 6.6 ± 
0.6 0.99 65.1 ± 

5.8 0.55 3 5.6 ± 
2.2 0.80 75.0 ± 

21.2 0.30 4 

1 6.8 ± 
0.8 0.99 16.5 ± 

23.3 
0.03 

* 3 7.8 ± 
2.8 0.66 50.5 ± 

15.2 
0.01 

* 4 

10 7.8 ± 
0.6 0.92 25.8 ± 

37.1 
0.001

** 3 7.0 ± 
1.6 0.12 27.9 ± 

28.1 
0.0004 

*** 4 

 
 
Table 3-8 Effect of the mGlu5 NAM VU0424238 on agonist-induced Ca2+ mobilisation in Flp-In 
mGlu5 cells. Potency (pEC50) and efficacy (Emax) indicators for increasing concentrations of 
VU0424238 as compared to control (0 μM VU0424238), derived from Figure 3-15C.  
Emax calculated as % of control (0 μM VU0424238). Statistical analysis performed was an ordinary 
one-way ANOVA (Dunnett’s multiple comparisons) with comparison to 0 μM VU0424238, where 
*P≤0.05, and *** P≤0.001. 

Ca2+ mobilisation 

VU0409551  
conc. (μM) 

pEC50 
(Log[M]) 

Mean ± S.E.M. 
P 

Emax 
(%) 

Mean ± S.E.M. 
P n 

0 6.4 ± 0.3 - 100.0 ± 0.0 - 7 

0.001 6.7 ± 0.3 0.99 124.2 ± 20.0 0.58 5 

0.01 6.9 ± 0.4 0.99 127.6 ± 25.5 0.46 5 

0.1 4.8 ± 0.4 0.50 53.2 ± 13.2 0.04 
* 

7 

1 7.4 ± 1.5 0.81 26.4 ± 7.1 0.0007 
*** 

7 

10 5.9 ± 0.7 0.99 27.0 ± 6.6 0.0007 
*** 

7 
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To confirm whether VU0424238 interacts with the MPEP binding site as reported 

in the literature (Felts et al., 2017), a competition binding assay was carried out 

with the [3H]M-MPEP radioligand in membranes prepared from Flp-In mGlu5 cells 

and wild-type mouse brain tissue (Figure 3-16). The data were fit with a one-site 

model and confirmed the interaction of VU0424238 with this binding site  

(pKi = 9.1 ± 0.5 in the Flp-In mGlu5 cells, 8.9 ± 0.4 in mouse cortex, and 8.8 ± 0.1 

in mouse hippocampus).  

Figure 3-16 Confirmation of VU0424238 mGlu5 binding site. Competition binding curves of 
VU0424238 in (A) Flp-In mGlu5 cells induced with 100 ng/ml doxycycline and (B) mouse brain 
tissue (cortex and hippocampus). Membranes (5 μg, Flp-In mGlu5 cells; 30 μg mouse brain tissue) 
were incubated for 90 mins with 4 nM [3H]M-MPEP and increasing concentrations of VU0424238. 
Non-specific binding was defined by 1 μM HTL0011867/mavoglurant. Data shown are means ± 
S.E.M. from 2 (hippocampus) or 3 (Flp-In mGlu5 cells and cortex) separate experiments in 
triplicate. Data were normalised to total binding and fit using a one-site model on GraphPad  
Prism 9.3.  

It is well known that mice will bury foreign objects, such as marbles, in deep 

bedding. This behaviour is representative of the repetitive behaviour associated 

with obsessive-compulsive disorder (Thomas et al., 2009) and can be inhibited by 

multiple mGlu5 NAMs (Nicolas et al., 2006). A marble burying experiment was 

used to assess the in vivo efficacy of VU0424238, as compared to the mGlu5 NAM 

MTEP, in reducing anxiety-related behaviour in wild-type mice (experiments 

performed by SJ Bradley) (Figure 3-17). Mice were given an intraperitoneal dose 

of either vehicle (10 % tween-80 vehicle) or varying concentrations of 

VU0424238 30 minutes prior to the experiment. Both MTEP and VU0424238 were 

found to dose-dependently inhibit marble-burying behaviour in wild-type mice 

(Figure 3-17A-B), with 10 mg/kg VU0424328 completely inhibiting 

marble-burying behaviour (Figure 3-17C). Locomotion was controlled for, and 

VU0424238 was found to have no effect on locomotor activity (data not shown).
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Therefore, 10 mg/kg VU0424238 was used for subsequent experiments, 

including the in vivo dosing experiments in Chapter 4.  

Figure 3-17 VU0424238 dose-dependently inhibits marble-burying behaviour in wild-type 
mice. Mice were given an intraperitoneal injection of vehicle (10% tween-80) or either MTEP or 
VU0424238 (increasing concentrations) 30 minutes prior to the marble burying experiment. Both 
VU0424238 (A) and MTEP (B) dose-dependently decreased marble-burying behaviour. Data are 
shown as means ± S.E.M., with points representing individual mice (n=8-22). Statistical analysis 
performed was an ordinary one-way ANOVA (Dunnett’s multiple comparisons) with comparison to 
vehicle-treated mice, where * P≤0.05, ** * P≤0.01, and *** P≤0.001. (C) Glass marbles were placed 
in a regular pattern on the surface of 5-10 cm deep cage bedding. Animals were placed in the cage 
for 1 hour, and the number of marbles buried counted. VU0424238 completely inhibited  
marble-burying behaviour at a concentration of 10 mg/kg. The experiments were carried out by SJ 
Bradley and used with permission.  
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A tissue homogenate filtration-based receptor occupancy assay was used to 

confirm the target engagement of VU0424238 in the cortex and hippocampus of 

mice. This method relies on labelling the receptor with a radioligand, in this 

case [3H]M-MPEP, and measuring the reduction in specific binding that results 

from the receptor occupancy by the dosed compound. Mice were dosed 

intraperitoneally with vehicle (10% Tween-80) or 10 mg/kg VU0424238 30 

minutes prior to sacrifice. By comparing the levels of specific [3H]M-MPEP 

binding, receptor occupancy was found to be 80 ± 15% in the cortex and 67 ± 15% 

in the hippocampus (Figure 3-18). This result is comparable to the maximum 

VU0424238 receptor occupancy observed using PET imaging in rats, which was 

80% at 10mg/kg (Felts et al., 2017). 

Figure 3-18 Ex vivo receptor occupancy assay for VU0424238. mGlu5 receptor occupancy in 
the (A) cortex and (B) hippocampus of mice injected intraperitoneally with 10 mg/kg VU0424238  
30 mins prior to sacrifice, as compared to mice injected intraperitoneally with vehicle  
(10% Tween-80) 30 mins prior to sacrifice (n=4, each animal is a different colour/shape, the box 
represents mean, bars represent S.E.M.). Crude brain homogenate (~200-400 μg) was incubated 
for 10 mins at 4˚C with 66 nM [3H]M-MPEP. Non-specific binding was defined using 10 μM MPEP. 
Data were read using a Hidex Liquid Scintillation Counter on a standard tritium binding protocol. 
Receptor occupancy was calculated by subtracting the [3H]M-MPEP bound after VU0424238 
dosing from [3H]M-MPEP bound after vehicle dosing. 
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3.3 Discussion  

Initially, this chapter described the characterisation of a stable cell line with 

inducible expression of mGlu5, which was found to be an appropriate model for 

measuring acute functional responses to mGlu5 ligands. Maintaining mGlu5 

receptors stably expressed in a cell line can be problematic. This is due, in part, 

to the breakdown of glutamine to glutamate in tissue culture media as well as 

the secretion of glutamate from cells into the medium, which persistently 

activates mGlu receptors (Desai et al., 1995). In order to reduce receptor 

desensitisation, it is possible to remove glutamate in the media by co-expressing 

a glutamate transporter in the cells (Desai et al., 1995). Others have used a 

lac-repression system to circumvent receptor desensitisation, which uses 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to induce receptor expression 

(Hermans et al., 2002). An ecdysone-inducible expression system has also been 

used to express mGlu receptors in an inducible manner (Downey et al., 2005); 

however, ecdysone homologs have been found to alter protein activity in cell 

culture experiments, including activation of the P13K/Akt pathway (Constantino 

et al., 2001; Oehme et al., 2006). In this chapter, the stable and inducible 

expression of mGlu5 was obtained in HEK293 cells using the Flp-In™ T-REx™ 

system. Immunoblot analysis showed that the administration of doxycycline to 

the cell medium resulted in mGlu5 receptor expression. By varying the 

concentration of doxycycline added, the level of receptor expression was able to 

be controlled, with higher concentrations of doxycycline leading to higher mGlu5 

expression. The ability to maintain mGlu5 expression at very low levels during 

growth and then induce receptor expression at the desired level with the 

addition of doxycycline prevents prolonged activation of the receptor by 

endogenous glutamate. In addition to using an inducible cell line, excess 

glutamate was removed from the medium during experiments with the addition 

of glutamate pyruvate transaminase (GPT) and sodium pyruvate to the assay 

media. GPT is a highly active glutamate-degrading enzyme that requires 

pyruvate as a co-substrate (Matthews et al., 2002). The reversible reaction that 

GPT catalyses produces α-ketoglutarate and alanine. Elevated alanine levels 

increase steady-state glutamate levels by raising the equilibrium concentration 

of the GPT reaction. Therefore, sodium pyruvate is added to compensate for this 

by increasing pyruvate concentrations (Matthews et al., 2002). 
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Although using the Flp-In™ T-REx™ system provides many benefits in the study of 

mGlu5 receptor expression, it is not without disadvantages. Functional IP1 

accumulation and Ca2+ mobilisation assays showed a response of Flp-in mGlu5 

cells to glutamate in cells that had not been induced with doxycycline. This 

problem has also been reported in other tetracycline-controlled systems 

(Meyer-Ficca et al., 2004; Mizuguchi & Hayakawa, 2001) and may be due to 

factors such as intrinsic promotor activity (Johansen et al., 2002). Moreover, an 

IP1 accumulation assay with Flp-In parental cells showed that these cells also 

responded to glutamate. This response was variable and less efficacious than the 

response of mGlu5-expressing cells. Microarray analysis of mRNA levels in HEK293 

cells has shown that they do not endogenously express glutamate receptors at a 

significant level, although mRNA was detectable for mGlu2, mGlu4, mGlu6, 

mGlu7, and mGlu8 receptors (Atwood et al., 2011). A similar experiment would 

have confirmed whether these receptors were endogenously expressed in the 

cells used in this thesis. Although mRNA expression levels do not necessarily 

mean that the specific functional protein is produced in the cell, it should be 

kept in mind that the potential low expression of other mGlu receptors in these 

cells may affect the interpretation of the results of the studies discussed here.  

Despite these limitations, Flp-in mGlu5 cells were shown to have robust mGlu5 

expression and signalling after the addition of doxycycline to the media. This 

suggests that the Flp-In™ T-REx™ system is suitable for functional mGlu5 receptor 

expression and characterisation and, thus, a reasonable tool for studying the 

signalling properties of mGlu5 ligands.  

This chapter also aimed to establish a mouse primary cortical astrocyte culture 

in the laboratory in order to provide a more physiologically relevant model in 

which to characterise mGlu5 ligands. Initially, the mouse primary cortical 

astrocyte protocol was optimised in order to ensure astrocyte growth and mGlu5 

expression. Firstly, the effect of pre-treatment with a growth factor 

supplement, G5, on the growth and morphology of mouse primary cortical 

astrocytes was investigated. G5 is commonly added to cell cultures to promote 

the growth of primary astrocytes (Michler-Stuke et al., 1984). Of its components, 

FGF, EGF and insulin are known to act as growth and differentiation stimulants 

in astrocytes (Spina Purrello et al., 2002; Zelenaia et al., 2000). After the 
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removal of unwanted cells by overnight shaking, the addition of G5 supplement 

supported the growth of primary astrocytes into a branched, star-like 

morphology, while astrocytes grown without G5 supplement remained small and 

undefined. In addition to changes in morphology, G5 supplement was shown to 

increase mGlu5 expression in a time-dependent manner. The expression of mGlu5 

in these cells confirmed previous reports of mGlu5 expression on astrocytes. In 

astrocytes cultured from rodent tissue, mGlu5 has been observed in cells isolated 

from the cortex, hippocampus, tegmentum, thalamus, and striatum (Biber et 

al., 1999; Silva et al., 1999). In addition, previous reports show the upregulation 

of mGlu5 in rat primary cortical astrocytes after the addition of growth factors 

to the medium (Nakahara et al., 1997). 

In NDDs, astrocytes transition from a resting state to a reactive state (Escartin et 

al., 2021). Reactive astrocytes have an altered morphology, with their processes 

thickening and stretching towards sites of injury or pathology (Schiweck et al., 

2018). It has been suggested that astrocytes cultured using the protocol in this 

thesis are more similar to reactive astrocytes than normal, resting astrocytes 

(Foo et al., 2011). This protocol involves maintaining cells in media containing 

fetal bovine serum (FBS). Serum components are typically excluded from the 

CNS due to the blood brain barrier, and, therefore, the culture of astrocytes in 

serum-containing media could be considered non-physiological (Foo et al., 

2011). Exposure of astrocytes to serum alters astrocyte morphology in a way 

that’s similar to activated astrocytes. Moreover, growth factors have been shown 

to mediate the morphological changes observed in reactive astrocytes (Kang et 

al., 2014). The gene profile of astrocytes cultured in serum-containing medium 

differs from the genes profile of resting astrocytes in vivo (Cahoy et al., 2008; 

Foo et al., 2011) and instead represent a mixture of developing and reactive 

astrocyte gene profiles (Foo et al., 2011; Zamanian et al., 2012).  

In addition, reactive astrocytes have been shown to have upregulated mGlu5 

expression, similar to the astrocytes in this chapter after treatment with growth 

factors. In primary astrocytes treated with amyloid-β oligomers, mGlu5 was 

found to be upregulated at both the mRNA and protein level (Lim et al., 2013; 

Shrivastava et al., 2013). Immunohistochemistry performed on brain slices from 

a mouse AD model showed strong mGlu5 immunoreactivity in the astrocytes 
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surrounding amyloid-β plaques (Shrivastava et al., 2013). Similar results have 

been observed in models of ALS (Anneser et al., 2004; Vermeiren et al., 2006) 

and multiple sclerosis (Fulmer et al., 2014). The analysis of post-mortem tissue 

from human patients has supported these findings, showing an increase in 

astrocytic mGlu5 in and around areas of disease pathology (Anneser et al., 2004; 

Aronica et al., 2001; Casley et al., 2009; Lim et al., 2013; Newcombe et al., 

2008).  

The results shown in this chapter confirmed that mGlu5 was able to signal via 

Gαq/11 in mouse primary cortical astrocytes in both Ca2+ mobilisation and IP1 

accumulation assays. Both agonists, glutamate and DHPG, produced Ca2+ 

mobilisation and IP1 accumulation in astrocytes in a concentration-dependent 

manner. This signalling was reduced in astrocytes grown without G5 supplement, 

significantly in the Ca2+ mobilisation assays. The data in this chapter showed a 

very similar response to both DHPG and glutamate in primary astrocytes. 

Glutamate is a ligand for multiple glutamate receptors, and DHPG is a 

non-selective group I mGlu agonist that can activate Gαq/11 signalling via both 

mGlu1 and mGlu5. It is well established that primary astrocytes express mGlu1, 

mGlu3, and mGlu5, with mGlu5 being the predominant mGlu receptor (Loane et 

al., 2012). Thus, it is likely that the signalling observed in primary astrocytes 

after the addition of glutamate or DHPG is not due to mGlu5 signalling alone and 

most likely also includes some level of mGlu1 signalling.  

The final aim of this chapter was to characterise a negative and positive 

allosteric modulator of mGlu5 in the two cell types discussed. The first 

compound characterised was VU0409551. The data presented in this chapter 

found VU0409551 to be a positive allosteric modulator, with data from Ca2+ 

mobilisation assays suggesting that this compound can act as a PAM-agonist (i.e., 

a PAM with agonist activity). In an IP1 assay, the addition of 10 μM VU0409551 

caused an approximately 40-fold shift of the glutamate concentration response 

curve. Similar responses have been observed previously in HEK293 cells 

expressing either human or rat mGlu5 (Conde-Ceide et al., 2015; Rook et al., 

2015). In a Ca2+ mobilisation assay, the effect of VU0409551 on glutamate 

potency was similar to what has been reported in the literature (6.4 ± 0.4 here 

compared to 6.6 ± 0.0 at both human and rat mGlu5 at a concentration of 10 μM) 
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(Conde-Ceide et al., 2015; Rook et al., 2015). A key difference between the Ca2+ 

mobilisation data shown here as compared to the literature is the increase in the 

basal response at the highest concentrations of VU0409551 tested, which 

suggests that VU0409551 has agonist activity. Rook et al. (2015) found that 

VU0409551 had no intrinsic agonist activity in a Ca2+ mobilisation assay and 

instead found it to display pure PAM activity. They argued that if agonist activity 

was observed in a Ca2+ mobilisation assay, this might play a key role in 

contributing to the adverse effects of mGlu5 PAMs observed in vivo. Therefore, 

they proposed that the lack of agonist activity observed in their data set for 

VU0409551 may be one of the reasons VU0409551 is a potentially successful 

therapeutic candidate. The experiments in this thesis were carried out in Flp-In 

cells expressing mouse mGlu5, whereas the comparative studies in the literature 

were carried out in HEK293 cells expressing human (Conde-Ceide et al., 2015) or 

rat (Rook et al., 2015) mGlu5. It is important to note that there can be species 

differences in the PAM-induced activation of pathways downstream of mGlu5 

(Conn et al., 2014), which may be a reason for the differences observed in this 

thesis chapter and the published literature. This highlights the importance of 

characterising ligands in multiple assays and in multiple species.  

The data presented in this chapter confirmed that VU0424238 acts as a NAM in 

IP1 accumulation assays in both Flp-In mGlu5 cells and mouse primary cortical 

astrocytes, where it was observed to significantly reduce the maximum effect of 

glutamate. In addition, VU0424238 acted as a NAM in a Ca2+ mobilisation assay in 

Flp-In mGlu5 cells, significantly reducing the maximum response of the cells to 

glutamate at the three highest concentrations tested. By contrast to previously 

published data on this compound (Felts et al., 2017), the data presented here 

found VU0424238 to display inverse agonist activity in Flp-In mGlu5 cells, 

reducing basal receptor activity in the IP1 accumulation assay. MPEP and 

fenobam, two other mGlu5 NAMs, have previously been shown to act as inverse 

agonists (Pagano et al., 2000; Porter et al., 2005), but this observation has not 

been seen previously for VU0424238 (Felts et al., 2017).  

In the literature, VU0424238 has been shown to bind to the MPEP allosteric 

binding site in membranes prepared from HEK293 cells expressing rat mGlu5 

(Felts et al., 2017), which was confirmed here in membranes prepared from 
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Flp-In cells expressing mouse mGlu5 and wild-type mouse brain. Using an ex vivo 

receptor occupancy assay in mice dosed intraperitoneally with 10 mg/kg 

VU0424238, receptor occupancy was found to be ~80% in the cortex and ~67% in 

the hippocampus. This result is similar to the maximum receptor occupancy of 

80% at 10 mg/kg in the brains of rats orally dosed with VU0424238 for 30 minutes 

prior to intravenous dosing of a radioligand and 1 hour of PET imaging (Felts et 

al., 2017). This receptor occupancy data highlights occupancy 30 minutes after 

intraperitoneal injection of VU0424238. Previous pharmacokinetic studies have 

shown that at a concentration of 10 mg/kg, clearance of VU0424238 occurred at 

a rate of 19.3 ml/min/kg when given as an intravenous injection to rats (Felts et 

al., 2017). In Chapter 4, mice were given injections of VU0424238 daily in order 

to maintain a receptor occupancy as close to maximum occupancy as possible. 

Data from the Bradley lab found complete inhibition of marble-burying 

behaviour in wild-type mice at 10 mg/kg VU0424238, suggesting that this 

concentration is highly efficacious in vivo. The efficacy of VU0424238 in other 

rodent models is discussed in more depth in Chapter 4 (see 4.1.3).   

3.4 Conclusion  

In conclusion, the data presented in this chapter characterised mGlu5 receptor 

expression and signalling in Flp-In mGlu5 cells and mouse primary cortical 

astrocytes. Moreover, it characterised two mGlu5 allosteric modulators in these 

cell lines. VU0409551 was observed to be a positive allosteric modulator that 

binds to the MPEP binding site and exerts agonist activity. VU0424238 was 

observed to be a NAM, that binds to the same MPEP binding site, and displays 

inverse agonist activity. Moreover, VU0424238 was found to occupy mGlu5 

receptors in the brain at high levels. As the pharmacological blockade of mGlu5 

with NAMs has been shown to be neuroprotective in rodent models of 

neurodegenerative disease, improving cognition and reducing disease pathology 

(Budgett et al., 2022), the next chapter of this thesis will set out to investigate 

the effect of chronic VU0424238 treatment on the progression of biochemical 

and behavioural changes associated with neurodegenerative disease as well as 

the survival of terminally sick mice. 
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Chapter 4 Defining the Impact of Targeting 
mGlu5 in a Model of Neurodegenerative Disease 
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4.1 Introduction 

The challenge of translating the results from preclinical studies in animals into 

human clinical trials is a major obstacle in the development of effective 

treatments for human NDDs (see section 1.5). No one animal disease model fully 

replicates human neurodegeneration; therefore, it is important to test potential 

drug candidates across various preclinical models of disease to fully validate any 

disease-modifying effects (LaFerla & Green, 2012; Selkoe, 2011). A model of 

murine prion disease has been used as a reliable model to test the effect of 

novel ligands on terminal neurodegeneration (see 1.5.2) (Bradley et al., 2016; 

Dwomoh et al., 2022). Initially, this chapter aims to validate the 

neuroinflammatory response observed in this model. As discussed in section 1.3, 

mGlu5 has been proposed as a potential therapeutic target for treating several 

NDDs. Therefore, this chapter also characterises the expression profile of mGlu5 

in murine prion disease and investigates the impact of the pharmacological 

inhibition of mGlu5 on inflammatory processes and disease progression.  

4.1.1 Expression of mGlu5 in NDDs 

As highlighted in section 1.2.3, mGlu5 is predominantly localised on the 

postsynaptic membrane of glutamatergic neurons found in the cerebral cortex, 

olfactory bulb, striatum, hippocampus, basal ganglia, and spinal cord (Shigemoto 

et al., 1993, 1997; Luján et al., 1996; Valerio et al., 1997; Wong et al., 2013). It 

is also expressed in glial cells, including astrocytes and microglia (Loane et al., 

2012). PET imaging studies have shown that the expression of mGlu5 in the 

human brain declines with age, although this is largely due to grey matter 

atrophy (Mecca et al., 2021). In rodents, PET imaging found mGlu5 expression to 

be consistent throughout ageing in mice, whereas immunoblotting suggested 

that mGlu5 expression decreases with age (Fang et al., 2017). Similarly, the 

expression of mGlu5 was found to be significantly reduced in the medial 

prefrontal cortex of aged rats (22 months) as compared to young rats (4 months) 

at both the protein and mRNA levels (Hernandez et al., 2018). Interestingly, in a 

study where rats were categorised as either memory-impaired or  

memory-unimpaired based on Morris water maze data, old rats (24 months) with 

impaired memory had a significant reduction in mGlu5 expression in the CA1 

hippocampal region as compared to both old rats with unimpaired memory and 
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young rats (6 months) (Ménard & Quirion, 2012). This suggests a complex 

relationship between mGlu5 expression, age, and memory.  

Studies investigating mGlu5 expression in human NDD have found its expression 

to be altered in diseased individuals compared with healthy controls. For 

example, PET imaging in human AD patients showed that mGlu5 expression is 

significantly reduced in the hippocampus and amygdala of patients with mild AD 

(Mecca et al., 2020; Treyer et al., 2020). This is in agreement with PET imaging 

in the 5xFAD AD mouse model mice which found mGlu5 expression to be reduced 

in the striatum and hippocampus of diseased mice compared to wild-type mice 

(Lee et al., 2018). In contrast, however, human post-mortem data found 

increased mGlu5 expression in the hippocampus and frontal cortex of patients 

with severe AD (Müller Herde et al., 2019). It is possible that there may be a 

variation in mGlu5 expression at different stages of AD in humans, with mGlu5 

upregulation occurring later in disease. Further longitudinal studies are needed 

to understand how mGlu5 expression may change throughout the course of 

human AD.  

An increase in mGlu5 present at the cell surface, without an increase in total 

mGlu5 expression levels, has been found in several rodent AD models  

(Abd-Elrahman et al., 2018; Hamilton et al., 2014; Um et al., 2013). This may be 

due to the Aβo-mediated clustering of mGlu5 (see 1.3.4.1). For example, in 

APPswe mice, mGlu5 was increased 4.4-fold on the cell surface as compared to 

control mice, without an alteration in total mGlu5 level (Hamilton et al., 2014). 

However, another group found that at the same time point in the same model, 

the expression of mGlu5 on the cell surface was significantly reduced in 

particular hippocampal cell types, including granule cells in the dentate gyrus 

and pyramidal cells in the CA1 region (Martín-Belmonte et al., 2021).  

Post-mortem studies in human HD tissue have found decreased mGlu5 expression 

in the putamen and striatum. However, as there were also significant reductions 

in neuronal density, this observation may be due to neuronal loss (Gulyás et al., 

2015). In HD model mice, longitudinal PET imaging studies found reduced mGlu5 

expression in the striatum and cortex (Bertoglio et al., 2018). As neuronal 

density was unaltered in these mice, the observed reduction in mGlu5 expression 

in diseased mice was assumed to be independent of any neuronal loss. 
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In ALS, human post-mortem studies found mGlu5 to be upregulated in the 

frontal, motor, and temporal cortices, and basal ganglia of diseased brains 

compared to controls (Müller Herde et al., 2019). Similarly, PET imaging, 

immunoblotting, and IHC found that mGlu5 expression increased in line with 

disease progression in the hippocampus, striatum, cortex, and spinal cord of ALS 

model mice (Brownell et al., 2015; Giribaldi et al., 2013).  

