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Abstract 

The M1 muscarinic acetylcholine receptor (mAChR) plays a crucial role in 

learning and memory and is a validated drug target for the treatment of 

Alzheimer’s disease (AD). Pharmacological activation of the M1 mAChR can not 

only improve cognitive symptoms in AD patients but has also been proven to slow 

down disease progression in preclinical mouse models of neurodegeneration. 

Thus, the M1 mAChR has a promising potential as drug target for disease-

modifying therapies of AD (Scarpa et al., 2020). However, development of 

clinically effective M1 mAChR-targeted ligands has been challenging due to 

associated adverse effects, highlighting the need to dissect clinically relevant M1 

mAChR-mediated pathways from those leading to undesirable outcomes. By 

employing a novel transgenic mouse model expressing a phosphorylation-

deficient mutant of the M1 mAChR (M1-PD) (Butcher et al., 2016), our group 

previously found that adverse effects can be minimised through pathways 

favouring receptor phosphorylation (Bradley et al., 2020). This thesis aimed to 

extend this study and explore the role of M1 mAChR phosphorylation/arrestin-

dependent pathways in the disease modification potential of the M1 mAChR. I 

combined M1-PD transgenic mice with prion neurodegenerative disease, a model 

of terminal neurodegeneration, leading to the discovery that disease is 

accelerated in M1-PD mice, thereby revealing an inherent neuroprotective 

property of the M1 mAChR that is dependent on receptor phosphorylation.  

To provide insight into the potential signalling mechanisms of the M1-PD, in vitro 

functional assays were performed on cell lines expressing the M1-PD version or 

wild-type of the M1 mAChR. Lack of receptor phosphorylation significantly 

impaired agonist-induced receptor internalisation, which is an important process 

in the desensitisation of G protein-dependent signalling. However, removal of M1 

mAChR receptor phosphorylation was shown to have little impact on 

phosphoinositide accumulation, which is indicative of Gαq protein activation.  

The mouse prion disease model was then investigated through behavioural 

observations and histological and biochemical studies to characterise 

neurodegenerative disease progression through the detection of markers of 

disease. Mouse prion disease is caused by neurotoxic aggregates of misfolded 

prion proteins, and shares key hallmarks with human neurodegenerative diseases 
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such as AD. These include memory and hippocampal function decline, disease 

markers such as APO-E, clusterin and serpinA3N, and widespread 

neuroinflammation, as indicated by the upregulation of astrocytic and microglial 

markers GFAP, Vimentin, Iba1 and CD86. Importantly, the appearance of 

misfolded, neurotoxic prion was shown to occur prior to the start of dosing 

studies of M1 mAChR-selective ligands (Bradley et al., 2017, Dwomoh et al., 

2021), establishing that the therapeutic effects exerted by the M1 mAChR are 

not due to prevention of disease, but disease-modification. In this thesis, mouse 

prion disease model was also demonstrated to feature the significant 

upregulation of pro-inflammatory cytokines TNF-α, IL-1β and IL-6, similar to 

other neurodegenerative disorders characterised by chronic neuroinflammation.  

Removal of M1 mAChR phosphorylation in mice caused a significant acceleration 

of prion neurodegenerative disease progression. This was evident from 

behavioural changes such as faster hippocampal decline and symptom onset and 

shorter lifespan compared to wild-type animals, but also significantly elevated 

accumulation of misfolded prion and upregulation of markers of disease and 

neuroinflammation. Particularly, the pro-inflammatory cytokine TNF-α was 

significantly upregulated in prion-infected M1-PD mice with compared to wild-

type mice, suggesting the M1 mAChR might be involved in the regulation of TNF-

α. These findings unravelled an important neuroprotective property that is 

inherent to the M1 mAChR and depends on the receptor’s 

phosphorylation/arrestin-dependent signalling. In addition, these data have 

important implications for development of new drug treatments for 

neurodegenerative diseases, especially, M1 mAChR ligands that maintain 

receptor phosphorylation will more likely deliver neuroprotection that could not 

only improve memory symptoms but slow disease progression. Given the 

parallels between mouse prion disease and human proteinopathies, the 

neuroprotective mechanism observed here mediated by the M1 mAChR, is likely 

to be relevant to other human neurodegenerative conditions such as AD.  
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1.1 G protein-coupled receptors  

 Overview of GPCRs  

G protein-coupled receptors (GPCRs) are the largest superfamily of human 

membrane receptors, accounting for over 800 members, including around 400 

sensory receptors (Hauser et al., 2017, Mombaerts, 2004). They are expressed in 

every organ and they mediate intracellular signalling in response to various 

stimuli including light, odorants, hormones, and neurotransmitters (Fredriksson 

et al., 2003). Given their functional diversity, GPCRs are involved in a plethora 

of functions in health and pathology, representing the most attractive 

therapeutic targets. In fact, GPCRs are the target for over 30% of all prescription 

drugs (Santos et al., 2017).  

All GPCRs share a similar transmembrane (TM) domain with a common structural 

architecture that is crucial to transduce signalling from the ligand-binding 

pocket and across the membrane to the G protein-coupling interface 

(Venkatakrishnan et al., 2013). The TM domain consists of 7 α-helices embedded 

in the cell membrane connected by three intracellular (ICL) and extracellular 

(ECL) loops (Rosenbaum et al., 2009) (Figure 1-1). Receptor stability is largely 

maintained by disulphide bridges in the extracellular regions between ECL2 and 

a cysteine residue in the TM3 that is highly conserved in most GPCRs (except for 

Sphingosine 1-phosphate receptors) (Venkatakrishnan et al., 2013). The N-

terminus and, in some cases, the ECLs, show high structural diversity as they are 

often involved in receptor functionality and ligand binding, especially as for 

some GPCR classes it is the main ligand binding site. In particular, the ECL2 has 

been suggested to play a role in ligand recognition and selectivity (Kruse et al., 

2012, Dror et al., 2011, González et al., 2011, Manglik et al., 2012). While the 

ECL2 is usually found to contain α-helices, β-sheets or other super-secondary 

structures, ECL1 and ECL3 normally lack structural elements and are relatively 

short in length (Unal and Karnik, 2012). Most GPCR subfamilies include an 

extracellular domain attached to the N-terminus that plays a role in ligand 

binding (Fredriksson et al., 2003, Lagerström and Schiöth, 2008), whereas 

rhodopsin-like (class A) GPCRs feature only the TM domain with N- and C-termini 

of variable length and the endogenous ligand binding site lies within the TM core 

(Baldwin, 1993) (Figure 1-1).  
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 GPCR subfamilies 

Based on sequence and evolutionary conservation, GPCRs have been divided into 

a classification of subfamilies that has been revised over the years (Kolakowski, 

1994, Fredriksson et al., 2003). In particular, the sequencing of the human 

genome in 2001 allowed for a more comprehensive analysis of the repertoire of 

vertebrate GPCRs. This resulted in the now commonly accepted classification 

system termed GRAFS (Schiöth and Fredriksson, 2005), which was also adopted 

by the International Union of Basic and Clinical Pharmacology (IUPHAR) (Foord et 

al., 2005). GRAFS classes consist of Glutamate family (class C), Rhodopsin family 

(class A), Adhesion (class B2), Frizzled (class F) and Secretin-like (class B1) 

receptor families (Figure 1-1) (Alexander et al., 2021).  

Receptors of the glutamate family (class C) share a distinguishing dimeric 

quaternary structure that binds ligands by employing a Venus flytrap domain 

(VTD) in their large N-terminal lobes (Kunishima et al., 2000, Kaupmann et al., 

1998). The rhodopsin family (class A) is the largest and most diverse subfamily 

of GPCRs with 719 members, including almost all (435) recognised sensory 

receptors (Fredriksson et al., 2003, Davenport et al., 2013). In addition, this 

subfamily includes receptors that respond to a wide variety of ligands ranging 

from small molecules, neurotransmitters, peptides and hormones, and 

contribute to the largest number of therapeutic targets (Wess, 1993, 

Gershengorn et al., 1998, Milligan et al., 2017, Vu et al., 1991). Adhesion 

receptors (class B2) are phylogenetically related to class B1 receptors with 

which they share similarities in the TM domain. However, they feature a 

distinctive, large extracellular N-terminal domain that is autoproteolytically 

cleaved at a conserved GPCR proteolysis site (GPS) embedded in a GPCR 

autoproteolysis inducing (GAIN) domain (Prömel et al., 2013).  The frizzled 

family (class F) includes frizzled (FZD) and smoothened (SMO) receptors (Foord 

et al., 2005, Schulte, 2010) that are respectively activated by secreted 

Wingless/Int-1 (Wnt) glycoproteins and Hedgehog (HH) proteins (Chen and 

Struhl, 1996, Vinson and Adler, 1987, Vinson et al., 1989).  FZD and SMO 

receptors share a characteristic N-terminal signal sequence followed by a highly 

conserved cysteine-rich domain (CRD) that is important for ligand recognition 

(Vinson et al., 1989, Dann et al., 2001). The secretin family (class B) comprises 

only 15 genes in humans, 9 of which respond to structurally related ligands such 
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as secretin, glucagon and glucagon-like peptides (GLP-1, GLP-2)(Harmar, 2001). 

Secretin receptors share an extracellular peptide hormone-binding domain that 

is the most diverse region within the family (Bazarsuren et al., 2002).  

 

Figure 1-1 Structural features of GPCR subfamilies and examples.  GPCRs share a TM 
domain comprising 7 α-helices, an extracellular N-terminus, and an intracellular C-terminus. Whilst 
the intracellular regions are relatively conserved, the extracellular region is highly diverse across 
the different subfamilies. Blue shapes represent the different modes of ligand interaction with 
respective GPCR families. Most glutamate receptors exist in dimeric form and employ a VFD for 
ligand binding. Rhodopsin-like receptors have relatively short N-terminus, and their orthosteric 
ligand binding pocket lies deep into the TM domain. Adhesion GPCRs feature a GAIN domain that 
catalyses the cleavage of the N-terminus such that the adhesion domains are non-covalently 
associated with the receptor. Frizzled/smoothened family receptors contain an N-terminal cysteine-
rich domain (CRD). Examples for each GPCR subfamily (in humans) are included, as well as the 
number of currently recognised members as reported by Alexander et al. (2021). 
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 Canonical GPCR signalling  

GPCRs transduce signalling when ligand binding induces an active receptor 

conformation, permitting coupling to intracellular transducers such as 

heterotrimeric guanine nucleotide-binding proteins (G proteins) that consist of 

Gα, Gβ and Gγ subunits (Lambright et al., 1996). The mammalian genome 

encodes for 16 Gα subunits (Hermans, 2003), six different Gβ-subunits and 12 

Gγ-subunits (Gautam et al., 1998). G subunits can combine to form different 

heterotrimeric G protein complexes providing a diverse source of signalling 

mediators. Whilst Gα subunits can signal independently, Gβ and Gγ subunits 

function as an individual subunit as obligate heterodimers (Gβγ).  

Upon stimulus or ligand binding, receptors undergo conformational changes that 

induce guanine exchange factor activity catalysing the exchange of guanosine 

diphosphate (GDP) for guanosine triphosphate (GTP) on the Gα subunit. This 

causes a structural rearrangement of the G protein complex and disassociation 

of the GTP-bound Gα and Gβγ subunits (Oldham and Hamm, 2008, Neer and 

Clapham, 1988, Janetopoulos et al., 2001). Disassociated G protein subunits 

transduce the signal to produce a range of intracellular second messengers such 

as cyclic adenosine monophosphate (cAMP), inositol triphosphate (IP3) and 

diacylglycerol (DAG) (Neves et al., 2002). This signalling is terminated by 

hydrolysis of GTP to GDP that is mediated by the Ras-like GTPase domain of Gα. 

This mechanism is promoted by the binding of regulators of G protein signalling 

that encourages the re-association of G protein subunits (Mann et al., 2016).  

Whilst Gβγ subunits are considered functionally interchangeable, Gα subunits 

activate distinct nonredundant signalling effectors (Smrcka, 2008, Wettschureck 

and Offermanns, 2005). Based on preferential downstream signalling and 

sequence conservation, the 16 Gα subunits are classified into four functional 

families: Gαs (Gαs(S), Gαs(XL) and Gαs(olf)), Gαi/o (Gαo, Gαi (1-3), Gαt, Gαz and Gαgust), 

Gαq/11 (Gαq, Gα11, Gα14 and Gα15/16), and Gα12/13 (Gα12 and Gα13). Gαs, Gαi/o, Gαq/11 

and Gα12/13 respectively induce stimulation of adenylyl cyclase (AC), inactivation 

of AC, activation of phospholipase C (PLC) and Rho-family of guanine nucleotide-

exchange factors (GEFs), each of which affect distinct signalling pathways (Neer, 

1995, Luttrell, 2008) (Figure 1-2). In addition, Gβγ heterodimers can also 

contribute to signal transduction, for example by activating several downstream 
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effectors, modulating ion channels, and acting as scaffolds for kinases (Khan et 

al., 2016). 

It is now well established that individual GPCRs can couple to different Gα 

protein families, and that distinct receptors can activate the same families of 

Gα proteins (Wootten et al., 2018). Ligand-stabilised receptor conformations can 

select the coupling of G protein subunit families resulting in differential 

signalling outcomes. This has been largely observed with agonists for µ-opioid 

receptors (µORs) (Saidak et al., 2006), parathyroid hormone receptors (PTHRs) 

(Appleton et al., 2013) and dopamine receptors (DRs) (Möller et al., 2017).  

 

Figure 1-2 G protein-dependent signalling. Activation of GPCRs upon ligand binding induces 
conformational changes in the receptors. Conformational changes facilitate guanosine nucleotide 
exchange in Gα subunits, which causes disassociation of Gα and Gβγ subunits. Gα subunits 
belonging to different functional classes interact with distinct effectors i.e., adenylyl cyclase, 
phospholipase C (PLC) or guanine exchange factors (GEF) to engage a range of different 
downstream signalling pathways. Activated, disassociated Gβγ subunits also engage with 
signalling effectors such as ion channels.  

 GPCR desensitisation and internalisation 

GPCR signalling is normally terminated by receptor phosphorylation at multiple 

serine and threonine residues in the C-terminal tail and/or ICLs by the action of 

kinases such as GPCR kinases (GRKs) (Tobin, 2008). Intracellular phosphorylation 

increases receptor affinity for other interacting partners such as arrestins 

(Carman and Benovic, 1998). Receptor interaction with arrestins induces G 

protein displacement by steric hindrance and termination of G protein-

dependent signalling (signalling desensitisation) (Arshavsky et al., 1985, Sibley et 
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al., 1986, Benovic et al., 1987, Shukla et al., 2013, Staus et al., 2020). Arrestins 

also function as scaffolds by interacting with clathrin and adaptor protein 2 

(AP2) to induce receptor endocytosis (Zhang et al., 1996, Goodman et al., 1996), 

or with additional signalling partners to facilitate G protein-independent 

signalling such as by activation of mitogen-activated protein kinase (MAPK) (Wei 

et al., 2003, Shenoy et al., 2006). See Chapter 3 for a detailed review on GPCR 

phosphorylation, arrestin interactions and phosphorylation/arrestin-dependent 

signalling.  

 Pharmacology of GPCR ligands 

The action of a ligand at a receptor is defined by inherent pharmacological 

parameters such as affinity and efficacy. Affinity represents the strength of the 

interaction between such ligand and its binding site and can be experimentally 

determined by measuring ligand binding using fluorescent or radiolabelled 

ligands. The efficacy of a ligand reflects its ability to induce a receptor 

response, for example, at activating specific downstream effectors. When a 

suitable labelled ligand is not available, the affinity of a compound can be 

estimated by defining its potency in functional assays (Rosenkilde and Schwartz, 

2000). Both potency and efficacy values are normally determined by functional 

assays and therefore care must be taken as these values might vary depending 

on the assay system employed and receptor reserve present (Kenakin, 2001, 

Kenakin, 2002).  

Depending on their interaction with GPCRs, ligands can be broadly divided into 

three categories: orthosteric, allosteric and bitopic. Orthosteric ligands bind to 

the same site as the endogenous ligand, whereas allosteric ligands bind to 

regions of the receptor that are topologically distinct from the orthosteric 

binding site. Bitopic ligands are compounds with the ability of concomitantly 

interacting with both orthosteric and allosteric sites on a single receptor (Valant 

et al., 2012). Depending on affinity, potency, and efficacy parameters, 

orthosteric ligands can be broadly classified as full, partial, or inverse agonists 

and neutral antagonists (Figure 1-3). The pharmacology of allosteric ligands is 

considerably complicated to define, due to the wide range of distinct active 

states that a GPCR can adopt depending on interactions with both bound 

ligand(s) and intracellular effectors e.g. G proteins (Stallaert et al., 2011). 
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However, allosteric ligands can be broadly categorised into allosteric agonists, 

neutral allosteric antagonists, and positive or negative allosteric modulators 

(PAMs and NAMs) (Christopoulos et al., 2014). Furthermore, the types of ligands 

described above may also display ‘signalling bias’, which is the ability to 

preferentially activate a signalling pathway over another. (Luttrell and Kenakin, 

2011).  

Allosteric modulators display ‘cooperativity’ with the bound orthosteric ligand, 

which is the ability to induce such molecular changes in the receptor that 

modulate the receptor affinity and/or efficacy for the bound ligands. PAMs can 

exist as pure PAMs or agonist (ago)-PAMs. Pure PAMs can modulate receptor 

activity only in the presence of a receptor-bound orthosteric ligand (Bridges and 

Lindsley, 2008). Whereas, ago-PAMs are able to enhance the activity mediated 

by the orthosteric ligand similarly to pure PAMs, but in addition they can 

facilitate receptor activation in their own right (Langmead et al., 2006). 

Therefore, pure PAMs often represent an attractive targeting approach for the 

modulation of GPCRs in disease since they can maintain the physiological 

temporal and spatial signalling and their effect can be saturated (Foster et al., 

2014).  In addition, allosteric modulators, including ago-PAMs that display 

modest cooperativity, will less likely exert intrinsic activity, suggesting they 

represent potentially safer drugs if administered in larger doses, compared to 

orthosteric compounds (Gregory et al., 2007). Since allosteric compounds are 

targeted to binding sites that are distinct from the orthosteric site, they also 

offer improved selectivity when targeting conserved receptor subclasses such as 

muscarinic receptor subtypes (Bradley et al., 2017), or peptide receptors such as 

chemokine receptors, to allow targeting with small-molecule drugs (Dragic et 

al., 2000).  

Bitopic ligands are attractive compounds as they can offer “the best of both 

worlds” (Valant et al., 2012): the benefits of targeting the orthosteric site (i.e., 

efficacy and affinity) with added affinity and selectivity by interaction with 

distinct, allosteric sites. Most bitopic ligands were initially designed or identified 

as only orthosteric or allosteric, and only extensive pharmacological assessments 

revealed the bitopic mode of binding (Valant et al., 2008, Lane et al., 2013, 

Bradley et al., 2018).  
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Figure 1-3 Pharmacology of GPCR ligands.  (A-B) Simplified representation of the 
pharmacological properties of orthosteric (A) and allosteric (B) ligands. (A) Orthosteric ligands 
interact with the receptor by binding to the orthosteric site (blue shading), and they can be full or 
partial agonists (green) when they activate the receptor up to maximal or partial stimulation, 
respectively. Orthosteric ligands can also be neutral antagonists (grey), when they compete with 
agonists but do not affect the receptor’s basal activity, or inverse agonists (grey) when they can 
inhibit basal or constitutive activity of the receptor. (B) Allosteric agonists directly facilitate receptor 
activation by interacting with allosteric sites (orange shading). Allosteric neutral antagonists (grey) 
bind to allosteric sites but display no cooperativity with orthosteric ligands. PAMs (green) potentiate 
the effect of the bound orthosteric compound whereas NAMs (grey) attenuate the effects. Adding to 
the diversity and complexity of orthosteric and allosteric ligands, bitopic ligands combine the 
properties of both orthosteric and allosteric, and all these types of ligands might display signalling 
bias by promoting preferred downstream signalling pathways over others. (C-D) Theoretical 
concentration-response curves illustrating the response of different orthosteric (C) and allosteric 
(D) ligands. (C) A full agonist (black) induces a maximal response at its receptor whereas a partial 
agonist (blue) induces a response that is significantly lower than the maximal response possible at 
the receptor. Neutral antagonists (grey) produce no response at a receptor, and inverse agonists 
(orange) decrease the baseline activity of the receptor. (D) The concentration-response curve of an 
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orthosteric agonist in the absence of allosteric ligands is illustrated in black. The addition of PAMs 
(blue) increases the affinity and/or efficacy of an orthosteric agonist, whereas NAMs (orange) 
cause a decrease in affinity and/or efficacy. Allosteric agonist and antagonists (in the absence of 
orthosteric ligands) behave similarly to orthosteric agonists and antagonists.   

1.2 GPCRs as drug targets 

 Therapeutic potential of GPCRs 

Given the broad range of physiological end points modulated by GPCRs, it is 

unsurprising that one third of approved drugs target members of this receptor 

superfamily (Sriram and Insel, 2018, Santos et al., 2017, Hauser et al., 2017). 

GPCRs possess an invaluable druggability, which has been proven in both 

historical and ongoing successes of targeting GPCRs for the pharmacological 

treatment of diseases. Numerous factors contribute to the attractiveness of 

GPCRs for drug targeting including the easy accessibility to ligands due to 

expression on the plasma membrane, and the possibility of targeting these 

receptors with small, low molecular weight molecules.  

Many of the approved drugs are physiological agonists (Sriram and Insel, 2018). 

For example, epinephrine, the endogenous agonist of adrenergic receptors, is 

the active ingredient of EpiPen auto-injectors for the emergency treatment of 

allergic reactions such as anaphylaxis (Sicherer and Simons, 2017). Dopamine, 

estradiol, vasopressin, acetylcholine, and glucagon are also natural agonists that 

are used for therapeutic targeting of GPCRs (Sriram and Insel, 2018). GPCR 

signalling can also be manipulated in the desired manner by designing synthetic 

molecules with different pharmacological properties. For instance, maraviroc is 

a small-molecule antagonist that is selective for the chemokine receptor 5 

(CCR5) and was approved for the treatment of HIV-1 infection. Maraviroc 

prevents the virus to enter the cell via interaction with CCR5 (Lieberman-Blum 

et al., 2008). In addition, numerous drugs target proteins that are upstream or 

downstream of GPCRs to regulate agonist availability or the concentrations of 

second messengers, thereby contributing to the modulation of receptor 

signalling (Sriram and Insel, 2018). For example, serotonin (5-HT) or 

norepinephrine (NE) reuptake inhibitors are commonly therapeutically used for 

their antidepressant activity by enhancing the availability of these 

neurotransmitters via interactions with 5-HT and NE transporters (Shelton, 

2019).  
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Despite GPCRs being widely recognised as useful drug targets, a large proportion 

of the GPCR superfamily remains unexploited, with only approximately 15% of 

the over 800 human GPCRs currently being targeted by medications (Insel et al., 

2015, Sriram and Insel, 2018). This implies that new opportunities for novel drug 

targets still exist in the vast repertoire of GPCRs. In addition, despite significant 

efforts, there are over 100 non-olfactory GPCRs, termed ‘orphans’, that 

currently lack a recognised endogenous ligand, resulting in challenges in the 

characterisation of their physiological functions (Milligan, 2018, Alexander et al., 

2021). Apart from SMO and ADGRG3, no orphan receptors are currently targeted 

by medicines, therefore, such receptors represent a potentially prolific 

collection of novel drug targets (Milligan, 2018, Sriram and Insel, 2018). For 

instance, the de-orphanisation of OX1 and OX2 receptors, which respond to 

neuropeptides orexin A and orexin B, led to the development of suvorexant that 

is a dual orexin receptor antagonist now approved for the treatment of insomnia 

(Norman and Anderson, 2016). 

 Muscarinic receptors as drug targets 

Muscarinic receptors (mAChRs) are a family of GPCRs that are broadly expressed 

in the cholinergic system both in the peripheral nervous system (PNS) and in the 

central nervous system (CNS) (Levey et al., 1991, Levey, 1993). Muscarinic 

receptors play key roles in a wide range of physiological processes such as motor 

control, cardiovascular, renal and gastrointestinal (GI) functions, learning and 

memory, nociception and sleep-wake cycle (Bonner et al., 1988, Bonner et al., 

1987, Felder et al., 2000, Briand et al., 2007, Wess et al., 2007, Bymaster et al., 

2003a, Bymaster et al., 2003b). It is therefore unsurprising that muscarinic 

receptors represent promising drug targets for the treatment of important 

conditions including diabetes, obesity, pain, asthma, Alzheimer's disease (AD) 

and schizophrenia (see Wess et al. (2007) for a comprehensive review on the 

therapeutic potential of mAChR subtypes).  The multiple functions mediated by 

cholinergic receptors were established in humans through the administration of 

clinically available anticholinergic - medications that antagonise muscarinic 

receptors. However, the specific physiological role of individual mAChR subtypes 

was established by the generation of transgenic mice lacking individual 

muscarinic subtypes (Bymaster et al., 2003b). Individual mAChR subtypes are 

found uniquely expressed or might be found co-expressed throughout the 



Chapter 1  12 

nervous system and, accordingly, they might play unique or overlapping roles 

(Bymaster et al., 2003b) (Table 1-1).  

In the PNS, the cholinergic system plays a predominant role in the airways 

(Kolahian and Gosens, 2012). Specifically, the M1, M2 and M3 muscarinic 

subtypes were shown to induce bronchoconstriction by triggering smooth muscle 

contraction and mucus secretion, and to be involved in the pathophysiology of 

asthma and chronic obstructive pulmonary disease (COPD) (Gosens et al., 2006, 

Kistemaker and Gosens, 2015, Buels and Fryer, 2012). Anticholinergics have been 

clinically used for many years for the treatment of COPD, and more recently for 

treating asthma (Hamelmann, 2018, Gosens and Gross, 2018).  

In the CNS, cholinergic neurotransmission was demonstrated in preclinical and 

clinical studies to operate in a dynamic balance with the dopaminergic system, 

and disruption of this balance might cause neurological and psychiatric disorders 

(Di Chiara et al., 1994, Lester et al., 2010). Thus, muscarinic receptors, 

particularly the M1, M4 and M5 subtypes, have been proposed as possible targets 

for the treatment of neurological conditions such as schizophrenia, Parkinson’s 

disease (PD), drug and alcohol abuse, and AD (Wess et al., 2007, Langmead et 

al., 2008). For instance, the M1 and M4 subtypes were reported to be specifically 

reduced in the striatum, hippocampus, and prefrontal cortex of patients with 

schizophrenia. Therefore, pharmacological activation of M1 and M4 mAChRs has 

been viewed as a promising therapeutic approach for the treatment of this 

psychiatric condition (Dean et al., 1996, Crook et al., 2000, Dean et al., 2002). 

This was supported by clinical trials for the M1/M4-preferring agonist xanomeline 

that displayed robust effects against cognitive impairments as well as psychosis-

like behaviour in AD and schizophrenic patients (Bodick et al., 1997b, Shekhar et 

al., 2008). However, recent studies using M1 and M4 mAChR knockout mice 

indicated that the M4 subtype primarily drives the antipsychotic effects of 

xanomeline, suggesting that M4-selective allosteric agonists or PAMs would likely 

be beneficial for the treatment of schizophrenia  (Thomsen et al., 2012, Woolley 

et al., 2009). Instead, the negative modulation of M4 mAChR might be beneficial 

for the treatment of PD-associated motor symptoms as it was shown that 

transgenic mice lacking M4 mAChRs display attenuated motor-side, cataleptic 

response in a model of antipsychotic-induced parkinsonism (Karasawa et al., 

2003, Fink-Jensen et al., 2011). Further, M5 mAChR-targeted antagonists have 
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been proposed as a potential therapeutic avenue for the treatment of drug 

abuse (Raffa, 2009). This concept was prompted by the discovery that addiction 

(withdrawal effects) induced by the prototypical opioid drug morphine, but not 

the associated beneficial analgesic effects, were attenuated in M5 mAChR-

knockout mice (Basile et al., 2002, Yamada et al., 2003). In addition, inhibition 

of M5 mAChR signalling has also been proposed for the pharmacological 

treatment of alcohol dependence. M5 mAChR transcripts were found up-

regulated in the brain of In Indiana alcohol-preferring rats following long-term 

alcohol consumption, and a M5-selective NAM could significantly reduce alcohol 

self-administration in rats (Berizzi et al., 2018, Walker et al., 2021). 

The focus of this thesis however will be the M1 mAChR as a putative target for 

disease modification in neurodegenerative disease. Given its role in cognitive 

processes, the M1 subtype has long been viewed as a promising target for the 

treatment of cognitive impairments of AD (Fisher, 2008a, Ladner and Lee, 1998). 

Importantly, emerging evidence in preclinical animal studies has demonstrated 

the disease-modifying potential of targeting the M1 mAChR for the treatment of 

AD and likely other neurodegenerative diseases (Scarpa et al., 2020, Dwomoh et 

al., 2021, Lebois et al., 2017, Bradley et al., 2017, Jones et al., 2008).  
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SUBTYPE 
PERIPHERAL 

FUNCTIONS 
CENTRAL FUNCTIONS TISSUE 

DISEASE 

RELEVANCE 

M1 
− Salivation (Bymaster 

et al., 2003a) 

− Learning and memory 

(Anagnostaras et al., 

2003) 

− Hippocampal PI 

hydrolysis (Bymaster 

et al., 2003a) 

− MAPK stimulation 

(Hamilton and 

Nathanson, 2001) 

− Locomotor activity 

(Bradley et al., 2020) 

Cerebral cortex, 

hippocampus, 

striatum, 

thalamus, 

sympathetic 

ganglia, glandular 

tissue 

− Cognitive 

dysfunction and 

AD (Scarpa et 

al., 2020) 

− Schizophrenia 

(Shekhar et al., 

2008) 

M2 

− Temperature 

regulation 

(Bymaster et al., 

2003a)  

− Smooth muscle 

contraction (Stengel 

et al., 2000) 

− Auto-inhibition 

(Zhang et al., 2002) 

− Analgesia (Gomeza et 

al., 2001) 

Hindbrain, 

thalamus, cerebral 

cortex, 

hippocampus, 

striatum, smooth 

muscle of heart, 

lung, 

gastrointestinal 

tract, and bladder 

− Cognitive 

dysfunction and 

AD (Seeger et 

al., 2004) 

− Pain 

M3 

− Temperature 

regulation 

(Bymaster et al., 

2003a) 

− Smooth muscle 

contraction (Matsui 

et al., 2000) 

− Salivation (Bymaster 

et al., 2003a) 

− Weight control 

(Yamada et al., 

2001b) 

Cerebral cortex, 

hippocampus, 

smooth muscle of 

heart, lung, 

gastrointestinal 

tract and bladder, 

glandular tissues 

− COPD 

− Asthma 

− Urinary 

incontinence 

− Irritable bowel 

syndrome 

M4 
− Salivation (Bymaster 

et al., 2003a) 

− Blockade of 

dopamine release 

− Auto-inhibition 

(Zhang et al., 2002)  

− Analgesia (Gomeza et 

al., 2001) 

− Dopamine-mediated 

locomotor activity 

(Gomeza et al., 

1999) 

 

Striatum, cerebral 

cortex, 

hippocampus 

− Parkinson’s 

disease 

− Schizophrenia 

− Neuropathic 

pain 

M5  

− Cerebral vasculature 

tone (Yamada et al., 

2001a) 

− Dopamine-mediated 

addiction (Yamada et 

al., 2001a) 

Substantia nigra 

− Drug and 

alcohol 

dependence 

− Parkinson’s 

disease 

− Schizophrenia 

Table 1-1 Role of the M1-M5 subtypes of the mAChR family in the PNS and CNS.  The 
physiological roles of each of the muscarinic subtypes in the PNS and CNS are included alongside 
their expression profile and disease relevance. Most physiological roles were assessed using 
receptor subtype knockout mice (Bymaster et al., 2003b) and this table was generated by 
combining information from Bymaster et al. (2003b) and Langmead et al. (2008). See Wess et al. 
(2007) for a comprehensive review on the disease relevance of mAChR subtypes.   
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1.3 The M1 muscarinic acetylcholine receptor (mAChR)  

 Overview of the mAChR family 

Muscarinic acetylcholine receptors are a family of GPCRs activated by the 

neurotransmitter acetylcholine (ACh), alongside nicotinic receptors, and they 

comprise five subtypes (M1–M5) encoded by distinct CHRM genes (Hulme et al., 

1990). The mAChR family are members of class A (rhodopsin-like) GPCRs 

(Fredriksson et al., 2003). Members of this family differ in their G protein-

selectivity, with M1, M3, and M5 mAChRs preferentially coupling to the Gαq/11 

family of G proteins, while the M2 and M4 subtypes preferentially couple to the 

Gαi/o family (Caulfield and Birdsall, 1998, Nathanson, 1987, Wess, 1993, Felder, 

1995).   

The amino acid sequences of the mAChR subtypes are highly conserved, with 50-

60% sequence homology (Figure 1-4). Particularly, the mAChR family share a 

highly conserved orthosteric binding pocket deep in the TM domain and some 

residues in the extracellular region. In particular, they share an aspartate 

residue in TM3 (D105 in position 3.32 according to Ballesteros-Weinstein 

numbering) that is critical for ligand binding(Wess, 1993, Hulme et al., 2003).  

 

Figure 1-4 Sequence alignment of M1-M5 mAChR.  Amino acid sequences of the human M1-M5 
mAChR were retrieved using UniProtKB and multiple sequence alignment was conducted using 
Clustal Omega. The colour code indicates the amino acid type that is matched to the residue at that 
position according to a Clustal threshold criteria: Blue for hydrophobic ( A, I, L, M, F, W,V and C), red 
for positively charged (K and R), magenta for negatively charged (E and D), green for polar (N, Q, S 
and T),  pink for cysteines (C), orange for glycines (G), yellow for prolines (P), cyan for aromatic (H 
and Y) and white for unconserved/unmatched and gaps.  
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1.1.1 M1 mAChR expression and structure 

The M1 mAChR constitutes around 50% of the total expression among the 

muscarinic family (Levey, 1993). It is not widely expressed in the periphery, but 

it can be found significantly expressed in the salivary glands and sympathetic 

ganglia (Levey, 1993, Caulfield and Birdsall, 1998). Importantly, M1 mAChRs are 

highly expressed in all the major areas of the forebrain, including the cerebral 

cortex and hippocampus (Levey, 1993, Volpicelli and Levey, 2004) where they 

play crucial roles in cognition, particularly short-term memory (Fisher, 2008a, 

Ladner and Lee, 1998).  

The M1 mAChR, similar to the other muscarinic subtypes, share the same 

structural signatures of other class A GPCRs (Vuckovic et al., 2019, Kruse et al., 

2012, Haga et al., 2012, Thal et al., 2016, Venkatakrishnan et al., 2013) with the 

orthosteric ligand-binding pocket lying deep in the TM core, specifically 

involving amino acid residues within TM3, TM5 and TM7 (Wess, 1993, Heitz et 

al., 1999, Hulme et al., 2003). High-resolution X-ray crystallisation revealed a 

high degree of conservation in the orthosteric binding pocket across the 

muscarinic subtypes (Vuckovic et al., 2019, Thal et al., 2016). There are subtle 

differences in the extracellular and intracellular sites of the M1 mAChR 

compared to the other members of the family, but a striking difference between 

subtypes can be observed in the large extracellular vestibule, which is a dynamic 

structure in muscarinic receptors. The extracellular vestibule contains residues 

involved in allosteric binding of muscarinic receptors that form the “roof” of the 

orthosteric site and the “floor” of the allosteric site. In fact, the extracellular 

interface with TM7 and between ECL2 and ECL3 have been proven to participate 

in the binding of allosteric ligands and they were demonstrated to contain 

residues that are less conserved than other regions within the TM core (Birdsall 

and Lazareno, 2005, Gregory et al., 2007). In addition to non-conserved residues 

between the muscarinic subtypes, the vestibule also includes a “common” 

allosteric pocket which comprises of shared residues among the subtypes (Figure 

1-5).  
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Figure 1-5 Structure of the M1 mAChR depicting the orthosteric and allosteric binding 
pockets. The M1 mAChR crystal structure is viewed from the (A) membrane or (B) the extracellular 
side. Crystallisation of the M1 mAChR revealed a high degree of sequence conservation in the 
orthosteric binding pocket across M1-M4 mAChRs (Thal et al., 2016). The conserved residues in the 
orthosteric pocket (blue) include C98 (3.25), D99 (3.26), D105 (3.32), Y106 (3.33), C178 (45.50), 
I188 (5.39), T189 (5.40), T192 (5.43), A193 (5.44), A196 (5.46), W378 (6.48), Y381 (6.51). The 
“common” allosteric binding pocket is comprised of residues (magenta) within a large extracellular 
vestibule of the receptors and include Y82 (2.60), Y85 (2.63), Y179 (45.51), E397 (7.31), W400 (7.34) 
and E401 (7.35). Images reproduced using the PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC.  

Most recent studies using single-particle cryo-EM enabled to obtain a structure of 

the M1 mAChR bound to a potent agonist, iperoxo, and engaged with 

heterotrimeric Gα11 protein (Maeda et al., 2019). The comparison of the Gα11-

bound M1 mAChR with the previously obtained structure of the inactive receptor 

bound to the inverse agonist tiotropium (Thal et al., 2016), unravelled the 

activation mechanism of the M1 mAChR. In its active state, the M1 mAChR shows 

an outward displacement of the TM6, accompanied by a small rotation of the 

helix as well as a tilt of TM5 toward TM6. In addition, the TM6 moves closer to 

the ECL2 (Tyr179-Ser388) causing a contraction in the extracellular vestibule. 

Key residues for receptor activation as well as the TM5, TM6 and ECL2 re-

arrangement were similar in the M1 and M2 subtypes, indicating the mechanism 

of activation might be shared among the members of the mAChR family. These 

conformational changes allow the C-terminal helix of the Gα subunit to interact 

with the receptor core (Maeda et al., 2019).  

 Examples of M1 mAChR ligands  

Given the therapeutic potential of targeting M1 mAChR, a diverse repertoire of 

M1 mAChR is currently available (see Birdsall et al., (2021) for a comprehensive 

list of M1 mAChR ligands). The highly conserved orthosteric binding pocket has 

represented a limitation for the development of ligands with receptor subtype 

selectivity, however the use of non-selective orthosteric muscarinic ligands have 
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been an advantageous tool to explore the signalling and physiological role of this 

receptor family. For instance, non-selective mAChR antagonists, such as 

scopolamine, were demonstrated to induce cognitive impairments in animals and 

healthy individuals (Bartus et al., 1982, Flicker et al., 1990, Rusted and 

Warburton, 1988). In contrast, muscarinic orthosteric agonists such as 

physostigmine and the M1/M4-preferring xanomeline, were shown to improve 

cognitive symptoms in AD or dementia patients, and in animals treated with 

mAChR-antagonists or cholinergic impairments (Bodick et al., 1997a, Rupniak et 

al., 1991, Aigner and Mishkin, 1986). This reinforced the potential of targeting 

mAChRs for the treatment of cognitive decline.  

The muscarinic subtypes each possess allosteric binding sites that are non-

conserved across the family of mAChRs, providing the opportunity for the design 

of ligands with high subtype-selectivity (Wess, 2005, Presland, 2005, Conn et al., 

2009). AC42 was the first M1 mAChR-selective allosteric agonist that was 

identified in 2002, however, this compound and respective analogues were found 

to be unsuitable for in vivo studies due to limited potency and pharmacokinetic 

properties (Spalding et al., 2002, Spalding et al., 2006). Later, TBPB was 

characterised as a novel allosteric agonist with high selectivity for the M1 mAChR 

and displayed robust anti-psychotic effects in rats (Jones et al., 2008). The first 

prototypical M1 mAChR PAM, the highly selective benzyl quinolone carboxylic 

acid (BQCA), was originally developed by Merck (Ma et al., 2009). BQCA was 

found to enhance the functional responses mediated by the M1 mAChR without 

activating the receptor directly (Shirey et al., 2009). In addition BQCA was found 

to exert significative pro-cognitive activity in a mouse model with scopolamine-

induced memory deficits (Ma et al., 2009), and slow down prion disease in mice 

(Bradley et al., 2017), indicating for the first time that this allosteric compound 

could afford similar beneficial therapeutic effects to orthosteric muscarinic 

ligands. Further PAMs that are structurally related to BQCA were generated by 

Merck, including PQCA and MK-7622, but it should be noted that there now exists 

a diverse collection of structurally distinct M1 PAM chemotypes, arising from 

Merck, Pfizer, Vanderbilt Centre for Neuroscience Drug Discovery (VCNDD) and 

Monash Institute for Pharmaceutical Sciences (MIPS) that possess distinct 

pharmacological properties. 



Chapter 1  19 

The first M1 mAChR –selective bitopic ligand to be discovered, McN-A-342 

(Roszkowski, 1961) was initially identified as a selective agonist. Later in the 

1980’s, McN-A-342 was further characterised as described as an allosteric ligand 

due to the high subtype-selectivity (Birdsall et al., 1983), and subsequently 

demonstrated to be a bitopic ligand (Valant et al., 2008). The bitopic mode of 

action was unravelled by sequential truncation of this compound and extensive 

pharmacological characterisation that resulted in the identification of 

orthosteric and allosteric fragments (Valant et al., 2008). The discovery of McN-

A-342 as a bitopic ligand subsequentially prompted the identification or re-

evaluation of compounds displaying similar pharmacology profiles (Lebois et al., 

2010, Lebois et al., 2011, Digby et al., 2012, Watt et al., 2011). Among these, 

GSK1034702, that was previously described as a potent allosteric agonist at the 

M1 mAChR with pro-cognitive effects in rodents (Budzik et al., 2010), was later 

re-characterised as a bitopic agonist (Bradley et al., 2018). 

1.4 M1 mAChR as therapeutic target for AD  

 Alzheimer’s disease (AD) 

The M1 mAChR has been an established target for the symptomatic treatment of 

AD for years (Fisher, 2008a, Scarpa et al., 2020). AD is the most common form of 

neurodegeneration as well as the most frequent cause of dementia. Despite 

remarkable effort, no treatments are available to prevent, slow or stop 

neurodegenerative conditions, and the prevalence of these diseases is increasing 

due to the growing lifespan of the human population (Hou et al., 2019). Whilst 

the familial, early-onset form of AD (EOAD) is caused by rare genetic autosomal 

mutations accounting for only 5% of cases, the majority of cases are sporadic, 

late-onset AD (LOAD), which is a multifactorial condition driven by multiple 

genetic and environmental factors (Bateman et al., 2011). Genome-wide 

association studies (GWAS) have identified over 20 genetic risk factors of LOAD 

including genes implicated in inflammation, lipid metabolism and endocytosis 

(Karch and Goate, 2015). For instance, the APO-E gene, that encodes for a 

lipoprotein complex regulating transport delivery and distribution of lipids from 

one tissue to another (Mahley and Rall, 2000), is the single greatest risk for LOAD 

(Verghese et al., 2011). Epidemiological studies suggest that among the 

environmental risk factors, hypertension and diabetes confer higher AD risk, 
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whereas education and physical exercise might be protective against disease (Xu 

et al., 2015). 

AD was described for the first time over a century ago (Alzheimer, 1907) but its 

pathophysiology is still to be elucidated. The major neuropathological hallmarks 

of AD are amyloid β (Aβ) plaques and neurofibrillary tangles (NFTs) (Serrano-

Pozo et al., 2011). Aβ plaques are extracellular deposits formed by abnormally 

folded Aβ isoforms 1-40 and 1-42 (Aβ40 and Aβ42) as a result of aberrant 

cleavage and processing of amyloid precursor protein (APP) (Seeman and 

Seeman, 2011) (Figure 1-6). APP is a transmembrane glycoprotein type I with 

functions in intracellular signalling in response to environmental conditions as 

well as in neuronal development (van der Kant and Goldstein, 2015). Most cases 

of EOAD are associated with mutations in genes that cause an imbalance in the 

synthesis and processing of APP leading to the accumulation of pathogenic Aβ-42 

peptides (Figure 1-6). These are mutations in three main genes; the APP gene 

and two homologous genes that encode the catalytic subunit of γ-secretase, 

prenisilin 1 (PSEN1) and prenisilin 2 (PSEN2) (Price and Sisodia, 1998).  

NFTs consist of paired helical filaments made of hyperphosphorylated tau, a 

microtubule-associated protein involved in axonal transport and neuronal 

growth. Tau normally localises in the axons of adult neurons but in AD it 

becomes hyperphosphorylated and ‘mis-sorted’ into the somatodendritic 

compartment leading to the formation of NFTs (Zempel and Mandelkow, 2014). 

NFT pathology is better correlated with neuronal and synaptic loss as well as 

clinical features  compared to Aβ plaque deposits (Serrano-Pozo et al., 2011), 

which reach a plateau level in the early symptomatic stage of disease (Ingelsson 

et al., 2004). However, Aβ plaques and NFT pathology have been demonstrated 

to have a synergistic relationship as their convergence (but not tau and Aβ 

plaques individually) was found to be associated with brain atrophy and 

cognitive decline in animal models of disease and AD patients, (Sperling et al., 

2019, Timmers et al., 2019, Hanseeuw et al., 2017, Wang et al., 2016, Busche 

and Hyman, 2020).  
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Figure 1-6 Amyloidogenic and non-amyloidogenic processing of APP. In the non-amyloidogenic 
pathway, initial cleavage of APP occurs by α-secretases such as A Disintegrin And Metalloproteinase 
(ADAMs) 10 and 17, in the Trans-Golgi Network or at the plasma membrane (Lammich et al., 1999). 
This results in the formation of non-pathogenic, soluble APPα peptides (sAPPα), p3 fragments and 
APP intracellular domain (AICD). In contrast, the amyloidogenic processing of APP occurs through 
the cleavage of APP by β-secretase at the cell surface and in early endosomes (Kinoshita et al., 
2003), followed by the cleavage by γ-secretase. This yields to AICD, soluble APPβ peptides (sAPPβ) 
and pathogenic Aβ42 peptides which are secreted and lead to the formation of Aβ plaques.  

Cholinergic transmission (Figure 1-7) is also found impaired in the brain of AD 

patients, whereby cholinergic signalling is decreased (‘cholinergic hypofunction’) 

due to the selective loss of pre-synaptic cholinergic neurons particularly in the 

hippocampus and neocortex (Whitehouse et al., 1981, Whitehouse et al., 1982, 

Levey, 1996, Svensson et al., 1992). It was reported that patients with advanced 

AD have less than 100,000 cholinergic neurons compared to the about 500,000 in 

healthy adults (Schliebs and Arendt, 2006). In addition, transcription of choline 

acetyltransferase (ChAT), an enzyme expressed in pre-synaptic cholinergic 

neurons, is found significantly decreased in AD patients, resulting in further 

disruption of cholinergic transmission amongst the already few cholinergic 

neurons (Strada et al., 1992, Wilcock et al., 1982). These observations have 

since driven the efforts to pharmacologically enhance the cholinergic signalling 

as therapeutic avenue for AD, starting from the current frontline treatment 

available. 
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Figure 1-7 Cholinergic neurotransmission. Cholinergic neurotransmission relies on a system that 
involves synthesis, storage, transport, and degradation of ACh. Synthesis of ACh occurs at pre-
synaptic cholinergic neurons (blue), and it is catalysed by the enzyme ChAT. ChAT can synthesise 
the neurotransmitter from acetyl coenzyme A (CoA) (produced by glycolysis in mitochondria), and 
choline (recycled and taken up from the synaptic cleft by the presynaptic neurons) (Nachmansohn 
and Machado, 1943). Newly synthesised ACh is transported by vesicular ACh transporters from the 
cytosol to into synaptic vesicles and released in the synaptic cleft. In the synaptic cleft, ACh can bind 
to and activate acetylcholine receptors such as muscarinic and nicotinic receptors expressed on 
post-synaptic neurons (purple). In the synaptic cleft, ACh is rapidly hydrolysed by the enzyme 
acetylcholinesterase (AChE), releasing acetate and choline, which is re-uptaken into the presynaptic 
cholinergic neuron by the high-affinity choline transporter (ChT1)(Birks and MacIntosh, 1961).  

 Current therapies and clinical trials for AD treatment 

The current frontline treatment options for AD aim to restore cholinergic 

transmission in the brain, by inhibiting the enzyme acetylcholinesterase (AChE) 

that is responsible for the breakdown of ACh at the post-synaptic terminal (see 

Figure 1-7). AChE inhibitors can temporarily ameliorate some of the symptoms of 

AD however they have a limited therapeutic potential, and they are only 

efficacious for mild to moderate AD (Neugroschl and Wang, 2011). In addition, 

their non-specific nature represents a major drawback, causing GI and 

cardiovascular side effects induced by potentiation of cholinergic signalling in 

the PNS, including exocrine secretions, bradycardia and GI distress due to 

contraction of cardiac and smooth muscle (Courtney et al., 2004, Inglis, 2002). 

This results in modest overall efficacy of AChE inhibitors, and dose limitations, 

highlighting the need for receptor subtype- and tissue-specific agonists. 
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Furthermore, long-term treatment with donepezil offers no disease-modifying 

effects (Courtney et al., 2004). Therefore, there remains a significant unmet 

clinical need to develop novel therapies for AD with improved adverse effect 

profiles that can treat symptoms associated with AD and positively modify the 

underlying pathophysiology.  

Most recently, aducanumab, a human IgG1 monoclonal antibody developed by 

Biogen, was approved by the US Food and Drug Administration (FDA) using the 

accelerated approval pathway, which is dedicated to drugs for serious or life-

threatening illnesses (Food and Drug Administration, 2021). Aducanumab is 

specific against a conformational epitope found on Aβ peptides that was 

originally derived from healthy, aged, cognitively normal donors with the 

rationale that these donors' immune systems had successfully resisted AD and 

therefore their antibodies could be therapeutically beneficial (Sevigny et al., 

2016). Aducanumab was demonstrated to be able to reduce Aβ burden in AD 

patients however many argue that there is not (yet) robust evidence for 

aducanumab’s efficacy on cognitive or disease-modifying endpoint (Sevigny et 

al., 2016, Mullard, 2021). Other antibody-based immunotherapies directed 

against Aβ peptides have been advanced to clinical trials, such as solanezumab 

(Eli Lilly and co.), gantenerumab (Roche), crenezumab (Roche), however 

solanezumab has been terminated due to lack of efficacy (Huang et al., 2020a). 

