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Abstract 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, and 

to date, no disease-modifying treatments exist. The M1 muscarinic acetylcholine 

receptor (mAChR) is an established therapeutic target for the symptomatic 

treatment of AD, and drugs activating the M1 mAChR have been shown to 

improve cognitive decline and behavioural symptoms in several clinical trials. 

Pre-clinical evidence also suggests that M1 mAChRs may also have 

disease-modifying effects in neurodegeneration, such as modification of the 

classical AD hallmarks, amyloid β (Aβ) and tau. Due to the conserved nature of 

the classic orthosteric binding site of the five mAChR subtypes, targeting one 

subtype via this binding site specifically has proved challenging. The 

development of compounds targeting the less conserved allosteric site has 

enabled significant improvements in subtype selectivity. Chronic dosing with the 

M1 mAChR positive allosteric modulator (PAM) VU0486846 has demonstrated 

disease-modifying potential in a murine prion model of terminal 

neurodegeneration and in an Aβ-based genetic AD model. This thesis aimed to 

assess the effect of chronic treatment with the M1 mAChR PAM VU0486846 in the 

rTG4510 tauopathy mouse model. The results show that VU0486846 did not 

affect the expression of neuropathological markers of disease, such as 

phosphorylated tau and glial fibrillary acidic protein, but reversed elevated 

levels of coagulation factor III and cystatin C that were observed in diseased 

mice when compared to controls. The normalisation of coagulation factor III and 

cystatin C, which have both been shown to be dysregulated in AD patients, 

remains an interesting avenue for further research. As part of trying to 

understand the potential of the M1 mAChR as a drug target, it is crucial to also 

determine receptor localisation. Therefore, this thesis also aimed to assess M1 

mAChR distribution in the brain using a M1-monomeric enhanced green 

fluorescent protein (meGFP) mouse line, which expresses the meGFP tagged 

version of the M1 mAChR in the endogenous gene locus. Tissue clearing was used 

to visualise the receptor and a range of studies was performed to explore the 

utility of the meGFP-tagged M1 mAChR. Overall, this thesis identified some novel 

changes following chronic treatment with a M1 mAChR PAM in a tauopathy mouse 

model, which warrant further investigation to fully evaluate the potential of 

targeting the M1 mAChR in neurodegeneration.   
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1.1 G protein-coupled receptors 

The G protein-coupled receptors (GPCR) superfamily forms the largest class of 

cell surface receptors in the human genome encompassing more than 800 

receptors (Fredriksson et al., 2003, Lefkowitz, 2007, Hauser et al., 2017). Due to 

their importance in many physiological processes, GPCRs are the most common 

target of clinically used drugs, with about a third of drugs on the market 

targeting this superfamily (Santos et al., 2017, Hauser et al., 2017, Erlandson et 

al., 2018). Nevertheless, only about a third of human non-olfactory GPCRs have 

been targeted and approved as therapeutics, leaving more than 200 GPCRs to be 

explored for their therapeutic potential, which have been suggested to be 

particularly promising in genetic, eye, immune and skeletal system disorders 

based on the receptors’ disease associations (Hauser et al., 2017). Within the 

GPCR superfamily, preferred ligands can range from ions to small molecules, 

hormones, large proteins and sensory stimuli, such as odorants, due to the highly 

divergent sequences in the extracellular ligand-binding regions (Southan et al., 

2016, Wacker et al., 2017). GPCRs are generally characterised by an 

extracellular N terminus, seven transmembrane (TM)-spanning α-helices (TM1-7) 

connected by intra- (ICL) and extracellular loops (ECL), and an intracellular C 

terminus (Rosenbaum et al., 2009). Upon extracellular ligand binding, generally 

to the N terminus or TM binding pocket, intracellular signalling cascades are 

activated, commonly involving G proteins (Lefkowitz, 2007, Wacker et al., 

2017).  

1.1.1 Classification of GPCRs 

Over the years, several classification systems for GPCRs have been proposed 

based on different characteristics, such as location of the ligand binding pocket, 

physiological, structural or functional features (Bockaert and Pin, 1999, 

Fredriksson and Schiöth, 2005). The commonly used GRAFS system is followed 

here, grouping GPCRs in the human genome into phylogenetical families based 

on shared sequence and structural features (Fredriksson et al., 2003, Fredriksson 

and Schiöth, 2005, Schiöth and Fredriksson, 2005). According to the GRAFS 

system, GPCRs can largely be categorised into five main families, namely the 

Glutamate (class C), Rhodopsin (class A), Adhesion (class B2), Frizzled (class 

F)/Taste2 (class T2) and Secretin (class B1) families (Figure 1.1) (Fredriksson et 
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al., 2003, Fredriksson and Schiöth, 2005, Schiöth and Fredriksson, 2005). In the 

current GPCR database (GPCRdb, gpcrdb.org), the GRAFS system is largely 

followed with the only difference that Frizzled and Taste2 receptors are split 

into separate groups (Fredriksson et al., 2003, Fredriksson and Schiöth, 2005, 

Kooistra et al., 2021).  

The glutamate receptor family (class C) contains the metabotropic glutamate 

receptors, γ-aminobutyric acid type B receptors, a calcium-sensing receptor and 

sweet and amino acid Taste1 (TAS1) receptors (Okamoto et al., 1998, 

Fredriksson et al., 2003, Ellaithy et al., 2020, Kooistra et al., 2021). Receptors 

of this family commonly exist as dimers (Zhang et al., 2014). While the TM 

domains do not share significant overall sequence similarity with other GPCRs, 

most members of the glutamate family possess a large extracellular N terminus 

containing the venus flytrap (VFT) domain, which is the orthosteric binding site 

for endogenous ligands, and a cysteine-rich domain, which connects the VFT 

domain and the TM domains with the exception of GABAB receptors (Figure 1.1) 

(Malitschek et al., 1999, Pin et al., 2003). It has been proposed that the 

glutamate receptor family originated from fusion of a bacterial periplasmic 

amino acid binding protein, which evolved into the VFT domain, with an 

ancestral rhodopsin-like receptor (O'Hara et al., 1993, Pin et al., 2003). 

The rhodopsin receptor family (class A) is the largest and most diverse 

superfamily with receptors exhibiting diverse primary structures and ligand 

preferences including hormones, neurotransmitters and olfactory molecules 

(Baldwin, 1994, Fredriksson et al., 2003, Fredriksson and Schiöth, 2005, 

Lagerström and Schiöth, 2008, Kooistra et al., 2021). The rhodopsin family 

comprises an estimated 320 to 460 olfactory receptors in addition to 286 other 

receptors with a range of functions (Glusman et al., 2001, Fredriksson et al., 

2003, Kooistra et al., 2021), and is the GPCR family containing the largest 

number of therapeutically targeted receptors (Tyndall and Sandilya, 2005). 

Amongst these are muscarinic receptors, which are the topic of this thesis. Most 

receptors in the rhodopsin family are activated by a ligand binding to the TM 

domains or the ECLs (Figure 1.1) (Bockaert and Pin, 1999, Lagerström and 

Schiöth, 2008). In 2000, the bovine rhodopsin receptor was the first crystallised 

GPCR reported (Palczewski et al., 2000), and seven years later a high-resolution 
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structure of the β2-adrenergic receptor was published (Cherezov et al., 2007). 

Since then increasing numbers of high-resolution structures for all GPCR families 

have been investigated using X-ray crystallography and more recently cryogenic 

electron microscopy (cryo-EM), resulting in 136 unique receptor complexes being 

available as of 2022, with 101 of those belonging to the rhodopsin family 

according to the GPCRdb (Kooistra et al., 2021). While most rhodopsin family 

GPCRs have a short N terminus without any common conserved domains, most 

heterogeneity can be found within the TM regions, even though some sequence 

motifs are shared by most receptors in the rhodopsin family (Lagerström and 

Schiöth, 2008).  

The adhesion receptor family (class B2) is the second largest GPCR family in 

human and accounts for 33 receptors (Fredriksson et al., 2003, Lagerström and 

Schiöth, 2008, Kooistra et al., 2021). Preferred ligands are extracellular matrix 

molecules, and receptors of this family generally have long and diverse N 

termini, which possess a range of conserved domains also found in other proteins 

(Figure 1.1) (Bjarnadóttir et al., 2004, Krishnan et al., 2016, Purcell and Hall, 

2018). These domains have been shown to be important for the binding of 

specific ligands ( Lin et al., 2001, Lagerström and Schiöth, 2008). Additionally, 

almost all adhesion receptors contain a GPCR autoproteolysis-inducing domain 

(Krasnoperov et al., 1997, Lagerström and Schiöth, 2008, Araç et al., 2012, 

Nieberler et al., 2016) 

The frizzled (class F)/Taste2 (class T2) receptor family consists of two distinct 

clusters; the frizzled and smoothed receptor, and the Taste2 (TAS2) receptor 

clusters account for 11 and 25 receptors, respectively (Lagerström and Schiöth, 

2008, Kooistra et al., 2021). While the two receptor clusters did not show much 

similarity, they have several features in common, such as the consensus 

sequences IFL in TM2 and SFLL in TM5, which cannot be found in the other 

receptor families (Fredriksson et al., 2003, Fredriksson and Schiöth, 2005). The 

frizzled and smooth receptors bind Wingless/Int-1 glycoproteins and Hedgehog 

proteins, respectively (Bhanot et al., 1996, Chen and Struhl, 1996, Lagerström 

and Schiöth, 2008), and are involved in control of cell fate, proliferation and 

polarity in the development of multi-cellular organisms (Fredriksson et al., 

2003). These receptors are characterised by a 200 to 320 amino acid-long N 
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terminus containing a cysteine-rich domain, which is important for ligand 

binding in most of these receptors (Figure 1.1) ( Wang et al., 1996, Fredriksson 

et al., 2003, Lagerström and Schiöth, 2008, Janda et al., 2012). The TAS2 

receptor family are bitter taste receptors characterised by short N and C termini 

( Matsunami et al., 2000, Adler et al., 2000, Shi et al., 2003, Lagerström and 

Schiöth, 2008) and tastants bind to the TM domain (Figure 1.1) (Alfonso-Prieto et 

al., 2019). 

The secretin receptor family (class B1) comprises 15 receptors in human and 

are activated by peptide hormones (Attwood and Findlay, 1994, Kolakowski, 

1994, Lagerström and Schiöth, 2008, Kooistra et al., 2021). Most of the variation 

within this group is found in the N terminus, however, this region has been 

identified to be particularly important for ligand binding (Figure 1.1) (DeAlmeida 

and Mayo, 1998, Grace et al., 2004, Lagerström and Schiöth, 2008).  

   
Figure 1.1 Simplified structural features of GPCR families according to the GRAFS 
classification system. GPCRs share a common architecture including an extracellular N terminus, 
seven transmembrane (TM) α-helices and an intracellular C terminus. The extracellular region is 
particularly diverse between GPCR families. Stereotypical ligand binding is shown as red shapes. 
Receptors in the glutamate family frequently dimerise. The N terminus contains a cysteine-rich 
domain (CRD) and the venus flytrap (VFT) domain, where ligand binding characteristically occurs. 
Receptors of the rhodopsin family generally have short N termini and orthosteric ligands bind within 
the TM cavity. Receptors of the adhesion family have long N termini with diverse domains 
important for ligand binding and contain a GPCR autoproteolysis-inducing (GAIN) domain. 
Receptors of the frizzled family exhibit a CRD in the N terminus, which is important for ligand 
binding. While receptors of the Taste2 family have short termini and ligands bind to the TM region, 
receptors of the secretin family exhibit diverse N termini important for ligand binding. Created using 
BioRender.com. 
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1.1.2 GPCR activation, signalling and desensitisation 

1.1.2.1 G protein-dependent signalling 

While GPCRs are structurally diverse, some common concepts of receptor 

activation and intracellular signalling apply. Ligand-induced GPCR stimulation 

induces active receptor conformations and triggers intracellular signalling 

pathways predominantly via activation of heterotrimeric guanine 

nucleotide-binding proteins (G proteins). These G proteins consist of Gα, Gβ and 

Gγ subunits (Lambright et al., 1996). In the basal state, guanosine diphosphate 

(GDP) is bound to Gα, which in turn is tightly associated with Gβγ forming a 

heterotrimer (Lambright et al., 1996). Following stimulation, GPCRs undergo 

conformational changes and function as guanine nucleotide exchange factors 

(GEF), which catalyses the exchange of GDP for guanosine triphosphate (GTP). 

This exchange results in structural changes in the then GTP bound-Gα protein 

leading to the release of the Gβγ subunit complex (Hamm, 1998, Cabrera-Vera 

et al., 2003). Both the Gα and Gβγ subunits can activate or inhibit downstream 

signalling pathways (Hamm, 1998). Due to the wealth of G protein subunits 

encoded in the human genome, including at least 16 Gα, 5 Gβ and 13 Gγ 

subunits (Milligan and Kostenis, 2006, Wootten et al., 2018), a range of signalling 

pathways can be modulated. Four main classes have been identified based on 

sequence similarities and preferred downstream signalling, namely Gαs, Gαi/o, 

Gαq/11 and Gα12/13 (Simon et al., 1991, Oldham and Hamm, 2006). While members 

of the Gαs and Gαi/o stimulate (Ross and Gilman, 1977) and inhibit (Hsia et al., 

1984) adenylyl cyclase (AC) enzymes, respectively, Gαq/11 generally activate 

phosphoinositide-specific phospholipase C (Rhee, 2001) and Gα12/13 activate Rho-

specific GEFs ( Hamm, 1998, Sah et al., 2000, Worthylake et al., 2000, 

McCudden et al., 2005).  

While it was initially thought that the only function of the Gβγ complex was to 

bind Gα for signal termination (Oldham and Hamm, 2006), a wealth of studies 

has shown that Gβγ can modulate a range of effectors, such as AC (Tang and 

Gilman, 1991, Taussig et al., 1994), the mitogen-activated protein kinase (MAPK) 

pathway (Inglese et al., 1995) and Ca2+- and K+-ion channels (Logothetis et al., 

1987, Reuveny et al., 1994, Herlitze et al., 1996). The Gβγ complex has also 

been found to modulate regulators of G protein signalling (RGS) (Snow et al., 
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1998) and regulate G protein-coupled receptor kinases (GRK)2 and GRK3, 

including recruitment to the membrane to stop receptor signalling (for more 

details see 1.1.2.2) (Haga and Haga, 1992, Stoffel et al., 1997, Li et al., 2003). 

The Gα subunit possesses intrinsic GTPase activity, which hydrolyses GTP to 

GDP, thereby encouraging re-association of the Gαβγ heterotrimer and 

termination of signalling (Li et al., 1998, McCudden et al., 2005). RGS are 

GTPase-accelerating proteins (GAPs) and can accelerate this intrinsic GTPase 

activity of the Gα subunit, thereby determining the magnitude and duration of 

the downstream responses stimulated by GPCR activation (Hepler, 1999, Ross 

and Wilkie, 2000, Stewart and Fisher, 2015). Additionally, RGS can also contain 

scaffolding and signalling domains, thus modulating downstream signalling 

(Saitoh et al., 1997, Bünemann and Hosey, 1998, McCudden et al., 2005). 

Downstream effectors, such as members of the PLC-β family, can in turn exhibit 

GAP activity (Berstein et al., 1992, Kristiansen, 2004).  

                       

Figure 1.2 GPCR activation and the heterotrimeric G protein cycle. In the basal state, 
guanosine diphosphate (GDP) is bound to the Gα subunit, which forms a complex with the Gβγ 
subunits. Upon ligand binding (red shape), conformational changes occur and the GPCR acts as a 
guanosine exchange factor (GEF), facilitating the exchange of GDP to guanosine triphosphate 
(GTP). In the resulting active state GTP-bound Gα dissociates from both the receptor and the Gβγ 
subunits, where Gα and Gβγ can modulate intracellular signalling. Signalling is terminated by 
hydrolysis of GTP to GDP via intrinsic GTPase activity of the Gα subunit and this can be facilitated 
by GTPase-activating proteins. The GDP-bound Gα reassociates with both the receptor and the 
Gβγ subunits to form the Gαβγ heterotrimer and return to the basal state. Created using 
BioRender.com. 
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1.1.2.2 G protein-independent signalling and GPCR desensitisation 

In addition to the heterodimeric G protein cycle, GPCRs can also be desensitised 

despite the continued presence of ligand, leading to reduced GPCR signalling, 

via two mechanisms termed homologous and heterologous desensitisation (Pierce 

and Lefkowitz, 2001). During both mechanisms specific residues within the 

intracellular domain of GPCRs are phosphorylated resulting in uncoupling of 

GPCRs from their heterotrimeric G proteins. 

Homologous desensitisation is mediated by GRKs and is agonist-dependent 

and -specific, since GPCRs are phosphorylated in their agonist-bound, active 

conformation (Kühn and Dreyer, 1972, Benovic et al., 1986, Pierce and 

Lefkowitz, 2001). This intracellular phosphorylation by GRKs, typically at the C 

terminus and in the ICLs ( Tobin, 2008, Ranjan et al., 2017), induces 

conformational changes in the receptor structure significantly increasing 

receptor affinity for other interacting partners, such as arrestins (Gurevich et 

al., 1995, Gurevich and Gurevich, 2006, Tobin, 2008). Binding of an arrestin to 

the GPCR uncouples G proteins from the receptor through steric hinderance, 

thereby terminating G protein-dependent signalling pathways (Benovic et al., 

1987, Krupnick and Benovic, 1998, Gurevich and Gurevich, 2006, Tobin, 2008, 

Gurevich and Gurevich, 2019). Receptor-bound arrestin also exhibits increased 

binding affinity for clathrin and its adaptor protein (AP)2 (Goodman et al., 1996, 

Laporte et al., 1999) to facilitate receptor internalisation (Kohout et al., 2001, 

Gurevich and Gurevich, 2003), which is important for receptor resensitisation 

(Oakley et al., 1999, Gupta et al., 2018, Thomsen et al., 2022).  

Heterologous desensitisation is mediated by second messenger kinases, such as 

protein kinase A (PKA) and protein kinase C (PKC), and is agonist-independent, 

since this mechanism can take place regardless of activation state of the 

receptor (Pierce and Lefkowitz, 2001, Carmona-Rosas et al., 2019). In this 

instance, phosphorylation impairs coupling of the G protein to the receptor 

(Pitcher et al., 1992, Freedman and Lefkowitz, 1996), and can alter G 

protein-selectivity from stimulatory Gαs to inhibitory Gαi/o subunits, such as for 

the β2-adrenergic receptor (Daaka et al., 1997, Zamah et al., 2002), effectively 

reversing the effect of receptor activation on downstream signalling cascades, 

such as cyclic adenosine monophosphate production (Luttrell, 2008). 
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While arrestins were previously thought to only be involved in the termination of 

GPCR signalling, a range of studies suggests that receptor-bound arrestin can 

also stimulate G protein-independent signalling cascades, such as MAPK cascades 

(McDonald et al., 2000, Tohgo et al., 2003, Shenoy et al., 2006, Perry et al., 

2019). The downstream effects of arrestins are thought to be driven by activated 

receptors displaying distinct phosphorylation patterns, resulting in differential 

arrestin conformations and thereby driving specific functional outcomes (Sente 

et al., 2018). 

Therefore, while GPCRs canonically signal via G proteins, other proteins, such as 

the already mentioned arrestin and RGS, as well as receptor activity-modifying 

proteins (RAMPs) (McLatchie et al., 1998, Bomberger et al., 2005, Bouschet et 

al., 2005) and GPCR-associated sorting proteins (GASPs) (Whistler et al., 2002, 

Bartlett et al., 2005), can also modulate intracellular signalling cascades.   

1.1.3 Pharmacology of GPCRs 

Generally, when endogenous ligands or drugs bind to GPCRs, these exhibit 

certain characteristics, such as affinity, potency and efficacy. Affinity reflects 

the strength of binding between the receptor and a ligand. Potency and efficacy 

are measures of the amount of drug required for an effect of a given magnitude 

and the ability of a drug to stimulate physiological responses upon receptor 

binding, respectively (Kenakin, 2002a, Kenakin, 2002b).  

Compounds binding to the classic orthosteric site can generally be further 

classified into full, partial, neutral and inverse agonists, as well as antagonists 

(Figure 1.3 A, B). Additionally, most GPCRs contain at least one distinct 

allosteric binding pocket, to which allosteric compounds bind (Conn et al., 

2009a, Kruse et al., 2014). This allosteric site is generally less conserved 

between receptor subtypes, allowing for greater subtype selectivity 

(Christopoulos, 2002). Generally, binding of allosteric ligands can cause 

conformational changes in the receptor (Kruse et al., 2014), modulating the 

binding affinity of an orthosteric ligand, or the downstream signalling efficacy of 

one pathway over another (Figure 1.3 C, D) (Conn et al., 2009a, Scarpa et al., 

2020, Van der Westhuizen et al., 2021, Dwomoh et al., 2022b).  
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Figure 1.3 Schematic of the pharmacology of GPCR ligands. Orthosteric ligands bind to the 
orthosteric binding site in the TM (blue shaded circle) of GPCRs to affect downstream signalling 
(A). Full (green) and partial (orange) orthosteric agonists result in a full or partial downstream 
signal, respectively (positive efficacy). Orthosteric antagonists (black) compete with agonists for 
binding to the receptor, but do not affect basal signalling (neutral efficacy). Inverse agonists (grey) 
reduce constitutive signalling (negative efficacy) (De Ligt et al., 2000). Representative 
concentration response curves for the discussed orthosteric compound are also shown (B). 
Allosteric ligands interact with the allosteric binding site (orange shaded circle) to modulate 
signalling initiated by the orthosteric ligand (C) and can be classified as positive allosteric 
modulators (PAMs) and negative allosteric modulators (NAMs), which enhance or inhibit orthosteric 
ligand-induced receptor activity, respectively (C), or neutral allosteric ligands (NALs). While PAMs 
(green) can enhance the efficacy and/or affinity of orthosteric ligand binding and have positive 
co-operativity factors α and/or β (D) to amplify downstream signalling, NAMs (grey) reduce the 
affinity and/or efficacy of the orthosteric ligand and have negative co-operativity factors α and/or β 
(D) leading to decreased signalling. Binding of NALs does not affect signalling and has the same 
effect as binding of an orthosteric ligand in the absence of an allosteric modulator (black, D) (Kruse 
et al., 2014, Christopoulos et al., 2014). In the ternary complex model, the co-operativity factor α 
represents the modulation of the affinities of the orthosteric and allosteric ligands at the receptor, 
while β describes modulation of the efficacy of the activated receptor (Jakubík et al., 2020). It is 
important to note, that allosteric agonists can also act as allosteric agonists directly or Ago-PAMs, 
which act as both allosteric agonists and modulators (Dwomoh et al., 2022b). Figure created using 
BioRender.com. 
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Another important characteristic of allosteric modulators is saturability, 

meaning that no further increase in receptor activity is possible above a certain 

threshold and therefore, allosteric modulators are safer than orthosteric ligands 

even in larger doses (Christopoulos, 2000, Gregory et al., 2007, Chan et al., 

2008, Keov et al., 2011, Kruse et al., 2014, Dwomoh et al., 2022b).  

It is also important to note that the characteristics of affinity, potency and 

efficacy, as well as the classification of ligands are context- and 

probe-dependent (Shirey et al., 2009, Canals et al., 2012, Kruse et al., 2014). 

For allosteric modulators the direction and magnitude of the allosteric 

modulation can change depending on the orthosteric ligand co-bound to the 

receptor (Kenakin, 2005; Valant et al., 2012; Kruse et al., 2014). One example 

for this is LY2033298 acting as a PAM with oxotremorine-M and as a NAM with 

xanomeline at the M2 mAChR (Valant et al., 2012). 

1.1.4 Muscarinic receptors as therapeutic targets 

As discussed, about a third of all currently used drugs target GPCRs (Santos et 

al., 2017, Hauser et al., 2017, Erlandson et al., 2018). This is because GPCRs are 

crucial for many physiological processes, exhibit good druggability, can interact 

with a wide range of molecules and are expressed on the cell surface resulting in 

good accessibility for therapeutic ligands (Russ and Lampel, 2005, Hauser et al., 

2017). Currently, GPCR-based drugs are used in a range of diseases and 

disorders, including Type 2 diabetes, depression, insomnia, chronic obstructive 

pulmonary disease (COPD) and different forms of cancer (Hauser et al., 2017). 

Nevertheless, a large proportion of non-olfactory receptors in the GPCR family 

(~70%), including over 100 orphan GPCRs (Laschet et al., 2018, Hauser et al., 

2020), are not being targeted by drugs yet and contain the potential for new 

therapeutic candidates (Hauser et al., 2017, Sriram and Insel, 2018). 

The muscarinic acetylcholine receptor (mAChR) family mediates the effect of a 

range of successful therapeutics, including muscarinic agonists, such as 

pilocarpine in the treatment of glaucoma (Lee and Higginbotham, 2005), and 

muscarinic antagonists, such as tiotropium in COPD (Tashkin et al., 2008) and 

asthma (Gosens and Gross, 2018), and trospium in overactive bladder (Biastre 

and Burnakis, 2009). Barriers for the drug development of muscarinic agents 
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include the already highlighted challenges with receptor subtype selectivity and 

the lack of comprehensive in vivo rodent models for neurological disorders (for 

more details on Alzheimer’s disease (AD) models see 1.3.2) resulting in 

unexploited areas of mAChR-based therapeutic potential, particularly in 

neuroscience. The M1 mAChR subtype specifically has been established as a key 

target in treating cognitive dysfunction and therefore, has been proposed as a 

therapeutic target in a range of central nervous system (CNS) disorders (for more 

detail see 1.2.4), including AD (Conn et al., 2009b, Lebois et al., 2018, Felder et 

al., 2018, Scarpa et al., 2020). Since this is the topic of this thesis, the 

remainder of the introduction will focus on the M1 mAChR and AD.  

1.2 The M1 muscarinic receptor as a therapeutic target  

1.2.1 Overview of the muscarinic receptor family 

The M1 mAChR belongs to the mAChR family, which are classified as rhodopsin 

family receptors (class A) (Fredriksson et al., 2003). There are five muscarinic 

subtypes (M1-M5), which are encoded by the corresponding cholinergic receptor 

muscarinic (CHRM) genes 1-5 (Kubo et al., 1986, Bonner et al., 1987, Buckley et 

al., 1988, Hulme et al., 1990). The endogenous ligand for these mAChRs is 

acetylcholine (ACh), which can also activate nicotinic acetylcholine receptors. 

The mAChRs are further classified into two groups based on their preferred 

signal transduction pathways (Felder, 1995, Caulfield and Birdsall, 1998). While 

M1, M3 and M5 mAChRs preferentially signal through Gαq/11 to activate 

phospholipase C, and thereby increase intracellular calcium levels, M2 and M4 

mAChRs signal through Gαi/o to inhibit adenylyl cyclase, and thereby reduce 

intracellular calcium ( Gallo et al., 1993, Felder, 1995, Caulfield and Birdsall, 

1998, Felder et al., 2000, Lebois et al., 2018). 

1.2.2 Structure and activation of the M1 muscarinic receptor 

Crystal structures of all five mAChR subtypes in their inactive states have been 

published confirming the structurally highly conserved TM core and the 

orthosteric site within, which is where the endogenous ligand ACh binds (Haga et 

al., 2012, Kruse et al., 2012, Thal et al., 2016, Vuckovic et al., 2019). Amino 

acid residues within TM3, TM5 and TM7 have been shown to be particularly 
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important for binding of orthosteric ligands (Hulme et al., 2003, Lebon et al., 

2009), and conserved residues include C983.25, D993.26, D1053.32, Y1063.33, 

C17845.50, T1885.39, T1895.40, T1925.43, A1935.44, A1965.46, W3786.48, Y3816.51 

(superscripts indicate Ballesteros-Weinstein numbering for GPCRs (Ballesteros 

and Weinstein, 1995)) (Thal et al., 2016, Scarpa et al., 2020). 

Subtle differences in the intracellular and extracellular regions have also been 

identified between the mAChR subtypes, including striking divergence in 

residues in the large extracellular vestibule contributing to the allosteric binding 

site, which is adjacent to but distinct from the orthosteric site (Thal et al., 

2016, Hollingsworth et al., 2019). Studies have suggested the importance of the 

interface between TM7 and ECL2 and ECL3 for allosteric binding (Birdsall and 

Lazareno, 2005, Gregory et al., 2007). Additionally, a recent study reported the 

existence of a hidden pocket at the allosteric binding site, which was found to 

be more frequently open in the M1 mAChR and dependent on Y862.64 and E4027.36 

for stabilisation of the open pocket (Hollingsworth et al., 2019). This cryptic 

pocket was shown to be crucial for binding of high affinity, non-planar M1 

mAChR-selective allosteric ligands (Hollingsworth et al., 2019). These studies 

further highlight the importance of allosteric modulators in achieving 

subtype-selective drug design at the mAChRs (Haga et al., 2012, Kruse et al., 

2012, Thal et al., 2016, Vuckovic et al., 2019).  

A recent study using cryo-EM obtained a structure of the M1 mAChR bound to the 

agonist iperoxo and in complex with the Gα11 subunit (Maeda et al., 2019). This 

structure was compared to the previously resolved structure of inactive M1 

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

assess activation-dependent conformational changes. An outward displacement 

of the TM6, accompanied by a small rotation of the helix and tilt of TM5 towards 

TM6, was found (Maeda et al., 2019). On the extracellular side, the 

rearrangement of TM6 and TM5 also resulted in TM6 moving closer to ECL2 

causing a contraction of the extracellular vestibule. Since the extracellular 

vestibule is a binding site for allosteric modulators (Dror et al., 2013), it was 

hypothesised that the contraction might be a key component for cooperativity 

with PAMs (Maeda et al., 2019). Active conformations of M1 and M2 mAChR, 

including key residues and activation-dependent rearrangement of TM6, TM5 and 
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ECL2, were similar, suggesting that the activation mechanism between these 

receptors is similar despite different G protein preference (Dror et al., 2015, 

Maeda et al., 2019). The observed conformational changes allow the 

engagement of the C terminal helix of the Gα subunit with the receptor core 

(Maeda et al., 2019). In the M1 mAChR/ Gα11 complex, an extended helix from 

the receptor’s TM5, forming more extensive interactions with the Gα11 subunit, 

and a polybasic cluster in the C terminus, that interacts with the Gα-Gβ 

interface, were found, most likely playing an important role in the 

determination of G protein selectivity (Maeda et al., 2019). 