Astrocytic mGlu5 has been found to be upregulated in and around  

disease-related lesions in human post-mortem tissue (Aronica et al., 2001; 

Anneser et al., 2004; Newcombe et al., 2008; Casley et al., 2009; Lim et al., 

2013). Similarly, the upregulation of astrocytic mGlu5 has been observed in 

animal models of several NDDs, including AD (Lim et al., 2013; Shrivastava et al., 

2013), ALS (Anneser et al., 2004; Vermeiren et al., 2006), and multiple sclerosis 

(Fulmer et al., 2014). In vitro, mGlu5 is upregulated in cultured primary 

astrocytes after the addition of Aβos (Casley et al., 2009) and in astrocytes 

cultured from ALS model rodents (Vermeiren et al., 2006). Furthermore, mGlu5 

is upregulated on the activated microglia found surrounding lesions after brain 

or spinal cord injury in rodents (Byrnes et al., 2009; Drouin-Ouellet et al., 2011). 

Previously published immunoblotting data has shown that mGlu5 expression is 

decreased in the brains of prion-diseased mice and hamsters at the terminal 

disease endpoint (Hu et al., 2022). There are currently no published longitudinal 

data investigating mGlu5 expression throughout the progression of murine prion 

disease; therefore, this chapter aims to investigate mGlu5 expression levels at 

several time points of disease. Understanding the expression levels of mGlu5 in 

the context of disease progression is important for gaining insight into the 

potential function of mGlu5 in murine prion disease and its availability for 

pharmacological manipulation.    

4.1.2 The mGlu5 Receptor and Murine Prion Disease 

In this thesis, murine prion disease is used as a model to study terminal 

neurodegeneration. Two previous studies have examined the potential of mGlu5 

antagonism to modulate the progression of murine prion disease. The first study 

investigated whether mGlu5 knockout mice are susceptible to infection with RML 

prions (Beraldo et al., 2016). They found that mGlu5 knockout mice did develop 
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murine prion disease and that the knockout of mGlu5 significantly delayed the 

onset of symptoms in prion-diseased mice but did not affect their overall 

survival. In addition, they found that mGlu5 knockout did not alter the levels of 

total PrPC or misfolded PrPSc at the point of death. Missing from their dataset is 

the level of PrPSc at the point of symptom onset, which would be valuable data 

given mGlu5 knockout delayed symptom onset. Moreover, they did not look at 

any other markers of disease, such as neuroinflammation, in the brains of these 

mice.  

The second study examined the effect of targeting mGlu5 in prion disease both 

in vitro and in vivo (Goniotaki et al., 2017). These experiments showed a  

dose-dependent reduction in neurotoxicity in prion-infected cerebellar 

organotypic cultured slices (COCS) after treatment with the mGlu5 NAMs MPEP 

and mavoglurant. Similarly, COCS prepared from homo- or heterozygous mGlu5 

knockout mice were protected against prion-induced toxicity. In vivo, the oral 

administration of MPEP to prion-diseased mice significantly delayed the onset of 

motor deficits on a rotarod test as compared to mice fed a control diet. 

Moreover, MPEP-treated mice exhibited a small but statistically significant 

extension in their lifespan as compared to controls. Despite these observations, 

MPEP treatment did not alter PrPSc accumulation in the brains of these mice at 

the point of death. However, vacuole size was reduced across the brain, and 

astrogliosis was reduced in the hippocampus of MPEP-treated prion-diseased 

mice as compared to controls. From this data set, the authors concluded that 

mGlu5 antagonism reduces the toxicity of prions without affecting the total prion 

load.  

Overall, these studies have contributed to our understanding of the role of 

mGlu5 antagonism in modulating the progression of terminal neurodegeneration 

and suggest that targeting mGlu5 may be neuroprotective in the context of 

murine prion disease. This thesis builds on this work by investigating the effect 

of mGlu5 antagonism using a highly potent mGlu5 NAM, VU0424238, on key 

disease hallmarks, including PrPSc accumulation and neuroinflammation, 

throughout disease progression in both sexes of prion-diseased mice.  
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4.1.3 Preclinical Studies with the mGlu5 NAM, VU0424238 

There are no published data investigating the effect of the mGlu5 NAM 

VU0424238, characterised in Chapter 3, in models of neurodegeneration. 

However, this compound has shown efficacy in models of anxiety, depression, 

and alcohol self-administration (Felts et al., 2017; Holter et al., 2021; Salling et 

al., 2021). As discussed below, these studies focused on behavioural outcomes 

and showed improvements in disorder-related behaviour.  

An innate species-specific behaviour of mice is that they bury foreign objects, 

such as glass marbles, in deep bedding. Some researchers use this behaviour as a 

model for anxiety, although it has been argued that this behaviour may model 

the repetitive behaviour associated with OCD (Thomas et al., 2009). VU0424238 

has been shown to dose-dependently decrease this repetitive behaviour, with 

complete inhibition at a dose of 30 mg/kg (Felts et al., 2017). As discussed in 

Chapter 3, our lab found VU0424238 to inhibit this behaviour at a lower dose of 

10 mg/kg.  

The forced swim test (FST) is an animal model of depression that measures the 

activity of a rat suspended in a tank of water from which they cannot escape 

(Slattery & Cryan, 2012). "Depressed" rats are more immobile in the FST, 

whereas rats treated with antidepressants are more active. VU0424238  

dose-dependently reduced the duration of immobility of rats in this test, thus 

suggesting it may have antidepressant properties (Felts et al., 2017). The 

antidepressant-like properties of VU0424238 were also investigated with regard 

to sleep disturbances related to major depressive disorder (MDD) (Holter et al., 

2021). MDD patients have a reduction in rapid eye movement (REM) sleep 

latency and increased REM duration (Armitage, 2007; Steiger & Pawlowski, 

2019). VU0424238 was found to increase REM sleep latency and reduce REM 

duration in rats (Holter et al., 2021), similar to several clinically prescribed 

antidepressants (Steiger & Pawlowski, 2019). 

Finally, the administration of VU0424238 to baboons decreased the trained 

behaviour of alcohol self-administration in a dose-dependent manner (Salling et 

al., 2021). Baboons provide a well-established model for drug  
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self-administration, and the self-administration of alcohol is used as a model of 

alcohol use disorder (Kaminski et al., 2012). 

As VU0424238 is highly selective for mGlu5, highly potent, and orally 

bioavailable, initial literature suggested that it was an ideal candidate for 

pharmaceutical development (Felts et al., 2017). Based on those data, methods 

were developed for its production on a large scale (David et al., 2017). However, 

the compound failed toxicology studies during preclinical development due to 

the accumulation of a non-human primate species-specific aldehyde oxidase 

(AO) metabolite that resulted in anaemia (Crouch et al., 2017). Species 

differences in the expression of AO present a challenge in translating preclinical 

animal studies to human clinical trials, and several drug candidates that AO 

metabolises have previously failed at clinical trial (Crouch et al., 2017). 

VU0424238 was further optimised to remove the contribution of AO to 

metabolism, but this resulted in reduced potency (Felts et al., 2019). Although 

these findings may preclude VU0424238 from being an ideal clinical candidate, it 

was used as a reliable tool compound in this thesis to investigate the effect of 

the pharmacological inhibition of mGlu5 on the progression of a terminal 

neurodegenerative disease.  

4.1.4 Sex-specific Differences in the Contribution of mGlu5 to 
Disease Pathology  

The majority of research into the effects of mGlu5 antagonism in mouse models 

of NDD have used only male mice in their studies. This bias towards the male sex 

exists across preclinical research (Gogos et al., 2019; Karp & Reavey, 2019). 

Surprisingly, male bias exists even when the disease of interest is more 

prevalent in females (Yoon et al., 2014). It is thought that resistance to 

including female animals in studies is due, in part, to the widely accepted belief 

that female animals are more variable due to their oestrous cycle (McCarthy, 

2015). As individuals belonging to the male or female sex respond differently to 

disease progression (Yoon et al., 2014) and drug treatment (Anderson, 2005), it 

is crucial that drugs are tested in both sexes to improve the value of women's 

health care.  
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Recent studies have suggested that mGlu5 may not contribute to disease 

pathology in female AD mice (Abd-Elrahman et al., 2020a). Both male and 

female APPswe mice display similar levels of Aβos, neuroinflammation, and 

cognitive decline. However, chronic treatment with the mGlu5 NAM CTEP only 

reduced disease pathology and improved cognition in male mice. As discussed in 

section 1.3.4.1, Aβos promote the clustering of mGlu5 receptors at the synapse 

surface. This increased mGlu5 cell surface expression was observed in male 

APPswe mice but not in females. Moreover, the Aβ-PrPC-mGlu5 complex was 

found to form in the brains of male, and not female, mice. Using radioligand 

binding assays, the same finding was observed in human brain tissue  

(Abd-Elrahman et al., 2020a).  

Similarly, a recent study investigated the effect of CTEP in male and female 

zQ175 HD mice (Li et al., 2022). This study found that chronic CTEP 

administration improved motor performance at an earlier time point in male 

mice as compared to females (4 and 12 weeks, respectively). Moreover, male, 

but not female, mice exhibited improved cognition in a novel object recognition 

task. Despite differences in behaviour, chronic CTEP administration reduced 

disease pathology in both sexes, including the aggregation of mHtt and neuronal 

death.   

Differences in the response of male and female mice to mGlu5 treatment have 

also been observed in the SODG93A ALS model (Bonifacino et al., 2019; Milanese 

et al., 2021). The complete knockout of mGlu5 in the SODG93A model delayed the 

onset of motor deficits and death in both sexes of ALS mice. Heterozygous 

knockout of mGlu5 in these mice improved motor symptoms in male mice only 

(Bonifacino et al., 2019). Surprisingly, when the same group treated SODG93A 

mice with CTEP, they found that low doses (2 mg/kg) improved motor skills and 

survival in female mice only. Increasing the dose of CTEP (4 mg/kg) led to 

improvements for both sexes, with a more pronounced improvement in female 

mice (Milanese et al., 2021). Why genetic blockade and pharmacological 

inhibition of mGlu5 showed sex-specific differences in the responses remains an 

open question.  

In summary, these studies suggest that the contribution of mGlu5 receptors to 

disease pathology may differ between sexes as well as disease models. This must 
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be considered when investigating the potential of mGlu5 as a drug target for 

neurodegenerative diseases. Therefore, the studies in this chapter, as well as 

Chapter 5, were conducted in both male and female mice where possible.  

4.1.5 Aims 

The aims of this chapter are to: 

1. Confirm the upregulation of neuroinflammatory markers in murine prion 

disease, thus validating this model for investigating the effects of novel 

ligands on inflammation. 

2. Evaluate the expression profile of mGlu5 throughout the progression of 

murine prion disease.  

3. Define the impact of pharmacologically targeting mGlu5 in murine prion 

disease, with a focus on neuroinflammation.   



Chapter 4 137 
 
4.2 Results 

4.2.1 Characterisation of Neuropathological Markers in Murine 
Prion Disease  

A chronic neuroinflammatory response, including astrogliosis, microgliosis, and 

the release of inflammatory chemokines and cytokines, is a hallmark of many 

NDDs (see 1.3.2.3) (Liddelow & Barres, 2017). Recent global transcriptomic and 

proteomic work in our group has found several neuroinflammatory markers, 

particularly indicators of astrocyte and microglia activation, to be upregulated in 

murine prion disease (Dwomoh et al., 2022). Here, the expression of the 

astrocyte markers GFAP and vimentin, the microglia markers CD68 and Iba-1, 

and several chemokine/cytokine markers were examined in the cortex and 

hippocampus of prion-diseased mice over the course of disease. 

GFAP is an astrocyte-specific intermediate filament protein, and its differential 

expression is the most commonly used marker for reactive astrocytes (Hol & 

Pekny, 2015; Escartin et al., 2021). Gfap transcript levels were found to be 

significantly increased at 10 w.p.i. in both the cortex (P≤0.0001) and 

hippocampus (P=0.0004) of prion-diseased mice (Figure 4-1A). There was no 

difference in expression level between the cortex and hippocampus. This 

increase in astrogliosis markers was confirmed using immunohistochemistry 

(Figure 4-1B), which showed an increase in staining for GFAP and vimentin, 

another astrocytic intermediate filament (Yamada et al., 1992), in both the 

cortex and hippocampus at 10 w.p.i. 
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Figure 4-1 A significant increase in astrogliosis is evident in prion-diseased mice at 10 w.p.i. 
(A) RT-qPCR showing the expression of Gfap in the cortex and hippocampus of control or  
prion-diseased mice at 10 w.p.i. Data are expressed as a ratio of α-tubulin RNA and are shown as 
means ± S.E.M. and data points represent individual mice. Statistical analysis performed was  
two-way ANOVA (Tukey's multiple comparisons), where *** P≤0.001 and **** P≤0.0001 (n=4).  
(B) Immunohistochemical staining for GFAP and vimentin (both green) in the cortex and 
hippocampus of control and diseased mice. Nuclei were stained with DAPI (blue). Staining was 
performed on 5 μm thick coronal sections taken from mice at 10 w.p.i. Images shown are 
representative images from the cortex and CA1 region of the hippocampus (n=3). Images were 
taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 20 μM. 
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In order to investigate changes in astrogliosis throughout disease progression, 

immunoblotting was carried out on cortical and hippocampal lysates prepared 

from control and prion-diseased mice at 4 different timepoints (Figure 4-2A). 

Protein levels of GFAP showed an increasing trend from 10 w.p.i. in the cortex 

and 8 w.p.i. in the hippocampus as compared to protein levels in control mice 

(Figure 4-2B). Significant upregulation of GFAP was observed at 11 w.p.i. in both 

the cortex (6.8-fold, P=0.05) and hippocampus (7.9-fold, P=0.03). Similarly, 

levels of vimentin showed an increasing trend in the cortex and hippocampus 

from 8 w.p.i., reaching statistical significance earlier than GFAP expression at  

10 w.p.i. in both brain regions (Figure 4-2B). At 10 w.p.i., vimentin was 

increased 11.8-fold in the cortex (P=0.02) and 11.2-fold in the hippocampus 

(P=0.02). At 11 w.p.i., vimentin was increased 10.5-fold in the cortex (P=0.02) 

and 14.3-fold in the hippocampus (P=0.002).  
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Figure 4-2 The expression of GFAP and vimentin increases in line with the progression of 
murine prion disease. (A) Astrogliosis was assessed using Western blot analysis on lysates 
prepared from the cortex or hippocampus of control- or prion-infected mice at 8, 9, 10 and 11 w.p.i. 
Lysates were probed with antibodies raised against the astrocytic markers GFAP and vimentin. 
Na+/K+ ATPase was used as a loading control. Representative blots are shown (n=3). (B) Protein 
levels were normalised to the loading control and data is expressed as fold over control. Data 
shown are means ± S.E.M. with data points representing individual mice (n=3). Statistical analysis 
was performed using a two-way ANOVA (Tukey's multiple comparisons), where * P≤0.05 and  
** P≤0.01. 

 
 

 



Chapter 4 141 
 
The activation of microglia was initially detected by looking at the transcript 

levels of Cd68, a common marker for activated phagocytic microglia (Walker & 

Lue, 2015). Cd68 transcript levels were found to be significantly increased at  

10 w.p.i. in both the cortex (P=0.006) and hippocampus (P=0.04) (Figure 4-3A). 

There was no difference in expression level between the cortex and 

hippocampus. Immunohistochemical staining using Iba-1, a cytoplasmic 

microglial protein (Imai et al., 1996), confirmed this increase in microglia in 

both the cortex and hippocampus of prion-diseased mice (Figure 4-3B).  

 

 

Figure 4-3 A significant increase in microgliosis is evident in prion-diseased mice at 10 
w.p.i. (A) RT-qPCR showing the gene expression of Cd68 in the cortex and hippocampus of 
control or prion-diseased mice at 10 w.p.i. Data are expressed as a ratio of α-tubulin RNA and are 
shown as means ± S.E.M. and data points represent individual mice (n=4). Statistical analysis 
performed was two-way ANOVA (Tukey's multiple comparisons), where * P≤0.05 and ** P≤0.01. 
(B) Immunohistochemical staining for Iba-1 (green) in the cortex and hippocampus of control and 
diseased mice, with DAPI staining for nuclei (blue). Staining was performed on 5 μm thick coronal 
sections at 10 w.p.i. Images shown are representative images from the cortex and CA1 region of 
the hippocampus (n=3). Images were taken on a Zeiss 880 confocal microscope with 40x 
objective, scale bar = 20 μM.  
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In order to investigate if the level of microgliosis changed during disease 

progression, immunoblotting was carried out on lysates prepared from  

control- and prion-diseased cortex and hippocampus at 4 different timepoints 

(Figure 4-4A). Similar to the astrocytic markers discussed previously, protein 

levels of Iba-1 increased in line with disease expression, with significant 

upregulation at 11 w.p.i. in the cortex (3.6-fold, P=0.03) and 10 and 11 w.p.i.  

in the hippocampus (4.1-fold, P=0.003 and 4.8-fold, P=0.0003 respectively)  

(Figure 4-4B).  

 

 

Figure 4-4 The expression of Iba-1 increases in line with the progression of murine prion 
disease. (A) Microgliosis was assessed using Western blot analysis on lysates prepared from the 
cortex or hippocampus of control- or prion-infected mice at 8, 9, 10 and 11 w.p.i. Lysates were 
probed with an antibody raised against the microglial marker Iba-1. Na+/K+ ATPase was used as a 
loading control. Representative blots are shown (n=3). (B) Protein levels were normalised to the 
loading control and data is expressed as fold over control. Data shown are means ± S.E.M. with 
data points representing individual mice (n=3). Statistical analysis was performed using a two-way 
ANOVA (Tukey's multiple comparisons), where * P≤0.05, ** P≤0.01, and *** P≤0.001.  
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Although reports on cytokine levels in AD patients vary, there is a trend for both 

pro-inflammatory (e.g., interleukin-1α [IL-1α], interleukin-1β [IL-1β], 

interleukin-6 [IL-6], and tumour necrosis factor α [TNF-α]) and anti-inflammatory 

cytokines (e.g., interleukin-10 [IL-10]) to be elevated in the cerebral spinal fluid 

and plasma of AD patients (Brosseron et al., 2014). These proteins are typically 

released by activated astrocytes and microglia during neuroinflammation (Li et 

al., 2011; Smith et al., 2012). The gene expression of the cytokines mentioned 

above, along with the gene expression of monocyte chemoattractant protein-1 

(MCP-1; gene: Ccl2), a pro-inflammatory chemokine, and granulocyte-

macrophage colony-stimulating factor (GM-CSF; gene: Csf2), an adaptive 

immunity cytokine, were investigated in the cortex and hippocampus of  

prion-diseased mice at 10 w.p.i. using RT-qPCR (Figure 4-5A). No difference in 

the transcript level of Il10 was observed in the cortex or hippocampus of  

prion-diseased mice as compared to controls (Figure 4-5A). Il1α, Il1β, Il6, Tnf, 

Ccl2 and Csf2 transcripts showed an overall upregulation in the cortex and 

hippocampus (Figure 4-5B-G). Il1α, Il1β, and Ccl2 were significantly increased in 

the cortex (Il1α P=0.001; Il1β P=0.02; Ccl2 P=0.04) and hippocampus (Il1α 

P=0.01; Il1β P=0.04; Ccl2 P=0.05) as compared to control mice (Figure 4-5B, C 

and F). Il6, Tnf, and Csf2 transcripts were significantly upregulated in the cortex 

(Il6 P=0.004; Tnf P=0.0165; Csf2 P=0.005) but not hippocampus of prion-diseased 

mice as compared to controls (Figure 4-5D, E and G). 

Overall, these data suggest that prion-diseased mice exhibit a robust 

inflammatory response in the cortex and hippocampus from 10 w.p.i., which is 

characterised by astro- and microgliosis and the elevation of pro-inflammatory 

cytokines/chemokines.  
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Figure 4-5 Changes in cytokine expression in murine prion disease. RT-qPCR showing the 
expression of the anti-inflammatory cytokine IL-10- (Il10) (A), pro-inflammatory cytokines IL-1α 
(Il1α) (B), IL-1β (Il1β) (C), IL-6 (Il6) (D), and TNF-α (Tnf) (E), the pro-inflammatory chemokine 
MCP-1 (Ccl2) (F) and adaptive immunity cytokine GM-CSF (Csf2) (G) in the cortex and 
hippocampus of control or prion-diseased mice at 10 weeks post inoculation. Data are expressed 
as a ratio of α-tubulin RNA and are shown as means ± S.E.M. with data points representing 
individual mice (n=4). Statistical analysis performed was two-way ANOVA (Tukey's multiple 
comparisons), where * P≤0.05 and ** P≤0.01. 
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Alterations in the expression of the postsynaptic marker postsynaptic density 

protein 95 (PSD95) has been previously associated with NDD and memory 

impairments (Coley & Gao, 2019; Savioz et al., 2014). In AD, for example, the 

expression of PSD95 is reduced in AD mouse models (Shao et al., 2011) and 

human AD tissue (Gylys et al., 2004; Shao et al., 2011). Here, immunoblot 

analysis on lysates prepared from control- and prion-diseased cortex and 

hippocampus at 4 different timepoints showed no difference in the expression of 

PSD95 in either the cortex or hippocampus of prion-diseased mice as compared 

to controls (Figure 4-6).  

 

 

Figure 4-6 PSD95 expression is unaltered in murine prion disease. (A) Western blot analysis 
on lysates prepared from the cortex or hippocampus of control- or prion-infected mice at 8, 9, 10, 
and 11 w.p.i. Lysates were probed with an antibody raised against PSD95. α-tubulin was used as a 
loading control. Representative blots are shown (n=3). (B) Protein levels were normalised to the 
loading control and data is expressed as fold over control at each time point. Data shown are 
means ± S.E.M. with data points representing individual mice (n=3). Statistical analysis was 
performed using a two-way ANOVA (Tukey's multiple comparisons). 
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4.2.2 Examining the Expression of mGlu5 in Diseased Mouse and 

Human Brain Tissue 

Since the expression of mGlu5 has been observed to be altered in other rodent 

models of neurodegeneration (Price et al., 2010; Giribaldi et al., 2013; Lee et 

al., 2018), mGlu5 expression was assessed using immunoblot analysis in control 

and prion-diseased mice (Figure 4-7A). A time course study using tissue collected 

at 4 different time points from the cortex and hippocampus showed that the 

expression of mGlu5 was not altered in the prion-diseased brains as compared to 

control brains (Figure 4-7B). This finding was found to be consistent in an  

RT-qPCR time course study, which showed no change in mGlu5 gene (Grm5) 

expression at any timepoint investigated (Figure 4-7C).  

To investigate whether mGlu5 expression was altered in human AD patients as 

compared to controls, RT-qPCR was carried out in cortical and hippocampal 

brain samples from AD patients and age- and sex-matched controls (Figure 4-8). 

The study sample consisted of 10 individuals: 5 with AD (aged 70-95), and  

5 controls with either brain pathology consistent with normal ageing or mild AD 

pathology (aged 80-98). All AD patients had pathology consistent with Braak 

stage VI. This is a late stage of AD, with AD pathology found in most brain 

regions, including the neocortex (which makes up most of the cerebral cortex) 

(Braak et al., 2006). Of the 5 control patients, 2 patients had very mild AD 

pathology consistent with Braak stage II, defined by neurofibrillary tangles 

confined mainly to the transentorhinal region of the cerebral cortex (Braak et 

al., 2006). The other 3 control patients had normal brains consistent with 

patient age. RT-qPCR analysis showed no significant difference in Grm5 

expression between AD patients and controls in either the cortex or 

hippocampus. 
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Figure 4-7 The expression of mGlu5 is unaltered in murine prion disease. (A) The expression 
of mGlu5 was assessed using Western blot analysis on lysates prepared from the cortex and 
hippocampus of control- or prion-infected mice at 8, 9, 10, and 11 w.p.i. An antibody against mGlu5 
was used to probe for mGlu5 expression. Lysates from mGlu5 knockout (KO) cortex or 
hippocampus were used as a negative control. Na+/K+ ATPase was used as a loading control. 
Representative blots are shown (n=3-5). (B) Protein levels were normalised to the loading control 
and data is expressed as fold over control at each time point. (C) RT-qPCR showing the 
expression of Grm5 in the cortex and hippocampus of control- or prion-infected mice at 8, 9, 10, 
and 11 w.p.i. Data are expressed as a ratio of α-tubulin RNA. (B and C) Data are shown as mean ± 
S.E.M. with data points representing individual animals (n=3-7). Statistical analysis was performed 
using a two-way ANOVA (Dunnett's multiple comparisons). 
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Figure 4-8 The expression of mGlu5 is unaltered in human Alzheimer's disease tissue.  
RT-qPCR showing the expression of mGlu5 (Grm5) in the cortex and hippocampus of human 
individuals with Alzheimer's disease and healthy/early-stage disease age- and sex-matched 
controls. Data are expressed as a ratio of α-tubulin RNA and are shown as means ± S.E.M. with 
data points representing individual patients (n=5). Statistical analysis was performed using an 
unpaired t-test.  
 

4.2.3 Effect of Chronic VU0424238 Treatment on the Progression 
of Murine Prion Disease 

The next section of this chapter investigates the effect of pharmacological 

mGlu5 blockade on the progression of biochemical and behavioural changes 

associated with neurodegenerative disease as well as the survival of terminally 

sick mice. In this study, control- and prion-diseased mice were given daily 

intraperitoneal injections of either vehicle (10% tween-80 in PBS) or VU0424238 

(10 mg/kg), the selective mGlu5 NAM characterised in chapter 3 (Figure 4-9).  

A concentration of 10 mg/kg of VU0424238 was chosen based on its effect on 

marble burying, as discussed in Chapter 3. Briefly, VU0424238 dose-dependently 

inhibited marble-burying behaviour in wild-type mice, with complete inhibition 

at 10 mg/kg, thus providing evidence for target engagement at this 

concentration in vivo. The mice were dosed with VU0424238 from 4 w.p.i., a 

timepoint at which the animals did not yet display indicators of disease. This 

enables any preventative effect of mGlu5 inhibition to be examined. 

Importantly, as recent studies have found differences in the response of 

diseased male and female rodents to mGlu5 inhibition (Abd-Elrahman et al., 

2020a; Milanese et al., 2021; Li et al., 2022), this study was carried out in both 

male and female mice in order to identify any sex-specific differences.  
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Figure 4-9 Timeline of the VU0424238 dosing study in the murine prion disease model. Mice 
were inoculated with control or prion-diseased brain homogenate at approx. 3-4 weeks of age  
(0 w.p.i.). Control- and prion-infected mice were administered vehicle (10% tween-80) or 
VU0424238 (10 mg/kg) intraperitoneally (i.p.) daily from 4 w.p.i. until survival. The burrowing 
response of female mice was assessed weekly following training at 7 w.p.i. Mice were sacrificed at 
3 time points, 8 and 10 w.p.i., and at survival. The tissue was either perfusion-fixed for 
immunohistochemical analysis, or the hippocampus and cortex were dissected and snap-frozen for 
immunoblotting and RT-qPCR. Mice were checked daily for the onset of symptoms of murine prion 
disease. Once mice started showing symptoms at around 9 w.p.i., their symptoms were recorded 
daily to monitor disease progression. Mice reached a terminal disease endpoint at around  
11-12 w.p.i., and their survival days were calculated. 
 