Two trials (AN-1792 and CAD106) using active immunotherapy strategies that 

consisted of diverse Aβ peptides with the aim of boosting the immune response 

against disease-associated Aβ isomers also were terminated due to adverse 

responses and no treatment effects (Gilman et al., 2005, Wiessner et al., 2011). 

Other potential drug therapies have been developed to lower Aβ pathology in 

AD, such as beta secretase-1 (BACE-1) inhibitors. These are designed to inhibit 

amyloidogenic processing of APP (Vassar, 2002). However, since 2016, numerous 

trials on AD patients at different disease stages (prodromal, pre-clinical, early, 

mild to moderate) for BACE1 inhibitors have failed in phase 3 mostly due to lack 

of efficacy, with some compound causing further decline in cognition (Huang et 

al., 2020a).  

Numerous compounds have also been developed to antagonise tau aggregation 

and formation of NFT. For example, TRx0237 (LMTX) is a tau aggregation 

inhibitor designed by TauRx Therapeutics Ltd that was shown to decrease the 
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level of aggregated tau proteins and ameliorate tau-related neuronal damage. 

TRx0237 was shown to significantly decrease the rate of disease progression in a 

Phase III trial for the treatment of early and mild-moderate AD (Wilcock et al., 

2018). Other anti-tau therapies for AD include AADvac, which is a vaccine 

against pathological forms of tau, and an anti-tau antibody designed to capture 

and neutralise tau aggregates, zagotenemab (LY3303560) (Congdon and 

Sigurdsson, 2018, Huang et al., 2020a). Trials for AADvac and zagotenemab are 

still ongoing.  

Several anti-inflammatory therapies have also been proposed in clinical trials. 

Amongst these, azeliragon is an antagonist of the receptor for advanced 

glycation end products (RAGE), which regulates multiple physiological processes 

in the CNS such as transport of plasma Aβ, inflammatory process, oxidation 

stress, and blood flow (Burstein et al., 2018). Azeliragon reached phase III 

clinical trial for patients with mild AD however it recently failed due to lack of 

efficacy. In addition, therapies for the symptomatic treatment of AD are 

currently in trial, including both cognitive enhancers and therapies for the 

behavioural psychological symptoms of dementia. These include for example 

AXS-05, which is a combination of a N-methyl-D-aspartate (NMDA) receptor 

antagonist, a glutamate receptor modulator, a sigma-1 receptor agonist, and an 

inhibitor of the serotonin and NE transporters, that is being trialled in phase III 

for the treatment of agitation in AD patients (Wang and Reddy, 2017, Huang et 

al., 2020a).  

 The M1 mAChR as a target for the treatment of AD 

Based on the cholinergic hypofunction in AD, many drug discovery programmes 

over the years have focussed their efforts on the development of compounds 

that are able to improve cholinergic transmission in pathology. In particular, the 

selective pharmacological activation of the M1 mAChR has been viewed as a 

promising approach for the symptomatic and disease-modifying treatment of AD 

and other forms of dementia (Fisher, 2008a, Scarpa et al., 2020).  

Especially, the selective targeting of the M1 subtype represents a safer 

therapeutic strategy for improving cognitive function in AD as it would avoid off-

target adverse responses that are associated with the non-selective mode of 
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action of AChE inhibitors (Inglis, 2002, Courtney et al., 2004) or other non-

selective muscarinic compounds (Bodick et al., 1997b). M1 mAChRs are abundant 

in the regions of the forebrain, including the cerebral cortex and hippocampus 

(Levey, 1993, Volpicelli and Levey, 2004), where they are the predominant 

muscarinic receptor subtype (Bradley et al., 2017). These are the regions that 

are the most affected in AD, as human post-mortem AD brains display a 

substantial reduction in basal forebrain neurons, including a significant reduction 

in the cholinergic innervation of the neocortex and hippocampus (Whitehouse et 

al., 1981, Whitehouse et al., 1982). Importantly, the M1 mAChR plays a crucial 

role in cognition, particularly short-term memory which is impaired in AD 

(Fisher, 2008a, Ladner and Lee, 1998). Genetic deletion of M1 mAChRs in mice 

leads to deficits in working memory and memory consolidation (Anagnostaras et 

al., 2003). In addition to pro-cognitive activity, emerging evidence has been 

demonstrating that the M1 mAChR plays a neuroprotective role in 

neurodegenerative disease (Scarpa et al., 2021) as well as its pharmacological 

activation can exert disease modifying effects in a diverse range of models of AD 

and neurodegeneration (Scarpa et al., 2020, Dwomoh et al., 2021). See Chapter 

5 for a detailed review.  

Importantly, the M1 mAChR provides an important advantage as a drug target for 

the treatment of AD because it is expressed in post-synaptic neurons and 

remains relatively unchanged over disease progression since AD is characterised 

by loss of mainly pre-synaptic neurons (Levey, 1996, Svensson et al., 1992, 

Bradley et al., 2017, Mulugeta et al., 2003, Mash et al., 1985, Overk et al., 

2010). Therefore, drugs directly targeting the M1 mAChR would likely remain 

efficacious in late-stage AD, unlike AChE inhibitors.  

 Types of M1 mAChR ligands for the treatment of AD 

AChE inhibitors only provide therapeutic benefit to mild to moderate AD 

patients, and they lose efficacy as neurodegeneration progresses, likely due the 

fact that ACh release from cholinergic neurons is significantly diminished at later 

stages of disease (Neugroschl and Wang, 2011, Anand et al., 2014). Therefore, 

there is an unmet need for therapeutics for advanced to severe AD (Jack et al., 

2012), and the diverse repertoire of M1 mAChR ligands might offer a promising 

prospective for patient stratification accordingly to disease stages.  



Chapter 1  26 

For instance, pure M1 PAMs that lack intrinsic activity would be most beneficial 

at preclinical stages of disease, where neuronal loss is at early stages (Jack et 

al., 2012). In fact, pure M1 PAMs would likely restore cholinergic signalling by 

increasing the affinity and/or efficacy of the endogenous ligand ACh, 

maintaining the physiological spatiotemporal signalling characteristics and 

reducing the likelihood of over-stimulation of the receptor that could lead to 

adverse responses (Moran et al., 2018b). However, given that pure PAMs are 

probe-dependent, they may lose their therapeutic efficacy as disease 

progresses, when cholinergic neurons are being depleted and levels of 

endogenous ACh lower (Davies and Maloney, 1976, Perry et al., 1977). Thus, at 

later stages, ago-PAMs could be an alternative approach to pure PAMs since they 

would still be able to promote receptor signalling in the absence of ACh while 

still conferring high receptor subtype selectivity.  

For later, severe stages of disease, when neurodegeneration is advanced and 

presynaptic cholinergic neurons are depleted, M1 mAChR-selective orthosteric or 

bitopic agonists may have improved therapeutic value compared to allosteric 

modulators. In fact, this type of ligand would still be able to bind M1 mAChRs 

with high affinity and efficaciously modulate receptor activity independently of 

endogenous ACh levels. 

 M1 mAChR-selective biased ligands for the treatment AD 

In addition to displaying distinct modes of interaction (orthosteric, allosteric or 

bitopic) and different affinity/potency and efficacy properties, M1 ligands can 

also induce biased signalling. For example, some M1 mAChR ligands can 

preferentially activate G protein-dependent signalling over 

phosphorylation/arrestin-dependent pathways, leading to different physiological 

outcomes (Bradley et al., 2020). Development of M1 mAChR biased ligands may 

offer an approach to direct receptor signalling toward clinically beneficial 

outcomes, whilst avoiding pathways that lead to toxic/adverse responses. 

Previously, we developed a G protein-biased M1 mAChR mouse model, whereby 

removing receptor phosphorylation sites uncoupled the receptor from 

phosphorylation/arrestin-dependent signalling pathways (Bradley et al., 2020). 

This study emphasised the importance of the M1 mAChR phosphorylation in 

driving clinically relevant responses, such as improvements in learning and 
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memory and anxiolytic behaviour and protecting against peripheral and central 

cholinergic adverse responses.  

The clinical use of ligands with signalling bias for the treatment of disease has 

been proposed for several GPCR-targeted therapeutics. For instance, it was 

encouraged for antipsychotic drugs targeting dopaminergic receptors (Lawler et 

al., 1999), for angiotensin analogues for the treatment of heart failure was the 

produced by Trevena, TRV027 (Felker et al., 2015), and for opioid medications 

for analgesia targeting µOR (Che et al., 2021). The promise of GPCR-targeted 

biased ligands is reviewed in detail in Chapter 3.  

1.5 General aims of the thesis  

Despite significant efforts, there is an unmet clinical need for disease-modifying 

treatments that are able to prevent, slow or stop neurodegenerative conditions 

such as AD (Hou et al., 2019). Given that GPCRs are involved in virtually any 

physiological process in both the PNS and CNS, it is unsurprising that members of 

this receptor superfamily are proposed as promising targets for the treatment of 

AD and other neurodegenerative disorders. Particular focus has been placed on 

the M1 subtype of the muscarinic family, as it has long been a validated target 

for the treatment of cognitive dysfunction, given its pivotal role in memory and 

learning and promising efficacy in clinical trials for the treatment of AD (Levey, 

1996, Foster et al., 2014). Most importantly, emerging evidence has been 

pointing towards the disease-modifying potential of pharmacologically targeting 

the M1 mAChR for the treatment of neurodegeneration (Scarpa et al., 2020). 

This demonstrated there is still hope for potential new treatments for AD that 

are not only going to treat symptoms but can also modify the underlying 

pathophysiology.  

Drug discovery programmes have invested significantly in the development of 

novel M1 mAChR ligands for the treatment of neurodegenerative disease, 

significantly improving the receptor-subtype selectivity to minimise off-target 

adverse effects associated to the activation of peripheral muscarinic subtypes 

(Scarpa et al., 2020, Gregory et al., 2007, Davoren et al., 2016). However, it has 

emerged that even highly selective M1 ligands might induce unwanted adverse 

responses by activating unwanted downstream signalling pathways (Rook et al., 
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2017, Moran et al., 2018b). To tackle this issue, we propose the use of M1 

mAChR- ligands for therapeutic application that are designed to drive GPCR 

signalling pathways that lead to clinically beneficial outcomes in preference to 

ones that are likely to result in adverse responses. It is therefore important to 

define the subtle pharmacological properties of M1 mAChR ligands that drive 

adverse toxic effects (seizures) opposed to those that drive the beneficial 

therapeutic outcomes (pro-cognitive activity and disease-modification). By 

employing a novel transgenic mouse model expressing a phosphorylation-

deficient mutant M1 mAChR (M1-PD), our group found that adverse effects can 

be minimised by ensuring receptor phosphorylation (Bradley et al., 2020). My 

thesis aims to extend this study and explore the role of 

phosphorylation/arrestin-dependent signalling pathways in the context of 

neurodegenerative disease, as this will be crucial to understand the role of this 

receptor in pathology and provide further insights in the disease-modifying 

therapeutic potential of the M1 mAChR. I will therefore combine the M1-PD mice 

with mouse prion disease, an animal model for terminal neurodegeneration. To 

this end, the work presented in this thesis is based on three general aims: 

1. Investigate the M1-PD signalling in comparison to the wild-type, in vitro 

(Chapter 3) 

2. Characterise disease progression and markers of neurodegeneration and 

neuroinflammation in the mouse prion disease model (Chapter 4) 

3. Assess the impact of removing the phosphorylation/arrestin-dependent 

signalling pathway on prion neurodegenerative disease progression 

(Chapter 5) 
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Chapter 2 Materials and Methods 
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2.1 Materials 

Listed are key materials used in this project and the corresponding suppliers, 

with the product number (P/N) also detailed where possible. 

 Pharmacological compounds 

Acetylcholine chloride ≥99% (TLC) (Sigma, P/N: A6625) 

Atropine Sulphate Salt (Sigma, P/N: A-0257) 

Carbachol (Sigma, P/N: PHR1511) 

CNO – Clozapine N-Oxide (Tocris, P/N: 4636/50) 

GSK1034702 – synthetised by Eli Lilly (Windlesham, Surrey, UK) 

[3H]-NMS – Scopolamine methyl chloride, [N-methyl- 3H]-Scopolamine 

(PerkinElmer, P/N:NET636001MC) 

Pilocarpine hydrochloride (Tocris, P/N: 0694) 

 General Materials and Reagents 

Acrylamide Bis-Acrylamide Stock Solution, 30% Acrylamide (w/v) Ratio 37.5:1 

(Severn Biotech Ltd, P/N: 20-2100-10) 

Brilliant III Ultra-Fast SYBR Green (Agilent, P/N: 600882) 

Calcium chloride solution (Sigma, P/N: 21115) 

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich, P/N: 

11836170001) 

Dulbecco’s Phosphate Buffered Saline (PBS) (Thermo Fisher Scientific, P/N: 

14190094) 

EDTA 0.5M, pH 8.0 (Invitrogen, P/N: 15575-038) 

Foetal Bovine Serum (FBS) (Thermo Fisher Scientific, P/N: 10500064) 

Goat serum (Sigma, P/N: G9023) 
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HBSS - Hank's Balanced Salt Solution (Thermo Fisher Scientific, P/N: 14025-050) 

HBSS (10X) [+] CaCl2, [+] MgCl2 - Hank's Balanced Salt Solution (Thermo Fisher 

Scientific, P/N: 14025-049) 

HEPES (1M) (Gibco, P/N: 15630-080) 

Hygromycin B Solution (Santa Cruz Biotechnologies, P/N: sc-29067) 

Nutrient Mixture F-12 Ham with L-glutamine and sodium bicarbonate (Sigma, 

P/N: N6658) 

Penicillin-Streptomycin (Pen-Strep) (10,000U/mL) (Thermo Fisher Scientific, 

P/N: 15140122) 

Phosphatase Inhibitor Cocktail tablets, 20 tablets (PhosSTO EASTpack) (Sigma-

Aldrich, P/N: 04906837001) 

Poly-D-lysine (Thermo Fisher Scientific, P/N: A3890401) 

Precision Plus Protein All Blue Prestained Protein Standards (Bio-Rad, P/N: 

1610373) 

Proteinase K from Engyodontium album (Sigma, P/N: P2308) 

Triton X-100 (Sigma, P/N: T9284) 

Trypan Blue Solution (0.4%) (Sigma-Aldrich, P/N: T8154) 

Tween-20 (Sigma, P/N: P7949) 

Ultima Gold Liquid Scintillation Counting Cocktail (Perkin Elmer, P/N: 6013326) 

VECTASHIELD® Hardset™ Antifade Mounting Medium with DAPI (Vector  

Laboratories, P/N: H-1500). 

SuperSignalTM West Pico PLUS Chemiluminescent substrate (Thermo Fisher 

Scientific, P/N:34578) 

Zeocin (solution) 1 g (10 x 1 mL) (InvivoGen, P/N: ant-zn-1) 
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 Kits 

High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM, P/N: 

4368813). 

RNeasy Plus Mini Kit (Qiagen, P/N: 74134). 

Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, P/N: 23227) 

IP-One – Gαq kit HTRF® assay (CisBio; P/N: 62IPAPEC) 

Lysis & Detection Buffer (IP-One assay; CisBio; P/N: 62CL6FDF) 

 Histology materials (used at Eli Lilly and Co.) 

a Reagents 

Automation Haematoxylin (DAKO, P/N: S3301) 

Cresyl ‘Fast’ Violet (acetate; 0.1% working solution; Merck, P/N: 2381-85-3) 

ImmPACT DAB kit – 3,3’diaminobenzidine (Vector Labs, P/N: SK-4105) 

Iron Alum (10% working solution; Merck, P/N: 7783-83-7) 

Normal Goat serum (Vector Labs, P/N: S-1000) 

Shandon ClearVue Mountant XYL (Thermo Scientific) 

Solochrome cyanine (0.2% working solution; Merck, P/N: 3564-18-9) 

Vectastain Elite RTU ABC Kit – Avidin-biotin complex (Vector Labs, P/N: PK-7100) 

b Specialised equipment 

Autostainer 720 (Thermo Scientific) 

ClearVue coverslipper (Thermo Scientific) 

Imagescope software (version 12.2.1.5005; Aperio) 

Scanscope AT slide scanner (Aperio) 
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 RNAScope materials (used at Eli Lilly and Co.) 

a Probes  

Peptidylpropyl isomerase B (PPIB; housekeeping reference) – mm-ppib (ACDBio, 

P/N: 313918) 

Mouse Tumour Necrosis Factor α (TNFα) – mm-TNFα (ACDBio, P/N: 311088) 

Mouse Interleukin 1β (IL-1β) – mm-il1b (ACDBio, P/N: 316898) 

b Reagents 

Hydrogen peroxide (ACDBio, P/N: 322335) 

Protease III (ACDBio, P/N: 322337) 

Signal amplification and BROWN detection reagents (ACDBio, P/N: 322310) 

Washing buffer (ACDBio, P/N: 310091) 

50% Gill's hematoxylin I (American Master Tech Scientific, P/N: HXGHE1LT) 

 Recipes for Buffers and Solutions 

Binding assay buffer – 110 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgSO4, 25 

mM glucose, 20 mM HEPES, 58 mM sucrose. 

Blocking buffer for immunocytochemistry (CHO cells) - 2% (w/v) bovine serum 

albumin (BSA), 0.1% (v/v) Triton X-100 in TBS 

Fixing solution – 4% (w/v) Paraformaldehyde (PFA) in PBS  

IP1 Stimulation buffer – HBSS, 20mM HEPES, 1.2mM CaCl2, 30mM LiCl2; pH 7.4. 

Krebs-Henseleit buffer (KHB) – 118 mM NaCl, 4.7 mM KCl, 4 mM NaHCO3, 1.3 

mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 11.7 mM glucose, 8.5 mM HEPES. 

Laemmli sample buffer (4x) – 250 mM Tris-base, pH 6.8, 4% (w/v) SDS, 40% (v/v) 

glycerol, 10% β-mercaptoethanol and 0.04% (w/v) bromophenol blue. 

Lysis Buffer – 1 M Tris-HCl pH 7.5, 0.5 M EDTA pH 8.0, EGTA pH 8.0, 10% (v/v) 

Triton X-100, 0.1% β-mercapto-ethanol. 
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Radioimmunoprecipitation assay (RIPA) buffer – 50 mM Tris-HCl pH 8, 150 mM 

NaCl, 0.5% (w/v) sodium-deoxycholate, 1% (v/v) IGEPAL CA-630, 0.1% (v/v) SDS. 

T/E buffer - 10 mM Tris, 1 mM EDTA, pH 8.0 

TBS-Tween – TBS and 0.1% (v/v) Tween-20. 

Transfer buffer – 25 mM Tris-base, 192 mM glycine, and 20% ethanol. 

Tris Buffered Saline (TBS) - 20 mM Tris-HCl, pH 7.6, 137 mM NaCl.   

Tris-Glycine SDS Running buffer – 5 mM Tris-Cl, 250 mM glycine, 0.1% SDS. 

 List of Primary antibodies  

Antigen Species Working dilution 
Source and 

P/N 

Akt (pan) mouse 1:1000 (WB) 
Cell Signaling 
(2920) 

α-tubulin mouse 1:10,000 (WB) 
Abcam 
(ab7291) 

Apolipoprotein E (APO-E) rabbit 1:1000 (WB) 
Abcam 
(ab183596) 

β-actin mouse 1:1000 (WB) 
Abcam 
(ab6276) 

Choline 
Acetyltransferase (ChAT) 

rabbit 
1:1000 (WB), 1:500 
(IHC) 

Abcam 
(ab178850) 

Clusterin goat 1:1000 (WB) 
R&D Systems 
(AF2747) 

Early endosomal antigen 
1 (EEA1) 

rabbit 1:1000 (ICC) 
Thermo Fisher 
(PA1-063A) 

Galectin 1  mouse 1:1000 (WB) 
Abcam 
(ab138513) 

Glial Fibrillary Acidic 
Protein (GFAP) 

mouse 
1:5000 (WB), 1:1000 
(IHC) 

Sigma-Aldrich 
(G3893) 

GFAP (for avidin-biotin 
complex IHC only) 

rabbit 1:4000 (IHC) 
Biogenex 
(AR020-5R) 

Human influenza 
hemagglutinin (HA) 

rat 
1:1000 (WB), 1:500 
(IHC), 1:1000 (ICC) 

Roche 
(12158167001) 

Ionized calcium binding 
adaptor molecule 1 
(Iba1) 

rabbit 
1:1000 (WB), 1:500 
(IHC) 

Thermo Fisher 
(PA5-27436) 

Iba1 (for avidin-biotin 
complex IHC only) 

rabbit 1:4000 (IHC) 
Abcam 
(ab178846) 

Microtubule-associated 
protein 2 (MAP2) 

chicken 
1:5000 (WB), 1:1000 
(IHC) 

BioLegend 
(822501) 

Neuronal Nucleus (NeuN) mouse 
1:1000 (WB), 1:1000 
(IHC) 

Millipore 
(2159655 
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Prion protease resistant 
protein 27-30 (for avidin-
biotin complex IHC only) 

rabbit 1:400 (IHC) 
Abcam 
(ab187555) 

p38 MAPK  rabbit 1:1000 (WB) 
Cell Signaling 
(9212) 

p44/42 MAPK (Erk1/2) rabbit 1:1000 (WB) 
Cell Signaling 
(9102) 

Phospho-Akt (S473) rabbit 1:1000 (WB) 
Cell Signaling 
(9271) 

Phospho-p38 MAPK 
(T180/Y182)  

mouse 1:1000 (WB) 
Cell Signaling 
(9216) 

Phospho-p44/42 MAPK 
(Erk1 (Y204)/Erk2 
(Y187)) 

mouse 1:1000 (WB) 
Cell Signaling 
(5726) 

Phospho-SAPK/JNK 
(T183/Y185) 

mouse 1:1000 (WB) 
Cell Signaling 
(9255) 

Postsynaptic density 
protein 95 (PSD95) 

rabbit 1:2000 (WB) 
Abcam 
(ab18258) 

Prion protein (PrP)  mouse 1:1000 (WB) 
Abcam 
(ab61409) 

SAPK/JNK rabbit 1:1000 (WB) 
Cell Signaling 
(9252) 

SerpinA3N  goat 1:1000 (WB) 
R&D Systems 
(AF4709) 

SynapsinI rabbit 1:2000 (WB) 
Abcam 
(ab64581) 

Sodium Potassium 
ATPase 

rabbit 1:10,000(WB) 
Abcam 
(ab76020) 

Vimentin mouse 
1:2000 (WB), 1:2000 
(IHC) 

R&D Systems 
(MAB21052) 

Table 2-1 List and description of primary antibodies. Primary antibodies are listed according to their 
antigen, and details include species they are made in, working dilutions for western blot (WB), 
immunohistochemistry (IHC) or immunocytochemistry (ICC), and purchase details.  

 List of Secondary antibodies (western blot) 

Antibody Working Dilution Source and P/N 

IRDye 800CW Donkey anti-

Chicken igG (H+L) 
1:10,000 

LI-COR Biotechnology (926-

32218) 

IRDye 680LT Donkey anti-

Mouse IgG (H+L) 
1:10,000 

LI-COR Biotechnology (926-

68022) 

IRDye® 800CW Donkey anti-

Mouse IgG (H + L) 
1:10,000 

LI-COR Biotechnology (926-

32212) 

Goat Anti-mouse IgG (H+L)-

HRP Conjugate 
1:4000 Bio-Rad (1721011) 
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IRDye 800CW Donkey anti-

Rabbit IgG (H+L) 
1:10,000 

LI-COR Biotechnology (926-

32213) 

IRDye® 800CW Goat anti-Rat 

IgG (H + L) 
1:10,000 

LI-COR Biotechnology (926-

32219) 

Anti-Rat IgG (H+L)-HRP 

Conjugate 
1:4000 Bio-Rad (5204-2504) 

Table 2-2 List and description of secondary antibodies for western blots.  The working 
solutions were made in 5% milk in TBS-T. 

 List of Secondary antibodies (Immunohistochemistry and 
Immunocytochemistry) 

Antibody Working dilution Source and P/N 

AlexaFluorTM 488 goat 

anti-rat IgG (H+L) 
1:400 Invitrogen (A11006) 

AlexaFluorTM 594 goat 

anti-mouse IgG (H+L) 
1:400 Invitrogen (A11005) 

AlexaFluorTM 488 goat 

anti-mouse IgG (H+L) 
1:400 Invitrogen (A11001) 

AlexaFluorTM 488 goat 

anti-rabbit IgG (H+L) 
1:400 Invitrogen (A11008) 

AlexaFluorTM 594 goat 

anti-chicken IgY (H+L) 
1:400 Invitrogen (A11042) 

AlexaFluorTM 594 goat 

anti-rabbit IgG (H+L) 
1:400 Invitrogen (A11012) 

Biotinylated goat anti-

mouse IgG 
1:200 Vector Labs (BA-9200) 

Biotinylated goat anti-

rabbit IgG1 
1:200 Vector Labs (BA-1000) 

Table 2-3 List and description of secondary antibodies for immunohistochemistry and 
immunocytochemistry 

 List of Primers 

Primer Template Primer assay name Source and P/N 

CD86 (mouse) Mm_Cd86_1_SG Qiagen (QT01055250) 

Chrm1 (mouse) Mm_Chrm1_1_SG Qiagen (QT00282527) 

Gfap (mouse) Mm_Gfap_1_SG Qiagen (QT00101143) 

IL-1β (mouse) Mm_Il1b_2_SG Qiagen (QT01048355) 

IL-4 (mouse) Mm_Il4_1_SG Qiagen (QT00160678) 

IL-6 (mouse) Mm_Il6_1_SG Qiagen (QT00098875) 

IL-10 (mouse) Mm_Il10_1_SG Qiagen (QT00106169) 

IL-11 (mouse) Mm_Il11_1_SG Qiagen (QT00122122) 
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IL-13 (mouse) Mm_Il13_1_SG Qiagen (QT00099554) 

Prion protein (mouse) Mm_Prnp_1_SG Qiagen (QT00101080) 

TNF-α (mouse) Mm_Tnf_1_SG Qiagen (QT00104006) 

α-tubulin (mouse) Mm_Tuba1b_1_SG Qiagen (QT00198877) 

Table 2-4 List and description of primer assays for quantitative PCR. 

 Specialised equipment 

Immunoblotting apparatus - power supplies, gel casting apparatus, 

electrophoresis chamber etc. from the Bio-Rad Mini-PROTEAN range (Bio-Rad 

Laboratories Ltd.) 

FLUOstar OPTIMA Microplate Reader (BMG Labtech) 

LI-COR Odyssey Sa Infrared Imaging System (LI-COR Biosciences) 

Liquid Scintillation Counter (Beckman Coulter, UK LS6500) 

QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific) 

2.2 Cell culture  

 Generation of CHO Flp-InTM cell lines 

Chinese Hamster Ovary (CHO) cells were previously generated using the Flp-InTM 

system to stably and constitutively express HA-tagged versions of the following 

receptors: 

1) M1-WT: mouse wild type M1 mAChR  

2) M1-PD: phosphorylation-deficient (PD) mutant of the mouse M1 mAChR  

3) M1-DR: designer receptor exclusively activated by designer drugs 

(DREADD) of the human M1 mAChR  

4) M1-PD DR: PD, DREADD of the human M1 mAChR  

CHO Flp-In cells were co-transfected with pcDNA5FRT containing the M1 mAChR 

and pOG44, and transfected cells were selected with hygromycin B (Butcher et 

al., 2016). To facilitate detection of the receptors, an haemagglutinin (HA) 

epitope tag was fused to the C-terminus of the receptors.  
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 CHO cell line maintenance  

CHO cells were cultured at 37°C and 5% CO2 in a humidified atmosphere and 

grown to confluence in Nutrient Mixture F12 Ham containing 10% foetal bovine 

serum (FBS), and penicillin/streptomycin (100 U/mL). For non-transfected CHO 

cells expressing flippase (Flp-In), the media was supplemented with 1µg/mL 

Zeocin (InvivoGen), and for stably transfected Flp-In CHO cell lines 0.4µg/mL 

hygromycin (Santa Cruz Biotechnologies) was added. 

To passage cell lines, the respective culture medium was aspirated, and cells 

were washed with sterile Dulbecco’s PBS (Thermo Fisher Scientific), followed by 

incubation with PBS-EDTA for approximately 5 min at 37˚C. Upon detachment of 

cells from the culture vessel, culture medium was added, and the cell 

suspension was transferred to a centrifuge tube to spin for 2 min at 1000 x g. 

After discarding the supernatant, the cell pellet was resuspended in a volume of 

fresh media required to achieve 10x the desired dilution for cell passaging. The 

cell suspension was then transferred into a sterile culture vessel with an 

appropriate volume of fresh culture medium added to achieve the desired 

dilution.  

 Determination of cell viability  

Live cell counts were performed through trypan blue staining and manual 

haemocytometer counting. Cell suspensions were gently mixed and combined 

with 0.4% trypan blue (1:1). This dye penetrates and bypasses the plasma 

membrane of severely damaged and dead cells and stains them blue thereby 

allowing the determination of cell viability by observation using a light 

microscope. Through manual counting with a haemocytometer, an estimation of 

total number of living cells per mL suspension was obtained. Typically, >90% of 

cells were deemed viable. 

 Cryopreservation 

Cell lines were cryopreserved for long-term storage in liquid nitrogen or in -80˚C 

freezers. Confluent cells were detached by incubating with PBD-EDTA and 

subjected to centrifugation at 1000 x g for 5 min. The pellet was resuspended in 

FBS + 10% (v/v) DMSO (1 mL per T75 flask) and 1 mL aliquots frozen at − 80°C 
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before transferring to liquid nitrogen storage. Cryopreserved cells were revived 

by thawing rapidly in a 37°C water bath and transferring to 10 mL pre-warmed 

culture medium in a flask. Cells were split after 16-24h. 

2.3 Pharmacological and functional assays 

 [3H]-NMS Saturation Binding Assay 

Cells were plated at 50,000 cells/well on clear 24-well plates and grown to 

confluence over 48 hours. After two washes with warm binding assay buffer, cell 

monolayers were incubated for two hours at 37°C with binding assay buffer 

containing increasing concentrations of the tritiated radioligand [3H] N-methyl 

scopolamine ([3H]-NMS). After two washes with 0.9% NaCl to remove unbound 

ligand, cells were solubilised with 0.1 M NaOH, and transferred to scintillation 

vials. Bound radioactivity was determined by liquid scintillation (Ultima Gold; 

PerkinElmer, Boston, MA) counting. Nonspecific binding (N.S.B.) was determined 

in the presence of 10 μM atropine. Data were analysed using GraphPad Prism 7 

to obtain non-linear regression curves. 

 Receptor Internalisation Assay 

Cells were plated at 50,000 cells/mL on clear 24-well plates and grown to 

confluence. Cell monolayers were washed twice with warmed PBS and incubated 

with serum-free F12 medium at 37°C in a humidified atmosphere of 5% CO2 in 

air. Two versions of this assay were performed to generate a time-course or a 

concentration-response curve for receptor internalisation in response to ligands. 

For the time-course receptor internalisation assay, the ligands were added at 

consistent concentration of 100 μM but stimulated for increasing amount of time 

periods in a reverse time-course manner (4 hours, one hour, 30 min, 15 min, 5 

min, 0 min). For the concentration-response curve internalisation assay, ligands 

were added for one hour but with increasing concentrations. Following 

incubation with the test compounds at 37°, cells were transferred to an ice bath 

and washed twice with ice-cold Krebs-Henseleit buffer (KHB). Cells were then 

incubated overnight (16 hours) at 4°C with a saturating concentration of [3H]-

NMS (3 nM) to label cell-surface receptors. After radiolabelling, cells were 

washed twice with ice-cold KHB to remove unbound radioligand, solubilised with 

0.1 M NaOH, and transferred to scintillation vials. Bound radioactivity was 
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determined by liquid scintillation (Ultima Gold; PerkinElmer, Boston, MA) 

counting. N.S.B. was determined in the presence of 10 μM atropine. Data are 

shown as a percentage of [3H]-NMS specific binding normalised to the basal.  

 IP1 Accumulation Assay (CHO cells) 

Gαq protein signalling was determined by measuring inositide signalling pathway 

through the detection of the by-product inositol-1-phosphate (IP1) accumulation 

using the IP1 HTRF® assay kit (CisBio). Cells were plated on 96-well plates at 

40,000 cells/well of seeding density and grown for 24 hours prior to the assay. 

Cells were washed and incubated (90 µL) in IP1 stimulation buffer (Hank’s 

Balanced Salt Solution (HBSS) w/o phenol red containing 20 mM HEPES, 1.2 mM 

CaCl2; 30 mM LiCl; pH7.4) for one hour at 37˚C prior drug treatments. 10X 

concentrated test compounds were added (10 µL/well) to the 96-well plates and 

incubated at 37°C for one hour. Following the treatment, the stimulation buffer 

was removed, and lysis buffer (IP-One assay kit, CisBio) was added (40 µL/well). 

Following 10 min-incubation on a shaker at 600 rpm, cell suspensions (7µL/well) 

were added to 384-well white proxiplates (PerkinElmer). The IP1-d2 conjugate 

and the anti-IP1 cryptate Tb conjugate (IP-One Tb™ assay kit, CisBio) were 

diluted together 1:40 in lysis buffer and 3 µL of the antibody mix were added to 

each well. The plate was incubated at 37°C for 1-24 hours and FRET between 

d2-conjugated IP1 (emission at 665 nm) and Lumi4™-Tb cryptate conjugated 

anti-IP1 antibody (emission at 620 nm) was detected using a CLARIOstar plate 

reader (BMG Labtech). Results were calculated from absorbance ratio at 665/620 

nm and normalised to the maximal response stimulated at the reference 

receptor (M1-WT or M1-DR), or compound (ACh or CNO), as stated. 

 Immunocytochemistry for receptor internalisation 

CHO cells were grown for 24 hours to achieve 60-80% confluence on 13 mm glass 

coverslips coated with 0.01% poly-D-lysine. Cells were stimulated with 100 µM 

carbachol (M1-WT and M1-PD) or CNO (M1-DR or M1-PD DR) for one hour, briefly 

transferred on ice to prevent further receptor trafficking and fixed using 4% PFA. 

After fixation, cells were blocked and permeabilised using 2% BSA in TBS-Triton 

X-100 (0.1%). Incubation with primary antibodies was carried out at 4°C 

overnight or at room temperature for two hours. Following three washes with 
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TBS buffer, AlexaFluor secondary antibody incubation (1:400 dilution in TBS) was 

conducted in the dark for two hours at room temperature. Following three quick 

washes with TBS to remove any residual antibodies, coverslips were mounted on 

glass slides using VECTASHIELD HardSet Antifade Mounting Medium with DAPI, let 

dry overnight at 4°C and sealed using nail varnish. Slides were stored at 4°C in 

the dark until imaging. Imaging was conducted using a Zeiss confocal microscope 

(63x objective) using the same settings for each separate experiment. Co-

localisation coefficients were obtained through Zeiss Black software, where they 

are calculated using Manders’ formula (see 2.9.3). 

2.4 Immunoblotting 

 Sample preparation for immunoblotting 

a Preparation of lysates from cultured cells 

Cells were cultured to confluence on 6-well tissue culture plates and, following 

two washes with ice-cold PBS, cells are lysed in 500 µL per well of lysis buffer. 

Samples were collected by scraping on ice and centrifuged at 15,000 rpm for 15 

min at 4°C. Resulting supernatant was extracted and protein concentration was 

measured using BCA assay (see d). Following preparation, cell lysates were 

added to 4X Laemmli sample buffer to give 1X final concentration. Samples were 

heated at 37°C for 30 min and briefly centrifuged before loading on a gel.  

b Homogenate preparation 

Frozen tissue was homogenised in ice-cold RIPA buffer with one tablet of each 

protease inhibitor cocktail and phosphatase inhibitor cocktail using a sonicator 

at amplitude 3-5 Hz. The homogenate was mixed for 30 min at 4°C and 

centrifuged at 21000 x g for 15 min. Resulting supernatant was collected, and 

following BCA assay to measure protein concentration, the sample was diluted in 

RIPA buffer (containing protease and phosphatase inhibitor cocktails) to a 

concentration of 4 µg/µL and stored at -80°C until use. 

c Membrane extract preparation 

Frozen hippocampi and cortices were homogenised by sonication at 3-5 µg 

amplitude in 500 µL of T/E buffer containing proteinase and phosphatase 
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inhibitors. Samples were then centrifuged at 10,000 x g for 10 min at 4 °C. 

Supernatants were mixed with additional 500 µL T/E buffer and centrifuged at 

15,000 x g for 1 hour at 4 °C. The pellets were then solubilised in 400 µL of RIPA 

buffer including phosphatase and proteinase inhibitors and incubated for at least 

2 hours at 4°C with end-over-end rotation. After centrifugation of samples at 

14,000 x g for 10 min at 4°C, the supernatants (membrane extracts) were 

transferred to fresh microcentrifuge tubes and stored at -80°C until use. Protein 

concentrations were determined by using the Micro BCA protein assay reagent 

kit according to the manufacturer’s instructions. 

d BCA protein assay 

When appropriate, a BCA protein assay was employed to measure protein 

concentrations. 10 μL of each unknown protein sample (tissue samples were 

diluted 1:10 in RIPA buffer) and a range of BSA protein standards (0-10 mg/mL) 

in duplicate were combined with the manufacturer’s BCA assay mix, and 

incubated at 37°C for 30 min. The absorbance at 562 nm was recorded using a 

microplate reader. 

 SDS-PAGE 

Polyacrylamide resolving gels were cast using the Bio-rad mini-Protean III 

equipment. The final percentage of acrylamide was determined by the size of 

the protein of interest, typically 8% for proteins >60 kDa and 12% for proteins 

<60 kDa. Other components were 375 mM Tris (pH 8.8), 0.1% SDS (w/v), 0.1% APS 

(w/v), and 200 nM TEMED, diluted in distilled water. Typical gel thickness was 

1.5 mm. The stacking gel was cast on top of the resolving gel once it had set. 

The reagents required to make this gel were the same as the resolving gel, but 

at a final concentration of 5% acrylamide, 125 mM Tris (pH 6.8), 0.1% SDS (v/v), 

0.1% APS(v/v), and 200 nM TEMED. Samples were usually electrophoresed in Tris-

glycine SDS running buffer starting at 60 V, and at 150 V once the samples 

reached the end of the stacking gel (~30 min).  

 Probing and detection  

Following SDS-PAGE, nitrocellulose membranes and gels were equilibrated in 

transfer buffer for 5 min, the gel was placed in direct contact with a membrane 
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within a tight sandwich of transfer sponges and 1 mm Whatman chromatography 

paper in a transfer cassette. This in turn was placed within a transfer tank that 

was filled with transfer buffer, and transfer was allowed for 2 hours at constant 

voltage of 60 V. Then, membranes were incubated in 5% (w/v) non-fat milk 

powder in TBS-T for 30-45 min at room temperature to block nonspecific binding 

sites. Blocked membranes were incubated with primary antibody at 4°C 

overnight or room temperature for 2 hours, and blots were subsequently washed 

with TBS-T and incubated for one hour at room temperature with the relevant 

secondary antibody. Following TBS-T washes, proteins were visualised using 

LICOR Odyssey SA scanner using the appropriate lasers, or with the ECL 

detection system. 

 Proteinase K Digestion 

For assessing levels of scrapie prion protein (PrPSc), brain tissues were 

homogenised in RIPA buffer (as described above) and digested with proteinase K 

prior western blotting. Homogenates (40 μg) were incubated with 0.01 mg/mL of 

proteinase K for 10 min at 37°C, then re-suspended into Laemmli sample buffer 

(containing 20% β-mercaptoethanol) to achieve a concentration of 0.3 μg/μL. 

Normally (unless otherwise stated) 30 μL of samples were loaded onto a 12% 

acrylamide gel, and western blotting was conducted as described above.  

2.5 Gene expression analysis 

 RNA extraction from brain tissue 

RNA extraction was performed from frozen brain tissue using the Qiagen RNeasy 

Plus Mini kit as per manufacturer instructions. Briefly, following homogenisation 

in RLT Buffer containing 10% β-mercaptoethanol, the homogenate was 

centrifuged at 10,000 x g for 30 sec in a gDNA eliminator column. The aqueous 

phase containing RNA was collected and mixed with 70% ethanol, then applied to 

a RNeasy Mini spin column and subjected to centrifugation at 8000 x g for 15 sec 

at room temperature. The flow-through was discarded and the column was 

washed with guanidine containing stringent wash buffer, then washed with mild 

wash buffer, centrifuging for 2 min after the final wash to remove residual 

ethanol. RNA was eluted in 30-40 µL nuclease-free water. 
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a Determination of RNA concentration 

RNA concentration was determined by measuring absorbance at 260 nm using a 

Nanodrop spectrophotometer. RNA purity was assessed accordingly the 

absorbance ratios at 230/260 nm and 260/280 nm, with ratios of 1.8–2.2 

considered pure. RNA was stored at –80°C until use. 

 Reverse transcription (RT) 

For cDNA synthesis, extracted RNA was reverse transcribed using a High-Capacity 

cDNA Reverse Transcription Kit with RNase Inhibitor (Applied BiosystemsTM, P/N: 

4368813). 20 µL reactions were set up in PCR tubes as follows; 10 µL of total RNA 

template (1 µg) was mixed with 10 µL of reaction mix containing the following 

components: 

− 1x RT buffer,  

− 50 units MultiScribe Reverse Transcriptase 

− 4 mM dNTP Mix  

− 1x RT random primers  

− RNAse-free water  

Reaction mixtures were incubated in a thermal cycler using the following 

conditions:  

1. Annealing  10 min 25°C 

2. Extension  120 min 37°C 

3. Inactivation  5 min  85°C 

4. End    ∞  4°C  

Each reaction was performed in the presence and absence of RT enzyme (-RT 

control). cDNA samples were stored at -20°C until quantitative real-time (qRT)-

PCR was performed.  

 Quantitative Real-Time PCR (qRT-PCR) 

qRT-PCR was conducted using Brilliant III Ultra-Fast SYBR® Green QPCR Master 

Mix (Agilent). The primer assays used are detailed in Table 2-4. Each reaction 

was set up in a total volume of 14 µL in duplicate or triplicate in 384-well 
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MicroAmp® Optical PCR plates (Life Technologies) using the following 

components:  

− 7 µL SYBR Green Master Mix 

− 1.4 µL primers (10 μM stock) 

− 1.4 µL RT product (or –RT control sample) 

− RNAse-free water 

Plates were read on a QuantStudioTM 5 Real-Time PCR System (Thermo Fisher 

Scientific) using the fluorescence channel for SYBR Green. The amplification 

cycles were set up using the following conditions:  

1. Preheating   3 min  95°C 

2. Denaturing    5 sec  95°C 

3. Annealing    12 sec  60°C 

4. Repeat steps 2–3 (x40)  

Followed by the following conditions to produce a melt curve:  

1. Heating    1 sec  95°C 

2. Annealing    20 sec  60°C 

3. Heating    1 sec  95°C 

Comparative cycle threshold (CT) values were obtained using QuantStudioTM 

Design and Analysis software (Thermo Fisher Scientific). 

2.6 Histology 

 Tissue harvest and preparation for histology 

Mice were anaesthetised with 3% isoflurane (2L/min O2) and transcardial 

perfused with 20 mL of ice-cold PBS followed by 20 mL of freshly prepared 4% 

PFA (unless otherwise stated). Following perfusions, brains were immediately 

removed and further fixed in 4% PFA at room temperature for 24-72h and stored 

in PBS with 0.02% sodium azide at 4˚C until tissue processing.  
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 Tissue processing 

All the brains were processed by the University of Glasgow Histology Research 

service (Veterinary Diagnostic services) using the following overnight (17 hours) 

protocol: 

1. Ethanol  1 hour (4x) 

2. Ethanol  1.5 hour 

3. Ethanol  2 hour 

4. Xylene   1 hour (2x) 

5. Xylene   1.5 hour 

6. Paraffin wax   2 hours (3x) 

At the University of Glasgow, paraffin-embedded brains were sagittally cut in 3 

µm sections using a Thermo Shando HM340 rotary microtome by the University of 

Glasgow Histology Research service and baked in a 37ºC oven overnight.  

At Eli Lilly and co., paraffin-embedded brains were sagittally cut by me in 6 µm 

sections using a rotatory microtome and air-dried at 45 ºC on a heated platform 

for at least 24 hours. Dry sections could then be stored at room temperature 

until required.  

 Deparaffinisation and rehydration of brain sections 

For experiments conducted at the University of Glasgow, deparaffinisation and 

rehydration were performed by the University of Glasgow Histology Research 

service using the following conditions:  

1. Histoclear (a Xylene substitute) to de-wax 5 min 

2. 100% Ethanol      5 min (2x) 

3. 70% Ethanol       5 min 

4. Water       5 min 

For experiments conducted at Eli Lilly and co., deparaffinisation and rehydration 

were conducted by me using the following protocol: 

1. Xylene      5 min (3x)  

2. Industrial Methylated Spirit (IMS)  5 min (2x) 
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3. 70% IMS     5 min  

4. Water      5 min 

Following deparaffinisation and rehydration, sections were subjected to either 

antigen retrieval for immunohistochemistry, or solochrome cyanine or 

haematoxylin and eosin staining (H&E) staining.  

 Heat-induced epitope retrieval 

At the University of Glasgow, antigen retrieval was performed by the University 

of Glasgow Histology Research service using a Menarini Access Retrieval Unit 

with Sodium Citrate buffer (pH 6.0) for 1 min 40 sec at 125⁰C full pressure.  

At Eli Lilly and co., antigen retrieval was performed by heat-induced epitope 

retrieval at 100°C for 20 min – unless stated otherwise – using Lab Vision PT 

Module (Thermo Fisher Scientific) in Citrate Buffer. For immunohistochemical 

staining of PrPSc, antigen retrieval was performed at approximately 100°C in 

deionised water for 30 min using a vegetable steamer (Russel Hobs). 

 Solochrome staining  

Rehydrated sections were stained using the following conditions: 

1. Solochrome cyanine (0.2% in distilled water) 12-15 min 

2. Running tap water      5 min 

3. 10% Iron Alum (Ferric Ammonium Sulphate)  2 min max (3x) 

4. Running tap water     5 min 

5. Cresyl ‘Fast’ Violet (acetate)    Time depends on  

desired staining intensity  

Following solochrome cyanine staining, section dehydration was carried out by 

short incubations (incubation times varied depending on the stain retention) 

through an alcohol gradient as follows: 

1. Water    1 min 

2. 70% IMS    10 sec 

3. 100% IMS    20-30 sec (3x) 

4. Xylene    1-2 min (3x)  
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Slides were coverslipped using Shandon ClearVue Mountant XYL and ClearVue 

coverslipper (Thermo Scientific). Stained slides were scanned and digitized using 

a Scanscope AT slide scanner (Aperio) at 20x magnification and viewed using 

Imagescope software (version 12.2.1.5005; Aperio). 

 Selection of levels for histological analysis 

PFA (4%)-perfused and fixed brains from Tg37 control or prion mice were 

paraffin wax-embedded and the left hemisphere was sagittally sectioned using a 

rotary microtome. From the middle segment, 6 µm serial sections were cut from 

bregma 0 to approximately lateral 3 mm and mounted on glass slides (three 

sections per slide). One slide with sections every 15 consecutive slides (every 

250-270 µm approximately, taking sectioning errors and waste into account) 

were stained using solochrome cyanine to enable the observation of relevant 

brain structures (Figure 2-1). Solochrome cyanine (also called eriochrome 

cyanine R, chromoxane cyanin R and chromoxane B)  is a polycyclic aromatic 

sulfonic acid which has been employed as a histological stain to demonstrate a 

number of tissue elements such as osteoid in bone and myelin in neural tissues 

(Kiernan, 1984, Kiernan, 2007).  

Solochrome cyanine staining informed the choice of the appropriate sagittal 

anatomical levels that would allow the view of many regions of interest for 

further histopathological analyses (Figure 2-1B). Two levels were picked for two 

main reasons: 1) to determine whether the spread of pathology differs laterally 

across the brain; 2) many of the regions are viewed better in separate planes, 

for example the fornix (f) is visible in bregma lateral 0.72mm whereas the 

caudate putamen (CPu; the mouse equivalent of the human striatum) is best 

viewed in bregma lateral 1.68mm. The brain structures that can be identified at 

these levels include anterior commissure (ac), caudate putamen (CPu), cortex 

(ctx), corpus callosum (cc), dorsal subiculum (DS), fornix (f), hippocampus (hpc), 

hypothalamus (HTh), midbrain (mb), medulla (md), pons (Pn), substantia nigra 

(SNR), thalamus (Th), and vestibule (Ve). 
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Figure 2-1 Anatomical brain structures of hemizygous Tg37 mice visualised by solochrome 
cyanine staining. (A) Representative examples of solochrome cyanine staining of sagittal sections 
every 250-270 µm approximately (accounting for sectioning errors and waste) enabled the staining 
of myelin sheaths and the visualisation of anatomical structures. (B) Representative images of 
sagittal anatomical levels at bregma lateral 0.72 mm and 1.68mm. The brain structures that can be 
identified at these levels include anterior commissure (ac), caudate putamen (CPu), cortex (ctx), 
corpus callosum (cc), dorsal subiculum (DS), fornix (f), hippocampus (hpc), hypothalamus (HTh), 
midbrain (mb), medulla (md), pons (Pn), substantia nigra (SNR), thalamus (Th), and vestibule (Ve). 
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 Haematoxylin and eosin staining (H&E) 

Following sample rehydration (sections to water), H&E staining was performed 

by the University of Glasgow Histology Research service using the following 

protocol:  

1. Haematoxylin (Gill) for 5 mins 

2. Wash in water 

3. Differentiate in 1% acid alcohol 

4. Wash in water 

5. Wash in Blue in Scotts tap water substitute (STWS) (regional) 

6. Eosin (Putts) for 5 mins 

7. Wash in water 

8. Dehydrate, clear and mount in synthetic resin mounting media 

Images showing the whole brain were taken with a x4, and the hippocampus 

using x20 or 40x objectives on a Zeiss EVOS FL Auto 2. 