1.2.3 Expression and function of the M1 muscarinic receptor 

The M1 mAChR is the predominant muscarinic receptor, constituting around 50% 

of the total muscarinic receptor population (Levey, 1993, Flynn et al., 1995, 

Jiang et al., 2014). M1 mAChRs are expressed in salivary glands, autonomic and 

sympathetic ganglia in the periphery, and in the brain (Levey, 1993, Lebois et 

al., 2018). The receptor’s distribution and function in the brain will be discussed 

in more details here.  

1.2.3.1 Expression of the M1 mAChR in the brain 

In the brain, M1 mAChR are generally expressed on post-synaptic neurons. 

Cholinergic projections from the nucleus basalis of Meynert, the medial septum 

and the vertical and horizontal bands of the diagonal band of Broca provide the 

majority of cholinergic innervation to these M1 mAChR in the hippocampus, 

cortex and amygdala (Mesulam et al., 1983b, Haam and Yakel, 2017, Lebois et 

al., 2018). Tracer studies, where horseradish peroxidase conjugated to wheat 

germ agglutinin was injected into the olfactory bulb, the hippocampus, 

neocortex or thalamus, showed more specifically that cholinergic neurons in the 

medial septum and the horizontal bands of the diagonal band of Broca provide 

most of the cholinergic input to the hippocampus (Mesulam et al., 1983a, 

Mesulam et al., 1983b, Mesulam, 2004). 

Previous studies have analysed the localisation and distribution of the mAChR 

subtypes using binding, quantitative immunoprecipitation, 

immunohistochemistry (IHC) and mRNA expression studies in rodent, primate and 
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human tissue (Volpicelli and Levey, 2004, Lebois et al., 2018). While radioligands 

were not sufficiently selective to demonstrate subtype selective expression, 

results from mRNA expression and IHC studies with subtype selective antibodies 

show similar overall localisation (Buckley et al., 1988, Weiner et al., 1990, Levey 

et al., 1991, Levey, 1993, Hersch et al., 1994). In the CNS, the M1 mAChR is the 

predominant mAChR subtype expressed in the cortex, hippocampus, and 

amygdala (Mash and Potter, 1986, Mash et al., 1988, Levey et al., 1991, Hersch 

et al., 1994, , Levey et al., 1995, Lebois et al., 2018). More specifically, in 

rodent brain the M1 mAChR is the predominant mAChR subtype in the cortex 

accounting for about 40%, while the M2 and M4 mAChRs represent 37% and 15%, 

respectively (Levey et al., 1991). The M1 mAChR can be found throughout the 

cortex on dendrites and spines of pyramidal cells across all layers of the cortex, 

but particularly in the external granular and pyramidal layers, as well as the 

multiform layer (Levey et al., 1991, Volpicelli and Levey, 2004). In the rodent 

hippocampus, the M1, M2 and M4 mAChRs comprise 36%, 33% and 27% of the total 

mAChR expression, respectively (Levey et al., 1995). Interestingly, in the 

hippocampus in human, the M1 mAChR accounts for a larger proportion of about 

60%, whereas the M2 and M4 mAChRs comprise about 20% each (Flynn et al., 

1995). In the rat hippocampus, studies with M1 mAChR antibodies showed that 

the receptor is expressed widely in the hippocampus including the pyramidal 

layers, stratum oriens and radiatum, with levels increasing from the cornu 

ammonis (CA)3 to the CA1 regions (Levey et al., 1995, Lebois et al., 2018). In 

the dentate gyrus (DG), diffuse staining was found in the strati moleculare and 

granulosum (Levey et al., 1995, Lebois et al., 2018). Other reports demonstrate 

expression only in the pyramidal layer in the CA areas and the granular layer of 

the DG using M1 mAChR in situ hybridisation (Buckley et al., 1988). However, 

since mRNA can mostly be found in the cell bodies of neurons that make the 

receptor (Buckley et al., 1988), this supports the results by Levey et al. (1995). 

More specifically, M1 mAChRs are thought to be expressed mainly on the soma 

and dendrites of excitatory neurons, as well as on inhibitory neurons to some 

degree (Levey et al., 1995, Yamasaki et al., 2010, Yi et al., 2014). In the rodent 

striatum, the M1, M2 and M4 mAChR all have relatively equal expression levels, 

accounting for about 33%, 30% and 31%, respectively (Levey et al., 1991). Here, 

the M1 mAChR is mainly found on the spiny dendrites of medium-sized spiny 
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projection neurons and is thought to modulate excitability (Shen et al., 2005, 

Wang et al., 2006, Shen et al., 2007, Xiang et al., 2012, Lebois et al., 2018). 

In addition to the already mentioned distribution studies, human and mouse RNA 

and protein expression data, as well as IHC images can also be found in the 

Human Protein Atlas (proteinatlas.org; Sjöstedt et al., 2020). The early 

distribution studies were dependent on antibody specificity and the sectioning of 

the brains. While data in the Human Brain Atlas provides more comprehensive 

data, there is still a need to study the M1 mAChR distribution particularly at a 

high anatomical detail (Lebois et al., 2018) and to document how 

neurodegeneration can affect this localisation.  

1.2.3.2 M1 mAChR function in the CNS 

The mAChRs are expressed throughout the brain and involved in a variety of 

functions ranging from learning and memory, temperature, cardiovascular and 

sleep-wake cycle regulation, nociception, to sensorimotor processing and control 

(Velazquez-Moctezuma et al., 1989, Gomeza et al., 1999, Miyakawa et al., 2001, 

Yamada et al., 2001, Bernardini et al., 2002, Anagnostaras et al., 2003, 

Bymaster et al., 2003b, Wess, 2004, Lebois et al., 2018). Based on the 

subcellular localisation of the mAChRs, the overall effect of mAChRs is thought 

to increase sensitivity of neurons to a reduced input, while also modulating 

synaptic plasticity (Dasari and Gulledge, 2010, Lebois et al., 2018).  

Function of the M1 mAChR, and the other muscarinic receptors, has been studied 

using pharmacological strategies and knockout (KO) mice. Inhibiting muscarinic 

signalling generally by non-selective muscarinic antagonists led to cognitive 

deficits (Bartus et al., 1982, Rusted and Warburton, 1988, Flicker et al., 1990), 

highlighting the importance of muscarinic cholinergic transmission for cognitive 

function, with the M1 mAChR being identified as a key component in learning and 

memory processes. More specifically, the M1 mAChR regulates memory processes 

such as hippocampal synaptic plasticity (Shinoe et al., 2005, Anisuzzaman et al., 

2013, Dennis et al., 2016), episodic memory encoding (Nathan et al., 2013), 

working memory and consolidation (Anagnostaras et al., 2003), and spatial 

working memory (Lebois et al., 2016). Additionally, the M1 mAChR is also 
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involved in the control of locomotor activity (Miyakawa et al., 2001, 

Anagnostaras et al., 2003, Bradley et al., 2020) 

1.2.4 Therapeutic potential of the M1 mAChR in disorders of the 
CNS 

Due to its distribution and function in the brain, the M1 mAChR has been 

suggested as a therapeutic target in a range of diseases of the CNS, including 

schizophrenia, substance abuse, Parkinson’s disease (PD), and AD. 

In schizophrenia, changes in muscarinic receptor levels, including the M1 mAChR, 

and associated subtype-specific deficits have been reported (Crook et al., 2000, 

Dean et al., 2002, Raedler et al., 2003, Erskine et al., 2019). In a subgroup 

comprising 25% of patients with schizophrenia, reduced levels of the M1 mAChR 

by 75% were found in the cortex (Scarr et al., 2009). In this patient subgroup, 

the reduction in M1 mAChR levels meant that allosteric modulators were not 

effective (Salah-Uddin et al., 2009, Dean et al., 2016, Erskine et al., 2019). 

These findings highlight the importance of the identification of pathology 

subgroups and the resulting patient stratification for clinical studies and beyond, 

since in this group therapeutics targeting M1 mAChR might be not as effective 

due to the reduction in target receptor levels. Clinical trials with the 

M1/M4-preferring muscarinic agonist xanomeline resulted in promising 

improvements in measures of cognition and psychosis, however, a significant 

side effect profile was also observed (Shekhar et al., 2008). It has been 

hypothesised that the improvements in psychosis are driven by M4 rather than M1 

mAChR activation (Erskine et al., 2019). Since some of the side effects are 

thought to be due to the off-target activation of M2 and M3 mAChR in the 

periphery, a recent clinical trial combined xanomeline with trospium, which is a 

peripherally-restricted muscarinic antagonist (Staskin et al., 2010, Brannan et 

al., 2018, Brannan et al., 2021). Similar to the previous trial, improvements in 

psychosis symptoms were observed as well as some cholinergic side effects 

(Brannan et al., 2018, Brannan et al., 2021) suggesting that some, but not all of 

these, are M1 mAChR-driven side effects. 

In substance abuse, a potential therapeutic benefit of M1 mAChR activation has 

also been suggested with administration of xanomeline or allosteric M1 mAChR 
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agonists reducing cocaine self-administration in mice and rats (Thomsen et al., 

2010, Weikop et al., 2020). 

Studies in rodent models of PD have suggested that blockage of the M1 and M4 

mAChRs in the striatum could have beneficial effects in the treatment of motor 

symptoms (Ztaou et al., 2016, Chambers et al., 2019).  

Due to the localisation of the M1 mAChR in areas critical for cognition and 

memory, such as the hippocampus and cortex, it does not come as a surprise 

that the M1 mAChR could be a drug target in AD. Strategies to target the M1 

mAChR specifically (see 1.2.5) and the therapeutic potential of the M1 mAChR in 

AD (see 1.3) will be discussed in the following sections.  

1.2.5 Targeting the M1 muscarinic receptor 

1.1.1.1 Targeting the M1 mAChR with orthosteric agonists 

Due to the therapeutic potential of M1 mAChR-based drugs in AD and other 

diseases, such as schizophrenia, several pharmaceutical companies have 

attempted to develop these. Generally, orthosteric ligands have the benefit of 

exhibiting higher affinity for their target receptors compared to allosteric 

ligands (Christopoulos, 2002, Valant et al., 2009). Xanomeline, developed by Eli 

Lilly, was one the first orthosteric M1- and M4-mAChR-preferring agonists that 

showed improvements in cognitive function and behavioural disturbances, such 

as orientation, word-finding difficulties, suspicion, agitation, and hallucinations, 

in Phase 2 clinical trials for AD (Bodick et al., 1997a, Bodick et al., 1997b). In a 

small trial, treatment with xanomeline also led to cognitive improvements in 

schizophrenia (Shekhar et al., 2008). However, due to a lack of muscarinic 

subtype selectivity of this orthosteric ligand and the resulting dose-limiting 

cholinergic side effect profile, including gastrointestinal (GI) disturbances, 

sweating, and salivation, studies with xanomeline were discontinued (Bodick et 

al., 1997b, Melancon et al., 2013, Dwomoh et al., 2022b). New studies by Karuna 

Therapeutics aiming to reduce cholinergic side effects by combining xanomeline 

with trospium, a muscarinic antagonist restricted to the periphery, showed some 

indications of an improved side effect profile (Brannan et al., 2018, Brannan et 

al., 2021). Due to positive outcomes in Phase 3 clinical trial, it is possible that 
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this so-called KarXT approach will be the first muscarinic therapy approved for 

the treatment of schizophrenia (Dean and Scarr, 2020, Karuna_Therapeutics, 

2022). 

Advances in GPCR structural biology, such as X-ray crystallography and cryo-EM, 

have allowed for the design of selective, high-affinity therapeutic candidates at 

GPCRs using structure-based drug discovery (Salon et al., 2011, Congreve et al., 

2017, Lee et al., 2018). Sosei-Heptares used structure-based drug design to 

develop the M1 mAChR orthosteric partial agonist HTL9936 (Brown et al., 2021). 

In a range of preclinical models, cognitive improvements were observed upon 

acute treatment with HTL9936. In humans, treatment caused cholinergic side 

effects mostly at higher doses with improved safety margins and resulted in 

activation of memory and learning brain centres (Brown et al., 2021). Other M1 

mAChR orthosteric compounds, such as AF267B, CDD-0102A, and WAY-132983, 

have also produced cognitive improvements in preclinical animal models though 

with varying levels of cholinergic adverse effects (Bartolomeo et al., 2000, 

Fisher et al., 2003, Ragozzino et al., 2012).  

Overall, mainly pro-cognitive effects of orthosteric M1-preferring ligands have 

been reported.  

1.1.1.2 Development of M1 mAChR-specific allosteric and bitopic 
compounds for AD 

As alluded to in 1.2.2, the orthosteric site in the mAChR family is highly 

conserved, making it difficult to develop subtype-specific compounds (Kruse et 

al., 2013, Venkatakrishnan et al., 2013, Scarpa et al., 2020). Therefore, mAChR 

subtype-specific drug development efforts have increasingly focused on 

targeting the less conserved allosteric binding pocket, leading to the 

development of bitopic and allosteric compounds.  

Allosteric modulators without intrinsic activity do not affect the spatial and 

temporal patterns of orthosteric ligand-induced receptor activation (Kenakin, 

2004, Kruse et al., 2014, Scarpa et al., 2020), meaning that these ligands have 

the potential to specifically potentiate M1 mAChR signalling in a physiologically 

relevant manner in AD (Foster et al., 2014, Scarpa et al., 2020). One of the first 
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highly selective M1 mAChR PAMs investigated was benzyl quinolone carboxylic 

acid (BQCA; structure in Figure 4.2), developed by Merck (Ma et al., 2009). BQCA 

could rescue cognitive deficits in scopolamine-induced deficient mice and in 

disease models, such as a murine prion model of terminal neurodegeneration 

and the APPSwe model, which expresses human APPKM670/671NL (Shirey et al., 2009, 

Ma et al., 2009, Bradley et al., 2017). The structurally related PQCA was also 

shown to enhance cognitive function in mice, rats and non-human primates and 

to be devoid of the cholinergic side effects seen with donepezil and xanomeline 

(Uslaner et al., 2013, Lange et al., 2015, Vardigan et al., 2015). However, 

Merck’s clinical PAM candidate MK-7622, also developed from the same chemical 

scaffold as BQCA did not show improvements in cognitive performance and led to 

adverse effects in about 20% of subjects (Voss et al., 2018). Another study 

suggested the lack of efficacy of MK-7622 to be due to overactivation of the 

receptor (Moran et al., 2018). These results agree with further studies 

suggesting that these highly selective M1 mAChR compounds can result in on-

target M1 mAChR-driven side effects, thereby contributing to the cholinergic 

adverse effect profile in addition to the off-target activation of peripheral M2 

and M3 mAChRs (Bymaster et al., 2003a, Melancon et al., 2013, Davoren et al., 

2016, Rook et al., 2017, Engers et al., 2018, Moran et al., 2018, Voss et al., 

2018). 

Bitopic ligands, which attempt to combine the high affinity properties of 

orthosteric ligands with the subtype selectivity of allosteric ligands (Valant et 

al., 2009, Lane et al., 2013, Kruse et al., 2014), have also been developed. 

GSK’s clinical candidate GSK1034702, which was described previously as an 

allosteric agonist at the M1 mAChR, showed enhanced cognitive function in rats 

and episodic memory in a clinical nicotine withdrawal test in human, but also 

caused cholinergic adverse effects (Nathan et al., 2013). It was later observed 

that GSK1034702 was a non-selective bitopic mAChR compound with intrinsic 

agonist activity (Bradley et al., 2018, Scarpa et al., 2020). 

Over the years, a range of structurally diverse PAMs for the M1 mAChR have been 

developed by pharmaceutical companies, such as Pfizer, Merck, GSK, and 

academic centres, such as the Warren Center for Neuroscience Drug Discovery at 

Vanderbilt University and the Monash Institute for Pharmaceutical Sciences. 
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However, the structural profile required to enhance cognition in the absence of 

cholinergic side effects is still unclear. Interestingly, structurally related 

compounds, such as PF-06764427 and VU6004256, can result in distinct outcomes 

in vivo including adverse effects (Rook et al., 2017). Both compounds are 

classified as ago-PAMs and have similar pharmacological properties in vitro, even 

though PF-06764427 has slightly higher efficacy in vitro and more agonist 

activity compared to VU6004256 (Rook et al., 2017). Nevertheless, 

administration of PF-06764427 caused behavioural convulsions and cholinergic 

side effects, whereas administration of VU6004256 did not (Rook et al., 2017). 

The authors argued that the differences observed could be due to differences in 

biased agonism or agonist activity levels of the ago-PAM, in line with another 

study suggesting that the adverse effects seen with some PAMs could be due to 

their intrinsic agonist activity (Moran et al., 2018). Therefore, an M1 mAChR PAM 

without intrinsic activity should be considered for further investigations into the 

benefit of targeting the M1 mAChR with a PAM in preclinical studies and clinical 

trials in AD. One such compound is VU0486846, which is a M1 mAChR PAM with 

limited intrinsic activity and has shown some promising results in a murine prion 

mouse model of terminal neurodegeneration and the APPSwe model (see 4.1.1). A 

summary of compounds targeting the M1 mAChR can be found in Table 1.1. 

Table 1.1. Summary of selected compounds targeting the M1 mAChR. Details of the 
pharmacology (binding site and agonist/PAM), reported beneficial and side effects are presented 
with corresponding references. 

Drug Pharmacology Beneficial effect Side effects Reference 

Xanomeline Orthosteric 
agonist 

improvements in 
cognitive function 
and behavioural 
disturbances 

cholinergic side 
effects 

Bodick et 
al., 1997a, 
Bodick et 
al., 1997b 

HTL9936 orthosteric 
partial agonist 

activation of 
learning and 
memory centres 

cholinergic side 
effects mostly at 
higher doses 
with improved 
safety margins 

Brown et 
al., 2021 

BQCA Ago-PAM rescue cognitive 
deficits in animal 
models 

No Shirey et 
al., 2009, 
Ma et al., 
2009, 
Bradley et 
al., 2017 
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1.3 Therapeutic potential of M1 mAChR in AD 

Over the last decades, the M1 mAChR has been established as a target for 

symptomatic treatment of AD (Scarpa et al., 2020), with a potential for disease-

modifying effects also being explored (Bradley et al., 2017, Lebois et al., 2017). 

1.3.1 Alzheimer’s disease 

AD is a progressive neurodegenerative disorder and the most common form of 

dementia, resulting in cognitive decline and memory loss (Prince et al., 2016, 

Eid et al., 2019). Accounting for about 60-70% of all dementia cases, more than 

30 million people were affected by AD in 2011, with cases predicted to double 

roughly every 20 years due to an increasingly aging population (Barker et al., 

2002, Goldberg, 2007, Holtzman et al., 2011, Prince et al., 2016). Despite much 

progress in the last century, since the documentation of the first case by Alois 

MK-7622 Ago-PAM improved 
cognition in 
scopolamine-
induced cognitive 
deficit model, no 
in human 

20% of human 
subjects 

Uslaner et 
al., 2018, 
Voss et al., 
2018, 
Moran et 
al., 2018 

GSK1034702 non-selective 
bitopic mAChR 
compound with 
intrinsic 
agonist activity 

enhanced 
cognitive function 
in rats, improved 
episodic memory 
in human 

Cholinergic side 
effects 

Nathan et 
al., 2013, 
Bradley et 
al., 2018 

 

PF-
06764427 

Ago-PAM No convulsions and 
cholinergic side 
effects 

Rook et 
al., 2017 

VU6004256 Ago-PAM improved 
cognitive function 
in rats  

No Rook et 
al., 2017 

VU0486846 PAM with 
limited 
intrinsic 
activity) 

rescue cognitive 
deficits in animal 
models 

No Rook et 
al., 2018, 
Abd-
Elrahman 
et al., 
2022, 
Dwomoh et 
al., 2022a 
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Alzheimer (1907), only symptomatic treatments are currently available 

(Yiannopoulou and Papageorgiou, 2013). Therefore, the development of disease-

modifying treatments to slow, stop or even prevent AD is crucial. 

A small proportion (estimates ranging from 1 to 5%) of AD cases are familial, 

early-onset AD (EOAD) driven by rare genetic autosomal-dominant mutations 

(see 1.3.1.1) (Holtzman et al., 2011, Bateman et al., 2011, Tanzi, 2012). Most 

AD cases, however, are classified as sporadic, late-onset AD (LOAD) with a 

general onset from 60 years of age (Tanzi, 2012). LOAD is a complex, 

multifactorial condition driven by environmental and genetic risk factors 

(Kamboh, 2004, Eid et al., 2019). The first gene associated with increased LOAD 

risk was the Apolipoprotein E (ApoE) gene, and particularly the ApoE ε4 allele ( 

Corder et al., 1993, Verghese et al., 2011), encoding a protein important for 

lipid metabolism (Huang and Mahley, 2014). Over 20 further genetic risk factors 

have been identified mainly by genome wide association studies (GWAS) 

including genes involved in endocytosis, lipid metabolism, inflammation and the 

immune response (Karch and Goate, 2015). Some environmental factors, such as 

certain medications, cognitive and physical activity were associated with a lower 

risk of developing AD, whereas other factors, such as heavy smoking, stress, and 

some pre-existing conditions, including hypertension and depression, were 

associated with a higher risk (Xu et al., 2015, Zhang et al., 2021). 

Despite the ongoing research efforts, the exact neuropathological basis of AD 

remains unclear (Vagnucci and Li, 2003, Pooler et al., 2014, Area-Gomez and 

Schon, 2017). Nevertheless, amyloid β (Aβ) plaques and neurofibrillary tangles 

(NFTs) are considered the main neuropathological hallmarks of AD and reduced 

cholinergic innervation has also been found. Hence, these will be discussed in 

turn. 

1.3.1.1 Aβ plaques and NFTs 

Aβ plaques are mostly extracellular deposits consisting of aggregates of 

misfolded Aβ peptides, which are produced via proteolysis of the amyloid 

precursor protein (APP) (Armstrong, 2009). It is now understood that APP can be 

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

pathway (Figure 1.4) (Haass et al., 2012). Mutations leading to EOAD generally 
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affect APP processing to Aβ peptides (Scheuner et al., 1996, Kuperstein et al., 

2010, Holtzman et al., 2011). In 1990, the first mutation leading to EOAD was 

identified in the APP gene. Since then, several other mutations in the APP gene 

as well as in Presenilin (PS)1 and PS2 genes have been found (Hardy, 1997, 

Ertekin-Taner, 2007, Holtzman et al., 2011, Lanoiselée et al., 2017). PS1 or PS2 

form the catalytic component of γ-secretases, which are involved in APP 

processing (Selkoe and Wolfe, 2007) (see Figure 1.4). The fact that EOAD-causing 

mutations generally result in an increase in Aβ production overall or cause an 

overproduction of certain Aβ isoforms, deemed more toxic (Scheuner et al., 

1996, Kuperstein et al., 2010, Holtzman et al., 2011), has been the basis of the 

amyloid hypothesis. The amyloid hypothesis postulates that accumulation of Aβ 

in the brain is the primary driver of AD pathology, including tau accumulation 

into NFTs (Hardy and Selkoe, 2002, Selkoe and Hardy, 2016). 

 

Figure 1.4 APP processing. Amyloid Precursor Protein (APP) can be cleaved via the 
non-amyloidogenic (A) or the amyloidogenic (B) pathway. For the non-amyloidogenic pathway, 
APP is cleaved by α secretases, such as A Disintegrin And Metalloproteinase (ADAM)10 or 
ADAM17/TACE, at the plasma membrane or in the trans Golgi network, resulting in a membrane 
bound fragment called C83 and a soluble APP α (sAPPα) fragment (Skovronsky et al., 2000). 
These α-secretases cut within the Aβ peptide sequence, thereby blocking Aβ production (Esch et 
al., 1990). The C83 fragment can be cleaved further by γ secretases yielding p3 and APP 
intracellular domain (AICD) fragments (Haass et al., 1993). Amyloidogenic APP processing mainly 
operates in the trans Golgi network, endoplasmic reticulum and recycling endosomes (Greenfield 
et al., 1999). Here, the APP protein is first cleaved by a β-secretase, such as BACE1, resulting in 
the production of the membrane bound fragment termed C99 and a soluble APP β fragment 
(sAPPβ) (Cai et al., 2001). This is then followed by cleavage of the C99 in the transmembrane 
domain by γ-secretases releasing an AICD fragment and the Aβ peptide (Iwatsubo, 2004). Figure 
created using BioRender.com. 
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NFTs are intracellular inclusions consisting of hyperphosphorylated tau, which 

has misfolded and aggregated (Grundke-Iqbal et al., 1986, Hallinan et al., 2019). 

Tau can associate with microtubules in neurons and has a range of functions 

including stabilisation of microtubules, axonal transport and neurogenesis 

(Brandt et al., 1995, Trinczek et al., 1999, Kent et al., 2020). 

Hyperphosphorylated tau, however, disrupts synaptic function and axonal 

transport and promotes neuroinflammation (Sherman et al., 2016, Zhou et al., 

2017, Otero-Garcia et al., 2022). NFT pathology has a stronger correlation with 

neuronal and synaptic loss, and cognitive deficits compared to Aβ plaques (Terry 

et al., 1991, Bennett et al., 2004, Serrano-Pozo et al., 2011), which build up 

years before cognitive decline becomes apparent and then plateau in the early 

symptomatic stages (Ingelsson et al., 2004, Jack Jr et al., 2013). Nevertheless, 

evidence suggests that various toxic forms of the Aβ and tau proteins, not just 

the fully aggregated Aβ plaques and NFTs, act synergistically to cause AD 

pathogenesis (Guo et al., 2006, Miller et al., 2011, Sherman et al., 2016) and 

progression, including cognitive decline and atrophy, in AD patients (Desikan et 

al., 2011, Sperling et al., 2019, Busche and Hyman, 2020). Interestingly, despite 

tau aggregates and NFTs playing a key role in the disease pathogenesis and 

progression, AD has so far not been linked to mutations in MAPT, the tau gene. 

Interestingly, the misfolded Aβ and tau proteins, which lead to the formation of 

the respective aggregates, show a prion-like spread of seeding and propagation 

in vivo and in vitro with the exact pattern depending on the model and type of 

misfolded protein used (Figure 1.5) (Guela et al., 1998, Meyer-Luehmann et al., 

2006, Clavaguera et al., 2009, Frost et al., 2009, Hallinan et al., 2019). While 

the spread of Aβ plaques and NFTs was thought to follow a stereotypic pattern in 

AD (Braak and Braak, 1991), there is now evidence that several distinct patterns 

exist (Vogel et al., 2021).  
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Figure 1.5 The prion-like spread of misfolded proteins in AD. A protein can become misfolded 
(red) due to a variety of reasons such as genetic predisposition, the local microenvironment or 
random chance. The abnormal protein, such as Aβ or tau, then interacts (A) with other normal 
proteins of the same type (blue), changing their conformation and converting them to the abnormal 
form (B) (Perrett and Jones, 2008, Hallinan et al., 2019). These abnormal proteins can then either 
interact with further normal proteins (C, seeding) or form aggregates (D). Figure created using 
BioRender.com. 

1.3.1.2 The cholinergic hypothesis 

In addition to the hallmarks of Aβ plaques and NFTs, impaired cholinergic 

signalling has also been observed in the brains of AD patients, particularly in the 

cortex and hippocampus (Figure 1.6). More specifically, a reduction in 

pre-synaptic cholinergic neurons, resulting in reduced cholinergic innervation in 

the cortex and hippocampus, has been reported (Whitehouse et al., 1981, 

Whitehouse et al., 1982), while the post-synaptic neurons and receptor 

populations, such as the M1 mAChR, remain largely intact (Bartus et al., 1982, 

Mash et al., 1985, Bradley et al., 2017). Additionally, levels of ACh, 

acetylcholinesterase (AChE), and choline acetyltransferase have been found to 

be reduced in AD patients (Bowen et al., 1976, Davies and Maloney, 1976, Iyo et 

al., 1997) and to correlate with cognitive deficits observed (Gil-Bea et al., 

2005). These findings in combination with the importance of cholinergic 

transmission for cognition (see 1.2.3.2) has led to the cholinergic hypothesis of 

AD. According to this hypothesis, the cholinergic hypofunction contributes 

significantly to the observed cognitive decline in patients with AD (Bartus et al., 

1982). Many of the currently approved symptomatic treatments for AD are based 

on this hypothesis (see 1.3.3). 
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Figure 1.6 Cholinergic transmission in AD. Cholinergic signalling (A) relies on a system of 
synthesis, storage, release, and recycling of acetylcholine (ACh). In the presynaptic neuron, ACh is 
synthesised by choline acetyltransferase (ChaT) from acetyl coenzyme A (CoA), which is produced 
in mitochondria, and choline (Prado et al., 2002). ACh is then transported by vesicular ACh 
transporter into vesicles for storage (Nguyen et al., 1998). For neurotransmitter release, the vesicle 
fuses with the membrane of the pre-synaptic neuron and ACh enters the synaptic cleft (Ceccarelli 
and Hurlbut, 1980). Here, ACh can activate muscarinic and nicotinic acetylcholine receptors on the 
post-synaptic neuron, such as the M1 mAChR. Then ACh is hydrolysed by acetylcholinesterase 
(AChE) into acetate and choline (Soreq and Seidman, 2001). Choline is taken back up into the pre-
synaptic neuron by choline transporters (Okuda et al., 2000), and the cycle can then start all over 
again. In AD, the number of pre-synaptic neurons is reduced (Whitehouse et al., 1981), leading to 
diminished cholinergic signalling (B). Figure created using BioRender.com. 
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1.3.1.3 Inflammation and oxidative stress 

In addition to the already discussed neuropathological hallmarks, additional 

processes have been proposed to be involved in the pathobiology of AD. While 

innate immune system activation in response to Aβ aggregates and plaques 

assists in clearance of these aggregates to some degree, excessive inflammatory 

mechanisms including secretion of pro-inflammatory cytokines, chemokines and 

reactive oxygen species are also thought to drive neurodegeneration (Varnum 

and Ikezu, 2012, Minter et al., 2016, Rojas-Gutierrez et al., 2017). In turn, 

cytokines and chemokines have also been found to upregulate Aβ aggregation 

and abnormal tau phosphorylation (Domingues et al., 2017).  