Initially, the ability of VU0424238 to modify the progression of murine prion 

disease was investigated. The progression of murine prion disease is 

characterised by behavioural abnormalities linked to a deterioration in 

hippocampal function. Burrowing behaviour in mice reflects innate hippocampal 

function, independent of memory processes, and is a sensitive assay for 

monitoring the development of murine prion disease (Deacon, 2006). In the 

burrowing task, mice actively remove pellets from a container, called 

"burrowing". Burrowing experiments began at 7 w.p.i., before the animals 

developed any disease symptoms, and were repeated weekly (Figure 4-10). The 

day before the burrowing task began, a training experiment was conducted to 

acclimate the animals to their cages. Only female mice were used in this study 

because removing male mice from their home cage for experimental tasks can 

result in aggressive behaviour and fighting upon return. At 7 w.p.i., all mice 

burrowed actively, displacing, on average, 80-82% of the pellets from the 
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containers. Vehicle- and VU0424238- treated prion-diseased mice showed a 

progressive decline in burrowing behaviour from 8 w.p.i., which became 

significant at 9 w.p.i., which is consistent with the literature (Bradley et al., 

2016; Mallucci et al., 2007). Specifically, burrowing behaviour was significantly 

reduced in prion-diseased mice by approximately 29-35% at 9 w.p.i., and 35-37% 

at 10 w.p.i. There was no difference in burrowing behaviour between  

vehicle- and VU0424238-treated mice in either the control or prion cohorts. 

Overall, this shows that chronic VU0424238 treatment from 4 w.p.i. does not 

affect the burrowing behaviour of mice.   

 

Figure 4-10 Prion-diseased mice show a decline in burrowing ability which is unchanged 
after chronic dosing with VU0424238. Burrowing response of female control- and prion-infected 
mice treated with vehicle (10% tween-80) or VU0424238 (10 mg/kg) daily from 4 w.p.i. Burrowing 
was assessed weekly following training from 7 w.p.i. Data shown are mean ± S.E.M., with each 
point representing an individual mouse (n=9-19). Statistical analysis was a two-way ANOVA or 
mixed-effects model with uncorrected Fisher’s least significant difference test, where * P<0.5,  
** P≤0.01, and **** P≤0.0001. 
 

The onset of prion disease symptoms and the survival of prion-diseased mice 

were determined by the daily monitoring of early and confirmatory signs of 

disease (see 2.3.6.1). Mice were recorded to be "symptomatic" when they 

displayed at least two early indicators (Mallucci et al., 2003). There was no 

difference in symptom onset between vehicle- and VU0424238-treated prion 

disease mice, with a median onset of symptoms at 69 days post inoculation with 

prion infection (d.p.i.) for vehicle-treated animals, and 73 d.p.i. for  

VU0424238-treated animals (Figure 4-11A).  
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Murine prion disease is a terminal model of neurodegeneration, and the animals 

are considered to have reached a disease endpoint when they exhibit two early 

indicator signs in addition to one confirmatory sign, or the appearance of two 

confirmatory signs. Confirmatory signs included ataxia, impairment of the 

righting reflex, and a sustained hunched posture (see 2.3.6.1). When mice reach 

a disease endpoint, they are culled, thus defining their survival. Initial analysis 

of survival data grouped data from both male and female cohorts together and 

found no difference in survival between vehicle- and VU0424238-treated prion 

disease mice, with a median survival of 83 d.p.i. for vehicle-treated animals and 

80 d.p.i. for VU0424238-treated animals (Figure 4-11B).  

 
Figure 4-11 Chronic treatment with VU0424238 did not affect the symptom onset or survival 
of prion-diseased mice. Kaplan-Meier survival plot showing the onset of at least two early 
indicators of prion-disease (A) or survival (B) for male and female prion-diseased mice treated with 
vehicle (red) or VU0424238 (blue) daily from 4 w.p.i. (A, n=8; B, n=18-22). Curves were analysed 
with a Gehan-Breslow-Wilcoxon test. 
 

When the data were analysed for male and female mice separately, no 

difference was found between VU0424238-treated mice and their  

vehicle-treated controls for either sex (Figure 4-12). However, the median time 

of onset for vehicle-treated male mice as compared to vehicle-treated female 

mice was found to be significantly different, with median disease onset of  

85 and 76 d.p.i. respectively (P=0.008; Gehan-Breslow-Wilcoxon Test)  

(Appendix Figure 1). There was no difference in survival between  

VU0424238-treated male mice as compared to VU0424238-treated female mice, 

both with a median survival of 82 d.p.i. Taken together, these results indicate 

that mGlu5 inhibition by VU0424238 does not overtly influence the progression of 

murine prion disease.  



Chapter 4 152 
 

 

Figure 4-12 Comparison of the survival of male and female vehicle- and VU0424238-treated 
prion-diseased mice. Kaplan-Meier survival plots for female (A) and male (A) prion-diseased mice 
treated with vehicle (red) or VU0424238 (blue) daily from 4 w.p.i. Female vehicle n=10, female 
VU0424238 n=9, male vehicle n=12, male VU0424238 n=9. Curves were analysed with a  
Gehan-Breslow-Wilcoxon test. 
 

As discussed in section 1.5.1, prion disease is characterised by the conversion of 

PrPc into a misfolded, toxic form, PrPSc. These misfolded proteins act as 

infectious agents that self-propagate, accumulate, and form aggregates partially 

resistant to protease digestion (Prusiner, 1982). This process is a common 

feature of most NDDs, with specific proteins, such as Aβ in AD and mHtt in HD, 

misfolding and spreading in a prion-like manner (see 1.3.2.1). It is well 

documented that PrPSc accumulates in the brains of mice with murine prion 

disease (Mallucci et al., 2003), and that this can be reduced by treatment with 

ligands for other GPCRs, such as the M1 muscarinic receptor (Dwomoh et al., 

2022).  

Tissue collected from the terminally sick mice used in the survival studies above, 

in addition to tissue collected from mice culled at two earlier timepoints, 8 and 

10 w.p.i., were probed for the presence of PrPSc (Figure 4-13). When Western 

blotting for prion protein, multiple bands are expected due to the differential 

glycosylation of PrPC (Collinge et al., 1996; Rudd et al., 1999; Stimson et al., 

1999). As expected, no PrPSc was detected in the brains of control mice at either 

8 w.p.i. (Figure 4-13A), 10 w.p.i. (Figure 4-13C), or at survival (Figure 4-13E). 

PrPSc was evident in prion-diseased mice from 8 w.p.i. (Figure 4-13A-B) but was 

highly variable at each time point (Figure 4-13B, D, and F). There was no 

significant difference in PrPSc levels between vehicle- and VU0424238-treated 

prion-diseased mice (Figure 4-13B, D, and F). The prion antibody recognising all 
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forms of prion protein showed no differences in the total prion protein (PrPtot), 

which is both PrPc and PrPSc, between control and prion-diseased animals at any 

time point or brain region (Figure 4-13B, D, and F). However, a significant 

reduction in PrPtot in the hippocampus was observed between vehicle- and 

VU0424238-treated prion-diseased mice at 10 w.p.i. (P=0.046) (Figure 4-13D).  
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Figure 4-13 Effect of VU0424238 on PrPSc and PrPtot expression. Western blot analysis of 
lysates from the cortex and hippocampus of control, prion vehicle, and prion VU0424238-treated 
mice at 8 w.p.i. (A), 10 w.p.i. (C), and survival (E). Lysates were incubated with water (PrPtot) or 
proteinase K prior to immunoblotting using anti-PrP to detect PrPtot/PrPSc, respectively. Each lane 
represents a different mouse. α-tubulin was used as a loading control. Membranes were stripped 
and re-probed for multiple antibodies (Figure 4-13 and Figure 4-26). (B, D, F) Protein levels were 
normalised to the loading control, followed by normalisation to the average protein level of the 
control bands expressed as fold change. Data shown are means ± S.E.M. with each data point 
representing an individual mouse (n=3 for control, n=4 for prion vehicle and prion VU0424238). 
Statistical analysis was performed using a two-way ANOVA (Tukey's multiple comparisons), where 
* P≤0.05. 
 

As established in section 4.2.2, the expression of mGlu5 is unaltered in murine 

prion disease. Here, the expression of mGlu5 in prion-diseased mice chronically 

treated with either vehicle- or VU0424238 was examined (Figure 4-14). 

Immunoblot analysis of lysates prepared from the cortex and hippocampus of 

prion-diseased mice at three timepoints, 8 w.p.i., 10 w.p.i., and survival, 

showed no difference in mGlu5 expression between vehicle- and  

VU0424238-treated mice.  

 

Figure 4-14 The expression of mGlu5 is unaltered in prion-diseased mice after chronic 
treatment with VU0424238. (A) The expression of mGlu5 was assessed using Western blot 
analysis on lysates prepared from the cortex and hippocampus of prion-infected mice treated with 
either vehicle or VU0424238. Tissue was taken at 8 w.p.i., 10 w.p.i., and at survival (S). The blots 
were probed using an anti-mGlu5 antibody. α-tubulin was used as a loading control. Membranes 
were stripped and re-probed for multiple antibodies (Figure 4-14, Figure 4-15, and Figure 4-16). 
Representative blots are shown (n=4). (B) Protein levels were normalised to the loading control. 
Data shown are means ± S.E.M., with each data point representing an individual mouse (n=4). 
Statistical analysis was performed using a two-way ANOVA (Dunnett's multiple comparisons). 
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4.2.4 Effect of Chronic VU0424238 Treatment on Prion-induced 

Neuroinflammation 

As established in section 4.2.1, the upregulation of neuroinflammatory markers, 

including GFAP, vimentin, CD68, and Iba-1, is a pathological feature of murine 

prion disease. The pharmacological inhibition of mGlu5 has been shown to 

reduce the expression of several neuroinflammatory markers in a number of 

rodent models of neurodegeneration (Hamilton et al., 2016; Bonifacino et al., 

2017; Abd-Elrahman et al., 2017, 2020; Milanese et al., 2021). Here, the effect 

of chronic VU0424238 treatment on neuroinflammation was initially investigated 

using immunoblotting and RT-qPCR (Figure 4-15 and Figure 4-16).  

Immunoblot analysis was carried out on lysates prepared from the cortex and 

hippocampus of prion-diseased mice at three timepoints, 8 w.p.i., 10 w.p.i., and 

survival (Figure 4-16A), and RT-qPCR was carried out on samples collected at  

10 w.p.i. (Figure 4-16C). Neither analysis identified any difference in the 

expression of the astrocytic markers GFAP/Gfap and vimentin (Figure 4-15) or 

the microglial markers Iba-1 and Cd68 (Figure 4-16) with VU0424238 treatment 

as compared to vehicle treatment. These data were pooled from male and 

female mice.  

Similarly, no effect of VU0424238 treatment was observed when the sexes were 

analysed separately (Figure 4-17, Figure 4-18, Figure 4-19, Figure 4-20).  
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Figure 4-15 Biochemical analysis shows no effect of VU0424238 on astrogliosis in the 
cortex and hippocampus of prion-diseased mice. (A) Astrogliosis in the cortex and 
hippocampus was assessed using Western blot analysis in lysates prepared from prion-diseased 
mice treated with either vehicle or VU0424238. Tissue was taken at 8 and 10 w.p.i., and at survival 
(S). Lysates were probed for the astrocytic markers GFAP and vimentin. α-tubulin was used as a 
loading control. Representative blots are shown (n=7-8). Membranes were stripped and re-probed 
for multiple antibodies (Figure 4-14, Figure 4-15, and Figure 4-16). (B) Protein levels were 
normalised to the loading control followed by normalisation to vehicle-treated mice shown as fold 
over control. Data shown are means ± S.E.M., with each data point representing an individual 
mouse (n=7-8). (C) RT-qPCR showing the expression of Gfap in the cortex and hippocampus of 
control- or prion-infected mice at 10 weeks post inoculation. Data are expressed as a ratio of  
α-tubulin RNA and are shown as means ± S.E.M. (n=6). Statistical analysis was performed using a 
two-way ANOVA (Dunnett's multiple comparisons), where **P≤0.01. 
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Figure 4-16 Biochemical analysis shows no effect of VU0424238 on microgliosis in the 
cortex and hippocampus of prion-diseased mice. (A) Microgliosis in the cortex and 
hippocampus were assessed using Western blot analysis on lysates prepared from prion-diseased 
mice treated with either vehicle or VU0424238. Tissue was taken at 8 and 10 w.p.i., and at survival 
(S). Lysates were probed for the microglia marker Iba-1. α-tubulin was used as a loading control. 
Representative blots are shown (n=7-8). Membranes were stripped and re-probed for multiple 
antibodies (Figure 4-14, Figure 4-15, and Figure 4-16). (B) Band analysis for each blot was 
performed using Image Studio Lite Version 5.2. Protein levels were normalised to the loading 
control followed by normalisation to vehicle-treated mice shown as fold over control. Data shown 
are means ± S.E.M., with each data point representing an individual mouse (n=7-8). (C) RT-qPCR 
showing the expression of Cd68 in the cortex and hippocampus of control- or prion-infected mice at 
10 weeks post inoculation. Data are expressed as a ratio of α-tubulin RNA and are shown as 
means ± S.E.M. (n=6). Statistical analysis was performed using a two-way ANOVA (Dunnett's 
multiple comparisons), where * P≤0.05 and *** P≤0.0001. 
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Figure 4-17 Comparison of GFAP expression in male and female prion-diseased mice 
treated with either vehicle or VU0424238. Astrogliosis in the (A) cortex and (B) hippocampus of 
female and male prion-diseased mice treated with either vehicle or VU0424238 was assessed 
using Western blot analysis. Tissue was taken at 8 and 10 w.p.i., and at survival (S). α-tubulin was 
used as a loading control. Representative blots are shown (n=3-4). Membranes were stripped and 
re-probed for multiple antibodies (Figure 4-17, Figure 4-18, and Figure 4-19). (C) Protein levels 
were normalised to the loading control followed by normalisation to vehicle-treated mice, expressed 
as fold over control. Data shown are means ± S.E.M., with each data point representing an 
individual mouse (n=3-4). Statistical analysis was performed using a two-way ANOVA (Dunnett's 
multiple comparisons). 
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Figure 4-18 Comparison of vimentin expression in male and female prion-diseased mice 
treated with either vehicle or VU0424238. Astrogliosis in the (A) cortex and (B) hippocampus of 
female and male prion-diseased mice treated with either vehicle or VU0424238 was assessed 
using Western blot analysis. Tissue was taken at 8 and 10 w.p.i., and at survival (S). α-tubulin was 
used as a loading control. Representative blots are shown (n=3-4). Membranes were stripped and 
re-probed for multiple antibodies (Figure 4-17, Figure 4-18, and Figure 4-19). (C) Protein levels 
were normalised to the loading control followed by normalisation to vehicle-treated mice, expressed 
as fold over control. Data shown are means ± S.E.M., with each data point representing an 
individual mouse (n=3-4). Statistical analysis was performed using a two-way ANOVA (Dunnett's 
multiple comparisons). 
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Figure 4-19 Comparison of Iba-1 expression in male and female prion-diseased mice treated 
with either vehicle or VU0424238. Microgliosis in the (A) cortex and (B) hippocampus of female 
and male prion-diseased mice treated with either vehicle or VU0424238 was assessed using 
Western blot analysis. Tissue was taken at 8 and 10 w.p.i., and at survival (S). α-tubulin was used 
as a loading control. Representative blots are shown (n=3-4). Membranes were stripped and  
re-probed for multiple antibodies (Figure 4-17, Figure 4-18, and Figure 4-19). (C) Protein levels 
were normalised to the loading control followed by normalisation to vehicle-treated mice, expressed 
as fold over control. Data shown are means ± S.E.M., with each data point representing an 
individual mouse (n=3-4). Statistical analysis was performed using a two-way ANOVA (Dunnett's 
multiple comparisons). 
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Figure 4-20 Comparison of Gfap and Cd68 transcript levels in male and female control and 
prion-diseased mice treated with either vehicle or VU0424238. RT-qPCR showing the 
expression of Gfap (A and B) and Cd68 (C and D) in the cortex and hippocampus of female (A and 
C) and male (B and D) control- or prion-infected mice at 10 w.p.i. Data are expressed as a ratio of 
α-tubulin RNA and are shown as means ± S.E.M. (n=2-3 for each sex). Statistical analysis was 
performed using a two-way ANOVA (Dunnett's multiple comparisons). 
 

In the immunoblot and RT-qPCR analysis, the hippocampus was analysed as a 

whole, whereas IHC allows for a more in-depth look at the different hippocampal 

regions. In order to look more closely at the effect of chronic VU0424238 

treatment on inflammation, IHC analysis was performed in 5 μm coronal brain 

slices from the same cohorts of mice (Figure 4-21, Figure 4-22, Figure 4-23). 

Samples were analysed from tissue collected at the same three timepoints as the 

immunoblot analysis, 8 w.p.i., 10 w.p.i., and survival, and protein levels were 

assessed in the cortex as well as the CA1, CA3, and dentate gyrus regions of the 

hippocampus. GFAP and vimentin were used as markers of astrogliosis  

(Figure 4-21, Figure 4-22), and Iba-1 as a marker of microgliosis (Figure 4-23).  
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Initially, analysis was conducted on data pooled from both male and female 

mice. As expected from the data discussed in section 4.2.1, all three markers 

were upregulated in the cortex and hippocampus in prion-diseased mice as 

compared to controls. Quantification of the immunohistochemical images 

showed significant upregulation at an earlier timepoint than the immunoblots in 

section 4.2.1, with significant upregulation from 8 w.p.i. of GFAP in the cortex 

and CA3 region of the hippocampus (Figure 4-21A), vimentin in the CA1 region of 

the hippocampus (Figure 4-22B), and Iba-1 in the cortex (Figure 4-23B). 

Conversely, Iba-1 in the cortex of prion-diseased mice was not upregulated at  

10 w.p.i. and survival, but this may have been due to high variability between 

control samples (Figure 4-23D and F). Although these data confirmed that 

neuroinflammation is increased in the brains of prion-diseased mice, there was 

no observable difference in protein expression levels between vehicle- and 

VU0424238-treated prion-diseased mice. This agrees with the immunoblot and 

RT-qPCR data shown in Figure 4-15 and Figure 4-16 and together suggests that 

the pharmacological blockade of mGlu5 does not significantly affect  

prion-induced astro- or microgliosis.  

However, when the sexes were separated for analysis, only in female  

prion-diseased mice was a significant reduction in GFAP expression levels after 

VU0424238 treatment as compared to vehicle treatment observed in the CA1 

(P=0.02) and CA3 (P=0.0003) regions at 10 w.p.i. (Figure 4-24). No significant 

difference was seen between vehicle- and VU0424238-treated male mice or in 

the female mice at any other timepoint or marker (Appendix Figure 2, Appendix 

Figure 3, and Appendix Figure 4).  
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Figure 4-21 Immunohistochemical analysis of chronic VU0424238 treatment on the 
expression of GFAP in the hippocampus and cortex of both sexes of prion-diseased mice. 
Representative images of immunohistochemical staining of 5 μm thick coronal sections through the 
brains of vehicle- and VU0424238-treated control- and prion-infected mice at 8 w.p.i. (A), 10 w.p.i. 
(C), and survival (E). Images shown are from the CA1 region of the hippocampus with staining for 
GFAP (green) and DNA (blue). Images shown are representative of n=3-8 mice per group. Images 
were taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 50 μm. 
Quantification is shown at 8 w.p.i. (B), 10 w.p.i. (D), and survival (F), and was carried out in three 
areas of the hippocampus (CA1 region, CA3 region, and dentate gyrus (DG)) and in the cortex 
(CTX). Representative images for the other brain regions analysed but not shown here are in 
Appendix Figure 5 and 6. Data were normalised to control vehicle and are shown as the mean ± 
S.E.M. with data points representing individual mice (n=3-8). Statistical analysis was a two-way 
ANOVA (Tukey's multiple comparisons), where * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, and  
**** P ≤ 0.0001.  
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Figure 4-22 Immunohistochemical analysis of chronic VU0424238 treatment on the 
expression of vimentin in the hippocampus and cortex of both sexes of prion-diseased 
mice. Representative images of immunohistochemical staining of 5 μm thick coronal sections 
through the brains of vehicle- and VU0424238-treated control- and prion-infected mice at 8 w.p.i. 
(A), 10 w.p.i. (C), and survival (E). Images shown are from the CA1 region of the hippocampus with 
staining for vimentin (green) and DAPI (blue). Images shown are representative of n=3-8 mice per 
group. Images were taken on a Zeiss 880 confocal microscope with 40x objective, scale bar =  
50 μm. Quantification is shown at 8 w.p.i. (B), 10 w.p.i. (D), and survival (F), and was carried out in 
three areas of the hippocampus (CA1 region, CA3 region, and dentate gyrus (DG)) and in the 
cortex (CTX). Representative images for brain regions not shown here are shown in Appendix 
Figure 7 and 8. Data were normalised to control vehicle and are shown as the mean ± S.E.M. with 
data points representing individual mice (n=3-8). Statistical analysis was a two-way ANOVA 
(Tukey's multiple comparisons), where * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, and **** P ≤ 0.0001. 
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Figure 4-23 Immunohistochemical analysis of chronic VU0424238 treatment on the 
expression of Iba-1 in the hippocampus and cortex of both sexes of prion-diseased mice. 
Representative images of immunohistochemical staining of 5 μm thick coronal sections through the 
brains of vehicle- and VU0424238-treated control- and prion-infected mice at 8 w.p.i. (A), 10 w.p.i. 
(C), and survival (E). Images shown are from the CA1 region of the hippocampus with staining for 
Iba-1 (green) and DAPI (blue). Images shown are representative of n=3-8 mice per group. Images 
were taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 50 μm. 
Quantification is shown at 8 w.p.i. (B), 10 w.p.i. (D), and survival (F), and was carried out in three 
areas of the hippocampus (CA1 region, CA3 region, and dentate gyrus (DG)) and in the cortex 
(CTX). Representative images for brain regions not shown here are shown in Appendix Figure 9 
and 10. Data were normalised to control vehicle and are shown as the mean ± S.E.M. with data 
points representing individual mice (n=3-8). Statistical analysis was a two-way ANOVA (Tukey's 
multiple comparisons), where * P ≤ 0.05, ** P ≤ 0.01, and *** P ≤ 0.001. 
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Figure 4-24 VU0424238 reduces GFAP staining in the CA1 and CA3 hippocampal regions of 
female prion-diseased mice. Representative images of immunohistochemical staining of 5μm 
thick coronal sections through the hippocampus of female (A) and male (B) prion-diseased mice 
treated with either vehicle or VU0424238. Images shown were taken at 10 w.p.i. in the CA1 region 
after staining for GFAP (green). Nuclei have been stained with DAPI (blue). Scale bar = 50μm.  
(B) Quantification of staining for GFAP using ImageJ in the CA1 and CA3 regions of male and 
female mice (n=4). Data were normalised to control vehicle (n=3) and are shown as the mean ± 
S.E.M. with data points representing individual mice. Statistical analysis was a two-way ANOVA 
(Tukey's multiple comparisons), where * P ≤ 0.05, *** P ≤ 0.001.  
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Next, the effect of chronic VU0424238 treatment on the elevated cytokine levels 

observed in prion-diseased mice (Figure 4-5) was investigated using RT-qPCR 

(Figure 4-25). This analysis was carried out in tissue collected at 10 w.p.i. and 

failed to detect any differences in cytokine expression levels between vehicle- 

and VU0424238-treated mice of either sex (Figure 4-25; sexes separated in 

Appendix Figure 11), suggesting that mGlu5 pharmacological blockade does not 

alter the cytokine profile of prion-diseased mouse brains.  

 

 

Figure 4-25 Levels of pro-inflammatory cytokines, IL-1α, IL-1β, IL-6, and TNF-α, as well as 
the adaptive immunity cytokine GM-CSF in murine prion disease after chronic dosing with 
VU0424238. RT-qPCR showing the expression of pro-inflammatory cytokines (A-D) and an 
adaptive immunity cytokine (E) in the cortex and hippocampus of control or prion-diseased mice 
treated with either vehicle or VU0424238 at 10 w.p.i. Data are expressed as a ratio of α-tubulin 
RNA. Statistical analysis was performed using a two-way ANOVA (Dunnett's multiple 
comparisons), where* P≤0.05, ** P≤0.01, and **** P≤0.0001 (n=6). 
 

Overall, these results suggest that mGlu5 inhibition using VU0424238 does not 

significantly affect the progression of murine prion disease or prion-induced 

neuroinflammation.  
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4.2.5 The Effect of Chronic VU0424238 Treatment on PSD95 

Expression 

Although the levels of PSD95 were previously found to be unaltered in murine 

prion disease (Figure 4-6), as mGlu5 is an important regulator of signalling on the 

postsynaptic membrane (Luján et al., 1996), its expression in control and 

vehicle- or VU0424238-treated prion-diseased animals was investigated using 

immunoblotting (Figure 4-26). These data confirmed no alteration in PSD95 

protein levels in prion-diseased animals compared to controls. At all timepoints 

examined, there was no difference in PSD95 expression between vehicle- and 

VU0424238-treated animals in either the hippocampus or cortex.  
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Figure 4-26 Effect of VU0424238 on PSD95 expression over time. Western blot analysis of 
lysates from the cortex and hippocampus of control, prion vehicle, and prion VU0424238-treated 
mice at 8 w.p.i. (A), 10 w.p.i. (C), and survival (E). Each lane represents a different mouse. Blots 
were probed with an anti-PSD95 antibody. α-tubulin was used as a loading control. Membranes 
were stripped and re-probed for multiple antibodies (Figure 4-13 and Figure 4-26). (B, D, F) Protein 
levels were normalised to the loading control, followed by normalisation to the average protein level 
of the control bands expressed as fold change. Data shown are means ± S.E.M. with each data 
point representing an individual mouse (n=3 for control, n=4 for prion vehicle and prion 
VU0424238). Statistical analysis was performed using a two-way ANOVA (Tukey's multiple 
comparisons).  
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4.3 Discussion 

Recent preclinical evidence has suggested that targeting mGlu5 may be a 

promising approach for treating NDDs (Budgett et al., 2022), diseases for which 

there are currently limited therapeutic options available to patients. 