 Immunohistochemistry (Avidin-biotin complex method) 

Immunohistochemistry using the avidin-biotin complex detection method was 

conducted at Eli Lilly and co. using an autostainer (720, Thermo Scientific) 

following steps below:  

1. 0.3% H2O2          10 min 

2. Normal goat serum (Vector Labs)      30 min 

3. Primary antibody (see Table 2-1 for details)    60 min 

4. Secondary antibody (see Table 2-3 for details)    30 min 

5. Avidin-biotin complex solution (Vectastain Elite RTU ABC kit) 30 min  

6. 3,3′-diaminobenzidine (ImmPACT DAB kit)     5 min 

7. Haematoxylin (for counterstaining)      5 min  

Dehydration was carried out by incubations through an alcohol gradient as 

follows: 

1. Warm water    5 min 

2. 70% IMS    5 min 

3. 100% IMS    5 min (2x) 
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4. Xylene    5 min (3x) 

Following cover slipping of slides as described above (2.6.5), slides were 

scanned, and images were digitised with Scanscope AT slide scanner (Aperio) at 

20x magnification. Visualization of the digitized tissue sections and delineation 

of the regions of interest were achieved using Imagescope software (version 

12.2.1.5005; Aperio). Positivity was quantified automatically using a positive 

pixel algorithm calibrated to ignore non-specific staining. 

 Immunohistochemistry (fluorescence) 

Following antigen retrieval, sections were washed in TBS with 0.1% triton x-100, 

and blocked overnight at 4°C in TBS, 0.1% triton X-100, 10% goat serum and 1% 

BSA. Incubation with primary antibodies was conducted in blocking buffer 

overnight at 4°C or for two hours at room temperature. Following three washes, 

slides were incubated with Alexa Fluor fluorescent secondary antibodies (see 

Table 2-3) for 2 hours at room temperature in blocking buffer. Following three 

washes, slices were mounted on glass slides using VECTASHIELD HardSet Antifade 

Mounting Medium with DAPI, let dry overnight at 4°C and sealed using nail 

varnish. All images were taken using a LSM 880 confocal laser scanning 

microscope (Zeiss).  

 RNAScope 

RNAScope experiment were conducted at Eli Lilly and co. using a BOND RX Fully 

Automated Research Stainer (Leica) set up with the following steps: 

Deparaffination 

1. Bake at 60˚C for 30 min  

2. BOND dewaxing solution at 72˚C for 30 seconds 

Antigen retrieval 

3. ER2 (EDTA buffer pH 9.0) at 95˚C for 15 min 

4. BOND wash solution 4x, rapid washes no incubation 

5. BOND wash solution 1x, 3 min incubation 

Protease and hydrogen peroxide treatment 

6. ACD enzyme (protease) 40˚C for 15 min 

7. BOND wash solution 3x, rapid washes no incubation 
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8. Hydrogen peroxide for 10 min 

9. BOND wash solution 3x, rapid washes no incubation 

Probe application 

10. Probe application 42C for 120 min 

Amplification using signal amplification and detection reagents (ACDBio, P/N: 

322310). Before adding each AMP reagent, samples were washed twice with 

washing buffer (ACDBio, P/N: 310091) 

11. AMP 1 for 30 min 

12. AMP 2 for 15 min 

13. AMP 3 for 30 min 

14. AMP 4 for 15 min 

15. AMP 5 for 30 min 

16. AMP6 for 15 min 

Chromogen reaction and hematoxylin staining 

17. BOND wash solution 4X, 1 min each wash 

18. RNAscope 2.5 LSx Rinse 2X, 5 min each  

19. Mixed red refine-LSx for 1 min 

20. Mixed red refine-LSx for 10 min 

21. BOND wash solution 4X, rapid washes no incubation 

22. RNAscope 2.5 LSx hematoxylin for 5 min 

23. Deionized water 6X, rapid washes no incubation  

24. RNAscope 2.5LSx bluing solution for 5 min 

25. Deionized water 6X, rapid washes no incubation  

Slides were then coverslipped using Shandon ClearVue Mountant XYL and 

ClearVue coverslipper (Thermo Scientific). The stained slides were scanned and 

digitized using the Scanscope AT slide scanner (Aperio) at 20x magnification and 

viewed using Imagescope software (version 12.2.1.5005; Aperio). 

2.7 Experimental animals 

 Ethics statement 

All procedures were conducted in accordance with the Animals (Scientific 

Procedures) Act 1986 under personal licence IFC7EAB62, held by the 
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undersigned, and project licence 70/8473 or PP7704105, held by Prof Andrew B. 

Tobin (University of Glasgow). 

 Mouse maintenance and diet 

Mice were fed ad libitum with a standard mouse chow. The mAChR knockout 

mice were backcrossed for at least 10 generations onto the black C57BL6/NTAC 

background. The Tg37 mouse line that overexpresses mouse PrPn has been 

described previously (Mallucci et al., 2003). 

 Generation of knock-in animals 

For the generation of knock-in mice was carried out by Genoway using a Cre/lox 

system. Briefly, constructs containing the loxP-Stop-loxP cassette upstream of a 

sequence encoding for the HA-tagged (C-terminus) version of the M1-WT and M1-

PD receptors, were generated and inserted within the encoding exon (exon 3) of 

the M1 mAChR gene (Chmr1) of C57BL/6 mice. The M1-PD is the coding sequence 

of the mouse M1 mAChR with mutations in the third intracellular loop and C-

terminal tail that replace 20 serine/threonine residues with alanine (Butcher et 

al., 2016, Bradley et al., 2020) (Figure 3-2). Targeted constructs were 

transfected in embryonic stem cells which were injected into blastocysts for the 

generation of chimeric mice. Breeding of chimeras with C57BL/6 and Cre-

recombinase expressing mice allowed the generation of heterozygous mice, 

which were in turn bred for the generation of homozygous lines. 

 Prion infection of mice  

Mice aged 3 to 4 weeks were inoculated by intracerebral injection into the left 

parietal lobe with 1% brain homogenate (20 µl) infected with Rocky Mountain 

Laboratory (RML) prion as described previously (Mallucci et al., 2003). Inoculum 

of RML prion-infected brain homogenate were derived from RML mouse-passaged 

scrapie prions that were originally derived from the “drowsy goat” line 

(Kimberlin and Walker, 1978, Chandler, 1961). Inoculations were conducted 

using a free-hand injection method by the animal technician to maximise 

consistency. Control mice received 1% normal brain homogenate (NBH) (20 µl).  
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 Tissue harvest 

Cerebral tissues (cortex, hippocampus, and striatum) were harvested at sacrifice 

by cervical dislocation. Harvested tissues were snap frozen in dry ice and stored 

at − 80°C until use. 

2.8 Behavioural observations 

 Symptom scoring and survival studies  

Prion-infected mice were scored according to the appearance of recognised 

early indicator and confirmatory signs of prion disease. Early indicator signs 

included piloerection, sustained erect ears, erect penis, clasping of hind legs 

when lifted by tail, rigid tail, unsustained hunched posture, mild loss of 

coordination, and being subdued. Confirmatory signs of prion disease included 

ataxia, impairment of righting reflex, dragging of limbs, sustained hunched 

posture, and significant abnormal breathing. Symptom onset was established 

with the appearance of at least two of the early indicator signs of disease, 

whereas mice were culled when they developed clinical disease which was 

determined by the appearance of two early indicator signs plus one confirmatory 

sign or of two confirmatory signs alone.  

 Burrowing 

Assessment of burrowing on control and prion infected M1-WT and M1-PD mice 

was conducted from 9 weeks post inoculation (w.p.i.). The burrowing test 

involved mice being placed into individual cages with a plastic cylinder filled 

with 140 g of food pellets. Food remaining in the cylinders after 2 hours was 

weighed and the amount displaced (“burrowed”) was calculated. Prior to the 

burrowing test, mice were placed in the burrowing cage for a 2-hour period. The 

test was then repeated on a weekly basis. 

 Fear conditioning 

For behavioural testing of control and prion infected Tg37 mice, 9 w.p.i. male 

mice were used. For control or prion infected M1-WT and M1-PD mice, 

behavioural experiments were performed on 16 w.p.i. male and female mice. 
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The above was to ensure that the testing was conducted prior to the appearance 

of clinical symptoms (listed 2.7.5). Mice were acclimatized to the behavioural 

room overnight prior to the day of the test. For fear conditioning, mice were 

placed in the conditioning chamber (Stoelting ANY-maze Fear Conditioning 

System) and, after a 2-min adaptation period, received 3 tone-foot shock 

pairings where the foot shock (unconditioned stimulus [US]; 2 seconds; 0.4 mA) 

always co-terminated with a tone (conditioned stimulus [CS]; 2.8 kH; 85 dB; 30 

seconds). The CS-US pairings were separated by 1-min intervals. After 

completion of training, the mice remained in the conditioning chamber for 1 min 

and were then returned to their home cages. The next day, mice were placed 

back in the conditioning chamber, and time spent immobile was recorded for 3 

min to assess context-dependent learning. The following day (day 3), mice were 

placed back in the conditioning chamber, and following a 2-min adaptation 

period, the tone was played for 2 min, and time spent immobile was recorded to 

assess cue-specific (tone) learning. Data were analysed using ANY-maze 

software. 

 Y-Maze (Spontaneous alternation) 

For control or prion infected M1-WT and M1-PD mice, behavioural experiments 

were performed on 16 w.p.i. male and female mice, as for fear-conditioning 

(2.8.3). Mice were habituated to the behavioural testing suite overnight prior to 

the test. Mice were placed for 8 min into the centre of a Y maze (grey, non-

reflective base plate) with three identical arms (A, B, C; lane width: 5 cm; arm 

length: 35 cm; arm height: 10cm). Activity was recorded using ANY-maze 

software. Spontaneous alternation behaviour was calculated manually by 

counting the number of “ABC” sequences (in any order) as a proportion of the 

total triplet sequences made during the 8-min test.  

2.9 Data Analysis 

 Statistical analysis 

Statistical analyses were carried out using GraphPad Prism 9 software. For 

statistical analysis of differences between groups of measures, data were 

assumed to be normally distributed and were therefore compared using 

parametric tests. Generally, either two-tailed unpaired student’s t test (for two 
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groups) or two-way ANalysis Of Variance (ANOVA) (for three or more groups). In 

Figure 5-18, mixed-effects model (for analysis of repeated measures) was used 

instead of two-way ANOVA whenever the numbers of data-points differed 

between groups. Multiple-comparisons post hoc corrections were used following 

two-way ANOVA when several statistical tests were performed simultaneously 

(Figure 2-2). Tukey’s multiple comparisons, or Fisher’s Least significant 

differences (LSD) were used when comparing the mean of every group of data 

with every other mean (e.g., control vs disease at time point A, control vs 

disease at time-point B, and across time-points). Sidak’s multiple comparisons 

was used when comparing selected sets of means (e.g., control vs disease and 

wild-type vs mutant independently). Dunnett’s multiple comparisons was 

performed when comparing the mean of every group to one reference mean 

(e.g., vehicle vs drug A and vehicle vs drug B).  

For statistical analysis of relationships of covariation between variables 

(correlations), Pearson Correlation test was used assuming Gaussian distribution 

of data. For analysis of survival curves, Gehan-Breslow-Wilcoxon test was 

applied. This test provides more weight to events (i.e., death) at earlier time 

points.   
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Figure 2-2. Decision tree for the selection of appropriate statistical test.  In this thesis, data 
was statistically analysed to test for differences between separate groups (or unpaired 
measurements), relationships of covariance between variables (or correlations) and differences 
between survival curves. Pearson Correlation test was used to analyse correlations assuming 
Gaussian distribution of data. For analysis of survival curves, Gehan-Breslow-Wilcoxon test was 
performed, that provides more weight to events (i.e., death) at earlier time points. When analysing 
differences between groups, unpaired T-test (for 2 or less groups of measures) or two-way ANOVA 
(for 3 or more groups) were performed. Mixed-effects model was conducted instead of two-way 
ANOVA for repeated measures whenever the number of samples differed between groups. 
Following two-way ANOVA, post hoc analyses were performed to correct for multiple comparisons, 
and these included Fisher’s LSD, Tukey’s, Dunnett’s or Sidak’s multiple comparisons.  

 Analysis of binding parameters 

Binding studies help estimate important pharmacological parameters that are 

indicative of ligand affinity. In this thesis, membrane impermeable, 

radiolabelled muscarinic antagonist [3H]-NMS was employed to assess probe 

surface muscarinic receptors in saturation binding assays.  

The saturation binding assay determines the specific binding of the 

radiolabelled ligand [3H]-NMS at increasing ligand concentration and allows to 

calculate the maximum specific binding in terms of Bmax that corresponds to 

receptor expression. In addition, the equilibrium binding constant Kd is 

calculated and corresponds to the concentration of ligand required to occupy 

half of all the receptor sites and indicates ligand affinity. Bmax and Kd 
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parameters were established by GraphPad Prism using the following model for 

one-site specific binding, where X is the radioligand concentration or probe:  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 (𝑌) = 𝐵𝑚𝑎𝑥 ×
𝐵𝑚𝑎𝑥 × 𝑋

𝐾𝑑 + 𝑋
 

The [3H]-NMS internalisation assay was a modified version of the saturation 

binding assay to generate a concentration-response curve for receptor 

internalisation with increasing stimulation periods or agonist concentrations 

(2.3.2). In particular, [3H]-NMS specific binding with increasing agonist 

concentrations was used to fit an inhibition non-linear regression curve in 

GraphPad Prism (as radiolabelled surface receptors are expected to decrease 

with increased agonist-induced receptor internalisation) to calculate EC50 and 

Emax. The EC50 corresponds to the effective concentration of agonist where 50% 

of the maximal effect is observed and is indicative of ligand potency; Emax 

corresponds to the maximal response produced by a ligand and represents its 

efficacy.  

Similarly, the IP1 accumulation assay was analysed in GraphPad Prism using a 

stimulation non-linear regression curve model to estimate the potency (EC50) and 

efficacy (Emax) of the tested ligands.  

 Co-localisation analysis 

Immunocytochemistry images were analysed using Zeiss ZEN 3.2 software to 

determine co-localisation of HA (receptor tag) with Early Endosomal antigen 1 

(EEA1) in double-stained CHO cells. Co-localised pixels were examined between 

the two channels of the respective bound secondary antibodies. Data was 

collected from 10 separate fields of view and from three separate experiments 

(N=3). Co-localisation coefficients were obtained by Zeiss ZEN 3.2 using the 

Manders’ equation (Manders et al., 1993). 

 Calculation of signalling bias 

Concentration–response curves obtained from functional assays were fitted 

according to a four-parameter logistic equation in GraphPad Prism 9 to 

determine minimum and maximum asymptotes, EC50 and slope. To assess agonist 

bias, the same concentration–response curves were analysed according to a 
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modified form of the operational model of agonism, recast to directly yield a 

transduction ratio (log(τ/KA) (van der Westhuizen et al., 2018), where basal 

represents the response in the absence of agonist, Emax represents the maximal 

response of the assay system, KA represents the equilibrium dissociation constant 

of the agonist, [A] represents the concentration of agonist, τ is an index of the 

coupling efficiency (or efficacy) of the agonist, and n is the slope of the 

transducer function linking agonist occupancy to response. For the analysis, all 

agonist curves at each pathway were globally fitted to the model with the 

parameters, basal, Emax and n shared between all agonists. For full agonists, 

logKA was constrained to a value of zero, whereas for partial agonists this was 

directly estimated by the curve fitting procedure; the log(τ/KA) parameter was 

estimated as a unique measure of activity for each agonist. Agonist bias factors 

(ΔΔlog10(τ/KA)) were calculated as previously described (van der Westhuizen et 

al., 2018).  

 Spongiosis scoring  

Spongiosis is characterised by the presence of ‘spongiotic vesicles’ and is one of 

the main hallmarks of prion disease (Mallucci et al., 2003). A 4-point scoring 

system was established to determine the extent of spongiosis across samples in a 

more objective manner: 

Score 0 – No observable vesicles 

Score 1 – Vesicles are present <5 in a given 200 μm2 area 

Score 2 – Vesicles are present >5 in a given 200 μm2 area 

Score 3 – Vesicles are large and spread across the area 

 Densitometry for immunoblotting 

Quantification of intensity of western blot bands was achieved by measuring the 

median pixel intensity (arbitrary units) using Image Studio Lite (Version 5.2), a 

LICOR-recommended software for blot analysis. The background signal was 

automatically corrected by this software. Band intensity corresponding to the 

protein of interest was always normalised to housekeeper protein, typically α-

tubulin.  
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 qRT-PCR data analysis 

CT values were compared with a suitable internal control (housekeeper gene), 

typically α-tubulin or 18S (run in parallel) for normalisation and to calculate ΔCT 

values (ΔCT = CT of housekeeper − CT of test gene). ΔCT values were then 

compared with the reference conditions, typically the M1-WT controls, to 

calculate the ΔΔCT. All the data is finally expressed as 2-ΔΔCT to get the expression 

fold change.  
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3.1 Introduction  

GPCRs are some of the most attractive drug targets for the treatment of many 

diseases because of their involvement in virtually all physiological functions in 

health and pathology (Santos et al., 2017). In addition to beneficial therapeutic 

effects however, pharmacological modulation of GPCRs might also be associated 

to unwanted adverse responses. To tackle this issue, many have set out to 

determine the optimal pharmacological properties of GPCR-targeted ligands that 

will deliver clinical efficacy whilst minimising associated adverse responses. 

Specifically, biased ligands might offer a great advantage to this end. Signalling 

bias is based on the bimodal signalling mode of GPCRs that operate by coupling 

to two major branches of signalling: G protein-dependent signalling and 

phosphorylation/arrestin-dependent pathways. Biased ligands could be designed 

to drive GPCR signalling pathways that lead to clinically relevant responses in 

preference to ones that could lead to adverse responses, thus representing a 

more efficient and safer therapeutic options.  

 Biased signalling 

Traditionally, GPCRs were envisioned to exist in a spontaneous equilibrium 

between inactive and active states, that are stabilised by binding of antagonists 

or agonists respectively (De Lean et al., 1980). According to this concept, where 

activated GPCRs would mediate signalling pathways by coupling to downstream 

effectors in a uniform manner, the resulting biological outcome at a cellular 

level is determined by the stability of receptor conformations and tissue- or cell-

specific expression of effectors. However, over the past three decades, a great 

deal of research has demonstrated that GPCRs can adopt multiple distinct active 

states. In fact, GPCRs are pleiotropic and can couple to and signal via both G 

protein and non-G protein effectors (Galandrin et al., 2007, Roth and Chuang, 

1987). Different receptor active states exhibit different affinities for multiple 

effectors leading to the ‘unbalanced’ activation between different downstream 

signalling pathways, resulting in signalling bias. Whilst the physiological response 

is still determined by tissue-specific receptor expression, the overall cellular 

signalling outcome is determined by the proportion of receptor population that 

exist in the potential active states (Luttrell et al., 2018).  
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In this context, ligand structure plays a vital role in determining signalling bias, 

since it stabilises the receptor into distinct conformational states and influences 

the efficiency with which the receptor engages different downstream effectors. 

For example, a study employing 19F-NMR spectroscopy, a method that allows 

detection of changes in line shapes and chemical shifts of intracellularly 

located 19F-labels in a receptor, showed that β-arrestin biased ligands and 

unbiased full and partial agonists at the β2 adrenergic receptor (β2AR) induce 

distinct structural rearrangements in the cytoplasmic regions of the receptor 

(Liu et al., 2012). Importantly, ligands do not cause the receptor to change 

signalling partners (Saulière et al., 2012). Ligand binding induces a 

conformational change in the receptor in a way that allows G protein coupling 

and/or the unmasking of intracellular domains that can be modified - for 

example by phosphorylation – and interact with arrestins (Kobilka, 2002, 

Nygaard et al., 2013, Shukla et al., 2013, Dror et al., 2015, Palczewski et al., 

1991, Chen et al., 1993).  

Ligand-stabilised receptor conformations can select the coupling of G protein 

subunit families resulting in differential signalling outcomes. This has been 

largely observed with agonists for µOR (Saidak et al., 2006), PTHR (Appleton et 

al., 2013) and DR (Möller et al., 2017). For instance, different D2R ligands were 

shown to preferentially activate Gα subunits i2, i3, oA or oB with important 

implications for the development of antipsychotic drugs (Möller et al., 2017). 

Also, four opioid ligands (DAMGO, endomorphins 1 and 2, and morphine) were 

found to produce significant differences in potencies for 

Gαi1 versus GαoA  activation, highlighting the potential for greater selectivity of 

clinically relevant signalling pathways opposed to the ones leading to 

undesirable outcomes (Saidak et al., 2006).  

Different ligands can stabilise the receptor to induce distinct receptor-arrestin 

interactions, and receptor phosphorylation plays an important role in defining 

receptor interactions with other binding and/or signalling partners (Tobin, 2008, 

Reiter et al., 2012). Distinct ligand-receptor conformations define the so-called 

phosphorylation barcode  of the receptor (discussed in detail in 3.1.2), 

ultimately influencing the interaction with signalling partners such as arrestins, 

and signalling outcome (Tobin et al., 2008, Butcher et al., 2011, Nobles et al., 

2011, Zhou et al., 2017). Biased ligands can also stabilise the receptor to 
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promote differential internalisation outcomes such as rapid recycling or receptor 

degradation. For example, synthetic agonists exendin-4 and liraglutide induce 

slower recycling of glucagon-like peptide 1 (GLP-1) receptors compared to 

endogenous GLP-1, resulting in prolonged receptor-mediated cAMP signalling 

(Roed et al., 2014). 

 Phosphorylation of GPCRs 

Receptor activation was first reported to induce phosphorylation of rhodopsin in 

the 1970s, before the GPCR superfamily was even named (Kühn and Dreyer, 

1972, Kühn, 1974). Upon stimulation, GPCRs become phosphorylated at 

intracellular residues by a family of protein kinases called GPCR kinases (GRKs) 

(Benovic et al., 1989). There are seven known GRK isoforms (GRK1-7) that can 

be categorised into three groups; GRK1/7, GRK2/3, and GRK4/5/6. GRK1/7 are 

GRKs that target visual GPCRs. GRK2/3 exclusively phosphorylate activated 

GPCRs as they feature a pleckstrin homology (PH) domain that binds to Gβγ only 

when disassociated from the Gα subunit, leading to signalling termination 

(Touhara et al., 1994, Lodowski et al., 2003, Haga and Haga, 1992, Li et al., 

2003, Pitcher et al., 1992). GRK4/5/6 do not possess a PH domain and instead 

they are associated to the plasma membrane through palmitoylation of their C-

terminal cysteines and/or via interactions with membrane phospholipids 

(Gurevich et al., 2012, Stoffel et al., 1994, Premont et al., 1996, Thiyagarajan 

et al., 2004). GRK4/5/6 were shown to phosphorylate inactive GPCRs (Rankin et 

al., 2006, Baameur et al., 2010, Li et al., 2015). 

Whilst GPCRs display a significant functional diversity, only a handful of arrestins 

and GRKs are known to regulate the signalling of hundreds of GPCRs. To explain 

this phenomenon, the phosphorylation barcode was hypothesised. According to 

this concept, receptors are phosphorylated by different GRKs at different sets of 

intracellular sites establishing a phosphorylation barcode that instructs or 

determines the way the receptor interact with arrestins (Tobin et al., 2008, 

Butcher et al., 2011). For instance, a mass spectrometry (MS)-based quantitative 

phosphoproteomic analysis had mapped phosphorylation sites on the β2AR and 

established that GRK2 and GRK6 phosphorylate the receptor at distinct 

phosphorylation sites at its C-terminal tail, inducing different arrestin 

conformations associated with distinct signalling outcomes (Nobles et al., 2011). 
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GRK2 was shown to phosphorylate sites that were mostly responsible for β2AR 

internalisation, whereas GRK6-mediated phosphorylation contributed to β-

arrestin–mediated activation of extracellular signal-regulated kinase (ERK). Both 

GRK2 and GRK6 contributed to receptor desensitisation. Furthermore, Nobles et 

al. (2011) demonstrated that two different β2AR ligands, β-arrestin–biased 

carvedilol and the unbiased full agonist isoproterenol, induced distinct 

phosphorylation barcodes leading to different signalling outcomes in HEK293 

cells expressing β2ARs. Other examples are endogenous ligands CCL19 and CCL21 

of the CCR7 chemokine receptor. Both CCL19 and CCL21 could promote G 

protein-dependent signalling, calcium mobilization and ERK activation with 

equal potency but only CCL19 promotes robust desensitization (Kohout et al., 

2004). In accordance with the barcode hypothesis, it was demonstrated that 

CCL19 leads to robust CCR7 phosphorylation and β-arrestin2 recruitment 

catalysed by both GRK3 and GRK6, whereas CCL21 activates GRK6 alone resulting 

in weaker interaction with β-arrestin2 (Zidar et al., 2009). Agonist-specific 

phosphorylation barcodes have been reported for other GPCRs including opioid 

receptors (Just et al., 2013) and serotonin 5-HT2A receptors (González-Maeso et 

al., 2007). 

A recent study employed a panel of combinatorial GRK knockout HEK293 cell 

lines to investigate individual contributions of GRK2, 3, 5, and 6 in the arrestin-

dependent regulation of GPCR signalling, internalisation, and trafficking for 12 

different GPCRs (Drube et al., 2022). They established that GRKs do not select 

for specific C-terminal and ICL3 sequences, but instead for the overall receptor 

conformation based on the availability of phosphor-acceptor sites and binding 

domains. Furthermore, they found that GRKs might have the overlapping or 

distinct functions depending on individual GPCRs, and that different receptors 

have different intrinsic affinities for GRKs, regardless of their phosphorylation 

status. For example, while β2AR requires higher levels of GRK expression to 

induce β-arrestin2 recruitment, PTH1R and M5 mAChR were shown to induce 

robust β-arrestin2 recruitment with endogenous levels of GRK2 expression to 

induce β-arrestin2 recruitment. This does not exclude the phosphorylation 

barcode hypothesis, since different phosphorylation patterns might still be able 

to induce different arrestin-receptor interactions resulting in the engagement of 

distinct signalling outcomes. However, this study highlighted that in addition to 
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tissue specific GRK expression levels, the affinity of individual GPCRs for GRK 

subtypes plays a key regulatory role in the receptor signalling outcome, 

uncovering another layer of complexity to GPCR signalling regulation.  

Importantly, in addition to GRKs, GPCRs were previously reported to be 

phosphorylated by alternative kinases. For example, the M1 and M3 mAChRs 

were demonstrated to be phosphorylated by casein kinase 1α and casein kinase 

2, respectively (Torrecilla et al., 2007, Mou et al., 2006), and protein kinase Cβ 

(PKCβ) was shown to contribute to the phosphorylation of C5aR1 (Pollok-Kopp et 

al., 2007). 

 Arrestin interactions 

Although receptor phosphorylation can reduce G protein-dependent signalling, G 

protein displacement and signalling termination requires receptor interaction 

with arrestins (Arshavsky et al., 1985, Sibley et al., 1986, Benovic et al., 1987). 

Arrestins are a family of four proteins (i.e., arrestin1-4) comprising the so-called 

visual arrestins (arrestin1/4) that are expressed exclusively in the retina, and 

non-visual or β-arrestins (arrestin2/3 a.k.a. β-arrestin1/2), which regulate a 

wide array of GPCRs and are responsible for the desensitisation of most non-

visual GPCRs (Luttrell and Lefkowitz, 2002, Gurevich and Gurevich, 2006, Lohse 

et al., 1990, Lohse et al., 1992). β-arrestins share 78% sequence similarity and 

are ubiquitously expressed in tissues, but their expression levels vary in different 

cell types (Sterne-Marr et al., 1993, Attramadal et al., 1992). Binding of 

arrestins to active and phosphorylated GPCRs was first described for visual 

arrestin-1 (Siderovski et al., 1996) and non-visual arrestin-2 (Krasel et al., 2005).  

All arrestins share a similar structure in their inactive state, consisting of β-

sheets arranged in two lobe-like domains (N- and C-domain) connected through a 

12- residue linker region, and with four loops exposed in the central binding site 

for receptor interactions (Hirsch et al., 1999, Han et al., 2001, Zhan et al., 

2011, Sutton et al., 2005). One of these, the so-called finger loop, interacts with 

the transmembrane core of active GPCRs competing with Gα subunits and 

determines the binding preferences of arrestins to receptors (Vishnivetskiy et 

al., 2004, Vishnivetskiy et al., 2011, Chen et al., 2017). GPCRs are categorised 

into two classes according to arrestin binding; Class A and B receptors (Oakley et 
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al., 1999, Oakley et al., 2000, Luttrell and Lefkowitz, 2002). Class A receptors 

(β2AR, µOR, endothelin type A receptor, D1AR, and α1b adrenergic receptor) 

interact with β-arrestins forming transient and rapidly disassociating complexes 

and have higher affinity for β-arrestin2 than β-arrestin1. Class B receptors 

(angiotensin II type 1A receptor, neurotensin receptor 1 (NTSR1), vasopressin V2 

receptor (V2R), thyrotropin-releasing hormone receptor, and substance P 

receptor) form long-lived, stable complexes with arrestins, and have similar high 

affinities for both β-arrestins. A serine/threonine cluster in the C-terminal tail of 

GPCRs determines the stability of receptor-arrestin complexes, as shown by the 

β2V2R chimera. The β2V2R is a class A receptor (β2AR) that harbours the C-

terminus from a class B receptor (V2R) that exhibits a class B-like interaction 

with arrestins (Oakley et al., 1999).  

Biochemical and biophysical studies have identified two distinct structural 

domains in receptors that are crucial for their interaction with arrestins 

(Gurevich and Gurevich, 2004, Park et al., 2016, Sommer et al., 2015). These 

are the receptor tail that is the phosphorylated C-terminus, and the receptor 

core that comprises the cytoplasmatic surface of receptors. Structural studies 

using single-particle electron microscopy (EM) of an antibody-stabilised complex 

of β-arrestin1 with the β2V2R chimera allowed the visualisation of the 

interactions between GPCRs and arrestins. This study unravelled a biphasic mode 

of interaction whereby receptor-arrestin complexes are found as partially 

engaged and/or fully engaged complexes (Shukla et al., 2014, Ghosh et al., 

2015). The partially engaged complex consists of the arrestin being bound to the 

receptor only through the tail, whereas in the fully engaged complex, arrestins 

bind to the receptor by interacting with both the receptor tail and core (Figure 

3-1). Receptor-arrestin complexes may comprise of a mixture of partially and 

fully engaged depending on the receptor phosphorylation status and 

conformation. 

Most recent cryo-EM structures of β-arrestin1 in complex with NTSR1 (Huang et 

al., 2020b) and the M2 mAChR (Staus et al., 2020) have provided an even more 

detailed insight into the interaction between GPCRs and arrestins. These 

structures demonstrated that in the core interaction, the finger loop of β-

arrestin1 interacts with the receptor core in a way that is very similar to the 

interaction between the  α5 helix of the Gα subunits with the receptor, further 
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explaining the steric hindrance mechanism of G protein-signalling desensitisation 

(Chaturvedi et al., 2020). Further, these structures reveal the apparent contact 

between the C-terminal loops of β-arrestin1 with the detergent micelle or lipid 

nanodisc, suggesting that β-arrestin1 anchors to the membrane bilayer, likely 

regulating receptor desensitisation and internalisation (Staus et al., 2020). This 

feature was also previously reported in a double electron resonance 

spectroscopy study of visual arrestins in complex with rhodopsin  (Zhuo et al., 

2014) 

 

Figure 3-1 Representation of GPCR signalling complexes.  GPCRs are normally coupled to 
heterotrimeric G proteins made of Gα and Gβγ subunits. Upon agonist binding, guanine 
exchanging factor domains of G proteins facilitate the exchange of GDP bound to the Gα subunit of 
inactive heterotrimer to GTP. Then Gα and Gβγ subunits dissociate from the GPCR and mediate 
various signalling pathways (G protein-dependent signalling). GRKs also bind and phosphorylate 
agonist activated GPCRs. This induces recruitment of arrestins to the receptor. (A) arrestin hinders 
G protein-dependent signalling by displacing G protein from the receptor and induces clathrin-
mediated internalisation by interaction with AP2 and clathrin and G protein-independent signalling 
by interaction with signalling effectors such as MAPK. (B) Agonist-activated GPCRs can also form 
super-complexes with partially engaged arrestins and G proteins and are able to mediate signalling 
via G protein-dependent and G protein-independent pathways simultaneously, from the cell 
membrane and from endosomes. 
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 Receptor desensitisation and internalisation 

Arrestins have long been considered crucial mediators in ‘arresting’ G protein-

dependent signalling (Wilden et al., 1986, Benovic et al., 1987), and the most 

recent structural studies have revealed the molecular basis of this mechanism. 

Following receptor activation, agonist-induced changes in receptor conformation 

and phosphorylation allow for interactions with arrestin. The binding sites for Gα 

proteins and arrestins overlap and, consequently, arrestin binding causes G 

protein uncoupling by steric hindrance (Rasmussen et al., 2011, Kang et al., 

2015, Carpenter et al., 2016, Liang et al., 2017, Zhang et al., 2017, Szczepek et 

al., 2014, Chaturvedi et al., 2020). Arrestins bind with high affinity to phosphate 

groups, which interacts with the positively charged regions on the arrestin 

molecule, strengthening the interaction with the receptor (Zhou et al., 2017). 

Altogether, receptor phosphorylation and interaction with arrestin result in the 

termination of G protein-dependent signalling (desensitisation) by blocking 

receptor coupling to G proteins (Benovic et al., 1987, Lohse, 1993). 

Multiple GPCRs have been shown to induce robust G protein-dependent signalling 

in endosomes after initial agonist stimulation, rather than being desensitised, 

contradicting the traditional model of GPCR desensitisation (Calebiro et al., 

2009, Ferrandon et al., 2009, Feinstein et al., 2013, Irannejad et al., 2013, 

Mullershausen et al., 2009). However, the partially engaged receptor-arrestin 

complex reported in the structural studies on the chimeric β2V2R (Shukla et al., 

2014) suggests that it might be possible for a GPCR to engage with both arrestins 

and G proteins simultaneously. It was demonstrated in vitro that GPCRs can form 

megaplexes; β2V2R chimera and V2R were shown to form super-complexes with 

Gαs subunits and β-arrestins when internalised (Thomsen et al., 2016). A 

purified, agonist-stimulated antibody-stabilised β2V2R -β-arrestin1 could strongly 

interact with heterotrimeric Gαs proteins through its membrane core while 

coupling to β-arrestin1 simultaneously through the receptor C-tail (Figure 3-1). 

Importantly, this super-complex could drive receptor internalisation without 

displacing G protein-dependent signalling (Thomsen et al., 2016).  

β-arrestins also facilitate clathrin-mediated internalisation of many GPCRs 

(Zhang et al., 1996, Goodman et al., 1996). Clathrin-mediated internalisation or 

endocytosis consists of invaginations of the plasma membrane called clathrin-
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coated pits, which are enveloped with clathrin and AP2 complexes. Clathrin-

coated pits pinch off from the plasma membrane helped by the GTPase dynamin, 

to form vesicles containing the internalised receptors. Both β-arrestins are able 

to effectively bind clathrin (Goodman et al., 1996) and AP2 (Laporte et al., 

1999). In addition, knockout or silencing of β-arrestins was demonstrated to 

compromise receptor internalisation (Kohout et al., 2001, Ahn et al., 2003) 

whereas overexpression of β-arrestins was shown to enhance receptor 

internalisation and rescue endocytosis of internalisation-defective mutant GPCRs 

(Ferguson et al., 1996). β-arrestins bind to clathrin and AP2 via their C-terminal 

tail (Kim and Benovic, 2002) and upon GPCR binding to β-arrestins, the latter 

undergo conformational changes causing the release of their C-tail which 

becomes accessible for interactions with clathrin and AP2  (Zhuo et al., 2014). 

Interestingly, the interaction of β-arrestin2 with E3 ubiquitin ligase Mdm2 was 

demonstrated to be essential for mediating receptor internalisation. Mdm2 was 

shown to specifically ubiquitinate β-arrestin2 upon agonist stimulation, and 

removal of Mdm2 activity resulted in the ablation of β2AR internalisation (Shenoy 

et al., 2001, Shenoy et al., 2009). In addition, ubiquitination of β-arrestin was 

demonstrated to be important for clathrin binding, receptor interactions and 

scaffolding of signalling partners e.g., MAPK. Thus, suggesting that 

ubiquitination acts as an efficient mediator for multiple interactions of β-

arrestin (Shenoy et al., 2006). Further, SUMOylation of β-arrestin2 was shown to 

be important for interaction with AP2 and clathrin-mediated receptor 

internalisation (Wyatt et al., 2011).  

The fate of internalised receptors is determined by the stability of the receptor-

arrestin complex (Oakley et al., 1999). Class A receptors, as discussed above, 

typically interact with β-arrestin in a transient manner, displaying a fast 

disassociation rate and recycling back to the plasma membrane. Instead, class B 

receptors form stable complexes with β-arrestins, and they are internalised 

together into endosomes (Luttrell and Lefkowitz, 2002, Oakley et al., 2000, 

Shenoy and Lefkowitz, 2011). 
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 Arrestin-mediated signalling 

In the past couple of decades, arrestins have been proposed not only to 

desensitise GPCR signalling but also to transduce signalling through G protein-

independent pathways (Rajagopal et al., 2011, Luttrell et al., 1999). As 

discussed above, arrestins can bind to GPCRs and act as scaffolds for cytoplasmic 

signalling proteins to mediate arrestin/phosphorylation-dependent signalling 

(Figure 3-1)(Wei et al., 2003, Shenoy et al., 2006). Receptor-bound arrestins 

have been shown to bind and activate members of several important pathways 

including the Src-family kinases, ERK, MAPK kinase MEK, and c-jun N-terminal 

kinase (JNK) and phosphodiesterases (Luttrell et al., 1999, McDonald et al., 

2000, Houslay and Baillie, 2005, Shenoy et al., 2006, DeWire et al., 2007, Song 

et al., 2009, Perry et al., 2002, Nelson et al., 2007).  

Conflicting evidence has emerged about whether ERK1/2 activation is arrestin-

dependent and G protein-independent (Shenoy et al., 2006), or instead requires 

GPCR activation (Alvarez-Curto et al., 2016, Grundmann et al., 2018). For 

instance, β2AR-mediated ERK signalling was demonstrated to not require the 

presence of arrestins (O'Hayre et al., 2017), and ERK signalling mediated by the 

M1 mAChR in HEK293 cells was shown to be Gαq protein-dependent (Scarpa et 

al., 2021). However, these findings do not necessarily exclude that arrestin-

mediated signalling exists. A possible explanation to the contradicting evidence 

is that arrestins, by acting as scaffolds, bring together signalling effectors e.g. 

MAPKs to facilitate signal transduction but still require the upstream effectors to 

be activated (Gurevich and Gurevich, 2019). In this way, before arrestin-

mediated signalling is initiated, the most upstream signalling effectors of the 

pathway need to be activated in an arrestin-independent manner. 

 The promise of biased ligands 

Signalling bias can be exploited therapeutically with the aim of developing more 

selective and effective drugs. Biased ligands could be selected or designed to 

promote the activation of clinically relevant signalling pathways while avoiding 

those leading to undesirable side-effects. An early biased ligand that was taken 

to clinical trials for heart failure was the angiotensin analogue produced by 

Trevena, TRV027 (Felker et al., 2015). This ligand was developed as an 
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improvement on existing angiotensin receptor (ATR) blockers and was 

demonstrated to be a β-arrestin-biased agonist of AT1R that does not activate 

Gαq proteins, therefore acting as an antagonist at AT1R-mediated Gαq protein 

signalling. Specifically, while the inhibition of AT1R-mediated Gαq signalling is 

beneficial against heart failure, the activation of arrestin-mediated pathways 

holds cardioprotective properties (Monasky et al., 2013, Violin et al., 2010). 

Despite TRV027 failing at Phase 2b clinical trials in acute heart failure for unmet 

primary or secondary endpoints, it has recently been entered into a National 

Institutes of Health (NIH)-funded Accelerating Covid-19 Therapeutic Intervention 

and Vaccines clinical trial in patients infected with SARS-CoV-2. TRV027 in fact, 

hinders the signalling that causes acute lung damage and abnormal blood 

clotting (Gαq signalling) whilst stimulating reparative mechanisms that enhance 

lung function and boost anti-inflammatory effects (arrestin-mediated signalling) 

properties (Monasky et al., 2013, Violin et al., 2010).  

Another example of therapeutic advantage of biased ligands is represented by 

opioid medications for analgesia. Based on studies showing that analgesic effects 

are mediated by Gαi-dependent pathways while adverse effects (e.g. tolerance, 

addiction and respiratory depression) are mediated by β-arrestin pathways at 

the µOR, drug development programmes have focussed on G protein-biased 

agonists at opioid receptors (Che et al., 2021). Oliceridine (TRV130) is a G 

protein-biased agonist at the µOR, and it was clinically approved in 2020 for the 

treatment of moderate to acute pain. Oliceridine displayed potent analgesic 

effects that were superior to those observed with placebo and reduced 

respiratory and GI side effects compared to morphine (Soergel et al., 2014). 

Having established that biased ligands hold promising therapeutic potential for 

the treatment of many diseases, the rationale design of novel biased ligands 

requires the translation of biased signalling observed in vitro into in vivo systems 

to truly understand the physiological relevance (Kenakin, 2019).  

 Strategies for investigation of biased signalling 

One of the main strategies to investigate biased signalling is through the 

generation of genetic knockouts of GPCR signalling partners; arrestins and G 

proteins. Deletion of both β-arrestin isoforms is lethal, therefore only single 
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isoform knockouts are possible. β-arrestin2 knockout mice (but not β-arrestin1) 

have been generated, and displayed remarkable potentiation and prolongation 

of analgesic effects  following treatment with morphine (Bohn et al., 1999), 

whereas adverse effects such as respiratory suppression and constipation were 

attenuated in the same mice compared to wild-type animals treated with 

morphine (Raehal et al., 2005). These studies led to the discovery that G 

protein-biased opioids have the potential of inducing robust analgesia whilst 

minimising typical opioid adverse effects, prompting the development of the 

now clinically approved oliceridine (Soergel et al., 2014). β-arrestin2 knockout 

mice were also employed to probe the efficacy and side effect liability of D2R-

targeting antipsychotic drugs (Allen et al., 2011). Allen et al (2011) 

demonstrated that the antipsychotic effects of D2R biased ligands were 

attenuated in β-arrestin2 knockout mice compared to wild-type, and that these 

D2R ligands reduced locomotory activity in wild-type mice but not in β-arrestin2 

knockouts. This indicated that β-arrestin signalling can be a significant 

contributor to both antipsychotic efficacy and protection against typical 

antipsychotic adverse effects such as catalepsy. The use of β-arrestin2 knockout 

mice also provided evidence that κOR-mediated G protein-dependent signalling 

drives analgesic-like effects and aversion, while κOR-mediated β-arrestin-2 

signalling induces motor incoordination. Thus, G protein–biased κOR agonists 

represent novel potential analgesics with reduced abuse potential and fewer 

deleterious side effects compared with unbiased agonists (White et al., 2015). 

Targeted disruption of all the 16 GNAS genes encoding the different Gα subunits 

has been performed in mice as single or combinatorial mutations (Wettschureck 

and Offermanns, 2005). However, since Gα subunits are ubiquitously expressed, 

many of these transgenic mouse lines have detrimental phenotypes (Minetti 

Giulia et al., 2014, Okae and Iwakura, 2010, Zhang et al., 2011). In addition, 

GPCRs interact with members spanning within and across the four Gα functional 

groupings (Gαi/o, Gαq/11, Gαs, Gα12/13) and systemic knockouts of Gα subunits 

might not be helpful to determine signalling bias of an individual GPCR. Some 

cell- and tissue-specific knockout mice for Gα subunits have however proven 

useful. For example, chondrocyte-specific knockout of Gαs was employed to 

study PTHR-mediated signalling in regulating chondrocyte differentiation 

(Sakamoto et al., 2005). In another study, genetic deletion of a hematopoietic-
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specific gene coding for Gα11 in mice was useful to determine the role of this G 

protein in C5aR-mediated macrophage chemotaxis (van den Bos et al., 2020). 

An alternative approach to explore the role of biased signalling of GPCRs in 

natural physiology is by the generation of knock-in animals whereby the 

endogenous GPCR gene is replaced with a gene encoding for a phosphorylation-

deficient (PD) mutant of the receptor. Removal of a receptor’s intracellular 

phosphorylation sites supposedly results in uncoupling from 

phosphorylation/arrestin-dependent signalling and the receptor becomes a G 

protein-biased mutant. This approach has been successfully employed to dissect 

M3 mAChR signalling. MS-identified intracellular phosphorylation sites of the M3 

mAChR (Butcher et al., 2011) were removed, thereby uncoupling the receptor 

from arrestin as well as arrestin-dependent mechanisms such as receptor 

internalisation (Poulin et al., 2010, Kong et al., 2010, Bradley et al., 2016). 

Mouse strains expressing the PD mutant of the M3 mAChR were demonstrated to 

have hippocampal-based learning and memory deficits (Poulin et al., 2010) and 

impairment in glucose tolerance and insulin secretion (Kong et al., 2010). These 

studies led therefore to the discovery that the M3 mAChR regulates cognition, 

glucose tolerance and insulin release via phosphorylation/arrestin-dependent 

signalling pathways. In addition, the M3 mAChR mediates airway smooth muscle 

contraction and is a therapeutic target for asthma and COPD where airway 

smooth muscle contraction is found upregulated (Gosens et al., 2006). By 

employing M3-PD mice, Bradley et al. (2016) demonstrated that this receptor 

regulates bronchoconstriction via a phosphorylation/arrestin-dependent 

mechanism. The authors therefore proposed that M3 mAChR ligands showing 

stimulus bias toward receptor phosphorylation/arrestin signalling would 

preferentially regulate bronchoconstriction whilst being devoid of potential 

adverse outcomes such salivary secretion, weight gain, and mechanisms 

associated with cell survival (Bradley et al., 2016). 

Although the G protein-biased opioid ligand TRV130 was approved for the 

treatment of moderate to acute pain, some typical opioid agonist side effects 

are still present (Viscusi et al., 2016). Kliewer et al. (2019) generated knock-in 

mice expressing a PD mutant of the µOR that fails to recruit β-arrestin to 

validate the role of phosphorylation/arrestin-dependent signalling in inducing 

opioid-related adverse responses. Analgesia was previously shown to be 
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mediated by G protein-dependent signalling, while adverse effects by arrestin-

mediated pathways. Compared to wild-type animals, µOR-PD knock-in mice were 

demonstrated to have significantly enhanced analgesic response to opioids 

fentanyl and morphine. However, interestingly, both fentanyl and morphine still 

induced some side-effects including respiratory depression, constipation and 

hyperlocomotion in mice expressing the µOR-PD mutant, while tolerance was 

abolished. Later, Kliewer et al. (2020) confirmed that respiratory depression in 

indeed not driven by β-arrestin2-dependent pathways, by conducting a study on 

β-arrestin2 knockout mice. 

The Designer Receptor Exclusively Activated by a Designer Drug (DREADD) 

technology has also been proven very successful in selectively probing the 

physiological role of signalling mediated by GPCRs subtypes. DREADD receptors 

are normally generated by mutations within the orthosteric binding pocket that 

render the receptor incapable of binding to its endogenous ligand. Instead, most 

DREADD receptors respond to a compound that would otherwise be biologically 

inert, such as clozapine-N-oxide (CNO) (Armbruster et al., 2007). In particular, 

the combination of DREADD and mutations conferring signalling bias has been 

very beneficial to explore biased signalling of GPCRs subtypes that are activated 

by the same endogenous ligand such as for the family of muscarinic receptors. 

For instance, a G protein-biased DREADD mutant of the M3 mAChR that lacks the 

ability to interact with β-arrestins was generated as a tool to study the 

physiological relevance of Gαq/11-dependent signalling pathways mediated by this 

receptor (Hu et al., 2016). In addition, mice expressing a DREADD-PD version of 

the M1 mAChR were successfully employed to establish that the M1 mAChR 

drives cholinergic adverse responses such as epileptic-like seizures in response to 

agonists in the absence of phosphorylation. Thus, maintaining receptor 

phosphorylation when therapeutically targeting the M1 mAChR for the treatment 

of neurodegenerative diseases would minimise possible associated side-effects 

(Bradley et al., 2020). 

 The M1-PD mouse model 

The M1 mAChR has caught intense interest as one of the most promising targets 

for the symptomatic treatment of cognitive impairment in neurodegenerative 

and neuropsychiatric conditions such as AD (Sarter et al., 2012). This is because 
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M1 mAChRs are abundant in key cognitive brain regions including the cerebral 

cortex and hippocampus (Levey, 1993, Volpicelli and Levey, 2004), where they 

are the predominant muscarinic receptor subtype (Bradley et al., 2017) and play 

a crucial role in cognition (Fisher, 2008b, Ladner and Lee, 1998).  Over the past 

four decades, many pharmaceutical companies have put a lot of effort in the 

development of selective M1 mAChR ligands for the treatment of AD. However, 

despite overwhelming preclinical evidence suggesting that M1 mAChR-activating 

ligands show significant potential not only for cognitive enhancement, but also 

for disease-modification (Scarpa et al., 2020), translating these findings to 

successful clinical outcomes has so far been proven challenging. This is largely 

due to cholinergic side effects associated with the on-target activity at the M1 

mAChR (Rook et al., 2017, Engers et al., 2018, Moran et al., 2018b) as well as 

off-target activation of peripheral M2 and M3 mAChRs (Bymaster et al., 2003a, 

Melancon et al., 2013).  