Astrocytes and microglia form part of the innate immune system and a range of 

inputs can trigger their activation leading to astrogliosis and microgliosis, 

respectively (Ransohoff and Brown, 2012). While astrocyte activation, or 

astrogliosis, has neuroprotective features, aberrant astrogliosis has been found 

in proximity to Aß plaques in AD patients and animal models and can lead to 

neuronal damage (Chun et al., 2018, Kumar et al., 2021). Astrocytes can also 

take up pathological tau resulting in accumulation and propagation (Chiarini et 

al., 2017, Martini-Stoica et al., 2018), even though the underlying mechanism of 

glia-based tau propagation remains to be explored further (Perea et al., 2019, 

Kumar et al., 2021). Based on post-mortem findings in the brains of AD patients 

and PET studies in animal models, Kumar et al. (2021) proposed a two-wave 

model of astrogliosis. In the first wave, which precedes Aß deposition, astrocytes 

are thought to become reactive in response to the initial injury by Aß species 

(Narayan et al., 2014, Wyssenbach et al., 2016), but then become non-functional 

during disease progression. A second wave of astrogliosis was also observed, 

which could represent a sub-population of astrocytes, which were dormant 

during the first wave, but became reactive during later stages (Kumar et al., 

2021). Microglia could also follow a two-wave pattern of activation in AD (Kumar 

et al., 2021) and several studies have shown a potentially detrimental effect of 

Aß-induced microgliosis exacerbating tau spread (Ising et al., 2019, Pascoal et 

al., 2021). 

Other factors involved in AD pathology are mitochondrial dysfunction and 

oxidative stress. Studies have suggested an early and critical role of 
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mitochondrial dysfunction in AD pathogenesis (Nunomura et al., 2001, Moreira et 

al., 2010). In a positive feedback loop, oxidative stress has been found to 

contribute to mitochondrial dysfunction, which can subsequently lead to the 

release of further reactive oxygen species (Moreira et al., 2010). These reactive 

oxygen species are also thought to be involved in cell death in AD (Rojas-

Gutierrez et al., 2017). Additionally, in another positive feedback loop 

neuroinflammation results in increased oxidative stress, which then upregulates 

inflammation (Fischer and Maier, 2015). 

Overall, while only outlining some factors contributing to neuropathology in AD, 

this section shortly highlights some of the complex interplay observed in AD 

pathology. 

1.3.2 Models of Alzheimer’s disease 

While some aspect of AD disease pathology can be studied in patients directly, 

many aspects requiring tissue samples cannot. Additionally, therapeutic 

candidates need to be tested for safety and efficacy in in vitro and in vivo 

models, before entering clinical trials in human. A range of models for AD have 

been developed and some of these will be described here. 

1.3.2.1 Natural animal models of AD 

Several animal species have been reported to spontaneously develop AD-like 

pathology with age including dogs, cats, bears, goats, sheep, wolves, some 

non-human primate species and the Octodon degus (Braak et al., 1994, 

Cummings et al., 1996, Roertgen et al., 1996, Tekirian et al., 1996, Voytko and 

Tinkler, 2004, Gunn-Moore et al., 2006, Van Dam and De Deyn, 2011). Some of 

these, such as dogs and cats, show cognitive decline in addition to Aß and tau 

pathology (Cummings et al., 1996, Gunn-Moore et al., 2006, Rofina et al., 2006, 

Klug et al., 2020, Sordo et al., 2021). The Octodon degu has been reported to be 

the only rodent naturally developing Aβ plaques and tau tangles, 

neuroinflammation and age-dependent cognitive decline (Inestrosa et al., 2005, 

Ardiles et al., 2012, Deacon et al., 2015, Du et al., 2015, Hurley et al., 2018). 

However, a contradictory study found no AD-like pathology in Octodon degus 

bred for research (Steffen et al., 2016). This difference could be due to unknown 
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environmental factors or caused by the unpredictable nature of sporadic 

disease, and therefore the Octodon degu should be researched further before 

being more widely utilised as a natural animal model for AD. Generally, these 

spontaneous models offer the benefit of capturing a spectrum of disease states, 

including neuropathological changes and cognitive impairment (Milgram et al., 

1994, Head et al., 1998, Papaioannou et al., 2001, Van Dam and De Deyn, 2011). 

However, their use in research is not routinely feasible due to availability, the 

sporadic nature of disease, and ethical and economic challenges associated with 

their long life spans (Van Dam and De Deyn, 2011, Kaushal et al., 2013). Despite 

the relatively long-lived Octodon degu offering one potential option of a rodent 

model, rodents do not generally develop AD-like pathology spontaneously with 

age, and therefore a range of induced and transgenic animal models have been 

developed. 

1.3.2.2 Induced models of AD 

In induced models of AD, pathology is caused by the injection of pharmacological 

or chemical compounds, or physical lesions (Van Dam and De Deyn, 2011). Many 

induced models have been developed based on the cholinergic hypothesis of AD 

(see 1.3.1.2). One of these, and the most commonly used pharmacological 

model, is scopolamine-induced amnesia (Flood and Cherkin, 1986, Sunderland et 

al., 1986, Ebert and Kirch, 1998, Araujo et al., 2011). Administration of the 

muscarinic antagonist scopolamine leads to memory deficits by disrupting 

information encoding and consolidation, with a stronger effect found with age 

(Rush, 1988, Molchan et al., 1992), but is limited by the absence of other AD 

hallmarks, such as Aβ plaques and tau tangles (Van Dam and De Deyn, 2011). 

Another pharmacological model involves injection of the nicotinic antagonist 

mecamylamine also leading to learning deficits (Moran, 1993). This is 

interesting, as in AD muscarinic receptor densities are usually not affected, 

while the cholinergic input to these receptors is disrupted (Bartus et al., 1982, 

Mash et al., 1985), and reduced nicotinic receptor expression levels are also 

found (Perry et al., 1990). Similarly lesion models specifically targeting 

pathways or brain regions involved in memory and learning, such as the 

hippocampus, striatum or cortex, can model AD-like memory deficits to some 

degree (Gray and McNaughton, 1983, Alonso et al., 1996, Glenn et al., 2003, 

Sloan et al., 2006). However, both pharmacologically and lesion-induced models 
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do not recapitulate AD-like pathology and disease progression. Nevertheless, the 

use of these antagonist- and lesion-induced amnesia models has significantly 

progressed our understanding of the role of the cholinergic system in memory 

and learning (Moran, 1993, Hasselmo and Wyble, 1997, Van Dam and De Deyn, 

2011). 

In other induced models, intracerebral or intracerebroventricular injections of 

Aβ peptides into the brains of rodents are used to induce some AD-like 

pathology. The rationale behind many induced models is the amyloid cascade 

hypothesis, according to which accumulation and aggregation of Aβ peptides and 

soluble Aβ oligomers is one of the primary drivers of AD pathogenesis (Hardy and 

Selkoe, 2002, Gong et al., 2003, Walsh and Selkoe, 2007). Aβ species can either 

be administered acutely using one stereotactic injection (Harkany et al., 1998, 

Harkany et al., 2000) or using repeated injections through an implanted cannula 

to mimic the progressive pathology of AD (Nakamura et al., 2001, Yamada et al., 

2005). Pathology observed in these models depends on the duration of 

administration and Aβ species used, but can include disruption of the cholinergic 

system, cognitive deficits, brain inflammation, oxidative stress and neuronal loss 

(Harkany et al., 1998, Weldon et al., 1998, Yamada et al., 2005, Sipos et al., 

2007). These Aβ-induced models have the benefit of being relatively quick and 

allowing the study of the effect of specific Aβ species and therapeutic 

candidates on pathology and symptoms. However, limitations of these 

Aβ-infusion models are that they only provide a partial model of AD pathology 

due to the reliance on Aβ only, the possibility of the brain injury caused by the 

injection contributing to the pathology observed, and the un-physiologically high 

concentrations of the administered Aβ (Lawlor and Young, 2011, Van Dam and 

De Deyn, 2011). 

1.3.2.3 Transgenic models of AD 

Transgenic mouse models are the most used type of model for studying AD. 

These models usually rely on the overexpression of a transgene associated with 

early onset, familial forms of AD (Van Dam and De Deyn, 2011, Drummond and 

Wisniewski, 2017). Over the past 30 years significant advances in molecular 

genetics and transgenesis have enabled the identification of disease-causing 

gene mutations and the creation of mouse lines carrying those mutations (Van 
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Dam and De Deyn, 2011, Drummond and Wisniewski, 2017). These transgenic 

mouse lines have strongly enhanced our knowledge about the molecular basis of 

neurological and neurodegenerative disorders, such as AD, and allowed the 

evaluation of potential therapeutic compounds (Van Dam and De Deyn, 2011). 

While mice have mainly been used for transgenic models of AD, rat models, and 

transgenic models in non-mammalian species such as fruit flies (Drosophila 

melanogaster) (Prüßing et al., 2013), nematodes (Caenorhabditis elegans) 

(Giunti et al., 2021) and zebrafish (Danio rerio) (Saleem and Kannan, 2018) also 

exist. These non-mammalian models have been used to study genetic 

interactions, AD-related molecular pathways, and to perform drug toxicology 

and screening assays (Prüßing et al., 2013, Saleem and Kannan, 2018, Giunti et 

al., 2021). The benefits of these models are their availability, high cost-

effectiveness, short generation time, and genetic amenability, but the 

limitations are the relative simplicity of these models in comparison to the 

mammalian brain as well as the limited insight into symptomatic and behavioural 

aspects of disease (Van Dam and De Deyn, 2011). 

While several transgenic rat models have been developed in the last decade 

expressing a variety of mutant human APP, MAPT and PS genes (Cohen et al., 

2013, Agca et al., 2016, Tambini et al., 2020), the summary of mammalian 

transgenic AD models presented here will focus on mouse models as all work 

presented in this thesis is conducted in mouse models.  

Almost 200 transgenic mouse models for AD are currently listed on Alzforum 

(2022), with the research model database only including models that have been 

well-characterised in literature and exhibiting pathological hallmarks of AD. Due 

to this wealth of mouse animal models, only some of the most commonly used 

models will be described here. The first transgenic models developed in the 

1990s were based on the amyloid hypothesis and utilised mutations found in 

familial EOAD. These included the PDAPP model overexpressing human APP 

carrying the Indiana mutation (V717F) driven by a platelet derived growth 

factor-β promoter (Games et al., 1995), and the Tg2576 and APP23 models 

expressing human APP carrying the Swedish mutation (KM670/671NL) but driven 

by different promoters (Hsiao et al., 1996, Sturchler-Pierrat et al., 1997). When 

EOAD mutations in the PS genes (see 1.3.1) were found (Ertekin-Taner, 2007), 
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PS1 and PS2 transgenic mouse models were created (Duff et al., 1996, Elder et 

al., 2010). While mice with mutations in a PS gene show only minor pathology 

(Elder et al., 2010), the combination of different APP and PS mutations to create 

double-transgenic mice was used to produce more severe pathology with earlier 

onset depending on the combination (Holcomb et al., 1998). Generally, APP 

transgenic mice (in the presence or absence of PS mutations) display Aβ plaques 

in the cortex and hippocampus, neuroinflammation, synaptic impairment and 

cognitive and behavioural deficits. However, they are limited by the absence of 

NFTs and limited neurodegeneration (Van Dam and De Deyn, 2011, Drummond 

and Wisniewski, 2017). 

As tau pathology, including NFTs, is thought to be crucial for AD pathology, tau 

models with mutations in the MAPT gene were created (Elder et al., 2010). In 

many of these lines, transgenic mice express the P301L or P301S mutations, 

which cause frontotemporal lobar dementia (FTLD) in human. A widely used 

model in this category is the rTG4510 model, which expresses human tau 

containing the P301L mutation (MAPTP301L) driven by the Ca2+-calmodulin kinase 

IIα (CaMKIIα) promoter (Santacruz et al., 2005). This model will be used in this 

thesis and more details can be found in Chapter 3. Generally, these models 

allow the study of the interplay of NFTs, neurodegeneration, motor deficits and 

neuroinflammation in vivo, however, the mutations used in these models are not 

associated with AD in human and mice do not develop Aβ plaques (Lewis et al., 

2000, Yoshiyama et al., 2007, Götz and Ittner, 2008, Drummond and Wisniewski, 

2017). 

Efforts have been made to create transgenic mice with mutations in APP, MAPT, 

and sometimes PS genes to develop models with Aβ plaque and NFT pathology. 

The most commonly used model out of these is the 3xTg AD model combining the 

PS1M146V, APPKM670/671NL, and MAPTP301L mutations. These mice develop Aβ plaques 

and then NFTs with a similar progression pattern to the one found in AD in 

human as well as neuroinflammation, synaptic impairments and cognitive 

decline (Oddo et al., 2003a, Oddo et al., 2003b).  
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1.3.2.4 In vitro AD models 

Relatively simple in vitro models, for example culturing neural cell lines in the 

presence of Aβ or tau peptides, allowed some insight into molecular mechanisms 

in AD (Pérez et al., 2002, Ferrari et al., 2003). However, the development of 

induced pluripotent stem cells (iPSCs) enabled the interrogation of disease-

relevant neurons and other cell types generated from samples from both EOAD 

and LOAD patients. These studies showed increased levels of Aβ and 

hyperphosphorylated tau in comparison to iPSCs derived from age-matched 

controls (Israel et al., 2012, Kondo et al., 2013, Muratore et al., 2014). Further 

advances in in vitro models, allowing the creation of more complex 3D models 

using matrigels or microfluidics, have enabled more detailed dissection of 

molecular pathways in vitro (Raja et al., 2016, Drummond and Wisniewski, 

2017). A 3D human AD triculture model of neurons, astrocytes and microglia in a 

microfluid platform was able to model Aβ aggregation and accumulation of 

phosphorylated tau suggesting a microglia-induced neuronal cell death 

mechanism dependent on Interferon-γ and Toll-like receptor 4 (Henstridge and 

Spires-Jones, 2018, Park et al., 2018). While the initial study used an 

immortalised human microglial cell line, an updated version employs neurons, 

microglia and astrocytes derived from human iPSCs with the APPSwe mutation. 

While there are still some limitations, complex in vitro models like these offer 

the benefit of using cells derived from patient samples to study the molecular 

mechanisms involved in neuroinflammation, cell death, interactions between 

cell types as well as the effect of potential therapeutics (Guttikonda et al., 

2021). Furthermore, techniques such as CRISPR could be used to induce targeted 

mutations when needed. Therefore, whilst in vitro models are routinely used in 

AD research by groups globally, they will most likely play a more significant role 

in translational drug research in AD as these models mature (Henstridge and 

Spires-Jones, 2018, Chun et al., 2018, de Medeiros et al., 2019, Shin et al., 

2019, Blanchard et al., 2022, Barak et al., 2022). 

1.3.2.5 Potential and challenges of AD models 

Both in vivo and in vitro models have significantly contributed to our 

understanding of AD pathology and the underpinning molecular mechanisms. 

Generally, the benefits of animal models are rapid disease onset depending on 
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the model used and the availability of large group sizes. In vitro models have the 

main benefit of being able to study molecular interactions between cell types 

with specific mutations in detail. However, there are limitations to all these 

models, since none of them can recapitulate the complete disease found in 

human. As discussed above, many models lack some AD-related pathology such 

as Aβ plaques and NFTs, or do not present with age-related and progressive 

disease including neurodegeneration (Irizarry et al., 1997a, Irizarry et al., 

1997b). Transgenes tend to be overexpressed to cause a quicker disease onset, 

however, this can be problematic as many proteins or their cleavage products 

can have toxic effects at unphysiologically high levels (Ghosal et al., 2009, Elder 

et al., 2010, Drummond and Wisniewski, 2017). Differences in disease 

progression have also been found, as many APP mouse models exhibit cognitive 

deficits before substantial plaque pathology (Jacobsen et al., 2006, Elder et al., 

2010), whereas in AD in human significant plaque pathology usually develops in 

advance of behavioural symptoms (Price and Morris, 1999, Jack Jr et al., 2013). 

Additionally, many transgenic mice express a humanised form of APP or tau, but 

the endogenous protein processing and cleavage mechanisms differ in mice 

compared to human (Kuo et al., 2001, Kalback et al., 2002, Drummond and 

Wisniewski, 2017). Therefore, for example, the lack of post-translational 

modifications of the Aβ protein in mice leads to the formation of more soluble 

Aβ plaque cores in transgenic mice compared to those found in the brains of AD 

patients (Kuo et al., 2001, Kalback et al., 2002, Drummond and Wisniewski, 

2017). This is particularly important to keep in mind when testing compounds 

targeting Aβ plaques in mice, as the effect might be less pronounced in human. 

Furthermore, despite being the most commonly used type of model, transgenic 

models are generally based on mutations found in EOAD, which account for less 

than 5 % of AD cases (Holtzman et al., 2011). Studies have revealed some 

differences between EOAD and LOAD including the pattern of Aβ and tau 

accumulations, cognitive symptoms and the possibly even differing underlying 

disease mechanisms (Hellström-Lindahl et al., 2009, Castellano et al., 2011, 

Shinohara et al., 2014, Drummond and Wisniewski, 2017, Drummond et al., 

2017, Condello et al., 2018). As most cases of AD are sporadic LOAD in nature, 

efforts have been made to develop mouse models that are based on genetic risk 

variants for LOAD such as the ε4 variant of ApoE and the R47H variant of the 

triggering receptor expressed on myeloid cells 2 (TREM2R47H) genes (Coon et al., 



36 
 
2007, Guerreiro et al., 2013). These models have only been created recently by 

the MODEL-AD Consortium with the aim of developing more relevant AD models 

and it will be interesting to see how these models compare to AD in human 

(Pandey et al., 2020, Kotredes et al., 2021, Sasner et al., 2021). 

Therefore, no perfect model of AD, which recapitulates AD in human, exists (Van 

Dam and De Deyn, 2011, Selkoe, 2011, LaFerla and Green, 2012). When planning 

a study, the selection of an appropriate model needs to be carefully considered 

to ensure its suitability for the proposed research question. It is generally best 

to conduct studies in at least two complementary animal models to mitigate 

against problems arising from the limitations of specific transgenic models. 

1.3.3 Current therapeutics and clinical trials for AD 

Most of the currently approved frontline treatments for AD are based on the 

cholinergic hypothesis of AD (see 1.3.1.2). These aim to restore the reduced 

cholinergic transmission observed in AD by stopping the breakdown of AChE at 

the synaptic cleft, and thereby upregulating ACh levels (see Figure 1.6) (Bartus 

et al., 1982, Francis et al., 1999, Sanabria-Castro et al., 2017, Verma et al., 

2018). However, these AChE inhibitors (AChEIs), generally only provide 

temporary and modest symptomatic relief in mild and moderate cases of AD 

(Neugroschl and Wang, 2011, Marucci et al., 2021, Uddin et al., 2021). 

Additionally, due to the non-specific nature of these drugs, side effects caused 

by the unspecific, systematic upregulation of ACh include GI symptoms, 

bradycardia and sleep disturbances, resulting in both dose limitations and non-

compliance (Inglis, 2002, Thompson et al., 2004, Neugroschl and Wang, 2011, 

Marucci et al., 2021).  

The also approved N-methyl D-aspartate (NMDA) receptor antagonist memantine 

can indirectly affect cholinergic signalling, but more importantly reduces 

glutamate-induced excitotoxicity (Wang and Reddy, 2017, Kabir et al., 2019). 

However, all of these approved treatments for AD only have symptomatic rather 

than disease-modifying properties (Caccamo et al., 2009) and common 

significant side effects highlighting the need to develop AD therapeutics that can 

slow or halt the underlying neuropathology in the absence of side effects. 
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The majority of treatment candidates for AD have been developed based on the 

amyloid hypothesis, however, currently only the Aβ antibody therapy, 

aducanumab (Biogen & Eisai), has been approved by the Food and Drug 

Administration (FDA) in the USA in June 2021 with the promise of disease-

modifying effects (Walsh et al., 2021, Lythgoe et al., 2022). While this human 

IgG1 monoclonal antibody has been shown to reduce Aß levels in the brain, more 

data is needed to see whether this reduction leads to any cognitive 

improvements or disease-modifying effects (Cummings et al., 2021, Thomas et 

al., 2021, Walsh et al., 2021, Salloway et al., 2022). Results of an extensive 

nine-year post-approval confirmatory study will not be available until 2030 at 

the earliest (Walsh et al., 2021). Additionally, significant side effects including 

amyloid-related imaging abnormalities, such as oedema and haemorrhage, have 

been reported (Cummings et al., 2021, Thomas et al., 2021, Salloway et al., 

2022). Due to these concerns about the risk-benefit ratio aducanumab has not 

been approved by the European Medicines Agency (EMA; Walsh et al., 2021, 

Lythgoe et al., 2022). A range of further passive monoclonal immunotherapies 

against Aβ peptides are at various stages of development, such as gantenerumab 

(Roche), donanemab (Eli Lilly) and lecanemab (Biogen & Eisai) (Cummings et al., 

2022). For lecanemab, significant improvements in cognitive scores and 

compared to placebo in Phase 3 clinical trials in early AD have recently been 

reported, with Eisai applying for FDA drug approval for spring 2023 (Eisai, 2020, 

van Dyck et al., 2022). Other therapeutic candidates targeting Aβ pathology 

have been developed, including active immunotherapy to boost the immune 

response against pathogenic Aβ isoforms (Gilman et al., 2005, Wiessner et al., 

2011), or inhibitors of the β-secretase BACE1 to inhibit amyloidogenic processing 

of APP (Moussa-Pacha et al., 2020). To date, none of these have been successful 

(Huang et al., 2020). 

In 2022, 143 therapeutical candidates were in clinical trials for AD, with 83.2% 

aiming for disease-modification. Of those disease-modifying candidates, 20 and 

13 candidates were targeting amyloid and tau pathology, respectively 

(Cummings et al., 2022). While a range of tau-based therapeutics are in clinical 

trials, TRx0237 (LMTM; TauRx Therapeutics) is the only clinical candidate 

currently in Phase 3 trials and none have been approved yet (Cummings et al., 

2022). TRx0237 is a tau aggregation inhibitor with the aim of reducing levels of 
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aggregated tau, and thereby reducing tau-induced pathology (Huang et al., 

2020). TRx0237 was safe and improvements in brain atrophy rates and cognitive 

measures were found (Wilcock et al., 2018), however, further studies are 

ongoing (Cummings et al., 2022). Furthermore, active immunotherapies, such as 

ACI-35 ( AC Immune & Janssen) and several passive immunotherapies against 

pathogenic forms of tau are currently undergoing Phase 2 clinical trials, 

including bepranemab (UCB Biopharma), E2814 (Eisai), and semorinemab 

(RO7105705; Genentech) (Cummings et al., 2022). 

Since AD is a complex, multifactorial disease, novel therapeutic candidates 

based on other strategies, such as targeting neuroinflammation, proteostasis, 

synaptic plasticity, cell death, and epigenetic regulators, have been developed 

and advanced to clinical trials as potentially disease-modifying therapeutics 

(Cummings et al., 2022, Anand et al., 2014). 

1.3.4 M1 mAChR as a therapeutic target in Alzheimer’s disease 

Targeting the reduced cholinergic transmission is the rationale of the AChEIs in 

AD leading to symptomatic improvements (see 1.3.3). Evidence suggests that 

targeting the M1 mAChR more specifically could lead to both symptomatic and 

disease-modifying effects (Scarpa et al., 2020).  

As discussed, the M1 mAChR is abundant in regions of the brain important for 

memory and learning, including the cortex and hippocampus (Levey, 1993, 

Volpicelli and Levey, 2004, Lebois et al., 2018) and plays a crucial role in 

cognition and memory (see 1.2.3.2). These regions are also affected in AD with 

severely reduced cholinergic innervation (Whitehouse et al., 1981, Whitehouse 

et al., 1982), while the M1 mAChR receptor populations on post-synaptic neurons 

were found to be relatively unchanged in AD (Bartus et al., 1982, Mash et al., 

1985, Bradley et al., 2017). Additionally, activation of the M1 mAChR could have 

disease-modifying potential in the treatment of AD including modulation of the 

classical hallmarks of Aβ and tau (see 4.1.1). 

In the treatment of AD, different types of M1 mAChR ligands are most likely 

needed due to the neuropathology of the disease. While at early stages of AD, M1 

mAChR PAMs provide an opportunity to boost the endogenous ACh signal in a 
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physiological spatiotemporal manner, at moderate AD stages, exhibiting reduced 

cholinergic input, ago-PAMs could both enhance the signal of the remaining ACh 

at the synapse and activate the M1 mAChR directly. Finally, at later stages of AD, 

when cholinergic innervation is significantly reduced, an orthosteric or bitopic 

M1 mAChR ligand would be more appropriate, which can directly activate the 

receptor to enhance signalling, and ultimately cognition (Dwomoh et al., 2022b). 

A range of M1 mAChR ligands have been developed and tested in preclinical and 

clinical AD models (for more details, see 1.2.5). 

1.4 General Thesis Aims 

As discussed, despite significant research efforts, no disease-modifying 

treatments exist for neurodegenerative disorders, such as AD (Yiannopoulou and 

Papageorgiou, 2013). The M1 mAChR has been proposed as a therapeutic target 

with symptomatic and disease-modifying potential in AD. This thesis contains 

two M1 mAChR-focused projects: The first two results chapters encompass the 

study of the promising M1 mAChR PAM VU0486846 in a tauopathy mouse model, 

whereas the third results chapter focuses on the study of M1 mAChR distribution 

in the brain for a better understanding of the receptor’s function and potential. 

Therefore, the three general aims of this thesis were to  

1. Characterise the rTG4510 tauopathy mouse model to identify 

neuropathological and behavioural markers for use in an efficacy study 

(Chapter 3) 

2. Investigate the effect of chronic treatment from 3.0 to 5.0 months-of-age 

with the M1 mAChR PAM VU0486846 in the rTG4510 mouse model 

(Chapter 4) 

3. Assess the localisation of the M1 mAChR on a whole systems level in a 

M1-meGFP mouse line using microscopy (Chapter 5)  



 
 

Chapter 2 Materials and Methods 
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2.1 Materials 

All chemicals and reagents used were obtained from Sigma-Aldrich unless stated 

otherwise. Listed below are key materials used in this project, corresponding 

suppliers, and catalogue numbers (Cat#) where possible. 

2.1.1 Pharmacological compounds 

The muscarinic agonists Acetylcholine (Cat# A6625) and Carbachol 

(Cat# PHR1511) as well as the muscarinic antagonist Atropine (Cat# A0257) were 

purchased from Sigma-Aldrich. The M1 mAChR PAM VU0486846 (Bertron et al., 

2018, Rook et al., 2018) was kindly provided by Professor P.J. Conn (Vanderbilt 

Brain Institute, Nashville, Tennessee, USA). The tritiated form of the muscarinic 

antagonist N-methyl scopolamine ([3H]-NMS; Cat# NET636001MC) and 

[35S]-GTPγS (Cat# NEG030X001MC) were purchased from PerkinElmer. 