Specifically, previous research has indicated that the antagonism of mGlu5 is 

neuroprotective in rodent models of NDD (see 1.3.4.2). In this study, the 

therapeutic effects of mGlu5 antagonism were investigated in a  

well-characterised model of murine prion disease, which develops as a fast and 

progressive AD-like disease driven by the accumulation of misfolded prion 

protein. Understanding the pathogenesis of murine prion disease may shed light 

on the mechanisms underlying the progression of human NDDs that spread in a 

prion-like manner and provide insights for the development of improved 

therapeutics for human patients.  

Initially, this study aimed to validate the suitability of the murine prion disease 

model for investigating the effect of mGlu5-targeting compounds on 

neuroinflammatory responses. The results confirmed elevated levels of several 

neuroinflammatory markers in this model (Bradley et al., 2016; Dwomoh et al., 

2022). Secondly, since altered expression of mGlu5 has been observed in human 

NDD and rodent NDD models (see section 4.1.1), this chapter aimed to examine 

mGlu5 expression in both murine prion disease and human AD tissue. Immunoblot 

and RT-qPCR data revealed no significant difference between healthy and 

diseased tissue in either disease. Finally, this study investigated the effects of 

chronic antagonism of mGlu5 using a mGlu5 NAM, VU0424238, on the progression 

of murine prion disease. These data showed that VU0424238 had no significant 

impact on disease onset, progression, or survival of prion-diseased mice.  

4.3.1 Neuroinflammation is Elevated in Murine Prion Disease 

A key pathological hallmark of NDDs is a chronic neuroinflammatory response 

that includes the activation of glial cells, such as astrocytes and microglia (see 

section 1.3.2.3) (Ransohoff, 2016). Previous reports on murine prion disease 

have shown that prion-diseased mice display elevated markers of 

neuroinflammation that are seen across human NDDs, including markers of  

astro- and microgliosis such as GFAP, vimentin, and Iba-1 (Dwomoh et al., 2022; 
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Ransohoff, 2016). Unlike rodent models of other NDDs, which rely primarily on 

genetic modification, prion-diseased animals exhibit genuine prion disease 

(Makarava et al., 2011, 2015), thus providing a unique opportunity to examine 

glial responses in a genuine NDD. The data presented in this chapter confirmed 

that the murine prion disease model displays these elevated markers of 

neuroinflammation.  

Initially, both RT-qPCR and IHC on tissue collected at 10 w.p.i showed an 

increase in the astrocytic markers GFAP and vimentin in prion-diseased mouse 

brains. Time course immunoblotting analysis showed that astrogliosis was 

significantly increased in the cortex and hippocampus of prion disease mice from 

10 w.p.i., with a significant upregulation of the same two markers. This agrees 

with published data that show pronounced and widespread astrogliosis in murine 

prion disease (Mallucci et al., 2003; Bradley et al., 2016; Dwomoh et al., 2022). 

In human prion disease, astrogliosis has been reported in multiple forms of 

disease, including vCJD and fatal familial insomnia (Fraser et al., 2003;  

Frau-Méndez et al., 2017). 

Under physiological conditions, astrocytes display several phenotypic profiles 

with distinct distribution patterns (Zeisel et al., 2018), known as astrocyte 

heterogeneity. Similarly, in disease conditions, reactive astrocytes can adopt 

multiple states depending on the context (Escartin et al., 2021). While 

accumulating evidence suggests that neurodegeneration can occur, at least in 

part, due to neuroinflammation (Ransohoff, 2016), whether these reactive 

astrocyte states are neuroprotective or neurotoxic remains unclear (Ferrer, 

2017; Hartmann et al., 2019; Scheckel et al., 2020). 

In this chapter, two astrocytic markers were used, GFAP and vimentin. These are 

both major constituents of astrocyte intermediate filaments and therefore share 

functional properties (Middeldorp & Hol, 2011; Danielsson et al., 2018). 

However, vimentin is thought to play a more regulatory role in astrocytes 

because its expression, unlike GFAP, is required for the translation of other 

astrocytic intermediate filaments such as nestin (Jing et al., 2007; Pekny, 2001). 

Although GFAP is commonly used as a marker of astrocyte reactivity (Eng et al., 

1971), recent findings suggest that the expression of GFAP alone is insufficient 

to identify an astrocyte as reactive (Escartin et al., 2021). The upregulation of 
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GFAP mRNA and/or protein is a common feature of many reactive astrocytes, 

including those present in various NDDs (Ben Haim et al., 2015). However, GFAP 

expression in rodents can also be altered by physiological stimuli such as physical 

activity and an enriched environment (Rodríguez et al., 2013), and it has been 

found to change with circadian rhythms (Gerics et al., 2006). Therefore, GFAP 

and vimentin were used as astrocyte markers in this thesis.  

The data presented in this chapter support the concept of astrocyte 

heterogeneity, with differences observed in GFAP and vimentin expression. 

Immunoblotting data showed that the expression of vimentin was significantly 

increased in prion-diseased mice from 10 w.p.i., whereas GFAP expression was 

significantly increased later at 11 w.p.i. This difference in expression is 

consistent with previous studies investigating the heterogeneity of astrocytes in 

NDD, which demonstrated some, but not full, colocalisation of GFAP and 

vimentin (Habib et al., 2020; Makarava et al., 2021). A study in healthy human 

post-mortem brain tissue found that approximately 70% of GFAP-expressing 

astrocytes also express vimentin (O'Leary et al., 2020). Morphologically, 

vimentin-expressing astrocytes differed from those expressing GFAP alone, with 

vimentin staining astrocytes with exceptionally long, thin processes and 

astrocytes with two cell bodies. Additionally, the distribution of  

vimentin-expressing astrocytes varied throughout the brain, unlike  

GFAP-expressing astrocytes which were more uniform. For example, there were 

approximately 5 times more vimentin-expressing astrocytes in the prefrontal 

cortex than the primary visual cortex (O'Leary et al., 2020). Previous work in our 

lab (unpublished) has found vimentin to be particularly upregulated in areas with 

high levels of microgliosis and spongiosis. Further work must be done to 

understand whether the heterogeneity in vimentin expression represents 

different subpopulations of reactive astrocytes, different degrees of activation, 

or something else altogether (Makarava et al., 2021). Previous studies have 

found vimentin-labelled astrocytes to be upregulated in human post-mortem 

tissue collected from patients with AD, ALS, multiple sclerosis, Pick's disease, 

and cerebral infarction (Yamada et al., 1992). In AD, these vimentin-labelled 

astrocytes were almost exclusively associated with Aβ plaques (Yamada et al., 

1992).  
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Although GFAP and vimentin were significantly upregulated in both the 

hippocampus and cortex at later disease timepoints, both markers were 

increased in the hippocampus at all time points examined. Interestingly, 

previous studies have shown region-dependent astrogliosis in prion disease. In 

mice infected with 22L prions, GFAP expression was increased in the 

hippocampus in line with PrPSc accumulation, whereas GFAP expression in the 

thalamus was less pronounced, despite increased PrPSc deposition (Makarava et 

al., 2019). This region-specific pattern was lost with disease progression and 

replaced with uniform GFAP expression across brain regions (Makarava et al., 

2020). The work presented in this chapter supports the data described in the 

literature, in that astrogliosis occurred in the hippocampus at earlier timepoints 

than in the cortex, but became significantly upregulated in both brain regions at 

late-stage disease.  

It is well-established that astrocytes play a role in prion propagation. PrPSc is 

deposited in astrocytes in both rodent prion disease models and human prion 

disease patients (Diedrich et al., 1991; Lasmezas et al., 1996; Na et al., 2007). 

PrPC knockout mice are not susceptible to prion infection, but the  

astrocyte-specific expression of PrPC can restore this susceptibility (Raeber, 

1997). A number of astrocytic cell culture systems, including primary astrocytes 

and human induced pluripotent stem cell (iPSC)-derived astrocytes, have been 

able to replicate and propagate misfolded prion in culture (Cronier et al., 2004; 

Krejciova et al., 2017; Tahir et al., 2020). Despite the role astrocytes play in 

prion pathogenesis, the mechanism by which prions trigger astrogliosis is 

unknown.  

Similarly, the data in this chapter showed an increase in the expression of 

microglial markers in prion-diseased mice. Immunoblotting data showed that the 

expression of Iba-1 was significantly increased from 10 w.p.i. in the 

hippocampus and 11 w.p.i. in the cortex. Microglia were first observed to be 

upregulated in human prion disease surrounding PrPSc deposits in  

Creutzfeldt-Jakob disease, Gerstmann-Sträussler-Scheinker syndrome, and kuru 

patients (Miyazono et al., 1991; Sasaki et al., 1993; Barcikowska et al., 1993; 

Guiroy et al., 1994). Similar observations have been made in prion-diseased 

mice, with microglia activation occurring around PrPSc deposits and in response 
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to PrPSc accumulation (Williams et al., 1994, 1997; Bate et al., 2002; Van 

Everbroeck et al., 2004; Kercher et al., 2007; Sandberg et al., 2014; Vincenti et 

al., 2016; Greenlee et al., 2016).  

Like astrocytes, microglia take on various activated states in disease, which can 

be either neuroprotective or neurotoxic (Hanisch & Kettenmann, 2007). 

Neuroprotective microglia mediate their effects by releasing anti-inflammatory 

factors (Cherry et al., 2014), whereas neurotoxic microglia release  

pro-inflammatory factors (Block et al., 2007). In prion disease, research has 

shown that microglia can take on both of these phenotypes (Gómez-Nicola et al., 

2013; Grizenkova et al., 2014; Sorce et al., 2014; Zhu et al., 2016; Muth et al., 

2017; Carroll et al., 2018). Notably, microglia activation occurs at the early 

stages of prion disease, before neuronal loss and the onset of clinical symptoms 

(Betmouni et al., 1996; Williams et al., 1997; Baker & Manuelidis, 2003;  

Gómez-Nicola et al., 2013; Sandberg et al., 2014), suggesting that microgliosis is 

a cause, rather than a consequence, of neurodegeneration. In line with this, the 

chemical ablation of microglia using an inhibitor of CSF-1R, a tyrosine kinase 

receptor, in prion-diseased mice resulted in a significant delay in disease 

progression and the onset of behavioural symptoms as well as an increase in 

survival (Gómez-Nicola et al., 2013). On the other hand, several studies have 

demonstrated that microglial depletion enhances the accumulation and 

neurotoxicity of PrPSc in ex vivo models (Falsig et al., 2008; Kranich et al., 2010; 

Zhu et al., 2016). Using a different CSF-1R inhibitor, another group showed that 

microglial ablation significantly accelerated the progression of prion disease in 

RML, ME7, and 22L strains of prion (Carroll et al., 2018). Similarly, injecting 

prions into mice with fewer microglia resulted in accelerated prion disease 

progression (Zhu et al., 2016).  

Importantly, microglia can phagocytose aggregated PrPSc in vitro (Aguzzi & Zhu, 

2017). One emerging hypothesis is that in the early stages of prion disease, 

microglia are neuroprotective, phagocytosing and clearing PrPSc aggregates and 

secreting anti-inflammatory factors (Baker et al., 1999; Cunningham et al., 

2002). However, as the disease progresses, the clearance of PrPSc becomes 

inefficient, resulting in sustained PrPSc accumulation and subsequent neuronal 

damage (Hughes et al., 2010). Moreover, chronic microglia activation shifts them 
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towards a pro-inflammatory state, which is likely to be detrimental to brain 

health (Peggion et al., 2020). This hypothesis has therapeutic relevance as it 

may be important to inhibit the pro-inflammatory properties of microglia at the 

late stages of prion disease while preserving their initial anti-inflammatory 

properties.  

As previously mentioned, activated microglia can produce pro-inflammatory 

factors, such as TNF-α, IL-1β, and IL-6, as well as anti-inflammatory factors, 

such as IL-10 (Ishijima & Nakajima, 2021; Smith et al., 2012). In this thesis, the 

anti-inflammatory cytokine IL-10 was not increased in the brains of  

prion-diseased mice, whereas the pro-inflammatory cytokines IL-1α, IL-1β, IL-6, 

and TNF-α were found to be elevated. The expression of pro-inflammatory 

cytokines has been found to be significantly increased in the brains of  

prion-diseased mice and human CJD patients (Williams et al., 1994; Campbell et 

al., 1994; Kordek et al., 1996; Sharief et al., 1999; Baker & Manuelidis, 2003; 

Stoeck et al., 2005). The release of pro-inflammatory cytokines correlates with 

the onset of prion pathology and clinical symptoms (Campbell et al., 1994) and 

occurs predominantly in brain regions that show neuronal loss and spongiosis 

(Williams et al., 1994). Anti-inflammatory cytokines are also increased in human 

CJD patients (Stoeck et al., 2005). In mouse models of prion disease, the release 

of cytokines depends on the prion strain and mouse background used. For 

example, no IL-1β upregulation was observed in C57BL/6J mice after inoculation 

with ME7 prions (Walsh et al., 2001), whereas IL-1β is overexpressed in 

C57BL/6JxVM/Dk mice inoculated with ME7 prions (Brown et al., 2003).  

The role of cytokines in prion pathogenesis has been investigated by infecting 

mouse models in which specific cytokines have been either knocked down or 

overexpressed. Knockout of the receptor for IL-1α and IL-1β significantly 

reduced disease progression (Schultz et al., 2004; Tamgüney et al., 2008), 

suggesting that these cytokines may play a harmful role in prion disease. 

Conversely, knockout of IL-10 in prion-diseased mice (129Sv background) 

accelerated prion disease progression (Thackray et al., 2004), suggesting a 

neuroprotective role in prion disease. This benefit is dependent on the mouse 

genetic background as knockout of IL-10 in prion-diseased C57Bl/6 mice slowed 

the progression of prion disease (Tamgüney et al., 2008). These findings 
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highlight a complex, content-dependent role of cytokines in prion disease, which 

must be considered when developing novel therapeutics for NDDs.  

Two other inflammatory markers were investigated in this chapter, MCP-1 and 

GM-CSF. Expression of the pro-inflammatory chemokine MCP-1 is upregulated in 

line with disease progression in mice infected with ME7 prions (Felton et al., 

2005) and was observed to be upregulated in this thesis. However, deficiency in 

MCP-1 or its receptor, CCR2, does not alter prion disease progression (Felton et 

al., 2005; Gómez-Nicola et al., 2014; O'Shea et al., 2008; Tamgüney et al., 

2008). GM-CSF is a monomeric glycoprotein that has been shown to improve 

cognition and reduce amyloid-related pathology in an AD mouse model (Boyd et 

al., 2010; Kiyota et al., 2018). These findings are surprising, considering GM-CSF 

is usually defined as a pro-inflammatory cytokine as it upregulates several other 

pro-inflammatory cytokines, such as IL-6 and TNF-α (Bhattacharya et al., 2015). 

In this chapter, GM-CSF was upregulated in the brains of prion-diseased mice, a 

finding which has been reported previously (Tribouillard-Tanvier et al., 2009). 

Overall, these findings validate these markers of neuroinflammation as 

neuropathological markers for both neurodegeneration and inflammation in the 

subsequent dosing study with the mGlu5 NAM VU0424238. 

4.3.2 The Expression of the Synaptic Marker PSD95 is Unaltered 
in Murine Prion Disease 

Neuronal loss, and the loss of synapses, are common hallmarks of 

neurodegenerative diseases such as AD (Scheff et al., 1990, 2006). Similarly, 

neuronal loss is observed in prion-diseased mice (Bradley et al., 2016) and 

human prion-diseased patients (Budka, 2003). In addition to neuronal loss, 

neuronal dysfunction in NDD can also be due to synaptic loss or dysfunction 

(Gorman, 2008). The postsynaptic density (PSD) on the postsynaptic membrane 

of excitatory synapses is an important region for synaptic plasticity (Sheng & 

Kim, 2011). This region is enriched in scaffolding proteins such as PSD95, which 

binds to a number of membrane proteins, including ionotropic glutamate 

receptors and voltage-gated potassium channels (Fukata et al., 2021), and plays 

a crucial role in the regulation of excitatory signalling and plasticity (Béïque & 

Andrade, 2003). In human AD patients, studies into PSD95 expression have given 
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contradictory results, with some showing increased expression (Gong et al., 

2009; Leuba et al., 2008), some showing decreased expression (Gylys et al., 

2004; Love et al., 2006; Proctor et al., 2010), and some showing no change in 

expression (Dracheva et al., 2001). In AD rodent models, the expression of PSD95 

is consistently reduced during disease progression (Savioz et al., 2014). In  

prion-diseased animals, a reduction in PSD95 expression has been observed from 

9 w.p.i. in RML-infected Tg37 mice (Moreno et al., 2012) and at the terminal 

disease stage in RML-infected CD1 mice (Boese et al., 2016). In RML-infected 

Tg37 mice, this reduction in PSD95 was associated with deficits in hippocampal 

synaptic transmission and burrowing behaviour (Moreno et al., 2012). 

Conversely, C57BL/6J mice injected with 22L prions found PSD95 to be 

upregulated at an early disease stage (Ojeda-Juárez et al., 2022). However, this 

study provided no longitudinal data on the expression of PSD95. Consistent with 

unpublished work from a previous PhD student in our lab, no change in PSD95 

expression was observed in prion-diseased mice in this thesis. Similar 

observations have been made in sporadic CJD patients, with immunoblot analysis 

showing no change in PSD95 expression in the occipital cortex of diseased 

patients as compared to controls (Ojeda-Juárez et al., 2022). In the data 

presented in this thesis, PSD95 showed high variability in the expression level in 

prion-diseased mice, particularly in the cortex, and therefore larger sample sizes 

would be required in the future for statistically powered analysis. Moreover, 

additional neuronal and synaptic markers could be used to examine whether the 

unaltered PSD95 levels were separate from overall synaptic loss.  

4.3.3 The Expression of mGlu5 is Unaltered in Murine Prion 
Disease 

There is high expression of mGlu5 in brain regions most affected by AD, such as 

the cortex and hippocampus (Shigemoto et al., 1993). Furthermore, it has been 

suggested that alterations in mGlu5 expression could be involved in AD 

pathogenesis (Hamilton et al., 2014; Overk et al., 2014). In this chapter, time 

course immunoblotting and RT-qPCR experiments showed no difference in the 

expression of mGlu5 in the hippocampus or cortex throughout prion disease 

progression. This finding contrasts with previous research which reported a 

reduction in mGlu5 expression in prion-diseased mice and hamsters at the 

disease endpoint (Hu et al., 2022). It may be that mGlu5 expression depends on 
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the prion strain and mouse genetic background used considering Hu and 

colleagues (2022) inoculated C57Bl/6J mice with 139A and ME7 prion strains, 

whereas this study inoculated Tg37 mice with RML prions. Of note, in Chapter 5, 

no change in mGlu5 expression was observed at the terminal disease endpoint in 

C57Bl/6J mice inoculated with RML prions, confirming the data presented in this 

chapter. As a number of studies in other neurodegenerative disease models have 

found alterations in mGlu5 expression on the surface of cells without a change in 

total mGlu5 expression (Abd-Elrahman et al., 2018; Hamilton et al., 2014; 

Martín-Belmonte et al., 2021; Um et al., 2013), future work would include 

investigating this same phenomenon in murine prion disease.  

As discussed in section 4.1.1, the expression of mGlu5 in human 

neurodegenerative disease varies depending on the disease and timepoint 

investigated. For AD, PET imaging showed a significant reduction in mGlu5 

expression in the hippocampus of mild AD patients with a non-significant 

reduction in the cortex (Mecca et al., 2020), whereas in vitro autoradiography 

on post-mortem slices from patients with severe AD showed an increase in mGlu5 

expression in the hippocampus and cortex (Müller Herde et al., 2019). As these 

studies were carried out in early- and late-stage disease, respectively, their 

results are not necessarily contradictory, as it may be that mGlu5 expression 

changes throughout disease progression. In this chapter, RT-qPCR was performed 

on samples collected from 5 AD and 5 control patients at post-mortem and found 

no significant differences in mGlu5 expression between disease and control 

tissue. It is difficult to compare the results of this post-mortem study with the 

previously mentioned in vitro autoradiography study as the authors provided no 

demographic information on their patient samples (Müller Herde et al., 2019). 

Moreover, in vitro autoradiography measures protein levels, whereas RT-qPCR 

measures mRNA levels. Gene expression levels do not directly correlate with 

protein expression levels; therefore, the data cannot be directly compared 

(Murgaš et al., 2022). A recent study compared in vitro autoradiography data on 

the density of 15 different receptors, including AMPA and NMDA receptors, to 

mRNA expression data from the Allen Human Brain Atlas and found that the 

correlation between protein density and mRNA expression varied greatly 

depending on the receptor, with most receptors having a weak correlation 

(Murgaš et al., 2022). Following this study, another group investigated the 
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relationship between protein density and mRNA expression levels of  

14 neurotransmitter receptors in the human hippocampus, including mGlu2 and 

mGlu3 receptors (Zhao et al., 2023). A key advantage of this study was that 

samples for autoradiography and RNA quantification were obtained from the 

same hippocampus samples. The results showed a weak correlation between 

protein densities and RNA expression across most receptors investigated in the 

hippocampus, including mGlu2 and mGlu3 receptors. Although mGlu5 was not 

investigated in the correlation study, this may partially explain the differences 

in the mGlu5 mRNA levels reported in this thesis and the protein expression level 

reported in the literature (Müller Herde et al., 2019). This poor correlation may 

be due to factors such as post-translational modifications, protein folding and 

trafficking, and different mRNA and protein degradation rates (Stephenson et 

al., 2008; Buccitelli & Selbach, 2020; Levitz et al., 2016; Payne, 2015; 

Schwappach, 2008). 

4.3.4 Chronic VU0424238 Treatment Does Not Alter the 
Progression of Murine Prion Disease 

Next, this study investigated the ability of VU0424238, a mGlu5 NAM, to 

modulate the progression of murine prion disease. Firstly, the effect of 

VU0424238 on the burrowing behaviour of female control and prion-diseased 

mice was examined. The burrowing paradigm is commonly used to monitor the 

progression of murine prion disease (Deacon, 2006; Mallucci et al., 2007, 2009), 

and treatment with other GPCR-targeting ligands, such as PAMs targeting the M1 

muscarinic receptor, have been shown to reverse deficits in burrowing behaviour 

(Bradley et al., 2016; Dwomoh et al., 2022). In this study, prion-diseased mice 

exhibited a significant decline in their burrowing ability from 9 w.p.i., consistent 

with what has previously been reported in the literature (Bradley et al., 2016; 

Dwomoh et al., 2022; Mallucci et al., 2003, 2007). However, no difference was 

seen in the burrowing behaviour of vehicle- and VU0424238-treated  

prion-diseased mice in this study, demonstrating that chronic VU0424238 

treatment from 4 w.p.i. does not affect the burrowing behaviour of  

prion-diseased mice. Moreover, chronic VU0424238 treatment did not alter the 

time of symptom onset or the survival of prion-diseased mice.  
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PrPSc aggregation is a major pathological feature of murine prion disease 

(Bradley et al., 2016; Dwomoh et al., 2022), and targeting prion protein 

misfolding and accumulation will likely be important for developing effective 

disease-modifying therapeutics. The misfolding and prion-like spread of specific 

proteins is a key hallmark of most NDDs (Halliday & Mallucci, 2015). Previously, 

the antagonism of mGlu5 has been shown to reduce the accumulation of 

misfolded proteins in rodent models of AD, HD, and ALS (Um et al., 2013; 

Hamilton et al., 2014, 2016; Abd-Elrahman et al., 2017, 2018, 2020). However, 

in this study, PrPSc levels were not affected by VU0424238 treatment, indicating 

that VU0424238 did not alter prion clearance. Taken together, these results 

show that chronic VU0424238 treatment did not alter the progression of murine 

prion disease.  

As previously discussed (section 4.2.1), the astrocytic markers GFAP and 

vimentin, and the microglia marker Iba-1 are increased in the cortex and 

hippocampus of prion-diseased mice, significantly in late-stage disease. Western 

blot and RT-qPCR analysis of cortical and hippocampal tissue from both male and 

female prion-diseased mice found that VU0424238 did not alter these elevated 

levels, indicating continued neuroinflammation. While protein and gene 

expression analysis are good methods to investigate functional diversity, these 

methods lack the ability to focus on changes in smaller defined regions of 

interest. Instead, they provide insight into expression levels across a population 

of cells in a larger brain region, for example, the whole hippocampus. IHC, on 

the other hand, allows for the analysis of particular areas of interest, revealing 

more detailed patterns of neuroinflammation. Closer analysis of the brains of 

male and female prion-diseased mice revealed that VU0424238 significantly 

reduced GFAP expression in the CA1 and CA3 hippocampal regions of female, but 

not male, prion-diseased mice. As previously discussed, it is documented in the 

literature that male and female rodent models of neurodegeneration respond 

differently to mGlu5 modulation (Abd-Elrahman et al., 2020a; Bonifacino et al., 

2019; Milanese et al., 2021) so this finding, although novel, is not surprising. 

However, despite a reduction in inflammation in the brains of female  

prion-diseased mice, VU0424238 did not alter the progression of murine prion 

disease as neither sex of mouse showed an extension in their lifespan or a 
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reduction in prion load, nor did female mice have any improvement in 

behavioural deficits. 

In contrast to the work presented here, the oral administration of MPEP to  

prion-diseased mice has been shown to significantly improve locomotor abilities, 

prolong survival, and decrease hippocampal GFAP staining in male prion-diseased 

mice (Goniotaki et al., 2017). However, PrPSc accumulation was not reduced, 

similar to the data shown in this thesis. There are a few possible explanations 

for the differences in the results of these studies. In both studies, mice began 

treatment before the onset of pathology, however, MPEP treatment began 

earlier than VU0424238 treatment: mice were given MPEP in their food from the 

same date as prion inoculation, whereas in this study, VU0424238 treatment 

began 4 weeks after prion inoculation. It may be that earlier treatment with 

VU0424238 would have had some benefit. A further key difference between the 

two studies is the mouse genetic background. In this study, Tg37 mice were 

used, which overexpress PrPC to a level three times above wild-type (Mallucci et 

al., 2003). Once inoculated with RML prions, these mice survive for 11-12 weeks. 

Conversely, the MPEP study used C57BL/6J wild-type mice which once 

inoculated with RML prions survive for 22-25 weeks. It may not be possible to 

identify the subtle positive effects observed in previous studies in the more 

aggressive, short-term disease model used in this thesis. 