To tackle this issue, it is important to define the optimal pharmacological 

properties of orthosteric and allosteric M1 mAChR ligands that will deliver 

clinical efficacy whilst minimising cholinergic adverse responses (van der 

Westhuizen et al., 2020). To do this, we explored the physiological importance 

of signalling bias of the M1 mAChR by the generation of a genetically engineered 

mouse strain that expresses a PD mutant of the M1 mAChR (M1-PD) (Bradley et 

al., 2020). The mutated residues of the M1-PD receptor included MS-identified 

phosphorylation sites (Butcher et al., 2016) and other putative serine 

phosphorylation sites in ICL3 and C-terminal tail (Figure 3-2). The M1-PD 

receptor was shown to be uncoupled from receptor phosphorylation/arrestin-

dependent signalling but elicit near normal coupling to Gαq/11-dependent 

pathways (Bradley et al., 2020).  

By using M1-PD knock-in mice, the importance of M1 mAChR 

phosphorylation/arrestin-dependent signalling in the regulation of anxiety-like 

behaviours and learning and memory has been elucidated, suggesting that 

maintenance of receptor phosphorylation is important to deliver clinical efficacy 

while minimising adverse responses (Bradley et al., 2020). In addition, our 

studies showed that ligands displaying a bias towards phosphorylation-dependent 

signalling are less likely to induce cholinergic adverse effects and seizures 

(Bradley et al., 2020). It was demonstrated that pilocarpine, a well-
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characterised muscarinic partial agonist that drives robust seizures despite 

acting as a partial agonist of muscarinic receptors (Hedlund and Bartfai, 1981), 

showed bias towards G protein-dependent versus phosphorylation-dependent 

signalling in vitro, whereas the bitopic ligand GSK1034702 displayed no bias 

across these pathways (Bradley et al., 2020).  

This thesis aims to further explore the role of the M1 mAChR 

phosphorylation/arrestin-dependent signalling in the disease-modifying potential 

of activating the M1 mAChR for the treatment of neurodegenerative conditions. 

To do this, it was first important to define the in vitro behaviour of the M1-PD 

receptor compared with the wild-type M1 mAChR to understand the possible 

molecular mechanisms underpinning the differences observed in vivo. 

 

Figure 3-2 The phosphorylation-deficient version of the M1 mAChR (M1-PD).  Snake plot of 
the M1 mAChR identifying the mutations introduced to generate the M1-PD receptor. Adapted from 
(Bradley et al., 2020). 

 Aims  

The aims for this chapter were to determine the impact of removing 

phosphorylation sites of the M1 mAChR in vitro to assess the receptor signalling 

bias and establish whether the DREADD version of the receptor display similar 
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properties. Finally, this chapter aimed to assess the signalling profile of putative 

biased ligands (GSK1034702 and pilocarpine) at the M1 mAChR. 

3.2 Results 

 Expression and function of wild-type and phosphorylation-
deficient mutant M1 mAChR in CHO Flp-In cells  

A phosphorylation-deficient version of the murine M1 mAChR (M1-PD) was 

generated whereby all MS-identified and putative intracellular phosphorylation 

sites were removed (Bradley et al., 2020, Butcher et al., 2016). The M1-PD as 

well as the wild-type M1 mAChR (M1-WT) were stably and constitutively 

expressed in Chinese hamster ovary (CHO) cells using the Flp-InTM system, which 

allows high-level expression of a protein of interest from a Flp-In expression 

vector. The M1-WT- and M1-PD-expressing CHO cell lines allowed the in vitro 

analysis of localisation and pharmacological profile of these receptors.  

To facilitate detection of the receptors, a haemagglutinin (HA) epitope tag was 

fused to the C-terminus of both the M1-WT and M1-PD receptors. Protein 

expression was biochemically tested by western blot using an anti-HA antibody 

(Figure 3-3A-B). This confirmed that the M1-WT and M1-PD receptors are equally 

expressed (P=0.3, unpaired T test) in the Flp-InTM CHO cell lines. The expression 

of M1-WT was confirmed by the presence of a 75 kDa band whilst the M1-PD 

showed a slightly lower molecular weight band, which is expected due to the 

nature of its mutations. In fact, the replacement of serine residues with alanine 

residues is expected to lower the molecular weight due to the smaller size of 

their sidechains.  

Protein expression was further assessed by conducting a saturation binding assay 

using tritiated N-methyl-scopolamine ([3H]-NMS). The M1-WT and M1-PD 

receptors showed similar Bmax (total concentration of receptors) values (M1-WT = 

2131 fmol/mg; M1-PD= 2052 fmol/mg), indicating that they are expressed 

similarly in the CHO cell lines (Figure 3-3C-D). The KD (equilibrium disassociation 

constant) of [3H]-NMS for the M1-WT (0.8±0.1 nM) is consistent with data 

previously reported in the lab (unpublished).  
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The KD value of [3H]-NMS for the M1-PD (0.6 nM) is slightly (by around 0.2 nM) 

but significantly lower than the M1-WT (Figure 3-3, Table 3-1), suggesting [3H]-

NMS has higher affinity for the M1-PD compared to the M1-WT. Given that the 

mutations on the M1-PD are distant from the orthosteric binding site, it is 

unlikely that they would impact the binding property of the receptors. On the 

other hand, as demonstrated below, the M1-PD receptor shows impaired 

internalisation compared to the M1-WT (Figure 3-4), leading to a higher 

proportion of receptors being present at the cell surface. Considering that the 

NMS is not membrane-permeable, maximal receptor occupancy might be reached 

faster for the M1-PD compared to the M1-WT receptor, resulting in higher KD.  

 

Figure 3-3 The M1-WT and M1-PD expression levels are equivalent in Flp-In CHO cells. (A) 
Western blot analysis of solubilised membranes (10µg) from Flp-In CHO cells expressing HA-
tagged M1-WT and M1-PD using anti-HA antibody. β-actin was used as a loading control. NT, non-
transfected. (B) Band intensity analysis (ImageJ) for receptor expression. Data is expressed as 
mean ± S.E.M. of fold over M1-WT and normalised to β-actin. Statistical analysis conducted was 
unpaired T test. (C) Non-linear regression curves of [3H]-NMS saturation binding assay on M1-WT 
and M1-PD-expressing CHO cells, representative of three separate experiments. Total and non-
specific binding (N.S.B.) of [3H]-NMS are displayed as disintegrations per minute (d.p.m.). N.S.B. 
was conducted in the presence of atropine (10 µM) to control for non-specific binding of [3H]-NMS. 

 

Table 3-1 The M1-PD shows equivalent occupancy by [3H]-NMS but higher affinity compared 
to the M1-WT when expressed in CHO Flp-In cells.  Bmax (fmol/mg) and KD (nM) values obtained 
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from [3H]-NMS saturation binding curves from three separate experiments conducted in duplicates 
(N=3). Data is displayed as mean ± S.E.M., and the statistical analysis used unpaired T-test 
(*P<0.05). 

 

Receptor endocytosis was assessed by immunocytochemical co-staining of M1-WT 

and M1-PD-expressing cells following agonist stimulation (1 hour, 100 µM) using 

antibodies against the HA-tag attached to the receptor C-terminus, and the 

EEA1, which is a marker for early endosomes. It is evident that M1-WT receptors 

are found mainly localised at the cell membrane of CHO cells in basal conditions 

and undergo internalisation to the perinuclear region following treatment with 

the muscarinic agonist carbachol (Figure 3-4A). The M1-WT shows robust 

(P<0.01) co-localisation with EEA1 following carbachol stimulation, which could 

be quantified by estimating co-localisation coefficients using the Mender’s 

equation (Figure 3-4B), indicating receptor internalisation. On the other hand, 

whilst most M1-PD receptors are also found localised at the cell membrane under 

basal conditions, these mutant receptors do not re-localise in response to 

agonist stimulation and are retained at the cell membrane (Figure 3-4A). The co-

localisation coefficient of the M1-PD with EEA1 shows no change upon carbachol 

stimulation compared to the vehicle, and is significantly (P<0.05) lower than the 

one of the M1-WT with EEA1 (Figure 3-4B), suggesting that endocytosis of the 

M1-PD receptor is impaired compared to the M1-WT.  

Receptor internalisation was also assessed using [3H]-NMS labelling assay of M1-

WT and M1-PD CHO cells. Since NMS is not membrane-permeable, [3H]-NMS 

allows radiolabelling of the muscarinic receptors present on the cell membrane. 

Following carbachol treatment for increasing lengths of time, CHO cells were 

incubated at 4˚C to slow down intracellular trafficking and incubated overnight 

with [3H]-NMS. M1-WT receptors showed a significant (P<0.05) decrease in cell 

surface expression from 30 min of agonist treatment (Figure 3-4C). Most 

receptor internalisation occurred within the first hour of treatment with about 

30% of internalised receptors and reaching around 40% internalised receptors 

after 4 hours treatment. In contrast, M1-PD receptors showed no change in level 

of surface receptors at any of the time-points (Figure 3-4C). 
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Figure 3-4 Agonist-induced internalisation of the M1-WT and M1-PD receptors in intact CHO 
cells.  (A) Representative images of immunocytochemical staining using antibodies against HA 
and EEA1 to determine the subcellular localisation of M1-WT and M1-PD receptors in CHO cells in 
response to vehicle or carbachol (1 hour, 100 µM) treatment. Scale bar: 10 µm. (B) Co-
localisationcoefficients (Manders’ equation) of HA with EEA1 in M1-WT and M1-PD cells treated 
with carbachol (100 µM) or vehicle for 1 hour. Data is expressed as an average from 10 fields of 
view from three separate experiments (N=3). *P value<0.05, two-way ANOVA (Tukey multiple 
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comparison). (C) Time-course of agonist-induced internalisation of the M1-WT and M1-PD 
receptors in response to vehicle or carbachol (100 μM). After agonist or vehicle treatment for the 
indicated time-points, receptor internalisation was measured by radiolabelling surface receptors 
with [3H]-NMS overnight at 4°C. Data are expressed as mean ± S.E.M. of percentage of bound 
[3H]-NMS relative to basal from four separate experiments (N=4) implemented in triplicates. 
*P<0.01, ***P=0.0002, ****P<0.0001, Two-way ANOVA (Fisher’s Least Significant Difference (LSD) 
test). 

 The M1 mAChR preferentially couples with Gαq/11 proteins that activate the 

inositide signalling pathway. One way to assess Gαq/11 protein-dependent 

signalling is by detecting the accumulation of inositol phosphate (IP1), a by-

product of the inositide signalling pathway. A concentration-response curve for 

IP1 accumulation in response to carbachol allowed to assess the potency (EC50) 

and efficacy (Emax) of this compound at the M1-PD compared to the M1-WT 

(Figure 3-5). Treatment of M1-WT CHO cells with the muscarinic orthosteric 

agonist, carbachol induced robust IP1 accumulation with an EC50 (effective 

concentration of the agonist where 50% of its maximal effect is observed) at a 

micromolar concentration (pEC50=6.8). Carbachol showed the same potency at 

eliciting IP1 accumulation in the M1-PD CHO cell as in the M1-WT. However, M1-

PD CHO cells showed higher maximal response, or Emax, compared to the M1-WT 

by approximately 30%. This might be due to the reduction in receptor-β-arrestin 

interaction that would result in a lesser displacement of G protein signalling. To 

control for the response specificity to the muscarinic receptor, IP1 accumulation 

was also assayed in response to the maximal concentration of carbachol (100 µM) 

in the presence of the competitive muscarinic antagonist, atropine (Figure 3-5). 

In the presence of atropine, IP1 accumulation was reduced to the same level as 

the baseline in M1-WT cells. However, in M1-PD cells, IP1 accumulation in the 

presence of atropine was reduced to a level that was around 50% lower than the 

baseline level. It can be hypothesised that IP1 accumulation response is mostly 

mediates by M1 mAChRs at the cell membrane (rather than internalised 

receptors), therefore the response will be higher for internalisation-deficient 

M1-PD receptors compared to M1-WT. Therefore, antagonist treatment would 
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result in a more robust suppression of response in M1-PD cells compared to M1-

WT.  

Figure 3-5 IP1 accumulation assay in M1-WT and M1-PD-expressing CHO cells.  IP 
accumulation was measured as representative of G protein-dependent signalling. Non-linear 
regression curve of IP1 accumulation elicited by the muscarinic agonist carbachol via the murine 
M1-WT and M1-PD receptors expressed in CHO Flp-In cells (N=4). Atropine (10 µM) was added to 
a maximal concentration of carbachol (100 µM) to control for muscarinic receptor-specific 
response.  

 

Table 3-2 The M1-PD receptor shows equivalent G protein response in CHO Flp-In cells 
compared to the M1-WT. pEC50 and Emax values for IP1 accumulation in M1-WT and M1-PD, 
calculated from (Figure 3-5). Data are expressed as the means ± S.E.M. of 4 independent 
experiments implemented in duplicates (N=4). Statistical analysis performed is unpaired T test. 

 Expression and function of M1-DR and M1-PD DR receptors 
in Flp-In CHO cell lines  

Our group had generated a DREADD version of the M1 mAChR (M1-DR) that is 

unable to bind to ACh and instead can be stimulated using CNO (Butcher et al., 

2016). In addition, similar to the M1-WT, a phosphorylation-deficient version of 

the M1-DR receptor (M1-PD DR) was generated in order to dissect the bimodal 

signalling of the M1 mAChR (Bradley et al., 2020). It is important to verify that 

the M1-DR and M1-PD DR receptors possess the same signalling properties (bias) 

as the wild-type counterparts to ensure that the comparison is appropriate.  

Similar to the M1-WT and M1-PD receptors, the humanised M1-DR and M1-PD DR 

receptors were previously stably and constitutively expressed in CHO cells using 

the Flp-InTM expression system. HA tags were also added to the C-termini of M1-
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DR and M1-PD DR to facilitate receptor expression analysis. Western blots using 

an anti-HA antibody confirmed that M1-DR and M1-PD DR are expressed equally 

in the CHO cell lines (Figure 3-6).  

Due to the impact of the DREADD mutations on the orthosteric binding capacity, 

[3H]-NMS saturation binding assays were not possible to perform and therefore 

the expressed protein amount of the receptors in the cells could not be 

quantified.  

 

Figure 3-6 Expression of M1-DR and M1-PD DR receptors in Flp-In CHO cells.  (A) Western 
blot analysis (using anti-HA antibody) of solubilised membranes (10µg) from Flp-In CHO cells 
stably transfected with HA-tagged M1-DR and M1-PD DR mutant receptors. α-tubulin was used as 
a loading control. NT, non-transfected. Band analysis (ImageJ) of (A) are expressed as mean 
±S.D. in folds over M1-DR, normalised to the loading control. 

IP1 accumulation was assessed in M1-DR and M1-PD DR CHO cells in response to 

treatment with CNO (Figure 3-7A). In addition, IP1 accumulation was assayed in 

response to Compound 21 (Figure 3-7B), a potent agonist for muscarinic DREADD 

receptors (Thompson et al., 2018). CNO and Compound 21 elicited IP1 

accumulation response with a similar potency and efficacy, as indicated by the 

EC50 and Emax values derived from the concentration-response curves (Figure 

3-7C). Interestingly, both CNO and Compound-21 have higher potency for the 

M1-PD DR receptor compared to the M1-DR, with a left-ward shift of its 

concentration-response curve, but only Compound-21 was significantly different 

(Table 3-3). Furthermore, the Emax of both CNO and Compound-21 is significantly 

lower for M1-PD DR cells compared to the M1-DR cells, which is the opposite of 

what was observed with their wild-type counterparts, the M1-WT and M1-PD. 

M1-DR and M1-PD DR cells were also stimulated with CNO or Compound-21 in the 

presence of the antagonist atropine. As expected, atropine did not affect the IP1 

response in M1-DR and M1-PD DR; in fact, because of the changes in the 

orthosteric pocket, the DREADD receptors should have lost the affinity for 
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atropine and consequently atropine should not be competitive for neither CNO 

nor Compound-21. 

 

 

Figure 3-7 IP1 accumulation in M1-DR and M1-PD DR CHO Flp-In cells.  IP1 accumulation 
elicited by one hour-treatment with CNO (A) and Compound-21 (B) via the DREADD and PD 
DREADD mutants of the human mAChR (M1-DR and M1-PD DR) expressed in CHO Flp-In cells. 
Atropine (10 µM) was added to show the lack of effect on the receptor with DREADD mutations. 
Data are expressed as the means ± S.E.M. of at least 4 independent experiments implemented in 
duplicates (N=4-5). 

 

 

Table 3-3 IP1 response in M1-DR and M1-PD DR CHO Flp-In cells.  Potency (pEC50) and 
efficacy (Emax) indicators for CNO and Compound-21 at the M1-DR and M1-PD DR receptors in 
CHO Flp-In cells, derived from (Figure 3-7). Statistical analysis was multiple unpaired T test, 
*P=0.02, ****P<0.0001. 

Immunocytochemical staining using anti-HA antibodies was conducted on CHO 

cells expressing the M1-DR and M1-PD DR following one hour treatment with 

vehicle or CNO (100 µM) at 37°C to detect receptor localisation. Co-staining with 

antibodies against EEA1 was included to assess receptor endocytosis. Most M1-DR 

receptors were found localised at the cell surface in the vehicle-treated cells 

and they show evident re-localisation to the perinuclear area upon stimulation 

with the agonist CNO (Figure 3-8A). Co-localisation of HA-tagged M1-DR with 

EEA1 is also evident and could be estimated using co-localisation coefficients, 
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indicating robust (P<0.05) internalisation of the M1-DR in response to CNO 

treatment (Figure 3-8B). In contrast, the M1-PD DR also localises at the cell 

membrane, but its localisation is not affected by agonist stimulation. No co-

localisation occurs between M1-PD DR and the EEA1; the co-localisation 

coefficient shows no significant change with CNO treatment compared to the 

vehicle, and it is significantly lower than the CNO-treated M1-DR receptor 

(Figure 3-8B).  

The above observations suggest that overall, the M1-DR and M1-PD DR behave 

similarly to their wild-type counterparts (the M1-WT and M1-PD receptors). 

 

Figure 3-8 Agonist-induced receptor internalisation of M1-DR and M1-PD DR Flp-In CHO cell 
lines.  (A) Representative images of immunocytochemical staining using antibodies against HA 
and EEA1 to determine the subcellular localisation of M1-DR and M1-PD DR receptors in CHO 
cells in response to vehicle or CNO (100 µM) one hour-treatment. Scale bar: 10 µm. (B) Co-
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localisation coefficients (Manders’ equation) of HA with EEA1 in M1-DR and M1-PD DR cells 
treated with CNO (100 µM) or vehicle for 1 hour. Data is expressed as means of co-localisation 
coefficients from 10 fields of view from three separate experiments (N=3). *P value<0.05, two-way 
ANOVA (Tukey multiple comparison). 

 Analysis of signalling response induced by M1 ligands ACh, 
GSK1034702 and pilocarpine 

GSK1034702 and pilocarpine are muscarinic agonists that were previously 

reported to induce adverse responses in rodents, specifically epileptic-like 

seizures (Bradley et al., 2018). Epileptic-like seizures have been attributed to 

adverse effects in response to stimulation of the M1 mAChR (Cruickshank et al., 

1994, Hamilton et al., 1997). Having determined receptor internalisation and G 

protein-dependent signalling in a G protein-biased version of the M1 mAChR (M1-

PD) and compared to the wild-type receptor, I wished here to define the effects 

of GSK1034702 and pilocarpine on internalisation and G protein-dependent 

signalling (IP1 accumulation). By comparing GSK1034702 and pilocarpine with 

the endogenous agonist ACh, I was able to determine whether these ligands have 

signalling bias.  

Agonist-induced internalisation of the M1 mAChR was measured using an [3H]-

NMS binding assay to quantify the receptors at the cell surface, as described 

above. ACh reduced surface receptors by 17% following 30 min agonist 

stimulation, which was significantly different (P<0.05) from both GSK1034702 

and pilocarpine that instead induced no changes in surface receptors after 30 

min-treatment (Figure 3-9A). In response to one hour- and four hour-treatment 

with ACh, surface receptors were decreased by around 24% and 56% respectively. 

Whilst GSK1034702 induced a reduction in surface receptors after 1 hour 

stimulation to levels like those induced by ACh (P>0.05), surface receptors 

remained unchanged after one hour of pilocarpine treatment (Figure 3-9A). The 

maximal length of treatment, four hours, led to around 56% of internalised 

receptors in response to ACh, which was significantly different (P<0.01) from the 

internalised receptors induced by GSK1034702 and pilocarpine (~19%).  

A concentration-response curve for internalisation in response to ACh, 

GSK1034702 and pilocarpine was generated using a similar [3H]-NMS binding 

assay, whereby M1-WT CHO cells were stimulated for one hour with varying 

agonist concentrations (Figure 3-9B). This assay allowed to derive potency 



Chapter 3  88 

(pEC50) and efficacy (Emax) values for agonist-induced internalisation in response 

to the tested M1 ligands (Table 3-5). Whilst the potency of GSK1034702 at 

inducing receptor internalisation seems higher than ACh and pilocarpine, it was 

not found statistically significant in an ordinary one-Way ANOVA test. 

GSK1034702 and pilocarpine were not significantly different at inducing receptor 

internalisation, the efficacy of GSK1034702 and pilocarpine was significantly 

lower compared to ACh (Figure 3-9B, Table 3-4). GSK1034702 gave variable 

results compared to the other M1 ligands, making the comparison less robust – 

this could be explained by the bitopic binding mode (Bradley et al., 2018) or the 

low solubility of the compound. Furthermore, ACh showed higher receptor 

internalisation at 100µM following one hour treatment in the concentration-

response assay compared to the time-course (38% vs 24% internalised receptors).  

Overall, these results indicate that the agonist-induced internalisation of the M1 

mAChR in response to GSK1034702 and pilocarpine is significantly less in 

comparison with the receptor internalisation induced by the endogenous agonist 

ACh. Prolonged treatment with ACh results in a significant reduction in receptors 

at the cell surface by up to ~50%, whereas treatment with GSK1034702 and 

pilocarpine for the same length of time results in less receptor internalisation. 

However, it is important to consider that the apparent inability to induce 

receptor internalisation of GSK1034702 and pilocarpine to a similar extent as 

ACh, might be associated to their binding properties. Pilocarpine might only 

partially be able to displace [3H]-NMS because of its partial agonism; whereas 

GSK1034702 might only partially able to displace [3H]-NMS due to its bitopic 

binding mode that is subtly distinct from that of prototypical orthosteric ligands 

such as scopolamine (Bradley et al., 2018).  
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Figure 3-9 M1 mAChR internalisation induced by M1 ligands ACh, GSK1034702 and 
Pilocarpine in CHO Flp-In cells.  Agonist-induced internalisation was measured using [3H]-NMS 
to label surface receptors in Flp-In CHO cells expressing the murine M1-WT following treatment 
with the endogenous cholinergic ligand ACh, or GSK1034702 or Pilocarpine. Cells were either 
stimulated with constant concentration of M1 ligands (100 µM) in a time-course experiment (A) or 
treated with the M1 ligands at increasing concentration for one hour to generate a concentration-
response curve (B). Data are expressed as mean ± S.E.M. of percentage [3H]-NMS bound relative 
to the time 0 or basal. *P<0.05, **P<0.002, two-way ANOVA (Fisher’s LSD test), N=4-5.  

 

 

Table 3-4 Agonist-induced internalisation in response to M1 ligands ACh, GSK1034702 and 
pilocarpine in M1-WT CHO cells.  Table of potency (pEC50) and efficacy (Emax) indicators in 
agonist-induced internalisation measured using [3H]-NMS radioligand-based internalisation assays 
(Figure 3-9). Statistical analysis performed is ordinary one-way ANOVA (Dunnett's multiple 
comparisons). 

As discussed above, IP1 accumulation is indicative of Gαq/11 protein-dependent 

signalling. IP1 accumulation was assayed is response to GSK1034702 and 

pilocarpine to assess whether they possess any bias towards G protein-dependent 

signalling compared to ACh (Figure 3-10). The three M1 ligands induced IP1 

accumulation with equivalent efficacy (Emax), however their potency values 

(pEC50) vary. GSK1034702 shows a minor but significant increase in potency 

(P<0.05) compared to ACh, whereas pilocarpine shows a significantly lower 

(P<0.0001) potency compared to ACh, with an evident right-ward shift of the 

concentration-response curve (Figure 3-10A, Table 3-5). Pilocarpine is a partial 

agonist at the M1 mAChR, which could explain the lower potency of this 

compound compared to the full agonist ACh. However, pilocarpine still induce an 

IP1 accumulation response with efficacy similar to a full agonist – this is 
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consistent with previous reports showing that pilocarpine is more efficacious in 

stimulating G protein-dependent signalling compared to GSK1034702 (Bradley et 

al., 2020).  In addition, the presence of atropine to the 100 µM agonist 

treatment demonstrated that the IP1 response detected was specifically 

mediated by the muscarinic receptor.  

IP1 accumulation in response to ACh, GSK1034702 and pilocarpine was also 

assessed in M1-PD CHO cells (Figure 3-10B). Similar to the carbachol-induced 

response (Figure 3-5), the three M1 ligands tested elicited an IP1 accumulation 

response with equivalent potency (pEC50) an efficacy (Emax) at the M1-PD 

receptor as at the M1-WT (Table 3-5), which was tested using an unpaired T test 

(P>0.06). The addition of atropine to the top concentration used confirmed that 

it is a muscarinic-induced response.  

 

 

Figure 3-10 Concentration-response curves for Inositol phosphate (IP1) accumulation in M1-
WT and M1-PD CHO cells in response to ACh, GSK1034702 and pilocarpine.  IP1 

accumulation elicited by ACh, GSK1034702 or pilocarpine in M1-WT (A) and M1-PD (B) Flp-In 
CHO cells. Atropine (10 µM) was added to a maximal concentration of agonist to control for 
muscarinic receptor-specific response. Data are expressed as the means ± S.E.M., and the 
maximal response by ACh in M1-WT was used as reference for both curves (N=4). 

 

 

Table 3-5 IP1 accumulation response induced by M1 ligands ACh, GSK1034702 and 
pilocarpine in M1-WT and M1-PD CHO cells.  Potency (pEC50) and efficacy (Emax) for IP1 
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accumulation and agonist-induced internalisation in response to the M1 ligands were derived from 
(Figure 3-9, Figure 3-10). Statistical analysis performed is ordinary one-Way ANOVA (Dunnett's 
multiple comparisons) in relation to ACh response. 

Signalling bias of GSK1034702 and pilocarpine at M1-WT was measured by fitting 

the concentration–response curves of IP1 accumulation and agonist-induced 

receptor internalisation to the operational model of agonism to derive a 

transduction coefficient (τ) for each of the responses. By comparing these with 

the transduction coefficient of the natural ligand ACh, we calculated the bias of 

the two ligands between G protein coupling (IP1 accumulation) and receptor 

phosphorylation (agonist-induced internalisation), expressed as a bias factor 

(Table 3-6). Unpaired T test between the Ligand Bias Factor of GSK1034702 and 

pilocarpine at the M1-WT and the one of acetylcholine showed no bias between 

G protein coupling and receptor phosphorylation pathways. 

 

Table 3-6 Ligand bias calculations for acetylcholine, GSK1034702 and pilocarpine.  
Transduction coefficients (Log10(τ/KA)) normalised to the reference ligand acetylcholine 
transduction coefficients (ΔLog10(τ/KA)), and Log Bias factor (ΔΔLog10(τ/KA)) for IP1 and agonist-
induced internalisation at the M1 wild-type receptor expressed in CHO Flp-In cells. Statistical 
analysis was unpaired T test for GSK1034702 and pilocarpine vs acetylcholine (N=4-5). 
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3.3 Discussion 

GPCRs are involved is a vast range of physiological functions in health and 

disease and for this reason they are the target of around a third of clinically 

approved drugs (Santos et al., 2017). However, in addition to beneficial 

therapeutic effects, pharmacological modulation of GPCRs might also induce 

adverse responses. This is due to the pleiotropic nature of GPCRs that can 

engage with multiple downstream effectors and signalling pathways (Costa-Neto 

et al., 2016). Biased ligands offer a promising therapeutic advantage by enabling 

the selective activation of clinically beneficial pathways against those leading to 

detrimental adverse responses (Kenakin, 2019). It is therefore fundamental to 

dissect the signalling pathways of a drug targeted GPCR to identify the 

appropriate response for a favourable physiological outcome with reduced 

undesirable adverse effects. Exploring a GPCR signalling bias would not only 

inform drug development programmes for the design of more efficacious and 

safer therapies, but also has the potential to provide further insights into the 

physiological role of bias signalling.  

The M1 mAChR is a validated target for the treatment of neurodegenerative 

diseases such as AD (Felder et al., 2018, Foster et al., 2014). However, the 

generation of clinically effective M1 mAChR drugs has been challenging due to 

adverse effects associated with off-target activation of peripheral M2 and M3 

mAChRs (Bymaster et al., 2003a, Melancon et al., 2013)  as well as on-target 

activity at the M1 mAChR (Rook et al., 2017, Engers et al., 2018, Moran et al., 

2018b). Our laboratory therefore set out to dissect the M1 mAChR-mediated 

signalling pathways to discern the clinically beneficial signalling from the ones 

leading to adverse responses, by generating genetically engineered mice 

expressing a phosphorylation deficient variant of the M1 mAChR (M1-PD) 

(Butcher et al., 2016, Bradley et al., 2020). PD variants of GPCRs have previously 

been proven successful in the investigation of biased signalling, leading to 

findings with important implications for drug development programmes. For 

instance, knock-in mice expressing a PD version of the M3 mAChR lacking MS-

identified intracellular phosphorylation sites (Butcher et al., 2011) helped 

establish that the M3 mAChR regulates cognition, glucose tolerance and insulin 

release as well as bronchoconstriction via phosphorylation/arrestin-dependent 

signalling pathways (Poulin et al., 2010, Kong et al., 2010, Bradley et al., 2016). 
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In addition, knock-in mice expressing a PD mutant of the µOR that fails to recruit 

β-arrestin were also generated to validate the analgesic potential of β-arrestin-

mediated signalling of opioids (Kliewer et al., 2019). In this chapter, the 

signalling properties of the M1-PD were assessed in vitro (in CHO Flp-In cell 

lines) and compared to the wild-type receptor (M1-WT) to provide insights into 

the molecular and signalling mechanisms underpinning the differences observed 

in vivo. After establishing the equivalent expression levels of the M1-WT and the 

M1-PD receptors in cell lines, the M1-PD receptor shows impaired agonist-

induced internalisation while the Gαq protein signalling, measured in an IP1 

accumulation assay, was retained. Implying that this mutant is a G protein-

biased mutant of the M1 mAChR.  

Phosphorylation of the M1 mAChR occurs at intracellular regions that include 14 

phosphor-acceptor sites: nine serine and three threonine phosphorylation sites in 

the third intracellular loop and two serine phosphorylation sites in the C-

terminal tail (Butcher et al., 2016). Like other GPCRs, phosphorylation of the M1 

mAChR induces recruitment of β-arrestin that causes receptor desensitisation by 

uncoupling the receptor from G proteins, and/or causing clathrin-mediated 

internalisation (Bradley et al., 2020, Thomas et al., 2009, Waugh et al., 1999). 

Previous studies from our group, using the same M1-PD mutant but in different in 

vitro transfection systems, showed that removal of M1 mAChR phosphorylation 

decreases receptor interaction with β-arrestin by approximately 50% compared 

to wild-type receptors but does not completely abolish it (Scarpa et al., 2021, 

Bradley et al., 2020). Furthermore, though greatly reduced, receptor 

internalisation was still detected using a bystander BRET assay for receptor 

recruitment to early endosomes (Scarpa et al., 2021). Here, I confirmed previous 

findings, demonstrating that removal of all the phosphorylation sites of the M1 

mAChR significantly reduces agonist induced receptor internalisation. Similarly, 

the PD version of the M1-DREADD receptor was found to be robustly decreased. 

Altogether, these data show that phosphorylation is important for β-arrestin-

receptor interactions and especially agonist-induced internalisation. However, 

the removal of phosphorylation sites does not completely disrupt these 

mechanisms. The observed residual binding of β-arrestin to the M1-PD was still 

agonist-dependent (Scarpa et al., 2021, Bradley et al., 2020), suggesting that 
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there are regions of the receptors that contain arrestin-binding sites which are 

unmasked upon agonist activation, such as the ICL2 or ICL3.  

Although phosphorylation is important to stabilise receptor-arrestin complexes 

(Zhou et al., 2017), -arrestins can interact with GPCRs in a phosphorylation -

dependent and -independent manner; respectively by binding to the 

phosphorylated C-terminal tail of the receptor via the arrestins’ phosphor-

sensor, and by interacting with the receptor cytoplasmic core via the arrestin’s 

finger loop (Gurevich and Gurevich, 2006, Shukla et al., 2013, Zhou et al., 2017, 

Sommer et al., 2015). Single-particle EM studies of a β-arrestin1-bound β2V2R 

chimera unravelled a biphasic mode of β-arrestin binding whereby receptor-

arrestin complexes are found as partially engaged (only bound through the 

receptor tail) and/or fully engaged complexes (bound through receptor core and 

tail) (Shukla et al., 2014, Ghosh et al., 2015). The phosphorylation-independent 

binding is suggested to rely on structural motifs that are exposed in active GPCR 

conformations. For instance, the ICL2 was shown to be involved in arrestin 

recruitment and endocytosis of 5-HT2C, β2AR, α2AAR and neuropeptide Y2 

receptors (Marion et al., 2006). Specifically, the first 10 residues of ICL2 at the 

beginning of the DRY motif, which are important for interactions with both G 

proteins and arrestins (Barak et al., 1994), were shown to constitute a structural 

determinant for the phosphorylation-independent binding of β-arrestins (Marion 

et al., 2006). Additionally, pull-down, and direct binding studies have 

demonstrated that several GPCRs are able to interact with arrestins in the 

absence of receptor phosphorylation, particularly via their ICL3. These include 

rhodopsin, β2AR, α2AAR, vasopressin V1, HT2A, δ opioid receptors and even the 

M2 and M3 muscarinic subtypes (Gurevich et al., 1995, Ferguson et al., 1996, Wu 

et al., 1997, Gelber et al., 1999, Cen et al., 2001, DeGraff et al., 2002, Wang 

and Limbird, 2002, Wu et al., 2006). Our data (Scarpa et al., 2021, Bradley et 

al., 2020) provides a strong indication that the M1 mAChR might interact with 

arrestins in a phosphorylation-independent manner. Given the relatively large 

size of the ICL3 (Figure 3-1), there is a possibility that the M1 mAChR ICL3 is 

involved in the interaction with arrestin, like the ICL3 of other subtypes of the 

muscarinic family (Wu et al., 1997, Gurevich et al., 1995). Additionally, recent 

nuclear magnetic resonance (NMR) spectroscopy studies have demonstrated that 

both C-tail and core-mediated interactions of GPCRs are required for the full 
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conformational change of β-arrestin1 into its active state (Shiraishi et al., 2021). 

This further supports the concept that receptor phosphorylation is important, 

but not essential, for GPCR-arrestin interactions.  

Following agonist activation, receptor phosphorylation and the subsequent 

interaction with β-arrestin cause G protein uncoupling and signalling 

desensitisation by steric hindrance (Rasmussen et al., 2011, Kang et al., 2015, 

Carpenter et al., 2016, Liang et al., 2017, Zhang et al., 2017, Szczepek et al., 

2014, Chaturvedi et al., 2020). Similar to the M3 and M5 subtypes, the M1 

mAChR preferentially couples to Gαq/11 class of G proteins (Wess, 1993, Felder, 

1995), leading to phosphoinositide breakdown into inositol (1,4,5) trisphosphate 

and 1,2-diacylglycerol, that cause the increase of intracellular calcium 

(Nathanson, 2000). The M1 mAChR is able to undergo rapid agonist-induced 

phosphorylation and desensitisation (10-300s following agonist exposure), which 

was shown to eliminate the receptor reserve associated to G protein-induced IP3 

signalling (Waugh et al., 1999). Removal of receptor phosphorylation in the M1-

PD did not significantly affect IP3 signalling as measured by IP1 accumulation 

assay in response to the full agonist carbachol. This result was consistent with 

previous reports and suggests that lack of phosphorylation does not impact Gαq 

protein signalling; this could be due to the observed residual β-arrestin 

recruitment to the M1-PD (Bradley et al., 2020, Scarpa et al., 2021).  

Receptor phosphorylation and recruitment of β-arrestin to activated GPCRs are 

known to be crucial for receptor internalisation (Ferguson et al., 1996). The M1 

mAChR was confirmed here to require receptor phosphorylation for robust 

agonist-induced receptor internalisation as M1-PD receptors displayed a severely 

impaired internalisation (Bradley et al., 2020, Thomas et al., 2009, Waugh et 

al., 1999, Lee et al., 1998). In fact, the removal of intracellular phosphorylation 

sites robustly decreased the re-localisation of the M1 mAChR from the cell 

surface to the perinuclear area. Whereas the M1-WT receptor in CHO cells 

showed significant co-localisation with the early endosomal marker EEA1 

following agonist treatment, the M1-PD receptor seems sequestered at the cell 

surface and does not co-colocalise with EEA1. This strongly indicates that the 

M1-PD receptor is impaired in phosphorylation/arrestin-dependent mechanisms, 

drawing to the conclusion that this variant is a G protein-biased receptor. 

However, though drastically reduced, receptor internalisation could still be 
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detected using a bystander BRET assay for receptor recruitment to early 

endosomes (Scarpa et al., 2021), indicating that immunocytochemistry might not 

be sufficiently sensitive to detect weak, residual receptor endocytosis.  

Following receptor activation, the fate of internalised GPCRs, will be 

determined by both sorting signals in the receptor intracellular domain and the 

stability of the β-arrestin interaction (Marchese and Trejo, 2013, Zenko and 

Hislop, 2017, Oakley et al., 1999). According to these results altogether with the 

observations by Scarpa et al. (2021) and Bradley et al. (2020), internalisation of 

M1-PD receptors was consistently severely impaired despite β-arrestin 

recruitment is still detected around 50% compared to the wild-type receptors, 

suggesting that recruitment of β-arrestins is not sufficient for efficient agonist-

induced receptor internalisation. A similar observation was reported for a PD 

mutant of the β2AR (Krasel et al., 2008). Like for the M3 and M4 mAChR, agonist-

induced internalisation of the M1 mAChR is dependent on clathrin and dynamin  

(Claing et al., 2000, Lee et al., 1998, Vögler et al., 1998, Yeatman et al., 2014). 

Binding of β-arrestin to the receptor recruits AP2 and clathrin to the plasma 

membrane to initiate the formation of clathrin-coated pits (Goodman et al., 

1996, Laporte et al., 1999). In addition, receptor interaction with E3 ubiquitin 

ligase Mdm2 was demonstrated to be important for agonist-induced receptor 

internalisation as well as for receptor interactions and scaffolding of signalling 

partners such as MAPK (Shenoy et al., 2006). The drastic impairment in agonist-

induced internalisation despite the moderate β-arrestin binding to the M1-PD 

might be explained by different conformational changes of β-arrestin upon 

binding to the M1-PD compared to a fully phosphorylated receptor. Arrestins 

were demonstrated to undergo significant structural rearrangement upon binding 

to phosphorylated receptors (Zhuo et al., 2014, Kim et al., 2012) that might 

prepare the arrestin for interactions with binding partners such as AP2 or 

clathrin or ubiquitin ligases. For instance, β-arrestins bind to clathrin and AP2 

via their C-tail (Kim and Benovic, 2002) and upon GPCR binding to β-arrestins, 

the latter undergo conformational changes causing the release of their C-tail 

which becomes accessible for interactions with clathrin and AP2  (Zhuo et al., 

2014). Lack of receptor phosphorylation likely prevent the required 

conformational changes for arrestin to interact with its binding partners.  
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Different ligands can stabilise GPCRs in distinct conformations that 

preferentially interact with certain signalling partners e.g., G protein subtypes 

and arrestins resulting in differential signalling outcomes. For instance, distinct 

ligand-receptor conformations can promote phosphorylation by GRKs or other 

kinases at differential intracellular clusters, defining the so-called 

phosphorylation barcode  (Tobin, 2008, Reiter et al., 2012). Different 

phosphorylation barcodes ultimately influence the interaction of signalling 

partners and downstream effectors determining the signalling outcome (Tobin et 

al., 2008, Butcher et al., 2011, Nobles et al., 2011, Zhou et al., 2017). For 

example, two different β2AR ligands, β-arrestin–biased carvedilol and the 

unbiased full agonist isoproterenol, were demonstrated to cause distinct 

receptor phosphorylation patterns resulting in different signalling outcomes in 

HEK293 cells. Other examples are endogenous ligands CCL19 and CCL21 of the 

CCR7 chemokine receptor that could promote G protein-dependent signalling, 

calcium mobilization and ERK activation with equal potency, however only 

CCL19 promotes robust desensitization (Kohout et al., 2004). While CCL19 lead 

to robust CCR7 phosphorylation by both GRK3 and GRK6 and β-arrestin2 

recruitment, CCL21 activates GRK6 alone resulting in weaker interaction with β-

arrestin2 (Zidar et al., 2009). Agonist-specific phosphorylation barcodes have 

been reported for other GPCRs including ORs (Just et al., 2013) and serotonin 5-

HT2A receptors (González-Maeso et al., 2007). 

Two M1 mAChR ligands, GSK1034702 and pilocarpine, were shown to induce 

seizures in rodents, and Bradley et al. (2020) tested whether they display 

signalling bias compared to the natural ligand ACh. Pilocarpine is a well-

characterised muscarinic partial agonist that drives robust seizures despite 

acting as a partial agonist of muscarinic receptors (Hedlund and Bartfai, 1981), 

and  GSK1034702 is a M1 mAChR bitopic ligand that also causes profound seizures 

in mice (Bradley et al., 2018). When administered in vivo to rats at equivalent 

occupancy levels, pilocarpine stimulated 6-fold increases in phosphoinositide 

turnover over basal in the cortex, compared to a ~2.5-fold increase stimulated 

by GSK1034702. This led to the conclusion that M1 agonists showing bias towards 

G protein-dependent signalling, in this case phosphoinositide responses, may 

result in adverse central and peripheral effects (Bradley et al., 2020). In this 

chapter, I aimed to analyse differences in IP1 accumulation response and 
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agonist-induced internalisation elicited by GSK1034702 and pilocarpine in vitro 

in comparison to the endogenous muscarinic agonist, ACh. In contrast to the 

findings on phosphoinositide accumulation in the cortex (Bradley et al., 2020), in 

the CHO FlP-In cell system, pilocarpine induced IP1 accumulation at the M1 

mAChR with significantly lower potency and similar efficacy compared to ACh 

and GSK1034702, whereas GSK1034702 displayed similar IP1 accumulation 

response to ACh. Additionally, both GSK1034702 and pilocarpine induced 

significantly less receptor internalisation compared to ACh, and GSK1034702 

induced virtually no receptor internalisation. In this study, ligand bias factors 

calculated for GSK1034702, or pilocarpine were not significantly different from 

ACh, indicating that they are not biased ligands (Table 3-6). While our 

observations for GSK1034702 agree with previous studies that showed no bias 

between G protein coupling and receptor phosphorylation pathways, pilocarpine 

was demonstrated to induce biased signalling toward G protein pathways 

(Bradley et al., 2020). The lack of statistical significance in this study could be 

however due to the high level of variance (S.E.M.) reported for the 

internalisation assay, and bystander BRET assays for receptor endocytosis in 

early endosomes as used in Scarpa et al. (2021) could help achieve a more robust 

comparison. In addition, GSK1034702 is a bitopic ligand and it was found to 

activate and phosphorylate both M1-WT and M1-DR receptors in vitro (Bradley et 

al., 2018). Therefore, the [3H]-NMS-based internalisation assays might not be 

appropriate to assess internalisation induced by GSK1034702, since this ligand 

might not be pharmacologically structured to displace the orthosteric 

radioligand efficiently.  

In conclusion, the data from my in vitro studies suggest that while removal of 

receptor phosphorylation has little impact on G protein-dependent signalling – 

phosphoinositide accumulation in this case – it significantly impairs agonist-

induced receptor internalisation that is traditionally the main mechanism for 

receptor internalisation. However, as reported in other studies (Bradley et al., 

2020, Scarpa et al., 2021), β-arrestin recruitment to the M1-PD variant is 

decreased by around 50%. GSK1034702 and pilocarpine, two muscarinic agonists 

that were shown to induce profound seizures in rodents, both induce similar 

levels of IP1 response in vitro but significantly less receptor internalisation 

compared to the natural agonist ACh. The lack of signalling bias of pilocarpine 
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calculated in this study however doesn’t agree with previous studies (Bradley et 

al., 2020) but this might be due to the differences in the assays used. 

Altogether, the findings from this chapter suggest that differences in 

physiological responses observed in the M1-PD mice are likely due to lack of 

phosphorylation/arrestin-dependent pathways and not to lack of G protein 

signalling desensitisation. It would be important, however, to test signalling bias 

in primary cell systems as a valuable intermediate step between in vitro systems 

and in vivo studies, for example in primary hippocampal neurons, which are the 

most physiologically relevant for the M1 mAChR signalling (Levey, 1993). In fact, 

the stoichiometry of interacting partners e.g., GRKs, G proteins and arrestins, 

vary between different cell types and tissues, adding a layer of complexity to 

physiological signalling bias (Kenakin, 1997, Newman-Tancredi et al., 1997, 

Newman-Tancredi et al., 2000). 
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4.1 Introduction 

Worldwide, dementia affects around 55 million people, and AD is the most 

common form contributing to 60-70% of cases (Alzheimer's Association, 2021, 

World Health Organization, 2021). These figures are predicted to more than 

double by 2050 as the population ages, and the World Health Organization has 

recognised AD as a global health priority (Lane et al., 2018). Since this disease 

was first identified in 1907 when Alois Alzheimer reported the first case 

(Alzheimer, 1907), significant progress has been made in our understanding of 

AD. However, there are still no treatments that can halt or slow disease 

progression and the first treatment for AD to be approved since 2003 by the FDA 

was aducanumab in June 2021. Aducanumab, an Aβ antibody that will be 

marketed by Biogen as Aduhelm, was approved using the accelerated approval 

pathway, which is dedicated to drugs for serious or life-threatening illnesses 

(Food and Drug Administration, 2021). Despite the initial excitement, many 

argue that there is not (yet) robust evidence for aducanumab’s efficacy on 

cognition or disease-modifying endpoint (Sevigny et al., 2016, Mullard, 2021), 

despite its ability to lower Aβ plaque pathology. 

GPCRs are involved in almost all physiological processes and several GPCR 

families have been implicated in the pathogenesis of AD (Thathiah and De 

Strooper, 2011). Unsurprisingly, over recent years, a number of GPCR targets 

have been evaluated for clinical trials for AD (Hauser et al., 2017). Of these 

GPCRs, the M1 mAChR has caught intense interest as one of the most promising 

targets for the treatment of cognitive impairments of neurological diseases such 

as dementia and schizophrenia (Sarter et al., 2012). Many pharmaceutical 

companies have put a lot of effort into the development of selective M1 mAChR 

agonists for the symptomatic treatment of dementias and schizophrenia (Bodick 

et al., 1997b, Shekhar et al., 2008, Felder, 2019, Bakker et al., 2020). 

Importantly, more emerging evidence from preclinical animal models of 

neurodegenerative disease has demonstrated that selective activation of the M1 

mAChR can not only reverse memory impairments but also exert disease-

modifying effects that are able to significantly slow down disease progression 

(Scarpa et al., 2020, Bradley et al., 2017, Lebois et al., 2017, Ghoshal et al., 

2016). However, translating these promising findings into successful clinical 

outcomes has so far been proven challenging. This is not only true for muscarinic 
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receptors, but also for other therapeutic approaches for the treatment of AD 

(Selkoe, 2011). 

A major obstacle to the development of effective and safe therapeutics for AD 

arises from the challenge in translating the findings from animal model studies 

into clinical trials. As a consequence, significant effort has been invested into 

the development of animal models of AD that best recapitulate human disease, 

not only to investigate pathophysiology, but also to design and validate truly 

disease-modifying treatments (Selkoe, 2011, LaFerla and Green, 2012, Reardon, 

2018).  

 Animal models of AD 

a Natural animal models 

Several animal species including polar bears, goats, sheep, cats, dogs and some 

non-human primates spontaneously develop AD-related pathology (Van Dam and 

De Deyn, 2011). These animals exhibit age-related deposition of Aβ plaques, and 

some species also display tauopathies (i.e., baboons, rhesus monkey, spectacled 

bear, bison, guanaco, rabbits, reindeers, and Campbell’s guenon (Härtig et al., 

2000)). These pathologies also correlate with cognitive decline (Cummings et al., 

1996, Voytko and Tinkler, 2004, Gunn-Moore et al., 2006, Rofina et al., 2006). 

Particularly, non-human primates represent an ideal animal model to investigate 

higher cognitive functions and neurodegeneration since they show the greatest 

similarity to humans, compared to other animals. However, even non-human 

primate models of disease suffer from several limitations, including that even 

aged animals lack NFT neuropathology, only a small proportion of the population 

will naturally develop disease, and the development of Aβ pathology will 

develop in decades due to the long lifespans (Oikawa et al., 2010, Heuer et al., 

2012). In addition, the use of these species for experimental research is not 

feasible for reasons including availability, the economic burden associated to 

their long lifespan, and/or ethical reasons.  

A wide range of animal models have been developed to recapitulate the 

pathophysiology of AD followed by the correlation with cognitive decline, and 

these include induced/interventional models and transgenic models of disease.  
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b Induced models  

In induced models of AD, pathology is produced by the injection of 

pharmacological and chemical agents, or by physical lesions. Most animal models 

within this category have been developed based on the cholinergic hypothesis of 

AD. For example, the most common pharmacological model is scopolamine-

induced amnesia (Ebert and Kirch, 1998, Sunderland et al., 1986). Scopolamine 

is a muscarinic antagonist and is able to induce memory deficits by 

compromising information acquisition (Rush, 1988). Scopolamine-induced 

amnesia in animals has been extensively used to understand the role of the 

cholinergic system in learning and memory, as well as to evaluate cholinergic 

compounds for the treatment of cognitive deficits (Malviya et al., 2008, Ahmed 

and Gilani, 2009). Also mecamylamine, a nicotinic antagonist, can induce 

cognitive impairments and be used as an alternative model for cholinergic-

associated amnesia (Moran, 1993). Other models of cognitive dysfunction can be 

induced by physical brain lesions, specifically, by lesioning the brain structures 

or systems that are essential for different processes of learning and memory, 

including the hippocampal, striatal and cortical regions (Gray and McNaughton, 

1983, Glenn et al., 2003, Sloan et al., 2006). Lesion-induced amnesia provides 

useful insights into the neuronal mechanisms and networks underlying memory 

dysfunctions.  