2.1.2 General materials and reagents  

4–15% Mini-PROTEAN TGX Precast Protein Gels, 15-well, 15 µl (Bio-Rad, 

Cat# 4561086) 

384-well MicroAmp Optical PCR plates (Applied Biosystems, Cat# 4309849) 

384-well Optiplate (PerkinElmer, Cat# 6007290) 

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

(Severn Biotech Ltd, Cat# 20-2100-10) 

Acrylamide 40% solution (Bio-Rad, Cat# 1610140) 

Amersham Hyperfilm Mp, X-ray films (GE Healthcare, Cat# 28906843) 

Amersham Protran Nitrocellulose western blotting membranes (GE Healthcare, 

Cat# GE10600002) 

Apex Superior adhesive slides (Leica Biosystems, Cat# 3800081E) 
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Bis-Acrylamide 2% solution (Bio-Rad, Cat# 1610142) 

Bloxall (Vector Laboratories, Cat# SP-6000-100) 

Boric acid (Sigma-Aldrich, Cat# B7901) 

Bradford protein assay reagent (Sigma-Aldrich, Cat# B6916-500ml) 

Brilliant III Ultra-Fast SYBR Green (Agilent, Cat# 600882) 

B-27 Plus Neuronal Culture System (Gibco, Cat# A3653401) 

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich, 

Cat# 11836170001) 

Cover slips, round, 30 mm diameter, thickness no. 1 (VWR, Cat# 631-0174) 

Dibenzyl-ether (Sigma-Aldrich, Cat# 33630) 

Dichloromethane (Sigma-Aldrich, Cat# 270997) 

Diethyl Pyrocarbonate (DEPC)-Treated Water, nuclease free (Invitrogen, 

Cat# AM9920) 

DPX Mountant for Histology (Sigma-Aldrich, Cat# 06522) 

Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco, Cat#14190-094) 

0.5M EDTA, pH 8.0 (Invitrogen, Cat#15575-038) 

Ethyl Cinnamate (Sigma-Aldrich, Cat# 8.00238) 

Fetal Bovine Serum (FBS) (Sigma-Aldrich, Cat# F9665) 

Gelatine (Sigma-Aldrich, Cat# 1.04070) 

Gαq-specific antiserum (Santa Cruz, Cat# sc-393) 
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Goat serum (Sigma-Aldrich, Cat# G6767) 

Guanosine 5′-[β,γ-imido]triphosphate trisodium salt hydrate (GppNHp; 

Sigma-Aldrich, Cat# G0635) 

Hank's Balanced Salt Solution (HBSS), no calcium, no magnesium, no phenol red 

(Gibco, Cat# 14175129) 

Hanks' Balanced Salt Solution (HBSS; 10X), calcium, magnesium, no phenol red 

(Gibco, Cat# 14065049) 

Harris Haematoxylin Acidified (Epredia, Cat# 6765003) 

N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES; VWR Chemicals, 

Cat# 441485H) 

ImmEdge Hydrophobic Barrier PAP Pen (Vector Laboratories, Cat# H-4000) 

Immobilon Western Chemiluminescent horseradish peroxidase (HRP) Substrate 

(Millipore, Cat# WBKLS0050) 

Isoflurane (Zoetis, Cat# ISOFLO) 

Laminin Mouse Protein, Natural (Gibco, Cat# 23017015) 

L-Glutamine 200 mM (Thermo Fisher Scientific, Cat# 25030081) 

Microscint-20 (PerkinElmer, Cat# 6013621) 

Nutrient Mixture F-12 HAM with L-glutamine and sodium bicarbonate 

(Sigma-Aldrich, Cat# N6658) 

OCT compound (AgarScientific, Cat# AGR1180) 

Paraformaldehyde (PFA) powder, 95% (Sigma-Aldrich, Cat# 158127) 

Penicillin-Streptomycin (Pen-Strep) (10,000U/mL) (Gibco, Cat# 15140122) 
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Phosphatase Inhibitor Cocktail tablets, 20 tablets (PhosSTO EASTpack) 

(Sigma-Aldrich, Cat# 04906837001) 

Poly-D-lysine hydrobromide powder (Sigma-Aldrich, Cat# P6407) 

Precision Plus Protein All Blue Prestained Protein Standards (Bio-Rad, 

Cat# 1610373) 

Protein A-Sepharose CL-4B beads (GE Healthcare, Cat# 17-0780-01) 

Rabbit serum (Sigma-Aldrich, Cat# R9133) 

Reflex 7 mm Wound Clips (Stoelting Europe, Cat# 59035) 

Restore Plus Stripping Buffer (Thermo Fisher Scientific, Cat# 46430) 

REVERT 700 Total Protein Stain for Western Blot Normalization (LI-COR 

Biosciences, Cat# 926-11011) 

Radio-immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, Cat# R0278; 

50 mM Tris, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium 

dodecyl sulphate, pH 8.0) 

RNaseZap RNase Decontamination Solution (Invitrogen, Cat# AM9780) 

Saponin (Sigma-Aldrich, Cat# 47036) 

Sodium dodecyl sulphate (Sigma-Aldrich, Cat# L3771) 

TA-F10 implantable probes (Data Sciences International, Cat# TA-F10) 

Tetrahydrofuran (Sigma-Aldrich, Cat# 186562) 

Tris Glycine SDS 10x solution (Severn Biotech Ltd, Cat# 20-6400-50; 250 mM Tris, 

1.92 M glycine, 1% SDS) 

Triton X-100 (Sigma-Aldrich, Cat# T9284) 
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Trypan Blue Solution (0.4%) (Sigma-Aldrich, Cat# T8154) 

TrypLE Select Enzyme (10X), no phenol red (Gibco, Cat# A1217701) 

Tween 20 (Sigma-Aldrich, Cat# P7949) 

Tween 80 (Sigma-Aldrich, Cat# P1754) 

Ultima Gold Liquid Scintillation Counting Cocktail (PerkinElmer, Cat# 6013326) 

UniFilter-96 GF/C glass fibre filter-bottom microplates (PerkinElmer, 

Cat# 6055690) 

VA-044 (2,2'-Azobis[2-(2-imidazolin-2-yl)propane] Dihydrochloride), thermal 

initiator (FUJIFILM Wako, Cat# 011-19365) 

VECTASHIELD Hardset Antifade Mounting Medium with DAPI (Vector Laboratories, 

Cat# H-1500) 

Whatman Grade 3MM Chr Cellulose Chromatography Paper (Cytiva, 

Cat# 3030-917) 

Whatman GF/C filters (Brandel, Cat# FP-200) 

Xylene Substitute (Sigma-Aldrich, Cat# A5597) 

Zeocin (solution) 1 g (10 x 1 ml) (InvivoGen, Cat# ant-zn-1) 

2.1.3 Assay kits 

3,3′-Diaminobenzidine (DAB) substrate kit, peroxidase (with nickel) (Vector 

Laboratories, Cat# SK-4100) 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Cat# 4368814) 
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ImmPRESS HRP Horse Anti-Rabbit IgG Polymer Detection Kit, Peroxidase (Vector 

Laboratories, Cat# MP-7401, RRID: AB_2336529) 

Inositol phosphate (IP)-One – Gq kit HTRF assay (Cisbio Bioassays, Cat# 62IPAPEC) 

Proteome Profiler Mouse XL Cytokine Arrays (R and D Systems, Cat# ARY028) 

RNeasy Plus Mini Kit (Qiagen, Cat# 74134) 

2.2 Cell and tissue culture  

2.2.1 Chinese hamster ovary cells 

2.2.1.1 CHO cell line maintenance 

Non-transfected Flp-In Chinese Hamster Ovary (CHO) cells were used as a control 

when indicated. CHO cells were cultured at 37°C in a 5% CO2 humidified 

atmosphere in F12 HAM medium supplemented with 10% FBS, 100 U/ml 

penicillin/streptomycin and 0.1 mg/ml Zeocin for non-transfected Flp-In CHO 

cells.  

To passage cells, the culture medium was aspirated, cells were washed with 

sterile DPBS, and then incubated in 1mM EDTA in DPBS for 5-10 min at 37°C to 

detach cells. Detached cells were then mixed with the supplemented F12 HAM 

medium, transferred to a centrifuge tube and centrifuged for 5 min at 200 x g. 

Cell pellets were resuspended in the respective medium and added to the 

appropriate volume of fresh culture medium in a sterile culture vessel to achieve 

the desired dilution of 1:5-20 followed by further incubation at 37°C until 

confluent. 

2.2.1.2 Cryopreservation 

Cell lines were cryopreserved for long-term storage in liquid nitrogen. In short, 

culture medium was aspirated, cells washed with DPBS and confluent cells were 

detached by incubation in 1mM EDTA in DPBS for about 5-10 min at 37°C. 

Detached cells were then mixed with some of the respective cell medium, 

transferred to a centrifuge tube and centrifuged for 5 min at 94 x g. Cell pellets 
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were resuspended in FBS + 10% DMSO (1 ml per T75 flask) and 1 ml aliquots were 

frozen at −80°C in a cell freezing container allowing for a gradual cooling rate of 

roughly −1°C per min before transfer to liquid nitrogen storage. Cryopreserved 

cells were revived by rapid thawing in a 37°C water bath and transferring to 

10 ml of pre-warmed culture medium in a flask. Cells were split after 16-24 hr. 

2.2.2 Neuronal cultures 

2.2.2.1 Coating of plates and coverslips 

Coverslips (round, 30 mm diameter) for immunocytochemistry (ICC) were 

sterilised in pure ethanol and left to dry at room temperature in a tissue culture 

flow cabinet. Tissue culture plates and coverslips were coated using 6 µg/ml of 

laminin mouse protein and 4 µg/ml of poly-D-lysine in DEPC-treated water 

overnight at 37°C. Coated plates and coverslips were then washed three to five 

times in DEPC-treated water and dried for 2 hr at room temperature in a tissue 

culture flow cabinet.  

2.2.2.2 Primary neuronal cultures 

Male and female M1-wild-type (WT) (C57BL/6J), homozygous M1-meGFP 

(C57BL/6N background) and M1-KO mice (inducible M1 mAChR strain, C57BL/6J 

background) (defined in 2.3.3) between 8 and 16 weeks old were used for timed 

matings for preparing primary neuronal cultures. Hippocampal and cortical areas 

of the brain were isolated from E15-17 embryos. Isolated areas were cut into 

small pieces and washed three times in HBSS. The washed tissue pieces were 

transferred to a centrifuge tube containing 4 ml of TrypLE Select 10X and 

incubated at 37°C for 10 min. TrypLE Select 10X was then inactivated by the 

addition of 8 ml of neurobasal complete media (Neurobasal Plus medium 

supplemented with 20 ml/L B-27 plus, 0.292 mg/ml L-glutamine, 100 U/ml 

penicillin/streptomycin, 0.1 mg/ml streptomycin) followed by centrifugation for 

5 min at 200 x g. The pellet was resuspended in neurobasal complete media to a 

final density of 5 x 105 cells/ml. Cells were then seeded onto the pre-coated 

plates or coverslips and maintained at 37°C in a 5% CO2 humidified atmosphere 

until used on the 7th day in vitro (DIV7). 
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2.2.3 Determination of cell count 

Cell viability was assessed using trypan blue staining and either manual 

haemocytometer counting or an automated cell counter. Cell suspensions were 

gently mixed and combined 1:1 with 0.4% trypan blue. Trypan blue is a dye that 

penetrates and bypasses the plasma membrane of severely damaged and dead 

cells staining them blue and thereby allowing determination of cell viability. 

Using a manual haemocytometer, an estimate of the percentage of live cells per 

suspension volume could be obtained manually. For automated cell counting 

using a Countess II Automated Cell Counter (Invitrogen), a volume of 15 µl of cell 

suspension/ tryphan blue mixture was loaded into a chamber and placed in the 

machine. Cells were counted automatically and estimates of total live cell 

number per ml of suspension were calculated.  

2.3 Experimental animals 

2.3.1 Ethical approval and mouse maintenance 

Animals were cared for in accordance with national guidelines on animal 

experimentation. All experiments were performed under the Animals (Scientific 

Procedures) Act of 1986 from the British Home Office under appropriate home 

office licenses. Mice were group-housed in individually ventilated cages (GM500 

for mice, floor area 501 cm2; Tecniplast) of two or more animals, unless stated 

otherwise in the relevant experiment sections. Cages contained corn cob 

bedding (changed fortnightly or when wet), cardboard houses and tube as well 

as shredded brown paper as nesting material. Animals were fed ad libitum with a 

standard mouse chow and water and were maintained in controlled 

environmental conditions at 18-23°C, air humidity of 40-60% and 12-hr light/dark 

cycle with lights on from 7:30 am to 7:30 pm.  

2.3.2 rTG4510 

The rTG4510 mouse model was supplied by Eli Lilly and Company via Envigo 

(Ramsden et al., 2005, Santacruz et al., 2005). For the generation of 

bi-transgenic mice, a responder line carrying human MAPTP301L cDNA downstream 

of a tetracycline operon–responsive element (TRE) was crossed with an activator 
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line expressing a tetracycline-controlled transactivator (tTA) under control of 

the CaMKIIα promoter (CaMKIIα-tTA activator line). The resulting bi-transgenic 

mice constitutively express human tau with the P301L mutation, typically found 

in familial FTLD, unless inactivated by the administration of doxycycline. Male 

bi-transgenic, diseased and healthy littermate controls rTG4510 mice were used 

when indicated. From here on, they will be referred to as diseased and control 

rTG4510 mice, respectively. 

For experiments in Chapter 3, 10 male control and diseased rTG4510 were used 

each at 2.5, 5.0, 7.5 and 10.0 months of age. 

For the efficacy study in Chapter 4, control and diseased rTG4510 mice were 

treated with vehicle (10% Tween 80) or VU0486846 (10 mg/kg in 10% Tween 80; 

half-life 1.2 hr, Rook et al., 2008) intraperitoneally from 3.0 to 5.0 months of 

age (n = 10 per group, for more details see 4.1.3). Sample sizes were based on 

previous studies and publications.  

2.3.3 M1-meGFP mice 

Transgenic knock-in mice with monomeric enhanced green fluorescent protein 

(meGFP) added to the C terminus of the M1 mAChR (M1-meGFP) on the C57BL/6N 

background were generated by GenOway using the Cre/loxP recombination 

system (Lyon, France) (Marsango et al., 2022). In short, a loxP-stop-loxP cassette 

containing the sequence encoding M1-meGFP (for a structure diagram see 5.2) 

was inserted into the M1 mAChR endogenous locus (CHRM) in embryonic stem 

(ES) cells. These ES cells were then microinjected into blastocysts. These 

blastocytes were implanted in pseudo-pregnant females for the generation of 

chimeric mice. Breeding of chimeric mice with Cre-recombinase-expressing mice 

resulted in mice in which M1-mEGFP replaced M1 mAChR.  

For experiments for Chapter 5, M1-WT (20 females and 15 males aged 8 to 16 

weeks, 35 E15-17 embryos;  C57BL/6J), homozygous M1-meGFP (20 females and 

15 males aged 8 to 16 weeks, 28 E15-17 embryos; C57BL/6N background), 

heterozygous M1-meGFP (20 females and 15 males aged 8 to 16 weeks;  

C57BL/6N background) and M1-KO mice (20 females and 15 males aged 8 to 16 
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weeks, 27 E15-17 embryos;  inducible M1 mAChR strain, C57BL/6J background) 

were used as indicated in the relevant figures. 

2.3.4 Tissue harvest 

Brain tissues (cortex and hippocampus) were harvested at sacrifice by cervical 

dislocation unless used for histology. Harvested tissues were snap frozen on dry 

ice and stored at –80°C until use. For the VU0486846 efficacy study in the 

rTG4510 mice (timeline 4.1.3), weight of the whole body, brain, spleen, liver, 

heart and kidneys was recorded immediately after sacrifice before snap freezing 

of cerebral tissues.  

For all histology protocols, anaesthesia was initiated using 5% isoflurane and 

maintained using 2.5-3.5% isoflurane in 100% O2 at 2 l/min.  

2.4 Pharmacological and functional assays 

2.4.1 [3H]-NMS saturation binding  

Saturation studies with the membrane impermeable, tritiated muscarinic 

antagonist [3H]-NMS were performed to measure muscarinic receptor levels at 

the membrane surface. 

2.4.1.1 Sample preparation for [3H]-NMS saturation binding  

Membrane preparation from rTG4510 brain samples 

Crude membranes were prepared from frozen hippocampi previously collected 

from control and diseased rTG4510 mice aged 2.5, 5.0, 7.5 and 10.0 months. 

Tissue was thawed and homogenised in 1 ml of ice-cold homogenisation buffer 

(50 mM Tris HCl, 0.32 M sucrose, pH 8.0; supplemented with protease inhibitor 

cocktail) on ice with 20 strokes of a glass grinder followed by 10 sec sonication. 

Homogenates were centrifuged at 1,000 x g for 10 min at 4°C. Supernatants 

were transferred to new tubes and centrifuged at 17,000 x g for 55 min at 4°C. 

Pellets were then resuspended in TRIS buffer (50 mM Tris HCl, pH 7.4) and 

sonicated for 10 sec. Protein concentrations were determined using a Bradford 
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assay, adjusted to 200 µg/ml, aliquoted and stored at -80°C for use in [3H]-NMS 

saturation binding experiments. 

Membrane preparation from control and M1-meGFP brain samples 

Alternatively, a simplified protocol for preparation of crude membranes from 

brain samples was used for hippocampal and cortical samples from M1-WT, 

homozygous M1-meGFP and M1-KO mice (Chapter 5). Samples were homogenised 

in TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5) containing protease and 

phosphatase inhibitors using a 1.5 ml handheld homogeniser. Homogenised 

samples were centrifuged for 5 min at 211 x g and 4°C. Supernatants were 

transferred to new tubes to remove insoluble materials, followed by 

centrifugation at 18,407 x g for 1 h at 4°C in a benchtop centrifuge. Resulting 

pellets were resuspended in TE buffer. Protein concentrations were measured 

using a Bradford assay (see 2.4.1.2) and then adjust to 1 mg/ml and stored 

at -80°C until used. 

2.4.1.2 Bradford protein assay 

A Bradford assay was used to measure protein concentrations when indicated. A 

volume of 5 µl of each protein sample (tissue samples were diluted 1:3 in RIPA) 

and a RIPA control were diluted with 495 µl of distilled water and combined with 

500 µl of Bradford protein assay reagent. Protein concentrations were measured 

on a BioPhotometer+ (Eppendorf) using the pre-calibrated Bradford settings.  

2.4.1.3 Saturation Binding Assay  

Binding in samples from rTG4510 mice  

[3H]-NMS saturation binding was performed to determine the Bmax, a measure of 

total receptor concentration, of muscarinic receptors in membrane prepared as 

described above. In the presence of 100 µM GppNHp (a GTP analog that 

interconverts high to low affinity state receptors; Leach et al., 2010) increasing 

concentrations of [3H]-NMS, ranging from 0 to 4 nM final concentration in binding 

buffer (100 mM NaCl, 10 mM MgCl2, 20 mM HEPES), were added to 10 µg of 

protein. Non-specific binding was determined in the presence of 1 μM atropine, 

a muscarinic receptor antagonist. Tubes containing reaction mixtures were 
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covered with aluminium foil and incubated for 2 hr at 37°C. The reactions were 

stopped by rapid filtration of membrane-bound ligand onto Whatman GF/C 

filters with ice-cold 0.9% NaCl solution using a M-24TI harvester (Brandel). Dried 

filters were placed in scintillation tubes, 3 ml of Ultima Gold scintillation fluid 

was added and then counted on a Tri-Carb 2910TR Low Activity Liquid 

Scintillation Analyzer (PerkinElmer). 

Binding in samples from controls and M1-meGFP mice 

Alternatively, a simplified saturation binding was used for hippocampal and 

cortical samples from M1-WT, homozygous M1-meGFP and M1-KO mice (Chapter 

5). A range of [3H]-NMS concentrations (0 – 10 nM final concentration) were 

added to 10 μg of membrane sample in the presence or absence of 1 μM atropine 

(non-specific binding) in binding buffer (110 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 

1 mM MgSO4, 25 mM glucose, 20mM HEPES, 58 mM sucrose) and incubated for 

2 hr at 37°C. Reactions were terminated by rapid filtration of membrane-bound 

ligand onto GF/C glass fibre filter-bottom 96-well microplates, followed by three 

washes with ice-cold 0.9% NaCl, using a Unifilter-96 FilterMate Harvester 

(PerkinElmer). Filter plates were dried overnight, 50 μl/ well of Microscint-20 

was added and plates counted using a TopCount NXT (Packard). 

2.4.1.4 Analysis of binding parameters 

Binding studies are used to estimate pharmacological parameters indicative of 

ligand affinity. The muscarinic antagonist [3H]-NMS used in these saturation 

binding studies is membrane impermeable allowing the measurement of surface 

mAChR expression. In these studies, specific binding of [3H]-NMS to mAChRs at 

increasing concentrations of [3H]-NMS was calculated by subtracting non-specific 

binding in the presence of the muscarinic antagonist atropine from total[3H]-NMS 

binding measurements. From this, Bmax corresponding to receptor expression 

levels and the equilibrium binding constant KD, which is a measure of ligand 

affinity and corresponds to the concentration of ligand required to occupy half 

of the receptor sites, could be calculated. The one-site specific binding analysis 

of non-linear regression in GraphPad Prism was used to calculate these 

measurements using the following model, where X is the radioligand 

concentration: 
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𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 (𝑌) = 𝐵𝑚𝑎𝑥 ×  
𝐵𝑚𝑎𝑥 ×  𝑋

𝐾𝐷 + 𝑋
 

2.4.2 IP-One accumulation assays in primary neuronal cells 

Primary neuronal cells were seeded at a density of 2.5 x 104 cells/well in a 

96-well plate and maintained at 37°C in a 5% CO2 humidified atmosphere. On 

DIV7, cells were washed once with 100 µl of pre-warmed IP1 stimulation buffer 

(20 mM HEPES, 12 mM CaCl2, 30 mM LiCl in HBSS, pH 7.4) and cells were 

incubated for 30 min at 37°C in a 5% CO2 humidified atmosphere in 40 µl 

pre-warmed IP1 stimulation buffer. A volume of 5 µl of atropine (1 µM final 

concentration) or buffer were added to respective wells and incubated for a 

further 30 min at 37°C in a 5% CO2 humidified atmosphere. A range of carbachol 

concentrations (1 µM - 1 mM) were added as required and incubated for 1 hr at 

37°C in a 5% CO2 humidified atmosphere. Following this incubation, the 

stimulation buffer was aspirated, 25 µl of kit-supplied lysis buffer (50 mM HEPES, 

15 mM KF, 1.5% Triton-X 100, 3% FBS, 0.2% BSA) was added and cells incubated 

for 10 min on a Gyro-Rocker platform shaker (Stuart) at 40 RPM. A volume of 

14 µl of lysate was transferred to a 384-well Optiplate and 6 µl/well of a solution 

containing acceptor-labelled IP1 and donor-labelled anti-IP1 antibodies were 

added and incubated for 1 hr at room temperature on a rapidly shaking MixMate 

plate shaker at 700 RPM (Figure 2.1 A-C). Fluorescence emissions at the 

wavelengths of 665- and 620 nm were measured using a CLARIOstar or PHERAstar 

FS microplate reader and calculated as ratio of 665 nm/620 nm. Data was 

normalised by setting the 665/620 nm ratio obtained from the lowest 

concentration of ligand used as 0% and the ratio obtained from the highest 

concentration of ligand used as 100%. Stimulation non-linear regression models 

in GraphPad Prism were used to estimate the ligand potency (EC50). An overview 

of the IP-One assay can be found in Figure 2.1. 

  



  54 
 

 

Figure 2.1 Overview of the IP-One Assay. Activation of the M1 mAChR with a ligand can activate 

different intracellular pathways. Stimulation of Gαq-coupled receptors, such as the M1 mAChR, 
leads to activation of phospholipase C (PLC), which then breaks down phosphatidylinositol 4,5-
bisphosphate (PIP2) to diacyl glycerol (DAG) and inositol trisphosphate (IP3). IP3 is 
dephosphorylated to inositol diphosphate (IP2), which is then dephosphorylated to inositol 
monophosphate (IP1). In normal cellular function, IP1 would be further degraded to myo-inositol by 
inositol monophosphatase (IMPase). In IP-One assays, lithium chloride is used to prevent this 
degradation of IP1 leading to IP1 accumulation following receptor activation. After ligand 
stimulation, acceptor-labelled IP1 (light blue IP1 with red tag) and donor-labelled anti-IP1 
antibodies (purple symbol with green tag) are added to the cells. The ligand-induced endogenous 
IP1 (dark blue IP1) then competes with the acceptor-labelled IP1 for the donor-labelled anti-IP1 
antibodies (A). When an endogenous IP1 binds to the donor-labelled anti-IP1 antibody, a 
fluorescence emission at 620 nm (yellow arrow) can be measured (B). When the donor-labelled 
anti-IP1 antibody binds to the acceptor-labelled IP1, a fluorescence emission at 665 nm (red arrow) 
can be measured (C). Therefore, the more IP1 accumulates due to ligand stimulation, the lower the 
measured 665 nm/ 620 nm ratio will be. Adapted from Nørskov-Lauritsen et al. (2014). 

2.4.3 [35S]-GTPγS immunoprecipitation assay 

2.4.3.1 Membrane preparation from cortical samples for [35S]-GTPγS 

immunoprecipitation assay 

Cortical samples from M1-WT, homozygous M1-meGFP and M1-KO mice were 

homogenised in TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5) containing 

protease and phosphatase inhibitors using a 1.5 ml handheld homogeniser. 

Homogenised samples were centrifuged for 5 min at 211 x g and 4°C and the 

supernatant was transferred to remove insoluble materials. Supernatants were 

then centrifuged for 1 hr at 18,500 x g and 4°C in a benchtop centrifuge and the 
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resulting pellets were resuspended in TE buffer. Protein concentrations were 

measured using a Bradford assay and adjusted to 1 mg/ml. 

2.4.3.2 [35S]-GTPγS immunoprecipitation assay 

[35S]-GTPγS binding and immunoprecipitation of Gαq subunits was performed as 

previously described with slight modifications (Bradley et al., 2020) to assess 

agonist-induced G protein activation. Membranes were diluted in assay buffer 

(10 mM HEPES, 100 mM NaCl, 10 mM MgCl2, 0.1% ascorbic acid, pH 7.4) 

containing a final concentration of 1 µM GDP. This mixture was incubated for 

5 min on ice. A final assay concentration of 1 nM [35S]-GTPγS in the presence 

(agonist condition) or absence (basal condition) of 1 mM carbachol was prepared 

in assay buffer. These mixtures and the membrane/GDP suspensions were then 

warmed at 30°C for 2 min. Membrane (75 µg in a total assay volume of 

200 µl)/GDP suspensions were added to the [35S]-GTPγS and agonist or basal 

mixtures and incubated at 30°C for 2 min. Reactions were terminated by the 

addition of ice-cold assay buffer and transferred to an ice bath, and [35S]-GTPγS 

bound to Gαq subunits were enriched using immunoprecipitation as follows. 

Samples were centrifuged at 20,000 x g for 6 min at 4°C. Supernatants were 

discarded, and membrane pellets were resuspended in 50 µl of ice-cold 

solubilisation buffer (100 mM Tris, 200 mM NaCl, 1 mM EDTA, 1.25% NP-40, pH 

7.4) containing 0.2% sodium dodecyl sulphate (SDS), vortexed and incubated at 

4°C for 1 hr on a shaking Gyro-Rocker platform shaker at 40 RPM. Once protein 

was completely resolubilised, 50 µl ice-cold solubilisation buffer without SDS was 

added and samples were vortexed. To preclear the solubilised protein, rabbit 

serum at a dilution of 1:100 and 30 µl of Protein A-Sepharose beads (3% in TE 

buffer; 10 mM Tris, 10 mM EDTA, pH 8.0) were added. Samples were vortexed 

and rolled at 4°C for 1 hr. Tubes were then centrifuged at 20,000 x g for 6 min 

at 4°C to pellet beads and insoluble material. A volume of 100 µl of supernatant 

was then transferred to fresh tubes containing 5 µl of Gαq-specific anti-serum 

and incubated overnight at 4°C. Protein A-Sepharose beads (70 µl) were added 

to the samples, vortexed and rotated at 4°C for 90 min. Beads were pelleted by 

centrifugation at 20,000 x g for 6 min at 4°C. Supernatants were aspirated and 

the protein A-Sepharose beads were washed three times with ice-cold 

solubilisation buffer without SDS. Recovered beads were then mixed with 1 ml of 
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Ultima Gold scintillation fluid and counted on a Tri-Carb 2910TR Low Activity 

Liquid Scintillation Analyzer (PerkinElmer). 

2.5 Immunoblotting 

2.5.1 Sample preparation for immunoblotting 

2.5.1.1 Membrane extract preparation 

Frozen hippocampi and cortices were homogenised using a 1.5 ml handheld 

homogeniser in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) containing proteinase 

and phosphatase inhibitors. Samples were then centrifuged at 94 x g for 10 min 

at 4°C and supernatants were subsequently centrifuged at 21,130 x g for 1 hr at 

4°C. The resulting pellets were solubilised in RIPA buffer containing phosphatase 

and proteinase inhibitors and incubated for 2 hr at 4°C with end over end 

rotation. After centrifugation of samples at 21,130 x g for 10 min at 4°C, the 

supernatants containing the membrane extracts were transferred to fresh tubes 

and protein concentrations were determined using a Bradford protein assay (see 

2.4.1.2). Protein concentrations were adjusted to 4 mg/ml and samples stored 

at -80°C until use, or concentrations further adjusted to 1 mg/ml in Laemmli 

sample buffer (62.5 mM Tris, 1% SDS, 10% glycerol, 0.01% bromophenol blue, 

pH 6.8 + 5% β-mercaptoethanol added fresh). Samples were heated for 30 min at 

37°C in sample buffer before being loaded on an appropriate gel (see 2.5.2). 

2.5.1.2 Preparation of Lysates from Primary Neuronal Cells and CHO Cells 

Roughly 2.5 x 106 primary neuronal cells or 2.0 x 106 non-transfected CHO cells 

were seeded in large cell culture dishes and maintained at 37°C in a humidified 

atmosphere of 5% CO2 in air. Cells were washed twice in ice-cold DBPS and lysed 

in RIPA buffer containing protease and phosphatase inhibitors with end over end 

rotation for 2 hr at 4°C. Samples were then centrifuged for 10 min at 21,130 x g 

at 4°C and the supernatant collected. Protein concentrations were determined 

using a Bradford protein assay, concentrations adjusted to 1 mg/ml and samples 

stored at -80°C until use, or concentrations further adjusted to 0.5 mg/ml in 

Laemmli sample buffer. Samples were heated for 30 min at 37°C in sample 

buffer before being loaded on an appropriate gel. 
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2.5.2 SDS-PAGE 

Either 4–15% TGX precast gels were used, or polyacrylamide gels were cast using 

Bio-Rad Mini-PROTEAN III equipment. The percentage of the resolving gel used 

was based on the size of the protein of interest, with 7.5% typically used for 

proteins larger than 60 kDa and 12% for proteins smaller than 60 kDa. Resolving 

gels also contained 375 mM Tris (pH 8.8), 0.1% SDS, 0.05% ammonium persulfate 

(APS), and 200 nM TEMED in distilled water. Stacking gels were cast on top of the 

resolving gel once set. Stacking gels contained 4% acrylamide, 125 mM Tris 

(pH 6.8), 0.1% SDS, 0.05% APS, and 200 nM TEMED in distilled water. Equal 

amounts of samples (15 µg for lysates from tissue, 20 µg for lysates from 

neuronal cultures) were loaded into wells of appropriate gels, and samples were 

separated by electrophoresis in Tris-Glycine SDS running buffer (25 mM Tris-Cl, 

192 mM glycine, 0.1% SDS) in a Bio-Rad Mini-PROTEAN electrophoresis chamber 

starting at 60 V and were then run at 100-200 V once samples had reached the 

end of the stacking gel, depending on type of gel used.  

2.5.3 Probing and detection  

Following SDS-PAGE, nitrocellulose membranes and gels were equilibrated in 

transfer buffer (25 mM Tris-base, 192 mM glycine, and 20% ethanol) for a few 

minutes. Each gel was then placed in direct contact with a membrane within a 

tight sandwich of transfer sponges and 1 mm Whatman chromatography paper in 

a transfer cassette. Transfer cassettes were placed in transfer tanks filled with 

transfer buffer. Transfers were run for 2 hr at a constant voltage of 60 V to 

electrophoretically transfer proteins from the gels onto nitrocellulose 

membranes.  