There are several limitations to the VU0424238 dosing study. Prion inoculation 

experiments were performed with an appropriate number of animals (n=18-22 

per group for survival studies and n=10-16 for timepoint experiments). At each 

timepoint (8 and 10 w.p.i. and survival), animals were randomly divided into 

subgroups for either biochemical analysis (n=6-8) or histology (n=4-8). However, 

analysis of the sexes separately resulted in relatively small n numbers (n=3-5 

mice per group). Another limitation is that the behavioural analysis was carried 

out on female mice only. Male prion-diseased mice tend to exhibit aggressive 

behaviour when returned from experimental cages (1 mouse per cage) to their 

home cages (4-5 mice per cage), resulting in injuries and stress-related 

behavioural changes (Weber et al., 2022). Therefore, only female mice were 

used in the burrowing paradigm in this study, and behaviour in  

VU0424238-treated male mice remains unexamined. A third limitation is the 
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time at which treatment with VU0424238 began. In this study, VU0424238 

treatment began at 4 w.p.i., before any pathology or symptoms were evident to 

investigate if VU0424238 could prevent the progression of murine prion disease. 

Evidence suggests that involvement of mGlu5 in AD is disease stage-dependent. 

In APPswe mice, when CTEP was administered from the age of 6 months for  

24 weeks, CTEP significantly reduced AD pathology and reversed memory 

deficits. However, extending CTEP treatment to 36 weeks proved ineffective at 

reversing AD pathology or memory deficits (Abd-Elrahman et al., 2020b). The 

authors proposed that the contribution of mGlu5 to AD-related pathology is 

reduced at advanced disease stages. A similar phenomenon may be at play in 

murine prion disease, and the specific timing of drug treatment may be 

important. Notably, drug treatment before symptom onset, as seen in this study, 

does not represent what would happen in a clinical situation where treatment is 

likely to begin after the onset of symptoms when pathology is more severe. To 

better predict the usefulness of mGlu5 inhibition in a clinical context, treating 

mice after the onset of symptoms would have been more informative. Moreover, 

as prions exist in many strains (Collinge et al., 1996), it cannot be excluded that 

mGlu5 modulation using VU0424238 may have altered prion disease progression 

in the context of a different prion strain.  

4.4 Conclusion  

Overall, the results presented in this chapter suggest that the antagonism of 

mGlu5 using the mGlu5 NAM VU0424238 does not alter the progression of murine 

prion disease. Since data presented in Chapter 3 demonstrated that VU0424238 

was able to sufficiently occupy mGlu5 receptors at a concentration of 10 mg/kg 

and that this concentration was effective at altering behaviour in a marble 

burying assay, we can be confident that this compound is efficacious in vivo. 

However, chronic treatment with VU0424238 did not significantly alter any of 

the disease markers examined in this model of NDD. It cannot be excluded that 

this compound may have been beneficial in a different model of NDD.  

To further explore the potential of mGlu5 as a therapeutic target for the 

treatment of NDDs, Chapter 5 investigates whether the progression of murine 

prion disease is altered in mGlu5 homo- and heterozygous knockout mice as 

compared to wild-type controls.   
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Chapter 5 Characterising the Impact of mGlu5 
Knockout on the Progression of 
Neurodegenerative Disease 
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5.1 Introduction 

Previous studies have highlighted the potential of mGlu5 as a drug target for 

treating NDDs (Budgett et al., 2022). There is an immediate need to identify and 

validate novel targets that are able to modify the progression of these diseases. 

Chapter 4 investigated the effects of chronic treatment with a mGlu5 NAM on the 

progression of murine prion disease. These results showed that the mGlu5 NAM, 

VU0424238, did not alter disease onset, progression, or the survival of diseased 

mice. The study detailed in this chapter aimed to understand the effect of 

mGlu5 depletion on the progression of neurodegenerative disease by inoculating 

mGlu5 homo- and heterozygous knockout mice, as well as wild-type controls, 

with prion disease. The knockout of mGlu5 in mouse models of AD, HD, and ALS 

has previously been shown to be neuroprotective (Hamilton et al., 2014; Ribeiro 

et al., 2014; Bonifacino et al., 2017, 2019), suggesting that mGlu5 plays a key 

role in disease pathology across a spectrum of NDD.  

5.1.1 The Use of Knockout Models in Target Validation 

Taking a drug to market is a long and expensive process, with as little as 10% of 

tested compounds gaining approval from regulatory bodies (Sun et al., 2022). It 

is estimated that ~75% of research and development budgets are spent on 

developing compounds that are never approved due to reasons such as poor 

efficacy and adverse side effects at clinical trial (Zuberi and Lutz, 2016). 

Effective target validation at early stages of the drug development process could 

vastly reduce the failure of clinical trials (Paul et al., 2010). The primary goal of 

target validation is to understand gene function in vivo in both normal 

physiology and disease (Hughes et al., 2011). Knockout animal models are an 

invaluable tool in this process. By deleting a target gene, researchers can 

provide a rationale for drug development by showing that mutations lead to a 

specific phenotype or disease state. With the correct design, these studies can 

assess the safety of potential drugs by highlighting any toxic effects of mutating 

the target gene. Successful animal studies can greatly improve confidence in a 

potential drug target and hopefully lead to breakthrough therapeutics.   

However, it is important to note that there are limitations to the use of 

knockout animals in target validation. For example, the relevance of knockout 
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animal models for common human diseases has been brought into question by 

the failure to translate findings of preclinical animal studies into successful 

human clinical trials (Pound and Ritskes-Hoitinga, 2018). Although mice and 

humans share approximately 99% of the same genes (Capecchi, 2005), it cannot 

be assumed that the function of a gene in one is translatable to the other. Some 

knockout animals do not display a unique phenotype, which can be due to 

redundancy (i.e., two genes having similar or identical functions) (Barbaric et 

al., 2007). This can make it challenging to identify the function of the gene of 

interest. The most severe phenotypic consequence of genetic knockout is 

lethality, and approximately 25% of genetic knockouts in mice are 

developmentally lethal (Du, 2020; Wu et al., 2019). In some cases, loss of gene 

expression during development can have a knock-on effect on adult phenotypes, 

particularly if the gene is involved in numerous developmental processes 

(Cardoso-Moreira et al., 2019). In order to overcome these limitations, 

conditional knockout animals can be used, which allow for the targeting of a 

gene at a specific timepoint or in a specific tissue (Friedel et al., 2011; Kos, 

2004).  

5.1.2 The Effect of mGlu5 Knockout in Preclinical Models of 
Neurodegeneration   

As discussed in section 1.2.6, mGlu5 plays a role in normal cognitive function, 

specifically in regulating synaptic plasticity and long-term potentiation 

(Rodrigues et al., 2002), motor coordination (Kinney et al., 2003; Jew et al., 

2013), social behaviour (Zoicas and Kornhuber, 2019), anxiety, and depression 

(Esterlis et al., 2018). These functions are altered in NDDs (Gale et al., 2018).  

Several studies have shown that the specific knockout of mGlu5 in rodent models 

of neurodegeneration results in disease-modifying effects and cognitive 

improvements. The knockout of mGlu5 has been shown to reverse memory 

deficits in the Morris water maze in an AD mouse model (Hamilton et al., 2014) 

and improve motor coordination in HD and ALS mouse models (Ribeiro et al., 

2014; Bonifacino et al., 2019). Importantly, evidence suggests that mGlu5 

knockout reduces levels of the specific misfolded proteins that are considered to 

be classical hallmarks of each NDD. For example, in an APPswe/PS1 AD model 

crossed with a mGlu5 knockout mouse line, a significant decrease in Aβ 



Chapter 5 187 
 
aggregates and plaque number was observed (Hamilton et al., 2014). Similarly, 

in a HdhQ111/Q111 HD model crossed with a mGlu5 knockout mouse line, the size of 

mHTT aggregates was reduced (Ribeiro et al., 2014). In both these models, as 

well as SODG93A ALS mice, the knockout of mGlu5 led to a significant reduction in 

neuroinflammation, specifically astrocyte and microglia activation (Hamilton et 

al., 2014; Ribeiro et al., 2014; Bonifacino et al., 2017, 2019). These knockout 

studies not only suggest that mGlu5 could be a potential target for the treatment 

of NDDs, but they also highlight a possible role for mGlu5 in disease pathology, as 

discussed below.  

In a mouse model of AD, the most common NDD (Gustavsson et al., 2023), the 

activation of mGlu5 has been shown to modulate the activity and expression of 

fragile X mental retardation protein (FMRP). FMRP is an RNA-binding protein that 

plays a role in APP processing (Westmark and Malter, 2012). As discussed in 

section 1.3.2.1, APP is a key protein in AD, with its cleavage resulting in the Aβ 

peptides that aggregate into plaques (Zhang et al., 2011). The genetic deletion 

of mGlu5 significantly reduced FMRP expression in APPswe/PS1 mice, 

subsequently reducing Aβ formation (Hamilton et al., 2014).  

In both AD and HD, mGlu5 plays a role in disease pathology via the modulation of 

autophagy, a process by which protein aggregates are cleared (Nixon, 2013). The 

reduction in disease pathology observed in AD and HD mice following the genetic 

deletion of mGlu5 (see 1.3.4.2) is accompanied by an increase in autophagy in 

the brain. This increase in autophagy is specifically attributed to increased  

ULK-1 signalling and reduced ZBTB16 expression (see 1.2.6.2), which 

subsequently rescued the function of specific autophagy factors such as 

autophagy-related proteins 13 and 14 (ATG13 and ATG14) and the autophagy 

marker p62 (Abd-Elrahman et al., 2017, 2018). The activation of autophagy 

correlated with the clearance of neurotoxic aggregates and thus highlights a key 

role of mGlu5 in NDD.  

In HD, the knockout of mGlu5 from BACHD mice has been shown to decrease 

CREB signalling in the hippocampus (de Souza et al., 2022). CREB is a 

transcription factor that modulates memory formation (Silva et al., 1998). 

Downstream of CREB signalling is BDNF, a key modulator of synaptic loss and 

cognitive decline in ageing (Molinari et al., 2020). BACHD mGlu5 knockout mice 



Chapter 5 188 
 
have reduced levels of BDNF mRNA as compared to wild-type mice (de Souza et 

al., 2020). As these genes are relevant to memory formation in the hippocampus 

(Silva et al., 1998; Molinari et al., 2020), their reduction in mGlu5 knockout mice 

highlights the important role that mGlu5 plays in the modulation of essential 

memory-related proteins.  

In addition, the genetic ablation of mGlu5 in BACHD mice has highlighted the 

role mGlu5 plays in the modulation of REST/NRSF expression (de Souza et al., 

2020). In HD, REST/NRSF expression reduces the transcription of several 

neuronal genes (including BDNF) in the nucleus of diseased cells. BACHD mGlu5 

knockout mice have reduced REST/NSRF expression at both the protein and 

mRNA levels (de Souza et al., 2020), suggesting that mGlu5 is a regulator of 

REST/NSRF signalling in HD.  

Moreover, as previously discussed in section 1.3.4.1, the toxic, misfolded 

proteins that are a hallmark of NDDs bind to and activate mGlu5, including Aβ 

oligomers in AD (Um et al., 2013), mHTT in HD (Anborgh et al., 2005), and  

α-synuclein in PD (Ferreira et al., 2017). This has been suggested as a 

mechanism via which these misfolded proteins cause excitotoxicity in a diseased 

brain (Tang et al., 2003; Renner et al., 2010; Um et al., 2013; Ferreira et al., 

2017). Therefore, it could be hypothesised that the knockout of mGlu5 could 

slow the progression of disease pathology by disrupting this signalling mechanism 

and subsequent excitotoxicity.  

Importantly, these studies demonstrate that mGlu5 contributes directly to 

disease pathology across a number of NDDs and is implicated in a range of 

mechanisms found across these diseases. The neuroprotective effects of 

knocking out mGlu5 highlight this receptor as a promising therapeutic target for 

treating NDD.  
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5.1.3 Aims 

The aims of this chapter are to: 

1. Characterise the biochemical properties and behaviour of mGlu5 wild-type 

(mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous knockout 

(mGlu5-/-) C57 mice. 

2. Define the impact of mGlu5 deficiency on the progression of murine prion 

disease.  
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5.2 Results 

5.2.1 Characterisation of mGlu5 Deficient Mice 

To investigate the effects of mGlu5 knockout on the progression of murine prion 

disease, a pre-existing mGlu5 knockout C57 mouse line was used (kindly provided 

by S Ferguson). Receptor expression in mGlu5+/+, mGlu5+/-, and mGlu5-/- mice 

was confirmed using immunoblot analysis which showed a complete loss of mGlu5 

receptor expression in mGlu5-/- mice (Figure 5-1A). As expected, the density of 

mGlu5 expression was lower in mGlu5+/- mice compared to mGlu5+/+ mice 

(Figure 5-1B).

Figure 5-1 Confirmation of mGlu5 receptor expression in mGlu5 wild-type, hetero-, and 
homozygous knockout C57 mice. (A) Immunoblot analysis of membrane lysates prepared from 
the cortex of mGlu5 wild-type (mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous 
knockout (mGlu5-/-) C57 mice. An antibody against mGlu5 was used to probe for mGlu5 expression. 
The loading control used was α-tubulin. Each lane is a sample from an individual mouse (n=3). The 
quantification of (A) is shown in (B). Protein levels were normalised to the loading control, and data 
are expressed as fold over control (mGlu5+/+). Data are shown as mean ± S.E.M. with points 
representing an individual mouse (n=3). Statistical analysis performed was an ordinary one-way 
ANOVA (Tukey’s multiple comparisons), where ** P≤0.01 and *** P≤0.001. ns = non-significant.  

As previous studies have found that mGlu1 expression is elevated in mGlu5 

knockout mice (Goniotaki et al., 2017), mGlu1 expression was investigated in the 

cortex and hippocampus of the mGlu5+/+, mGlu5+/-, and mGlu5-/- mice used in 

this study. Using an anti-mGlu1 antibody, immunoblot analysis showed that 

mGlu5 deficiency did not alter the protein levels of mGlu1 in these mice (Figure 

5-2). However, a limitation of this experiment is that there are extra bands

visible in the mGlu5-/- samples. There was no mGlu1 knockout tissue available to

be used as a control to confirm the specificity of the mGlu1 antibody. As
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immunoblot analysis is semi-quantitative, RT-qPCR could have been carried out 

to improve this dataset and confirm that there is no difference in mGlu1 

expression between the samples.  

 

Figure 5-2 The expression of mGlu1 is unaltered in mGlu5 wild-type, hetero-, and 
homozygous knockout C57 mice. (A) Immunoblot analysis of membrane lysates prepared from 
the cortex or hippocampus of mGlu5 wild-type (mGlu5+/+), heterozygous knockout (mGlu5+/-), and 
homozygous knockout (mGlu5-/-) C57 mice. Representative blots are shown, with each lane 
containing a sample from an individual mouse. An antibody against mGlu1 was used to probe for 
mGlu1 expression. The loading control used was α-tubulin. The quantification of (A) is shown in (B). 
Protein levels were normalised to the loading control, and data are expressed as fold over control 
(mGlu5+/+). Data are shown as mean ± S.E.M. with points representing an individual mouse (n=4-5; 
cortex, n=2 female, n=3 male; hippocampus, n=2 female, n=2 male).  
 

To assess whether mGlu5 deficiency in C57 mice influenced the expression of 

PrPC, immunoblot analysis was performed on tissue collected from mGlu5+/+, 

mGlu5+/-, and mGlu5-/- mice using an anti-PrP antibody. The expression level of 

PrPC is a major determining factor for susceptibility to prion disease and the rate 

of disease progression (Büeler et al., 1994; Mallucci et al., 2003), and therefore 

any regulation of PrPC by mGlu5 could confound the interpretation of any 

potential results The results showed that mGlu5 deficiency did not alter PrPC 

protein levels in the cortex or hippocampus of these mice (Figure 5-3).  
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Figure 5-3 The expression of PrPC is unaltered in mGlu5 wild-type, hetero-, and homozygous 
knockout C57 mice. (A) Immunoblot analysis of membrane lysates prepared from the cortex and 
hippocampus of mGlu5 wild-type (mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous 
knockout (mGlu5-/-) C57 mice. Representative blots are shown here, with each lane containing a 
sample from an individual mouse. An antibody against PrP was used to probe for PrPC expression. 
The loading control used was α-tubulin. The quantification of (A) is shown in (B). Protein levels 
were normalised to the loading control, and data are expressed as fold over control (mGlu5+/+). 
Data are shown as mean ± S.E.M. with points representing individual mice (n=4-6; cortex, n=3 
female, n=3 male; hippocampus, n=2 female, n=2 male). 
 

Next, the effect of mGlu5 deficiency on in vivo behavioural phenotypes was 

investigated using an open field test (Figure 5-4A). It has been suggested that 

mGlu5 plays a role in locomotor (Gray et al., 2009; Hamilton et al., 2014; Ribeiro 

et al., 2014) and anxiety behaviour (Tatarczyńska et al., 2001; Belozertseva et 

al., 2007; Inta et al., 2013). Several parameters can be measured using an open 

field test, including locomotor activity, exploration, and emotional behaviour 

(Võikar and Stanford, 2023). Locomotor activity is commonly measured as the 

total distance travelled around the test arena. Avoidance of the centre zone is 

indicative of anxiety-like behaviour, with “anxious” animals spending more time 

exploring the walls of the test arena (Lipkind et al., 2004). Here, no difference 

was found in the locomotor activity of mGlu5+/+, mGlu5+/-, and mGlu5-/- mice, 

with all genotypes travelling a similar distance in the test arena (Figure 5-4B). 
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Two measurements of anxiety-like behaviour were measured: time spent and 

distance travelled in the centre zone. There was no difference in either 

parameter and, therefore, anxiety-like behaviour between genotypes (Figure 

5-4C-D). The results indicated that mGlu5 deficiency did not alter the locomotor 

and anxiety-like behaviour of mice in a novel environment. The open field test is 

a relatively simple and quick test of anxiety-like behaviours, and further 

experiments in other anxiety tests (e.g., elevated plus maze) would be needed 

to confirm the effect of mGlu5 deficiency on this behaviour. 

 

Figure 5-4 Assessment of the behaviour of mGlu5 wild-type, hetero-, and homozygous 
knockout mice in an open field test. (A) A representative image of the typical pattern of activity 
of a mouse in the open field test, measured using ANY-maze software. The red dot represents the 
location of the mouse’s head, and the purple line represents its movement. Using ANY-maze 
software, the locomotor activity (B) and anxiety levels (C) and (D) of mGlu5 wild-type (mGlu5+/+) 
(n=15), heterozygous knockout (mGlu5+/-) (n=13), and homozygous knockout (mGlu5-/-) (n=11) C57 
mice in the open field test was calculated, as measured by total distance travelled (B), time spent in 
the centre zone (C), and distance travelled in the centre zone (D). Data are shown as means ± 
S.E.M, with points representing individual mice.  
 



Chapter 5 194 
 
5.2.2 Characterisation of mGlu5 Deficient Mice Inoculated with 

Murine Prion Disease 

As discussed in section 4.1.1, the expression of mGlu5 can be altered by various 

forms of neurodegeneration (Anneser et al., 2004; Vermeiren et al., 2006; Lim 

et al., 2013; Shrivastava et al., 2013; Fulmer et al., 2014). In Chapter 4, the 

expression of mGlu5 was found to be unaltered in prion-diseased Tg37 mice. To 

test whether prion disease alters mGlu5 expression in C57 mice, the brains of 

prion-diseased C57 mGlu5+/+ mice were collected when they reached a terminal 

disease endpoint. C57 mGlu5+/+ mice inoculated with normal brain homogenate 

and collected at the same time point were used as controls. The expression of 

mGlu5 was initially assessed using immunoblot analysis on cortical and 

hippocampal tissue from control and prion-diseased mice, which showed no 

significant difference in mGlu5 expression (Figure 5-5A-B).  

Subsequently, RT-qPCR was carried out using cortical and hippocampal tissue 

collected at survival and at 8 w.p.i., to investigate whether mGlu5 expression 

changes with disease progression. There was no difference in mGlu5 gene 

expression (Grm5) between control and prion-diseased mice at either 8 w.p.i., 

or at survival in either brain region (Figure 5-5C-D). These results show that 

mGlu5 protein and gene expression is unaltered in murine prion disease as 

compared to control, which agrees with the data in Chapter 4.  
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Figure 5-5 The expression of mGlu5 is unaltered in murine prion disease (C57 background). 
(A) The expression of mGlu5 was assessed using Western blot analysis on lysates prepared from 
the cortex or hippocampus of control- or prion-infected mice at the terminal disease endpoint. An 
antibody against mGlu5 was used to probe for mGlu5 expression. The loading control used was  
α-tubulin. Each lane represents an individual mouse (n=3). Membranes were stripped and  
re-probed for multiple antibodies (Figure 5-5 and Figure 5-6). Quantification of (A) is shown in (B). 
Protein levels were normalised to the loading control, and data are expressed as fold over control. 
Data are shown as mean ± S.E.M., with each point representing an individual mouse (n=3). (C and 
D) RT-qPCR showing the expression of Grm5 in the cortex (C) and hippocampus (D) of control- or 
prion-infected mice at 8 w.p.i. and survival. To assess relative expression levels, data were 
analysed using the ΔΔCT method, normalising first to α-tubulin and then to the mean of the control 
value for the gene of interest, Grm5. Data shown are mean ± S.E.M., and data points represent 
individual animals (n=3-4). Statistical analysis was performed using two-way ANOVA (Tukey’s 
multiple comparisons).   
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As previously established, mGlu1 expression is unchanged between mGlu5+/+, 

mGlu5+/-, and mGlu5-/- mice (Figure 5-2). Moreover, western blot analysis of 

cortical and hippocampal tissue from mGlu5+/+ mice inoculated with either 

control or prion brain homogenate showed that mGlu1 expression is unaltered 

with murine prion disease (Figure 5-6). 

 

Figure 5-6 The expression of mGlu1 is unaltered in murine prion disease (C57 background). 
(A) The expression of mGlu1 was assessed using western blot analysis on lysates prepared from 
the cortex or hippocampus of control- or prion-infected mice at the terminal disease endpoint. An 
antibody against mGlu1 was used to probe for mGlu1 expression. The loading control used was  
α-tubulin. Membranes were stripped and re-probed for multiple antibodies (Figure 5-5 and  
Figure 5-6). Each lane contains a sample from an individual mouse (n=3). Quantification of (A) is 
shown in (B). Protein levels were normalised to the loading control, and data are expressed as fold 
over control. Data are shown as mean ± S.E.M., with each point representing an individual mouse 
(n=3). 
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5.2.3 The Effect of mGlu5 Deficiency on the Progression of Murine 

Prion Disease 

The next section of this chapter investigates the effect of mGlu5 deficiency on 

the progression of behavioural and biochemical changes associated with NDD as 

well as the survival of terminally sick mice.  

Firstly, the effect of mGlu5 deficiency on the progression of murine prion disease 

was investigated. As discussed in Chapter 4, the burrowing paradigm is a 

sensitive assay for monitoring the progression of murine prion disease (Deacon, 

2006). In this assay, mice actively “burrow” pellets out of a container, which is 

reflective of innate hippocampal function that is independent of memory 

processing. In this study, burrowing experiments began at 12 w.p.i., before the 

animals had developed any disease symptoms, and were repeated weekly. At 

late disease time points, mice were beginning to show signs of a terminal 

disease endpoint and were culled when they reached a terminal endpoint (see 

2.3.6.1). Therefore, the number of mice included in the burrowing experiment 

declined at the later timepoints since fewer mice remained for testing. Although 

this experiment is a well-established readout for the progression of prion 

disease, here the genotype of the animals influenced the measurements and 

made the results difficult to interpret (Figure 5-8, Figure 5-9, and Figure 5-10). 

The data is initially presented in one graph for the entire study (Figure 5-7), and 

then separated to make data visualisation simpler.  
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Figure 5-7 Burrowing behaviour in mGlu5 deficient control and prion-diseased mice.  The 
graph shows the burrowing response of female control mGlu5+/+ (green), mGlu5+/- (blue), and 
mGlu5-/- (red) compared to prion mGlu5+/+ (yellow), mGlu5+/- (purple), and mGlu5-/- (orange) over 
time. Burrowing was assessed weekly following training from 12 w.p.i. Data shown are mean ± 
S.E.M., with each point representing an individual mouse (n=4-12). Statistical analysis was 
performed using a two-way ANOVA or mixed-effects model with uncorrected Fisher’s least 
significant difference test, where * P≤0.05, ** P≤0.01, and *** P≤0.001. 
 

Initially, the behaviour of mGlu5+/+, mGlu5+/-, and mGlu5-/- prion-diseased mice 

were compared to that of mGlu5+/+ control mice (Figure 5-8). From 12 w.p.i., 

the burrowing behaviour of prion-diseased mice was significantly reduced as 

compared to controls. The burrowing behaviour of mGlu5+/+, mGlu5+/-, and 

mGlu5-/- prion-diseased mice was equivalent, suggesting that mGlu5 deficiency 

did not alter the progression of murine prion disease (Figure 5-8).  
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Figure 5-8 Prion-diseased mice show a decline in burrowing behaviour which is unchanged 
with mGlu5 deficiency. The graph shows the burrowing response of female control (green) and 
mGlu5 wild-type (mGlu5+/+, yellow), heterozygous knockout (mGlu5+/-, purple), and homozygous 
knockout (mGlu5-/-, orange) prion-diseased mice over time. Burrowing was assessed weekly 
following training from 12 w.p.i. Data shown are mean ± S.E.M., with each point representing an 
individual mouse (n=6-12). Statistical analysis was performed using a two-way ANOVA or  
mixed-effects model with uncorrected Fisher’s least significant difference test, where * P≤0.05,  
and ** P≤0.01. 
 

However, mGlu5+/+, mGlu5+/-, and mGlu5-/- control mice were found to have 

varying levels of burrowing activity, with mGlu5+/- mice burrowing significantly 

fewer pellets than mGlu5+/+ mice at 14 and 16 w.p.i. (P=0.0220 and P=0.0230 

respectively) (Figure 5-9).  

 

Figure 5-9 Control mice show alterations in burrowing behaviour with mGlu5 deficiency. The 
graph shows the burrowing response of female control mGlu5 wild-type (mGlu5+/+, green), 
heterozygous knockout (mGlu5+/-, blue), and homozygous knockout (mGlu5-/-, red) mice over time. 
Data shown are mean ± S.E.M., with each point representing an individual mouse (n=4-6). 
Statistical analysis was performed using a two-way ANOVA or mixed-effects model with 
uncorrected Fisher’s least significant difference test , where * P≤0.05. 
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Comparison of the behaviour of control and prion-diseased mice within 

genotypes confirmed that the burrowing assay may not be appropriate for 

drawing conclusions surrounding the effect of mGlu5 deficiency on prion disease 

progression (Figure 5-10). Importantly, mGlu5-/- control and prion-diseased mice 

both performed poorly in the burrowing experiment at training and from 12 to 

14 w.p.i. (Figure 5-10C). Prion-diseased mGlu5-/- mice continued to perform 

poorly throughout disease progression, whereas control mGlu5-/- mice showed 

some improvement in their burrowing behaviour from 15 w.p.i. (Figure 5-10C). 