Another induced model of AD-associated pathology is the intracerebral or 

intracerebroventricular infusion of pathogenic Aβ species in the brain of rodents. 

This can be achieved by acute administration using a single stereotactic 

injection (Harkany et al., 1998, Harkany et al., 2000), or repetitively through an 

implanted cannula in order to mimic the progressive nature of the disease 

(Yamada et al., 2005). Direct intracerebral infusion of Aβ peptides causes 

cognitive deficits and other AD-like behavioural symptoms, disruption of 

cholinergic transmission (Yamada et al., 2005, Harkany et al., 1998, Sipos et al., 

2007), and neuropathological changes including neuroinflammation and oxidative 

stress (Weldon et al., 1998).  
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c Transgenic models 

Extraordinary advances in the understanding of the molecular basis of 

neurodegenerative conditions such as AD have been made using transgenic 

animal models. Multiple genetic mouse models and one genetic rat model 

(Cohen et al., 2013) have been generated to express AD-associated human genes 

to reproduce clinical disease. Transgenic non-mammalian species like zebrafish 

(Danio rerio), nematodes (Caenorhabditis elegans) and the fruit fly (Drosophila 

melanogaster) have also been extensively used to explore genetic interactions 

and molecular pathways in disease as well as for toxicological studies 

(particularly zebrafish) (Van Dam and De Deyn, 2011). These are particularly 

useful for their cost-effectiveness, availability, and ease of genetic 

manipulation. However, they are unable to provide insights into symptomatic or 

behavioural aspects, and despite genetic homologies, they are hardly 

comparable to the physiological and neurological complexity of mammalian 

models.  

The first transgenic mouse model of AD came about in 1995 following the 

identification of mutations within the human APP gene carried by individuals 

with EOAD. These included the Indian familial AD mutation (V717F) (Murrell et 

al., 1991) and the Swedish mutations (K670N and M671L) (Haass et al., 1995). 

The PDAPP model, which carries the Indian mutation, was the first to be 

developed (Games et al., 1995), and was followed by the Tg2576 (Hsiao et al., 

1996) and the APP23 mouse models (Sturchler-Pierrat et al., 1997) that carry the 

Swedish mutations. These mice display diffuse presence of plaques, 

neuroinflammation, hippocampal atrophy, synaptic and neurotransmitter 

dysfunction, as well as AD-like cognitive and behavioural impairments (Sasaguri 

et al., 2017). The discovery of familial AD mutations in the presenilin (PSEN) 

gene, which is also involved in APP processing, led to the development of single 

transgenic mouse models, PSEN1 and PSEN2. These mice do not display plaque 

pathology and have a few cognitive and behavioural impairments, and similarly 

to the APP-based model, they lack NFT pathology. However, double transgenic 

APP/PSEN mice, which display even higher levels of disease-associated Aβ 

species Aβ1–42 than single transgenic APP mice, show neuronal loss, 

neuroinflammation and cognitive and behavioural symptoms changes comparable 

to clinical AD (Van Dam and De Deyn, 2011).  
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One of the major drawbacks of APP/PSEN1 mouse models is the lack of NFT, and 

this was overcome with the generation of tau models, and double transgenic 

mice expressing mutant tau and APP. However, in these mice, Aβ plaques and 

NFT do not co-localise in AD-relevant brain regions (Götz et al., 2004, Ribé et 

al., 2005). This prompted the development of triple transgenic mice, whereby 

two transgenic constructs carrying mutant APP and tau are microinjected into 

single-cell embryos from homozygous mutant PSEN1 mice, to prevent separating 

APP and tau expression. These triple transgenic mice, similar to AD, show 

deposition of Aβ plaques prior to NFT pathology with a temporal and spatial 

profile equivalent to AD, in addition to inflammation, synaptic dysfunction and 

cognitive decline (Oddo et al., 2003a, Oddo et al., 2003b). Somatic transgenic 

models have also been developed, whereby AD-associated genes are selectively 

overexpressed in a cell- or tissue-specific manner by viral vector gene transfer 

technology (Hong et al., 2006, Lawlor et al., 2007). 

 Challenges with animal models 

The various panel of animal models of disease have greatly contributed to our 

understanding of the molecular mechanisms underpinning neurodegenerative 

disease development and progression but have also been important for 

translational research for drug target discovery and validation as well as 

preclinical animal studies. Animal models offer the advantages of rapid 

development of symptoms and pathology, availability of large groups of subjects 

and accessibility to early stages of disease. However, the perfect animal model 

for human disease does not exist and different animal models suffer from 

limitations that researchers will need to consider during experimental design.  

For example, even though induced models such as scopolamine-mediated 

amnesia or lesion models have been important to advance our understanding of 

the cholinergic or other neuronal systems, they lack AD-associated pathological 

hallmarks such as Aβ plaques and NFT. Amyloid infusion displays localised 

neuropathology that is quite different from the diffuse distribution of Aβ plaques 

in human AD. In addition, induced models do not develop progressive 

neurodegenerative disease, nor age-related disease progression. 
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Transgenic models of AD such as the ones discussed above (Alzforum, 2021) 

come with drawbacks that are mostly intrinsic to the genetic engineering 

system. For example, most transgenic mouse lines involve the over-expression of 

one or more AD-related genes, which might cause non-specific ER stress and 

other cellular artefacts that are not disease-associated (Saito et al., 2016). 

Crossbreeding with other mutants could also result in non-relevant disease 

phenotypes (Saito et al., 2014). In addition, whilst transgenic mouse lines can 

provide a representation of AD-relevant pathologies, they cannot reproduce the 

course of the disease in a natural fashion. In accordance, since mouse models do 

not progress to a severe or terminal stage of disease, they do not develop late 

stages of disease.  

Another consideration is that APP, PSEN, and tau-based transgenic mouse models 

are representative of familial EOAD, which is the rarest (0.5%) form of AD (Lane 

et al., 2018). In the most recent years, great effort has been invested into the 

development of novel transgenic mouse models for AD that are based on genetic 

risk variants of LOAD such as APO-Ee4 and R47H-mutated Trem2 (Oblak et al., 

2020). Examples are the APO-E4 knock-in mouse, alias JAX, that expresses a 

humanized APO-E4 allele from the endogenous ApoE locus, the Trem*R47H 

mouse carrying the disease-associated R47H allele of Trem2, and a mouse model 

expressing both human APO-E4 and the Trem2*R47H mutation. Importantly, 

these mouse models show age-specific transcriptional changes that are 

comparable to the changes seen in clinical studies, representing useful models 

for LOAD (Pandey et al., 2020). 

Since no perfect model of human AD exists, researchers need to ask themselves 

which animal model available is the most relevant to answer their research 

questions. Our group has employed the mouse prion disease model for 

translational pharmacology and target validation studies.  

 Prion disease 

Neurodegenerative diseases such as AD, tauopathies, Huntington’s disease (HD), 

PD and prion diseases are part of the same umbrella of diseases called 

proteinopathies. Proteinopathies are all caused by the formation of toxic protein 

aggregates in the brain, which ultimately lead to fatal neuronal loss. Each of 
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these disorders is caused by the misfolding of distinct proteins: APP and tau in 

AD, huntingtin in HD, α-synuclein in PD and prion protein (PrP) in prion disease. 

However, proteinopathies share general hallmarks of neurodegeneration, 

including synaptic and neuronal dysfunction, impaired protein recycling, 

mitochondrial dysfunction and potentially the unfolded protein response (UPR) 

response (Halliday and Mallucci, 2015). 

Cellular prion protein (PrPC) is responsible for the development of transmissible 

spongiform encephalopathies (TSE) such as Kuru and Creutzfeldt-Jakob disease 

(CJD) in humans, and bovine spongiform encephalopathy (BSE) or “mad cow”. 

These are terminal neurodegenerative diseases characterised by motor and 

cognitive impairments, neuronal dysfunction and extensive brain damage that 

can affect a large variety of mammals including humans (Table 4-1) (Aguzzi and 

Haass, 2003).  TSEs were first observed in sheep with scrapie disease, that were 

showing abnormal behaviour such as involuntary movements, ataxia and 

excessive scratching (Delez et al., 1957). TSEs are rare disorders in humans and 

the most common human TSE is CJD, which has a sporadic incidence rate of one 

new case per million people each year worldwide (Uttley et al., 2020). Another 

TSE observed in humans is Kuru, first reported in Papua New Guinea among 

members of Fore tribes. Kuru was once the most common cause of mortality in 

those communities (Gajdusek and Zigas, 1957), and the disease spread was 

associated with funerary cannibalism practices (Mead et al., 2003).  

The term “prion” was coined by Stanley B. Prusiner who first defined the causing 

agent of TSE as “a small proteinaceous infection particle that is resistant to 

inactivation by most procedures that modify nucleic acids” (Prusiner, 1982). The 

first experimental infection of brain homogenates from scrapie-diseased goats 

was carried out in 1960 (Chandler, 1961) and led to the more convenient 

laboratory mouse model of prion disease. The murine prion model not only 

provided useful insights into prion pathologies, but also led to the development 

of a new disease model for terminal neurodegeneration. 
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DISEASE HOST AETIOLOGY 

Bovine Spongiform 
Encephalopathy (BSE) 

Bovine 
Prion infection (via feed) (Nathanson et al., 

1997) 

Scrapie 
Sheep 

and Goat 

Scrapie prion infection by maternal and lateral 
transmission (Delez et al., 1957, Dickinson et al., 

1974) 

Chronic Wasting 
Disease (CWD) 

Deer and 
elk 

Indirect lateral transmission of CWD prion 
(Bartelt-Hunt and Bartz, 2013) 

Iatrogenic 
Creutzfeldt-Jakob 

Disease (CJD) 
Human 

Infection from contaminated human tissue (e.g., 
medical procedure) (Duffy et al., 1974) 

Sporadic CJD Human 
Spontaneous PRNP somatic mutation or a 
stochastic PrP structural change (Zerr and 

Parchi, 2018) 

Variant CJD Human 
Infection by BSE-contaminated meat (Will et al., 

1996, Ritchie et al., 2009) 

Familial CJD Human 
Hereditary PRNP mutation (Jacob et al., 1950, 

Goldgaber et al., 1989, Owen et al., 1989) 

Gerstmann-
Sträussler-Scheinker 

Disease 
Human 

Hereditary PRNP mutation (Goldgaber et al., 
1989, Gerstmann et al., 1935) 

Fatal Familial 
Insomnia 

Human Hereditary PRNP mutation (Medori et al., 1992) 

Kuru Human 
Transmission by cannibalism (Gajdusek and 

Zigas, 1957, Glasse, 1967, Mathews et al., 1968) 

Table 4-1 Common prion diseases. List of prion diseases that occur in humans, bovines, sheep, 
goats, deer, and elks. Aetiology and references to key literature are also included. 

a Structure of PrP 

The normal cellular PrPC is encoded by the highly conserved single-copy gene 

PRNP on chromosome 20 (Oesch et al., 1985) in humans and in a homologous 

region in mouse chromosome 2 (Sparkes et al., 1986). PrPC is highly expressed 

and has so far been identified in all mammals and birds, as well as Xenopus 

laevis (Strumbo et al., 2001) and fish (Rivera-Milla et al., 2003).  

PrPC is single component membrane glycoprotein (Stahl et al., 1987) which is 

ubiquitously expressed at high levels, particularly in neurons (Kistner et al., 

1996, Manson et al., 1992) where it mainly localises at synapses in cholesterol-

rich microdomains (Vey et al., 1996, Naslavsky et al., 1997). PrPC is at the cell 

membrane as an N-glycosylated, glycosylphosphatidylinositol (GPI) -anchored 

protein of 208-209 amino acids, which is exported to the cell surface following 

the cleavage of a 22-amino acid signal peptide (Figure 4-1). PrPC has three 

glycosylation states (non-, mono-, or di-glycosylated) depending on the variable 
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glycosyl groups on two asparagine (Asn) residues on the N-terminal end; Asn-181 

and Asn-197 in human and Asn-180 and Asn-196 in mice (Haraguchi et al., 1989). 

The structure of PrP in its natively folded form was first revealed in 1996 

through NMR spectroscopy (Riek et al., 1996), and its high-resolution three-

dimensional crystal structure in 2001 (Knaus et al., 2001). However, the 

structure of the misfolded, disease-associated form of PrP, the scrapie PrP 

(PrPSc), remains elusive to date. This is due to unsurmountable challenges for X-

ray crystallisation and NMR posed by the unique characteristics of PrPSc 

aggregates: 1) they contain PrPSc molecules with different sizes in dynamic 

equilibrium in solution and with different levels of glycosylation; 2) they 

typically have a high molecular weight; 3) they are mainly hydrophobic; 4) 

during purification, they tend to capture many contaminants due to their sticky 

nature; and 5) the yield of replication of PrPSc is too low for biophysical 

techniques (Diaz-Espinoza and Soto, 2012). 

PrPC has a high α-helix content (45%) and low β-sheet (3%) (Riek et al., 1996). 

The C-terminal portion of the peptide feature a globular domain with three α-

helices and interspersed with an antiparallel β-pleated sheet as displayed in 

Figure 4-1 (Riek et al., 1996, Riek et al., 1997, Zahn et al., 2000). The N-

terminal half of PrP is a flexible tail with a random-coil sequence (Shmerling et 

al., 1998), and containing a stretch of octapeptide repeats (OR), flanked by two 

positively charged clusters (CC). A single disulphide bond is present between two 

of the α-helices (Riek et al., 1996, Riek et al., 1997, Zahn et al., 2000). The 

globular domain of human PrPC has a high sequence identity to many other 

mammals (Lysek et al., 2005), and the major structural features are also 

preserved in non-mammalian species (Calzolai et al., 2005).  

In contrast to PrPC, PrPSc has a high content of β-sheets (around 40%) and lower 

α-helix content (30%) as measured by Fourier-transform infrared (Pan et al., 

1993) and circular dichroism spectroscopy (Safar et al., 1993). The β-sheets 

were shown to be located in the C-terminal side of the PrP molecule, as 

indicated by green-gold birefringence after staining with Congo red of amino-

terminally truncated PrPSc (Prusiner et al., 1983). 
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Figure 4-1 Structure of the human cellular prion protein.(A) Outline of the primary structure of 
PrPC including posttranslational modifications. A secretory signal peptide residue at the extreme N-
terminus. Charged clusters (CC), octapeptide repeat (OR), hydrophobic core (HC), membrane 
anchor region (MA), disulphide bridge (S-S). The secondary structures of the globular NMR 
structure are indicated as α1/2/3 and β1/2 for α-helices and β-sheets respectively. The numbers 
describe the position of the respective amino acids. (B) Ribbon diagram of the human PrP (121-
230), corresponding to the C-terminal globular NMR structure (PDB code 1qlz). α-helices are 
displayed in red and the antiparallel two-stranded β-sheet in yellow. The connecting loops are 
displayed in green and the disulphide bond between cysteine 179 and 214 is shown in cyan. Image 
was reproduced using the PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. 

b Function of PrP 

Although PrP knockout mice were described almost three decades ago, the 

physiological function of PrPC remains unclear. Two independent mouse lines 

were generated using homologous recombination in embryonic stem cells to 

cause the disruption of the PRNP gene; the Prnp0/0 (Zurich I) (Büeler et al., 

1992) and Prnp-/- (Edinburgh) (Manson et al., 1994). No remarkable phenotypes 

were observed in terms of development and behaviour, although subtle 

abnormalities were revealed in neurophysiological and biochemical functions. 

For instance, hippocampal slices from PrP null mice were reported to have 

weakened gamma-aminobutyric acid type A (GABAA) receptor-mediated fast 

inhibition (Collinge et al., 1994). PrP0/0 also displayed aberrant localisation of 
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neuronal nitric oxide synthase (nNOS) (Keshet et al., 1999) and neurons showed 

high susceptibility to oxidative stress in culture compared to wild-type (Brown et 

al., 1997).  

The only significant discovery made on Prnp0/0 mice was that the ablation of 

PrPC conferred resistance to prion neurodegeneration (Büeler et al., 1993).  

c Mechanisms of prion toxicity  

The infectivity of prions relies on the ability of the misfolded PrPSc to self-

propagate by acting as a template for the conversion of natively folded PrPC, 

hence initiating a misfolding-amplification cycle. The first seminal work to 

unravel the mechanism of self-propagation was the demonstration in a cell-free 

system that radioactive PrPC incubated with unlabelled PrPSc led to the 

generation of radioactive PrPSc (Caughey et al., 1999). However, it was shown 

that the in vitro generation of PrPSc was less efficient using purified PrPC instead 

of brain homogenate, suggesting that the conversion from PrPC to its misfolded 

form might be facilitated by additional cofactors (Deleault et al., 2005). PrPSc 

formation in vitro was shown to require lipids and RNA for in vitro prion 

replication (Wang et al., 2010).  

The severity and lethality of prion diseases are mostly associated with neuronal 

loss, synaptic damage and extensive spongiosis; however, the mechanism by 

which PrPSc can induce the disease is unclear. It has been established that the 

neurotoxicity is mainly mediated by small oligomers of misfolded PrPSc. This was 

first discovered with field-fractionation experiments, by which partially 

disaggregated PrPSc was fractioned by size, and each fraction was inoculated into 

the brain of hamsters. The peak infectivity was achieved by inoculation of 300-

600 kDa aggregates, which would contain 14-28 PrP molecules (Silveira et al., 

2005). 

 The mouse model of prion disease  

In contrast to other animal models of neurodegenerative diseases such as AD, HD 

or PD, which are usually engineered to express human mutant proteins to 

reproduce the human disease phenotype, inoculation of prions in mice induces a 

true, natural model of murine prion neurodegenerative disease. Hence, studying 
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this mouse model of prion disease can give real insights into the development 

and progression of neurodegenerative proteinopathies, such as AD. Furthermore, 

in contrast to most animal models of neurodegeneration, prion infection of mice 

induces a progressive, terminal neurodegeneration that allows for survival 

studies and cost-effective assessment of the disease-modifying potential of novel 

compounds for the treatment of neurodegenerative disease.  

The mouse model of prion disease that is used in our laboratory is based on the 

tg37 mouse, a transgenic MloxP mouse line that expresses PrPC from MloxP 

transgenes at approximately 3 times wild-type levels (Mallucci et al., 2002). 

Prion disease is induced by manual intracerebral inoculation of 3-7 weeks old 

pups with Rocky Mountain Laboratory (RML) scrapie-infected brain homogenate 

(10% of the body weights) prepared from terminally sick prion diseased mice. 

The corresponding control mice are similarly inoculated except using normal 

brain homogenate (prepared from healthy animals). Prion diseased Tg37 mice 

show neuropathology at 8 weeks post inoculation (w.p.i.), including PrPSc 

deposition, reactive astrogliosis and spongiosis (formation of intraneuronal 

vacuoles in cells that have not yet degenerated), that is followed by symptoms 

onset at 10 w.p.i. and terminally ill animals normally succumb to scrapie around 

12 w.p.i. (Mallucci et al., 2003).   

Prion-diseased mice display progressive deficits in species-typical spontaneous 

behaviours, such as burrowing, nesting and novel object recognition (NOR) prior 

to the onset of motor impairments. These behavioural deficits strongly correlate 

with early stages prion pathology and loss of presynaptic terminals in the dorsal 

hippocampus (Mallucci, 2009). Similarly, loss of synapses, dendrites and spines is 

believed to be a central process to the development of the earliest symptoms 

common to several human neurodegenerative diseases, even prior to the deposit 

of Aβ plaques and loss of neuronal cell bodies, which are irreversible and 

represent end-stage clinical disease. For example, loss of presynaptic terminals 

in AD is strongly correlated with cognitive impairments, independent from 

neuronal loss or deposition of amyloid-β plaques (Näslund et al., 2000). 

Importantly, behavioural deficits in prion-diseased mice, as well as synaptic 

dysfunction, were demonstrated to be reversed with depletion of PrPC, 

suggesting the potential for recovery of neuronal function (Mallucci et al., 2003, 

Mallucci et al., 2007). Impairments in burrowing, nesting or NOR behaviours can 
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be assessed through simple, non-invasive tests. Thus, mouse prion disease model 

could be useful for preclinical studies to assess modification of early stages of 

disease, before irreversible pathological changes occur.  

 Implications of prion disease biology for Alzheimer’s 
disease therapeutics 

Whilst prion disease and AD have distinct clinical signatures, incidence, symptom 

duration and pathophysiology, both neurodegenerations share fundamental 

pathological features. First, both AD and prion disease display an age 

requirement as, besides kuru and other rare cases, prion diseases also tend to 

manifest in middle age and older patients (Parchi et al., 1999). Consequently, 

prion diseases and AD show common age-related pathological responses such as 

oxidative stress, protein cross-links and adduct formation. In addition, similarly 

to AD, most prion disease cases occur sporadically (Castellani et al., 2004).  

Emerging evidence has demonstrated that prion disease shares several signatures 

of disease with AD. Unbiased global proteomic and transcriptomic analysis of 

murine prion disease performed by our group established that murine prion 

disease is associated with neuroinflammation, markers of mitochondrial 

dysfunction and increased oxidative stress. Importantly, these pathology-

associated mechanisms are also associated with AD and other forms of human 

neurodegenerative disease (Abolhassani et al., 2017, Gan et al., 2018, Richards 

et al., 2018, Wang et al., 2020). Moreover, we revealed that murine prion 

disease causes the upregulation of markers of AD and in particular proteins that 

are involved in misfolded protein clearance, further indicating that murine prion 

disease shares disease-adaptive changes with human neurodegeneration 

(Dwomoh et al., 2021).  

Neuroinflammation, characterised by microgliosis and astrogliosis, is another 

common hallmark of neurodegenerative diseases (Amor et al., 2014, Ransohoff, 

2016). Microglia were found in the brain of AD patients and in animal models of 

AD surrounding Aβ plaques (Salter and Stevens, 2017). Similarly, in prion 

disease, it has been established that microglia activation occurs in the regions of 

PrPSc deposition and in response to PrPSc accumulation (Bate et al., 2002, 

Williams et al., 1997, Giese et al., 1998, Van Everbroeck et al., 2004, Kercher et 
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al., 2007, Sandberg et al., 2014, Vincenti et al., 2015, Gómez-Nicola et al., 

2013). It was also shown that human and murine prion diseases share the robust 

upregulation of inducible, pro-inflammatory pathogenic miRNAs with AD such as 

miRNA-34a and/or miRNA-146a (Hill and Lukiw, 2016, Zhao et al., 2016, Basak et 

al., 2016, Boese et al., 2016, Lukiw et al., 2011).  

Given that toxic misfolded proteins characteristic of proteinopathies i.e., Aβ, 

tau, and α-synuclein all display prion-like mechanisms of seeding, propagation 

and transmission to other hosts (Duyckaerts et al., 2019), it is likely that these 

diseases share common cellular pathogenic mechanisms (Halliday and Mallucci, 

2015, Shi et al., 2015, Condello et al., 2020).  For instance, aggregates of Aβ 

peptides behave as prions when injected into the brain of a mouse model of AD, 

with a pattern of deposition that depends on both the aggregates and the host 

(Meyer-Luehmann et al., 2006, Büeler et al., 1993). Defective protein recycling 

and/or degradation (Rubinsztein, 2006), mitochondrial dysfunction (Lin and 

Beal, 2006, Wong et al., 2001) and the UPR (Moreno et al., 2012) have been 

proposed to be some mechanisms at the basis of many neurodegenerative 

conditions. Particularly, the UPR reduces protein translation in response to 

cellular and ER stress and, as the name suggests, can be caused by the presence 

of unfolded proteins (Ron and Walter, 2007), which is a common feature for 

proteinopathies. The UPR and/or phosphorylation of the α-subunit of eukaryotic 

translation initiation factor (elF2α; that inhibits protein translation) were found 

upregulated in patients with AD, PD and prion disease (Hoozemans et al., 2009, 

Hoozemans et al., 2005, Unterberger et al., 2006, Moreno et al., 2012). This 

strongly suggest the UPR plays a central role in proteinopathies, however, how 

this causes neurodegeneration remains unclear.   

In contrast to mouse models of AD in which neuronal loss is rare, the mouse 

prion disease model display presence of misfolded PrP accompanied by extensive 

neurodegeneration, allowing access to the mechanisms linking neuronal death 

and protein misfolding. Therefore, cellular and animal models of prion disease 

would contribute to our understanding of pathways underpinning prion-like 

pathologies such as AD. Uncovering the mechanism of prion spreading and 

toxicity will lead to the discovery of novel therapeutic avenues for 

neurodegenerative diseases such as AD that could potentially prevent disease 

progression (Condello et al., 2020). 
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 Aims  

The aims of this chapter were to identify AD-relevant markers of disease in the 

mouse prion disease and map their changes over the course of disease. This will 

not only be important to validate mouse prion disease as a useful model to 

assess the disease-modifying effects mediated by the M1 mAChR but will also 

provide details of prion disease markers that will be useful to efficiently track 

disease progression.  
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4.2 Results 

 Prion disease is characterised by the progressive 
accumulation of scrapie prion protein. 

The misfolded, toxic form of prion, PrPSc, is partially resistant to digestion by 

protease (Prusiner, 1982). Previous studies conducted on RML prion infected 

Tg37 mice have focussed on the presence of PrPSc in the hippocampus (Mallucci 

et al., 2002, Mallucci et al., 2003, Bradley et al., 2017). This has been because 

the hippocampus is the most severely affected brain region, and the primary 

disease-associated behavioural phenotypes are hippocampal-based (burrowing 

task and fear-conditioned memory)(Bradley et al., 2017, Mallucci et al., 2002). 

Here, the presence of PrPSc was assessed in cortex, hippocampus and striatum 

and at weekly time-points of disease from 6 to 10 w.p.i. to see whether prion-

infected Tg37 mice display misfolded PrP in other regions of the brain, and prior 

to 8 w.p.i. as it was previously demonstrated (Mallucci et al., 2003). PrPSc is 

detected by incubating tissue lysates with proteinase K in order to isolate the 

protease-resistant form of PrP. Then, PrPSc is detected via western blot using 

antibodies against PrP, which can recognise both cellular and scrapie forms 

(Figure 4-2 and Appendix Figure 1). The presence of PrPSc can be detected in all 

the tissues analysed – cortex, hippocampus, and striatum – from 6 w.p.i. Dosing 

studies for novel pharmacological compounds using Tg37 prion-infected mice 

usually start at 7 w.p.i., thus this data establishes that pathology has already 

developed at that stage. Whilst most animals display presence of PrPSc by 10 

w.p.i., the amount of scrapie is variable within the same population. This might 

be reflected by differences in symptom onset as observed in Figure 4-26. 

Overall, striatum displays a trend of higher PrPSc compared to cortex and 

striatum. Since the propagation and accumulation of PrPSc depends on the levels 

of normal PrPC (Mallucci et al., 2003), this is likely due to higher expression of 

PrPC in the striatum, as indicated by the higher level of PrPTot, expressed as fold 

over α-tubulin (Figure 4-2B).  



Chapter 4  117 

 

Figure 4-2 Prion-infected mice show the presence of protease-resistant scrapie prion 
protein (PrPSc) in cortex, hippocampus, and striatum from 6 w.p.i.  Lysates of cortex, 
hippocampus, and striatum of 6, 7, 8, 9 and 10 w.p.i. control or prion-infected mice were incubated 
in the presence or absence of proteinase K (10 μg/mL, 37˚C for 10 minutes) prior to western blot to 
detect non-digested PrPSc and total prion of protein (PrPTot), respectively. (A) Western blot of two 
representative samples of cortex, hippocampus, and striatum from control (10 w.p.i.) and prion-
infected mice at 6, 7, 8, 9 and 10 w.p.i. from Appendix Figure 1. (B) Band analysis of Appendix 
Figure 1 displaying PrPSc and PrPTot expression as a time course. Data shown as means ± S.E.M. 
of a ratio of α-tubulin expression (N=2). 

The presence of PrPSc deposits was further characterised using histological 

techniques to have a greater anatomical resolution, at two distinct bregma 

lateral levels to analyse multiple brain regions (see 2.6.6). By using an antibody 

against protease-resistant prion protein 27-30 (abcam), that can recognise 

aggregates made of 27-30 PrPSc molecules, the precise site of PrPSc deposition in 

the mouse model of prion disease could be visualised (Figure 4-3). Then, 

immunoreactivity was quantified in prion-diseased mice using Imagescope, 

applying an algorithm that was tuned to recognise aggregates (Figure 4-4).  Using 

this method, PrPSc deposits were only found in hippocampal regions and the 

neighbouring white matter tracks, cc and fimbria.  
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The strongest PrPSc staining was found in the CA2 region and the adjacent area 

within the cc at 8 and 10 w.p.i., particularly in the bregma lateral 0.68mm 

level. The fimbria displayed some dark stained aggregates, but not as 

prominently as they are observed in the CA2 and cc. The control brains did not 

display any aggregates characterised by dark staining, suggesting the antibody is 

sufficiently specific (Figure 4-3).  
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Figure 4-3 Immunohistochemical staining for visualisation of scrapie prion protein (PrPSc) in 
the brain of prion diseased mice. Left hand side hemisphere from 8- and 10- w.p.i. control and 
prion-infected mice were sectioned and processed for immunohistochemistry (avidin-biotin complex 
method) using antibodies against prion protease resistant protein 27-30 (abcam), that recognises 
macromolecules made of 27-30 PrPSc. Arrows indicate the signal of putative PrPSc aggregates that 
was accounted as positive immunoreactivity during the analysis in Figure 4-4 using Imagescope 
software. Representative images of 3-4 experiments (N=3-4) highlighting the sites of PrPSc 
deposition in bregma lateral level 0.72mm (A) and 1.68mm (B). Scale bar is 50μm. 

 

Figure 4-4 . Analysis of PrPSc in the brain of prion diseased mice.  Brains from 8- and 10 w.p.i. 
control and prion-infected mice were sectioned and processed for immunohistochemistry (avidin-
biotin complex method) using antibodies against prion protease resistant protein 27-30 (abcam), 
that recognises macromolecules made of 27-30 PrPSc. Dark stained aggregates in hippocampal (A) 
and other regions of interest (B) in sagittal sections at bregma lateral 0.72 mm and 1.68 mm were 
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quantified using Imagescope software (version 12.2.1.5005; Aperio). Data is displayed as mean ± 
S.E.M. *P<0.05, **P<0.01 for prion vs control; #P<0.05, ##P<0.01 for 10 w.p.i. vs 8 w.p.i.; Two-way 
ANOVA (Fisher’s LSD test) (N=3-4). (C) Heatmap of significant changes in PrPSc aggregates 
detected across the bregma levels 0.72mm and 1.68mm, and brain regions including anterior 
commissure (ac), caudate putamen (CPu), cortex (ctx), corpus callosum (cc), dorsal subiculum 
(DS), fornix (f), hippocampus (hpc), hypothalamus (HTh), midbrain (mb), medulla (md), pons (Pn), 
substantia nigra (SNR), thalamus (Th), and vestibule (Ve). 

 Prion-infected mice show no significant neuronal loss at 10 
w.p.i.  

Neuronal loss was assessed with immunohistochemical staining using antibodies 

against neuronal nuclear protein (NeuN) (Figure 4-6). At bregma lateral 0.72mm, 

a decreasing trend in NeuN immunoreactivity is detected from 8 to 10 w.p.i. in 

hippocampal regions CA2, CA3, and dentate gyrus of prion-infected mice, 

suggesting neuronal loss might be occurring. However, no significant difference 

in NeuN was detected in any of the other brain regions analysed, at either of the 

bregma levels analysed. However, a thinning of the layer of pyramidal cell nuclei 

was observed in the CA1 and CA2 hippocampal regions of 10 w.p.i. prion-

infected mice, as indicated by the arrows in the figure (Figure 4-5).  
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Figure 4-5 NeuN immunohistochemical staining of control or prion infected Tg37.  Left hand 
side hemisphere from 8- and 10 w.p.i. control and prion-infected mice were sectioned and 
processed for immunohistochemistry (avidin-biotin complex method) using antibodies against the 
NeuN marker. (A) NeuN staining in the hippocampus of control or prion-infected mice, 
representative of 3-4 mice (N=3-4). Arrows indicate the regions of the layer of pyramidal cell nuclei. 
(B-C) NeuN staining in hippocampal and other regions of interest in sagittal sections at bregma 
lateral 0.72 mm (B) and 1.68 mm (C) were quantified using Imagescope software (version 
12.2.1.5005; Aperio). Data is displayed as mean ± S.E.M. Statistical analysis conducted was two-
way ANOVA Tukey Multiple comparisons (N=3-4). 

Similar to AD, murine prion disease was shown to cause selective neuronal loss 

of presynaptic, cholinergic neurons (Cunningham et al., 2003, Bradley et al., 
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2017). To analyse the presence of cholinergic, presynaptic, or post-synaptic 

neurons, cortex, hippocampus, and striatum from 10 w.p.i. prion-infected mice 

were assessed in western blots using antibodies against ChAT, Synapsin I and 

postsynaptic density protein 95 (PSD95) that are markers of cholinergic neurons, 

presynaptic and postsynaptic terminals, respectively (Figure 4-6). No significant 

difference was found between control- and prion-infected mice in the cortex, 

hippocampus, or striatum for any of the proteins analysed.  

 

Figure 4-6 Prion-infected Tg37 mice show no changes in neuronal populations at 10 w.p.i. 
compared to control. (A) Western blot analysis of cortex, hippocampus, and striatum from 10 
w.p.i. control or prion-infected using antibodies against ChAT, PSD95 and Synapsin I. (B) Band 
analysis for (A). Expression of ChAT, PSD95 and SynapsinI is shown as means ± S.E.M. of a ratio 
of α-tubulin expression. Statistical analysis conducted was multiple unpaired T tests of control vs. 
prion (N=4-5).  

One of the early pathological changes that precedes the neuronal loss observed 

in mouse prion disease is the presence of spongiosis in the hippocampus 

(Mallucci et al., 2003). Solochrome cyanine staining facilitated the observation 

of the microanatomy of hippocampal sections and detection of spongiotic 

vesicles, and an arbitrary 4-point scoring system was designed to estimate 

spongiosis (Figure 4-7 and Table 4-2). Spongiotic vesicles could be detected in 

the hippocampus from 8 w.p.i. especially at bregma lateral 0.72mm. Spongiosis 
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was widespread in the hippocampus at 10 w.p.i. at both bregma levels, with an 

important presence of spongiotic vesicles particularly in CA1, CA2, CA3 and 

subiculum and to a lesser extent in the dentate gyrus. This suggests that 

spongiosis might peak in prion disease around 10 w.p.i. Since spongiosis was 

shown to precede neuronal loss (Mallucci et al., 2007), presence of extensive 

spongiosis but lack of neuronal loss in 10 w.p.i. prion-infected mice suggest that 

at this time-point neuronal death has yet to occur. 
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Figure 4-7 Spongiosis in the hippocampal regions of control and prion-infected mice at 8 
and 10 w.p.i. (A) Representative images of 3-4 experiments (N=3-4) for solochrome cyanine 
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staining of sagittal sections at bregma lateral 0.72 mm and 1.68mm, with a map of the hippocampal 
regions and the scoring criteria (4-point scoring system). Scale bar is 500μm. (B) Time-course plot 
of spongiosis scores for hippocampal regions (CA1, CA2, CA3 and Dentate gyrus), Subiculum and 
white matter tracks Corpus callosum and Fimbria in bregma lateral 0.72mm and 1.68mm sections 
from 8 and 10 w.p.i. Data is plotted as mean ± S.E.M., and was analysed using two-way ANOVA 
Tukey’s multiple comparisons where ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 for prion vs. 
control, and ####P<0.0001, ###P<0.001 ##P<0.01 for 8 vs. 10 w.p.i. (N=3-4). 

 

Table 4-2 Spongiosis scores of the hippocampus of control and prion-infected mice at 8 and 
10 w.p.i.  Spongiosis was scored as shown in Figure 4-7A for hippocampal regions (CA1, CA2, 
CA3 and Dentate gyrus), subiculum, corpus callosum and fimbria in Bregma lateral 0.72mm and 
1.68mm sections. Data was plotted as mean ± S.E.M. (N=3-4). 

 Murine prion disease shows an increase in key hallmarks of 
human neurodegeneration 

Recently, our group have mapped the pathological changes in the hippocampus 

of prion diseased mice by conducting unbiased global transcriptomic and 

proteomic analyses. We have found several protein markers previously 

associated with human AD that are significantly upregulated in prion disease, 

which included APO-E, clusterin and the protease inhibitor serpinA3N (Dwomoh 

et al., 2021). Here, I assessed the expression level of APO-E, clusterin and 

serpinA3N in the cortex, hippocampus, and striatum over the course of disease 

(Figure 4-8 and Appendix Figure 2).  

In murine prion disease, expression levels of APO-E, clusterin and serpinA3N 

show an increasing trend from 8 w.p.i., and they are found to be significantly 

upregulated at 9 w.p.i. in the cortex and striatum of prion-diseased mice 

compared to respective controls. Specifically, APO-E displayed a 2.2- and a 3.9-

fold increase in the cortex (P<0.01) and striatum (P<0.0001) respectively; 

clusterin was found to be upregulated (P<0.01) in the cortex by 1.8-fold and in 

the striatum by 2.1-fold.  Interestingly, serpinA3N showed the most consistent 

upregulation with prion disease in all the three tissues compared to the other 

disease markers, with a significant increase in 9 w.p.i. prion-infected mice by 2-
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2.6-fold compared to the respective controls.  At 10 w.p.i., there is an 

increasing trend in APO-E, clusterin and serpinA3N but only sepinA3N is 

significantly upregulated in the cortex and striatum compared to control mice. 

This data suggests that serpinA3N might be the first disease marker to be 

upregulated in mouse prion disease compared to APO-E and clusterin.  

Another protein that was found to be upregulated with prion disease was 

galectin-1 (Dwomoh et al., 2021). Galectins modulate the activation of 

astrocytes and microglia, playing both pro- and anti-inflammatory role in 

neurodegenerative conditions (Dhirapong et al., 2009). In western blots, 

galectin-1 shows an increasing trend with prion disease from 8 to 9 w.p.i. 

however, no significant differences were detected in prion-infected mice 

compared to controls (Figure 4-9).  
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Figure 4-8 APO-E, SerpinA3N and clusterin expression levels are increased in prion-infected 
mice. APO-E, clusterin and serpinA3N were detected via western blot in the cortex, hippocampus, 
and striatum of control and prion-infected mice. Blots of samples from 10 w.p.i. mice are displayed 
in (A) and band analysis of 10 w.p.i. mice is shown in (B) as means ± S.E.M. of a ratio of α-tubulin 
expression relative to control-infected mice (N=4-5). (C) Time-course plots of band analysis of 
APO-E, clusterin and serpinA3N in control and prion-mice at 6, 7, 8, 9 and 10 w.p.i. (N=4-8) from 
Appendix Figure 2. Data were analysed using two-way ANOVA with Sidak’s multiple comparisons 
test for prion vs. control, where ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. 
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Figure 4-9 Galectin-1 expression levels in prion disease. Levels of galectin-1 protein was 
detected using western blot in the cortex, hippocampus, and striatum of control and prion-infected 
mice. Blots of samples from 9 w.p.i. mice are displayed in (A) and band analysis of 9 w.p.i. mice is 
shown in (B) as means ± S.E.M. of a ratio of α-tubulin expression relative to control-infected mice 
(N=6). (C) Time-course plots of band analysis of galectin-1 in prion-mice at 6, 8 and 9 w.p.i. (N=6-
7) from Appendix Figure 3. Data were analysed using two-way ANOVA with Sidak’s multiple 
comparisons test for prion vs. control, where ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05. 

 Prion disease causes widespread astrogliosis 

Astrogliosis is a hallmark of many conditions of the CNS including most chronic 

neurodegenerative disorders such as AD and PD (Sofroniew and Vinters, 2010, 

Liddelow and Barres, 2017). Here, astrogliosis was therefore assessed in mouse 

prion disease by gene expression analysis (RT-qPCR) or western blot to detect 

astrocyte-specific intermediate filaments such as glial fibrillary acidic protein 

(GFAP) and vimentin (Middeldorp and Hol, 2011, Danielsson et al., 2018) (Figure 

4-10).  

GFAP transcript levels are significantly upregulated in the cortex (P<0.01) and 

striatum (P<0.001) of prion-infected mice at 10 w.p.i. (Figure 4-10A). 

Interestingly, GFAP levels in the striatum of prion-infected mice are significantly 

higher (P<0.01) than in the hippocampus of prion infected mice. Protein levels of 

GFAP show an increasing trend with prion disease, reaching a significant 

upregulation by 2.2 to 2.6-fold compared to controls in the cortex at 9 w.p.i. 

(P<0.01) and in the striatum at 10 w.p.i. (P<0.0001) (Figure 4-10B). Levels of 

vimentin show an increasing trend from 8 w.p.i., however no significant 
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difference was detected between prion-infected and control mice.  Both GFAP 

and vimentin are found to be upregulated in prion disease compared to control 

by 10 w.p.i. However, there is high variability in the expression level of these 

proteins amongst prion-diseased mice, especially in the hippocampus of prion-

infected mice (Appendix Figure 4).  

 

Figure 4-10 Astrogliosis is evident in prion infected mice from 8 w.p.i. (A) Quantitative RT-
qPCR showing the expression of GFAP in the cortex, hippocampus or striatum of control or prion-
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diseased mice at 10 w.p.i. Data are expressed as a ratio of α-tubulin RNA. Statistical analysis 
performed is Two-way ANOVA Tukey’s multiple comparisons, where **P<0.01, ***P<0.001 (N=5 or 
2-4 for striatum). (B-D) Astrogliosis was also assessed in the cortex, hippocampus and striatum of 
control or prion-infected mice by western blot using antibodies against astrocytic markers GFAP 
and vimentin. (B) Blots of lysates from cortex, hippocampus and striatum of control and prion mice 
at 10 w.p.i. Band analysis for (B) are shown in (C) as means ± S.E.M. of a ratio of α-tubulin 
expression relative to control-infected mice (N=4-5). (D) Time-course plots of band analysis of 
GFAP and vimentin in prion-diseased mice from 4 or 6 to 10 w.p.i. (N=4-8) from Appendix Figure 4. 
Data were analysed using two-way ANOVA with Sidak’s multiple comparisons test for prion vs. 
control, where **P<0.01 and ****P<0.0001. 

In addition, the distribution of astrocytes was assessed using 

immunohistochemical staining using antibodies specific for GFAP and vimentin on 

brain sections of 8- and 10 w.p.i. prion-infected or control mice (Figure 4-11 and 

Figure 4-12). Distinct bregma levels (bregma lateral 0.72mm (Figure 4-11A and 

Figure 4-12A) and 1.68mm (Figure 4-11B and Figure 4-12B) were picked, as 

described in 2.6.6, to allow greater regional coverage and determine differences 

in astrogliosis spreading. The expression of the said astrocytic markers was also 

quantified using Aperio software (Figure 4-13). 

GFAP was found to be overall upregulated with prion disease compared to the 

control samples only at 10 w.p.i. In most regions – hpc, HTh, mb, Th, CPu, SNR –

GFAP was increased by 4 to 5-fold compared to the control across the levels 

examined, suggesting a widespread upregulation of astrocytes. Medulla, Pons, 

and Vestibule showed a smaller upregulation by 3.2- to 3.6-fold, indicating that 

astrocyte reactivity might be smaller in those regions, or delayed. The cortex 

showed the highest level of GFAP upregulation, with 8.2- and 16.4-fold increases 

respectively in the bregma lateral 0.72mm and 1.68mm. The hpc displayed an 

overall 4.7-5.7-fold upregulation of GFAP across the levels, with the highest 

increase in the CA1 hippocampal region. While most hippocampal regions show a 

higher increase in the more lateral area, GFAP in the dentate gyrus shows the 

opposite behaviour. The subiculum displayed a GFAP upregulation by 6.1-fold at 

10 w.p.i. compared to the control. White matter tracks such as ac and f showed 

a 4.4- and 3.5-fold GFAP upregulation compared to control at 10 w.p.i. 

Surprisingly, though most PrPSc deposition was found in the fimbria and cc, these 

white matter tracks only displayed a moderate upregulation in GFAP (between 

1.3 and 1.7-fold across the levels).  

Like GFAP, vimentin showed a significant increase in prion-diseased mice at 10 

w.p.i. Moderate vimentin upregulation (2 to 3-fold over the control) was 
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detected across the levels in the HTh, md, Th and Ve, and no changes were 

detected in Mb and pn. Vimentin was found upregulated in the cortex by a 6.1- 

and 16.5-fold increase in bregma lateral 0.72mm and 1.68mm respectively, 

showing a similar trend to GFAP expression. CPu and SNR displayed an important 

upregulation of vimentin by 7.7 and 8.8-fold over the control, respectively. In 

contrast to GFAP that showed a general widespread upregulation, vimentin 

shows higher regional specificity, being especially upregulated in hippocampal 

regions and cortex. The hpc had a remarkable vimentin upregulation, by 22-fold 

and 56.3-fold relative to controls respectively at the bregma lateral 0.72mm and 

1.68mm. The highest increase in vimentin was observed in the CA2 and DG. Like 

GFAP, vimentin in the DG shows the opposite trend compared to the other 

hippocampal regions whereby there is a 150-fold upregulation in the bregma 

lateral 0.72mm and 34-fold increase in the more lateral areas. This might be 

indicative of a pattern of spreading of astroglia activation.  The ac and 

particularly the f show an important increase in vimentin, by 23.6 and 254-fold 

respectively – this is a much larger change than the one observed for GFAP in the 

same region, and the difference can be explained by the higher basal expression 

of GFAP in control animals. In contrast to GFAP, vimentin shows a significant 

increase at 10 w.p.i. in white matter tracks such cc and fimbria (3.5-4.4-fold 

over control), which is even across the levels examined. 
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Figure 4-11 Immunohistochemical staining for astrocytic marker GFAP in mouse prion 
disease. Left hand side hemisphere from 8- and 10 w.p.i. control and prion-infected mice were 
sectioned and processed for immunohistochemistry (avidin-biotin complex method) using 
antibodies against GFAP. Representative images of 3-4 experiments (N=3-4) for the staining of 
GFAP in bregma lateral level 0.72mm (A) and 1.68mm (B) in control (10 w.p.i.) and prion-infected 
mice at 8- and 10 w.p.i. 
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Figure 4-12 Immunohistochemical staining for astrocytic marker vimentin in the brain of 
prion-infected mice. Left hand side hemisphere from 8- and 10 w.p.i. control and prion-infected 
mice were sectioned and processed for immunohistochemistry (avidin-biotin complex method) 
using antibodies against vimentin. Representative images of 3-4 experiments (N=3-4) for the 
staining of vimentin in bregma lateral level 0.72mm (A) and 1.68mm (B) in control (10 w.p.i.) and 
prion-infected mice at 8- and 10 w.p.i. 
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Figure 4-13 Regional changes in expression of astrocytic markers GFAP and vimentin in 
mouse prion disease. Analysis of immunohistochemical staining (avidin-biotin complex method) 
for GFAP and vimentin in control and prion-infected mice. GFAP and vimentin staining was 
quantified in regions of interest in sagittal sections at bregma lateral 0.72 mm and 1.68 mm, which 
included hippocampal regions (A), other major regions (B), and white matter tracks (C). Images 
were quantified using Imagescope software (version 12.2.1.5005; Aperio) and data is displayed as 
mean ± S.E.M. Statistical analysis performed is Two-way ANOVA (Fisher’s LSD test) where 
*P<0.05, **P<0.01,***P<0.001, ****P<0.0001 for prion vs control; #P<0.05, ##P<0.01, ,###P<0.001, 
####P<0.0001 for 10 w.p.i. vs 8 w.p.i. (N=3-4). (D-E) Heatmap of significant changes in GFAP (D) 
and vimentin (E) detected at 8 and 10 w.p.i. and across the bregma levels 0.72mm and 1.68mm, 
and brain regions including anterior commissure (ac), caudate putamen (CPu), cortex (ctx), corpus 
callosum (cc), dorsal subiculum (DS), fornix (f), hippocampus (hpc), hypothalamus (HTh), midbrain 
(mb), medulla (md), pons (Pn), substantia nigra (SNR), thalamus (Th), and vestibule (Ve). 
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During astrogliosis, astrocytes undergo a morphological change that include 

hypertrophy, which is the increase and growth of cells (Middeldorp and Hol, 

2011, Danielsson et al., 2018). I therefore decided to analyze the 

immunohistochemical data represented in Figure 4-11 and Figure 4-12 to help 

establish if the increase in astrocytic markers GFAP and vimentin is due to 

proliferation and/or growth of astrocytes. To do so, an algorithm was optimized 

in Aperio to obtain a count of GFAP- and vimentin-positive glial cells of a diverse 

range of sizes (Figure 4-14).  

GFAP-positive astrocyte showed a robust morphological change in prion diseased 

mice at 10 w.p.i., whereby a shift from smaller (20-50 μm in diameter) to larger 

cells (ranging from 51 to 250 μm in diameter) (Figure 4-14B). Specifically, 

compared to the controls, prion infected hippocampi show an overall significant 

decrease in 20-50 μm astroglia by 6.4-12% across the bregma levels, and a robust 

increase in numbers of astroglia ranging from 51 to 250 μm in diameter by 18.3-

19.2%, with 51-100 μm astroglia accounting for the most prominent increase. No 

astroglia positive for GFAP with a diameter larger than 250 μm were detected.  

Similar to GFAP, most changes in vimentin-expressing astrocytes occur at 10 

w.p.i. Vimentin-expressing astrocytes in the hippocampus however show a 

different morphological profile compared to GFAP positive cells (Figure 4-14C). 

There is a robust increase in total number of astrocytes of a various range of 

size, but not a significant decrease in smaller astrocytes as seen for GFAP-

expressing cells.  