Membranes were then stained with REVERT 700 Total Protein Stain for Western 

Blot Normalization (LI-COR Biosciences) and the Total Protein Stain was imaged 

using an Odyssey SA Infrared LI-COR Imaging System. Membranes were de-

stained and incubated in 5% non-fat milk powder in TBST (0.1% Tween 20 in TBS; 

20 mM Tris-HCl, 137 mM NaCl, pH 7.6) for 60 min at room temperature to block 

non-specific binding sites unless otherwise indicated (Table 2.1). Blocked 

membranes were incubated with primary antibody at 4°C overnight or room 

temperature for 2 hr with gentle agitation using the dilutions described in Table 
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2.1 . Membranes were washed with TBST followed by incubation with the 

appropriate secondary antibody (Table 2.2) for 1-2 hr at room temperature. 

Membranes were washed again with TBST, and proteins were visualised using an 

LI-COR Odyssey SA Infrared Imaging System (LI-COR Biosciences) using the 

appropriate lasers. When re-probing was required, membranes were stripped for 

15 min at room temperature using Restore Plus Stripping Buffer, washed in TBST, 

blocked and incubated with primary and secondary antibodies for different 

proteins of interest as outlined above. 

Table 2.1. List and description of primary antibodies used for immunoblotting. Primary 
antibodies are listed according to their antigen, and details include the species they are made in, 
and working dilutions. All antibodies were diluted in 5% milk in TBST respectively unless 
phospho-antibodies were used, in which case 5% BSA in TBST was used as indicated. 

 Antibody Host 
Organism 

Working 
Dilution 

Supplier, Cat#, Antibody ID 
(Research Resource ID) 

ApoE, EPR19378 
clone 

rabbit 1:1,000 Abcam, Cat# ab183596, 
RRID:AB_2832971 

Glial Fibrillary 
Acidic Protein 
(GFAP) 

mouse 1:5,000 Sigma-Aldrich, Cat# G3893, 
RRID:AB_477010 

Green fluorescent 
protein (GFP) 

rabbit 1:1,000 Abcam, Cat# ab6556, 
RRID:AB_305564 

Ionized calcium 
binding adaptor 
molecule 1 (IBA1) 

rabbit 1:1,000 Thermo Fisher Scientific, Cat# 
PA5-27436, RRID:AB_2544912 

M1 mAChR, G-9 
clone 

mouse 1:500 Santa Cruz Biotechnology, Cat# 
sc-365966, RRID:AB_10847359 

Muscarinic 
Acetylcholine 
Receptor 1/CHRM1 

rabbit 1:500 Novus, Cat# NBP1-87466, 
RRID:AB_11021120 

NeuN chicken 1:1,000 Sigma-Aldrich, Cat# ABN91, 
RRID:AB_11205760 

Phospho-Tau 
Ser202, Thr205 
(AT8) 

mouse 1:1,000 (5% 
BSA in TBST) 

Thermo Fisher Scientific, Cat# 
MN1020, RRID:AB_223647 

SerpinA3N goat 1:500 R and D Systems, Cat# AF4709, 
RRID:AB_2270116 

Tau12 mouse 1:1,000 Millipore, Cat# MAB2241, 
RRID:AB_1977340 

Tau46 mouse 1:1,000 Cell Signaling Technology, Cat# 
4019, RRID:AB_10695394 

Vimentin mouse 1:1,000 R and D Systems, Cat# 
MAB21052, RRID:AB_2832972 
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Table 2.2. List and description of secondary antibodies used for immunoblotting. Working 
dilutions were made up in 5% milk in TBST unless primary phospho-antibodies were used, in which 
case antibodies were diluted in 5% BSA in TBST. 

 Antibody Working 
Dilution 

Supplier, Cat#, Antibody ID 
(Research Resource ID) 

IRDye 800CW donkey 
anti-chicken 

1:10,000 LI-COR Biosciences, Cat# 926-32218, 
RRID:AB_1850023 

IRDye 800CW donkey 
anti-goat 

1:10,000 LI-COR Biosciences, Cat# 926-32214, 
RRID:AB_621846 

IRDye 800CW donkey 
anti-mouse 

1:10,000 LI-COR Biosciences, Cat# 926-32212, 
RRID:AB_621847 

IRDye 680LT donkey 
anti-mouse 

1:10,000 LI-COR Biosciences, Cat# 926-68022, 
RRID:AB_10715072 

IRDye 800CW donkey 
anti-rabbit 

1:5,000-10,000 LI-COR Biosciences, Cat# 926-32213, 
RRID:AB_621848 

IRDye 680LT donkey 
anti-rabbit 

1:10,000 LI-COR Biosciences, Cat# 926-68023, 
RRID:AB_10706167 

2.5.4 Densitometry for immunoblotting 

Band intensities of proteins of interest or the REVERT Total Protein Stain were 

quantified by measuring median pixel intensity (arbitrary units) using Image 

Studio Lite (Version 5.2.5, LI-COR Biosciences), a free LI-COR-recommended 

software for blot analysis. The background signal was automatically corrected by 

this software. Band intensity of proteins of interest were then normalised to the 

signal measured for the corresponding Total Protein Stain. The resulting values 

were in turn then normalised to the value obtained by control samples as 

indicated in relevant figures. 

2.6 Gene expression analysis 

2.6.1 RNA extraction from brain tissue 

RNA was isolated from the hippocampus or cortex of mice using a Qiagen RNeasy 

Plus Mini kit as per the manufacturer instructions. All steps were performed on 

ice or at 4°C. In short, tissue was lysed and homogenised in RLT buffer 

containing 10% β-mercaptoethanol using a 1.5 ml handheld homogeniser. Lysates 

were then centrifuged for 3 min at 21,130 x g. Supernatants were then 

centrifuged in a gDNA eliminator column for 30 sec at 10,000 x g to eliminate 

genomic DNA. The flow-through containing RNA was mixed 1:1 with 70% ethanol 

to provide appropriate binding conditions for RNA and then added to a RNeasy 
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Mini spin column. These were then centrifuged at 10,000 x g for 15 sec at room 

temperature with total RNA binding to the RNeasy spin column. The 

flow-through was discarded and the column was washed with guanidine 

containing stringent wash buffer, centrifuged at 10,000 x g for 15 sec, then 

washed with a mild wash buffer and centrifuged at 10,000 x g for 2 min. This 

was followed by another centrifugation at 21,130 x g for 1 min after the final 

wash to remove residual ethanol and eliminate possible carryover. A volume of 

30 μl nuclease-free water was then directly added to the RNeasy Mini spin 

column and centrifuged at 10,000 x g for 1 min to elute the RNA. 

2.6.2 Determination of RNA concentration 

RNA concentration was quantified using a Nanodrop spectrophotometer. RNA 

purity was assessed using the A230/A260 and A260/A280 ratios, with ratios of 

2-2.2 considered pure. RNA was used immediately for cDNA synthesis as outlined 

below and the remainder was stored at –80°C until required. 

2.6.3 Reverse transcription 

For cDNA synthesis, 1 μg total RNA template was reverse transcribed using 

High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor. Reactions 

were set up in PCR tubes with a total reaction volume of 20 μl using the 

following components: 1x reverse transcription (RT) buffer, 50 units MultiScribe 

Reverse Transcriptase, 4 mM dNTP Mix, 1x RT random primers, RNase-free water 

and 1 μg RNA. Each reaction was performed in the presence and absence of RT 

enzyme. 

Reaction mixtures were incubated in a thermal cycler using the following 

conditions: 
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2.6.4 Quantitative PCR 

Quantitative PCR (qPCR) was conducted using Brilliant III Ultra-Fast SYBR Green 

QPCR Master Mix. The primers used are detailed in Table 2.3. Each reaction was 

performed in duplicate or triplicate in 384-well MicroAmp Optical PCR plates. 

cDNA was diluted 5x before use. Each reaction was performed in a total volume 

of 14 μl: 

7 μl    SYBR Green Master Mix 

1.4 μl    primers (10 μM stock) 

4.2 μl    RNase-free water 

1.4 μl    diluted cDNA (or –RT control sample) 

Table 2.3. List and description of primers used for qPCR. 

Primer Template Primer assay name Cat# 

Cluster of differentiation 86 (CD86; 

mouse) 

Mm_Cd86_1_SG QT01055250 

Chrm1 (mouse) Mm_Chrm1_1_SG QT00282527 

GFAP (mouse) Mm_Gfap_1_SG QT00101143 

Coagulation factor III (mouse) Mm_F3_1_SG QT00159789 

Cystatin C (mouse) Mm_Cst3_1_SG QT00113155 

Fibroblast growth factor 1 (FGF1; 

mouse) 

Mm_Fgf1_1_SG QT00149296 

ApoE (mouse) Mm_Apoe_1_SG QT01043889 

MAPT (mouse) Mm_Mapt_1_SG QT00100170 

α-tubulin (mouse) Mm_Tuba1b_1_SG QT00198877 
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Plates were read on a QuantStudio 5 Real-Time PCR System (Thermo Fisher 

Scientific) using the fluorescence channel for SYBR Green, which was measured 

at the end of each amplification cycle. The amplification cycles were set up 

using the following conditions:  

 

Followed by the following conditions to produce a melt curve:  

 

Comparative cycle threshold (CT) values were obtained using QuantStudio Design 

and Analysis software (Thermo Fisher Scientific). 

2.6.5 RT-qPCR data analysis 

The comparative CT method was used to quantify the results of the qPCR. In 

short, for normalisation CT values of the samples of interest were compared with 

a suitable housekeeping gene run in parallel as an internal control, typically 

α-tubulin, to calculate ΔCT values (ΔCT = CT of internal control − CT of test gene). 

ΔCT values of control conditions, typically healthy rTG4510 mice, were averaged 

and ΔΔCT values were calculated (ΔCT of test gene − averaged control ΔCT for 

test gene). Data was expressed as 2-ΔΔCT to calculate the fold change in 

expression. 

2.7 Analysis of cytokine levels using a cytokine array 

Pooled cortices from VU0486846-treated and untreated diseased and healthy 

rTG4510 mice were homogenised in PBS supplemented with protease and 

phosphatase inhibitors and protein concentrations were measured using a 

Bradford assay (see 2.4.1.2). The Proteome Profiler Mouse XL Cytokine Arrays 

were performed according to the manufacturer’s instructions. In short, array 
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membranes were blocked for 1 hr at room temperature. Tissue lysates prepared 

from the pooled samples (200 µg) per condition were added to array membranes 

in separate wells and incubated overnight at 4˚C. Membranes were washed and 

incubated in detection antibody cocktail for 1 hr with gentle agitation. 

Membranes were washed and incubated with Streptavidin-HRP antibody 

(supplied with kit) for 30 min at room temperature with gentle agitation, 

washed again and then incubated in chemiluminescent HRP substrate mix. 

Membranes were exposed to X-ray film, developed using a Medical Film 

Processor SRX-101A (Konica Minolta) and scanned. Relative protein levels were 

measured using the MATLAB Protein Array Tool (Danny Allen, 2017) in MATLAB 

R2018b (Version 9.5, MathWorks), which uses two identified reference spots to 

fit the template of spot locations using a rigid transformation. In “Film Mode” 

image intensities are inverted leading to spots being shown as bright on a dark 

background. The output values are given as raw pixel densities in the inverted 

image. As 8-bit images have 256 grey levels, the darkest spots in the original will 

have the highest value. For normalisation, the average of the negative control 

spots was then subtracted from the spot values for all cytokines, divided by the 

average of the reference spots and multiplied by 100. 

2.8 Histology 

2.8.1 Tissue harvest and preparation for histology 

2.8.1.1 Standard perfusion and fixation protocol 

Generally, mice were transcardially perfused with 20 ml of ice-cold DPBS 

followed by 20 ml of freshly prepared 4% PFA (in DPBS). Brains were removed 

immediately and fixed further in fresh 4% PFA at 4˚C for 24-48 hr and stored in 

PBS with 0.02% sodium azide at 4˚C until tissue processing. 

2.8.1.2 Comparison of four perfusion and fixation protocols to image 

intrinsic fluorescence in M1-meGFP mice 

For the perfusion and fixation test in control M1-WT and M1-meGFP mice 

(Chapter 5), a modified version of our standard perfusion protocol and three 

other protocols were tested as follows:  
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1. Combining our laboratory’s normal perfusion and fixation protocol with 

cryoprotecting in 30% sucrose, mice were perfused with 20 ml of ice-cold DPBS, 

followed by 20 ml of ice-cold 4% PFA in PBS. Brains were dissected out and post-

fixed in 4% PFA at 4°C for 24 hr. 

2. Based on a protocol used for imaging eGFP labelled opioid receptors (Faget et 

al., 2012), mice were perfused with ice-cold 9.25% sucrose in 0.1 M phosphate 

buffer, pH 7.4 (PB), followed by 40 ml of ice-cold 4% PFA in PB. Brains were 

dissected out and post-fixed in 4% PFA at 4°C for 24 hr. 

3. Testing another protocol published by Herrick et al. (2017), mice were 

perfused with 20 ml of ice-cold DPBS, followed by 40 ml of ice-cold 1% 

periodate–lysine–paraformaldehyde (PLP; 1% PFA, 0.01 M mono-basic and di-basic 

phosphates, 90 mM lysine, 0.1 M sodium periodate, pH 7.0). Brains were 

dissected out and post-fixed in 1% PLP for 1 hr and then moved to PBS at 4°C 

overnight. 

4. Lastly, as lower concentrations of PFA have been suggested to better preserve 

endogenous fluorescence in tissue, mice were perfused with 20 ml of ice-cold 

DPBS, followed by 20 ml of ice-cold 1% PFA in DPBS and ice-cold 15 ml of 5% 

sucrose in PBS. Brains were dissected out and immediately transferred to 30% 

sucrose (Renda and Nashmi, 2012). 

Following post-fixation, all brains were transferred to 30% sucrose in the 

respective buffer for cryoprotection at 4°C and kept in this solution until brains 

descended to the bottom indicating saturation. 

2.8.2 Tissue processing 

2.8.2.1 Standard tissue processing 

Brains used for histology, except for the samples used for the comparison of the 

four fixation and perfusion protocols, were processed by the University of 

Glasgow Histology Research service (Veterinary Diagnostic services) as follows: 
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The University of Glasgow Histology Research service cut the paraffin-embedded 

brains sagittally or coronally (as indicated in relevant figures) in 5 µm sections 

using a Thermo Shando HM340 rotary microtome and sections were then baked in 

a 37˚C oven overnight.  

2.8.2.2 Tissue processing of samples used for the comparison of different 

fixation and perfusion protocols 

All brains used for the comparison of fixation and perfusion protocols outlined 

above were sliced into 3 mm-thick coronal tissue blocks containing the 

hippocampus (Figure 2.2) using an acrylic brain matrix for mouse brains 

(Stoelting). 

These tissue blocks were embedded in OCT compound and sectioned into 

30-40 μm sections using a Leica CM1860 UV Cryostat. Sections were then 

transferred to Apex Superior adhesive slides. Figure 2.2 shows the approximate 

position of the 3 mm-thick brain blocks that were used for cryosections and in 

CLARITY. 

Figure 2.2 Anatomical position of 3 mm-thick coronal brain blocks used for cryosections 
and in CLARITY. Brain blocks were cut as indicated in white (A), and a reference coronal section 
at the level of the red plane is shown in B. Reference images highlighting the hippocampal region 
in green obtained from the Allen Brain Explorer 2 (Lau et al., 2008). 
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2.8.3 Deparaffinisation and rehydration of brain sections 

2.8.3.1 Deparaffinisation and rehydration of brain sections for fluorescent 

staining 

For most experiments unless otherwise indicated, deparaffinisation and 

rehydration were performed by the University of Glasgow Histology Research 

service as follows:  

 

Following deparaffinisation and rehydration, sections were subjected either to 

antigen retrieval for IHC, or haematoxylin and eosin staining (H&E) staining.  

2.8.3.2 Deparaffinisation and rehydration of brain sections for chromogenic 

staining (Protocol 1) 

For the first chromogenic staining protocol (Chapter 5), deparaffinisation and 

rehydration was performed as follows: 

 

2.8.3.3 Deparaffinisation and rehydration of brain sections for chromogenic 

staining (Protocol 2) 

For the second chromogenic staining protocol (Chapter 5), deparaffinisation and 

rehydration was performed. Slides were heated in an oven for 35 min at 60°C to 

soften the wax, followed by 
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2.8.4 Antigen retrieval protocols 

2.8.4.1 Heat-induced epitope retrieval for fluorescent staining 

For most experiments unless otherwise indicated, 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 125˚C and full pressure.  

2.8.4.2 Antigen retrieval for chromogenic staining (Protocol 1) 

For the first chromogenic staining protocol (Chapter 5), antigen retrieval was 

performed using 10 mM citric acid buffer (pH 6.0) for 2x 5 min in a microwave at 

100% power. Sections were then cooled in solution for 20 min, washed in running 

water for 10 min, moved to 3% hydrogen peroxide in methanol for 20 min to 

quench endogenous peroxidase activity, and finally washed in running water for 

10 min.  

2.8.4.3 Antigen retrieval for chromogenic staining (Protocol 2) 

For the second chromogenic staining protocol (Chapter 5), sections were 

incubated in Bloxall for 10 min to quench endogenous peroxidase activity. Slides 

were then washed in TBS + 0.05% Tween 20 for 3 min, and antigen retrieval was 

performed using 10 mM citric acid buffer (pH 6.0). In a microwave at full power, 

the citric acid buffer was brought to a boil, and then the heat was reduced to 

20% for a further 10 min. Slides were then cooled to room temperature before 

moving on to the next step to avoid damaging the tissue.  
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2.8.5 Haematoxylin and eosin staining 

Following sample rehydration, H&E staining was performed by the University of 

Glasgow Histology Research service as follows:  

 

Images were taken using NanoZoomer S60 Digital slide scanner (Hamamatsu) or 

on the EVOS FL Auto 2 Imaging System (Invitrogen) as indicated in the relevant 

figure legend. Surface area was quantified from the images of H&E staining 

when indicated. For this the outline of the region of interest (ROI) was marked 

using the freehand tool in ImageJ (Version 1.52a) and the resulting area 

measured.  

2.8.6 Immunohistochemistry staining protocols 

2.8.6.1 IHC protocol for fluorescent staining 

Following antigen retrieval, sections were washed in TBST washing buffer 

(0.1% Triton x-100 in TBS) and blocked overnight at 4°C in blocking buffer 

(0.1% Triton X-100, 10% goat serum, 5% BSA in TBS). Incubation with primary 

antibodies (Table 2.4) in blocking buffer was conducted overnight at 4°C or for 

2 hr at room temperature. Following three washes, slides were incubated with 

further primary antibodies (Table 2.4) as appropriate for 2 hr at room 

temperature. Slides were washed three times, and Alexa Fluor fluorescent 

secondary antibodies in blocking buffer (Table 2.5) were applied for 2 hr at room 
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temperature. Following three washes, slides were mounted on cover slides using 

VECTASHIELD HardSet Antifade Mounting Medium with DAPI, left to dry overnight 

at 4°C and sealed using nail polish the following day. 

Table 2.4 List and description of primary antibodies used in IHC and ICC. Primary antibodies 
are listed according to their antigen, and details include species they are made in and working 
dilutions. All antibodies were diluted in the relevant blocking buffer unless indicated otherwise in 
text. 

Antibody Host 
Organism 

Working 
Dilution 

Supplier, Cat#, Antibody ID 
(Research Resource ID) 

GFAP mouse 1:1,000 Sigma-Aldrich, Cat# G3893, 
RRID:AB_477010 

IBA1 rabbit 1:500 Thermo Fisher Scientific, Cat# 
PA5-27436, RRID:AB_2544912 

NeuN EPR12763 clone rabbit 1:100 Abcam, Cat# ab177487, 
RRID:AB_2532109 

Phospho-Tau Ser202, 
Thr205 (AT8) 

mouse 1:1,000 Thermo Fisher Scientific, 
Cat# MN1020, RRID:AB_223647 

GFP rabbit 1:500-
1:2000 

Abcam, Cat# ab6556, 
RRID:AB_305564 

GFP chicken 1:1000 Abcam, Cat# ab13970, 
RRID:AB_300798 

Table 2.5 Secondary antibodies used for IHC and ICC. Working dilutions were made up in the 

relevant blocking buffer unless indicated otherwise. 

Antibody Working 
Dilution 

Supplier, Cat#, Antibody ID 
(Research Resource ID) 

Alexa Fluor 488-coupled goat 
anti-mouse 

1:400 Thermo Fisher Scientific, Cat# A-
11001, AB_2534069 

Alexa Fluor 596-coupled goat 
anti-rabbit 

1:400 Thermo Fisher Scientific, Cat# A-
11037, AB_2534095 

Alexa Fluor 647-coupled goat 

anti-chicken 

1:1000 Abcam, Cat# ab150171, 
RRID:AB_2921318 

ImmPRESS (Peroxidase) Polymer 
Horse anti-rabbit IgG (from kit) 

Ready to use Vector Laboratories, Cat# MP-
7401, RRID:AB_2336529 

2.8.6.2 IHC protocol for chromogenic staining (Protocol 1) 

Following antigen retrieval, sections were washed in TBS and blocked for 1 hr at 

room temperature using 2.5% horse serum blocking buffer included in the 

ImmPRESS kit. Sections were incubated with rabbit anti-GFP antibody (Table 

2.4) in PBS with 1% BSA overnight at 4°C. Following two washes, slides were 

incubated with the HRP horse anti-rabbit IgG secondary antibody included in the 

ImmPRESS kit (Table 2.5) for 1 hr at room temperature and washed twice. DAB 
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reaction was performed for 5 min, slides washed under running water for 10 min 

and counterstained for 3 min with Haematoxylin. Slides were then dehydrated, 

cleared and mounted as follows:  

 

2.8.6.3 IHC protocol for chromogenic staining (Protocol 2) 

Following antigen retrieval, sections were washed in distilled water followed by 

TBS + 0.05% Tween 20 for 3 min each. Sections were blocked for 30 min at room 

temperature using 2.5% horse serum blocking buffer included in the ImmPRESS 

kit supplemented with 2.5% mouse serum to block non-specific binding. Sections 

were then incubated overnight at 4°C with rabbit anti-GFP antibody (Table 2.4) 

in the blocking buffer included in the ImmPRESS kit supplemented with 2.5% 

mouse serum. Sections were washed in TBS + 0.05% Tween 20 for 3 min, and 

were then incubated with the HRP horse anti-rabbit IgG secondary antibody 

included in the ImmPRESS kit (Table 2.5) for 30 min at room temperature and 

washed in TBS + 0.05% Tween 20 for 3 min. DAB reaction was performed for 

30 sec or 2 min, slides washed in TBS + 0.05% Tween 20 followed by distilled 

water for 3 min each and then counterstained with two dips in the nuclear stain 

Haematoxylin. Slides were then dehydrated, cleared and mounted as follows:  
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2.8.7 Immunocytochemistry staining protocol in neuronal 

cultures 

For ICC staining in neuronal cultures, culture medium was aspirated from the 

wells containing the primary neurons cultured on cover slips. These were washed 

three times with warm DPBS and then 1 ml of 4% PFA (in DBPS) was added 

covering each cover slip and left at room temperature for 30 min. PFA was 

removed, cover slips rinsed with DBPS, followed by three 10 min washes in DPBS 

on a slowly shaking Gyro-Rocker platform shaker at 40 RPM. Blocking solution 

(1% BSA, 0.1% Triton-X 100 in DPBS) was added for 60 min at room temperature 

for blocking non-specific binding and permeabilising cells, followed by three 

10 min washes in DPBS. Neuronal cultures were incubated with the primary 

chicken anti-GFP antibody (Table 2.4) for 2 hr at room temperature, washed 

three times for 10 min in DPBS, incubated in the secondary anti-chicken Alexa 

Fluor 647 antibody (Table 2.5) overnight at 4°C, washed three times for 10 min 

in DPBS. Finally cover slips were mounted on a microscope slide using 

VECTASHIELD HardSet Antifade Mounting Medium with DAPI, left to dry overnight 

at 4°C, and sealed using nail polish the following day. 

2.8.8 Microscopy of immunostained samples 

Images for IHC and ICC were acquired on confocal microscopes (Zeiss LSM 710 or 

LSM 880 confocal microscope) or the NanoZoomer S60 digital slide scanner with 

the fluorescence imaging module (Hamamatsu) using 10x, 20x, 40x (oil-based), 

or 63x (oil-based) objectives as indicated in the appropriate figures at the same 

configurations, respectively. 

2.8.9 Quantification of staining in images obtained from rTG4510 

mice using CellProfiler pipelines 

Images were analysed using two CellProfiler (Version 4.2.1; Stirling et al., 2021) 

pipelines to semi-automatically determine % area stained by each antibody. As 

shown in Figure 2.3, appropriate regions of interest (ROIs) were selected from a 

larger image or whole images focused on specific ROIs were selected (Figure 2.3 

A). The first CellProfiler pipeline was set up to pre-process images for analysis 

by splitting and converting channels (DAPI, red, green) to individual greyscale 



  72 
 
images (Figure 2.3 B1) and saving those three versions for each image (Figure 

2.3 B2). Using the second CellProfiler pipeline, the area covered by specific 

staining was calculated. For this, the greyscale images of the red (IBA1 or NeuN) 

or green (GFAP or pTau) staining were converted to binary images and adjusted 

to a threshold (Figure 2.3 C1) using Otsu global or adaptive thresholding with the 

specific details outlined in Table 2.6. Otsu thresholding is particularly useful 

when the image characteristics of all images are unclear and when the 

proportion of the image covered by staining varies significantly between images 

(Otsu, 1979, Stirling et al., 2021). The area covered by each stain and total area 

were calculated (Figure 2.3 C2), data saved (Figure 2.3 C3) and finally analysed 

by expressing staining as a % of total area for each antibody used and ROI 

analysed (Figure 2.3 C4). 
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Figure 2.3 Visual representation of CellProfiler Pipelines for determining % area covered by 
various staining. Appropriate images focusing on specific regions of interest (ROI) were selected 
(A). In the first CellProfiler pipeline (B), channels were split (1) and saved as individual greyscale 
images (2). In the second CellProfiler pipeline (C), greyscale images were converted to binary 
images and thresholded (1), area covered was measured (2), values saved (3), and finally 
analysed and expressed as % area covered (4). CellProfiler Version 4.2.1 was used. 
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Table 2.6 Specific values used for Otsu thresholding for proteins of interest. Values shown 
are for quantifications of images in the CA1, CA3 and dentate gyrus (DG) regions taken at 63x 
magnification (Chapter 4; a), of the CA1 region taken at 40x magnification (Chapter 5; b), or of the 
hippocampus and cortex at an adjusted magnification of 10-20x (Chapter 5; c). Global thresholding 
was used when images were relatively uniform, especially at high magnification, while adaptive 
thresholding strategies were used for images at lower magnification and with less uniform 
backgrounds. The Otsu method for thresholding was selected, since this method is particularly 
useful if the proportion of the image covered by staining differs substantially between images. A 
two-class thresholding was used for staining, where the foreground and background were clearly 
distinguishable, and a three-class thresholding was used, where greyscale levels fell between the 
background and foreground classes and could then be classified as either. No threshold smoothing 
was performed for all proteins of interest as the images were converted to binary images prior to 
thresholding. The threshold correction factor was adapted as required to make the threshold more 
(>1) or less (0 – 1) stringent. The lower and upper bounds of the threshold could be adjusted to 
avoid false positive foreground pixels. While the lower threshold was set to exclude low level, non-
specific signal after assessing a random selection of images per protein, the upper threshold was 
always set to 1. The size of the adaptive window was applied in adaptive thresholding to determine 
the area, which was used to calculate the threshold for each pixel across the image, and a multiple 
of the largest expected object size was usually used. 

Protein of 
Interest 

pTau NeuN GFAP IBA1 

Global or Adaptive Globala,b, 
Adaptivec 

Globala Globala,b, 
Adaptivec 

Globala 

Two- or three-class 
thresholding 

Twoa,b,c Twoa Twoa,c, Threeb Twoa 

Pixels in middle 
intensity class 
assigned to 

Not 
applicablea,b,c 

Not 
applicablea 

Not 
applicablea, c, 
Foregroundb 

Not 
applicablea 

Threshold smoothing 
scale 

0a,b,c 0a 0a,b,c 0a 

Threshold 
correction factor 

0.8a, 1.1b, 1.5c 1.0a 0.8a, 1.4b, 1.0c 1.0a 

Lower bounds of 
threshold 

0.01a, 0.08b, 
0,15c 

0.08a 0.08a, 0.11b, 
0.1c 

0.08a 

Upper bounds of 
threshold 

1.0a, b, c 1.0a 1.0a, b, c 1.0a 

Size of adaptive 
window 

Not 
applicablea,b, 

250c 

Not 
applicablea 

Not 
applicablea,b, 
250c 

Not 
applicablea 
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2.9 Tissue clearing and imaging 

2.9.1 CLARITY 

Using the CLARITY (Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging/ 

Immunostaining/ in situ-hybridization-compatible Tissue hYdrogel) technique, 

brains were processed for clearing and light sheet microscopy with slight 

modifications from Tomer et al. (2014). In short, control M1-WT and M1-meGFP 

mice (n = 3) were perfused with 20 ml of ice-cold DPBS, followed by 20 ml of 

ice-cold hydrogel monomer (HM) solution (final concentrations 2% acrylamide, 

0.025% bisacrylamide, 4% PFA, 0.25% VA-004 in 1x PBS). Brains were dissected 

immediately and incubated in a further 20 ml of HM solution for 24 hr at 4°C. 