As mGlu5 deficiency altered the burrowing behaviour of the control mice used 

here, this assay may not be a suitable experiment to examine whether mGlu5 

deficiency has any effect on the burrowing behaviour of prion-diseased mice as 

compared to controls. In order to better understand the effect of mGlu5 

deficiency on burrowing behaviour, these experiments should have been carried 

out on non-infected mice prior to carrying them out on control- and  

prion-infected mice.  
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Figure 5-10 Burrowing behaviour of control and prion-disease mice split by mGlu5 genotype. 
Graphs show the burrowing response of female control and prion-diseased (A) mGlu5 wild-type 
(mGlu5+/+) (control n=5, prion n=12), (B) heterozygous knockout (mGlu5+/-) (control n=6, prion 
n=12), and (C) homozygous knockout (mGlu5-/-) (control n=4, prion n=11) mice over time. Data 
shown are mean ± S.E.M., with each point representing an individual mouse. Statistical analysis 
was performed using a two-way ANOVA or mixed-effects model with uncorrected Fisher’s least 
significant difference test, where * P≤0.05, and ** P≤0.01. 
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Symptom onset and survival were determined by the daily observation of early 

and confirmatory signs of disease (see 2.3.6.1). Mice were considered 

“symptomatic” when they displayed at least two early indicators of prion 

disease (Mallucci et al., 2003). The disease course seen here differs from that 

observed in Chapter 4 as Tg37 mice overexpress PrPC to three times normal 

levels (Mallucci et al., 2003). There was no significant difference in symptom 

onset between genotypes, regardless of sex (Figure 5-11). The median time of 

symptom onset was 125 days post inoculation (d.p.i.) for mGlu5+/+ mice, 

120 d.p.i. for mGlu5+/- mice, and 125 d.p.i. for mGlu5-/- mice (Figure 5-11C). 

Individual early indicators of disease had a similar onset across the three 

genotypes, suggesting that none of the early indicators are associated with 

mGlu5 deficiency (Figure 5-12).  

 

 

Figure 5-11 Knockout of mGlu5 does not alter symptom onset in murine prion disease. 
Kaplan-Meier plot showing the onset of at least two early indicators of prion disease in (A) female, 
(B) male, or (C) both sexes of mGlu5 wild-type (mGlu5+/+), heterozygous knockout (mGlu5+/-), and 
homozygous knockout (mGlu5-/-) prion-diseased mice (female mGlu5+/+ n=11, female mGlu5+/- 

n=16, female mGlu5-/- n=10; male mGlu5+/+ n=9, male mGlu5+/- n=9, male mGlu5-/- n=13). Curves 
were analysed with a Gehan-Breslow-Wilcoxon test. 
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Figure 5-12 Knockout of mGlu5 does not alter the onset of individual symptoms in murine 
prion disease. Kaplan-Meier curves for the onset of individual symptoms (n=20-25). Curves were 
analysed with a Gehan-Breslow-Wilcoxon test. 
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In addition to a similar median onset, most of the early indicators were observed 

at equivalent levels across the three genotypes (Figure 5-13). Although there 

was no significant difference in the Kaplan-Meier survival curve for an erect 

penis (Figure 5-12), this early indicator differed in the percentage of each 

genotype in which it was observed. Specifically, an erect penis was observed in 

66% of mGlu5+/+ mice, 33% of mGlu5+/- mice, and 92% of mGlu5-/- mice  

(Figure 5-13). The difference in frequency between mGlu5+/- and mGlu5-/- mice 

was significant according to a two-sided Fisher’s exact test (P=0.007). Erectile 

dysfunction is a symptom of human prion diseases, including CJD and fatal 

familial insomnia (Cali et al., 2015; Rare Disease Database, 2018). It is worth 

nothing that in humans, mGlu5 is expressed in the male reproductive system 

(Storto et al., 2001), however further investigation is needed to understand why 

the frequency of an erect penis in prion-diseased mice was significantly higher in 

mGlu5-/- mice as compared to mGlu5+/- mice. It could be a phenotype of the 

genotype that has not yet been fully investigated.  

 

 

Figure 5-13 Frequency of individual prion disease symptoms across mGlu5 genotypes. Bar 
lengths correspond to the percentage prevalence in the respective cohort, mGlu5 wild-type 
(mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) prion-diseased 
mice (n=20-25).  
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Prion-diseased mice were considered to have reached a terminal disease 

endpoint after the appearance of two early indicator signs in addition to one 

confirmatory sign, or the appearance of two confirmatory signs. When mice 

reach a terminal endpoint, they are culled, thus defining their survival. There 

was no significant difference in the survival of prion-diseased mice between 

genotypes, regardless of sex (Figure 5-14). The median survival was 156 d.p.i. 

for mGlu5+/+ mice, 153 d.p.i. for mGlu5+/- mice, and 150 d.p.i. for mGlu5-/- mice 

(Figure 5-14C).  

 

 

Figure 5-14 Knockout of mGlu5 does not alter the survival of prion diseased mice.  
Kaplan-Meier plot showing the survival of (A) female, (B) male, or (C) both sexes of mGlu5  
wild-type (mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) 
prion-diseased mice (female mGlu5+/+ n=11, female mGlu5+/- n=16, female mGlu5-/- n=10;  
male mGlu5+/+ n=9, male mGlu5+/- n=9, male mGlu5-/- n=13). Curves were analysed with a  
Gehan-Breslow-Wilcoxon test. 
 

Prion disease is characterised by the propagation and accumulation of misfolded, 

toxic PrPSc which is partially resistant to protease digestion (Prusiner, 1998).  

To investigate whether mGlu5 knockout affects the accumulation of PrPSc in 

murine prion disease, tissue collected from the terminally sick mice used in the 

survival study in Figure 5-14, as well as tissue collected from mice culled at  

8 w.p.i. were probed for the expression of PrPSc (Figure 5-15). As expected, no 

PrPSc was observed in the brains of control mice at either 8 w.p.i. or survival 

(Figure 5-15 A and C).  

At 8 w.p.i., no PrPSc was observed in the brains of prion-diseased mice  

(Figure 5-15A). An undigested sample was run alongside the PK-digested samples 

at 8 w.p.i. to ensure that the blank blot was due to a lack of PrPSc in the samples 
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rather than an error in experimentation. PrPSc was evident in prion-diseased 

mice at survival (Figure 5-15C-D). In the survival samples, there was a similar 

level of PrPSc accumulation in mGlu5+/+, mGlu5+/-, and mGlu5-/- mouse brains 

(Figure 5-15D). This suggests that mGlu5 does not affect PrPSc accumulation in 

mouse brains. The expression of PrPSc was variable, and further data points 

would strengthen this finding.  

Together with the symptom onset and survival data, this suggests that mGlu5 

knockout does not alter the progression of murine prion disease.  
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Figure 5-15 The accumulation of PrPSc in prion-diseased mice is unaltered with mGlu5 
deficiency. Western blot analysis of lysates from the cortex and hippocampus of control and  
prion-diseased mGlu5 wild-type (mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous 
knockout (mGlu5-/-) mice at 8 w.p.i. (A-B) and survival (C-D). Lysates were incubated with 
proteinase K prior to immunoblotting using an anti-PrP to detect PrPSc. Incubation with water was 
used to detect PrPtot. In (A), a control brain sample incubated with water (-PK) was run in the last 
lane as a positive control. α-tubulin was used as a loading control. Each lane represents a different 
mouse, and a representative blot is shown. PrPtot membranes were stripped and re-probed for 
multiple antibodies (Figure 5-15, Figure 5-16, Figure 5-20, and Figure 5-27). (B and D) Protein 
levels were normalised to the loading control, followed by normalisation to the average protein level 
of the mGlu5+/+ control samples expressed as fold change. Data shown are means ± S.E.M., with 
each data point representing an individual mouse (n=4).  
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5.2.4 The Effect of mGlu5 Deficiency on Prion-induced 

Neuroinflammation 

A common pathological hallmark found across NDDs is a chronic 

neuroinflammatory response, characterised by the upregulation of 

neuroinflammatory cell markers such as GFAP and Iba-1 (Liddelow and Barres, 

2017; Bachiller et al., 2018). The mGlu5 receptor is expressed on glial cells, 

including astrocytes and microglia, and targeting mGlu5 may be a way in which 

inflammatory processes can be modulated. Several studies have found that the 

genetic knockout of mGlu5 reduces the upregulation of astrocyte and microglial 

markers in animal models of AD, HD, and ALS (Hamilton et al., 2014, 2016; 

Bonifacino et al., 2017; Abd-Elrahman et al., 2020). By contrast, two recent 

studies found that the genetic deletion of mGlu5 resulted in accelerated 

neurodegeneration in wild-type mice, with increased astrogliosis and microglial 

activation observed in mGlu5 knockout mice as compared to wild-type controls 

(Carvalho et al., 2019; de Souza et al., 2022).  

In this study, the expression of GFAP in both control and prion-diseased 

mGlu5+/+, mGlu5+/-, and mGlu5-/- mice was examined, initially using 

immunoblotting on 2 male and 2 female samples (Figure 5-16). Cortical and 

hippocampal tissue were collected at 8 w.p.i. and at survival to look at any 

changes in GFAP expression over time. In control mice, there was no significant 

difference in GFAP expression between genotypes at either time point (Figure 

5-16 B and D). At survival, prion-diseased mice had an increase in GFAP 

expression as compared to control mice, but there was no difference in GFAP 

expression between genotypes (Figure 5-16D).  
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Figure 5-16 Immunoblot analysis of the effect of mGlu5 deficiency on astrogliosis in control 
and prion-diseased mice. Astrogliosis in the cortex and hippocampus was assessed using 
western blot analysis on lysates prepared from control- or prion-infected mGlu5 wild-type 
(mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at  
8 w.p.i. (A-B) and survival (C-D). Lysates were probed for GFAP, and α-tubulin was used as a 
loading control. Each lane represents a sample from an individual mouse, and representative blots 
are shown. Membranes were stripped and re-probed for multiple antibodies (Figure 5-15,  
Figure 5-16, Figure 5-20, and Figure 5-27). (B and D) Expression levels were normalised to the 
loading control, followed by normalisation to the average protein level of the mGlu5+/+ control 
samples expressed as fold change. Data shown are means ± S.E.M., with each data point 
representing an individual mouse (n=4; 2 male, 2 female). Statistical analysis was performed using 
a two-way ANOVA (Tukey’s multiple comparisons), where * P≤0.05, *** P≤0.001, and 
**** P≤0.0001. 
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Next, RT-qPCR was performed to analyse the gene expression levels of Gfap in 

the brains of control and prion-diseased mGlu5+/+, mGlu5+/-, and mGlu5-/- mice 

(Figure 5-17). In agreement with the immunoblot data, this experiment did not 

detect any significant differences in Gfap expression levels between the three 

genotypes at either time point. As expected, there was an increase in Gfap 

expression in prion-diseased mice as compared to controls at the terminal 

disease timepoint (Figure 5-17B). 

 

 

Figure 5-17 RT-qPCR analysis of the effect of mGlu5 deficiency on astrogliosis in control 
and prion-diseased mice. RT-qPCR showing the gene expression of Gfap in the cortex and 
hippocampus of control- or prion-infected mGlu5 wild-type (mGlu5+/+), heterozygous knockout 
(mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at 8 w.p.i. (A) and survival (B). To assess 
relative expression levels, data were analysed using the ΔΔCT method, normalising first to  
α-tubulin and then to the mean of the control value for the gene of interest, Gfap. Data shown are 
means ± S.E.M. (n=3-4). Statistical analysis was performed using a two-way ANOVA (Tukey’s 
multiple comparisons), where * P≤0.05. 
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To look more closely at the effect of mGlu5 deficiency on astrogliosis, 

immunohistochemistry was performed on 5 μm coronal slices taken through the 

brains of male and female control and prion-diseased mGlu5 genotype 

littermates. For each mouse, the % area covered by GFAP staining was 

calculated for 3 consecutive slices and averaged to give n=1. Analysis was 

carried out on brains collected at 8 w.p.i. (Figure 5-18) and at survival  

(Figure 5-19). Protein levels were investigated in the cortex, hippocampus, and 

hippocampal CA1 area. At 8 w.p.i, there was very little staining observed in the 

cortex of both control and prion-diseased mice (< 6%) (Figure 5-18A) and this was 

equivalent between genotypes (Figure 5-18B). In the entire hippocampus and 

CA1 region, there were elevated levels of GFAP staining in mGlu5+/+ prion 

diseased animals as compared to controls (hippocampus P=0.0228;  

CA1 P=0.0079) which was reduced in mGlu5-/- prion-diseased mice, significantly 

in the CA1 (P=0.0165). At survival, astrogliosis was elevated in the cortex in all 

three genotypes of prion-diseased mice as compared to their controls 

(P<0.0001), but there was no difference between genotypes (Figure 5-19A-B). 

Similarly, in the entire hippocampus and the CA1 region, GFAP staining was 

elevated in prion-diseased mice with no difference between genotypes  

(Figure 5-19C-D). Preliminary analysis found no difference between male and 

female mice at survival (Appendix Figure 12). 
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Figure 5-18 Immunohistochemical analysis of the effect of mGlu5 deficiency on astrogliosis 
in control and prion-diseased mice at 8 w.p.i. Staining for GFAP (red) in the (A-B) cortex, and 
(C-D) hippocampus and CA of control or prion-diseased mGlu5 wild-type (mGlu5+/+), heterozygous 
knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at 8 w.p.i. Representative images 
are shown in (A) and (C) of n=3-10 mice per group. Staining was performed on 5 μm thick coronal 
sections (Bregma lateral: ~1.40-1.70 mm) and the images were acquired using a NanoZoomer S60 
digital slide scanner at 40x magnification. Nuclei are stained with DAPI (blue). Scale bars represent 
100 μm in the cortex, 500 μm in the hippocampus, and 100 μm in the CA1. For the quantification in 
(B) and (D), data are shown as means ± S.E.M, with each data point representing an individual 
mouse. For each mouse, the data point represents the average staining across 3 consecutive 
slices. Data are shown as fold over control (mGlu5+/+ control). Statistical analysis was performed 
using a two-way ANOVA (Tukey’s multiple comparisons), where * P≤0.05 and ** P≤0.01. 
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Figure 5-19 Immunohistochemical analysis of the effect of mGlu5 deficiency on astrogliosis 
in control and prion-diseased mice at survival. Staining for GFAP (red) in the (A-B) cortex, and 
(C-D) hippocampus and CA of control or prion-diseased mGlu5 wild-type (mGlu5+/+), heterozygous 
knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at survival. Representative images 
are shown in (A) and (C) of n=4-11 mice per group. Staining was performed on 5 μm thick coronal 
sections (Bregma lateral: ~1.40-1.70 mm) and the images were acquired using a NanoZoomer S60 
digital slide scanner at 40x magnification. Nuclei are stained with DAPI (blue). Scale bars represent 
100 μm in the cortex, 500 μm in the hippocampus, and 100 μm in the CA1. For the quantification in 
(B) and (D), data are shown as means ± S.E.M with each data point representing an individual 
mouse. For each mouse, the data point represents the average staining across 3 consecutive 
slices. Data are shown as fold over control (mGlu5+/+ control). Statistical analysis was performed 
using a two-way ANOVA (Tukey’s multiple comparisons), where * P≤0.05, ** P≤0.01, and 
**** P≤0.0001. 
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Next, microgliosis was examined in the cortex and hippocampus of mGlu5+/+, 

mGlu5+/-, and mGlu5-/- control and prion-diseased mice. Immunoblotting analysis 

on 2 male and 2 female samples showed that at 8 w.p.i., there was no 

difference in Iba-1 expression between control and prion-diseased mice (Figure 

5-20A-B). However, Iba-1 expression in mGlu5-/- prion-diseased mice was 

significantly lower than in mGlu5+/+ prion-diseased mice (cortex, P=0.0072; 

hippocampus, P=0.003) (Figure 5-20B). At survival, there was increased Iba-1 

expression in prion-diseased mice but no difference in expression between 

genotypes (Figure 5-20C-D). Similarly, RT-qPCR data showed that Cd68 was not 

upregulated in prion-diseased mice at 8 w.p.i. as compared to control mice 

(Figure 5-21A) but was upregulated in the cortex and hippocampus of  

prion-diseased mice at survival (Figure 5-21B). At both time points, there was no 

difference in Cd68 gene expression between genotypes in either control or  

prion-diseased mice (Figure 5-21A-B).  

Next, IHC analysis exploring microgliosis was carried out on brains collected at 

8 w.p.i. (Figure 5-22) and at survival (Figure 5-23), and protein levels were 

investigated in the cortex, entire hippocampus, and CA1 region. At 8 w.p.i., 

microgliosis was evident in the cortex of both control and prion-diseased at 

equivalent levels, with no difference between genotypes (Figure 5-22A-B). In the 

hippocampus, Iba-1 staining was elevated in mGlu5+/+ prion-diseased mice as 

compared to mGlu5+/+ control mice (P=0.0212) (Figure 5-22D). In the CA1, there 

was a significant reduction in Iba-1 expression in mGlu5+/- prion-diseased animals 

as compared to mGlu5+/+ prion-diseased mice (P=0.0046) (Figure 5-22D). This 

data is similar to the immunoblot data which also saw a trend towards decreased 

microgliosis in mGlu5+/- and mGlu5-/- prion-diseased mice as compared to 

mGlu5+/+ prion-diseased mice at 8 w.p.i. (Figure 5-20B). At survival, microgliosis 

was elevated in prion-diseased mice as compared to controls, significantly in the 

cortex and hippocampus (Figure 5-23). However, there was no difference 

observed between genotypes at survival, with similar levels of microgliosis 

across all prion-diseased animals (Figure 5-23). Preliminary analysis found no 

difference between male and female mice at survival (Appendix Figure 13). 
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Figure 5-20 Immunoblot analysis of the effect of mGlu5 deficiency on microgliosis in control 
and prion-diseased mice. Microgliosis in the cortex and hippocampus was assessed using 
western blot analysis on lysates prepared from control- or prion-infected mGlu5 wild-type 
(mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at  
8 w.p.i. (A-B) and survival (C-D). Lysates were probed for Iba-1, and α-tubulin was used as a 
loading control. Each lane represents a different mouse, and representative blots are shown. 
Membranes were stripped and re-probed for multiple antibodies (Figure 5-15, Figure 5-16, Figure 
5-20, and Figure 5-27). (B and D) Protein levels were normalised to the loading control, followed by 
normalisation to the average protein level of the mGlu5+/+ control samples expressed as fold 
change. Data shown are means ± S.E.M., with each data point representing an individual mouse 
(n=4). Statistical analysis was performed using a two-way ANOVA (Tukey’s multiple comparisons), 
where ** P≤0.01 and *** P≤0.001.  
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Figure 5-21 RT-qPCR analysis of the effect of mGlu5 deficiency on microgliosis in control 
and prion-diseased mice. RT-qPCR showing the expression of Cd68 in the cortex and 
hippocampus of control- or prion-infected mGlu5 wild-type (mGlu5+/+), heterozygous knockout 
(mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at 8 w.p.i. (A) and survival (B). To assess 
relative expression levels, data were analysed using the ΔΔCT method, normalising first to 
α-tubulin and then to the mean of the control value for the gene of interest, Cd68. Data shown are 
means ± S.E.M. (n=3-4). Statistical analysis was performed using a two-way ANOVA (Tukey’s 
multiple comparisons), where * P≤0.05, **P≤0.01, *** P≤0.001, and **** P≤0.0001. 
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Figure 5-22 Immunohistochemical analysis of the effect of mGlu5 deficiency on microgliosis 
in control and prion-diseased mice at 8 w.p.i. Staining for Iba-1 (green) in the cortex (A-B), 
hippocampus, and CA1 (C-D) of control- or prion-infected mGlu5 wild-type (mGlu5+/+), 
heterozygous knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at 8 w.p.i. 
Representative images are shown in (A) and (C) of n=3-10 mice per group. Staining was 
performed on 5 μm thick coronal sections (Bregma lateral: ~1.40-1.70 mm) and the images were 
acquired using a NanoZoomer S60 digital slide scanner at 40x magnification. Nuclei are stained 
with DAPI (blue). Scale bars represent 100 μm in the cortex, 500 μm in the hippocampus, and 100 
μm in the CA1. For the quantification in (B) and (D), data are shown as means ± S.E.M, with each 
data point representing an individual mouse. For each mouse, the data point represents the 
average staining across 3 consecutive slices. Data are shown as fold over control (mGlu5+/+ 
control). Statistical analysis was performed using a two-way ANOVA (Tukey’s multiple 
comparisons), where * P≤0.05 and ** P≤0.01. 
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Figure 5-23 Immunohistochemical analysis of the effect of mGlu5 deficiency on microgliosis 
in control and prion-diseased mice at survival. Staining for Iba-1 (green) in the cortex (A-B), 
hippocampus, and CA1 (C-D) of control- or prion-infected mGlu5 wild-type (mGlu5+/+), 
heterozygous knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at survival. 
Representative images are shown in (A) and (C) of n=4-11 mice per group. Staining was 
performed on 5 μm thick coronal sections (Bregma lateral: ~1.40-1.70 mm), and the images were 
acquired using a NanoZoomer S60 digital slide scanner at 40x magnification. Nuclei are stained 
with DAPI (blue). Scale bars represent 100 μm in the cortex, 500 μm in the hippocampus, and  
100 μm in the CA1. For the quantification in (B) and (D), data are shown as means ± S.E.M, with 
each data point representing an individual mouse. For each mouse, the data point represents the 
average staining across 3 consecutive slices. Data are shown as fold over control (mGlu5+/+ 
control). Statistical analysis was performed using a two-way ANOVA (Tukey’s multiple 
comparisons), where * P≤0.05 and *** P≤0.001. 
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As a recent study found that the genetic deletion of mGlu5 resulted in increased 

astro- and microgliosis in the cortex of mGlu5 knockout mice as compared to 

wild-type controls at 6 and 12 months of age (Carvalho et al., 2019), the 

previously discussed IHC data sets (Figure 5-18, Figure 5-19, Figure 5-22, and 

Figure 5-23) were used to investigate whether there were any changes in 

inflammation between control mice taken at 8 w.p.i. and survival (Figure 5-24). 

At 8 w.p.i, mice were 12 weeks old (3 months) and at survival, mice were  

28 weeks old (7 months), allowing for a similar comparison to the published data 

which compared animals at 2 and 6 months of age (Carvalho et al., 2019). These 

data cannot be directly compared as here control mice had been inoculated with 

control brain homogenate at 4 weeks of age. Nevertheless, mGlu5 deficiency did 

not result in a significant elevation in astro- or microgliosis in these mice at 

either timepoint (Figure 5-24). 

 

Figure 5-24 Deletion of mGlu5 does not alter levels of astro- and microgliosis in control 
mice. Graphs show the quantification of GFAP (A) and Iba-1 (B) immunostaining in the cortex, 
hippocampus, and CA1 in 3- and 7-month-old control mice. This analysis was performed on the 
data set for which representative images are shown in Figure 5-18, Figure 5-19, Figure 5-22, and 
Figure 5-23. Data are shown as means ± S.E.M, with each data point representing an individual 
mouse (n=3-10). For each mouse, the data point represents the average staining across  
3 consecutive slices. Data are shown as fold over control (mGlu5+/+ control). 
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Since several cytokines and chemokines are upregulated in human NDD 

(Brosseron et al., 2014) and have been observed to be increased in murine prion 

disease (see 4.3.1), their levels were analysed in this study using RT-qPCR. Here, 

the expression of the pro-inflammatory cytokines, Il1α, Il1β, Il6, and Tnf, as well 

as the expression of the pro-inflammatory chemokine Csf2, were investigated in 

the cortex and hippocampus of control and prion-diseased C57 mice at 8 w.p.i. 

(Figure 5-25) and survival (Figure 5-26).  

At 8 w.p.i., there was no significant difference in the expression of these 

markers between control and prion-diseased mice in either brain region  

(Figure 5-25). However, Il1α and Il1β expression levels were significantly 

elevated in the hippocampus of mGlu5-/- control mice as compared to mGlu5+/+ 

control mice (P=0.0161 and P=0.0113 respectively) (Figure 5-25 D and E). 

Interestingly, this upregulation of Il1α and Il1β in mGlu5-/- control mice was 

alleviated in mGlu5-/- prion-diseased mice, significantly for Il1β (P=0.0318) 

(Figure 5-25E). 

At survival, all three genotypes of prion-diseased mice had elevated gene 

expression levels of Il6, Tnf, Il1α, and Il1β in their cortex and hippocampus as 

compared to control mice (Figure 5-26). Csf2 was upregulated in the 

hippocampus of prion-diseased mice, but not the cortex (Figure 5-26C). This 

analysis did not detect any differences in expression levels between genotypes in 

both control and prion-diseased mice, suggesting that mGlu5 ablation does not 

change the cytokine profiles of prion-diseased mouse brains at end-stage 

disease.  
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Figure 5-25 RT-qPCR analysis of the effect of mGlu5 deficiency on cytokine and chemokine 
expression in control and prion-diseased mice at 8 w.p.i. RT-qPCR showing the expression of 
(A) IL-6 (Il6), (B) TNF-α (Tnf), (C) GM-CSF (Csf2), (D) IL-1α (Il1α), and (E) IL-1β (Il1β) in the cortex 
and hippocampus of control- or prion-infected mGlu5 wild-type (mGlu5+/+), heterozygous knockout 
(mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at 8 w.p.i. To assess relative expression 
levels, data were analysed using the ΔΔCT method, normalising first to α-tubulin and then to the 
mean of the control value for the gene of interest. Data shown are means ± S.E.M. (n=4; 2 male,  
2 female). Statistical analysis was performed using a two-way ANOVA (Tukey’s multiple 
comparisons), where * P≤0.05. 
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Figure 5-26 RT-qPCR analysis of the effect of mGlu5 deficiency on cytokine and chemokine 
expression in control and prion-diseased mice at survival. RT-qPCR showing the expression 
of (A) IL-6 (Il6), (B) TNF-α (Tnf), (C) GM-CSF (Csf2), (D) IL-1α (Il1α), and (E) IL-1β (Il1β) in the 
cortex and hippocampus of control- or prion-infected mGlu5 wild-type (mGlu5+/+), heterozygous 
knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at survival. To assess relative 
expression levels, data were analysed using the ΔΔCT method, normalising first to α-tubulin and 
then to the mean of the control value for the gene of interest. Data shown are means ± S.E.M. 
(n=4; 2 male, 2 female). Statistical analysis was performed using a two-way ANOVA (Tukey’s 
multiple comparisons), where * P≤0.05, ** P≤0.01, and *** P≤0.001. 
 