Overall, these data suggests that mouse prion disease features robust 

astrogliosis in the hippocampus at 10 w.p.i., whereby astrocytes undergo 

important hypertrophy that is characterised by a mixture of astrocytic growth 

and proliferation. However, whilst astrocytes expressing GFAP seem to both 

grow in size and number with disease, vimentin is particularly associated with 

proliferation of astrocytes.  
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Figure 4-14 Astrocytes undergo morphological changes in prion disease.  
Immunohistochemical staining (avidin-biotin complex method) using antibodies against GFAP and 
vimentin, astrocytic markers, was performed on brain sections from 8- and 10 w.p.i. control and 
prion-infected mice (see Figure 4-11 and Figure 4-12). Number of GFAP- or vimentin-stained cells 
were quantified using a nuclear count algorithm, tuned according to different sizes, represented in 
(A). Scale bar 20µm. (B-C) Percentage change of the different populations (20-50µm, 51-100µm, 
101-150µm, 151-250µm, >250µm) of GFAP-positive (B) or vimentin-positive (C) astrocytes in 
hippocampal regions (CA1, CA2, CA3, dentate gyrus) and subiculum was calculated and 
expressed as mean ± S.E.M. of prion – control. Statistical analysis performed is Two-way ANOVA 
(Fisher’s LSD test) where *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 for prion vs control; 
#P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 for 10 w.p.i. vs 8 w.p.i. (N=3-4). 

 Mouse prion disease is characterised by microgliosis 

The involvement of microgliosis in prion disease has been discussed extensively 

in the literature (Carroll et al., 2018), and it has been demonstrated that 
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microglia in prion disease mainly locate at the site of and in response to PrPSc 

deposition (Bate et al., 2002, Williams et al., 1997, Giese et al., 1998, Van 

Everbroeck et al., 2004, Kercher et al., 2007, Sandberg et al., 2014, Vincenti et 

al., 2015, Gómez-Nicola et al., 2013). Here, activation of microglia was 

detected by upregulation of transcript levels of CD86,  a membrane co-

stimulatory receptor responsible for immune cell proliferation (Lebedeva et al., 

2005). CD86 transcript levels were found to be significantly upregulated in the 

cortex of 10 w.p.i. prion-infected mice, and trending to increase in hippocampus 

and striatum (Figure 4-15). 

  

Figure 4-15 Activation of microglia was detected by upregulation of CD86 transcripts. 
Quantitative RT-qPCR showing the expression of CD86, marker of microglia activation, in the 
cortex, hippocampus or striatum of control or prion-diseased mice at 10 w.p.i. Data are expressed 
as a ratio of α-tubulin RNA expression. Statistical analysis performed is Two-way ANOVA Tukey’s 
multiple comparisons, where *P<0.05, (N=5 or 2-4 for striatum). 

Immunohistochemical staining using antibodies against Ionized calcium-binding 

adaptor molecule 1 (Iba1) was conducted on sections through bregma lateral 

levels 0.72mm and 1.68mm of control and prion-infected brains to assess the 

extent of microgliosis in multiple brain regions (Figure 4-16). Iba1 is a 17-kDa EF 

hand protein with actin-cross-linking and cytoskeletal organisation functions 

(Imai and Kohsaka, 2002, Sasaki et al., 2001) that is specifically expressed in 

monocytic cell lines (Imai et al., 1996), and it was shown to be upregulated in 

activated microglia (Ito et al., 1998). 

Most changes in Iba1 expression are observed in prion-infected mice at 10 w.p.i.  

Larger brain regions such as md, mb and Pn display moderate changes in Iba1 at 

10 w.p.i., between 1.5- and 1.9-fold over the control) (Figure 4-17B). Though 

moderate, Th and Ve show significant upregulation in Iba1 expression from 8 
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w.p.i. in bregma lateral 1.68mm (1.3- and 2-fold increase at 8 w.p.i., and 1.7- 

and 2.2-fold increase at 10 w.p.i. for Th and Ve, respectively), suggesting these 

regions might be affected by pathology earlier than others. Iba1 in the hpc 

shows an average 1.5-fold increase in both levels relative to controls at 10 

w.p.i., with CA3 displaying the largest increase (Figure 4-17A).  

The white matter tracks analysed display a moderate upregulation in microglia 

only at 10 w.p.i. (Figure 4-17C). Ac and f respectively showed 1.6 and 2.8-fold 

increase in Iba1 expression. The fimbria shows similar microglia upregulation 

across the two levels by around 2-fold, whereas the cc shows a 2.4- and 1.5-fold 

upregulation compared to controls in the bregma lateral 0.72mm and 1.68mm, 

respectively. No significant upregulation in Iba1 was observed in the ctx, CPu, 

HTh, SNR, in any of the levels examined. 
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Figure 4-16 Microgliosis in the brain of prion-infected mice as visualised by 
immunohistochemical staining for Iba1. Left hand side hemisphere from 8- and 10 w.p.i. control 
and prion-infected mice were sectioned and processed for immunohistochemistry (avidin-biotin 
complex method) using antibodies against Iba1, a microglia/macrophage-specific calcium-binding 
protein. Anti-Iba1 antibody staining in bregma lateral level 0.72mm (A) and 1.68mm (B) in control 
and prion-infected mice at 8 and 10 w.p.i.; representative images of 3-4 mice.  
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Figure 4-17 Regional distribution of microgliosis in mouse prion disease. Analysis of the 
immunohistochemical staining of 8- and 10 w.p.i. control and prion-infected mice using antibodies 
against Iba1 from Figure 4-16 . Iba1 staining was quantified in regions of interest in sagittal 
sections at bregma lateral 0.72 mm and 1.68 mm, which included hippocampal regions (A), other 
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major regions (B), and white matter tracks (C). Quantification was conducted using Imagescope 
software (version 12.2.1.5005; Aperio) and data is displayed as mean ± S.E.M. Statistical analysis 
performed is Two-way ANOVA (Fisher’s LSD test) where *P<0.05, **P<0.01, ***P<0.001 for prion 
vs control; #P<0.05, ##P<0.01, ####P<0.0001 for 10 w.p.i. vs 8 w.p.i. (N=3-4). (D) Heatmap of 
significant changes in Iba1 detected at 8- and 10 w.p.i. and across the bregma levels 0.72mm and 
1.68mm, and brain regions including anterior commissure (ac), caudate putamen (CPu), cortex 
(ctx), corpus callosum (cc), dorsal subiculum (DS), fornix (f), hippocampus (hpc), hypothalamus 
(HTh), midbrain (mb), medulla (md), pons (Pn), substantia nigra (SNR), thalamus (Th), and 
vestibule (Ve). 

Microglia can be found as a whole spectrum of phenotypes and morphologies in 

healthy and neurodegenerative brains (Walker and Lue, 2015). Thus, I aimed to 

assess whether microglia undergo a shift in size as observed in astrocytes in 

mouse prion disease. Iba1-stained microglia where therefore grouped by size 

ranging from 20 μm to 250 μm in diameter (Figure 4-18A), and an algorithm was 

generated in Aperio to assess the cell count in relation to their size (Figure 

4-18B).  

Except for a significant increase by 4.3% in 101-150 μm microglia in the CA2 

region at bregma lateral 0.72mm, no other significant changes were detected at 

8 w.p.i. In 10 w.p.i. prion infected hippocampi, however, there is a robust 

overall increase in microglia ranging from 100 to 250 μm in size by 8.6% and 7.4% 

at bregma lateral 0.72 mm and 1.68 mm, respectively. A general decrease in 

smaller microglia ranging from 20 to 100 μm in diameter was detected, however 

it was only significantly different in the CA2 region at bregma lateral 0.72mm. 

Overall, this data indicates that microgliosis in mouse prion disease is mostly 

characterised by a moderate increase in number of larger microglia ranging 

from 100 to 250 μm in size.  
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Figure 4-18 Microglia undergo morphological changes with prion disease. 
Immunohistochemical staining (avidin-biotin complex method) using antibodies against Iba1 was 
performed on brain sections from 8- and 10 w.p.i. control and prion-infected mice (see Figure 
4-16). Numbers of Iba1-stained cells were quantified using a nuclear count algorithm, tuned 
according to different sizes, represented in (A). Scalebar 20µm. (B) Percentage change of each 
population of Iba1-positive cells in hippocampal regions (CA1, CA2, CA3, dentate gyrus) and 
subiculum was calculated and expressed as mean ± S.E.M. of prion – control. Statistical analysis 
performed is Two-way ANOVA (Fisher’s LSD test) where *P<0.05, **P<0.01, ***P<0.001 for prion 
vs control; #P<0.05, ##P<0.01 for 10 w.p.i. vs 8 w.p.i. (N=3-4). 
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Activated microglia typically release pro-inflammatory cytokines during 

neuroinflammation, such as tumour necrosis factor α (TNF-α), interleukin-1β (IL-

1β) and interleukin-6 (IL-6), that are capable of promoting astrogliosis in vivo 

(Ben Haim et al., 2015). Particularly, TNF-α is a major pro-inflammatory 

cytokine  in many neurological disorders including AD (Fischer and Maier, 2015, 

Liddelow et al., 2017, Michaud et al., 2013, Olmos and Lladó, 2014), and it was 

proposed as drug target for the treatment of neurodegenerative conditions 

(Decourt et al., 2017, Tweedie et al., 2007). In this chapter, transcript levels of 

IL-1β, IL-6 and TNF-α were analysed in the cortex, hippocampus, or striatum at 

10 w.p.i. (Figure 4-19). IL-1β, IL-6 and TNF-α transcripts show an overall 

upregulation in cortex, hippocampus, and striatum with prion disease at 10 

w.p.i. compared to controls. IL-1β is significantly increased in the hippocampus 

and cortex of prion-infected mice (P<0.01), while IL-6 and TNF-α show a robust 

upregulation in the cortex and striatum (P<0.05).  

 

Figure 4-19 Pro-inflammatory cytokines IL-1β, IL-6 and TNF-α are upregulated with prion 
disease. Quantitative RT-qPCR of (A) IL-1β, (B) IL-6 and (C) TNF-α in the cortex, hippocampus or 
striatum of control or prion-diseased mice at 10 w.p.i. Data are expressed as a ratio of α-tubulin 
RNA expression. Statistical analysis performed is Two-way ANOVA Tukey’s multiple comparisons, 
where *P<0.05, (N=5 or 2-4 for striatum). 

In addition, TNF-α expression was assessed in the brain of prion-infected mice by 

probing TNF-α transcripts using an RNA in situ hybridisation (ISH) technique 

(RNAScope). As shown in Figure 4-20A/B, RNAScope signal is detected as 

punctuate dots; each dot represents a single mRNA molecule, and multiple 

overlapping transcripts can result in signal clusters. Both total signal and clusters 

were analysed in this chapter, however both measurements show similar trends, 

indicating that TNF-α transcripts are mostly detected as clusters.  
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TNF-α transcripts were only detected in the brains of 10 w.p.i. prion-infected 

mice, suggesting that TNF-α is not expressed prior to that disease time-point, 

and neither is expressed in control, healthy brains. The hippocampus showed the 

most robust expression of TNF-α, especially the CA2 region (Figure 4-20C). TNF-α 

transcripts show a robust increase in white matter tracks (anterior commissure, 

fornix, corpus callosum and fimbria) at 10 w.p.i. at bregma lateral 0.72mm 

(Figure 4-20D). Upon a closer examination of the raw data, some darker 

haematoxylin stain, typical of white matter tracks anatomy, was erroneously 

picked up as positive signal, as indicated in Figure 4-20B. Therefore, it is 

difficult to confidently interpret the RNAScope signal data for white matter 

tracks. Amongst the major brain regions examined, only the thalamus and the 

cortex show a significant presence of TNF-α transcripts in 10 w.p.i. prion-

infected mice (Figure 4-20E). 
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Figure 4-20 TNF-α transcript levels are increased in mouse prion disease. Left hand side 
hemisphere from 8- and 10 w.p.i. control and prion-infected mice were sectioned and processed for 
RNAScope. Sagittal brain sections at bregma lateral 0.72 mm and 1.68 mm were hybridized with 
probes to the mouse TNF-α (mm-TNFα cat. No. 311088). (A-B) Representative images of 3-4 
experiments (N=3-4) of TNF-α staining showing (A) punctuate dots and clusters or (B) false 
positive signal detected in white matter tracks (indicated by arrows). Probe hybridisation was 
quantified as signal count or cluster counts in hippocampal regions (C), white matter tracks (D) and 
other major regions (E) at bregma lateral 0.72mm and 1.68mm using Imagescope software 
(version 12.2.1.5005; Aperio). Data is displayed as mean ± S.E.M. and statistically analysed using 
Two-way ANOVA (Fisher’s LSD test) where *P<0.05, **P<0.01, ***P<0.001 for prion vs control; 
#P<0.05, ##P<0.01, ###P<0.001 for 10 w.p.i. vs 8 w.p.i. (N=3-4). 
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Taken together, mouse prion disease displays a robust expression of TNF-α from 

10 w.p.i., particularly in the hippocampus and neighboring regions such as the 

cortex and the thalamus, especially at bregma lateral level 0.72mm (Figure 

4-21). The highest levels of TNF-α transcripts are however found in the CA1, CA2 

and CA3 hippocampal regions, which are the areas where astrogliosis and 

microgliosis are most present in response to PrPSc deposition.  

 

Figure 4-21 Summary heatmap of TNF-α transcript levels in mouse prion disease. Heatmap 
of significant changes in TNF-α detected at 8 and 10 w.p.i. and across the bregma levels 0.72mm 
and 1.68mm from Figure 4-20 (N=3-4). Brain regions analysed included anterior commissure (ac), 
caudate putamen (CPu), cortex (ctx), corpus callosum (cc), dorsal subiculum (DS), fornix (f), 
hippocampus (hpc), hypothalamus (HTh), midbrain (mb), medulla (md), pons (Pn), substantia nigra 
(SNR), thalamus (Th), and vestibule (Ve). 

 Markers of neuroinflammation positively correlate with PrPSc 
deposits 

Immunohistochemical staining data (Figure 4-4, Figure 4-11, Figure 4-12, Figure 

4-16, Figure 4-20) were used to analyse the correlations (Pearson) between PrPSc 

deposits and neuroinflammation markers examined above – Iba1, GFAP, vimentin 

and TNF-α (Figure 4-22). Unsurprisingly, most correlations identified are 

positive. PrPSc deposits show a robust correlation with Iba1, GFAP, vimentin and 

TNF-α in the CA2 region (*P<0.03), in both bregma lateral 0.72mm and 1.68mm 

levels. The correlation of PrPSc is high (Pearson r>0.72) with vimentin and TNF-α. 

PrPSc deposition also correlates with vimentin and Iba1 in the corpus callosum 
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(**P<0.002) in the bregma lateral 0.72mm, and with Iba1 in the fimbria 

(**P<0.002) in the bregma lateral 1.68mm. GFAP, vimentin and Iba1 display  

robust (*P<0.030), high degree (Pearson r>0.70) correlations in all the 

hippocampal regions i.e. CA1, CA2, CA3, dentate gyrus and subiculum. TNF-α 

mainly correlates with GFAP and vimentin in the hippocampus, with especially 

high correlation in the CA2 region (Pearson r>0.77). In addition, TNF-α 

significantly, strongly correlates with Iba1 in the CA2 region and fimbria.  

In the absence of correlation with PrPSc, GFAP, vimentin and Iba1 show a robust 

(*P<0.030) correlation in the corpus callosum. In addition, Iba1 significantly 

(*P<0.03) correlates with GFAP and vimentin in the fimbria, with GFAP only in 

the anterior commissure (**P<0.002), and with vimentin in the fornix, medulla 

and thalamus (*P<0.03).  
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Figure 4-22 Correlations of PrPSc deposits and markers of neuroinflammation in 
hippocampal regions of prion-infected mice. Immunohistochemical staining using antibodies 
against aggregates of PrPSc (see Figure 4-3), Iba1 (see Figure 4-16), astrocytic markers GFAP and 
vimentin (see Figure 4-11 and Figure 4-12), and RNAScope hybridisation using probes for mouse 
TNF-α (see Figure 4-20), were quantified using Imagescope software (version 12.2.1.5005; 
Aperio). All quantification data from 8 and 10 w.p.i., control and prion-infected mice was pulled 
together and used to analyse the correlation between PrPSc deposition and the aforementioned 
neuroinflammatory markers in hippocampal regions (CA1, CA2, CA3, dentate gyrus) (A-B, D-E) 
including neighbouring white matter tracks (corpus callosum and fimbria) (C, F) and subiculum (G) 
at bregma lateral level 0.72mm (A-C) and 1.68mm (D-G). Pearson correlation was applied 
assuming Gaussian distribution where *P<0.05, **P<0.01,***P<0.001, ****P<0.0001 (N=12-14). 
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In the brain regions whereby PrPSc deposits were not detected using 

immunohistochemical staining, the correlation between the neuroinflammatory 

markers amonsts themselves alone were analysed (Figure 4-23). Several of the 

brain regions examined showed no significant correlation among the markers of 

neuroinflammation, probably due to the low level of pathology present in these 

areas. These included hypothalamus, midbrain and pons at bregma lateral 

0.72mm and cortex, caudate putamen (murine striatum), substantia nigra and 

vestible at bregma lateral 1.68mm.  

Surprisingly, given that GFAP is typically co-expressed with vimentin, no 

correlation was found between GFAP and vimentin in any of the regions 

analysed. However, vimentin showed significant (P<0.01) strong (Pearson r>0.70) 

correlations with Iba1 in the anterior comissure, fornix, medulla, and thalamus, 

and with TNF-α in the cortex and thalamus. Iba1 and TNF-α also significantly 

correlated in the thalamus, especially at bregma lateral 0.68mm (P<0.001, 

Pearson r=0.81).   

Overall, most robust correlations between PrPSc, GFAP, vimentin, Iba1 and TNF-

α are found in the hippocampus, especially in the CA2 hippocampal region, 

cortex and thalamus. 
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Figure 4-23 Correlations between markers of inflammation (GFAP, vimentin, Iba1 and TNF-α) 
in the brain of prion infected mice. Immunohistochemical staining using antibodies against Iba1 
(see Figure 4-16), astrocytic markers GFAP and vimentin (see Figure 4-11 and Figure 4-12), and 
RNAScope hybridisation using probes for mouse TNF-α (see Figure 4-20), were quantified using 
Imagescope software (version 12.2.1.5005; Aperio). All quantification data from 8 and 10 w.p.i., 
control and prion-infected mice was pulled together and used to analyse the correlation between 
GFAP, vimentin, Iba1 and TNF-α in large brain regions including cortex, hypothalamus, medulla, 
midbrain, pons, thalamus, Caudate putamen, substantia nigra and vestibule, and white matter 
tracks anterior comissure and fornix, at bregma lateral level 0.72mm (A) and 1.68mm (B). Pearson 
correlation assuming Gaussian distribution where *P<0.05, **P<0.01,***P<0.001, ****P<0.0001 
(N=12-14). 

 Pharmacological activation of the M1 mAChR restore 
memory and exert disease-modification of mouse prion 
disease 

Since the presence of the M1 mAChR during disease is relevant for therapeutic 

targeting, receptor expression was assessed using western blot analysis in 

control- and prion diseased mice (Figure 4-24). Prion infected mice show similar 

M1 mAChR transcript and protein levels as control mice in cortex, hippocampus 

and striatum. Interestingly, the striatum showed higher expression levels of the 

M1 mAChR compared to the cortex. Statistical analysis however was not possible 

because of the low statistical power due the low sample numbers (N=2). 

However, previous studies also showed that M1 mAChR expression levels remain 

unchanged in the cortex and hippocampus of prion-diseased mice (Bradley et al., 

2017). 
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Figure 4-24 Expression of the M1 mAChR in prion infected Tg37 mice at 10 w.p.i. (A) 
Quantitative RT-PCR showing the expression of the M1 mAChR gene (CHRM1) mRNA in the 
cortex, hippocampus and striatum of control and prion-infected mice at 10 w.p.i. Data are 
expressed as a ratio of α-tubulin RNA expression (N=4-5 mice except 2-3 mice for striatum). (B) 
Membranes (15 µg) from cortex, hippocampus, and striatum of 10 w.p.i. control or prion-infected 
mice were probed in western blot using antibodies against the M1 mAChR. KO is a membrane 
sample from the cortex of an M1 mAChR-knock out mouse. The loading control is Sodium 
Potassium ATPase (Na2+/K+ ATPase) (C) Analysis of band intensities from (B) Receptor 
expression is shown as means ± S.E.M. normalised to the loading control, Na2+/K+ ATPase.  

Control- and prion-infected mice (9 w.p.i.) were treated with an M1 mAChR-

selective PAM VU0486846 (Rook et al., 2018, Bertron et al., 2018), to investigate 

the effects of M1 PAMs in a learning and memory test. Cognition in vehicle- and 

VU0486846- treated mice was then assessed using a fear conditioning test 

(Figure 4-25), that measures associative learning in which animals learn to 

associate the presence of a neutral stimulus i.e., tone, with a motivationally 

significant stimulus (the unconditioned stimulus) i.e., foot-shock. In addition, 

the fear conditioning protocol used allows the assessment of contextual memory 

in mice (Bradley et al., 2017). Hippocampal dysfunction was demonstrated to 

impair learning mediated by contextual cues (context retrieval), whereas lesions 

of the amygdala were shown to be associated to deficits in cued fear 

conditioning (tone retrieval) (LaBar and Disterhoft, 1998). Vehicle- and M1 PAM-
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treated control mice showed appropriate contextual and cued fear conditioning 

responses by showing significantly higher immobility during context and tone 

retrieval compared to baseline conditions, indicating that their hippocampal and 

amygdala-based associative learning is intact. In the contrary, prion infected 

mice treated with vehicle show an apparent deficit in context and tone retrieval 

as the time spent immobile during retrieval did not significantly differ from the 

baseline. It should be noted that immobility levels of VU0486846-treated mice 

with prion disease did not differ from control mice. Nevertheless, VU0486846 

treatment could restore contextual memory in prion infected mice. This was 

evident in the increased immobility during context retrieval of prion-infected 

mice treated with VU0486846 compared to baseline, at levels significantly higher 

than diseased mice dosed with vehicle. Tone retrieval showed no change in 

prion-infected mice treated with VU0486846 compared with vehicle. However, 

immobility levels of prion infected mice were similar to control mice, and the 

lack of significant difference between retrieval and baseline is likely due to 

increased motility of prion-infected mice during the baseline measurements. 

Altogether, this data indicates that selective activation of the M1 mAChR using 

the VU0486846 PAM can restore hippocampal-based memory deficits in prion 

disease.   

 

Figure 4-25 M1 PAM VU0486846 restores memory impairment in prion-infected mice.  Fear-
conditioning response of control and prion-infected mice following acute administration of vehicle 
(20% tween-80) or VU0486846 (10 mg/kg) prior to training and retrieval. Both contextual and cued 
(auditory tone) fear conditioning responses were tested. Data are shown as mean ± SEM. 
Statistical analysis performed was a two-way ANOVA with Sidak’s multiple comparison test, where 
****P<0.001, ***P<0.001, **P<0.01, *P<0.05 for prion versus control, and #P<0.05 for VU0486846 
versus vehicle (N=15-17). 

To investigate the impact of M1 mAChR selective activation on disease 

progression, prion-infected mice were dosed with VU0486846 (10 mg/kg) from 7 
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w.p.i., and disease severity was assessed based on symptom onset and survival 

of mice. Symptom onset was defined by the appearance of at least two of the 

early indicator signs of prion disease. Appearance of clinical signs of prion 

disease indicates terminal disease and the animals are culled defining their 

survival. Vehicle-treated prion diseased mice display a median symptom onset at 

11.3 w.p.i. and their median survival is 12 w.p.i. The M1 PAM was able to 

significantly (P<0.01) delay symptom onset and extend the lifespan of prion ill 

mice by at least one week. Altogether, this shows that activation of the M1 

mAChR can exert disease-modification in mouse neurodegenerative prion disease 

by significantly delaying symptom onset and extend the survival of terminally ill 

mice.  

  

 

Figure 4-26 M1 PAM VU0486846 significantly delays symptom onset and extends the 
lifespan of prion-infected mice. Prion-infected mice were dosed with vehicle (20% tween-80) or 
VU0486846 (10 mg/kg) from 7 w.p.i. The appearance of at least two of the early indicators of 
disease (piloerection, sustained erect ears, erect penis, clasping of hind legs when lifted by tail, 
rigid tail, unsustained hunched posture, mild loss of coordination, and being subdued) indicated 
symptom onset. The additional appearance of one confirmatory sign or two confirmatory signs 
alone (ataxia, impairment of righting reflex, dragging of limbs, sustained hunched posture, and 
significant abnormal breathing) indicated clinical disease and culling of the mouse. Symptom onset 
and survival were analysed employing Kaplan-Meier survival plot (N=21-23) and curves were 
analysed with a Gehan-Breslow-Wilcoxon test, where **P<0.01. 
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4.3 Discussion 

Insights in the pathogenesis of mouse prion disease could unravel mechanisms 

that are central to the development and progression of human 

neurodegenerations that spread through a prion-like mechanism such as AD, HD 

and PD (Halliday and Mallucci, 2015, Shi et al., 2015, Condello et al., 2020). In 

this chapter, an extensive analysis of the mouse prion disease model was 

conducted from 6 w.p.i. of RML prion infected Tg37 mice in several brain regions 

using biochemical and histology methods and to obtain a map of prion disease 

progression before symptom onset (Figure 4-27). This would also help the 

identification of early markers of prion neurodegeneration providing an 

important practical advantage over survival studies as such knowledge would 

enable the detection of disease modification earlier than at terminal stages.  

 

Figure 4-27 Chronological map of preclinical stages of mouse prion disease. Disease 
progression in RML prion infected Tg37 mice was mapped from preclinical stages of disease, prior 
disease onset that occurs after 10 w.p.i. The map was derived from data was obtained using a 
combination of biochemical analyses (RT-qPCR and western blot) and histology.  

 Accumulation of scrapie prion is the first marker of disease 

Mouse prion disease progression depends on the accumulation and spreading of 

neurotoxic PrPSc (Mallucci, 2009). Similar to PrPSc in mouse prion disease, NFT 

pathology normally starts in the entorhinal cortex and hippocampus of AD 

patients before spreading to the associative isocortex, and its accumulation 

correlates with clinical features and severity of AD (Serrano-Pozo et al., 2011). 

Progressive accumulation of PrPSc was detected here using western blot analysis 

from 6 w.p.i. in the cortex, hippocampus, and striatum of RML-infected mice, 
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which is consistent with previous reports (Mallucci et al., 2007). This is an 

important finding because it establishes that prion infected Tg37 mice have 

already developed scrapie pathology at 7 w.p.i., when they are normally dosed 

for testing novel therapeutic M1 mAChR-selective ligands (Bradley et al., 2017, 

Dwomoh et al., 2021), when no physical symptoms are yet manifested. This 

establishes that the therapeutic effects exerted by activation of the M1 mAChR 

are not due to prevention of disease, but disease-modification.  

Immunohistochemical staining using an antibody against aggregates made of 27-

30 PrPSc (Abcam), however, only detected PrPSc in the hippocampus and 

neighbouring white matter tracks including the corpus callosum and fimbria. 

PrPSc staining was found particularly accumulated in the CA2 region, which was 

consistent with previous histological studies on hippocampal sections from prion 

infected Tg37 mice using a different PrPSc antibody (Mallucci et al., 2007). 

However, Mallucci et al. (2003) reported that PrPSc deposition in RML-infected 

Tg37 mice was also found in the cortex and thalamus. The antibody used for 

immunohistochemical staining in this chapter only recognises aggregates made 

of 27-30 PrPSc macromolecules and, although PrPSc peak infectivity is achieved by 

inoculation of 14-28 PrP aggregated molecules (Silveira et al., 2005), RML prion 

might form aggregates of a diverse range of sizes that might not be recognised 

by that specific antibody.  

 Prion disease in Tg37 mice advances rapidly between 8 and 
10 w.p.i. 

Similar to AD, murine prion disease is also characterised by the progressive loss 

of hippocampal cholinergic neuronal loss (Bradley et al., 2017, Bourgognon et 

al., 2018, Schliebs and Arendt, 2011). Specifically, neuronal loss in prion-

infected Tg37 mice was reported to occur from 10 w.p.i. in the CA1 and CA3 

regions together with the onset of the earliest symptoms (dishevelled 

appearance and poor grooming) (Mallucci et al., 2003), marking the onset of 

clinical pathology. Similarly, ME7 prion-infected mice also show conspicuous 

neuronal loss of hippocampal pyramidal cells during the later stages of disease 

(Cunningham et al., 2003, Jeffrey et al., 2000). Importantly, neuronal loss in the 

hippocampus of prion-infected mice was demonstrated to follow synaptic 

dysfunction and degeneration of presynaptic axons (Jeffrey et al., 2000).  
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Consistent with previous reports of neuronal loss in RML-infected Tg37 mice 

occurring from 10 w.p.i. (Mallucci et al., 2003), no significant neuronal loss was 

observed in the present study at 10 w.p.i. using immunohistochemical staining of 

NeuN, or western blotting using antibodies specific for presynaptic, 

postsynaptic, and cholinergic markers.  

Spongiosis, that is the formation of intraneuronal vacuoles in cells that have not 

yet degenerated, was shown to proceed neuronal loss and clinical symptoms in 

mouse prion disease (Mallucci et al., 2003). Consistent with previous reports 

(Mallucci et al., 2003), I found that spongiosis is present in the hippocampus of 

RML-infected Tg37 mice from 8 w.p.i. and robustly increases to 10 w.p.i. This 

indicates that prion infected Tg37 mice at 10 w.p.i. are still at a stage of pre-

clinical disease that proceed physical symptoms and neuronal loss while already 

manifesting the presence of PrPSc deposits in the hippocampus, cortex and 

striatum and hippocampal spongiosis. This is comparable to AD progression, 

whereby progressive depletion of pre-synaptic cholinergic neurons is in fact 

correlated with cognitive deficits and clinical dementia scorings (Davies and 

Maloney, 1976, Perry et al., 1977). Furthermore, this data demonstrates there is 

a dramatic, significant increase from 8 to 10 w.p.i. in all the pathological 

features observed, suggesting that during this two-week window the progression 

from subclinical to clinical pathology occurs, thereby representing a good 

indicator to assess the disease progression during drug studies. 

 Markers of neurodegenerative disease are detected at a pre-
symptomatic stage of disease 

A global unbiased transcriptomic and proteomic study conducted on RML prion 

and control infected Tg37 mice has found that murine prion disease displays the 

upregulation of proteins that are considered markers of AD. This included, for 

example, the upregulation of APO-E, regulator of proteolysis serpinA3N and 

markers of astrocytic and microglial activation galectin-1 and clusterin (Dwomoh 

et al., 2021). Here, APO-E, clusterin, galectin-1 and serpinA3N showed a trend 

to increase in prion-diseased mice from 7 or 8 w.p.i., at a pre-symptomatic 

phase of disease, with the most evident increases at 9 w.p.i. Both APO-E and 

clusterin (a.k.a. APOJ) are considered some of the highest risk factors for LOAD 

(Roses et al., 1995, Jiang et al., 2008, Lambert et al., 2009, Harold et al., 
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2009). APO-E is the predominant apolipoprotein in the brain and plays a central 

role in Aβ homeostasis by regulating their deposition and proteolysis (Zlokovic et 

al., 2005, Holtzman, 2001). The APO-E isomer E4, that displays impaired ability 

to promote Aβ clearance, is associated to increased risk of LOAD (Roses et al., 

1995, Jiang et al., 2008). Interestingly, elevation in APO-E has also been 

associated with human prion disease (Choe et al., 2002, Wei et al., 2011). 

Similar to APO-E, clusterin is also able to interact with Aβ to regulate its 

aggregation and it was found upregulated in the cortex and hippocampus of AD 

patients, colocalised with Aβ plaques (May et al., 1990) and also upregulated in 

the CSF of people with AD (Nilselid et al., 2006). However, the role of clusterin 

in AD has been ambiguous. Whilst some studies have demonstrated clusterin is 

able to promote clearance of Aβ displaying neuroprotective activity (Yeh et al., 

2016, Zandl-Lang et al., 2018, DeMattos et al., 2002), other reports showed that 

clusterin reduces Aβ clearance and might instead promote Aβ-mediated 

neurotoxicity (Killick et al., 2014, Robbins et al., 2018). Clusterin was also found 

to be associated with late stages in mouse ME7 prion disease (Asuni et al., 2014), 

and to be able to interact with protease-resistant PrP aggregates from CJD 

brains, suggesting that clusterin might be involved in PrP aggregation and 

sequestration (Freixes et al., 2004). However, this mechanism is yet to be 

explored. The upregulation of APO-E and clusterin in the brain of prion-infected 

mice further support the concept that mouse prion disease shares central 

disease-adaptive mechanisms with human neurodegenerations. In addition, the 

mouse prion disease model can be considered relevant for the investigation of 

AD pathogenesis, particularly for the potential modification of later stages of 

disease progression, as APO-E and clusterin are markers for LOAD. Strikingly, the 

M1 PAM VU0486846 could significantly decrease the levels of APO-E and clusterin 

in the hippocampus prion-ill mice, to levels similar to the healthy controls 

(Dwomoh et al., 2021). 

SerpinA3N inhibits serine proteases that include cathepsins, chymases and 

elastases (Huntington et al., 2000). SerpinA3N has been associated to 

neurodegenerative conditions, especially AD where it has been found to be 

colocalised with Aβ peptides, astrocytes and NFTs (Rozemuller et al., 1991, 

Gollin et al., 1992). Transgenic mouse models overexpressing astrocytic 

serpinA3N together with mutant APP were reported to have higher age-related 
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Aβ pathology compared to mice expressing mutant APP alone (Mucke et al., 

2000, Nilsson et al., 2001). Similarly, serpinA3 mRNA was found upregulated in 

the CNS of patients deceased from different forms of prion disease, especially 

striking elevation in CJD brains that showed up to about 350 fold increased 

compared to healthy subjects (Vanni et al., 2017). Importantly, by employing 

RML-infected CD1 mice, it was demonstrated that serpinA3N upregulation occurs 

in preclinical/pre-symptomatic stages of disease, displaying a direct correlation 

between this protein and prion disease progression (Vanni et al., 2017), which 

was consistent with previous studies in other mouse models of prion disease 

(Miele et al., 2008, Campbell et al., 1994, Dandoy-Dron et al., 2000). Consistent 

with these findings, in this chapter serpinA3N was found to be the most robustly 

upregulated disease marker, especially in the cortex and striatum, compared to 

APO-E, clusterin or the inflammatory markers investigated, thus indicating that 

this protein might be a marker of earlier stages of disease. Although the 

mechanism has not been yet understood, it is suggested that serpinA3 up-

regulation might hamper the clearance of misfolded proteins over time, prions 

for prion diseases and Aβ peptides in AD. Therefore, the upregulation of 

serpinA3N observed in RML prion-infected mice might be a disease-adaptive 

process in response to the progressing accumulation of PrPSc.  

 Neuroinflammation is exacerbated in mouse prion disease 

The mouse prion disease model displays the elevation of markers of 

neuroinflammation that are shared with human neurodegenerations, including 

Iba1, GFAP and vimentin (Dwomoh et al., 2021, Heneka et al., 2015, Ransohoff, 

2016). In prion disease, it has been established that microglia activation occurs 

in regions of PrPSc deposition and in response to PrPSc accumulation, displaying 

both neurotoxic and neuroprotective phenotypes during pathogenesis, 

corresponding to the M1 and M2 groupings of macrophages, respectively (Bate et 

al., 2002, Williams et al., 1997, Giese et al., 1998, Van Everbroeck et al., 2004, 

Kercher et al., 2007, Sandberg et al., 2014, Vincenti et al., 2015, Gómez-Nicola 

et al., 2013, Martinez and Gordon, 2014). Consistent with previous studies, the 

RML prion-infected Tg37 mice show the most significant upregulation in Iba1-

stained microglia in the areas of PrPSc deposition such as the CA1 and CA2 

hippocampal regions, corpus callosum and fimbria. Specifically, the increase 

seemed to be in the number of larger microglia ranging from 100 to 250 μm in 
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diameter.  The relatively small increase in microglia (1.2 to 2-fold increase 

relative to controls) might be explained by the background presence of 

microglia, supposedly inactive, in the CNS of healthy control mice. Similarly, 

microglia were found in the brain of AD patients and in animal models of AD 

surrounding Aβ plaques (Salter and Stevens, 2017). In AD, the inefficient 

clearance of Aβ plaques leads to the sustained activation of microglia that can 

induce highly damaging neurotoxic effects by producing a variety of cytotoxic 

factors including superoxide, nitric oxide, and TNF-α, as well as further 

exacerbating inflammation by secreting pro-inflammatory cytokines such as IL-1β 

(Block et al., 2007, Moss and Bates, 2001, Liu et al., 2015, Sawada et al., 1989, 

Lee et al., 1993). In the present study, IL-1β, IL-6 and TNF-α transcripts were 

found elevated in the brain of prion-infected mice at 10 w.p.i. Interestingly, 

using RNAScope, TNF-α transcripts were found to be mostly produced in the CA2 

hippocampal region, cortex and thalamus of RML prion infected Tg37 mice, 

which corresponds to the brain regions displaying most scrapie pathology 

(Mallucci et al., 2003).   

Similar to AD, the role of microglia in the progression of prion disease remains 

ambiguous. Some studies showed that microglia are protective in prion disease. 

For instance, microglia depletion by around 98% of organotypic brain slices 

infected with RML prions displayed a 15-fold increase in PrPSc deposits (Falsig et 

al., 2008). In addition, chemical depletion of microglia using the CSF-1R tyrosine 

kinase inhibitor PLX5622 that prevents microglial survival (Elmore et al., 2014) 

significantly accelerated prion disease progression, PrPSc deposition, astrogliosis 

and spongiosis in mice infected with RML, ME7 or 22L prion strains (Carroll et al., 

2018).  In contrast, treatment of prion-diseased mice (ME7 and 22L) with the 

CSF-1R inhibitor GW2580 caused a 50% reduction in microglia and significantly 

delayed the disease progression and the onset of behavioural symptoms, and 

significantly extended the lifespan of terminally ill mice (Gómez-Nicola et al., 

2013).  

Astrogliosis is another component of neuroinflammation and is usually identified 

by the upregulation of GFAP and vimentin, the main proteins forming 

intermediate filaments in astrocytes (Middeldorp and Hol, 2011, Danielsson et 

al., 2018). Although GFAP and vimentin are natural partners in the formation of 

astrocytic intermediate filaments (Quinlan and Franke, 1983), their co-assembly 
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is not required and their co-expression varies in different brain regions 

(Middeldorp and Hol, 2011). Here, GFAP was demonstrated to undergo a 

widespread upregulation across the brain of prion-infected mice, whereas 

vimentin showed higher region specificity and more regional correlations with 

PrPSc deposits. Immunohistochemical staining showed here a striking 

upregulation of vimentin in the hippocampus, thalamus and cortex, that are 

brain regions that normally display most deposition of PrPSc (Mallucci et al., 

2003). Further, previous studies on 22L prion-infected mice showed that 

astrocytes are particularly activated in the cortex, hippocampus or thalamus in 

response to prions (Makarava et al., 2019). Hypertrophic reactive astrocytes 

were also shown to accumulate near senile plaques, and are normally found in 

post-mortem AD brains (Medeiros and LaFerla, 2013). Astrocytes were 

demonstrated to be able to internalise and degrade Aβ in vivo (Wyss-Coray et 

al., 2003), as well as promote Aβ clearance by APO-E-mediated microglia 

activation and upregulating the expression of extracellular Aβ-targeting 

proteases (Koistinaho et al., 2004, Jiang et al., 2008, Terwel et al., 2011). It is 

likely that activated astrocytes play a similar function in prion disease, to carry 

out the depletion of prion aggregates.  

The differential, region-specific expression of GFAP and vimentin support the 

concept of astrocyte heterogeneity, whereby astrocytes assume various 

phenotypic profiles and exert multiple different functions in prion disease. 

Similar to the M1 and M2 macrophage groupings, reactive astrocytes can assume 

two different types in neuroinflammation, termed A1 and A2, that correspond to 

neurotoxic and neuroprotective phenotypes, respectively. A1 reactive astrocytes 

were found localised in brain regions involved in neurodegeneration in several 

diseases including AD, PD, HD and multiple sclerosis (Liddelow and Barres, 2017) 

and they have neurotoxic and pro-inflammatory activity (Stevens et al., 2007, 

Hong et al., 2016, Liddelow and Barres, 2017, Gilmore, 2006). In contrast, A2 

astrocytes are characterised by the genetic upregulation of neurotrophic factors 

and genes responsible for synaptogenesis and tissue repair (Liauw et al., 2008, 

Zamanian et al., 2012) and carry out phagocytosis and clearance of debris and 

dead cells (Tasdemir-Yilmaz and Freeman, 2014, Chung et al., 2013). Here, 

vimentin was found especially elevated in sites of microgliosis and spongiosis, 

leading to the hypothesis that vimentin might be specifically linked to reactive 
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astrocytes with a neurotoxic phenotype. In support of this hypothesis, vimentin 

was previously shown to contribute to microglia activation and neurotoxicity in 

cerebral ischemia (Jiang et al., 2012). 

Galectin-1 is a glycan-binding protein that ,together with other galectins, 

modulates astrocyte and microglia activation in response to insult by a specific 

lectin-glycan interaction, and regulates several immunological responses 

including apoptosis, cell activation, and cytokines release (Dhirapong et al., 

2009). Here, increases in galectin-1 were detected in the hippocampus of prion 

diseased mice at 9 w.p.i. This is consistent with previous reports that found 

increases in galectin-1 in the brains of scrapie-infected rodents, as well as in the 

cortex of post-mortem brains from prion disease patients (Guo et al., 2017). 

Galectin-1 was shown to have neuroprotective effects and has been proposed as 

a target for the treatment of chronic neuroinflammatory and neurodegenerative 

diseases (Ramírez Hernández et al., 2020). Upregulation of galectin-1 was shown 

to hamper the proliferation of astrocytes, inhibit microglia activation while 

enhancing M2 microglial phenotype, and promote neurogenesis by inducing 

brain-derived neurotrophic factor (BDNF) to repair damaged tissue (Qu et al., 

2011, Starossom et al., 2012, Sasaki et al., 2004, Ishibashi et al., 2007, Li et al., 

2020). Interestingly, a preliminary study on aged PDAPPJ20 transgenic mice has 

shown that the administration of galectin-1 significantly enhanced cognition in a 

NOR test and induced a robust reduction in Aβ in the hippocampus (Presa et al., 

2019).  

The deposition and spreading of PrPSc is closely associated with locally induced 

chronic neuroinflammation, that is similar to Aβ plaques and NFT in AD. Given 

this parallel, elucidating the role of neuroinflammation in the mouse prion 

disease could provide insights into the modulation of the neuroinflammatory 

response in human neurodegenerations and might help resolve the dispute on 

whether neuroinflammation is beneficial or detrimental in neurodegenerative 

disease (Allaman et al., 2011, Ben Haim et al., 2015). Further, since the M1 PAM 

VU0486846 could significantly reduce the levels of galectin-1, GFAP and vimentin 

in prion diseased mice (Dwomoh et al., 2021), an intriguing concept is that 

activation of the M1 mAChR is able to modify disease progression by decreasing 

detrimental neuroinflammation and/or altering the ratio between neurotoxic 

and neuroprotective reactive astrocytes. 
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 The mouse prion disease model to investigate the disease-
modifying potential of the M1 mAChR 

Despite significant advances in the understanding of AD pathophysiology, there 

are currently no treatments that can stop or slow down its disease progression 

(Lane et al., 2018). The M1 mAChR is a promising, validated target for the 

treatment of AD as selective activation of this GPCR could not only improve 

cognitive deficits in AD patients but was also demonstrated to exert disease-

modifying effects in preclinical animal models of disease (Scarpa et al., 2021). 

The M1 mAChR is found highly expressed in the forebrain, including the cerebral 

cortex and hippocampus (Levey, 1993, Volpicelli and Levey, 2004), where it is 

the predominant muscarinic receptor subtype (Bradley et al., 2017) and is 

involved in cognitive functions, especially in short-term memory which is 

affected in AD (Fisher, 2008b, Ladner and Lee, 1998). The M1 mAChR was 

demonstrated in this chapter to also be expressed in the cortex, hippocampus 

and striatum of prion-diseased mice, and, similarly to observations in AD 

patients (Levey, 1996, Svensson et al., 1992), its expression remains relatively 

unaltered with disease compared to healthy mice. Importantly, since AD 

neurodegeneration mostly affects presynaptic neurons and the M1 mAChR is 

expressed postsynaptically (Levey, 1996, Svensson et al., 1992), drugs directly 

targeting the M1 mAChR would likely remain efficacious in late-stage AD, further 

validating this GPCR as a promising drug target for the treatment of dementias 

(Fisher, 2008a).  

As opposed to other commonly used mouse models of AD, mouse prion disease is 

a progressive and terminal neurodegenerative condition that is advantageous to 

test both pro-cognitive activity and disease-modifying potential of M1 mAChR 

ligands. In fact, at early stages of prion disease, whilst mice show no physical 

signs of disease, they manifest biochemical and histopathological evidence of 

disease as well as behavioural changes such as a decline in burrowing behavior 

and a deficit in learning and memory. As the disease progresses to late stages, 

mice develop terminal clinical symptoms that allow the testing of the 

effectiveness of novel M1 mAChR ligands on survival. By using the prion disease 

model, Bradley et al. (2017) demonstrated that a highly selective M1 PAM, 

BQCA, could not only reverse memory deficits, but also significantly extend the 

lifespan of terminally-ill prion disease mice. In accordance with these previous 



Chapter 4  172 

findings, a novel M1 PAM, VU0486846 (Rook et al., 2018, Bertron et al., 2018), 

was demonstrated here to be able to reverse cognitive deficits by restoring the 

contextual memory retrieval of prion diseased mice in a fear conditioning 

paradigm. No changes in tone retrieval were detected in prion diseased mice 

compared to healthy animals, but this could be since impairments in tone 

memory retrieval are associated with lesions of the amygdala, which are not 

expected be present in prion diseased mice. In contrast, impairments in 

contextual learning were shown to be associated to hippocampal dysfunction, 

which is a hallmark of mouse prion disease (Bradley et al., 2017, Mallucci et al., 

2007, LaBar and Disterhoft, 1998). The pro-cognitive activity of VU0486846 was 

also proven in other studies. VU0486846 could significantly enhance memory in 

NOR and fear conditioning paradigms in rats with risperidone-induced cognitive 

deficits (Rook et al., 2018), as well as improve working memory in aged 

nonhuman primates (cynomolgus monkeys) in a touchscreen-based attention task  

(Norman et al., 2020).  

In addition, administration of VU0486846 (10 mg/kg) from 7 w.p.i., could 

significantly delay symptom onset and robustly prolong the lifespan of terminally 

ill prion infected mice. Unbiased proteomics and transcriptomics studies on 

hippocampi taken from VU0486846 (10 mg/kg) or vehicle- treated, control and 

prion infected mice, demonstrated that mouse prion disease features AD-related 

neuropathology. This featured the profound upregulation of markers of 

neuroinflammation, markers of AD such as clusterin and APO-E, markers of 

synaptic loss and neuronal dysfunction as well as the elevation of proteins 

associated to the clearance of misfolded proteins (Dwomoh et al., 2021). 

Importantly, Dwomoh et al. (2021) found that VU0486846 could reduce many of 

the disease-associated markers to levels similar to the healthy control mice. This 

study indicated that the disease-modifying potential of M1 PAMs might reside in 

the ability of the M1 mAChR to regulate adaptive responses such as 

neuroinflammation that are common features of the pathology of brain diseases 

caused by the propagation of misfolded protein. Importantly, given the parallels 

between mouse prion disease and AD (Table 4-3), the therapeutic, disease-

modifying potential of the M1 mAChR demonstrated here is likely relevant for 

the treatment of human neurodegenerative conditions.  
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 W.P.I. 
MOST AFFECTED 

REGIONS 
SIMILARITIES WITH AD 

PrPSc 7 Hippocampus (CA2) NFT pathology 

APO-E 7 Hippocampus, striatum 

A\beta proteolysis; APO-E4 

isoform associated to increased 

risk of LOAD 

Spongiosis 8 
Hippocampus (CA1, 

CA2) 
N/A 

Clusterin 8 Hippocampus, cortex 
Aβ proteolysis; risk factor for 

LOAD 

SerpinA3N 8 
Hippocampus, cortex, 

striatum 

unclear mechanism, potentially 

inhibits clearance of misfolded 

peptides; preclinical stages 

Iba1 8 
Hippocampus (CA1, 

CA2), cc, fimbria 

activate and initiate 

proinflammatory mechanism 

upon binding to Aβ 

Galectin-1 9 Hippocampus 

modulates neuroinflammation 

and prevent neurodegeneration 

in models of PD and AD 

GFAP 10 Widespread 
astrocytes accumulate near 

senile plaques 

Vimentin 10 
Hippocampus, cortex, 

thalamus 

astrocytes accumulate near 

senile plaques 

Neuronal 

Loss 
>10 

Hippocampus (CA1 and 

CA3) 

Hippocampal neuronal loss of 

presynaptic cholinergic neurons 

Table 4-3 The mouse prion disease model displays similarity with AD pathology.  This table 
includes a summary of the similarities between the disease progression of the mouse prion disease 
model (RML inoculated Tg37 mice) and AD pathology, as discussed in this chapter. References 
are included in Discussion. 
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5.1 Introduction 

The number of people living with dementia, of which AD accounts for ~70% of 

cases, is estimated to be ~50 million worldwide, and is predicted to more than 

double by 2050 to reach 139 million cases (Lane et al., 2018, World Health 

Organization, 2020). There is currently no treatment that can stop, prevent, or 

slow down disease progression, highlighting an unmet clinical need for novel 

treatments that not only improve cognitive symptoms but also confer disease-

modification. The M1 mAChR is a validated target for the treatment of AD and 

other neurodegenerative diseases (Felder et al., 2018, Foster et al., 2014). 