Then brains were transferred to 15-20 ml of fresh HM solution and a layer of 

peanut oil was added to prevent oxygen from entering the solution. Tubes 

containing the brains in fresh HM solution were then incubated at 37°C for 2-3 hr 

to initiate polymerisation of the hydrogel. Following this, brains were washed in 

50 ml of SDS/ boric acid clearing buffer (SBC; final concentration 4% SDS, 0.2 M 

boric acid buffer) three times for 24 hr at room temperature on a roller to 

dialyse remaining PFA and monomers. Tissue blocks containing the hippocampus 

were cut using the acrylic coronal brain matrix (see Figure 2.2) or whole 

hemispheres were used. For the following stage of passive clearing which aims to 

wash out lipids, samples were kept at 37°C in SBC buffer that was replaced 

every 2-3 days. Once tissue blocks looked clear, samples were washed twice in 

PBS + 0.1% Triton X for 24 hr at 37°C to remove all remaining SDS. Cleared brain 

blocks were then stored in PBS + 0.1% Triton X supplemented with 0.01% sodium 

azide and stored at 4°C. In preparation for imaging, brain blocks were placed in 

87% glycerol overnight, which was used as the refractive index matching solution 

for CLARITY-cleared tissue. Samples were protected from light as much as 

possible at all stages of the protocol. 

2.9.2 iDISCO 

For iDISCO (immunolabeling-enabled imaging of solvent cleared organs) an 

adapted protocol was supplied by Cristina Martinez Gonzalez (University of 

Edinburgh) based on work from the Chedotal group (Liebmann et al., 2016, Belle 



  76 
 
et al., 2017). This technique is an organic solvent-based clearing technique 

(Molbay et al., 2021). 

Our standard perfusion protocol was used where mice were transcardially 

perfused with 20 ml of ice-cold DPBS followed by 20 ml of freshly prepared 4% 

PFA (in DPBS). Brains were removed immediately and fixed further in fresh 4% 

PFA at 4˚C for 3 hr only to reduce PFA-induced quenching of the endogenous 

florescence of the meGFP tag in the M1-meGFP mice. Brains were stored in PBS 

with 0.01% sodium azide at 4˚C until tissue processing. Brains were split into 

hemispheres, which were dehydrated and rehydrated in methanol as follows to 

bleach the tissue to reduce autofluorescence as well as improve antibody 

diffusion: 

 

Samples were blocked in iDISCO blocking buffer (PBS + 0.5% Triton-X + 0.2% 

gelatine + 0.01% sodium azide) for 48 hr at room temperature using gentle 

agitation, followed by incubation with chicken anti-GFP primary antibody (Table 

2.7) in iDISCO blocking buffer supplemented with 0.1% saponin for 7 days at 37°C 

applying slow rotation. Hemispheres were washed 5x for 1 hr in PBS and then 

incubated with the anti-chicken Alexa Flour-647 secondary antibody (Table 2.7) 

in iDISCO blocking buffer supplemented with 0.1% saponin for 4 days at 37°C 

applying slow rotation. The Alexa Flour-647 antibody was used due to its low 

autofluorescence compared to antibodies emitting at the blue-green spectrum 

(Renier et al., 2014, Cai et al., 2019, Ueda et al., 2020). Additionally, more 

complete illumination of cleared organs, and therefore better imaging, has been 

shown in the far-red spectrum compared to the red or green spectra (Cai et al., 

2019). 
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Table 2.7 Primary and secondary antibodies used in iDISCO. Working dilutions were prepared 
in iDISCO blocking buffer (PBS + 0.5% Triton-X + 0.2% gelatine + 0.01% sodium azide) 
supplemented with 0.1% saponin 

Antibody Working 
Dilution 

Supplier, Cat#, Antibody ID 
(Research Resource ID) 

chicken anti-GFP antibody 1:1000 Abcam, Cat# ab13970, AB_300798 

Alexa Fluor647-coupled goat 
anti-chicken, preadsorbed 

1:1000 Abcam, Cat# ab150175, 
RRID:AB_2732800 

 

Hemispheres were again washed 5x for 1 hr in PBS and then dehydrated and 

cleared as follows: 

 

THF is used as a GFP-friendly dehydration medium to minimise noticeable tissue-

diffusion and provide better tissue transparency upon successive clearing 

compared to ethanol. Additionally, reduced background fluorescence levels and 

improved fluorescence of the GFP signal were found (Becker et al., 2012, Renier 

et al., 2014). DCM removes lipids from the tissue, while DBE is an optical-

clearing agent that reduces light scattering and improves optical depth for 

imaging (Becker et al., 2012, Ertürk et al., 2012, Renier et al., 2014). Ethyl 

cinnamate can be used as a clearing reagent but in this protocol is used as a 

refractive index matching solution in which iDISCO cleared brains can be stored 

and imaged (Klingberg et al., 2017). 
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2.9.3 Microscopy and image processing of cleared samples 

As indicated in relevant figure legends, cleared samples were imaged on: 

• Zeiss Lightsheet Z.1 (Zeiss) using the cleared tissue-optimised 20x, 

Clr Plan Neofluar objective (Zeiss; NA 1.0, working distance: 5.6mm, 

correction collar for refractive indexes: 1.45 ± 0.3) 

• Ultramicroscope II Light Sheet Microscope (LaVision BioTec) using a 2x 

objective with optional manual zoom (NA: 0.5, working distance: 5.6mm, 

refractive index matching: 1.33 – 1.56) with the help of Cristina Martinez 

Gonzalez (University of Edinburgh). 

When applicable, 3D reconstruction was performed using IMARIS Software 

(Bitplane). 

2.10 Behavioural tests  

All behavioural tests were conducted in the morning. 

2.10.1 Open field test 

The open field test was used to evaluate general locomotor activity levels. In 

M1-WT (C57BL/6J), homozygous M1-meGFP and M1-KO mice (inducible M1 mAChR 

strain) males and females aged 12-16 weeks were used (n = 8-10; Chapter 5). No 

sex-based difference was found and therefore, results were pooled per strain. In 

the rTG4510 experiments, male control and diseased mice at 2.5, 5.0, 7.5 and 

10.0 months of age were used (n = 6-8; Chapter 3). Mice were acclimatised to 

the behavioural testing suite for at least 2 hr prior to testing. For testing, mice 

were placed into a clear Perspex square arena (50 × 50 cm), and activity was 

tracked for 10 min using ANY-maze software (Stoelting). 

2.10.2 Fear conditioning 

For fear condition testing in M1-WT (C57BL/6J), homozygous M1-meGFP and 

M1-KO mice (inducible M1 mAChR strain) (Chapter 5), male and female mice aged 

12-16 weeks were used. Data for male and female mice was analysed separately 
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at first, but since no sex-based difference could be found, were then reanalysed 

as a combined data set (n = 8-12). For fear conditioning in rTG4510 mice, male 

control and diseased mice at 2.5, 5.0, 7.5 and 10.0 months of age were used 

(n = 7-8; Chapter 3). 

Prior to starting the fear conditioning protocol, mice were acclimatised to the 

behavioural room overnight. Fear conditioning was performed over three days 

each approximately 24 hr apart and during the first half of the light cycle. On 

day 1, mice were placed in the conditioning chamber (ANY-maze Fear 

Conditioning System, Stoelting) and following a 2 min adaptation period were 

exposed to 3 tone-foot shock pairings: All tones (2.8 kHz; 85 dB; 30 sec) 

co-terminated with a foot shock (2 sec; 0.4 mA), and the tone-foot shock 

pairings were separated by 1 min intervals. After completion of the training 

sequence, mice remained in the conditioning chamber for 1 min and were then 

returned to their home cages. On day 2, mice were again placed in the 

conditioning chamber, and time spent freezing was recorded for 3 min to assess 

context-dependent learning. On day 3, the environment was changed to allow 

assessment of the cued response including the use of a different cleaning 

solution, covering the metal bars in the floor with a plastic surface and covering 

all walls with paper with different patterns (e.g. black stripes). Mice were 

placed in the conditioning chamber, and following a 2 min adaptation period, 

the tone was played for 2 min. During this 2 min period, time spent freezing was 

recorded to assess cue-specific (tone) learning. Data were analysed using ANY-

maze software. 

2.10.3 Telemetry 

2.10.3.1 In vivo Telemetry 

To investigate the basal locomotor activity and body temperature in freely 

moving male healthy control and diseased rTG4510 mice (n = 5 per group) 

aged3.0 to 8.0 months, a telemetric system (Data Sciences International) was 

employed. TA-F10 implantable probes (1.1 cc; 1.6 g; Data Sciences 

International) were subcutaneously implanted in 9-11 week-old mice under 

isoflurane anaesthesia (5% for induction, 1.5-2% for surgical procedure) and 

Carprofen (5 mg/kg subcutaneous; Zoetis) analgesia. During surgery, mice were 
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kept on a thermostable pad. The skin of the abdominal region was disinfected 

with betadine antiseptic solution (Aviro Health) after the mouse was shaved. 

Then a 1-1.5 cm long incision in the skin was made along the midline to the 

abdomen,  and the body of the telemetric transmitter was placed 

subcutaneously. Following this, the skin of the abdominal region was closed with 

surgical staples. These surgical staples were removed 5-7 days after surgery. 

Animals were left in an incubator (39±1°C) for approximately 15 min for 

recovery. After surgery, mice were housed individually and left to recover for 7 

days before the start of the experiment. Basal body temperature and locomotor 

activity were acquired in the home cages directly from the transponders for 

three consecutive days during which the animals were not disturbed. Receivers 

were connected through MX2 matrices directly to the PC into a single computer 

port, allowing for the determination of all parameters. The data were collected 

every 60 sec using the Ponemah acquisition system (Data Sciences International, 

Version 6.11), which was also used for initial processing of the data.  

2.10.3.2 Biorhythm analysis 

Data from telemetry collected by the Ponemah acquisition system were grouped 

into 10‐min sequences, and calculated means were used for further analysis. The 

analysis was performed using the ChronosFit program (Arraj and Lemmer, 2006) 

employing Fourier analysis and the stepwise regression technique. For analysis of 

circadian temperature, data was analysed for outliers using the quartile method 

for extreme outliers, with values lower than the lower quartile – 3x interquartile 

range or higher than the upper quartile + 3x interquartile range classed as an 

outlier (Chromiński and Tkacz, 2010). This method was chosen because of its 

robustness and ease of use. Only extreme outliers were excluded 

(± 3x interquartile range rather than ± 1.5x interquartile range for mild outliers), 

since the main purpose of the outlier analysis was to remove data points that 

were obviously caused by technical problems. Then, the data were transferred 

into GraphPad Prism for further statistical analysis.  

2.11 Statistical Analysis 

Statistical analyses were carried out using GraphPad Prism (Version 9.1.2, 

GraphPad). Shapiro-Wilk normality tests were used to assess whether data was 
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normally distributed. Parametric tests were used for normally distributed data, 

while non-parametric tests were used for data that were not normally 

distributed. Statistical tests used are indicated in the relevant figure legends 

and results sections.



 
 

Chapter 3 Characterisation of a mouse 

tauopathy model (rTg4510) 
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3.1 Introduction 

AD is the most prevalent form of dementia and no disease-modifying treatments 

exist (Prince et al., 2016, Scarpa et al., 2020, World_Health_Organization, 

2021), as the currently approved therapeutics (for details, see 1.3.3) have 

symptomatic effects only (Yiannopoulou and Papageorgiou, 2013). One of the 

major challenges in the development of safe and effective treatments for AD, is 

the absence of a disease model that fully captures AD in human (for details on 

AD models, see 1.3.2) (Van Dam and De Deyn, 2011, Selkoe, 2011, LaFerla and 

Green, 2012). Therefore, drug candidates, that show promise in one model, 

need to be tested further in other preclinical models of AD to ensure that any 

effect seen is not model-specific. 

3.1.1 Validating the M1 mAChR PAM VU0486846 in the rTG4510 

tauopathy mouse model 

Previous work in the Bradley and Tobin groups has utilised the murine prion 

mouse model for investigating terminal neurodegeneration. This model exhibits 

a number of significant pathological similarities with neurodegenerative 

disorders in human, including AD. In both, the early loss of presynaptic terminals 

even prior to the accumulation of prion protein in the prion model or Aβ in AD is 

correlated with cognitive deficits (Näslund et al., 2000, Mallucci et al., 2007, 

Mallucci, 2009), and cholinergic innervation to the hippocampus is disrupted, 

while postsynaptic expression of the M1 mAChR remains unchanged (Bartus et 

al., 1982, Mash et al., 1985, Bradley et al., 2017). Furthermore, in the murine 

prion model neuroinflammation, increased oxidative stress and mitochondrial 

dysfunction are key mechanisms associated with disease (Dwomoh et al., 2022a). 

These mechanisms are also associated with neurodegeneration and AD in human 

(Amor and Woodroofe, 2014, Ransohoff, 2016, Abolhassani et al., 2017, Gan et 

al., 2018, Richards et al., 2018, Wang et al., 2020). As a final similarity, disease 

both in the murine prion model (Bradley et al., 2017) and in AD in human 

(Schmidt et al., 2011) leads to extensive and progressive neurodegeneration 

resulting in terminal disease, a characteristic that is lacking in most transgenic 

AD models. 
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Treatment with M1 mAChR PAMs, such as VU0486846, in the prion mouse model 

restored memory and learning deficits, reduced neuroinflammation and 

neurodegeneration markers and extended lifespan potentially signifying 

disease-modifying effects (Bradley et al., 2017, Dwomoh et al., 2022a). As 

highlighted above, these disease-modifying properties of the M1 mAChR PAM 

VU0486846 should be tested in AD models to establish whether the effects 

observed are model specific. The rTG4510 tauopathy mouse model was chosen 

for this investigation because of several reasons. First, a strong focus in AD 

research has been on the amyloid hypothesis, but nevertheless only one of the 

amyloid-based therapeutics has preliminarily been approved by the FDA and all 

other clinical trials have failed (for details, see 1.3.3) (Giacobini and Gold, 2013, 

Panza et al., 2016, Congdon and Sigurdsson, 2018). Second, a host of research 

suggests that NFTs rather than amyloid plaques are more closely linked to 

neurodegeneration and cognitive decline in AD (Giannakopoulos et al., 2003, 

Iqbal et al., 2005, Giacobini and Gold, 2013, Brier et al., 2016, Congdon and 

Sigurdsson, 2018). Third, a study comparing transcriptional differences between 

six mouse models and human diseases, including AD, found the rTG4510 mouse 

model to be the most transcriptionally robust model showing similar up- and 

down-regulations of gene sets compared to human AD (Burns et al., 2015). 

Fourth, as the transgene expression in the rTG4510 mouse model can be 

suppressed by administration of doxycycline, this potentially allows for the study 

of whether the M1 mAChR PAM VU0486846 can prevent the formation of NFTs or 

restore deficits after NFTs have formed. The rTG4510 model is generally 

regarded as a good model for testing the effect of therapeutic candidates on 

tau-related pathology (Jankowsky and Zheng, 2017). 

In the rTG4510 mouse model, human tau containing the P301L mutation 

(MAPTP301L) is expressed, with the transgene expression being driven by the 

CaMKIIα promoter (Santacruz et al., 2005). The MAPTP301L mutation causes FTLD 

in human and is not associated with AD, however, mouse models overexpressing 

this mutation show some of the strongest AD-related neurodegeneration and NFT 

pathology (Ramsden et al., 2005, Santacruz et al., 2005, Jankowsky and Zheng, 

2017), making it interesting to see whether administration of the M1 mAChR PAM 

VU0486846 can affect this.  
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Figure 3.1 Schematic of typical disease progression in male rTG4510 mice. 

As outlined in Figure 3.1, in the rTG4510 model pre-tangles can be observed as 

early as 2.5 months, with tangle-like inclusions being present in the cortex and 

hippocampus at 4 and 5.5 months, respectively (Ramsden et al., 2005, Santacruz 

et al., 2005). Additionally, significant atrophy of the forebrain including 

neuronal cell loss in a prototypic pattern has been reported from 5.5 months of 

age, whereas cognitive deficits could be observed from 2.5 months (Ramsden et 

al., 2005, Santacruz et al., 2005, Blackmore et al., 2017). Many of these changes 

observed are similar to changes seen in AD patients (Goedert and Spillantini 

Maria, 2006, Grothe et al., 2012), making the rTg4510 model an attractive 

option for assessing the disease-modifying effects of the M1 mAChR PAM 

VU0486846 on tau-related pathology. However, as laboratory specific differences 

in pathological and behavioural experiments have been reported in this model 

(Ramsden et al., 2005, Santacruz et al., 2005, Spires et al., 2006, Yue et al., 

2011, Brownlow et al., 2013, Cook et al., 2014, Jul et al., 2016, Blackmore et 

al., 2017, Wang et al., 2018), specific neuropathological and behavioural 

markers for the use in an efficacy study had to be established first.  

3.1.2 Aims 

Therefore, as one overarching objective of this thesis was to determine the 

disease-modifying potential of chronic administration of the M1 mAChR PAM 

VU0486846 in the rTG4510 mouse model (Chapter 4), the aims of this chapter 

were to 

• Identify potential changes in levels of the target receptor, the M1 mAChR, 

• Identify potential neuropathological markers, 
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• Identify behavioural markers associated with diseased state in the 

rTG4510 mouse model. 

Based on previous publications, it was hypothesised that atrophy, increased 

levels of tau and the inflammatory markers, IBA1 and GFAP, as well as 

hyperactivity and cognitive deficits worsening with age would be observed in 

diseased compared to control rTG4510 mice. 
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3.2 Results 

3.2.1 Changes in brain area and M1 muscarinic receptor 

expression levels in the diseased rTG4510 

3.2.1.1 Diseased rTG4510 have decreased brain size  

Initial experiments aimed to assess gross morphological changes in brain sections 

of control and diseased rTG4510 mice at 2.5, 5.0, 7.5 and 10.0 months of age 

due to previous reports of laboratory specific differences in brain morphology 

(Ramsden et al., 2005, Santacruz et al., 2005, Spires et al., 2006, Yue et al., 

2011, Jul et al., 2016, Blackmore et al., 2017, Wang et al., 2018). While the 

overall brain size was reduced in diseased compared to control rTG4510 mice 

(all p ≤ 0.0001) and visibly worsened with age (p = 0.0001, Figure 3.2, Figure 

3.3 A), the measured hippocampal area was consistently smaller in diseased 

compared to control rTG4510 mice (all p ≤ 0.0002), but there was no progressive 

shrinkage with age (Figure 3.2, Figure 3.3 A B). 
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Figure 3.2 Reduced brain size in diseased rTG4510 mice compared to controls, with 
shrinkage increasing with age. Haematoxylin and eosin (H&E) staining of coronal brain sections 
of control (A-D) and diseased rTg4510 (E-H) mice at 2.5 (A, E), 5.0 (B, F), 7.5 (C, G) and 10.0 (D, 
H) months of age are shown. The larger image on the left for each condition shows H&E staining of 
the whole coronal section (2x magnification; scale bar represents 1000 µm). The smaller images 
on the right show (from top to bottom) magnifications of the CA1, CA3 and dentate gyrus (DG) 
(indicated in A) of the hippocampus (20x; scale bar represents 100 µm). Images were acquired 
using the EVOS FL Auto 2 Imaging System. Representative images of n = 4 are shown. 
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Figure 3.3 Surface area quantification of whole coronal section and hippocampal area show 

significant reductions in the diseased rTG4510 mice compared to controls. Surface area of 
the whole coronal section (A) and hippocampal area (B) was measured using ImageJ for n = 4 per 
group. Data are shown as individual samples and means ± SEM. Statistical analysis was 
performed using two-way-ANOVA for genotype and age, followed by Sidak’s post-hoc correction 
for multiple comparisons, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

3.2.1.2 Muscarinic receptor expression remains stable until 7.5 months in 

diseased rTG4510 

Since the overall aim was to evaluate the effect of an M1 mAChR PAM in the 

rTG4510 mouse model, muscarinic receptor expression levels were first assessed 

across various time-points of disease using [3H]-NMS saturation binding. 

Saturation binding curves for all genotypes and age groups are shown (Figure 3.4 

A-H) and the corresponding Bmax values (total concentration of receptors) were 

obtained (Figure 3.4 I, J). Control and diseased mice showed similar muscarinic 

expression level from 2.5 to 7.5 months of age, ranging from 

606.1 to 728.7 fmol/mg (Figure 3.4 A-F, I, Table 3.1). At 10.0-month-old, 

however, diseased rTG4510 mice, showed lower receptor expression levels of 

370.9 ± 45.0 fmol/mg compared to 728.7 ± 49.3 fmol/mg in control mice (Figure 

3.4 G-I, Table 3.1). KD values, indicating receptor affinity, were also similar 

across time-points and genotypes (Table 3.1). No statistical analysis was 

performed due to the small sample size. 
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Figure 3.4 Saturation binding experiments suggest a decrease in muscarinic receptor 
density in the hippocampus in 10.0-month-old diseased rTg4510 mice. Representative graphs 
of total, non-specific (in the presence of 1 μM atropine) and specific binding in control and diseased 
rTG4510 mice at 2.5 months (A and B), 5.0 months (C and D), 7.5 months (E and F) and 10.0 
months of age (G and H). Muscarinic receptor densities (Bmax; fmol/mg) for all genotypes and ages 
were calculated (I). Data are shown as individual samples and means ± SEM, n = 2. 
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Table 3.1 Bmax and KD values for control- and diseased rTG4510 mice at the selected 
time-points 

        

Saturation binding experiments with [3H]-NMS cannot distinguish between 

specific muscarinic receptors and, therefore, it cannot be inferred from this 

experiment alone whether specific muscarinic subtypes are affected by 

neurodegeneration in the rTG4510 mouse model. Expression of M1 mAChR was 

investigated using gene expression and immunoblotting analysis. RT-qPCR 

analysis of M1 mAChR levels in samples from diseased and control rTG4510 mice 

was performed in samples taken from 8.0-month-old mice taken after 

completion of telemetry measurements (for more detail on these mice, see 

3.2.3). No difference in M1 mAChR gene expression levels between control and 

diseased rTG4510 mice were found in the hippocampus (Figure 3.5 A) or cortex 

(Figure 3.5 B). 

 

Figure 3.5 M1 mAChR gene expression levels in 8.0-month-old control and diseased 
rTG4510 mice. RT-qPCR analysis of M1 mAChR levels was performed in hippocampal (A) and 
cortical (B) samples collected from control and diseased rTG4510 mice following telemetry 
experiments at 8.0 months of age. To assess relative expression levels, data was analysed using 
the ΔΔCT method, normalising first to α-tubulin and then the mean of the control values for the M1 
mAChR. Data are shown as means ± SEM and data points represent individual mice. Statistical 
analysis was performed using unpaired t-tests. 

Since gene expression does not directly translate to protein expression levels 

due to post-transcriptional regulation (Anderson and Seilhamer, 1997, Liu et al., 
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2016, Buccitelli and Selbach, 2020), immunoblotting in hippocampal samples 

from control and diseased rTG4510 mice at 7.5 and 10.0 months was also 

performed. Some variation in the intensity of bands can be found at the 

expected molecular weight of the M1 mAChR (Figure 3.6 B). Importantly, despite 

some background staining, this band is absent in the M1-KO sample indicating 

that this is likely specific to and indicative of M1 mAChR expression (Figure 3.6 

B). When this is normalised to total protein expression (Figure 3.6 A), and 

expressed as fold relative to 7.5-month-old control samples, a trend towards a 

reduction in M1 mAChR expression levels, particularly in the 10.0-month-old 

diseased rTG4510 samples, was observed (Figure 3.6 C). These results 

nevertheless indicate that the M1 mAChR is one of the muscarinic receptors, 

whose expression is declining after 7.5 months in the diseased rTG4510 mice. 

Together, RT-qPCR, immunoblotting and [3H]-NMS saturation binding 

experiments suggest a decrease in muscarinic receptor, and specifically M1 

mAChR, expression levels, particularly at 10.0 months in diseased rTG4510 mice. 

 

Figure 3.6 Protein levels of the M1 mAChR in hippocampal samples from 7.5- and 
10.0-month-old control and diseased rTG4510 samples. Representative blot of the REVERT 
700 Total Protein Stain (A), staining for the M1 mAChR (B), and quantification of relative protein 
levels are shown (C). Molecular weight (MW) of the M1 mAChR is indicated on the right in B) as an 
arrow. Blots were analysed using Image Studio Lite Version 5.2. Protein levels were normalised to 
signal obtained from the REVERT Total Protein Stain, followed by normalisation to the average 
protein level observed in the 7.5-month-old control rTG4510 samples to express as fold change. 
Data are shown as individual samples and means ± SEM, n = 2. The last lane in A) and B) shows 
the Total Protein Stain and M1 mAChR expression in a sample from a M1 mAChR knockout (KO) 
mouse, respectively. 
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3.2.2 Characterisation of neuropathological markers in the 

diseased rTG4510 

Staining for human phosphorylated tau (pTau, AT8 antibody, Tau p2002/205) 

revealed expression in diseased rTG4510, and not control mice, as expected 

(Figure 3.7). Expression levels of pTau were higher in diseased compared to 

control rTG4510 mice and increased with age (Figure 3.7 B). In the CA1 

(p ≤ 0.0008) and CA3 (p ≤ 0.0411) regions, diseased rTG4510 mice had 

significantly higher levels of pTau compared to control mice from 5.0 months of 

age, whereas in the DG significantly higher levels were reached at 7.5 months 

(p ≤ 0.0281) of age only (Figure 3.7 B). 

Due to reports of significant neuronal loss in diseased rTG4510 (Ramsden et al., 

2005, Santacruz et al., 2005, Spires et al., 2006) in combination with the 

reduced hippocampal area across ages in diseased rTG4150 mice described 

above (Figure 3.2, Figure 3.3), staining for the neuronal marker NeuN was 

performed to assess potential reductions in neurons. While a significant effect of 

genotype was found in the CA1 (p = 0.0033) and DG (p = 0.0002), but not the CA3 

(p = 0.5083), no effect of age on observed NeuN staining was found (Figure 3.7 

B). In line with this, the mean area immunoreactive to NeuN in the CA1 

reduction of 58% at 7.5 months (p = 0.0023) and 57% at 10.0 months (p = 0.0164) 

and was reduced by 55% in the DG at 7.5 months (p = 0.0020) in diseased 

rTG4510 mice compared to controls, suggesting neuronal loss. In 10.0-month-old 

diseased rTG4510 mice in the DG (p = 0.0752) NeuN staining levels were reduced 

by 38% compared to controls, however, this reduction was not significant (Figure 

3.7 B). 
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Figure 3.7 Immunostaining for phosphorylated tau and NeuN in control and diseased 
rTG4510 in the hippocampus. Representative images of the IHC (A) and quantification (B) are 
shown. Images show staining for DAPI (blue), the human phosphorylated form of tau (pTau, 
green), and the neuronal marker NeuN (red). Images shown in the left panel were acquired in the 
CA1, those in the middle panel in the CA3 region, and the ones in the right panel in the dentate 
gyrus. Staining was performed on 5 µm thick coronal sections and images acquired using a Zeiss 
LSM 710 confocal microscope at 63x magnification. Images shown are representative of at least 3 
mice per group. Scale bars represent 10 µm. Semi-automated quantification of IHC staining at 
various stages of neurodegeneration in the rTG4510 mouse model was performed using a 
CellProfiler pipeline for pTau and NeuN. Data are shown as means ± SEM and individual data 
points represent individual mice; n = 3-5 mice. Statistical analysis using two-way-ANOVA for 
genotype and age, followed by Sidak’s post-hoc correction for multiple comparisons was 
performed, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Since neuroinflammation is a hallmark of many conditions of the CNS, including 

chronic neurodegenerative disorders such as AD (Middeldorp and Hol, 2011, 

Heneka et al., 2015, Dansokho and Heneka, 2018, Kumar et al., 2021), markers 

of neuroinflammation were analysed using RT-qPCR and IHC. Gene expression 

levels of GFAP, a marker for astrogliosis (Kamphuis et al., 2014), and CD86, as a 

marker for activated microglia (Jurga et al., 2020), were assessed in 

hippocampal and cortical samples obtained from 8.0-month-old control and 

diseased rTG4510 mice used for telemetry measurements (for more detail on 

these mice see 3.2.3). Expression levels of GFAP and IBA1 in both the 

hippocampus and cortex of these mice shows relatively large variability between 

samples from the diseased mice (Figure 3.8). Overall, GFAP and CD86 gene 

expression levels appear to be higher both in the hippocampus and cortex, but 

only CD86 levels were significantly increased in the cortex (p = 0.0141; Figure 

3.8). 

 

Figure 3.8 Gene expression levels of GFAP and CD86 in control and diseased rTG4510 mice 
at 8.0 months of age. RT-qPCR analysis of GFAP and CD86 levels, which are astrocyte and 
microglial markers respectively, was performed in hippocampal (upper panel) and cortical (lower 
panel) samples collected from control and diseased rTG4510 mice following telemetry experiments 
at 8.0 months of age. To assess relative expression levels, data was analysed using the ΔΔCT 
method, normalising first to α-tubulin and then the mean of the control values for each gene of 
interest. Data are shown as means ± SEM and data points represent individual mice. Statistical 
analysis was performed using unpaired t-tests, * p < 0.05. 



  96 
 
Since gene expression and protein expression levels are not equivalent (Anderson 

and Seilhamer, 1997, Liu et al., 2016, Buccitelli and Selbach, 2020) and to 

enable assessment of region-specific changes in the CA1, CA3 and DG of the 

hippocampus, immunostaining was performed. There was a significant effect of 

genotype on GFAP expression in all regions analysed whereby GFAP expression 

was greater in diseased compared to control rTG4510 mice (Figure 3.9). This 

effect was strongest in the CA1 (p < 0.0001) and DG (p < 0.0001), and weaker in 

the CA3 (p = 0.0114). In the CA1, GFAP levels increased in an age-dependent 

manner (p = 0.0117). Although only reaching statistical significance at 7.5 (5.5-

fold increase, p = 0.0142) and 10.0 months (8.9x increase, p < 0.0001), a 4-fold 

increase in GFAP levels could be observed as early as 5.0 months in diseased 

compared to control rTG4510 mice. In the CA3, a significant 3.8-fold increase in 

GFAP levels were found at 10.0 months (p = 0.0338) in diseased rTG4510 mice. In 

the DG, GFAP levels were significantly increased in the diseased rTG4510 across 

different time-points (3.1-5.2x increase, p ≤ 0.041). 