Neuronal and synaptic loss are hallmarks of murine prion disease (Mallucci et al., 

2003), and a reduction in the expression of PSD95, a post-synaptic marker, has 

been previously observed in prion-diseased mice (Moreno et al., 2012; Boese et 

al., 2016). However, in Chapter 4, no change in PSD95 expression was observed 

in Tg37 prion-diseased mice as compared to controls. Regarding mGlu5, aged 

mGlu5 knockout mice have been observed to have a reduction in PSD95 levels in 

the hippocampus, striatum, and cerebral cortex (de Souza et al., 2022). Here, 

western blot analysis was used to look at protein levels of PSD95 in the cortex 
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and hippocampus of mGlu5+/+, mGlu5+/-, and mGlu5-/- control and prion-diseased 

mice (Figure 5-27). No significant difference was observed in PSD95 expression 

between control and diseased mice or between genotypes at either timepoint 

(Figure 5-27 B and D).  

 

Figure 5-27 Immunoblot analysis of the effect of mGlu5 deficiency on PSD95 expression in 
control and prion-diseased mice. PSD95 in the cortex and hippocampus was assessed using 
western blot analysis on lysates prepared from control- or prion-infected mGlu5 wild-type 
(mGlu5+/+), heterozygous knockout (mGlu5+/-), and homozygous knockout (mGlu5-/-) mice at  
8 w.p.i. (A-B) and survival (C-D). Lysates were probed for PSD95, and α-tubulin was used as a 
loading control. Each lane represents a different mouse, and representative blots are shown. 
Membranes were stripped and re-probed for multiple antibodies (Figure 5-15, Figure 5-16, Figure 
5-20, and Figure 5-27). (B and D) Protein levels were normalised to the loading control, followed by 
normalisation to the average protein level of the mGlu5+/+ control samples expressed as fold 
change. Data shown are means ± S.E.M., with each data point representing an individual mouse 
(n=4; 2 male, 2 female).  
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5.3 Discussion 

The mGlu5 receptor has been proposed to play a role in the pathology of a 

number of NDDs (Budgett et al., 2022). This has highlighted its potential as a 

therapeutic target that is able to modify disease progression. Murine prion 

disease, characterised in Chapter 4, is a progressive, terminal NDD which has 

important similarities with human NDDs. These similarities include the spread of 

misfolded proteins, elevated neuroinflammation, synaptic dysfunction, and 

neuronal loss (Bradley et al., 2016; Dwomoh et al., 2022). The inhibition of 

mGlu5, either pharmacologically or genetically, has been found to be 

neuroprotective in several rodent models of neurodegeneration. Therefore, it 

was reasonable to hypothesise that the knockout of mGlu5 would result in a 

similar neuroprotective role in murine prion disease. However, this study showed 

that mGlu5 deficiency did not alter the progression of murine prion disease.  

5.3.1 The Progression of Murine Prion Disease is Unaltered in 
mGlu5 Deficient Mice 

The focus of this study was to define the impact of mGlu5 knockout on the 

progression of murine prion disease with the aim of defining a role for mGlu5 in 

disease progression. Hetero- and homozygous mGlu5 knockout mice were 

inoculated with prion-infected brain homogenate and the progression of disease 

evaluated in comparison to wild-type prion-diseased mice. Due to limits on 

mouse numbers, only two timepoints were investigated: 8 w.p.i. and survival. 

These timepoints were chosen to compare end-stage disease with an early 

disease timepoint. The results showed that mGlu5 deficiency did not overtly 

influence the progression of murine prion disease, with no difference in 

symptom onset or the survival of mGlu5+/+, mGlu5+/-, and mGlu5-/- prion-diseased 

mice.  

Two previous papers have investigated the role of mGlu5 in murine prion disease 

and found that mGlu5 deficiency significantly delayed symptom onset in  

prion-diseased mice but did not affect mouse survival (Beraldo et al., 2016; 

Goniotaki et al., 2017). The data presented in this chapter partly agrees with 

these studies, as mGlu5 knockout did not affect the survival of prion-diseased 

mice. However, the data differed in that Beraldo et al. (2016) reported a 
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significant delay in disease onset, which was not observed here. One potential 

reason for this discrepancy is the differences in scoring protocols. In the previous 

study, symptom onset was determined by the observation of either clasping of 

the feet when the mouse was picked up by the tail or a hunched posture. In 

contrast, this thesis employed a scoring protocol that defined symptom onset as 

the appearance of two early indicator signs, which included a broad range of 

symptoms, including a rigid tail, mild loss of coordination, and subdued 

behaviour, in addition to clasping of the feet and a hunched posture. Two early 

indicator signs were required for a clinical diagnosis in this thesis as the first 

symptom to appear was typically subdued behaviour, which is subjective in 

nature.  

Moreover, Goniotaki et al. (2017) found that mGlu1 expression was increased in 

the brains of mGlu5 knockout mice and suggested that this may have 

compensated for the lack of mGlu5 and prevented the knockout of mGlu5 from 

having a neuroprotective effect (Goniotaki et al., 2017). However, in this study, 

mGlu1 protein expression levels were found to be equivalent in mGlu5+/+, 

mGlu5+/-, and   mGlu5-/- mice. Therefore, it is unlikely that mGlu1 expression 

compensated for the lack of mGlu5 in these mice.  

Notably, in this study, PrPSc accumulation was equivalent between the three 

genotypes of prion-diseased mice, indicating that mGlu5 did not alter the 

clearance of misfolded prion protein. This agrees with previously published data 

which similarly found no alteration in PrPSc accumulation in mGlu5 knockout 

prion-diseased mice (Beraldo et al., 2016; Goniotaki et al., 2017). However, 

these results differ from the findings in previous work which knocked out mGlu5 

from AD, HD and ALS mouse models and observed a reduction in the presence of 

misfolded toxic proteins (Hamilton et al., 2014; Ribeiro et al., 2014; Bonifacino 

et al., 2017, 2019). In AD and HD mouse models, mGlu5 knockout activated 

autophagy which correlated with the clearance of protein aggregates  

(Abd-Elrahman et al., 2017, 2018). Further work would reveal whether mGlu5 

plays a different role in autophagy in murine prion disease.  
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5.3.2 Knockout of mGlu5 Reduced Neuroinflammation in  

Early-Stage Disease  

As discussed throughout this thesis, murine prion disease is characterised by the 

upregulation of neuroinflammatory markers, including the astrocytic marker 

GFAP and the microglial markers CD68 and Iba-1. Although published data has 

shown the effect of mGlu5 knockout on symptom onset, survival and PrPSc 

accumulation in prion-diseased mice (Beraldo et al., 2016; Goniotaki et al., 

2017), there is no published data regarding the effect of mGlu5 knockout on 

early-stage murine prion disease or prion-induced neuroinflammation. 

The data presented in this chapter showed a reduction in astrocytic and 

microglia markers at 8 w.p.i. in mGlu5-deficient mice. Specifically, IHC staining 

for GFAP was significantly reduced in mGlu5-/- prion-diseased mice as compared 

to mGlu5+/+ prion-diseased mice in the CA1 region. Moreover, immunoblot 

analysis showed a significant reduction in Iba-1 expression in both the cortex and 

hippocampus of mGlu5-/- prion-diseased mice as compared to mGlu5+/+  

prion-diseased mice, and IHC showed a reduction in Iba-1 staining in the 

hippocampus and CA1 region of mGlu5+/- and mGlu5-/- prion-diseased mice as 

compared to mGlu5+/+ prion-diseased mice. These differences between 

genotypes were not observed at the survival time point, with all genotypes of 

prion-diseased mice exhibiting high levels of inflammation. Therefore, the early 

dampening of neuroinflammation was not beneficial in the long-term.  

There is evidence to suggest that the contribution of mGlu5 to 

neurodegeneration is disease-stage dependent. The administration of the mGlu5 

NAM CTEP to APPswe mice from the age of 6 months for either 24 or 36 weeks 

was ineffective at ameliorating memory deficits and AD pathology with the 

longer treatment course (Abd-Elrahman et al., 2020b). In mice treated for  

24 weeks, CTEP reversed memory deficits and reduced the levels of Aβ plaques 

and neuroinflammation. The authors suggested that mGlu5 may have a reduced 

contribution to AD pathology at more advanced stages of disease. These data 

highlight that targeting mGlu5 may be important in the early stages of AD in 

order to slow disease progression.  
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The data discussed in this chapter agrees with the conclusion that mGlu5 may 

have a reduced contribution to disease pathology at late stages of 

neurodegeneration (Abd-Elrahman et al., 2020b), with modulation of 

neuroinflammation observed only in an early disease stage. To gain a more 

comprehensive understanding of how the modulation of inflammation changed 

throughout disease progression, it would be important to carry out a longitudinal 

study that investigates neuroinflammation in mGlu5-/- prion-diseased mice at 

more time points. However, despite the early reduction in neuroinflammation, 

mGlu5 deficiency did not alter the progression of prion disease, with no change 

in PrPSc accumulation, symptom onset, or survival.  

Importantly, as discussed in Chapter 4 (see 4.3.1), microglia are thought to be 

neuroprotective in early stages of prion disease, clearing PrPSc aggregates and 

secreting anti-inflammatory factors (Baker et al., 1999; Cunningham et al., 

2002). Therefore, it may be important to enhance the activity of microglia in 

early-stage disease, rather than reducing their expression as seen here, in order 

to improve disease progression.  

Due to constraints on both time and resources, a limitation of this study is the 

number of samples used for the biochemical analysis. For example, samples from 

two male and two female mice were used for most of the biochemical analysis. 

Given more time and more animals, immunoblotting and RT-qPCR analysis would 

have been carried out on additional samples from each sex to suitably determine 

whether there were any sex differences in this study.  

Furthermore, IHC analysis was outsourced to the Glasgow Tissue Research 

Facility, where imaging was carried out on an automatic microscope 

(NanoZoomer S60 digital slide scanner). Therefore, a slightly larger sample size 

was achieved, with up to five females and five males. Nonetheless, a key 

limitation of the IHC data was the low quality of hippocampal sections, with 

some hippocampal detachment occurring during slicing. Consequently, the 

available sample numbers for hippocampal and CA1 analysis were lower than 

initially planned, thus making a comprehensive analysis of male and female 

samples difficult. Analysis of the cortical samples found no difference between 

male and female prion-diseased mice. 
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5.3.3 The Pro-inflammatory Cytokines IL-1α and IL-1β are 

Increased with mGlu5 Deficiency  

In this study, the mRNA expression levels of a number of pro-inflammatory 

cytokines, as well as the expression of a pro-inflammatory chemokine, were 

investigated in the cortex and hippocampus of control and prion-diseased mice. 

Interestingly, gene expression of the pro-inflammatory cytokines Il1α and Il1β 

were found to be elevated in the hippocampus of mGlu5-/- control mice as 

compared to wild-type controls at 8 w.p.i., when the mice were 3 months old. 

There was no difference in Il6, Tnf, or Csf2 expression between genotypes. At 

survival, all target genes had increased mRNA in the brains of prion-diseased 

mice as compared to controls, with no difference between genotypes.  

IL-1α and IL-1β are two distinct isoforms of the interleukin-1 (IL-1) cytokine 

family (Allan et al., 2005). Although these isoforms are encoded by distinct 

genes, they share part of their sequence homology and have similar biological 

functions (Shaftel et al., 2008). IL-1 plays an important role in local tissue 

responses to CNS insult and its expression is elevated in a number of CNS 

diseases, including prion disease (Kordek et al., 1996). A variety of cell types 

express IL-1, including microglia, astrocytes, oligodendrocytes, endothelial cells, 

and neurons (Higgins and Olschowka, 1991; Eriksson et al., 1999; Vela, 2002). 

Importantly, the activation of astrocytes and microglia in neurodegeneration are 

accompanied by elevated levels of pro-inflammatory cytokines, including IL-1 

(Shaftel et al., 2008).  

In this study, Il1α and Il1β were found to be elevated at 8 w.p.i. in the 

hippocampus of mGlu5-/- control mice. Previous studies investigating the effect 

of mGlu5 knockout on cytokine expression in mice found expression levels of  

Il1β to be unaltered in the cortex (Carvalho et al., 2019) and prefrontal cortex 

(Cai et al., 2020). Further work is required to confirm the elevated levels of Il1α 

and Il1β in the hippocampus of mGlu5-/- mice seen in this study. Particularly 

because the mGlu5-/- control animals in this study had been previously 

inoculated with normal brain homogenate.  
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5.3.4 PSD95 Expression is Unaltered with mGlu5 Deficiency  

In this study, the expression of PSD95 was investigated in control and  

prion-diseased mGlu5 deficient mice. The results found PSD95 expression to be 

unaltered both in murine prion disease (confirming the data presented in 

Chapter 4) and with mGlu5 deficiency. The latter finding is in contrast to 

published data which reported a reduction in PSD95 expression in mGlu5 

knockout mice at 6 and 12 months of age (de Souza et al., 2022). However, in 

this study, no change was observed in PSD95 expression in mGlu5-/- mice at 3 and 

7 months of age. Two key differences between these datasets are: firstly, the 

mouse background (C57 here, and CD1 previously); and secondly, the experiment 

used. Here, protein levels were investigated using Western blotting, whereas the 

previous study examined mRNA levels using RT-qPCR. As previously discussed, 

mRNA and protein expression levels do not always correlate (Murgaš et al., 2022; 

see section 4.3.2), and gene expression can vary depending on the mouse strain 

used (Turk et al., 2004). These differences in protocol may explain the 

discrepancies between the two sets of findings.  

Previously, the authors also observed impaired memory in mGlu5 knockout mice, 

which they attributed to the loss of PSD95 expression, as well as a reduction in 

BNDF and Arc/Arg3.1 levels (de Souza et al., 2022). All three of these genes play 

an important role in memory and synaptic plasticity (Coley and Gao, 2019; 

Miranda et al., 2019; Plath et al., 2006). Therefore, it would be valuable to 

conduct further studies on the mGlu5 deficient mice used here, focusing on 

PSD95 mRNA levels and memory function, similar to the previous work. As the 

studies described here were carried out on mice inoculated with control and 

prion brain homogenate, it would be important to conduct these studies in  

non-inoculated animals.  

5.3.5 Burrowing Behaviour is Impaired in mGlu5 Deficient Mice  

A common experiment for evaluating the progression of murine prion disease is 

the burrowing paradigm (Deacon, 2006; Mallucci, 2007, 2009). An innate 

behaviour of mice is to remove pellets from a container with their feet, termed 

“burrowing”. As hippocampal lesions result in a significant impairment in 

burrowing behaviour, this experiment is thought to give an indication of 
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hippocampal processes (Deacon, 2006). Prion-diseased mice burrow progressively 

fewer pellets in line with disease progression (Mallucci, 2009; Chapter 4,  

Figure 4-10). Importantly, this experiment can examine whether treatment with 

a ligand, or genetic mutations, alters the progression of murine prion disease. 

For example, treatment of prion-diseased mice with a PAM targeting the M1 

muscarinic receptor improved burrowing behaviour in prion-diseased mice 

(Dwomoh et al., 2022). Conversely, mutations in the M1 receptor to make it 

phosphorylation-deficient accelerated the decline in burrowing behaviour 

(Scarpa et al., 2021). In Chapter 4, chronic treatment of prion-diseased mice 

with a mGlu5 NAM, VU0424238, did not alter the decline in burrowing behaviour 

observed in prion-diseased mice.  

In this chapter, the burrowing paradigm was used in the hope that it would shed 

light on the effect of mGlu5 deficiency on the progression of murine prion 

disease. However, mGlu5+/- and mGlu5-/- control mice were found to have a 

reduction in their burrowing behaviour as compared to mGlu5+/+ control mice. In 

an open field test, this study found mGlu5+/+, mGlu5+/-, and mGlu5-/- mice to 

have equivalent locomotor activity, suggesting that the reduction in burrowing 

behaviour in mGlu5+/- and mGlu5-/- control mice was not due to reduced 

movement around the cage. Previous work has observed reduced marble-burying 

in mGlu5 knockout mice (Jew et al., 2013; Xu et al., 2021), a behaviour that is 

similar to burrowing. Similarly, work in the Bradley lab (Chapter 3, Figure 3-17) 

has found that mGlu5 NAMs dose-dependently reduce marble-burying behaviour 

in mice. Other work has found that mGlu5 knockout mice exhibit depression-like 

behaviour, such as social withdrawal (Shin et al., 2015). Burrowing is a 

rewarding activity for mice, and as a symptom of depression is withdrawal from 

rewarding activities (Deacon, 2006), it may be that decreased burrowing in 

mGlu5 knockout mice is due to an emotional aspect of mGlu5 deficiency. 

A key advantage of using the burrowing paradigm is that it is a relatively simple 

experiment that can be carried out weekly. This enables disease progression to 

be monitored until end-stage disease. Other behavioural paradigms that enable 

longitudinal study include motor and balance tests, such as the rotarod, which 

tests the ability of a mouse to walk on a rotating cylinder. Prion-diseased mice 

have a progressive decline in rotarod performance (Goniotaki et al., 2017) and 



Chapter 5 231 
 
previous studies have found that mGlu5 knockout mice have unaltered motor 

coordination in this task (Xu et al., 2021). A more thorough characterisation of 

the mGlu5 deficient mice used in this thesis prior to carrying out the  

prion-inoculation study would have ensured that a more suitable behavioural 

paradigm was chosen to examine the potential effects of mGlu5 deficiency on 

the behaviour of prion-diseased mice. 

5.4 Conclusion 

Overall, the results presented here suggest that mGlu5 does not play a significant 

role in the progression of murine prion disease. Neuroinflammation, 

characterised by astro- and microgliosis, is a hallmark of various NDDs, including 

prion diseases (Dwomoh et al., 2022; Ransohoff, 2016). Here, mGlu5 deficiency 

was found to reduce the expression of the inflammatory markers Iba-1 and GFAP 

at an early stage of murine prion disease. This is a potentially interesting finding 

and should be investigated more fully. However, the accumulation of PrPSc, 

symptom onset, and survival, and therefore, the overall progression of murine 

prion disease, were unaffected by mGlu5 deficiency.  

Taken together with the finding in Chapter 4 that mGlu5 antagonism did not 

alter the progression of murine prion disease, the results here suggest that 

mGlu5 is not a major determinant of the progression of murine prion disease. 

Further work, discussed in Chapter 6, must be done to understand why mGlu5 

blockade is neuroprotective in other rodent models of NDD but not murine prion 

disease. This will have relevance to the treatment of human NDD, as it may be 

that mGlu5 is a good therapeutic target for some NDDs, but not others.  
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Chapter 6 Final Discussion 

 
NDDs are a group of neurological disorders characterised by the loss of neurons 

in the CNS. As neurons are vital for proper brain function, their loss drastically 

impacts the lives of individuals living with NDDs, leading to impairments in 

memory, cognition, behaviour, and sometimes motor function (Lamptey et al., 

2022). These diseases place a significant burden on the healthcare system as 

their prevalence rapidly increases due to an ageing population (Qiu, et al., 

2009). While recent promising results of AD clinical trials have led to new drug 

approvals in the United States (see 1.3.3), current treatments for NDDs primarily 

focus on improving disease symptoms, leaving a significant unmet need for new 

therapies that can modify disease progression. Due to their involvement in a 

wide range of physiological processes, around 30% of clinically approved drugs 

target the GPCR family of receptors (Santos et al., 2017). Among these 

receptors, mGlu5 has emerged as a potential target for the treatment of NDDs. 

Previous preclinical studies in rodents have shown that the selective inhibition of 

mGlu5 using NAMs can modify the underlying disease pathologies associated with 

several NDDs, such as AD, HD, and ALS. Additionally, these modifications in 

pathology have been accompanied by improvements in cognitive, behavioural, 

and motor deficits (for review, see Budgett et al., 2022). Therefore, the primary 

aim of this thesis was to investigate mGlu5 as a potential therapeutic target for 

the treatment of NDDs by blocking its activity in a model of murine prion disease 

using a mGlu5 NAM (Chapter 4) and genetic knockout (Chapter 5). However, in 

contrast to previous studies indicating neuroprotective effects of mGlu5 NAMs in 

rodent models of NDDs, the findings presented in this thesis suggest that the 

blockade of mGlu5 signalling is not beneficial in a preclinical model of murine 

prion disease.  

6.1 Key Findings 

Before investigating the therapeutic potential of mGlu5 inhibition in NDD, this 

thesis characterised a model of murine prion disease. As discussed in section 1.5, 

numerous animal models are available to study NDDs. However, unlike other NDD 

models, this murine prion disease model stands out as a bona fide NDD initiated 

by exposure to brain homogenate containing misfolded PrPSc (Mallucci, 2009; 
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Watts & Pruisner, 2014). Mice inoculated with RML prions exhibit several key 

hallmarks of human NDDs and the disease progression is well-defined (Mallucci, 

2009; Watts & Pruisner, 2014). Importantly, this model of neurodegeneration 

allows for the investigation of the effect of target manipulation on the 

progression of disease and the lifespan of diseased animals. Moreover, the data 

presented in Chapter 4 confirmed murine prion disease to be a translatable 

model of neuroinflammation which can provide valuable insights into the 

potential of novel ligands to modify the inflammatory response that is a hallmark 

of NDDs. The characterisation of these mice confirmed previous studies which 

showed a significant upregulation of several neuroinflammatory markers also 

observed in human NDD, including GFAP, vimentin, CD68, Iba-1, and several 

cytokines (Bradley et al., 2016; Mallucci et al., 2003; Dwomoh at al., 2022). This 

holds particular importance for this study as mGlu5, which is expressed on glial 

cells, is a potential target for modulating neuroinflammatory processes in NDDs.  

However, as part of the characterisation of murine prion disease, this thesis 

presented two key findings that contrast with the published literature. Firstly, 

the expression of the postsynaptic marker PSD95 was found to be unaltered in 

RML-infected Tg37 (Chapter 4) and C57 (Chapter 5) mice. This finding differs 

from previous research that reported reduced PSD95 expression levels in  

RML-infected Tg37 (Moreno et al., 2012) and RML-infected CD1 mice (Boese et 

al., 2016), but was in line with data from human sporadic CJD patients which 

also found no change in PSD95 expression (Ojeda-Juárez et al., 2022). PSD95 is a 

key scaffolding protein in the brain, anchoring several proteins to the plasma 

membrane (Béïque & Andrade, 2003; Fukata et al., 2021). Importantly, PSD95 is 

one of the scaffolding proteins that enables mGlu5 to form connections with 

NMDA receptors (Tu et al., 1999). As PSD95 expression was unaltered in the 

animals used in this thesis, this suggests it may not play a significant role in the 

pathology of murine prion disease. In CNS disorders where PSD95 does play an 

important role, the development of PSD95-targeting peptides represents a 

promising therapeutic strategy as they are able to reduce excitotoxicity and the 

subsequent neuronal death (Ugalde-Triviño & Díaz-Guerra, 2021). For example, 

in organotypic hippocampal slices, the overexpression of PSD95 has been shown 

to protect synapses from the neurotoxic effects of Aβ by blocking Aβ-induced 
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conformational changes within the C-terminus of NMDA receptors (Dore et al., 

2021). 

Secondly, the expression of mGlu5 was found to be unaltered with murine prion 

disease in both Tg37 (Chapter 4) and C57 (Chapter 5) mice at both the protein 

and mRNA levels, and in human AD patients (Chapter 4) at the mRNA level. This 

contrasts with previous research that reported reduced mGlu5 expression in 

prion-diseased mice and hamsters at the disease endpoint (Hu et al., 2022). The 

previously reported reduction in expression was attributed to neuronal loss, as 

mGlu5 was significantly co-localised with the neuronal marker NeuN. To better 

understand the unaltered mGlu5 expression levels reported in this thesis, 

neuronal loss should be thoroughly investigated in the mice used here. 

Additionally, it would be interesting to uncover the localisation of mGlu5 to 

different cell types during murine prion disease by conducting double-staining 

immunofluorescent co-localisation studies in brain sections. As previous research 

has found mGlu5 to be upregulated in glial cells surrounding NDD pathology 

(Casley et al., 2009; Lim et al., 2013; Shrivastava et al., 2013; Vermeiren et al., 

2006), and glial cells are themselves upregulated in murine prion disease, it is 

plausible to hypothesise that an elevation in glial mGlu5 may have hidden any 

loss of neuronal mGlu5 when mGlu5 expression was probed for in western blot 

experiments in this thesis. As discussed in section 4.3.3, the data from human AD 

patients contrasts with in vitro autoradiography studies in human post-mortem 

tissue, which reported increased mGlu5 expression in human AD (Müller Herde et 

al., 2019). PET imaging studies have shown a reduction in mGlu5 expression in 

human patients at early stages of AD (Mecca et al., 2020; Treyer et al., 2020). 

Further studies, preferably longitudinal in nature, are required to fully 

understand how mGlu5 expression changes throughout the course of human AD. 

This understanding is important for the development of any future drug 

strategies that target mGlu5 in neurodegeneration. Although, as discussed below, 

the results in this thesis may preclude mGlu5 from being an ideal drug target for 

treating NDDs, it is evident that it does play a role in several disease-related 

processes. Therefore, there is still a need for basic science to improve 

understanding of its role throughout the course of NDDs.   
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Against the initial hypothesis that mGlu5 inhibition would be neuroprotective in 

murine prion disease, and in contrast to prior findings reported in the literature, 

the main finding of this thesis is that the inhibition of mGlu5, both 

pharmacologically (Chapter 4) and genetically (Chapter 5), did not significantly 

alter the progression of murine prion disease. This is based on solid but 

unexpected data demonstrating that mGlu5 inhibition did not result in significant 

changes in symptom onset or survival rates of either sex of prion-diseased mice, 

or the burrowing behaviour of female prion-diseased mice. These findings 

contrast with previous studies investigating mGlu5 inhibition in murine prion 

disease, which demonstrated that the pharmacological inhibition of mGlu5 

significantly improved behaviour and survival in prion-diseased mice (Goniotaki 

et al., 2017), and that the genetic inhibition of mGlu5 significantly delayed 

symptom onset (Beraldo et al., 2016). As discussed in the relevant results 

chapters, these discrepancies may have been due to factors such as 

experimental protocols, mouse genetic background, and the compounds 

administered.  