Selective pharmacological activation of the M1 mAChR was demonstrated to 

significantly improve cognition in AD patients, and importantly to exert disease-

modifying effects in animal models of neurodegenerative disease and AD 

(Bradley et al., 2017, Scarpa et al., 2020, Lebois et al., 2017, Bodick et al., 

1997a). However, the generation of clinically effective M1 mAChR drugs has 

been challenging due to adverse effects associated with off-target activation of 

peripheral M2 and M3 mAChRs (Bymaster et al., 2003a, Melancon et al., 2013)  as 

well as on-target activity at the M1 mAChR (Rook et al., 2017, Engers et al., 

2018, Moran et al., 2018b). Like other GPCRs, the M1 mAChR can modulate 

multiple physiological responses by coupling to two fundamental signalling 

pathways: the G protein-dependent, and phosphorylation/arrestin-dependent 

signalling pathways. This highlights the need to investigate the physiological role 

of M1 mAChR-mediated signalling pathways in neurodegenerative disease and 

identify the pathways that lead to neuroprotective and clinically beneficial 

outcomes.  

 Evidence for clinical cognitive improvement by M1 mAChR 
ligands 

Current frontline treatments for cognitive dysfunction of AD consist of AChE 

inhibitors, which aim to upregulate the compromised cholinergic signalling 

(Sanabria-Castro et al., 2017) by preventing the breakdown of ACh at the 

synapse (Bartus et al., 1982, Francis et al., 1999, Thompson et al., 2004).  

However, AChE inhibitors such as donepezil, rivastigmine, galantamine and 

tacrine are temporary symptomatic treatments that are only efficacious for mild 

to moderate AD (Neugroschl and Wang, 2011). In addition, their non-specific 
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nature is a drawback, causing GI and cardiovascular side effects induced by 

potentiation of peripheral cholinergic signalling including exocrine secretions, 

bradycardia, and GI distress due to contraction of cardiac and smooth muscle 

(Courtney, 2004, Inglis, 2002). This results in modest overall efficacy of AChE 

inhibitors in improving cognition and dose limitations, highlighting the need for 

pharmacological approaches with higher selectivity to upregulate cholinergic 

signalling in the brain. 

Significant preclinical and clinical data suggest that selective activation of the 

M1 mAChR may offer an alternative strategy for improving cognitive function in 

AD, whilst avoiding issues that are associated with the non-selective mode of 

action of AChE inhibitors (Inglis, 2002, Courtney, 2004). The first attempt to 

offer an alternative to AChE inhibitors was led by xanomeline, a muscarinic 

agonist that was proposed as an M1/M4-preferring agonist. Xanomeline reached 

Phase II clinical trials and was shown to improve cognitive and behavioural 

symptoms in AD patients (Bodick et al., 1997b). The promising clinical outcomes 

prompted a smaller trial of xanomeline in schizophrenia, with similarly positive 

results (Shekhar et al., 2008).  

Following the initial successful outcome of xanomeline in clinical trials (Bodick 

et al., 1997a), other M1 mAChR-selective orthosteric agonists have been 

proposed for the treatment of AD. An orthosteric M1 mAChR agonist, 

HTL0009936, was pursued by Sosei-Heptares in partnership with Allergan in a 

Phase 1b clinical trial. HTL0009936 showed robust pro-cognitive changes in brain 

activity even at low doses and it was well tolerated and devoid of cholinergic 

side effects associated with previous muscarinic orthosteric agonists (Bakker et 

al., 2021, Brown et al., 2021). Furthermore, HTL0018318, a selective M1 agonist, 

has been tested as a potential symptomatic treatment in Phase 1b and Phase 2 

clinical trials for AD and other dementias, such as dementia with Lewy bodies 

(Bakker et al., 2020). HTL0018318 was reported to be well tolerated in humans 

after 28 days treatment. However, Sosei-Heptares announced the voluntary 

suspension of their clinical development activities with HTL0018318 due to an 

unexpected single animal toxicology study in non-human primates which was 

investigating different dosing levels over a nine-month period.  
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In the effort to improve the receptor subtype selectivity of muscarinic ligands, 

and therefore minimise peripheral side effects, drug discovery programmes have 

focussed on the development of M1 muscarinic ligands that target allosteric 

sites. BQCA, the first prototypical, highly selective M1 mAChR PAM (Ma et al., 

2009), was able to significantly improve cognition in a scopolamine-induced 

amnesic mouse model, showing similar pro-cognitive effects to orthosteric 

muscarinic ligands (Ma et al., 2009). Administration of BQCA was also proven to 

reverse cognitive deficits in Tg2576 mice, the Aβ mouse models that carry the 

AD-associated APP Swedish mutations (Shirey et al., 2009), and mice with prion 

neurodegenerative disease (Bradley et al., 2017). A structurally related PAM, 

PQCA, was subsequently shown to improve cognition in mice, rats and non-

human primates (Uslaner et al., 2013, Lange et al., 2015) as well as in aged 

Tg2576 mice (Puri et al., 2015). Importantly, PQCA was shown to not only 

reverse memory deficits in scopolamine-treated monkeys but was also found 

devoid of cholinergic side effects compared to xanomeline and donepezil 

(Vardigan et al., 2015). These observations highlighted the potential of M1 PAMs 

as efficacious alternative for symptomatic treatment of AD that is safer than 

AChE inhibitors and muscarinic orthosteric agonists.  

A selective and potent M1 ago-PAM, MK-7622, developed by Merck based on the 

BQCA chemical scaffold, displayed robust intrinsic activity in the absence of 

ACh, and was shown effective at reversing scopolamine-induced deficits in non-

human primates and in humans (Uslaner et al., 2018). However, the initial 

clinical trial with MK-7622 was halted because the adjunctive therapy alongside 

AChE inhibitors failed to induce symptomatic improvements. Furthermore, 25% 

of the patients in the clinical trial experienced cholinergic side effects in 

response to MK-7622 (Voss et al., 2018). Preclinical studies  in rats, dogs, and 

cynomolgus monkeys led by Bristol-Myers Squibb (Alt et al., 2016), and in mice 

and rats by Pfizer (Davoren et al., 2016) have also reported cholinergic toxic 

effects and behavioural convulsions following administration of highly selective 

M1 ligands. These observations indicated that despite encouraging preclinical 

data, selective M1 PAMs might still cause associated cholinergic adverse effects 

and lack pro-cognitive efficacy in vivo.  

Targeting the M1 mAChR using bitopic ligands may offer more advantages 

compared to orthosteric ligands because they combine the pharmacology of both 
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orthosteric and allosteric ligands. Bitopic ligands have the potential to confer 

increased selectivity over the first-generation of muscarinic ligands, such as 

xanomeline, while maintaining the efficacy of orthosteric ligands. The bitopic 

ligand GSK1034702, developed by GlaxoSmithKline, entered clinical trials in 2008 

(Nathan et al., 2013). GSK1034702 was initially described as a selective 

allosteric agonist at the M1 mAChR (Budzik et al., 2010), however it was later 

revealed to possess a bitopic mode of action, concomitantly interacting with the 

orthosteric binding pocket and allosteric site (Bradley et al., 2018). In clinical 

trials, GSK1034702 was shown to improve episodic memory in humans with 

nicotine abstinence-induced cognitive impairments. Despite being reported to be 

well tolerated, this compound still caused adverse GI responses in a proportion 

of patients (Nathan et al., 2013). This suggests that bitopic ligands can still be 

associated with cholinergic adverse side effects, as they are still able to interact 

with the highly conserved orthosteric binding pocket, and thereby activate other 

members of the muscarinic receptor family.  

 M1 mAChR ligands exert disease-modifying effects in 
preclinical animal models 

Early studies in vitro demonstrated that activation of the M1 mAChR could 

reduce accumulation of AD-associated Aβ pathology by interfering with APP 

processing via a PKC-dependent mechanism (Nitsch et al., 1992, Buxbaum et al., 

1992) (Figure 5-1). Later, AD patients showed an overall reduction in levels of 

total Aβ in the cerebrospinal fluid in a small trial of muscarinic agonists AF102B 

(Nitsch et al., 2000) or talsaclidine (Hock et al., 2000), unraveling the disease-

modifying potential of targeting M1 mAChRs for the treatment of Aβ pathology. 

Additionally, administration of the M1 muscarinic agonist AF267B on a triple 

transgenic mouse model of AD that exhibits both Aβ and tau pathology (3xTg-AD) 

has been shown to not only reverse cognitive symptoms, but also to decrease the 

Aβ and tau pathologies in these mice (Caccamo et al., 2006). In particular, 

reduction of Aβ plaques was demonstrated to be mediated by the M1 mAChR 

stimulation via an increase in the α-secretase ADAM17/TACE in vitro that shifted 

processing of APP toward non-amyloidogenic pathways, through distinct 

mechanisms involving both PKC activation and ERK1/2 phosphorylation  

(Buxbaum et al., 1998, Haring et al., 1998, Caccamo et al., 2006) (Figure 5-1). 

However, acute receptor stimulation or loss of M1 mAChRs in a transgenic APP 
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mouse model, which carries APP with the AD-linked Swedish and Indiana 

mutations, did not alter ADAM expression level (Davis et al., 2010). Although 

these studies established that pharmacological activation of the M1 mAChR could 

exert disease-modifying effects by altering APP processing, the agonists used in 

these studies were relatively non-selective suggesting that the outcome 

observed might be caused by activation of both M1 and M3 subtypes, since both 

couple to Gαq/11 pathways (Nitsch et al., 1992). However, it was later 

established that alterations of APP processing were mediated by the M1 mAChR 

specifically, as carbachol promoted the secretion of non-amyloidogenic α-

secretase-cleaved APP fragments in neuronal cultures, but this effect was 

significantly reduced in cultures derived from M1 mAChR knockout mice (Davis et 

al., 2010).  

 

Figure 5-1 Regulation of amyloidogenic processing in AD mediated by the M1 mAChR.  The 
proteolytic processing of APP can occur via a non-amyloidogenic or amyloidogenic pathways. In 
the non-amyloidogenic pathway, APP is initially cleaved by α-secretase within the Aβ peptide 
region, which prevents the formation of Aβ plaques by yielding to soluble APPα (APPsα), p3 
fragment, and amyloid precursor protein intracellular domain (AICD) Stimulation of the M1 mAChR 
was shown to enhance non-amyloidogenic processing of APP in vitro via PKC- and ERK1/2-
dependent mechanisms, which result in the activation of α-secretase and inhibition of β-secretase.  
Furthermore, M1 mAChR signalling has been shown to reduce the formation of NFTs by inhibition 
of GSK3β that decreases the level of hyperphosphorylated tau. In the amyloidogenic pathway, APP 
is cleaved by β-secretase followed by the subsequent cleavage by γ-secretase that leads to AICD, 
soluble APPsβ and Aβ42 fragments. APPsβ and Aβ42 fragments can aggregate resulting in Aβ 
plaques. Figure taken from (Scarpa et al., 2020). 
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Ligands with higher subtype selectivity were also reported to have disease-

modifying potential in vitro and in vivo. A highly selective M1 mAChR allosteric 

agonist with no agonist activity at any of the other muscarinic subtypes, TBPB, 

was shown to promote secretion of soluble APP and reduced levels of Aβ plaques 

in vitro (Jones et al., 2008). The M1 mAChR selective bitopic ligand VU0364572 

was able to prevent the onset of cognitive deficits, and reduce levels of toxic Aβ 

species and Aβ pathology in the hippocampus and cortex of 5XFAD mice, that 

express human APP and PSEN1 transgenes with a total of five AD-linked 

mutations (Lebois et al., 2017).  Furthermore, AF710B, a selective allosteric 

agonist of the M1 mAChR and sigma-1 receptor, was reported to improve 

cognition and reduce Aβ pathology in 3xTg-AD mice (Hall et al., 2018). A study 

on murine prion disease, a model of terminal neurodegeneration that shares 

many disease features with AD and other proteinopathies (Bourgognon et al., 

2018, Dwomoh et al., 2021), demonstrated that the M1 mAChR PAM BQCA could 

not only reverse memory deficits and improve hippocampal functions, but also 

significantly extend the lifespan of terminally ill mice (Bradley et al., 2017). A 

consequent global proteomic and transcriptomic analysis of the same mouse 

prion disease model demonstrated that a highly selective M1 mAChR PAMs BQCA 

and VU0486846, could also improve cognition and slow down disease progression 

in prion infected mice (Dwomoh et al., 2021). Importantly, this study 

demonstrated that the M1 mAChR PAM could induce disease-modification by 

reducing disease-associated adaptive responses such as neuroinflammation and 

mitochondrial/redox homeostasis while maintaining synaptic function and 

preventing the propagation of misfolded protein (Dwomoh et al., 2021). 

 Challenges with on-target adverse effects associated to M1 
ligands 

Allosteric modulators hold the promise of overcoming the challenge of 

cholinergic adverse responses by providing exquisite receptor subtype selectivity 

for the M1 mAChR (Gregory et al., 2007). However, even highly selective M1 

mAChR PAMs have now been associated with adverse responses (Moran et al., 

2018b, Engers et al., 2018, Rook et al., 2017).  

For example, two M1 PAMs with high intrinsic activity, MK-7622 and PF-

06764427, were tested for their pro-cognitive effects and adverse effect liability 
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in comparison with VU0453595 and VU0550164, two M1 PAMs that are devoid of 

intrinsic activity (Moran et al., 2018b). MK-7622 and PF-06764427 induced severe 

behavioural convulsions in mice, whereas VU0453595 did not. Additionally, in a 

NOR test, MK-7622 caused no significant cognitive improvement whereas 

VU0453595 showed robust efficacy in improving cognitive function (Moran et al., 

2018b). A potent M1 ago-PAM, PF-06827443, also displayed cholinergic adverse 

effects and severe seizures in dogs (Moran et al., 2018a). These findings strongly 

suggested that M1 PAMs with high levels of intrinsic activity have higher adverse 

effect liability (i.e., behavioural convulsions), likely caused by an 

overstimulation of the M1 mAChR, that was previously associated to disruptions 

of cognitive function and induction of seizures (Cruickshank et al., 1994, 

Hamilton et al., 1997). 

Several structurally diverse M1 PAM chemotypes have been developed by Merck, 

Pfizer, Vanderbilt Centre for Neuroscience Drug Discovery (VCNDD) and Monash 

Institute for Pharmaceutical Sciences (MIPS) that possess distinct 

pharmacological properties. However, the ideal pharmacological properties that 

are necessary for efficacious and safer M1 PAMs for AD therapeutics are still to 

be elucidated. For instance, PF-06764427 and VU6004256 are structurally related 

M1 PAMs that display similar in vitro intrinsic agonist activity and 

pharmacological profiles but can have significantly different effects in vivo. In 

mice, PF-06764427 significantly reduced spontaneous locomotor activity, 

reversed amphetamine-induced hyper-locomotion (AHL), lacked significant pro-

cognitive activity in a NOR test and caused cholinergic toxicity and convulsions 

(Rook et al., 2017). In contrast, VU6004256, a slightly weaker ago-PAM than PF-

06764427, induced a reduced effect on spontaneous locomotor activity and did 

not reverse AHL, but produced a robust improvement in the NOR task. 

Surprisingly, no adverse effects were reported in response to VU6004256 (Rook 

et al., 2017).  

The molecular mechanism underpinning the ability of highly selective M1 ligands 

in driving such diverse physiological outcomes could be explained by signalling 

bias. For instance, two selective M1 PAMs that displayed similar in vitro effects 

in terms of potentiating the receptor affinity for ACh, could produce distinct 

effects on phosphoinositide hydrolysis and coupling to phospholipase D (Marlo et 

al., 2009). Additionally, further comparison of PF-06764427 and VU6004256 
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described above revealed distinct ability of these M1 PAMs to drive receptor 

internalisation, with VU6004256 failing to induce measurable internalisation 

(Rook et al., 2017).  

 The promise of M1-biased ligands for the treatment of AD 

Important differences in in vivo effects of structurally related compounds such 

as PF-06764427 and VU6004256 (Rook et al., 2017) can be explained by ligand 

bias. Like many members of the GPCR superfamily, muscarinic receptors 

mediate signal transduction in a broadly bimodal manner, by coupling to both 

the canonical G protein signalling and receptor phosphorylation/arrestin-

dependent signalling. Some GPCR ligands have been shown to induce biased 

signalling, whereby they preferentially activate some downstream pathways in 

preference to others (Luttrell, 2014, Kenakin and Christopoulos, 2013). When 

designing new M1 mAChR-selective ligands for therapeutic application, it is 

therefore important to define the subtle pharmacological properties of M1 

compounds that drive adverse toxic effects (seizures) opposed to those that 

drive the beneficial therapeutic outcomes (cognitive enhancement and disease-

modification). The promise of biased ligands is that ligands could be designed to 

drive GPCR signalling pathways that lead to clinically beneficial outcomes in 

preference to ones that are likely to result in adverse responses.  

Whilst the molecular details of biased signalling have been extensively studied in 

in vitro transfected cell systems, understanding the physiological importance of 

biased signalling and further, how this might have a pathophysiological impact, 

has been extremely challenging. One approach to investigate this issue is by 

genetically engineering mice to express biased variants of receptors, to dissect 

the downstream signalling pathways and uncover their physiological significance. 

This can be achieved for example by removal of intracellular phosphorylation 

sites of the receptor thereby reducing coupling to arrestin but maintaining 

coupling to heterotrimeric G proteins. This approach has been previously 

successfully employed in mapping the role of the M3 mAChR signalling bias in 

cognition, glucose tolerance and insulin release (Bradley et al., 2016, Poulin et 

al., 2010, Kong et al., 2010), or in validating the role of µOR-mediated 

phosphorylation/arrestin-dependent signalling in inducing opioid-related adverse 

responses (Kliewer et al., 2020, Kliewer et al., 2019). Both these studies are 
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discussed in detail in Chapter 3. Our group has investigated this possibility for 

the M1 mAChR.  

Previously, a G protein-biased M1 mAChR mouse model was generated by 

genetically engineering a mouse strain that expresses a variant of the M1 mAChR 

whereby all the recognised and putative receptor phosphorylation sites were 

disrupted, thereby reducing the receptor coupling to phosphorylation/arrestin-

dependent signalling pathways (Bradley et al., 2020, Butcher et al., 2016). This 

mouse model, called M1-PD, helped to establish that phosphorylation/arrestin-

dependent signalling mediated by the M1 mAChR are important in pro-cognitive 

activity and reducing anxiolytic behaviour, as well as protecting against 

peripheral and central cholinergic adverse responses such as seizures.  

 Aims 

This chapter aimed to explore the role of M1 mAChR phosphorylation/arrestin-

dependent signalling pathways in the disease-modifying potential of the M1 

mAChR in neurodegenerative disease. This was achieved by employing knock-in 

mice expressing the wild-type (M1-WT) or the M1-PD receptor (described in 

Chapter 3) in combination with mouse prion disease, the progressive terminal 

neurodegenerative disease that shares many of the hallmarks of human AD 

(described in Chapter 4). Progression of neurodegenerative prion disease was 

determined in prion-infected M1-PD mice in comparison with M1-WT by assessing 

disease-associated behaviours, and the presence of pathological markers using 

biochemical and histological methods.  
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5.2 Results 

 M1-PD is expressed at equivalent levels to M1-WT in the 
transgenic knock-in mouse lines 

A knock-in mouse line was generated to express the M1-PD mutant of the M1 

mAChR in the natural locus of the wild-type receptor (CHRM1). Our group has 

previously demonstrated that receptor expression levels in the cortex and 

hippocampus were equivalent to that of wild-type mice (Bradley et al., 2020).  

Here, levels of M1 mAChR transcripts showed no significant difference in 

receptor transcription when comparing M1-WT and M1-PD (Figure 5-2A). 

Furthermore, using western blotting to detect the HA tag on the C-terminus of 

the receptor, it is confirmed that the protein level of mutant receptor in the 

cortex and hippocampus of M1-PD mice is comparable to that of the wild-type 

receptor (expressing a C-terminal HA tag) in M1-WT mice (Figure 5-2B-D). The 

expression of M1-WT was shown with the presence of a 75 kDa band whilst the 

M1-PD showed a slightly lower molecular weight band, which is expected due to 

the nature of its mutations.  

 

Figure 5-2 Receptor expression in M1-WT and M1-PD knock-in C57 mice. (A) Quantitative RT-
PCR showing the expression of M1 mAChR mRNA in the cortex and hippocampus of M1-WT, M1-
PD or M1-KO mice. Data are expressed as a ratio of α-tubulin RNA expression (N=4 mice). (B-D) 
Solubilised membranes prepared from the hippocampus (C) or cortex (D) of HA-tagged M1-WT and 
M1-PD knock-in mice were probed in western blot analysis for the expression of M1 mAChR using 
an antibody for the HA tag. Membrane prepared from M1-KO mouse (KO) was used as negative 
control. Data shown are three separate mice for the M1-WT and M1-PD phenotype, and one animal 
for the M1-KO. Na+/K+ ATPase expression was used as a loading control. (B) Quantification of (C) 
and (D) was conducted using a LICOR software, Image Studio Lite 5.2. n = 3. Data are shown as 
means ± SEM. Statistical analysis performed was multiple unpaired T-test. 
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Receptor expression was also analysed in prion-infected M1-WT and M1-PD 

knock-in mice to determine whether M1 mAChR expression was altered in 

disease (Figure 5-3). Transcript and protein levels of both M1-WT and M1-PD 

receptors were unchanged in the cortex and hippocampus of prion-infected mice 

compared to control mice at 16 w.p.i. This data, therefore, confirms that 

expression of the M1-WT and M1-PD does not change in these genotypes or 

during disease. 

Immunohistochemical staining using an anti-HA antibody in slices taken from the 

hippocampus of control or prion-infected M1-WT and M1-PD mice enabled me to 

visualise receptor distribution (Figure 5-4). The M1-WT receptor is found 

diffusely localised in the CA1 region of the hippocampus, with pools of 

internalised receptors visible around the cell bodies of CA1 pyramidal neurons. 

In contrast, the M1-PD also seems diffusely expressed in the hippocampus, but 

the staining around the cell bodies of the CA1 pyramidal neurons is absent, 

suggesting there are no receptors localised around the cell bodies. Taken 

together with our previous data (Bradley et al., 2020), we therefore 

demonstrate that the M1-PD mutant receptor has reduced internalisation, since 

removal of phosphorylation significantly impairs receptor localisation in vitro 

and in vivo.  Furthermore, since the expression levels of M1-WT and M1-PD are 

comparable, these knock-in mice can be employed to differentiate between 

physiological pathways that lie downstream of either G protein-dependent 

signalling versus β-arrestin/phosphorylation-dependent signalling and 

internalisation.  
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Figure 5-3 Control- and prion infected M1-PD mice show equivalent receptor expression 
compared to M1-WT mice.  (A-B) Quantitative RT-PCR showing the expression of M1 mAChR RNA 
transcripts in the hippocampus (A) or cortex (B) of 16 w.p.i. control or prion-diseased, M1-WT or M1-
PD mice. Data are expressed as a ratio of α-tubulin RNA expression (N=4 mice). (C-F) Solubilised 
membranes prepared from the hippocampus (C-D) or cortex (E-F) of control or prion-infected 16 
w.p.i. M1-WT and M1-PD knock-in mice were probed in western blot analysis for the expression of 
M1 mAChR using anti-HA tag antibody.  Membrane prepared from M1-KO mouse (KO) was used as 
negative control. Data shown are two separate mice for each genotype, with similar data being 
obtained on at least two further occasions. Na+/K+ ATPase expression was used as a loading control. 
(D-F) Quantification of (C) and (E) was conducted using a LICOR software, Image Studio Lite 5.2. n 
= 2. Data are shown as means ± SEM. Statistical analysis performed was multiple unpaired T-test.  
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Figure 5-4 Visualisation of receptor expression in control and prion-infected M1-WT and M1-
PD knock in mice.  (A) Immunohistochemical staining of 18 w.p.i. control and prion-infected M1-
WT and M1-PD mice.  Sagittal sections through bregma lateral level 0.72mm were stained using 
anti-HA and anti-NeuN antibodies to visualise HA-tagged receptors and neuronal nuclei in the 
hippocampal CA1 region (HA, green; DAPI, blue; NeuN, red). (B) Secondary [antibody] only control 
was included to control for antibody specificity. Images are representative of 3 repeats using 
sections from 3 mice (N=3). Scalebar 50 µm. 

 M1-PD mice show accelerated neurodegenerative disease 
progression 

Prion disease is characterised by the conversion of normal, cellular PrPC into 

misfolded, neurotoxic scrapie PrPSc. PrPSc
 self-propagates, accumulates, and 

forms aggregates that are partially resistant to digestion by proteases (Prusiner, 
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1982). To determine the presence of PrPSc, lysates of cortex and hippocampus 

from control- or prion-infected M1-WT and M1-PD mice were incubated with 

Proteinase K prior western blotting using an anti-PrP antibody (Figure 5-5). No 

differences in total prion protein (PrPTot), which is both PrPC and PrPSc, were 

detected in the cortex or hippocampus of any of the groups. Prion-infected 

mice, both M1-WT and M1-PD, showed the presence of PrPSc in both cortex and 

hippocampus at each time point, but M1-PD mice showed a higher level of PrPSc 

compared to the M1-WT at both disease time-points examined (16- and 18 

w.p.i). Specifically, this difference was robust (P<0.01) in the hippocampus 

(Figure 5-5C, D), and non-significantly different in the cortex (Figure 5-5A, B).  

This suggests that removal of M1 mAChR phosphorylation either promotes 

accumulation of misfolded protein or causes the removal of a protective 

mechanism against prion misfolding and/or propagation. Since prion disease 

progression is dependent on the expression level of PrPC, whereby increased PrP 

expression accelerates disease progression (Mallucci et al., 2003), PrP expression 

was analysed in M1-PD mice. Importantly, transcript levels of PrP were 

equivalent in M1-WT, M1-PD and M1-KO mice (Figure 5-6), indicating that the 

increased accumulation of PrPSc is not caused by increased expression of PrPC.  
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Figure 5-5 Prion-infected M1-PD mice display higher levels of PrPSc compared to prion-
infected M1-WT mice. Lysates of cortex (A-B) and hippocampus (C-D) from control or prion-
diseased mice at 16- and 18- w.p.i. were incubated with Proteinase K prior western blot using anti- 
PrP to detect PrPSc. Incubation with water was used as control to detect PrPTot. α-tubulin (α-tub) 
antibody was used for loading control. (B) and (D) are the band analysis of cortex (A) and 
hippocampus (B) respectively. Data are expressed as fold over control M1-WT, normalised to the 
loading control (α-tub), and each data-point represents an individual mouse. Quantification was 
carried using a LICOR software, Image Studio Lite 5.2. Statistical analysis performed was a two-
way ANOVA Sidak multiple comparisons test where *P<0.05, **P<0.01 (N=3). 
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Figure 5-6 PrP expression is equivalent in M1-WT, M1-PD and M1-KO mice. Quantitative RT-
PCR showing the expression of PrP mRNA in the cortex and hippocampus of M1-WT, M1-PD or 
M1-KO mice. Data are expressed as a ratio of α-tubulin mRNA expression (N=4 mice). Statistical 
analysis performed was multiple unpaired T-test. 

Prion disease neurodegeneration is characterised by disruption of cholinergic 

innervations in the hippocampus. western blotting using antibodies specific 

against ChAT, the enzyme that catalyses the biosynthesis of ACh, and therefore 

a marker for cholinergic neurons, was performed to detect changes in population 

of cholinergic neurons (Figure 5-7). The only significant differences found 

consisted in an increase in ChAT expression in the cortex of prion-infected M1-PD 

mice at 18 w.p.i. compared to the respective control-infected M1-PD. However, 

this was caused by the presence of an outlier data-point that was identified as 

significant outlier using a ROUT test for outlier identification (Q=1%).  

Immunohistochemical staining was conducted using antibodies against ChAT and 

MAP2 to visualise cholinergic innervations as well as neuronal projections (Figure 

5-8). MAP2 staining did not reveal any visible differences between control or 

prion infected M1-WT and M1-PD, suggesting that neurons are intact. No evident 

differences were detected in ChAT between the two genotypes or between prion 

and control brains. However, whilst ChAT staining in in both hippocampal CA1 

region and cortex of control M1-WT mice reveals a filamentous arrangement of 

this enzyme, ChAT in prion-infected M1-WT and M1-PD mice appears 

fragmented. This might suggest a disruption of cholinergic innervations, however 

more detailed analysis is required to confirm this qualitative observation.  

 

C
ort

ex

H
ip

poca
m

pus

0.0

0.5

1.0

1.5

m
R

N
A

 F
o

ld
 c

h
a
n

g
e

M1-WT

M1-PD

M1-KO



Chapter 5  191 

 

Figure 5-7 No loss of cholinergic neurons was detected in prion-infected M1-WT and M1-PD 
mice at 16- and 18- w.p.i. Western blots using antibodies against ChAT were conducted on 
lysates prepared from cortex (A) and hippocampus (B) of control or prion-infected mice at 16 and 
18 w.p.i. α-tubulin antibody (α-tub) was used for loading control. (C) Band analysis of cortex (A) 
and hippocampus (B) using LICOR a software, Image Studio Lite 5.2. Data are expressed as fold 
over control M1-WT, normalised to the loading control (α-tub), and each point represents an 
individual mouse.  The statistical analysis was conducted using a two-way ANOVA Sidak multiple 
comparisons (N=3-4) where *P>0.05. An outlier identification test was performed on panel C using 
ROUT method (Q=1%). 
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Figure 5-8 Immunohistochemical staining of neurons in 18 w.p.i. control- and prion-infected 
M1-WT and M1-PD mice. Representative images of cortex (A) and hippocampal CA1 region (B) 
probed for ChAT (green), and MAP2 (red), markers for cholinergic and general neurons, 
respectively. The nuclei were stained blue with DAPI. Images are representative of 3 repeats using 
sections from 3 mice (N=3). Scale bars: 100 μm and 20 µm for the left- and right-hand side tiles 
respectively.  

Spongiosis, which is the formation of intraneuronal vacuoles in cells that have 

not yet degenerated, is one of the early pathological changes that proceed 

neuronal loss observed in the hippocampus of prion-diseased mice (Mallucci et 

al., 2003). Haematoxylin and eosin (H&E) staining of control- and prion-infected 

M1-WT and M1-PD mice enabled observation of the microanatomy of 

hippocampal sections, and the severity of spongiosis was determined by using an 

arbitrary 4-point scoring system (see 2.9.5). As expected, no spongiosis was 

detected in the hippocampus from healthy mice (Figure 5-9A). Spongiosis was 

virtually absent in the hippocampus of prion-infected M1-WT mice at 18 w.p.i., 

indicating that disease hasn’t yet progressed enough at this time point (Figure 

5-9B). This is consistent with the observations in prion infected Tg37 mice that 

profound spongiosis is present just before (about one week) the onset of 

symptoms (Figure 4-7 and Figure 4-26). Although prion disease progression in M1-

WT mice is significantly slower (~2X) than in Tg37 mice, symptom onset in prion-

infected M1-WT mice is comparably at a much later time point than 18 w.p.i. 

(~22 w.p.i.)  (Figure 5-21). In contrast, a higher number of spongiotic vesicles is 

observed in prion-infected M1-PD mice, which is significantly (P<0.05) higher in 

the dentate gyrus compared to prion-infected M1-WT mice (Figure 5-9C), 

indicating that prion disease may have progressed more rapidly in M1-PD mice.  
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Figure 5-9 Spongiosis in the hippocampus of control or prion-infected M1-WT and M1-PD 
mice. Representative images of H&E staining of saline-perfused and formalin-fixed mouse brains 
from at least three control (A) or prion-infected (B) mice at 18 w.p.i. Images are representative of 3 
repeats using sections from 3 mice (N=3). Scale bars: 500μm (i) and 100 μm (ii). (C) H&E staining 
of sagittal sections (at bregma lateral 0.72mm) from the mouse brains allowed to observe 
spongiotic vesicles in the hippocampus, and score spongiosis according to the 4 point-scoring 
system described in 2.9.5. Statistical analysis is multiple unpaired T test, where *P<0.05 (N=3). 
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A global transcriptomic and proteomic study on control- and prion-infected Tg37 

mice (the same mouse strain characterised in Chapter 4) had revealed a panel of 

proteins that are significantly upregulated in prion disease, and whose 

expression is restored to levels similar to healthy controls following treatment 

with a highly selective M1 mAChR PAM, VU0486846 (Dwomoh et al., 2021). These 

included markers of neuroinflammation, GFAP, clusterin, vimentin and galectin-

1, and markers of adaptive responses to neurodegeneration including APO-E and 

the protease inhibitor serpinA3N (Dwomoh et al., 2021). In this study, the 

upregulation of this panel of proteins was proposed to represent biomarkers of 

prion disease and indicators of disease severity. Here, I assessed the impact of 

removing the phosphorylation-dependent signalling mediated by the M1 mAChR 

on the regulation of disease markers APO-E, clusterin, galectin-1 and serpinA3N. 

To do so, western blots were conducted to probe for the said disease markers, 

on lysates of hippocampus and cortex from control- and prion-infected, M1-WT 

and M1-PD mice at 16 and 18 w.p.i. (Figure 5-10).  

Strikingly, prion-diseased M1-PD mice display an evident upregulation of all the 

disease markers probed in the cortex and hippocampus at levels higher than 

observed in prion-diseased M1-WT. Specifically, clusterin expression was 

significantly elevated by 1.8 to 2.5 folds in the hippocampus (P<0.0048) and 

cortex (P<0.0065) of prion-infected M1-PD mice at 16 and 18 w.p.i. compared to 

prion-infected M1-WT mice. Compared to prion-diseased M1-WT, M1-PD mice 

showed robust upregulation of APO-E that was significantly higher in the 

hippocampus by 3.3 folds at 16 w.p.i. (P=0.0003), and in both cortex and 

hippocampus at 18 w.p.i by between 2.2 to 2.7 folds (P<0.029). However, no 

increases APO-E and clusterin were detected in M1-WT mice with prion disease 

compared to their respective controls at each of the time points tested.  

Changes in galectin-1 expression were only observed in the hippocampus at 18 

w.p.i. where prion disease M1-PD mice showed an upregulation in galectin-1 by 

2.8-fold, which was significantly (P=0.035) higher than in prion-diseased M1-WT 

mice. Whilst no significant changes in serpinA3N were found in M1-WT mice with 

prion disease relative to their control, prion-diseased M1-PD mice showed a 

remarkable upregulation of serpinA3N in both hippocampus and cortex that was 

significantly (P<0.003) higher than in prion infected M1-WT mice in both brain 

regions at 18 w.p.i. In the hippocampus, serpinA3N is upregulated by 15.3- and 
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30.2-folds at 16 and 18 w.p.i. respectively. In the cortex, prion disease induced 

a 6.2-fold increase at 16 w.p.i. and a 16-fold increase at 18 w.p.i.  

To summarise, the upregulation of prion disease signature proteins APO-E, 

clusterin, galectin-1 and serpinA3N was associated with disease progression. 

Prion-diseased M1-WT mice did not show evident changes in APO-E, clusterin, 

galectin-1 and serpinA3N at the time points tested (16 and 18 w.p.i.). However, 

there was a robust increase in all the probed proteins in prion-diseased M1-PD 

mice, indicating that these mice are at a more advanced stage of disease 

compared with M1-WT mice at the same disease time point.  
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Figure 5-10 Prion-infected M1-PD show higher upregulation of markers of disease compared 
to prion-infected M1-WT animals. APO-E, serpinA3N, clusterin and galectin-1 were detected in 
the cortex (A-B) and hippocampus (C-D) by performing western blot analysis of lysates (10 µg) 
prepared from control- or prion infected mice at 16- and 18 w.p.i. α-tubulin antibody was used for 
loading control. Band analysis is shown in (B) and (D) are the band analysis of hippocampus (A) 
and cortex (C) respectively performed using a LICOR software, Image Studio Lite 5.2. Data are 
expressed as means ± S.E.M. of a ratio of α-tubulin expression relative to control-infected M1-WT 
(N=3 mice). Data were analysed using a two-way ANOVA with Sidak multiple comparisons where 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  
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 The M1 mAChR-mediated phosphorylation-dependent 
signalling pathway plays a role in neuroinflammation 

As described in Chapter 4 and in the literature (Carroll and Chesebro, 2019), one 

of the pathological hallmarks of mouse prion disease is widespread 

neuroinflammation characterised by astrogliosis and microgliosis. To determine 

if elevated neuroinflammation is also associated with the accelerated prion 

disease progression observed in M1-PD mice, several markers of 

neuroinflammation were examined in prion-infected M1-WT versus M1-PD mice. 

Transcript levels of GFAP and microglial marker CD86 as well as protein levels of 

astrocytic markers GFAP and vimentin revealed an overall upregulation of 

astroglia and microglia in the hippocampus and cortex with prion disease (Figure 

5-11).  

In the cortex, whilst GFAP and vimentin protein levels were similar in prion 

infected M1-WT and M1-PD mice (Figure 5-11C-D), GFAP and CD86 transcripts 

were significantly higher (P=0.017 for CD86 and P=0.0036 for GFAP) in prion 

infected M1-PD mice at 16 w.p.i. compared to diseased M1-WT animals (Figure 

5-11A).  

In the hippocampus however, GFAP and vimentin were found robustly 

upregulated in the hippocampus of 16- and 18 w.p.i. prion-infected M1-PD mice, 

at levels that were significantly (P<0.2) higher than in prion-diseased M1-WT 

mice at the same disease time point (Figure 5-11CE-F). Strikingly, vimentin 

displayed a substantial upregulation in the hippocampus of prion-infected M1-PD 

mice by 38-39 folds relative to the control, which was higher (P<0.0048) than 

the increases in vimentin in the prion infected M1-WT animals by 6.4-8.7 folds. 

While CD86 transcripts in the hippocampus showed a robust (P=0.012) 

upregulation in prion-diseased M1-PD mice but not in prion-diseased M1-WT 

compared to their respective controls, no difference was detected in CD86 

transcript levels in prion-infected M1-PD versus M1-WT at 16 w.p.i. GFAP 

transcript levels, however, showed a robust (P=0.0011) increase in the 

hippocampus of prion infected M1-PD compared to their control, at levels that 

are significantly (P=0.0083) higher than in prion infected M1-WT mice (Figure 

5-11B).  
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Figure 5-11 Neuroinflammation is exacerbated in the cortex and hippocampus of prion 
infected M1-PD mice compared to M1-WT.  (A-B) Quantitative RT-PCR showing the expression 
of CD86 and GFAP, markers of microglia and astrocytes respectively, in the cortex (A) or 
hippocampus (B) of control or prion-diseased, M1-WT or M1-PD mice 16 w.p.i. (C-F) Western blots 
to determine astrogliosis in the cortex (C-D) and hippocampus (E-F) during prion disease used on 
lysates prepared from control or prion-infected mice at 16 and 18 w.p.i., and probed for GFAP and 
vimentin (Vim), markers for astrocytes. α-tubulin (α-tub) antibody was used for loading control. (D) 
and (F) are the band analysis of cortex (C) and hippocampus (E) respectively, that was carried 
using LICOR software, Image Studio Lite 5.2. Data are expressed as means ± S.E.M. of a ratio of 
α-tubulin expression relative to control-infected M1-WT, and each data point represents an 
individual mouse (N=3 mice). Statistical analysis performed is two-way ANOVA Sidak multiple 
comparisons, where *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (N=3 for the western blots, N=4 
for the RT-qPCR). 

Immunohistochemical staining for GFAP and Iba-1, markers of astrocytes and 

microglia, respectively, also highlighted a profound increase in astrogliosis in the 

hippocampus and cortex of prion-diseased M1-PD, compared to prion-infected 

M1-WT mice (Figure 5-12). This further demonstrates that removal of 

phosphorylation-dependent pathways regulated by the M1 mAChR causes an 

acceleration in mouse prion disease progression, which is observed by an 

exacerbation of neuroinflammation.  

Since chronic inflammation in neurodegenerative brains is characterised by the 

release of pro-inflammatory cytokines by microglia, that are capable of 

promoting astrogliosis (Ben Haim et al., 2015), the expression of pro-

inflammatory cytokines were assessed in the hippocampus and cortex of 16 

w.p.i. control- and prion infected mice (Figure 5-13). Transcript levels of TNF-α, 

IL-1β and IL-6 were found to be elevated in prion disease in both cortex and 

hippocampus compared to controls. TNF-α was found significantly elevated in 

both the hippocampus (P=0.018) and cortex (P=0.0037) of prion infected M1-PD 

mice compared with prion-diseased M1-WT at 16 w.p.i. However, IL-1β was 

significantly (P=0.031) upregulated in the cortex, but not hippocampus of prion 

M1-PD mice compared to prion-infected M1-WT mice. Conversely, no significant 

difference of IL-6 was detected in prion-infected M1-PD mice compared to the 

M1-WT control.  This data suggests that the M1 mAChR-mediated 

phosphorylation-dependent signalling negatively regulates the release of pro-

inflammatory cytokines TNF-α and IL-1β to decrease neuroinflammation.  

There is a possibility that the M1 mAChR may modulate neuroinflammation by 

regulating the release of pro-inflammatory cytokines; therefore, the transcripts 

of anti-inflammatory cytokines IL-4, IL-10, IL-11 and IL-13, were analysed in the 
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cortex or hippocampus of prion-infected M1-WT or M1-PD mice at 16 w.p.i. 

(Figure 5-14). No differences were found between control- or prion infected M1-

WT and M1-PD mice, suggesting that the M1 mAChR is not involved in the 

regulation of the pro-inflammatory cytokines tested, neither prion disease 

causes alterations in the expression of anti-inflammatory cytokines.  
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Figure 5-12 Prion infected M1-PD mice show higher level of neuroinflammation compared to 
M1-WT. Immunohistochemical staining of saline-perfused and formalin-fixed mouse brains from 
control or prion-infected mice 18 w.p.i. Cortex (A) and hippocampal CA1 region (B) of three mice, 
which were probed for GFAP (green), and Iba1 (red), markers for astrocytes and microglia, 
respectively. The nuclei were stained blue with DAPI. Scale bars: 50 μm. Data shown are 
representative images of three mice (N=3).  

 

Figure 5-13 Pro-inflammatory cytokines IL-1β, IL-6 and TNF-α are significantly increased in 
prion-infected M1-PD mice compared to M1-WT. Quantitative RT-PCR showing the expression 
of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) in the cortex (A) and hippocampus (B) of 
control- and prion infected M1-WT and M1-PD mice at 16 w.p.i. Data are expressed as a ratio of α-
tubulin RNA expression relative to control M1-WT (N=4 mice). Data were analysed using two-way 
ANOVA with Tukey’s multiple comparisons, where *P<0.05, **P<0.01, ***P<0.001 (M1-WT vs. M1-
PD). 
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Figure 5-14 Levels of anti-inflammatory cytokines IL-4, IL-10, IL-11 and IL-13 remain 
unchanged with prion disease in both the M1-WT and M1-PD mice. Quantitative RT-PCR 
showing the expression of anti-inflammatory cytokines IL-4, IL10, IL-11 and IL-13 in the cortex (A) 
and hippocampus (B) of control- or prion-diseased M1-WT or M1-PD mice at 16 w.p.i. Data are 
expressed as a ratio of α-tubulin RNA expression (N=4 mice). Data were analysed using two-way 
ANOVA with Tukey’s multiple comparisons. 
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Importantly, expression of transcripts for GFAP, CD86 and the battery of pro- 

and anti-inflammatory cytokines tested above, were equivalent in non-infected 

M1-WT and M1-PD mice (Figure 5-15), indicating that the genotypes do not alter 

transcription of pro-inflammatory proteins. Thus, the elevated 

neuroinflammation observed in prion-infected M1-PD mice compared to diseased 

M1-WT is not due to differences in genetic expression of inflammatory markers. 

Taken together, these findings demonstrate that prion-diseased M1-PD have 

exacerbated neuroinflammation compared to M1-WT mice, which may underly 

the earlier onset of pathology described above. 
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Figure 5-15 Expression of neuroinflammatory markers and cytokines in M1-WT and M1-PD 
mice. (A) Quantitative RT-PCR showing the expression of CD86 and GFAP, markers of microglia 
and astrocytes respectively, in the cortex or hippocampus of M1-WT or M1-PD mice. (B-C) 
Quantitative RT-PCR showing the expression of pro-inflammatory (B) TNF-α, IL-1β and IL-6, and 
anti-inflammatory cytokines (C) IL-4, IL-10, IL-11 and IL-13 in the cortex or hippocampus of M1-WT 
or M1-PD mice. Data are expressed as a ratio of α-tubulin RNA expression (N=4 mice). 
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The three major mammalian MAPKs subfamilies – ERK1⁄2, JNK and the p38 

kinase – have been associated with the regulation of a variety of cellular 

functions, particularly cell survival. Specifically, JNK/SAPK and p38 MAPK have 

been shown to promote cell death, whereas ERK1/2 activation has been linked 

to both pro-death and pro-survival effects depending on the duration of the 

signalling and/or signalling partners (Tait and Green, 2008, Subramaniam and 

Unsicker, 2010). Since removal of phosphorylation from the M1 mAChR might 

alter the activation of MAPK pathways, I assessed the expression and activation 

of ERK1/2, JNK/SAPK and p38 MAPKs in control- and prion infected, M1-WT and 

M1-PD mice at 18 w.p.i. using western blots on hippocampal and cortical 

samples (Figure 5-16). 

No significant difference in ERK1/2 and p38 expression or activation was found in 

the cortex or hippocampus of control and prion-diseased M1-WT and M1-PD mice 

at 18 w.p.i. suggesting that ERK1/2 signalling is not involved in the progression 

of mouse prion disease.  

Control M1-PD mice showed a 1.3-fold increase of phosphorylated SAPK/JNK in 

the cortex, which was significantly (P=0.0057) higher than in M1-WT mice. In the 

hippocampus, the only significant difference detected was a 1.6-fold 

upregulation in total SAPK/JNK that was significantly (P=0.029) higher compared 

to prion-diseased M1-WT mice.  

Further, the PI3K/AKT/mTOR signalling pathways has been shown implicated in 

the pathology of neurodegenerative disorders including AD, PD and HD (Xu et al., 

2020, Rai et al., 2019), thus the active phosphorylated and total levels of Akt 

protein were also assessed in 18 w.p.i. control and prion-infected, M1-WT and 

M1-PD mice (Figure 5-17). No significant differences were found in either 

control- nor prion-diseased M1-WT and M1-PD mice at 18 w.p.i.  
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Figure 5-16 Expression of MAPKs in control- or prion-infected M1-WT and M1-PD mice. (A) 
Western blots to determine the expression of MAPKs in the cortex and hippocampus during prion 
disease were conducted on lysates prepared from control- or prion-infected, M1-WT or M1-PD 
mice at 18 w.p.i. α-tubulin (α-tub) antibody was used for loading control. (B) are the band analysis 
of cortex and hippocampus in (A) for (i) phospho- and total ERK1/2 (p44/43), (ii) phospho- and 
total SAPK/JNK (p54/46), and (iii) phospho- and total p38. Statistical analysis performed is two-
way ANOVA with Sidak’s multiple comparisons, where *P<0.05, (Fisher’s LSD test), where *P<0.05 
and ***P<0.001 (N=3). 
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Figure 5-17 Expression of Akt in control or prion-infected M1-WT and M1-PD mice. (A) 
Western blots to determine the expression of phosphorylated or total Akt protein kinase in the 
cortex and hippocampus during prion disease was conducted on lysates prepared from control or 
prion-infected, M1-WT or M1-PD mice at 18 w.p.i. α-tubulin (α-tub) antibody was used for loading 
control. (B) are the band analysis of cortex and hippocampus in (A), conducted using a LICOR 
software, Image Studio Lite 5.2. Statistical analysis performed is two-way ANOVA with Sidak’s 
multiple comparisons, where *P<0.05 (N=3). 

 The impact on hippocampal responses of the M1-PD 
mutation in prion-infected mice 

Progression of mouse prion disease is characterised by behavioural abnormalities 

associated with decline in hippocampal functions. Burrowing behaviour in 

rodents gives an indication of innate hippocampal function independent from 

memory processes (Deacon, 2006). Prion-diseased Tg37 mice exhibit deficiencies 

in burrowing activity at 9 w.p.i. coincidently with a reduction in synapse number 

and synaptic transmission in CA1 neurons indicating a decline in hippocampal 

function (Moreno et al., 2012).  I assessed burrowing behaviour in prion-infected 

M1-WT and M1-PD mice and found that M1-PD exhibited a faster decline in 

hippocampal activity compared to M1-WT animals since the decline in burrowing 

behaviour occurred earlier. Specifically, the burrowing behaviour was 

significantly decreased in M1-PD mice by approximately 20% compared to M1-WT 

at 14- (P=0.048) and 15 w.p.i. (P=0.017) (Figure 5-18).  From 16 w.p.i. onwards, 

there were no significant differences in burrowing behaviour of prion-infected 
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M1-WT and M1-PD mice.  Importantly, the burrowing responses of M1-WT and 

M1-PD mice inoculated with control brain homogenate were equivalent at 

through the course of the experiment, from 9- to 17 w.p.i.   

  

Figure 5-18 Prion-infected M1-PD mice display an earlier decline in burrowing ability than 
diseased M1-WT mice. Burrowing response of control and prion-infected mice was assessed 
following acclimatisation from 9 w.p.i. Statistical analysis was two-way ANOVA or mixed-effects 
model with uncorrected Fisher’s LSD test; *P<0.05, N=3-10 mice. 

To test whether the removal of phosphorylation would also have an impact on 

learning and memory processes, a contextual and cued fear conditioning test 

was conducted on 16 w.p.i. control- and prion-infected, M1-WT and M1-PD mice 

(). The contextual and cued fear conditioning paradigm is a form of Pavlovian 

conditioning that enables the assessment of associative learning and memory in 

rodents whereby an association is made between a context and/or a conditioned 

stimulus (tone) and an aversive stimulus (electric foot shock) (Fanselow and 

Poulos, 2005, LeDoux, 2000). Associative memory is assessed in the ability of 

mice to retrieve the context or tone and is measured in freezing behaviour, 

which is indicative of fearful memory. Specifically, contextual memory retrieval 

has been associated to hippocampal functions (Anagnostaras et al., 2001) and 

tone retrieval with amygdala and auditory cortex (Quirk et al., 1997). Mouse 

prion disease has been demonstrated to cause impairments in contextual 

memory retrieval that occurs at 9-10 w.p.i. in prion-infected Tg37 mice, 

coincidently with a decline in burrowing activity (Bradley et al., 2017). 