Levels of the microglial marker IBA1 were relatively low in both diseased and 

control rTG4510 mice (Figure 3.9 A, B). Nevertheless, a significant effect of 

genotype only was found in all regions analysed (CA1 and DG: p < 0.0001, CA3: 

p = 0.002). In the CA1, IBA1 levels were significantly increased at 7.5 (2.4x 

increase, p = 0.0005) and 10.0 months of age (3.3x increase, p < 0.0001) in the 

diseased rTG4510 mice. In the CA3, a significant 1.8-fold increase could only be 

found at 7.5 months (p = 0.0405), whereas in the DG, a significant 3.3-fold 

increase could be found at 2.5 (p = 0.0011) and 7.5 months (2.0x increase, p = 

0.0429). Higher levels of IBA1 at 5.0 (1.9x increase, p = 0.2295) and 10.0 months 

(2.5x increase, p = 0.0594) were still observable in the DG, however, these were 

non-significant (Figure 3.9). 
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Figure 3.9 Immunostaining for GFAP and IBA1 in control and diseased rTG4510 in the 
hippocampus. Representative images of the IHC (A) and quantification (B) are shown. Images 
show staining for DAPI (blue), the astrocytic marker GFAP (green), and the microglial marker IBA1 
(red). Images in the left panel were acquired in the CA1, those in the middle panel in the CA3 
region, and the ones in the right panel in the dentate gyrus. Staining was performed on 5 µm thick 
coronal sections and images acquired using a Zeiss LSM 710 confocal microscope at 63x 
magnification. Images shown are representative of at least 3 mice per group. Scale bars represent 
10 µm. Semi-automated quantification of IHC staining at various stages of neurodegeneration in 
the rTG4510 mouse model was performed using a CellProfiler pipeline for pTau and NeuN. Data 
are shown as means ± SEM and individual data points represent individual mice; n = 3-5 mice. 
Statistical analysis using two-way-ANOVA for genotype and age, followed by Sidak’s post-hoc 
correction for multiple comparisons was performed, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001. 
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3.2.3 Characterisation of behavioural markers in the diseased 

rTG4510 mice  

Relatively few behavioural phenotypes in the rTG4510 mice have been 

described, but cognitive deficits and hyperactivity are among the most common 

ones (Ramsden et al., 2005, Santacruz et al., 2005, Brownlow et al., 2013, Cook 

et al., 2014, Jul et al., 2016). Various behavioural tests were assessed in 

rTG4510 mice in an effort to establish a tauopathy-sensitive behavioural readout 

to investigate functional decline.  

In the fear conditioning paradigm, no differences between diseased and control 

rTG4510 mice were found (experiments performed by SJ Bradley). While age had 

a significant effect in both at baseline (p = 0.0174; Figure 3.10 A) and during 

context retrieval (p = 0.0016; Figure 3.10 B), genotype did not have a significant 

effect for either (p = 0.2662 and p = 4220, respectively). Interestingly, for both 

control and diseased rTG4510 mice at 7.5 and 10.0 months of age, the freezing 

response was significantly lower compared to the one observed at 2.5 months 

(p = 0.0127 – 0.0193).  

   

Figure 3.10 No difference in contextual fear conditioning response between control and 
diseased rTG4510 mice at all time-points assessed. Both at baseline (A) and during context 
retrieval (B) no difference between control and diseases was found. In context retrieval, response 
in control and diseased mice at 7.5 and 10.0 months was significantly lower compared to the 
respective freezing rates at 2.5 months. Data are shown as means ± SEM with individual data 
points representing individual mice, n = 7-8 for all groups. Two-way ANOVA for genotype and age, 
followed by Tukey’s multiple comparison tests were performed for statistical analysis, where 
* p < 0.05. Data was collected by SJ Bradley and is being used with permission. 
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3.2.3.1 Assessment of locomotor activity in rTG4510 

General locomotor activity was assessed in rTG4510 mice in an open field 

paradigm. No changes in distance travelled between control and diseased mice 

were found in the centre area (Figure 3.11 A, B). At 2.5 and 5.0 months, 

diseased rTG4510 showed no changes in general locomotor activity in the 

perimeter (Figure 3.11 A, B). However, older diseased rTG4510 mice exhibited 

increased activity levels compared to controls only in the perimeter of the arena 

(7.5 months p = 0.0001; 10.0 months p = 0.0005; Figure 3.11 B). Interestingly, 

more variability could be observed in the diseased rTG4510 mice, especially at 

7.5 and 10.0 months (Figure 3.11 A, B). No difference in time spent in the centre 

or perimeter areas of the arena between control or diseased rTG4510 mice was 

found at any time-point (Figure 3.11 C, D). Overall, mice from all groups spent 

83 - 96 % of the test duration in the perimeter region of the arena.  

 

Figure 3.11 Locomotor activity measured in open field test in rTG4510 mice. Distance 
travelled by control and diseased rTG4510 mice was determined during a 10 min interval in the 
open field test in the centre (A) and perimeter (B) of the arena. Time spent in the centre (C) and 
perimeter (D) of the arena was also measured for the different groups. Data was analysed using 
two-way ANOVA for genotype and age, followed by Sidak’s multiple comparisons test. Behavioural 
data are shown as means ± SEM with individual data points representing individual mice, n = 6-8 
mice. 
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Telemetry was then used to investigate the basal circadian activity of control 

and diseased rTG4510 mice aged 4.0 to 8.0 months within their home-cage 

environment.  

 

Figure 3.12 Measurement of basal circadian locomotor activity in rTg4510 mice at 4.0, 6.0 
and 8.0 months. Basal circadian locomotor activity in control and diseased rTG4510 mice was 
acquired at the time-points indicated across three consecutive days using in vivo telemetry 
recordings. Data in 24-hour biorhythm graphs (A, E, I) are expressed as means ± SD. Locomotor 
activity during this period for individual mice was calculated by measurement of the area under the 
curve (AUC) over 24 hours (B, F, J), during the day (C, G, K) and at night (D, H, L) at the indicated 
time-points. Data are expressed as individual values and means ± SEM, n = 5 mice. Unpaired 
t-tests were used to compare AUC measurements between control and diseased rTG4510 mice. 

No difference in basal activity levels between control and diseased mice at any 

disease time-point was recorded during the day. Relatively low activity levels 

were recorded for both genotypes during the day in line with the nocturnal 

nature of mice (Figure 3.12 C, G, K). However, during their active phase at 

night, a trend towards higher activity levels was observed in diseased rTG4510 

mice at all time-points measured (Figure 3.12 D, H, L; grey box). Furthermore, 

two diseased rTG4510 showed a more hyperactive phenotype compared to the 

other mice and this effect increased with age (Figure 3.13). 
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Figure 3.13 Activity levels increased with age in some diseased rTG4510 mice during their 
active phase. Area under the curve (AUC) measures of locomotor activity levels at night for 
individual animals are shown from 4.0 to 8.0 months.  

Similarly to what was observed in the open field test, a large degree of 

variability between individual replicates within the diseased rTG4510 group 

could be found at all time-points (Figure 3.12 A, E, I) with apparent populations 

of control-like- and hyperactive phenotype groups in the diseased genotype 

(Figure  1.11 D, H, L, grey box). Therefore, the variability determined in the 

telemetry was consistent with the data collected in the open field test.  

To assess how the biochemical markers of pathology correlated with behavioural 

outcome, a correlation plot was constructed for activity versus tau or GFAP 

expression at 8.0 months. The locomotor activity phenotype was the most robust 

of the behavioural phenotypes tested. Murine tau levels were also assessed. 

GFAP levels were found to be one of the most reliable disease marker in the 

prion mouse model (Dwomoh et al., 2022a). While murine tau expression was not 

significantly correlated with activity levels over a 24 hr period at 8.0 months in 

diseased rTG4510 mice (r = 0.7763, p = 0.1226, Figure 3.14 A), GFAP expression 

was (r = 0.9065, p = 0.0338; Figure 3.14 B).  
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Figure 3.14 GFAP, but not murine tau expression, significantly correlated with general 
activity levels in diseased rTG4510 mice. Relative expression levels of murine tau (A) and GFAP 
(B) were measured using RT-qPCR analysis from cortical samples collected immediately after 
completion of the 8.0-month telemetry measurements. Activity levels over a 24-hour period were 
measured as area under the curve (AUC) at the 8.0-month time-point. Simple linear regression 
analyses were performed to assess correlation between tau and GFAP gene expression versus 
activity levels in diseased rTG4510.  

3.2.3.2 Raised body temperature in 8.0-month-old diseased rTG4510 mice  

Probes used for telemetry measurements also record core body temperature. 

During the inactive phase during the day, no difference between control and 

diseased rTG4510 mice was found (Figure 3.15 C, G, K). However, at 8.0 months, 

significantly higher body temperature measures were recorded in diseased 

rTG4510 mice (Figure 3.15 L) and this statistically significant effect also became 

apparent in the biorhythm graph (Figure 3.15 I).  
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Figure 3.15 Circadian body temperature fluctuations in rTg4510 mice at 4.0, 6.0 and 8.0 
months. Circadian body temperature fluctuations in control and diseased rTG4510 mice was 
acquired at the time-points indicated across three consecutive days using in vivo telemetry 
recordings. Data in 24-hour biorhythm graphs (A, E, I) are expressed as means ± SD. Body 
temperature during this period for individual mice was calculated by measurement of the AUC over 
24 hours (B, F, J), during the day (C, G, K) and at night (D, H, L) at the indicated time-points. Data 
were expressed as individual values and means ± SEM, n = 5 mice. Unpaired t-tests were used to 
compare AUC measurements between control and diseased rTG4510 mice, * p < 0.05. 
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3.3 Discussion 

Currently, no rodent models reliably recapitulate human AD and therefore, it is 

prudent to test therapeutic candidates in a range of models that show key 

pathological features. This chapter focussed on the characterisation of the 

Tg4510 tauopathy model to identify neuropathological and behavioural markers 

of pathology. In accordance with the hypothesis, although limited by small 

samples sizes due to sample acquisition issues, diseased rTG4510 mice display 

reduced brain size, increased levels of pTau and neuroinflammation markers, 

and a hyperactive phenotype at later disease stages in the open field test. 

Therefore, the rTG4510 model represents a useful preclinical model to 

investigate potential therapeutic benefits of novel drugs on pathological 

features that are relevant to human disease. 

The rTg4510 mouse model has previously been characterised and used to assess 

the effect of doxycycline-induced transgene suppression in this model (Santacruz 

et al., 2005, Ramsden et al., 2005, Spires et al., 2006, Wang et al., 2018), as 

well as the effect of tau-based immunotherapy candidates (Sankaranarayanan et 

al., 2015, Schroeder et al., 2017), and colony-stimulating factor receptor 1a 

(Bennett et al., 2018) and p38αMAPK inhibitors (Roy et al., 2019). Even though it 

is important to keep in mind that immunoblotting is a semi-quantitative method, 

together with the [3H]-NMS saturation and RT-qPCR experiments, these results 

suggest that M1 mAChR expression decreases at later disease stages and 

particularly at 10.0 months.  

A common feature of disease pathology in the rTG4510 is the accumulation of 

tau aggregates and neuroinflammatory markers from 3.0 months. Similar to the 

results presented here, several studies have reported a progressive series of 

distinct and hyperphosphorylated tau species similar to those found in AD 

patients leading to forebrain atrophy, as well as significantly increased levels of 

GFAP and IBA1 immunoreactivity in diseased rTG4510 (Ramsden et al., 2005, 

Santacruz et al., 2005, Spires et al., 2006, Dickey et al., 2009, Bennett et al., 

2018, Brownlow et al., 2013). In the rTg4510 model, expression of P301L mutant 

tau is driven by CaMKIIα expression. CaMKIIα is predominantly expressed in the 

forebrain, including the hippocampus, and neuronal loss and atrophy mostly 

affects these forebrain regions (Miller and Kennedy, 1985, Ramsden et al., 2005, 
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Santacruz et al., 2005, Spires et al., 2006, Brownlow et al., 2013, Wang et al., 

2013, Blackmore et al., 2017, Helboe et al., 2017). This is consistent with the 

reduced coronal section and hippocampal areas in diseased rTG4510 mice 

presented here. While brain size in different regions of the hippocampus was not 

assessed, the reduced immunoreactivity for NeuN in the CA1 and DG are in line 

with previous studies reporting highest levels of neurodegeneration in the CA1 

and DG regions (Spires et al., 2006, Helboe et al., 2017). More specifically, 

others have found severe hippocampal neurodegeneration with 80% neuronal loss 

in the CA1 region by 8 months and DG by 8.5 months in rTG4510 mice (Spires et 

al., 2006) or a 43% reduction in neuronal number in the CA1 region between 8.0 

and 12.0 months (Helboe et al., 2017). Similarly, the results reported here 

suggest 69% neuronal loss in the CA1 region at 7.5 months in diseased compared 

to control rTG4510 mice. A previous report of GFAP and IBA1 expression levels 

via IHC demonstrate an increase of approximately 2.3-2.8-fold in both GFAP and 

IBA1 levels in the hippocampus of diseased compared to control rTG4510 mice at 

8.0 months (Brownlow et al., 2013). This agrees with the results presented here 

whereby an increase of 1.8-3.2-fold in both GFAP and IBA1 levels in diseased 

compared to control rTG4510 at 7.5 months was found in all assessed areas of 

the hippocampus, except for GFAP in the CA1, where a 5.5-fold change could be 

observed. GFAP expression increased with age, particularly in the CA1 region of 

the hippocampus. For IBA1, immunoreactivity levels do not seem to be as 

affected by age as the GFAP levels and generally have relatively low levels. In 

the prion mouse model of neurodegeneration, GFAP levels correlate well with 

disease progression and M1 mAChR PAM-induced modification in efficacy studies 

with a M1 mAChR PAM (Dwomoh et al., 2022a). Similarly, in this study the 

combination of high levels of neurodegeneration and GFAP in the CA1 and DG 

regions suggest that GFAP can also be used as a marker for neurodegeneration in 

the rTG4510 mouse model. 

In neurodegeneration in human and specifically AD, neuroinflammation including 

astrogliosis has also been found to be a common pathological marker (Sofroniew 

and Vinters, 2010, Middeldorp and Hol, 2011, Kamphuis et al., 2014, Dansokho 

and Heneka, 2018), meaning that GFAP could potentially also be used in 

translational studies. While not having been used yet as a biomarker in clinical 

studies in AD, several studies have suggested the use of blood GFAP as a 
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biomarker for mild cognitive impairment (MCI) and AD (Cicognola et al., 2021, 

Pereira et al., 2021, Beyer et al., 2022, Oeckl et al., 2022). In a future 

preclinical study, serum GFAP levels could potentially also be used as a 

longitudinal measure and then be compared to histology at death.  

Other phenotypes reported in diseased rTG4510 mice have been behavioural 

changes such as hyperactivity and memory and learning deficits (Ramsden et al., 

2005, Santacruz et al., 2005, Brownlow et al., 2013, Cook et al., 2014, Jul et al., 

2016). While a hyperactive phenotype was observed in diseased rTG4510 mice in 

the open field test from 7.5 months in line with the hypothesis, this finding was 

not corroborated using a telemetry system in the home-cage. Benefits of this 

type of telemetric testing are that it allows continuous and longitudinal 

recording in a less-stressful environment and might capture behaviours which are 

not observable using short-sampling standard methods like the open field test 

(Bains et al., 2018, Grieco et al., 2021). One disadvantage is that mice had to be 

in solitary housing for the type of recording system used and therefore, this 

could affect wellbeing and behaviour to some extent (Bains et al., 2018, Grieco 

et al., 2021, Benfato et al., 2022). The hyperactive phenotype displayed in 7.5- 

and 10.0-month-old diseased rTG4510 in the open-field paradigm are consistent 

with results by Blackmore et al. (2017) who demonstrated increased activity 

levels in old diseased rTG4510 mice. However, other laboratories have reported 

hyperactivity in diseased rTG4510 mice at 4.0 (Jul et al., 2016, Wang et al., 

2018) or 6.0 months (Cook et al., 2014). Jul et al. (2016) did not use an open 

field paradigm, but rather placed mice in a new cage for 3 hr and measured 

activity by the frequency of animals crossing photo beams. Interestingly, they 

also reported heterogenous results where some diseased rTG4510 mice displayed 

a hyperactive phenotype, while some did not, and that the proportion of 

diseased mice displaying a hyperactive phenotype increased from 12% at 16 

weeks to 62% at 24 weeks of age and older (Jul et al., 2016). This is in line with 

the open field data presented here where 62.5% (5 out of 8) of the diseased 

rTG4510 mice at 7.5 months appeared to be more hyperactive than the control 

mice. In the telemetry measurements, 40% (2 out of 5) of the diseased rTG4510 

mice consistently showed increased activity levels increasing with age, however, 

in contrast to the discussed study (Jul et al., 2016) the proportion of hyperactive 

diseased mice did not increase with age. Variability in locomotor activity has 
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been reported previously (Wang et al., 2018). The authors proposed that a 

certain level of accumulated pathological tau species needs to be reached to 

cause hyperactivity and that one subpopulation had crossed that threshold, 

while the other had not (Wang et al., 2018). It remains unclear why diseased 

mice of the same age would show such variability in disease state, since the 

combination of the same genetic background and environmental factors should 

mean that these mice are similarly affected. It is also worth noting, of course, 

that the sample size here was small due to animal availability issues and 

increasing the sample size may reveal more alignment with previously published 

results. Interestingly, this study found cortical GFAP expression, which has been 

suggested to be a good marker of neuroinflammation and disease, to 

significantly correlate with locomotor activity in a 24-hour period in diseased 

rTG4510 mice. Levels of murine tau did not correlate with activity levels, 

however, a study of human tau levels, as the driver of neurodegeneration in this 

model, in relation to observed activity levels would have been interesting. 

Contradicing the hypothesis that cognitive deficts would be found in diseased 

compared to control rTG4510 mice, results reported in this study are 

inconsistent with other fear conditioning studies (Brownlow et al., 2013, Cook et 

al., 2014). Cook et al. (2014) reported deficits in diseased rTG4510 mice 

compared to controls in contextual fear conditioning from 2.0 months of age, 

with deficits worsening with age up to the last measured disease time-point at 

10.0 months. Similar to this study, Cook et al. (2014) performed training and 

context-retrieval in the first part of the light cycle, however, using slightly 

longer timings for the fear conditioning training and measurements, and a foot 

shock of 0.5 mA (compared to 0.4 mA used here). These minor protocol 

differences should not account for the stark difference seen between the 

reported results (Cook et al., 2014). Furthermore, Cook et al. (2014) also 

reported a hyperactive phenotype which increased with age between 

measurements at 6.0 and 10.0 months. This hyperactivity could confound the 

amount of freezing seen in the fear conditioning experiments, however at 2.0 

months the reduction in freezing in the diseased rTG4510 mice is before a 

hyperactive phenotype is observed (Cook et al., 2014). Brownlow et al. (2013) 

did not specify during which part of the light/ dark cycle behavioural 

experiments were performed. Again, for fear conditioning, a 0.5 mA foot shock 
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was used, but otherwise, the reported training and testing regime was very 

similar to the regime used here with the exception of the freezing rates being 

recorded manually by a blinded observer (Brownlow et al., 2013). Interestingly, 

at 8.0 months, Brownlow et al. (2013) reported a 94 – 99% and 63 – 79% freezing 

rate in control and diseased rTG4510 mice respectively in the contextual fear 

response, depending on diet. These freezing rates are higher than those 

commonly observed within this research group, which is around 60 – 80% (Bradley 

et al., 2017). This could potentially be due to the manual assessment of freezing 

in the abovementioned study compared to the automated tracking with ANY-

maze. In the fear conditioning experiments reported in this chapter, 

age-dependent decreases in freezing rates were found in both control and 

diseased rTG4510. While reduced freezing in the diseased rTG4510 would be in 

line with reports from other labs showing increasing memory deficits with age, it 

is unclear why the control mice also exhibited a lessened contextual fear 

response. 

Interestingly, at 4.0 and 6.0 months of age, small bursts of activity during the 

day became apparent in the diseased compared to control mice in the biorhythm 

graphs from the telemetry experiments (Figure 3.12 A, E). These abnormal 

activity patterns of activity bursts during the light phases were also reported by 

another laboratory using a similar set up (Jul et al., 2016). Furthermore, Jul et 

al. (2016) linked the hyperactive phenotype to transgene expression, since 

doxycycline-induced suppression ameliorated the phenotype. In patients with 

AD, increased levels of restlessness and hyperactivity have also been reported 

(Cohen-Mansfield and Billig, 1986, Borson and Raskind, 1997, Scarmeas et al., 

2007). The slight changes in circadian rhythm and sleep disturbances observed in 

diseased rTG4510 mice here and reported by Jul et al. (2016) also show some 

similarities to circadian dysregulation seen in AD patients (Wu and Swaab, 2007, 

Weldemichael and Grossberg, 2010, Hoyt and Obrietan, 2022, Sun et al., 2022). 

Unfortunately, the behavioural changes observed in the rTG4510 mice in this 

study are too variable to present a robust behavioural indicator of disease in the 

rTG4510 mouse model for the use in an efficacy study. 

While not really a behavioural but rather a physiological phenotype, body 

temperature was significantly increased in 8.0-month-old diseased rTG4510 
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mice. While this has not been studied in the rTG4510 mouse model so far, in the 

3xTg AD mouse model of AD, age-dependent increases in core body temperature, 

activity and food intake were detected before the onset of significant 

behavioural deficits (Knight et al., 2013). Since we could not detect any 

significant behavioural phenotypes in the telemetry measurements, the 

increased temperature measurements could be an early indicator of the onset of 

behavioural deficits. Due to time restrictions in animal license approval in 

performing the telemetry experiments, data from later time-points could not be 

collected. Some studies have reported higher metabolic rates in diseased 

rTG4510 mice, which is one explanation for a higher body temperature 

(Brownlow et al., 2013, Joly-Amado et al., 2016). Interestingly, one study 

reported an increased resting metabolic rate in diseased rTG4510 mice at 7.0 

months (Joly-Amado et al., 2016), and this could at least partially explain the 

observed significantly higher body temperature in 8.0-months-old diseased 

rTG4510 mice. 

In addition, it should be noted that only male control and diseased rTG4510 were 

used in this characterisation study. In recent years there has been a movement 

to address the sex imbalance within biomedical research with increasing 

recognition from funders for the importance of using both sexes in in vivo 

therapeutic studies (Lee, 2018, Karp and Reavey, 2019). However, only male 

mice were used for initial behavioural studies to exclude an effect of the 

oestrous cycle and there were supply problems for female rTG4510 mice from 

the industrial collaborator in this study. Studies have shown that 

neurodegeneration is more aggressive in female rTG4510 mice compared to male 

ones (Yue et al., 2011, Song et al., 2015). Therefore, if the efficacy study based 

on this characterisation were to find an effect of the M1 mAChR PAM VU0486846 

in male mice, then adjusted studies in female rTG4510 mice would be 

conducted.  

Overall, the results of the characterisation of the rTG4510 mouse model suggest 

that GFAP and pTau expression can be used as neuropathological markers for 

neuroinflammation and neurodegeneration in an efficacy study with the M1 

mAChR PAM VU0486846. 



 
 

Chapter 4 Determining the effects of an M1 

mAChR PAM in rTg4510 mice 
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4.1 Introduction 

As discussed previously (see 1.3.3), most of the currently approved treatments 

for AD only provide temporary symptomatic effects, except for the Aβ antibody 

drug aducanumab potentially (Cummings et al., 2021, Thomas et al., 2021, 

Walsh et al., 2021, Salloway et al., 2022). Due to the unspecific nature of 

AChEIs, the largest class of approved AD therapeutics, cholinergic transmission 

throughout the body is upregulated resulting in a range of dose-limiting side 

effects (Inglis, 2002, Thompson et al., 2004, Neugroschl and Wang, 2011, 

Marucci et al., 2021). However, the pro-cognitive effects of AChEIs are thought 

to be mediated via activation of the M1 mAChR. This is corroborated by 

additional preclinical and clinical evidence and supports the approach of 

selectively targeting the M1 mAChR to both improve cognition and minimise side 

effects associated with non-specific upregulation of cholinergic signalling 

(Bodick et al., 1997a, Inglis, 2002, Brown et al., 2021).  

4.1.1 Disease-modifying potential of M1 mAChR activation in vitro 

and in preclinical models 

Several studies have shown that specific targeting of the M1 mAChR could 

potentially result in disease-modifying effects in addition to the symptomatic, 

pro-cognitive effects demonstrated with current therapeutics (Caccamo et al., 

2009). 

As discussed in Chapter 1, M1 mAChRs have been implicated in normal cognitive 

function in learning and memory, both of which are affected in AD. In summary, 

while KO of M1 mAChR in mice results in some memory deficits (Anagnostaras et 

al., 2003), activation of M1 mAChR amplified and stimulated mediators of 

learning and memory (Marino et al., 1998, Buchanan et al., 2010, Bradley et al., 

2010, Dennis et al., 2016, Bradley et al., 2017). 

4.1.1.1 Disease-modifying effects of M1 mAChR on Aβ and tau pathology 

A growing body of evidence suggests that M1 mAChR activation can reduce levels 

of the proteins that are considered the classical AD hallmarks, including Aβ 

plaques and tau tangles. In vitro studies suggest that stimulation of the M1 

mAChR promotes APP processing via the non-amyloidogenic pathway through 
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activation of PKC and the MAPK/ERK pathway (Figure 4.1 A, B) (Nitsch et al., 

1992, Buxbaum et al., 1992, Hung et al., 1993, , Haring et al., 1998, Canet-

Aviles et al., 2002, Jones et al., 2008) and inhibits processing via the 

amyloidogenic pathways (Figure 4.1 C) (Pittel et al., 1996, Lin et al., 1999, 

Nitsch et al., 2000, Beach et al., 2001, Davis et al., 2010). Fewer studies 

regarding the effect of M1 mAChR activation on tau species have been 

conducted. However, in vitro studies suggest that M1 mAChR-induced PKC 

activation also inhibits glycogen synthase kinase 3 β (GSK-3β), which in turn 

leads to reduced levels of tau phosphorylation in a time- and dose-dependent 

manner (Figure 4.1 D) (Sadot et al., 1996, Forlenza et al., 2000). 

In the 3xTg AD model, a model exhibiting both amyloid and tau pathology, 

chronic treatment with the muscarinic agonist AF267B ameliorated cognitive 

deficits and reduced Aβ and tau pathology (Caccamo et al., 2006), whereas 

ablation of the M1 mAChR exacerbated cognitive decline and led to increased 

levels of neuroinflammatory responses, and Aß and tau pathology (Medeiros et 

al., 2011b). Additionally, in this model, treatment with AF267B increased APP 

processing via the non-amyloidogenic pathway with elevated levels of the 

α-secretase ADAM17/TACE and reduced levels of the β-secretase BACE1 being 

found (Caccamo et al., 2006). Inversely, ablation of the M1 mAChR in 3xTg AD 

mice increased levels of C99 and reduced PKC activity, indicating a shift to 

amyloidogenic processing of APP, and increased activity of the tau kinase GSK-3β 

(Medeiros et al., 2011b) in line with effects observed upon M1 mAChR antagonist 

treatment in the same AD model (Caccamo et al., 2006). In the amyloid-based 

APPSwe model of AD, ablation of the M1 mAChR led to increased levels of Aβ 

pathology and of the C99 fragment, again indicating a shift to amyloidogenic APP 

processing (Davis et al., 2010). In agreement with the in vitro evidence 

discussed above, in AF267B-treated mice, activation of PKC and the MAPK/ERK 

pathway, as well as reduced levels of activated tau kinase GSK-3β were observed 

(Haring et al., 1998, Forlenza et al., 2000, Canet-Aviles et al., 2002, Caccamo et 

al., 2006). These observations therefore provide evidence in vivo for a beneficial 

effect of M1 mAChR activation on APP processing and tau phosphorylation. While 

the agonist used in this study was thought to be relatively M1 selective, another 

study showed that AF267B has a similar potency at the M1 and M3 mAChR (Jones 

et al., 2008). While early agonists were relatively unselective in nature, 

targeting the allosteric binding pocket can allow for subtype selectivity between 
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muscarinic receptors (see 1.2.5). Treatment of 3xTg AD mice with AF710B, a 

highly selective and potent allosteric M1 mAChR and σ1 receptor agonist, 

recovered cognitive deficits and decreased activity of BACE1 and the tau kinase 

GSK-3β, leading to reductions in Aβ and tau pathology (Fisher et al., 2016). 

Finally, decreased neuroinflammatory responses in the form of astrogliosis and 

microgliosis were found particularly surrounding plaques (Fisher et al., 2016). 

While the study did not attempt to elucidate whether the effects observed in 

vivo were due to activation of the M1 mAChR, the σ1 receptor, or a combination 

thereof, in vitro experiments in hippocampal neuronal cultures indicated that 

beneficial effects of AF710B, including reducing neuronal spine loss, were 

mediated by both receptors (Fisher et al., 2016). In the aggressive, amyloid-

based 5xFAD model of AD, neuroprotective effects of chronic administration of 

the M1-selective bitopic agonist VU0364572 on Aβ pathology and cognitive 

outcome were observed (Lebois et al., 2011, Digby et al., 2012, Lebois et al., 

2017). 

 



  114 
 

        

Figure 4.1 Potential disease-modifying effects of M1 mAChR on APP processing.  Activation 
of the M1 mAChR by an agonist stimulates protein kinase C (PKC) which in turn activates the 
MAPK pathway including ERK1/2 (A). ERK1/2 and PKC have both been found to upregulate 
amyloid precursor protein (APP) processing via the non-amyloidogenic pathway by stimulation of 
the α-secretase ADAM17/TACE. Activation of the non-amyloidogenic pathway leads to higher 
levels of the soluble APPα (sAPPα) and C83 fragments. This can be followed by cleavage of C83 
by γ-secretase producing p3 and amyloid precursor protein intracellular domain (AICD) fragments 
(B). Furthermore, PKC has also been found to inhibit the activity of β-secretases, such as BACE1, 
leading to less APP processing via the amyloidogenic pathway and therefore lower levels of the 
C99 and soluble APP β (sAPPβ) fragments. Finally, processing by the β-secretase usually would 
be followed by cleavage of C99 by γ-secretase rendering the pathogenic amyloid β (Aβ) peptides 
and AICD fragments. However, due to a combination of decreased β-secretase driven cleavage 
and increased α-secretase mediated cleavage, which cuts the protein within the Aβ domain, lower 
levels of Aβ peptide and plaques are produced (C). Finally, PKC has also been found to reduce the 
activity of the kinase GSK-3β, thereby reducing phosphorylation of tau and ultimately neurofibrillary 
tangles (NFTs) (D). Figure created using BioRender.com. 