Although mGlu5 inhibition provided no significant neuroprotective effect in 

murine prion disease, the results in this thesis highlight the potential of mGlu5 

inhibition to modulate neuroinflammatory processes in NDD, as discussed 

subsequently. These results are in line with previous in vivo studies that 

demonstrated that the blockade of mGlu5 signalling, either pharmacologically or 

genetically, significantly reduced the elevated expression of astrocyte and 

microglia markers in preclinical models of AD, ALS, and HD (Abd-Elrahman et al., 

2017; Bonifacino et al., 2017; Hamilton et al., 2014, 2016). In previous studies in 

murine prion disease, the expression of GFAP was found to be reduced in prion-

diseased mice after the chronic inhibition of mGlu5 using MPEP (Goniotaki et al., 

2017). However, the previous study was limited to male mice and lacked specific 

details surrounding the time point at which GFAP reduction occurred. In 

contrast, the study in this thesis provides novel insights which indicate that the 

reduction in neuroinflammation observed here in murine prion disease is 

dependent on both sex and disease stage. 

In Chapter 4 of this thesis, IHC analysis showed that VU0424238 significantly 

reduced GFAP expression in the CA1 and CA3 hippocampal regions of female, but 
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not male, prion-diseased mice. In the context of NDDs, and specifically studies 

involving mGlu5, most animal research has focused solely on male mice 

(discussed in section 4.1.4). As mentioned above, this is true for the published 

study investigating MPEP in prion-diseased mice (Goniotaki et al., 2017). The 

other study investigating mGlu5 and prion disease did not specify the sex of the 

mice (Beraldo et al., 2016). Therefore, this thesis likely represents the first 

study examining the effect of mGlu5 inhibition in both male and female  

prion-diseased mice. Previous work in other rodent models of NDD has found 

that male and female mice respond differently to mGlu5 inhibition  

(Abd-Elrahman et al., 2020; Bonifacino et al., 2019; Milanese et al., 2021). 

However, there are inconsistencies in these previous studies, with some studies 

showing benefits in males but not females (Abd-Elrahman et al., 2020; 

Bonifacino et al., 2019; Li et al., 2022), and vice versa (Milanese et al., 2021). 

Further work is required to fully understand the differences in the contribution 

of mGlu5 to disease pathology between the sexes. The finding that there are 

differences, however subtle, highlights how important it is to include both sexes 

of mice in preclinical studies to improve healthcare for women. This is 

particularly relevant in the field of NDD, where it is well-established that sex 

affects an individual’s susceptibility to and progression of disease, including AD 

(Deming et al., 2018), HD (Hentosh et al., 2021), and ALS (Trojsi et al., 2020). In 

human AD, for example, disease pathology, including hippocampal atrophy and 

Aβ and tau accumulation, occurs earlier (Buckley et al., 2019) and progresses 

more quickly (Canevelli et al., 2017) in women compared with men. 

Subsequently, cognitive and physical decline occurs faster in women (Zalewska 

et al., 2022). By taking sex-specific responses into consideration, more targeted 

and effective treatments for NDD can be developed. 

In Chapter 5, the neuroinflammatory markers GFAP and Iba-1 were reduced in 

mGlu5 knockout mice at 8 w.p.i. but not at the disease endpoint. Previously 

published work has suggested that the contribution of mGlu5 to the pathology of 

NDDs is disease stage-dependent, with the efficacy of mGlu5 antagonism 

diminishing with age in AD model mice (Abd-Elrahman et al., 2020). The data 

presented in this thesis agree with the conclusion of the previous study, 

suggesting that mGlu5 inhibition may contribute to a reduction in pathology in 

early but not late-stage disease. Importantly, as there was no significant 
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reduction in mGlu5 expression throughout disease progression, these findings are 

likely due to a decreased contribution of mGlu5 signalling to disease pathology 

with age, rather than a loss in mGlu5 expression. These findings have therapeutic 

implications as it is important to consider which targets will maintain efficacy 

throughout the progression of NDDs. More work is required to understand the 

contribution of mGlu5 to the pathology of various NDDs throughout disease 

progression. However, the data presented here and previously (Abd-Elrahman et 

al., 2020), suggest that alternative treatments may be needed for late-stage 

NDD. Some current treatments for NDDs also show disease stage-dependent 

effects. For example, the recently FDA-approved drugs for AD, aducanumab and 

lecanemab, have been shown to have efficacy in individuals at early, and 

therefore mild, stages of AD (Budd Haeberlein et al., 2022; Swanson et al., 

2021). Both these drugs target the accumulation of Aβ, and it is unknown if they 

will continue to have benefits in the late stages of AD where disease pathology is 

severe and has spread to the entire cortex. Of the two FDA-approved treatments 

for ALS, riluzole, a glutamatergic antagonist, has been shown to significantly 

extend the lifespan of ALS patients (Bensimon et al., 1994; Lacomblez et al., 

1996). However, post-hoc analysis of the original clinical studies found that 

riluzole prolongs the survival of patients at the final stage of the disease rather 

than prolonging the earlier disease stages or the entire course of the disease 

(Fang et al., 2018). These findings highlight the importance of understanding the 

contribution of drug targets to each stage of disease progression to ensure the 

development and provision of the most optimal therapeutic options for patients. 

Targeting common mechanisms shared amongst NDDs, such as the 

neuroinflammation discussed throughout this thesis, is a promising approach for 

the treatment of these diseases. While neuroinflammation is typically a 

neuroprotective mechanism that helps to maintain neuronal health (Wang & 

Bordey, 2008), in the context of NDDs, chronic neuroinflammation can result in 

neurotoxicity (Ransohoff, 2016). Microglia and astrocytes are the key mediators 

of the inflammatory processes that occur in NDD and targeting these cell types 

represents an exciting avenue for the development of novel therapeutics 

(Ransohoff, 2016; Si et al., 2023). Importantly, in humans, elevated levels of 

inflammatory markers occur at an early stage of the progression of several NDDS, 

including AD (Gispert et al., 2016; Hall et al., 2017) and PD (Zhang et al., 2023). 
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This may allow for the targeting of these cell types from the earliest stages of 

disease. Several small molecules and monoclonal antibodies have been 

developed that target the signalling pathways and receptors involved in 

neuroinflammatory processes (Zhang et al., 2023). For example, semaphorin 4D 

(Sema4D) is a protein that regulates the transition of glial cells from a resting to 

reactive state under chronic stress or injury (Smith et al., 2015). Pepinemab, a 

monoclonal antibody for Sema4D, has shown promise in preclinical models of 

NDD where it preserved the normal function of glial cells (Southwell et al., 

2015). This novel compound has been investigated in clinical trials for multiple 

sclerosis (LaGanke et al., 2017) and HD (Feigin et al., 2022) and is currently in a 

phase I trial for the treatment of mild AD (clinicaltrials.gov; NCT04381468). In 

addition, several drugs that protect against microglial activation, such as 

naloxone (Tang et al., 2021), minocycline (Cankaya et al., 2019) and CSF1R 

inhibitors (Han et al., 2022) are at various stages of development. As microglia 

and astrocytes also play a neuroprotective role in the brain, it is important to 

consider the timing of therapies that halt their activation. In the early stages of 

disease, anti-inflammatory drugs may prove to be detrimental and encouraging 

the activation of these cell types may be required instead. In mice models of AD, 

activating microglia prior to plaque formation has been shown to reduce Aβ load 

and, in some cases, improve cognition (Boissonneault et al., 2008; DiCarlo, 2001; 

Iaccarino et al., 2016). Overall, it is hoped that therapies which target 

neuroinflammatory processes will provide effective therapeutic interventions for 

NDD in the future. However, an improved understanding of the contribution of 

neuroinflammation to neurodegeneration is important for the fine-tuning of 

these potential therapies.  

Regarding mGlu5, its inhibition has been shown to reduce neuroinflammation in 

several rodent models of NDD, which was paralleled by overall neuroprotection 

and improved cognition (Abd-Elrahman et al., 2017; Bonifacino et al., 2017; 

Hamilton et al., 2014, 2016). However, despite the reduction in gliosis observed 

in female mice in Chapter 4, and at the early disease timepoint in Chapter 5, 

here the inhibition of mGlu5 did not significantly alter the overall progression of 

murine prion disease, as previously discussed. It is important to recognise that 

NDDs are complex, multifaceted diseases characterised by numerous hallmarks. 

In the case of murine prion disease, these hallmarks include not only 

https://clinicaltrials.gov/ct2/show/NCT04381468
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neuroinflammation but also PrPSc accumulation, neuronal loss, and the loss of 

cholinergic signalling (Mallucci et al., 2003). Each of these hallmarks is complex 

in its own right, and targeting one aspect alone may not improve the others or 

the overall disease pathology. Therefore, a multifaceted approach is likely 

required for effective NDD treatment.  

Understanding the precise involvement of mGlu5 in NDDs is vitally important for 

the development of future drug strategies. Studies in AD mouse models have 

shed light on the potential role of mGlu5 in the pathology of NDDs. As discussed 

in 1.3.4.1, the Aβos that are a key hallmark of AD form a complex with PrPC and 

mGlu5. This complex results in the clustering of mGlu5 at the cell surface, where 

they are more readily available for activation, leading to excitotoxicity (Laurén 

et al., 2009; Um et al., 2013). Notably, this complex involving a pathogenic 

misfolded protein and mGlu5 has been observed not only in AD but also in other 

NDDs such as HD (Anborgh et al., 2005; Tang et al., 2003), dementia with Lewy 

bodies, and PD (Ferreira et al., 2017). In dementia with Lewy bodies and PD,  

α-synuclein is the disease-causing misfolded protein. Soluble α-synuclein 

oligomers form a complex with mGlu5, with PrPC acting as a co-receptor, similar 

to what is observed in AD (Ferreira et al., 2017). Interestingly, a mGlu5 SAM, 

BMS-984923, has shown neuroprotective effects in AD rodent models by blocking 

neurotoxic Aβo signalling while preserving glutamate signalling via mGlu5 (Haas 

et al., 2017; Spurrier et al., 2022) (see 1.3.4.1). This compound has recently 

been tested in a phase I clinical trial in healthy human patients to assess its 

pharmacokinetics and safety (clinicaltrials.gov: NCT04805983). The results of 

this trial have not yet been made public. These findings highlight the 

therapeutic benefit of targeting the Aβo-PrPC-mGlu5 complex in preclinical AD 

models. 

However, in murine prion disease, where PrPC is converted into PrPSc upon direct 

interaction between the two proteins (Resenberger et al., 2011), whether a 

similar complex forms between PrPSc and mGlu5 remains unclear. To further the 

work in this thesis, it would be important to determine whether PrPSc and mGlu5 

directly interact. This could be established by carrying out a  

co-immunoprecipitation assay. Moreover, it would be interesting to establish 

whether PrPSc triggers the same toxic signalling pathways downstream of mGlu5 
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as Aβo and α-synuclein oligomers. Both Aβos and α-synuclein oligomers result in 

neurotoxicity via the phosphorylation of Fyn Kinase and excessive Ca2+ release 

(Ferreira et al., 2017; Haas & Strittmatter, 2016; Um et al., 2013). Similarly, 

direct interaction between mHtt and mGlu5 in HD leads to downstream  

Ca2+-mediated excitotoxicity (Anborgh et al., 2005; Tang et al., 2003). As PrPC 

binds directly to mGlu5 (Um et al., 2013), PrPSc toxicity may impact mGlu5 

signalling via a different mechanism to other misfolded proteins such as Aβ and 

α-synuclein. For example, it has been demonstrated that PrPC which is converted 

into PrPSc at the cell surface mediates pro-apoptotic signalling (Resenberger et 

al., 2011). Differences in the relationship between PrPSc and mGlu5 compared 

with other disease-associated misfolded proteins may explain why mGlu5 

antagonism is neuroprotective in other rodent models of NDD but not murine 

prion disease. 

In NDDs where mGlu5 is directly involved in disease pathology, it may be that 

mGlu5 inhibition would be most effective in combination with a protein-clearing 

therapy. As the accumulation of misfolded, toxic proteins is the most common 

hallmark of NDDs, many therapeutic strategies focus on clearing these proteins 

from the brain. These therapies are broad in their mechanism of action and 

include enhancing protein degradation (Guo et al., 2018), reducing protein 

production (Menting & Claassen, 2014) and using immunotherapy (Valiukas et 

al., 2022). In AD and HD mouse models, the inhibition of mGlu5 has been shown 

to reduce the levels of the disease-associated misfolded proteins (Hamilton et 

al., 2014; Ribeiro et al., 2014). This has been attributed to mechanisms that 

include a mGlu5-dependent increase in autophagy (Abd-Elrahman et al., 2017, 

2018) and, in AD, a reduction in FMRP expression leading to decreased Aβ 

formation (Hamilton et al., 2014). Moreover, mGlu5 may play a role in tau 

accumulation in AD through its association with Fyn kinase. Fyn kinase is 

activated via the formation of the Aβo-PrPC-mGlu5 complex (Um et al., 2013) 

and this activation leads to the downstream hyperphosphorylation of tau (Larson 

et al., 2012). The inhibition of Fyn kinase has been shown to reduce the 

accumulation of hyperphosphorylated tau and ameliorate cognitive deficits in 

both a traumatic and transgenic tauopathy mouse model (Tang et al., 2020).  

The mGlu5 NAM MTEP prevents the Aβo-induced activation of Fyn kinase (Haas & 

Strittmatter, 2016), and it would be interesting to uncover whether mGlu5 
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inhibition would reduce both Aβ and tau load in an AD mouse model which 

exhibits both amyloid and tau pathologies.  

However, as mGlu5 inhibition did not alter the accumulation of PrPSc in murine 

prion disease in this thesis and in the published literature (Beraldo et al., 2016; 

Goniotaki et al., 2017), it is likely that mGlu5 does not play a protein-clearing 

role in this particular disease model. Nevertheless, mGlu5 inhibition has been 

shown to alter several pathways that are downstream from the accumulation of 

disease-associated misfolded proteins. For example, it reduces excitotoxicity  

(Lv et al., 2014) and decreases CREB and BDNF signalling (De Souza et al., 2020, 

2022). In murine prion disease, mGlu5 inhibition has been shown to reduce the 

toxicity of prions both in vitro and in vivo (Goniotaki et al., 2017) and reduce 

neuroinflammation in vivo (here and Goniotaki et al., 2017). Therefore, 

inhibiting mGlu5 may be an effective therapy for NDDs if combined with a 

therapy that aims to clear misfolded proteins from the brain. Protein-clearing 

therapies are currently of huge interest in the field of NDDs, particularly with 

the recent FDA approval of two anti-amyloid therapies for AD: aducanumab 

(Arndt et al., 2018; Sevigny et al., 2016) and lecanemab (Swanson et al., 2021). 

Both these anti-amyloid antibodies have been shown to reduce Aβ levels in the 

brains of patients with mild AD, thus providing evidence that modifying disease 

in human patients is possible.  

Finally, in this thesis, a decision was made to focus on inhibiting mGlu5 based on 

findings that mGlu5 inhibition has been consistently neuroprotective in other 

rodent models of NDDs (see 1.3.4.2). However, a small number of previous 

studies have found mGlu5 PAMs to be neuroprotective in AD and HD (Bellozi et 

al., 2019; Doria et al., 2015; see 1.3.4.3). Consequently, future work could 

investigate whether mGlu5 agonism, rather than mGlu5 antagonism, is 

neuroprotective in murine prion disease. However, a key consideration regarding 

mGlu5 PAMs compared to mGlu5 NAMs is their neurotoxic side effects in rodent 

models, which has halted their progress to clinical trial (Bridges et al., 2013; 

Parmentier-Batteur et al., 2014; Rook et al., 2013).  
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6.2 Conclusions  

In conclusion, the findings presented in this thesis suggest that the inhibition of 

mGlu5 is not neuroprotective in prion-diseased mice, contrary to what has been 

reported previously in in vivo rodent models of AD, HD, ALS, and PD (Budgett et 

al., 2022). This finding is of importance as it highlights a key issue faced by 

researchers in the field of NDDs: the lack of comprehensive models of NDD that 

fully replicate human neurodegeneration. As demonstrated here, a drug target 

may show promise in one model but not others. As many studies have reported 

beneficial outcomes of mGlu5 inhibition in mouse models of NDD (Um et al., 

2013; Hamilton et al., 2014, 2016; Abd-Elrahman et al., 2017, 2018, 2020; 

Bonifacino et al., 2017, 2019; Ribeiro et al., 2014; Schiefer et al., 2004; Li et 

al., 2022), it was surprising to find that neither the pharmacological inhibition 

nor the complete knockout of mGlu5 had a significant effect on the progression 

of murine prion disease. Overall, this suggests that mGlu5 does not play a major 

role in prion pathogenesis in this model of murine prion disease and highlights 

that, although there are some common hallmarks between NDDs, mGlu5 may 

play a different role in these diseases. 

Notably, previous studies have demonstrated significant neuroprotection in the 

specific model of murine prion disease used in this thesis, with compounds such 

as VU0486846, BQCA, DBM and trazodone showing efficacy (Bradley et al., 2016; 

Dwomoh et al., 2022; Halliday et al., 2017). This indicates that other 

mechanisms can be targeted to achieve neuroprotection in this model of murine 

prion disease, despite its aggressive and rapid progression. Importantly, some of 

these compounds have also shown efficacy in other models of NDD. For example, 

VU0486846 has been shown to be neuroprotective in the APPswe model of AD 

(Abd‐Elrahman et al., 2022). Therefore, the lack of neuroprotection observed 

after mGlu5 inhibition in murine prion disease brings into question the suitability 

of mGlu5 as a target for the treatment of NDDs.  

These findings are important as they highlight that the mechanism of 

neurodegeneration may impact the neuroprotective potential of a drug and 

emphasises the need to test novel clinical candidates in a variety of models of 

NDD. Moreover, the data presented in this thesis highlights the importance of 

considering sex and disease stage when investigating the impact of mGlu5 
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inhibition, and likely other novel ligands, on neuroinflammation and other 

neurodegenerative processes.  

Recent significant advancements in the field do provide hope for patients with 

NDDs. Within the two years preceding this thesis, the FDA approved two novel 

drugs that have shown promise in altering the underlying pathology of AD: 

aducanumab (Budd Haeberlein et al., 2022) and lecanemab (Swanson et al., 

2021). A third drug, donanemab, is currently being considered for FDA approval 

(Eli Lilly and Company, 2023). These three drugs target Aβ peptides and indicate 

that disease-modifying treatments for NDD are possible. Similarly, tofersen 

received accelerated approval from the FDA in April 2023 for the treatment of 

ALS. This drug is an antisense oligonucleotide which slows the production of 

SOD1 and aims to reduce SOD1 accumulation in the brains of ALS patients 

(Biogen, 2023). Other promising strategies targeting biological processes such as 

neuroinflammation, mitochondrial dysfunction, and vasculature are in various 

stages of development and provide further hope for disease-modifying therapies 

in the future (Cummings et al., 2022). Although targeting mGlu5 in this thesis did 

not demonstrate neuroprotective potential as initially hoped, it may be that 

combining this approach with protein-clearing therapies would provide more 

effective therapies for NDD in the future.  
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Appendices 

 

Appendix Figure 1 Comparison of survival between vehicle-treated male and female  
prion-diseased mice. Kaplan-Meier survival plots for vehicle-treated female (red) and male 
(green) prion-diseased mice. Data shown form part of Figure 4-12. Curves were analysed with a 
Gehan-Breslow-Wilcoxon test, where ** P≤0.01 (female vehicle n=10, male vehicle n=12). 
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Appendix Figure 2 Comparison of GFAP expression in the cortex and hippocampus of male 
and female prion-diseased mice treated with either vehicle or VU0424238. Quantification of 
IHC images from Figure 4-21, Appendix Figure 5, and Appendix Figure 6, showing data from male 
(A, C and E) and female (B, D, and F) mice at 8 w.p.i. (A-B), 10 w.p.i. (C-D) and survival (E-F). 
Data were normalised to control vehicle and are shown as mean ± S.E.M. with data points 
representing individual mice (n=3-4). Statistical analysis was a two-way ANOVA (Tukey's multiple 
comparisons), where * P ≤ 0.05, *** P ≤ 0.001; only differences between prion vehicle and prion 
VU0424238 are shown. 
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Appendix Figure 3 Comparison of vimentin expression in the cortex and hippocampus of 
male and female prion-diseased mice treated with either vehicle or VU0424238. Quantification 
of IHC images from Figure 4-22, Appendix Figure 7, and Appendix Figure 8, showing data from 
male (A, C and E) and female (B, D, and F) mice at 8 w.p.i. (A-B), 10 w.p.i. (C-D) and survival  
(E-F). Data were normalised to control vehicle and are shown as mean ± S.E.M. with data points 
representing individual mice (n=2-4). Statistical analysis was a two-way ANOVA (Tukey's multiple 
comparisons); only differences between prion vehicle and prion VU0424238 are shown. 
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Appendix Figure 4 Comparison of Iba-1 expression in the cortex and hippocampus of male 
and female prion-diseased mice treated with either vehicle or VU0424238. Quantification of 
IHC images from Figure 4-23, Appendix Figure 9, and Appendix Figure 10, showing data from male 
(A, C and E) and female (B, D, and F) mice at 8 w.p.i. (A-B), 10 w.p.i. (C-D) and survival (E-F). 
Data were normalised to control vehicle and are shown as mean ± S.E.M. with data points 
representing individual mice (n=3-4). Statistical analysis was a two-way ANOVA (Tukey's multiple 
comparisons); only differences between prion vehicle and prion VU0424238 are shown. 
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Appendix Figure 5 GFAP staining in the CA3 and dentate gyrus regions of the hippocampus 
of vehicle and VU0424238 treated control and prion-diseased mice. Representative images of 
immunohistochemical staining of 5 μm thick coronal sections through the brains of vehicle- and 
VU0424238-treated control- and prion-infected mice at 8 w.p.i. (A-B), 10 w.p.i. (C-D), and survival 
(E-F). Images shown are from the CA3 and dentate gyrus regions of the hippocampus with staining 
for GFAP (green) and DAPI (blue). Images shown are representative of n=3-8 mice per group. 
Images taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 50 μm. 
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Appendix Figure 6 GFAP staining in the cortex of vehicle and VU0424238 treated control 
and prion-diseased mice. Representative images of immunohistochemical staining of 5 μm thick 
coronal sections through the brains of vehicle- and VU0424238-treated control- and prion-infected 
mice at 8 w.p.i. (A), 10 w.p.i. (B), and survival (C). Images shown are from the cortex, with staining 
for GFAP (green) and DAPI (blue). Images shown are representative of n=3-8 mice per group. 
Images taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 50 μm. 
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Appendix Figure 7 Vimentin staining in the CA3 and dentate gyrus regions of the 
hippocampus of vehicle and VU0424238 treated control and prion-diseased mice. 
Representative images of immunohistochemical staining of 5 μm thick coronal sections through the 
brains of vehicle- and VU0424238-treated control- and prion-infected mice at 8 w.p.i. (A-B), 10 
w.p.i. (C-D), and survival (E-F). Images shown are from the CA3 and dentate gyrus regions of the 
hippocampus with staining for vimentin (green) and DAPI (blue). Images shown are representative 
of n=3-8 mice per group. Images taken on a Zeiss 880 confocal microscope with 40x objective, 
scale bar = 50 μm. 
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Appendix Figure 8 Vimentin staining in the cortex of vehicle and VU0424238 treated control 
and prion-diseased mice. Representative images of immunohistochemical staining of 5 μm thick 
coronal sections through the brains of vehicle- and VU0424238-treated control- and prion-infected 
mice at 8 w.p.i. (A), 10 w.p.i. (B), and survival (C). Images shown are from the cortex, with staining 
for vimentin (green) and DAPI (blue). Images shown are representative of n=3-8 mice per group. 
Images taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 50 μm. 
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Appendix Figure 9 Iba-1 staining in the CA3 and dentate gyrus regions of the hippocampus 
of vehicle and VU0424238 treated control and prion-diseased mice. Representative images of 
immunohistochemical staining of 5 μm thick coronal sections through the brains of vehicle- and 
VU0424238-treated control- and prion-infected mice at 8 w.p.i. (A-B), 10 w.p.i. (C-D), and survival 
(E-F). Images shown are from the CA3 and dentate gyrus regions of the hippocampus with staining 
for Iba-1 (green) and DAPI (blue). Images shown are representative of n=3-8 mice per group. 
Images taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 50 μm. 
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Appendix Figure 10 Iba-1 staining in the cortex of vehicle and VU0424238 treated control 
and prion-diseased mice. Representative images of immunohistochemical staining of 5 μm thick 
coronal sections through the brains of vehicle- and VU0424238-treated control- and prion-infected 
mice at 8 w.p.i. (A), 10 w.p.i. (B), and survival (C). Images shown are from the cortex, with staining 
for Iba-1 (green) and DAPI (blue). Images shown are representative of n=3-8 mice per group. 
Images taken on a Zeiss 880 confocal microscope with 40x objective, scale bar = 50 μm. 
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Appendix Figure 11 Comparison of chemokine and cytokine expression in male and female 
prion-diseased mice after chronic dosing with VU0424238. RT-qPCR showing the expression 
of pro-inflammatory cytokines and an adaptive immunity cytokine in the cortex and hippocampus of 
male and female control or prion-diseased mice treated with either vehicle or VU0424238 at  
10 weeks post inoculation. Data were normalised to control vehicle and are shown as means ± 
S.E.M., with data points representing individual mice (n=2-4). 
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Appendix Figure 12 Comparison of GFAP expression in the cortex and hippocampus of 
male and female mGlu5 deficient prion-diseased mice. Quantification of IHC images in Figure 
5-19, showing data from male and female at survival in the (A) cortex, (B) hippocampus, and (C) 
CA1 region. Data was normalised to mGlu5+/+ control and are shown as means ± S.E.M. with data 
points representing individual mice (n=2-6). Statistical analysis was a two-way ANOVA (Tukey's 
multiple comparisons), where * P ≤ 0.05, ** P ≤ 0001, and *** P ≤ 0.001. 
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Appendix Figure 13 Comparison of Iba-1 expression in the cortex and hippocampus of male 
and female mGlu5 deficient prion-diseased mice. Quantification of images in Figure 5-23, 
showing data from male and female at survival in the (A) cortex, (B) hippocampus, and (C) CA1 
region. Data was normalised to mGlu5+/+ control and are shown as mean ± S.E.M. with data points 
representing individual mice (n=2-6). Statistical analysis was a two-way ANOVA (Tukey's multiple 
comparisons), where * P ≤ 0.05. 
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