Therefore, a deficit in fear conditioning response is expected in prion-diseased 

mice compared to control. However, no significant difference was observed 
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between control and prion-infected mice, neither between M1-WT and M1-PD 

strains.   

The baseline time spent immobile during the training phase significantly 

increased for all the animals following the foot-shocks, suggesting the triggering 

of a fear response (Figure 5-19B). A significant difference in immobility was 

observed between control and prion mice of both strains following the foot-

shocks, whereby prion-infected mice spent less time immobile. Locomotion 

measurements such as total distance travelled, and speed of motility (Figure 

5-19C, D) further show that prion-diseased mice (both M1-WT and M1-PD) have 

increased locomotion during the baseline phase. This suggests that diseased 

mice have overall increased locomotion compared to healthy animals, and 

memory acquisition or short-time memory ability might be disrupted with prion 

disease. In addition, overall baseline levels for both context and tone retrieval 

are higher compared with the levels reported in Tg37 mice (Figure 4-25). In fact, 

baseline of control or prion-diseased M1-WT or M1-PD mice ranged from 22% to 

50% time spent immobile, while control or prion-diseased mice ranged between 

6% to 20%. This however could be due to differences in locomotor behaviour 

between C57BL/6J (M1-WT and M1-PD) and Tg37 strains.    
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Figure 5-19 Prion-infected M1-PD mice display no differences in fear-conditioning memory 
responses compared with prion-infected M1-WT mice.  Control or prion-infected, M1-WT and 
M1-PD mice (16 w.p.i.) underwent a fear conditioning test. Time immobile was measured as fear-
conditioning response in (A) context retrieval and tone (unconditioned stimulus) retrieval, and for 
(B) the baseline on the training day. (A) Baseline measurements for context (in the absence of 
stimuli) and tone are compared to context retrieval and tone retrieval respectively to assess 
associative learning and memory in the mice. (B) Baseline immobility was recorded throughout 
training before and after each foot-shock. (C) Total distance travelled (in metres) and (D) speed (in 
meters/second) were calculated using the data acquired during the first 2 minutes of baseline to 
assess differences in locomotion behaviour. All data was statistically analysed using two-way 
ANOVA with Sidak’s multiple comparison test where *P<0.05, **P<0.01, ***P<0.001, ****P < 
0.0001 for control versus prion and ##P<0.01, ###P<0.001, ####P<0.0001 for differences relative to 
baseline in (B) (N=9-14).   
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A previous study tested spatial working memory of M1-WT and M1-PD C57BL/6J 

mice using the Y-maze spontaneous alternation paradigm (Bradley et al., 2020). 

This paradigm is based on the innate behaviour whereby rats and mice explore 

previously unvisited areas. Therefore, rodents normally tend to explore a less 

recently visited arm of the Y-maze resulting in a spontaneous alternation of the 

arms entered (Dember and Fowler, 1959). Higher levels of anxiety (Bats et al., 

2001), deficits in spatial memory and hippocampal lesions (Bats et al., 2001, 

Lalonde, 1986) were previously demonstrated to cause deficits in this innate 

behaviour and decrease the spontaneous alternation of arm entries. Bradley et 

al. (2020) found that the M1-PD mice have increased anxiolytic behaviour in an 

Elevated Plus Maze experiment, and a significant deficit in spontaneous 

alternation in the Y-maze paradigm. Whether this deficit is altered in prion 

disease has not been tested before. A Y-maze spontaneous alternation test was 

conducted on 16 w.p.i. control and prion-infected, M1-WT and M1-PD mice. No 

differences were observed in spontaneous alternation among any of the groups 

(Figure 5-20A). The lack of difference between M1-WT and M1-PD mice, which is 

inconsistent with the previous study (Bradley et al., 2020), might be due to the 

age of mice. Whilst Bradley et al. (2020) tested mice aged between 8 and 12 

weeks, mice employed for this Y-maze experiment were 19-20 weeks old. 

Further, the lack of difference between control and prion-infected mice might 

indicate that either prion disease does not affect spatial working memory, or 

likely the disease hasn’t advanced enough to see the effects on spatial working 

memory. Prion-infected mice, for both strains, showed an increase in number of 

arm entries per minute relative to their respective control (Figure 5-20B), 

however no significant difference was detected between M1-WT and M1-PD 

mice.   
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Figure 5-20 Spatial working memory response is unaltered in prion-infected M1-PD mice 
compared with M1-WT mice. Control and prion-infected 16 w.p.i., M1-WT or M1-PD mice were 
tested for 8 min in a Y maze spontaneous alternation paradigm to assess spatial working memory. 
(A) Spontaneous alternation behaviour was calculated by measuring the number of “ABC” 
sequences (in any order) as a proportion of the total triplet sequences made during the 8 min test. 
(B) Total distance travelled in an 8 min period by control and prion-infected, M1-WT and M1-PD. 
Data was statistically analysed using two-way ANOVA with a Sidak’s multiple comparison test 
where **P=0.003, *P=0.025 (N= 3-8). 

 M1-PD show earlier disease onset and shorter survival time  

Symptom onset and disease progression were assessed by the observation of the 

appearance of early, confirmatory, or clinical signs of disease. Mice are 

considered ‘symptomatic’ when they display at least two of the early indicators 

of prion disease (Mallucci et al., 2003)(Figure 5-21B,C). The appearance of at 

least two of the early indicators of prion disease occurred significantly earlier 

(P<0.0001) in M1-PD mice, compared to M1-WT. The median time for the onset 

of symptoms was 22 w.p.i. for M1-WT mice, and 20 w.p.i. for M1-PD mice.  

Individual early indicators of disease appeared consistently in prion-diseased M1-

WT and M1-PD mice, indicating that none of the early indicators is associated to 

the M1-PD phenotype but it is a general feature associated to prion disease.  

Mouse prion disease is a terminal neurodegenerative condition, and the animals 

are considered to have reached terminal disease with appearance of at least two 

confirmatory signs of disease or one sign of severe disease. Mice expressing the 

M1-PD mutant showed a significant (P<0.0001) acceleration of diagnosis of 

terminal illness (Figure 5-21A). Whilst the median survival for prion-infected M1-

WT mice was 25 w.p.i., prion-infected M1-PD mice reached terminal disease at a 

median of 21 w.p.i.  

Taken together, prion-infected M1-PD mice show accelerated disease 

progression that was evident in the significantly earlier symptom onset and 
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diagnosis of terminal illness compared to M1-WT mice. This indicates that 

phosphorylation/arrestin-dependent signalling pathways of the M1 mAChR 

physiologically contribute to a mechanism counteracting disease progression.   

 

Figure 5-21 Removal of M1 mAChR phosphorylation sites accelerates prion disease and 
decreases survival time. (A) Kaplan-Meier survival plots (N=16-22) for prion-infected M1-WT or 
M1-PD knock in mice. (B-C) Curve comparisons (n>26-27) of onset of at least two early indicators 
of prion disease (B), or individual symptoms (C). Curves were analysed with a Gehan-Breslow-
Wilcoxon test, where **P<0.01, ****P<0.0001. 
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5.3 Discussion 

Selective activation of the M1 mAChR has been proven not only to improve 

cognitive symptoms in AD patients but was also demonstrated to exert disease-

modifying effects in animal models of neurodegeneration and AD (Scarpa et al., 

2020, Bradley et al., 2017, Lebois et al., 2017). Moreover, PAMs enable the 

achievement of exquisite selectivity at the M1 mAChR representing a safer 

therapeutic approach for the selective and safer treatment of 

neurodegenerative diseases (Foster et al., 2014, Gregory et al., 2007). These can 

engage receptor signalling resulting in beneficial physiological outcomes whilst 

being devoid of undesired adverse effects associated to off-target activation of 

peripheral cholinergic M2 and M3 mAChRs (Bymaster et al., 2003b, Conn et al., 

2009). However, despite the promising evidence on the selective targeting of M1 

mAChR in AD, even highly selective M1 PAMs have been associated with adverse 

cholinergic responses such as epileptic-like seizures (Rook et al., 2017, Moran et 

al., 2018a). This highlights the need to precisely define the pharmacological 

properties necessary in an M1 mAChR ligand to deliver therapeutically beneficial 

responses whilst being devoid of toxic effects that have previously been 

responsible for the failure of muscarinic drug discovery programmes for AD.  

Previously, our group had generated a novel transgenic mouse model that was 

genetically engineered to express a phosphorylation-deficient variant of the M1 

mAChR (M1-PD) that had all the MS-identified and other putative 

phosphorylation sites removed to reduce the receptor coupling to 

phosphorylation/arrestin-dependent pathways (Bradley et al., 2020, Butcher et 

al., 2016). This study established the relevance of phosphorylation/arrestin-

dependent signalling pathways of the M1 mAChR in driving learning and memory, 

regulating anxiolytic-like behaviours and minimising central adverse cholinergic 

responses associated to M1 ligands (Bradley et al., 2020). Therefore, M1 mAChR 

compounds promoting receptor phosphorylation represent a safer approach for 

the symptomatic treatment of neurodegenerations compared to nonspecific 

muscarinic or cholinergic enhancers such as AChE inhibitors (Bodick et al., 

1997b, Inglis, 2002). In support to this hypothesis, pilocarpine, a well-

characterised muscarinic partial agonist that drives robust seizures (Hedlund and 

Bartfai, 1981), was shown to induce biased signalling toward G protein pathways 
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and stimulate 6-fold increases in phosphoinositide turnover over basal in the 

cortex when administered in vivo to rats (Bradley et al., 2020).  

In this chapter, this study was extended to explore the role of the M1 mAChR-

mediated phosphorylation/arrestin-dependent signalling in the disease-

modifying potential of the M1 mAChR in neurodegenerative disease. This was 

achieved by employing the M1-PD mouse model (Bradley et al., 2020) in 

combination with mouse prion disease, a model of terminal neurodegeneration 

that shares key hallmarks with AD and other proteinopathies (Dwomoh et al., 

2021). Removal of receptor phosphorylation in M1-PD mice caused a robust 

acceleration in prion disease progression compared to wild-type mice, which was 

evident in the earlier onset of disease-associated abnormal behaviours and 

hippocampal functions decline, shorter lifespan, and a robust upregulation of 

markers of neurodegenerative disease and neuroinflammation. This study 

revealed that the M1 mAChR possesses an inherent, endogenously regulated 

neuroprotective activity that is dependent on receptor phosphorylation-

dependent signalling pathways (Figure 5-22). In addition, these findings strongly 

suggest that M1 mAChR-selective ligands that promote phosphorylation-

dependent signalling pathways for the treatment of neurodegeneration would 

more likely delay neurodegenerative disease progression. 

 

Figure 5-22 Illustration of the M1 mAChR physiological responses lying downstream of 
phosphorylation/arrestin-dependent versus G protein-dependent signalling.  This diagram 
summarises the findings of this thesis and from Bradley et al. (2020). Using M1-PD mice, Bradley 
et al. (2020) discovered that G protein-dependent signalling pathways downstream of the M1 
mAChR modulate saliva secretion and locomotory activity whereas phosphorylation/arrestin-
dependent pathways are involved in learning and memory as well as anxiolytic behaviours. In this 
thesis, the combination of M1-PD mice with mouse prion disease let to the discovery that the 
phosphorylation/dependent pathways mediated by the M1 mAChR regulate an inherent 
neuroprotective activity that can delay neurodegenerative disease progression, counteract 
neuroinflammation and counteract accumulation of toxic scrapie prion. 
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The M1 mAChR has long been validated as a target for the symptomatic 

treatment of cognitive dysfunction as extensive evidence have demonstrated its 

involvement in learning and memory. For instance, ablation of M1 mAChRs has 

previously been shown to induce cognitive impairments in mice (Anagnostaras et 

al., 2003). For instance, in 3xTg-AD mice, while diseased mice display cognitive 

deficits (Billings et al., 2005), when 3xTg-AD mice and M1-KO mice are crossed, 

cognitive impairment is significantly worsened (Medeiros et al., 2011). 

Furthermore, pre-clinical and clinical studies have provided robust evidence of 

the cognitive improvement exerted by the pharmacological activation of the M1 

mAChR (see 5.1.1). Here, by combining M1-PD mice with mouse prion disease I 

wished to assess the impact of removing the M1 mAChR phosphorylation-

dependent pathway on neurodegeneration-induced cognitive dysfunctions. 

However, removal of M1 mAChR phosphorylation here showed no effects on 

cognitive performance of mice on cued fear-conditioning. This could be due to 

the disease stage at the time of testing as mice might not yet exhibit cognitive 

impairments. Alternatively, this data might indicate that M1 mAChR-mediated 

cognitive functions are not modulated by phosphorylation/arrestin-dependent 

pathways but instead by Gαq protein signalling.  

The phosphorylation state of receptors plays a key regulatory role in the 

receptor signalling outcome, by influencing interactions with intracellular 

binding partners (see Chapter 3). Consequently, removal of M1 mAChR 

phosphorylation can significantly impact multiple downstream mechanisms and 

signalling pathways by influencing the interactions between the receptor and its 

binding and/or signalling partners and consequential active conformations of 

arrestins. Receptor internalisation is a recognised phosphorylation/arrestin-

dependent process (Goodman et al., 1996, Laporte et al., 1999, Zhang et al., 

1999). Previously, the M1 mAChR was demonstrated to preferentially localise 

intracellularly and associate with Golgi and ER (Yamasaki et al., 2010, 

Anisuzzaman et al., 2013). This characteristic localisation is not agonist-

dependent and it is not affected by M1 antagonists such as atropine or 

pirenzepine (Butcher et al., 2016, Uwada et al., 2014), suggesting the M1 mAChR 

is constitutively internalised or a pool of newly synthetised receptors are 

retained at the Golgi and/or ER. Here, and in the previous studies (Bradley et 

al., 2020, Scarpa et al., 2021), removal of receptor phosphorylation was found 
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to cause a significant reduction in internalisation of the M1 mAChR, both in vitro 

(Chapter 3) and in ex vivo tissue, indicating that receptor phosphorylation is 

crucial for M1 mAChR localisation.  

Lack of receptor phosphorylation could also cause a reduction of GPCR signalling 

desensitisation, resulting in excessive activation of signalling pathways (Lohse, 

1993, Gurevich and Gurevich, 2019). There a possibility that the M1-PD variant 

might induce an overall excessive activation of G protein-signalling pathways 

such as ERK1/2 signalling, and sustained ERK1/2 signalling has been associated 

to neuronal cell death in neurodegenerative diseases such as AD, and attributed 

to hyperphosphorylation of tau (Guise et al., 2001, Harris et al., 2004, Pei et al., 

2002), Aβ toxicity (Rapoport and Ferreira, 2000, Frasca et al., 2008) and 

oxidative stress (Perry et al., 1999, Stanciu et al., 2000). However, it was 

established that whilst ACh display higher potency in Gαq activation at the M1-

PD, the efficiency of Gαq activation and stimulation of Gαq-driven pathways 

(inositide phosphate signalling) are comparable in the M1-PD and the M1-WT 

(Scarpa et al., 2021, Bradley et al., 2020). In addition, lysates from the 

hippocampus and cortex of control or prion-diseased M1-WT and M1-PD mice 

showed here similar levels of expression and activation of ERK1/2. This further 

indicates that the accelerated neurodegeneration observed in prion-disease M1-

PD mice is not due to an overall excessive activation of the ERK1/2 pathway, but 

it is caused by the removal of a neuroprotective mechanism, which is dependent 

on M1 mAChR phosphorylation.   

The activation of other MAPK signalling pathways such as the stress-activated 

protein kinase, JNK/SAPK, and the p38 pathways have long been established to 

promote neuronal cell death (Xia et al., 1995, Kummer et al., 1997, Willaime-

Morawek et al., 2003) and be associated to neurodegenerative diseases including 

AD and PD (Pei et al., 2002, Pei et al., 2001, Wang et al., 2014, Sun et al., 

2003). Given that GPCRs can regulate MAPK signalling pathways, there is a 

possibility that M1-PD mice exhibit a dysregulation of these pathways resulting in 

acceleration of neurodegeneration. No significant difference in total or 

activated p38 were found in the brain compared M1-PD mice compared to wild-

types. However, interestingly, phosphorylated SAPK/JNK levels were 

significantly higher in the cortex (but not hippocampus) of control M1-PD 

compared to M1-WT mice, and total SAPK/JNK protein levels were upregulated 
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in the hippocampus of prion-diseased M1-PD mice compared to diseased wild-

type animals. It would be valuable to investigate the role of the SAPK/JNK 

signalling pathway in more detail in prion disease and establish whether the M1 

mAChR plays a regulatory role.  Further, activation and expression of Akt was 

assessed in prion-diseased M1-PD mice compared to wild-type animals since 

PI3K/AKT/mTOR signalling pathways have been implicated in the pathology of 

neurodegenerative disorders including AD, PD and HD (Xu et al., 2020, Rai et al., 

2019). However, no significant differences were found neither in disease nor 

control M1-WT and M1-PD mice at 18 w.p.i., indicating that the PI3K/AKT/mTOR 

might not be important in prion neurodegeneration.  

In the context of mouse prion disease, lack of M1 mAChR phosphorylation has a 

significant impact on neurodegenerative disease progression. Strikingly, prion-

infected M1-PD mice display higher accumulation of protease-resistant PrPSc at 

the disease time-points examined compared to the respective wild-type mice, 

suggesting that phosphorylation-dependent signalling likely accounts for the 

effects of M1 PAMs on PrPSc conversion. Pathogenesis of prion disease is 

dependent on prion proteins, as it was shown that depletion of PrP is able to 

reverse pathology (Mallucci et al., 2003). Pharmacological activation of the M1 

mAChR using highly selective M1 PAMs, BQCA (Bradley et al., 2017) and 

VU0486846 (Dwomoh et al., 2021), could decrease the accumulation of PrPSc and 

significantly extend the lifespan of terminally ill mice with prion disease 

(Bradley et al., 2017, Dwomoh et al., 2021). The findings from this chapter 

strongly suggest that M1 mAChR-mediated signalling is able to counteract the 

PrPSc-driven pathogenesis, specifically through a mechanism that is dependent 

on receptor phosphorylation.  

PrPSc self-propagate and form aggregates in a similar fashion as neurotoxic 

proteins typical of human proteinopathies such as AD, PD and HD (Aguzzi and 

Calella, 2009, Caughey et al., 1999, Mallucci et al., 2003, Sandberg et al., 2014, 

Prusiner, 1982, Duyckaerts et al., 2019). This raises the possibility that the 

neuroprotective mechanism mediated by the M1 mAChR that is able to hamper 

the accumulation of PrPSc in mouse prion disease might be relevant against the 

formation of other prion-like neurotoxic proteins such as Aβ and NFT in AD, α-

synuclein in PD or huntingtin in HD (Halliday and Mallucci, 2014). The UPR, 

particularly the ERK/elF2α branch of the UPR response, was shown to be 



Chapter 5  222 

activated in prion disease (Moreno et al., 2012), and this is likely to be shared 

with human proteinopathies and it has been proposed as a potential therapeutic 

target (Halliday and Mallucci, 2014, Halliday and Mallucci, 2015, Moreno et al., 

2012). It would be interesting to test whether the M1 mAChR has some 

involvement in the modulation of the UPR signalling pathway.  

In addition, further supporting the neuroprotective role of the M1 mAChR in 

neurodegenerations caused by the misfolding of proteins, neurotoxicity and AD-

like pathology was shown to be exacerbated in mouse models that resulted from 

the crossing the M1-KO mice with three distinct AD mouse models, APPswe/Ind, 

3xTg-AD and Tg-SwDI, demonstrating that loss of M1 mAChRs could promote 

disease (Davis et al., 2010, Medeiros et al., 2011). Specifically, loss of M1 

mAChRs in APPswe/Ind mice caused an increase in disease-associated 

amyloidogenic processing resulting in higher presence of Aβ plaque and a 

significant reduction in α-secretase-cleaved APP (Davis et al., 2010). In addition, 

ablation of M1 mAChR in 3xTg-AD mice resulted in increased levels of 

hyperphosphorylated tau, by a mechanism that depends on increased GSK3β 

levels (Figure 5-1), further confirming that loss of M1 receptors causes 

exacerbation of both Aβ and tau pathologies in AD mice (Medeiros et al., 2011). 

In this chapter, by subtle genetic modification of the M1 mAChR, the 

phosphorylation/arrestin-dependent signalling mediated by the M1 mAChR was 

demonstrated to be specifically important for the protective mechanism against 

neurodegeneration caused by prion, and this could be translated to other 

diseases that are characterised by ‘prion-like’ protein aggregates.  

Global proteomic and transcriptomic analyses of hippocampi from prion-infected 

mice identified a panel of prion disease-associated markers that are 

“normalised” following chronic administration of the M1 PAM VU0486846, to 

levels similar to the ones found in healthy mice (Dwomoh et al., 2021). These 

include proteins that are involved in disease-adaptive responses such as APO-E 

and clusterin, which are strongly associated to LOAD (Lambert et al., 2009, 

Harold et al., 2009, Corder et al., 1993, Strittmatter et al., 1993), inflammatory 

markers galectin-1, GFAP and vimentin (Starossom et al., 2012, Sundblad et al., 

2017, Kamphuis et al., 2012, Kamphuis et al., 2014, Jiang et al., 2012) and 

serpinA3N (Dwomoh et al., 2021). Prion infected M1-PD mice were found to show 

significantly higher upregulation of APO-E, clusterin, galectin-1, serpinA3N, 
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vimentin and GFAP in prion disease, compared to their wild-type counterparts. 

Findings from this chapter suggest that the disease modification properties of M1 

PAMs that can modulate disease-adaptive mechanisms are likely to be driven by 

phosphorylation/arrestin-dependent signalling pathways of the receptor. In 

addition, many of the protein markers that are found associated with mouse 

prion disease and whose levels are altered by M1 mAChR signalling pathways are 

shared with AD and other human neurodegenerative conditions (Dwomoh et al., 

2021). This indicates that the neuroprotective activity endogenously regulated 

by the M1 mAChR against mouse prion disease is likely relevant in many human 

neurodegenerative diseases. 

Disruption of cholinergic innervations is another pathological hallmark of mouse 

prion disease (Bradley et al., 2017, Mallucci et al., 2003), that is also shared 

with other neurodegenerative conditions including AD (Bartus et al., 1982, 

Francis et al., 1999). Cholinergic neurons are characterised by the ability of 

synthesising ACh from acetyl-CoA and choline by ChAT enzyme (Trifonov et al., 

2009, Woolf and Butcher, 1981). No differences in levels of ChAT nor neuronal 

markers were detected between control and prion in M1-WT or M1-PD mice, but 

this is likely because animals are still at early stages of prion disease (18 w.p.i.), 

before onset of symptoms, clinical disease and neuronal loss. Interestingly, 

however, at this stage, prion disease seems to disrupt the filamentous 

arrangement of the enzyme as observed in immunohistochemical staining, 

particularly evident in the hippocampal CA1 region that is more abundant of 

cholinergic neurons. Nevertheless, the survival study provides sufficient 

evidence supporting the neuroprotective activity mediated by the 

phosphorylation/arrestin-dependent of the M1 mAChR against prion-induced 

neurodegeneration, and potentially against many other neurodegenerative 

conditions.  

Neuroinflammation, characterised by microgliosis and astrogliosis, is another 

established pathological marker of mouse prion diseases that is common to many 

neurodegenerative disorders including AD, and it is thought to contribute to 

disease progression (Ransohoff, 2016, Amor et al., 2014, Bradley et al., 2017, 

Carroll et al., 2015). Interestingly, there has been increasing evidence in prion 

disease that gliosis, together with PrPSc deposition, occurs at the earliest stages 

of disease, preceding the onset of clinical pathology i.e. spongiosis, neuronal 
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damage and clinical symptoms (Baker and Manuelidis, 2003, Carroll et al., 2016, 

Diaz-Espinoza and Soto, 2012, Sandberg et al., 2014). Thus, suggesting that both 

PrPSc and gliosis might contribute to the pathogenesis of prion diseases. 

Recently, M1 PAMs were shown to resolve neuroinflammation in prion-diseased 

mice (Dwomoh et al., 2021). Here, markers of astrocytes, GFAP and vimentin, 

and of microglia, Iba-1 and CD86, are found upregulated with prion disease, and 

removal of M1 mAChR phosphorylation significantly increased the expression of 

these neuroinflammatory markers. Pro-inflammatory cytokines, such as TNF-α, 

IL-1β and IL-6, are also found to be upregulated in the brain of prion-infected 

mice, and they are likely to contribute to the exacerbation of 

neuroinflammation. Particularly, TNF-α is a major pro-inflammatory cytokine  in 

many neurological disorders including AD (Fischer and Maier, 2015, Liddelow et 

al., 2017, Michaud et al., 2013, Olmos and Lladó, 2014), and it was proposed as 

drug target for the treatment of neurodegenerative conditions (Decourt et al., 

2017, Tweedie et al., 2007). Interestingly, TNF-α (hippocampus and cortex) and 

IL-1β (cortex only) transcripts were found to be significantly increased in prion-

infected M1-PD mice compared to prion-infected M1-WT mice. These data 

suggest that M1 mAChR phosphorylation-dependent signalling has a role in 

protecting against neuroinflammation, and that removal of phosphorylation-

dependent signalling leads to earlier exacerbation of microgliosis and 

astrogliosis. However, it is to be elucidated whether the M1 mAChR is directly 

involved in the inflammatory mechanisms in response to neurodegeneration. Or 

whether the M1 mAChR modulates neuroinflammation indirectly, by regulating 

the upstream prion-driven neurodegeneration and/or disease-adaptive 

mechanisms that consequently exacerbate neuroinflammation. Intracerebral 

administration of the M1 mAChR-selective bitopic ligand McN-A-343 (Valant et 

al., 2008) was shown to cause a dose-dependent inhibition of systemic TNF-α 

levels in an endotoxemia (bacterial infection) rat model, demonstrating that M1 

mAChRs in the CNS (but not peripheral) are key mediators of the peripheral 

inflammatory response through the vagus nerve (Pavlov et al., 2006). In 

addition, Lehner et al. (2019) recently reported that administration of the M1 

PAM BQCA causes a reduction of TNF-α levels in the serum of endotoxemic mice, 

and selective optogenetic stimulation of cholinergic neurons in the basal 

forebrain  demonstrated that this mechanism is mediated by neurons in this 

brain region, where the M1 mAChR is highly expressed. These studies propose 
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the possibility that the anti-inflammatory mechanism regulated by cholinergic 

neurons in the forebrain might be impaired in diseases associated with 

cholinergic dysfunction, such as AD, causing the exacerbation of 

neuroinflammation (Lehner et al., 2019). Furthermore, neuroinflammation was 

found to be significantly worsened in AD mouse models, 3xTgAD and Tg-SwDI, by 

the loss of M1 mAChR receptors, indicated by an increase in both astrocytes and 

microglia as well as an upregulation of pro-inflammatory cytokines IL-1β and 

TNF-α, that correlated with higher levels of Aβ and tau pathology (Medeiros et 

al., 2011). This provides further evidence that the M1 mAChR is a critical 

modulator of neuroinflammation in the context of neurodegenerative disease 

and strongly points towards the possibility that the M1 mAChR directly modulates 

immunity in the brain. Therefore, given the M1 mAChR has been shown here to 

have an inherent neuroprotective activity that can modify neurodegenerative 

disease, this activity might be associated to the regulatory role of the M1 mAChR 

in the immunity of the CNS. 
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Chapter 6 Final discussion 

The M1 mAChR has been viewed for many years as a promising target for the 

treatment of AD and other neurodegenerative diseases (Felder et al., 2018, 

Foster et al., 2014). Significant preclinical and clinical data suggest that 

selective activation of the M1 mAChR might offer a promising alternative 

approach to the current treatment options, AChE inhibitors, for improving 

cognitive function in AD. In fact, AChE inhibitors are nonspecific and cause 

poorly tolerated adverse effects, including GI and cardiovascular side effects, 

associated to the potentiation of peripheral cholinergic signalling (Inglis, 2002, 

Courtney, 2004). Particularly, targeting allosteric sites at the M1 mAChR can 

provide exquisite receptor subtype selectivity to minimise off-target adverse 

responses and represent a safer alternative to AChE inhibitors and muscarinic 

orthosteric agonists, which normally lack of subtype selectivity (Gregory et al., 

2007). Furthermore, the emergence of evidence from preclinical animal studies 

that the M1 mAChR can modify the underpinning neurodegenerative disease 

progression has generated substantial attention (Scarpa et al., 2020, Lebois et 

al., 2017, Bradley et al., 2017, Davis et al., 2010). Activation of the M1 mAChR 

was demonstrated to regulate the proteolytic processing of APP (Figure 5-1), 

thereby reducing the development of Aβ pathology in a mouse model of Aβ 

pathology (Davis et al., 2010). In addition, M1 mAChR-selective PAMs could slow 

down the progression of mouse prion disease, extending the lifespan of 

terminally ill animals and significantly reducing levels of proteins that are 

associated to disease-adaptive responses (Bradley et al., 2017, Dwomoh et al., 

2021). The findings from this thesis unravel a neuroprotective activity against 

prion neurodegenerative disease progression that is inherently mediated by the 

M1 mAChR through a mechanism that is dependent on receptor phosphorylation.  

Like the other members of the GPCR superfamily, the M1 mAChR transduce 

signalling by coupling to two fundamental signalling pathways: the G protein-

dependent and the phosphorylation/arrestin-dependent signalling pathways 

(Costa-Neto et al., 2016). Thus, to investigate the physiological role of the M1 

mAChR signalling, a phosphorylation-deficient mutant of the M1 mAChR (M1-PD) 

was generated, whereby all the MS-identified and putative intracellular 

phosphorylation sites were removed to uncouple the receptor from 

phosphorylation-dependent signalling (Butcher et al., 2016). In vitro studies in 
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Chapter 3 established that whilst removal of M1 mAChR receptor phosphorylation 

has little impact on G protein-dependent signalling (phosphoinositide 

accumulation), it significantly impairs agonist-induced receptor internalisation. 

This was consistent with other reports (Bradley et al., 2020, Scarpa et al., 2021). 

However, it was demonstrated that the M1-PD variant causes a reduction in 

arrestin recruitment by around 50% (Bradley et al., 2020, Scarpa et al., 2021). 

This indicated that although phosphorylation is important for arrestin 

recruitment to the M1 mAChR, this receptor likely interacts with arrestin in a 

phosphorylation-independent manner, such as through the ICL3, similarly to 

other muscarinic subtypes (Wu et al., 1997, Gurevich et al., 1995). To 

understand the physiological relevance of the M1 mAChR signalling bias, two 

muscarinic agonists that induce profound seizures in rodents, GSK1034702 and 

pilocarpine (Bradley et al., 2018, Bradley et al., 2020), were investigated in 

vitro. Both GSK1034702 and pilocarpine induce similar levels of IP1 

accumulation, but significantly reduced receptor internalisation compared to the 

endogenous ligand ACh. The lack of signalling bias of pilocarpine calculated in 

Chapter 3 is not consistent with previous studies (Bradley et al., 2020), however 

this is likely due to limitations of the assays employed here. Bystander BRET 

assays are a more reliable method for the analysis of signalling mechanisms in 

vitro, as employed by Scarpa et al. (2021). Another drawback is that the M1 

mAChR signalling has largely been investigated in artificial cell lines such as CHO 

and HEK293 cells, where the receptor is normally over-expressed (both in this 

thesis and in the wider literature). Although the simplicity of these in vitro 

models allows for basic GPCR signalling assays, they are not representative of 

the relevant signalling in the CNS. M1 mAChR-mediated signalling could be 

investigated in primary cell systems for example in primary hippocampal 

neurons, which are the most physiologically relevant for the M1 mAChR signalling 

(Levey, 1993). Bystander BRET assays could also be used to assess M1 mAChR 

signalling in primary hippocampal neuronal cultures (Scarpa et al., 2021). The 

stoichiometry of interacting partners e.g., GRKs, G proteins and arrestins, vary 

between different cell types and tissues, adding a layer of complexity to 

physiological signalling bias (Kenakin, 1997, Newman-Tancredi et al., 1997, 

Newman-Tancredi et al., 2000). Overall, data from Chapter 3 strongly indicates 

that the M1-PD receptor is impaired in phosphorylation/arrestin-dependent 
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mechanisms, drawing to the conclusion that this variant is a G protein-biased 

receptor, with deficits in arrestin recruitment and receptor internalisation.  

A transgenic mouse model expressing the M1-PD was generated to explore the 

physiological role of the phosphorylation/arrestin-dependent signalling pathways 

mediated by the M1 mAChR (Butcher et al., 2016, Bradley et al., 2020). By 

employing the M1-PD mouse model, our laboratory established that 

phosphorylation of the M1 mAChR is important to drive cognitive processes 

(spatial memory), regulate anxiolytic-like behaviour, and hinder central adverse 

cholinergic responses such as seizures (Bradley et al., 2020). Therefore, 

suggesting that M1 mAChR compounds promoting receptor phosphorylation 

represent a safer approach for the symptomatic treatment of 

neurodegenerations compared to nonspecific muscarinic or cholinergic 

enhancers such as AChE inhibitors.  

In this thesis, the M1-PD mouse model was employed in combination with the 

mouse prion disease model of terminal neurodegeneration to investigate the 

physiological relevance of the M1 mAChR signalling bias in neurodegenerative 

disease. Mouse prion disease was established to be a relevant model for human 

neurodegenerative diseases as it shares key hallmarks with those and 

particularly AD. As opposed to commonly used mouse models of AD, mouse prion 

disease is a progressive and terminal neurodegenerative condition that is 

advantageous to test both pro-cognitive and disease-modifying effects of M1 

mAChR ligands. In fact, at early stages of prion disease, whilst mice show no 

physical signs of disease, they manifest biochemical and histopathological 

evidence of disease as well as behavioural changes such as a decline in 

burrowing behavior and a deficit in learning and memory (Mallucci, 2009). For 

instance, misfolded PrPSc was detected here through western blot analysis from 

6 w.p.i. in the cortex, hippocampus and striatum of prion-infected mice, which 

is consistent with previous reports (Mallucci et al., 2007). This finding 

establishes that prion infected Tg37 mice have already developed scrapie 

pathology at 7 w.p.i., when dosing normally starts for therapeutic evaluation of 

novel M1 mAChR-selective ligands (Bradley et al., 2017, Dwomoh et al., 2021), 

when no physical symptoms are yet manifested. This therefore indicates that the 

therapeutic effects exerted by activation of the M1 mAChR are not due to 

prevention of disease, but disease-modification. In addition, prion-diseased mice 
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display the upregulation of proteins that are considered markers of AD, including 

APO-E, clusterin, and regulator of proteolysis serpinA3N (Dwomoh et al., 2021). 

In Chapter 4, APO-E, clusterin, serpinA3N and clusterin were all found to be 

elevated in prion-diseased mice from 7 or 8 w.p.i., at a pre-symptomatic phase 

of disease, with the most robust increases at 9 w.p.i. The role of serpinA3N in 

neurodegeneration is largely unexplored, and it might be a disease-adaptive 

process in response to the progressing accumulation of misfolded, toxic proteins 

such as PrPSc. Both APO-E and clusterin are considered some of the highest risk 

factors for LOAD (Roses et al., 1995, Jiang et al., 2008, Lambert et al., 2009, 

Harold et al., 2009). Thus, upregulation of APO-E and clusterin in the brain of 

prion-infected mice further support the concept that mouse prion disease shares 

central disease-adaptive mechanisms with human neurodegenerations and could 

be a relevant model for LAOD, which accounts for the majority of dementia 

cases. Strikingly, the M1 PAM VU0486846 could significantly decrease the levels 

of APO-E and clusterin in the hippocampus prion-ill mice, to levels similar to the 

healthy controls (Dwomoh et al., 2021). This strongly indicates that 

pharmacological activation of the M1 mAChR is a promising therapeutic approach 

for the treatment of AD. 

The mouse prion disease model also displays the elevation of many inflammatory 

astrocytic and microglial markers that are shared with human 

neurodegenerations, including GFAP, vimentin and galectin-1 (Dwomoh et al., 

2021, Heneka et al., 2015, Ransohoff, 2016). In Chapter 4, RML prion-infected 

Tg37 mice show the most significant upregulation in Iba1-stained microglia in 

the areas of PrPSc deposition such as the CA1 and CA2 hippocampal regions, 

corpus callosum and fimbria. This result is in line with previous studies showing 

that microglia activation occurs in response to PrPSc accumulation (Bate et al., 

2002, Williams et al., 1997, Giese et al., 1998, Van Everbroeck et al., 2004, 

Kercher et al., 2007, Sandberg et al., 2014, Vincenti et al., 2015, Gómez-Nicola 

et al., 2013, Martinez and Gordon, 2014), and is comparable to observations of 

microglia surrounding Aβ plaques in the brain of AD patients and in animal 

models of AD (Salter and Stevens, 2017). Overall, astrocytic markers were found 

upregulated with prion disease. GFAP was demonstrated to undergo a 

widespread upregulation across the brain of prion-infected mice, whereas 

vimentin showed a striking upregulation in the hippocampus, thalamus and 
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cortex, that are brain regions that normally display most deposition of PrPSc 

(Mallucci et al., 2003). In addition, vimentin was found particularly elevated in 

sites of microgliosis and spongiosis, leading to the hypothesis that vimentin 

might be specifically linked to reactive astrocytes with a neurotoxic phenotype. 

In support of this hypothesis, vimentin was previously shown to contribute to 

microglia activation and neurotoxicity in cerebral ischemia (Jiang et al., 2012). 

Galectin-1, a glycan-binding protein that modulates astrocyte and microglia 

activation and other immunological responses including apoptosis, cell 

activation, and cytokines release (Dhirapong et al., 2009), was found associated 

with mouse prion disease (Dwomoh et al., 2021). Here, increases in galectin-1 

were detected in the hippocampus of prion diseased mice at 9 w.p.i. Galectin-1 

was shown to have neuroprotective effects and has been proposed as a target 

for the treatment of chronic neuroinflammatory and neurodegenerative diseases 

(Ramírez Hernández et al., 2020). Interestingly, a preliminary study on aged 

PDAPPJ20 transgenic mice has shown that the administration of galectin-1 

significantly enhanced cognition in a NOR test and induced a robust reduction in 

Aβ in the hippocampus (Presa et al., 2019). In AD and other neurodegenerative 

disease, neuroinflammation is also exacerbated by the production of pro-

inflammatory such as TNF-α, IL-1β and IL-6 (Block et al., 2007, Moss and Bates, 

2001, Liu et al., 2015, Sawada et al., 1989, Lee et al., 1993). In Chapter 4, TNF-

α, IL-1β and IL-6 transcript levels were found elevated in the brain of 10 w.p.i. 

prion-diseased mice. However, in situ hybridisation of TNF-α transcripts using 

RNAScope methods, established that this cytokine is mostly produced in the CA2 

hippocampal region, cortex and thalamus of RML prion infected Tg37 mice, 

which corresponds to the brain regions displaying most scrapie pathology 

(Mallucci et al., 2003).  Like in AD, the role of neuroinflammation in the 

progression of prion disease remains however ambiguous. 

As the disease progresses to late stages, prion-infected mice develop terminal 

clinical symptoms that allow the testing of the effectiveness of novel M1 mAChR 

ligands on survival. Chapter 4 establishes that no significant changes in 

presynaptic, postsynaptic, and cholinergic markers were observed, which is 

consistent with previous reports that demonstrated neuronal loss in RML-

infected Tg37 mice occur from 10 w.p.i. (Mallucci et al., 2003). However, 

spongiosis, which is the formation of intraneuronal vacuoles in cells that have 
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not yet degenerated, is present in the hippocampus of RML-infected Tg37 mice 

from 8 w.p.i. and robustly increases to 10 w.p.i. Since spongiosis was shown to 

proceed neuronal loss and clinical symptoms in mouse prion disease (Mallucci et 

al., 2003), the data from Chapter 4 indicate that prion infected Tg37 mice at 10 

w.p.i. are still at a stage of pre-clinical disease that proceed physical symptoms 

and neuronal loss while manifesting the presence of PrPSc deposits in the 

hippocampus, cortex and striatum as well as hippocampal spongiosis. In 

addition, the dramatic, significant increase from 8 to 10 w.p.i. in all the 

pathological features observed, suggests that during this two-week window the 

progression from subclinical to clinical pathology occurs, thereby representing a 

good indicator to assess the disease progression during dosing studies. 

Overall, Chapter 4 provides further evidence that the mouse prion disease model 

shares important disease hallmarks with AD and other neurodegenerative 

disorders, including markers of neurogenerative disease and neuroinflammation. 

Particularly, the spreading of PrPSc is closely associated with locally induced 

chronic neuroinflammation, that is similar to Aβ plaques and NFT pathology in 

AD. Given this parallel, elucidating the role of neuroinflammation in the mouse 

prion disease could provide insights into the modulation of the 

neuroinflammatory response in human neurodegenerations and might help 

resolve the dispute on whether neuroinflammation is beneficial or detrimental in 

neurodegenerative disease (Allaman et al., 2011, Ben Haim et al., 2015). 

Further, since the M1 PAM VU0486846 could significantly reduce the levels of 

galectin-1, GFAP and vimentin in prion diseased mice (Dwomoh et al., 2021), an 

intriguing concept is that activation of the M1 mAChR is able to modify disease 

progression by decreasing detrimental neuroinflammation and/or altering the 

ratio between neurotoxic and neuroprotective reactive astrocytes.  In addition, 

administration of VU0486846 (10 mg/kg) from 7 w.p.i., could significantly delay 

symptom onset and robustly prolong the lifespan of terminally ill prion infected 

mice. This was also accompanied by a significant reduction of many of the 

disease-associated markers – that were investigated in Chapter 4 - to levels 

similar to healthy control mice. This suggests that the disease-modifying 

potential of M1 PAMs might reside in the ability of the M1 mAChR to regulate 

adaptive responses such as neuroinflammation, which are common features of 

neurodegenerative conditions and/or diseases caused by the propagation of 
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‘prion-like’ misfolded protein. Importantly, given the parallels between mouse 

prion disease and AD (Dwomoh et al., 2021), the therapeutic, disease-modifying 

potential of the M1 mAChR demonstrated here is likely relevant for the 

treatment of human neurodegenerative conditions.  

Chapter 4, however, revealed discrepancies between biochemical and histology 

data that could be associated to two reasons. Firstly, histological methods allow 

for analysis of the probed markers in a more accurate location in the brain (e.g., 

bregma lateral levels) with higher resolution of their distribution compared to 

biochemical techniques e.g., western blot and RT-qPCR. Secondly, histological 

analyses in Chapter 4 were conducted consistently on the left-hand side 

hemisphere of the brain, whereas the tissue analysed with biochemical methods 

was from either of the brain hemispheres. Since this mouse prion disease is 

induced by intracerebral injection in one side of the brain, it is possible that 

disease-associated pathology could spread differently in each of the brain 

hemisphere. If this hypothesis was true, the high variability observed among 

individual mice in the biochemical data might be since different hemispheres 

were being tested. This warrant further investigation to assess whether mouse 

prion disease spread differently accordingly to the site of injection.  

When phosphorylation/arrestin-dependent signalling pathways mediated by the 

M1 mAChR are removed, mouse prion neurodegenerative disease was found to be 

significantly accelerated. This discovery in Chapter 5 reveals that the M1 mAChR 

has an inherent neuroprotective activity that is dependent on receptor 

phosphorylation/arrestin-dependent signalling. This neuroprotection can not 

only delay the appearance of clinical signs and disease-associated abnormal 

behaviours (e.g., burrowing) but also reduces scrapie pathology and markers of 

neurodegeneration and neuroinflammation. This included many of the proteins 

that were found associated with mouse prion disease (in Dwomoh et al. (2021) 

and Chapter 4), and that they were found ‘normalised’ following treatment with 

the M1 PAM VU0486846, such as APO-E, clusterin, serpinA3N, galectin-1, GFAP 

and vimentin. This strongly suggests that the disease-modifying potential of M1 

mAChR-activating ligands observed in prion-diseased mice and other preclinical 

models of neurodegeneration and AD (Bradley et al., 2017, Lebois et al., 2017, 

Scarpa et al., 2020, Dwomoh et al., 2021) specifically relies on the 

phosphorylation/arrestin-dependent pathways mediated by the M1 mAChR. This 
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has important implications for drug discovery and development programmes for 

the treatment of neurodegenerative diseases, as this data strongly indicates that 

M1 mAChR ligands that maintain receptor phosphorylation will more likely 

deliver disease-modification while minimising associated cholinergic adverse 

responses (Bradley et al., 2020, Rook et al., 2017). Prion-infected M1-PD mice 

displayed a significant elevation in markers of neuroinflammation, GFAP, 

vimentin and CD86, as well as pro-inflammatory cytokines IL-1β and TNF-α. This 

suggests the possibility that the M1 mAChR plays an unappreciated role in the 

regulation of inflammatory responses of the brain, and this might underpin the 

disease-modification mechanism of the M1 mAChR in neurodegeneration.  

Previously, neuronal cell death in neurodegenerative diseases as well as AD-

linked neuropathology such as hyperphosphorylation of tau (Guise et al., 2001, 

Harris et al., 2004, Pei et al., 2002), Aβ toxicity (Rapoport and Ferreira, 2000, 

Frasca et al., 2008) and oxidative stress (Perry et al., 1999, Stanciu et al., 

2000), have been associated to sustained ERK1/2 signalling. Given that lack of 

receptor phosphorylation could also cause a reduction of GPCR signalling 

desensitisation (Lohse, 1993, Gurevich and Gurevich, 2019), there a possibility 

that the M1-PD variant might induce an overall excessive activation of G protein-

signalling pathways such as ERK1/2 signalling. However, as demonstrated in 

Chapter 3, stimulation of Gαq-driven pathways (inositide phosphate signalling) 

are comparable in the M1-PD and the M1-WT (Scarpa et al., 2021, Bradley et al., 

2020). In addition, lysates from the hippocampus and cortex of control or prion-

diseased M1-WT and M1-PD mice showed here similar levels of expression and 

activation of ERK1/2. This further indicates that the accelerated 

neurodegeneration observed in prion-disease M1-PD mice is not due to an overall 

excessive activation of the ERK1/2 pathway, but it is caused by the removal of a 

neuroprotective mechanism, which is dependent on M1 mAChR phosphorylation.   

Given the strong preclinical evidence demonstrating that the selective activation 

of the M1 mAChR induce significant disease modifying effects in different animal 

models of neurodegeneration and AD (Lebois et al., 2017, Caccamo et al., 2006, 

Fisher, 2008a, Bradley et al., 2017), it is likely that the neuroprotective activity 

of the M1 mAChR against mouse prion disease is also protective against other 

neurodegenerative conditions. In addition, prion disease is a prototypical 

proteinopathy that shares key diseases-associated mechanisms with AD and other 
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neurodegenerative disorders that are caused by neurotoxic misfolded proteins 

propagating in a ‘prion-like’ fashion such as AD, PD and HD (Aguzzi and Calella, 

2009, Caughey et al., 1999, Mallucci et al., 2003, Sandberg et al., 2014, 

Prusiner, 1982, Duyckaerts et al., 2019, Dwomoh et al., 2021). This raises the 

possibility that the neuroprotective mechanism mediated by the M1 mAChR that 

is able to hamper the accumulation of PrPSc in mouse prion disease might be 

relevant against the formation of other prion-like neurotoxic proteins such as Aβ 

and NFT in AD, α-synuclein in PD or huntingtin in HD (Halliday and Mallucci, 

2014). In future studies, it will be interesting to discover the precise 

involvement of the M1 mAChR in disease mechanisms. As indicated by the 

findings from this thesis, these could be for example the regulation of disease-

adaptive mechanisms such as neuroinflammation. This knowledge will have 

significant implications for M1 mAChR drug discovery programmes for the 

treatment of neurodegenerative disease and likely lead to novel and more 

targeted strategies for the disease-modifying treatment of underlying pathology. 
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Appendices 

In order to generate representative immunoblots for PrPSc (Figure 4-2), markers 

of neurodegenerative disease i.e., APO-E, clusterin, and serpinA3N (Figure 4-8) 

and markers of neuroinflammation i.e., galectin-1, GFAP and vimentin (Figure 

4-9 and Figure 4-10), western blot were first conducted using cortex, 

hippocampus and striatum from 4-8 separate mice. Quantification of intensity of 

western blot bands using Image Studio Lite (Version 5.2) allowed for 

identification of representative samples.  
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Appendix Figure 1 Western blot of protease-resistant PrPSc in control and prion-infected 
mice over the course of disease. Lysates of cortex, hippocampus and striatum of control or 
prion-infected mice at 6 (A), 7 (B), 8 (C), 9 (D) and 10 w.p.i. (E) were incubated in the presence or 
absence of proteinase K prior to western blot (10 μg/mL, 37˚C for 10 minutes). to detect non-
digested PrPSc and PrPTot, respectively. Digestion mixture (9 µg of samples) were loaded into 12% 
gels for western blot using anti-PrP antibodies.   
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Appendix Figure 2 Western blots of markers of disease APO-E, clusterin and serpinA3N in 
control and prion-infected mice over the course of disease. Lysates (10 µg) of cortex, 
hippocampus and striatum of control or prion-infected mice at 6 (A), 7 (B), 8 (C) and 9 w.p.i. (D) 
were run in a western blot and probed with antibodies against APO-E, clusterin and serpinA3N to 
assess the levels of these markers of neurodegenerative disease. 

 

Appendix Figure 3 Western blots of markers for microglia galectin-1 in control and prion-
infected mice over the course of disease. Lysates (10 µg) of cortex, hippocampus and striatum 
of control or prion-infected mice were probed in western blot for galectin-1 at 6 (A), 8 (B) and 9 
w.p.i. (C) 
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Appendix Figure 4 Western blots of astrocytic markers GFAP and vimentin in control and 
prion-infected mice over the course of disease. Lysates (10 µg) of cortex, hippocampus and 
striatum of control or prion-infected mice were probed in western blot for GFAP at 4 w.p.i. (A), and 
for GFAP and vimentin at 6 (B), 7 (C), 8 (D) and 9 w.p.i. (E).
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