While the M1 mAChR ligands used in the earlier studies especially are not as 

selective between muscarinic subtypes as thought at the time, the multitude of 

evidence from in vitro experiments in cell lines expressing only the M1 mAChR, 

newer studies using selective M1 mAChR agonists as well as in vivo studies 
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establish the critical role of M1 mAChRs in pathological processes commonly 

observed in AD including Aβ and tau pathologies, cognitive deficits, synaptic loss 

and neuroinflammation. Therefore, directly targeting the M1 mAChR with highly 

selective ligands could provide pro-cognitive benefits along with the potential 

for disease-modifying reductions in plaques, tangles and neuroinflammation. A 

range of pharmacological compounds for targeting the M1 mAChR has been 

discussed in 1.2.5 and the following will discuss the M1 mAChR PAM VU0486846 

used in this chapter. 

4.1.2 Preclinical studies with the M1 mAChR PAM VU0486846 

VU0486846 (structure in Figure 4.2) has been described as an M1 mAChR PAM 

with limited agonist activity (Rook et al., 2018), while showing high 

cooperativity with acetylcholine in second messenger assays in vitro (Rook et 

al., 2018, Dwomoh et al., 2022a). Importantly, in vivo studies in mice, rats and 

non-human primates suggest that VU0486846 does not cause cholinergic adverse 

effects (Rook et al., 2018, Norman et al., 2020). This M1 mAChR PAM was also 

found to be highly selective with good drug metabolism and pharmacokinetic 

properties and CNS penetration (Bertron et al., 2018, Rook et al., 2018, 

Khajehali et al., 2020).  

In female APPSwe mice, chronic treatment for 4 or 8 weeks with VU0486846 

reduced Aβ pathology and neuronal loss in the hippocampus, and improved 

cognitive deficits (Abd-Elrahman et al., 2022). APP processing was also found to 

be shifted to the non-amyloidogenic pathway by reducing BACE1 expression and 

enhancing expression of the α-secretase ADAM10 (Abd-Elrahman et al., 2022). In 

the murine prion model of terminal neurodegeneration, acute treatment with 

VU0486846 rescued memory and learning deficits, while chronic treatment 

showed potential disease-modifying effects, such as an extended life span, and 

reduced levels of the disease-causing misfolded prion protein (Dwomoh et al., 

2022a). Furthermore, using a proteomics approach, it was observed that 

expression levels of markers of neuroinflammation, mitochondrial dysfunction 

and aberrant complement function were normalised to control levels following 

chronic treatment (Dwomoh et al., 2022a). 
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Figure 4.2 Chemical structures of BQCA and VU0486846. Benzyl quinolone carboxylic acid 
(BQCA; A) was one of the first selective M1 mAChR PAMs developed. The more recently 
developed VU0486846 (B) is also a selective M1 mAChR PAM.  

4.1.3 Efficacy study with M1 mAChR PAM VU0486846 in the 

rTG4510 tauopathy mouse model 

As discussed above, the M1 mAChR PAM VU0486846 has shown promising results 

in an amyloid mouse model and the murine prion model of terminal 

neurodegeneration (Abd-Elrahman et al., 2022, Dwomoh et al., 2022a). 

Therefore, this chapter aimed to test the mode of action of VU0486846 in the 

rTG4510 tauopathy model, which was carefully characterised in Chapter 3. 

While ideally the ligand would have been tested at multiple time-points, due to 

the availability of animals, the optimal time-point at which to commence 

administration of the ligand had to be estimated. Since the identification of a 

disease point at which pathology could still be affected was crucial, one main 

driver for this decision were results from doxycycline-induced transgene 

suppression studies showing that pathology in diseased rTG4510 mice is 

tau-dependent until 4.0 months of age (Santacruz et al., 2005, Spires et al., 

2006). Similar to efficacy studies with the same compound in the prion model of 

neurodegeneration, a starting point before 4.0 months would be before the 

onset of neuronal loss but after the onset of misfolded protein accumulation 

(compare Figure 3.1). Additionally, as reported in Chapter 3, M1 mAChR 

expression levels were maintained until 7.5 months in diseased rTG4510 mice. 

Studies in tissues from AD patients suggest that the M1 mAChR expression levels 

on postsynaptic terminals are not affected by neurodegeneration (Bartus et al., 

1982, Mash et al., 1985, Bradley et al., 2017). Therefore, any efficacy study 

should conclude before 7.5 months to be comparable to the intact postsynaptic 
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M1 mAChR expression levels in AD patients. Expression of both pTau and GFAP, 

the neuropathological markers selected, show a large increase in 5 months-old 

diseased rTG4510 mice compared to controls particularly in the CA1. Therefore, 

a starting point of 3.0 months was selected for the efficacy study with the M1 

mAChR PAM VU0486846 (for a timeline, see Figure 4.3).  

As discussed above, the M1 mAChR PAM VU0486846 has been extensively 

characterised previously (Bertron et al., 2018, Rook et al., 2018, Norman et al., 

2020, Khajehali et al., 2020, Dwomoh et al., 2022a) and has been used in in vivo 

studies in mice (Abd-Elrahman et al., 2022, Dwomoh et al., 2022a). In this 

efficacy study, control and diseased rTG4150 mice were injected daily 

(intraperitoneal) with either vehicle or the M1 mAChR PAM VU0486846 

(10 mg/kg) from about 3.0 months to 5.0 months for 9 weeks according to the 

following experimental plan (Figure 4.3). It was hypothesised that, similar to the 

abovementioned studies, chronic treatment with VU0486846 would normalise 

elevated levels of the selected neuropathological markers, which were pTau and 

GFAP in this study, in disease rTG4510 mice to those seen in controls. 

 

Figure 4.3 Schematic timeline of the efficacy study with the M1 mAChR PAM VU0486846 in 
the rTG4510 tauopathy mouse model. Control and diseased mice were administered vehicle 
(10% Tween 80) or VU0486846 (10 mg/kg in 10% Tween 80) intraperitoneally from 3.0 to 5.0 
months of age (n = 10 per group). At the end of the study, mice were sacrificed and for each 
mouse one hemisphere was dissected and the hippocampus and cortex were used for protein 
analysis by western blot, and an additional part of the cortex for cytokine analysis with a cytokine 
assay was taken. The other hemisphere was processed for immunohistochemistry (IHC). 
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4.1.4 Aims 

The aim of this chapter was to assess the effect of chronic administration of the 

M1 mAChR PAM VU0486846 from 3.0 to 5.0 months of age on pathological 

markers in the rTG4510 tauopathy mouse model. 

Based on previous studies, it was hypothesised that targeting the M1 mAChR with 

the M1 mAChR PAM VU0486846 would ameliorate the increased levels of 

pathological markers in diseased rTG4510 mice.  
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4.2 Results 

4.2.1 Physiological function of rTG4510 mice is not adversely 

influenced by treatment with VU0486846 

In previous studies in our laboratory, chronic administration of VU0486846 did 

not lead to any adverse effects in the prion mouse model. Similarly, during 

observations throughout the course of chronic treatment in the rTG4510 mice, 

none of the animals showed any signs of adverse effects. Additionally, after 

completion of the study, the weight of various organs was measured as 

significant increases or decreases in VU0486846-treated animals could indicate 

an adverse effect of the drug (Figure 4.4, Figure 4.5).  

 

During preclinical drug studies, the weight of the animals is closely monitored as 

a significant drop in weight suggests severe adverse effect of the treatment. 

When plotting body weight changes, all groups gained weight throughout the 

administration time (p < 0.0001) and an overall effect of treatment could be 

found (p < 0.0001), however, no difference between the groups at specific 

time-points could be identified (Figure 4.4).  

 

Figure 4.4 Body weight changes of the control and diseased rTG4510 mice recorded during 
chronic dosing with vehicle or VU048686. Body weight measurements were recorded twice a 
week. Data shown as means ± SEM, n = 10. Statistical significance was analysed using three-way 
ANOVA for genotype, treatment and duration of administration, followed by Tukey post-hoc 
comparison. 

As diseased rTG4510 show atrophy, brain weight was measured as an indicator 

for this. As expected, significantly lower brain weights could be found in 

0.0 2.0 4.0 6.0 8.0

-2

0

2

4

Daily Dosing (weeks)

B
o
d
y
 w

e
ig

h
t

c
h
a
n
g
e
 (

g
)

Diseased Vehicle

Diseased VU0486846

Control Vehicle

Control VU0486846



  120 
 
diseased compared to control rTG4510 mice in both vehicle- and 

VU0486846-treated animals (both p < 0.0001; Figure 4.5 A). Other organs were 

also measured to identify potential adverse effects of chronic drug treatment. 

No differences between vehicle- and VU0486846-treated control or diseased 

rTG4510 mice could be found on the weight of the spleen (Figure 4.5 B), the 

liver (Figure 4.5 C), the heart (Figure 4.5 D) or the kidneys (Figure 4.5 E). 

             

Figure 4.5 Effect of treatment with the M1 mAChR PAM VU0486846 on physiological 
measurements compared to vehicle treatment in control and diseased rTG4510 mice. Data is 
shown as individual measurement per mouse, with means ± SEM shown, n = 8-10. Statistical 
significance was analysed using two-way ANOVA for genotype and treatment followed by Tukey 
post-hoc comparison test; p = 0.01, p < 0.001, p < 0.0001. 
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4.2.2 VU0486846 does not affect protein expression of disease 

markers 

After establishing that the M1 mAChR PAMs VU0486846 does not have any adverse 

effects in the control and diseased rTG4510, the effect of VU0486846 on pTau 

and GFAP levels were investigated using IHC and immunoblotting. For IHC, 

protein levels were assessed in the cortex and hippocampus as well as in the 

hippocampal CA1 area specifically, since pTau and GFAP changes in this area 

with age and genotype were most pronounced (Chapter 3). In both vehicle- and 

VU0486846-treated control rTG4510 mice, very little staining for human pTau 

could be observed (Figure 4.6), which was expected since these mice do not 

possess the transgene. In the cortex, hippocampus and the hippocampal CA1 

region increased staining for pTau could be observed in diseased compared to 

control mice regardless of treatment (all p ≤ 0.0008, except VU0486846-treated 

diseased compared to control mice in the hippocampus: p = 0.0245, Figure 4.6). 

While there is a suggestion of lower levels of pTau in drug-treated diseased 

rTG4510 mice, this was not significant in any area analysed (Figure 4.6 B). In 

summary, differences in pTau levels in all areas analysed were driven by 

genotype and no effect of VU0486846 could be found. 
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Figure 4.6 Immunostaining for pTau indicates that genotype, but not drug treatment, affects 
protein levels. Representative images for the human pTau staining (green) in the cortex, 
hippocampus and CA1 in vehicle- and VU0486846-treated control and diseased rTG4510 mice (A) 
and quantification of this staining (B) are shown. Nuclei have been stained with DAPI (blue). 
Staining was performed on 5 µm thick coronal sections and images acquired using a NanoZoomer 
S60 digital slide scanner with the fluorescence imaging module at 40x magnification. Images 
shown are representative of n = 6-10 mice per group. Scale bars represent 100 µm in the cortex, 
250 µm in the hippocampus and 50 µm in the CA1. For the quantification, data are shown as 
means ± SEM with data points representing individual mice. For statistical analysis of the 
quantification, two-way ANOVA for genotype and treatment were used, followed by a Tukey’s 
multiple comparison test; * p < 0.05, *** p < 0.001, **** p < 0.0001. 

For GFAP, minimal staining was observable in the cortex in the control rTG4510 

mice, while in the diseased rTG4510 mice more staining could be seen (Figure 

4.7). In the hippocampus in general, and the CA1 specifically, higher levels of 

GFAP staining compared to the cortex were observed in control mice and the 

staining in diseased rTG4510 appeared to be more pronounced (Figure 4.7). 

Statistical analyses showed that GFAP levels were higher in diseased compared 

to control rTG4510 mice that had been treated with vehicle (p = 0.0001) or 

VU0486846 (p = 0.0478) in the cortex and in vehicle-treated diseased compared 

to control mice in the CA1 (p = 0.0022), but not in the general hippocampal area 

(p > 0.6060), suggesting that inflammation might be specific to a certain area of 
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the hippocampal formation. No effect of VU0486846 treatment was found 

(Figure 4.7). In summary, changes in GFAP levels were caused by genotype in the 

cortex regardless of treatment and in the CA1 area of the hippocampus in 

vehicle-treated animals, with no effect of VU0486846 treatment being observed.  

 

Figure 4.7 Immunostaining for GFAP indicates that genotype, but not drug treatment, affects 
protein levels. Representative images of GFAP staining (green) in the cortex, hippocampus and 
CA1 in vehicle- and VU0486846-treated control and diseased rTG4510 mice (A) and quantification 
of this staining (B) are shown. Nuclei have been stained with DAPI (blue). Staining was performed 
on 5 µm thick coronal sections and images acquired using a NanoZoomer S60 digital slide scanner 
with the fluorescence imaging module at 40x magnification. Images shown are representative of 
n = 6-10 mice per group. Scale bars represent 100 µm in the cortex, 250 µm in the hippocampus 
and 50 µm in the CA1. For the quantification, data are shown as means ± SEM with data points 
representing individual mice. For statistical analysis of the quantification, two-way ANOVA for 
genotype and treatment were used, followed by a Tukey’s multiple comparison test; * p < 0.05, 
** p < 0.01, *** p < 0.001. 

In western blot analysis, a range of other proteins in addition to GFAP and pTau 

was assessed. Many of these were based on proteomic changes observed in a 

murine prion model of neurodegeneration upon treatment with VU0486846 

(Dwomoh et al., 2022a). Levels of tau were analysed using the Tau12 and Tau46 

antibodies, which detect human, and mouse and human tau isoforms, 

respectively in addition to pTau. In both the cortex (Figure 4.8) and the 
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hippocampus (Figure 4.9), all tau species, namely pTau, Tau12 and Tau46 were 

upregulated in the diseased compared to control rTG4510 mice, with no effect 

of VU0486846 treatment observed. 

              

Figure 4.8 VU0486846 has no effect on protein levels of the tau species pTau, Tau12 and 
Tau46 in the cortex in rTG4510 mice. Representative blots (A) and quantification (B) of relative 
tau protein levels found in samples from vehicle (VEH)- (blue) and VU0486846 (VU’846)-treated 
control (light blue) as well as vehicle- (red) and VU0486846-treated (rose) diseased rTG4510 mice 
are shown. Blots were analysed using Image Studio Lite Version 5.2. Protein levels were 
normalised to signal obtained from corresponding REVERT Total Protein Stain, followed by 
normalisation to the average protein level of the vehicle-treated diseased rTG4510 group 
expressed as fold change, n = 10. For the quantification, data are shown as means ± SEM with 
data points representing individual mice. Data for each protein were analysed using two-way 
ANOVA for genotype and treatment, followed by Tukey’s multiple comparison tests; 
**** p < 0.0001. pTau: phosporylated Tau. 
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Figure 4.9 VU0486846 has no effect on protein levels of the tau species pTau, Tau12 and 
Tau46 in the hippocampus in rTG4510 mice. Representative blots (A) and quantification (B) of 
relative tau protein levels found in samples from vehicle (VEH)- (blue) and VU0486846 (VU’846)-
treated control (light blue) as well as vehicle- (red) and VU0486846-treated (rose) diseased 
rTG4510 mice are shown. Tau12 detects human tau isoforms only, while Tau46 detects both 
mouse and human tau. Blots were analysed using Image Studio Lite Version 5.2. Protein levels 
were normalised to signal obtained from corresponding REVERT Total Protein Stain, followed by 
normalisation to the average protein level of the vehicle-treated diseased rTG4510 group 
expressed as fold change, n = 10. Data for each protein were analysed using two-way ANOVA for 
genotype and treatment, followed by Tukey’s multiple comparison tests; **** p < 0.0001. pTau: 
phosporylated Tau. 

M1 mAChR protein levels were analysed to control for an effect of disease or 

treatment on the protein levels of M1 mAChR. In the cortex, no difference 

between control and diseased mice were found (Figure 4.10), whereas in the 

hippocampus, M1 mAChR levels were reduced in diseased compared to control 

rTG4510 mice regardless of treatment (both p ≤ 0.0412, Figure 4.11). 

Nevertheless, in both the cortex and the hippocampus, VU0486846 treatment did 

not affect M1 mAChR levels (Figure 4.10, Figure 4.11). A representative blot of 

M1 mAChR staining including a negative control can be found in Appendix Figure 

1. 
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Since neuroinflammation, including astrogliosis and microgliosis, have been 

reported to play an important role in AD pathology (Middeldorp and Hol, 2011, 

Heneka et al., 2015, Dansokho and Heneka, 2018, Kumar et al., 2021), the 

astrocyte markers, GFAP and vimentin, and the microglial marker IBA1 were 

analysed. Interestingly, in the murine prion model of neurodegeneration, chronic 

treatment with the M1 mAChR PAM VU0486846 normalised elevated level of 

neuroinflammatory markers to levels observed in control (Dwomoh et al., 

2022a). In both the cortex and hippocampus, GFAP levels were upregulated in 

diseased rTG4510 mice compared to control regardless of treatment (all 

p < 0.0001), whereas only in the hippocampus an upregulation of vimentin levels 

in diseased compared to control mice was found (both p < 0.0001, Figure 4.10, 

Figure 4.11). For the microglial marker IBA1, no changes were observed in the 

cortex (Figure 4.10), or hippocampus (Figure 4.11). Treatment had no effect on 

any of the analysed markers of neuroinflammation. Interestingly, however, 

strong correlations were found between pTau and GFAP levels in control mice 

(r = 0.7042, p = 0.0005) and diseased mice (r =0.7741, p < 0.0001) in the cortex 

(Figure 4.12 A) as well as control (r = 0.9268, p < 0.0001) and diseased mice 

(r = 0.7774, p < 0.0001) in the hippocampus (Figure 4.12 B), regardless of 

treatment.  

ApoE was assessed, since polymorphisms in the ApoE gene are a major genetic 

risk factor for AD (Coon et al., 2007, Yamazaki et al., 2019) and an upregulation 

of ApoE mRNA was observed in the cortex of diseased compared to control 

rTG4510 mice at 8.0 months (Appendix Figure 2). While in the cortex no changes 

were found (Figure 4.10), in the hippocampus a significant difference between 

control and diseased vehicle-treated rTG4510 mice only (p = 0.0099, Figure 4.11 

B) was observed.  

Due to the atrophy phenotype in rTG4510 mice, the expression levels of the 

neuronal marker NeuN were also assessed to determine whether any changes in 

neuronal counts could be detected following chronic administration of 

VU0486846. No changes in NeuN levels in the cortex (Figure 4.10) or 

hippocampus (Figure 4.11) were observed. A representative blot of NeuN 

staining including a negative control can be found in Appendix Figure 1. 
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Finally, SerpinA3N, a regulator of proteolysis (Nielsen et al., 2007), was 

analysed, as upregulation of this protein in the murine prion model of 

neurodegeneration was recovered to control levels by chronic administration of 

VU0486846 (Dwomoh et al., 2022a), and it would therefore be interesting to see 

whether this effect is prion-specific or a more general neurodegenerative 

phenomenon. No changes in SerpinA3N could be observed in the cortex (Figure 

4.10), whereas an upregulation in SerpinA3N levels vehicle-treated diseased 

compared to control rTG4510 mice was found in the hippocampus (p = 0.0069, 

Figure 4.11). Overall, protein levels evaluated were, if at all, only affected by 

the genotype of the mice, but not treatment with the M1 mAChR PAM U0486846. 

       

Figure 4.10 VU0486846 has no effect on neuroinflammation in the cortex in rTG4510 mice 
Representative blots (A) and quantification (B) of relative protein levels found in samples from 
vehicle (VEH)- (blue) and VU0486846 (VU’846)-treated control (light blue) as well as vehicle- (red) 
and VU0486846-treated (rose) diseased rTG4510 mice are shown. Blots were analysed using 
Image Studio Lite Version 5.2. Protein levels were normalised to signal obtained from 
corresponding REVERT Total Protein Stain, followed by normalisation to the average protein level 
of the vehicle-treated control group expressed as fold change, n = 10. Data for each protein were 
analysed using two-way ANOVA for genotype and treatment followed by Tukey’s multiple 
comparison tests; **** p < 0.0001. 
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Figure 4.11 VU0486846 does not affect neuroinflammation in the hippocampus in rTG4510 
mice. Representative blots (A) and quantification (B) of relative protein levels found in samples 
from vehicle (VEH)- (blue) and VU0486846 (VU’846)-treated control (light blue) as well as 
vehicle- (red) and VU0486846-treated (rose) diseased rTG4510 mice are shown. Blots were 
analysed using Image Studio Lite Version 5.2. Protein levels were normalised to signal obtained 
from corresponding REVERT Total Protein Stain, followed by normalisation to the average protein 
level of the vehicle-treated control group expressed as fold change, n = 10. Data for each protein 
were analysed using two-way ANOVA for genotype and treatment followed by Tukey’s multiple 
comparison tests; * p < 0.05, ** p < 0.01, **** p < 0.0001. 

      

Figure 4.12 Correlation of pTau and GFAP protein levels in cortical and hippocampal 
samples. Plotting the GFAP and pTau protein levels observed in immunoblotting in the cortex (A) 
and hippocampus (B) for control (blue) and diseased (red) rTG4510 mice regardless of treatment, 
strong correlations could be observed. The relevant Pearson correlation coefficients (r) are 
indicated in the respective colours in each graph; n = 20. 
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4.2.3 Chronic administration of VU0486846 normalises 

expression of several proteins involved in inflammatory 

responses 

Since effects of M1 mAChR activation on neuroinflammatory responses, including 

but not limited to astrogliosis and microgliosis, have been reported in the 

murine prion model of terminal neurodegeneration (Dwomoh et al., 2022a), the 

effect of VU0486846 treatment on inflammatory responses in rTG4510 mice was 

investigated using a Proteome Profiler cytokine array. This cytokine array allows 

for the determination and analysis of 111 mouse cytokines and chemokines of 

interest using a membrane-based immunoassay. In the rTG4510 mice, three 

analytes out of the 111 tested were upregulated in diseased compared to control 

mice (Figure 4.13 A). The markedly upregulated analytes in the vehicle-treated 

diseased rTG4510 mice, which are reversed to control-like levels with drug 

treatment, are acidic FGF, coagulation factor III and cystatin C (Figure 4.13 B). 

Acidic FGF and coagulation factor III are involved in angiogenesis (Siedlak et al., 

1991, Jefferies et al., 2013), while cystatin C is a cysteine protease inhibitor 

(Levy et al., 2006) The analyte showing higher levels in the vehicle-treated 

control mice only is interleukin (IL)-28A/B, which is a cytokine typically 

activated in response to viral or bacterial infections (Witte et al., 2010). Since 

the lysates were pooled from 10 mice per group, no statistical analysis could be 

performed, and further experiments should be conducted to confirm whether 

this is a true effect of VU0486846 treatment.  
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Figure 4.13 Changes in inflammatory markers upon chronic treatment with VU0486846 in 
rTG4510 mice. Cortical samples were obtained after conclusion of the efficacy study with 
VU0486846, and brain homogenates were analysed using a Mouse XL Cytokine Array Kit (A). Bar 
graphs show altered analytes (B). Numbers show analytes (A) corresponding to the most increased 
condition of the altered analytes (B). Pooled cortical brain homogenates from 10 mice per group 
were used. Data is shown as means ± SEM. 

Next, experiments were designed to validate changes in the analytes identified 

from the cytokine array using RT-qPCR. In both the hippocampus and cortex, 

coagulation factor III and cystatin C were upregulated in diseased compared to 

control rTG4510 mice, whereas no difference in levels of acidic FGF was found 

(Figure 4.14). Therefore, the results from the RT-qPCR analysis validate the 

results observed for coagulation factor III and cystatin C in the cytokine array, 

but not for acidic FGF. 
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Figure 4.14 Coagulation factor III and cystatin C are upregulated in diseased compared to 
control rTG4510. Gene expression of acidic FGF, coagulation factor III and cystatin C, in 
hippocampal (upper panel) and cortical samples (lower panel) determined using RT-qPCR analysis 
is shown. Samples were obtained from 8.0 months old mice used for telemetry measurements in 
Chapter 4. To assess relative expression levels, data was analysed using the ΔΔCT method, 
normalising first to α-tubulin and then the mean of the control values for each gene of interest. Data 
are expressed as means ± SEM and each data point corresponds to an individual mouse. Data for 
each gene were analysed using unpaired t-tests, or when failing the Shapiro-Wilk normality test 
Mann-Whitney tests were used; * p < 0.05, ** p < 0.01. 
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4.3 Discussion 

Specific targeting of the M1 mAChR has been suggested to confer benefits in 

neurodegenerative diseases in human (Burford et al., 2011, Conn et al., 2014) 

and mouse models of AD (Caccamo et al., 2006, Fisher et al., 2016, Lebois et 

al., 2017). In the murine prion mouse model of terminal neurodegeneration, 

targeting the M1 mAChR with PAMs has been shown to exert disease-modifying 

effects. More specifically, a rescue of learning and memory deficits, 

normalisation of markers of neuroinflammation and neurodegeneration, and an 

extended life span have been observed (Bradley et al., 2017, Dwomoh et al., 

2022a). Therefore, to explore the potential of M1 mAChR PAMs as a therapeutic 

option for symptomatic and disease-modifying treatment in other 

neurodegenerative models, including AD models, the effects of targeting the M1 

mAChR with PAMs were assessed in the AD-relevant rTG4510 tauopathy mouse 

model. Administration of VU0486846 was safe. Contrary to the hypothesis, 

chronic treatment with VU0486846 did not affect biochemical markers of 

disease, indicating that the M1 mAChR PAM may not have a disease-modifying 

effect in this model of AD. Interestingly, the results indicate that dosing with 

VU0486846 does influence some inflammatory markers, namely coagulation 

factor III and cystatin C.  

The absense of an effect of chronic treatment with VU0486846 in the rTG4510 

mouse model could be due to several reasons. First, the start of the efficacy 

study could have been too late to allow for recovery of neuropathology. As the 

doxycycline studies suggest that partial suppression of pTau in the rTG4510 

model up until 4.1 months can still affect disease progression (Santacruz et al., 

2005, Spires et al., 2006, Blackmore et al., 2017), it is unlikely that the absence 

of an effect is due to the dosing time window. Nevertheless, future work could 

include pilot studies starting from different time-points, based on the 

appearance of key disease markers in the rTG4510 model. Second, the observed 

results could be due to the M1 mAChR PAM VU0486846 not affecting 

pathologically relevant processes in this tau model. In the APPSwe model, chronic 

treatment with VU0486846, starting after the onset of pathology, was found to 

reduce amyloid pathology and cognitive deficits (Abd-Elrahman et al., 2022). A 

range of in vitro and in vivo studies have elucidated the effect of M1 mAChR 
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activation on APP processing and amyloid pathology (Nitsch et al., 1992, 

Buxbaum et al., 1992, Buxbaum et al., 1993, Haring et al., 1998, Forlenza et al., 

2000, Canet-Aviles et al., 2002, Caccamo et al., 2006). In the murine prion 

mouse model of terminal neurodegeneration, chronic treatment with VU0486846 

ameliorated memory and learning deficits, while also restoring levels of 

neuroinflammatory markers, including GFAP, and proteins involved in the 

clearance of misfolded proteins (Dwomoh et al., 2022a). While this was the first 

study investigating the effect of M1 mAChR modulation in the rTG4510 mouse 

model, studies in the dual amyloid-tau 3xTg AD model suggest that M1 mAChR 

activation is important for controlling phosphorylation of tau by inhibiting 

activation of the tau kinase GSK-3β (Caccamo et al., 2006, Medeiros et al., 

2011b). Here, activity of GSK-3β was not measured and therefore, it is unclear 

whether chronic dosing with VU0486846 inhibited GSK-3β. Phosphorylated tau is 

in turn more likely to form tangles (Medeiros et al., 2011a). Here, administration 

of the M1 mAChR PAM VU0486846 did not seem to affect levels of tau 

phosphorylation observed. In this study, however, only the AT8 antibody, which 

mostly detects phosphorylated tau in intra- and extracellular NFTs, was used to 

detect tau phosphorylation and no other tau phosphorylation antibodies 

detecting pre-tangle or specific NFT stages were applied (Augustinack et al., 

2002). Additionally, unlike in a range of models including the prion mouse model 

and the 3xTg AD model (Medeiros et al., 2011b, Dwomoh et al., 2022a), 

neuroinflammatory markers such as GFAP were not affected by chronic dosing in 

the rTG4510 model. It is still unclear from previous studies how M1 mAChR 

activation modulates neuroinflammation (Medeiros et al., 2011b, Abd-Elrahman 

et al., 2022, Dwomoh et al., 2022a), however, it is possible that the effect is 

indirect via modulation of prion or amyloid and tau levels, respectively. If this 

were true, the absence of an effect of VU0486846 treatment on tau pathology 

would consequently then result in no effect of treatment on neuroinflammation. 

Third, like many AD mouse model, the rTG4510 model is based on overexpression 

of human mutant tau, but in this model, overexpression of the human tau 

mutant has been found to affect development (Caouette et al., 2013, Helboe 

and Volbracht, 2013). One study found that adult-onset tau overexpression 

(suppressing tau expression with doxycycline up until 2.5 months of age) leads to 

alterations compared to perinatal overexpression: reduced brain atrophy and 

neuronal loss as well as lower levels of phosphorylated tau and glia were found 



  134 
 
until at least 10 months of age (Caouette et al., 2013). Based on their magnetic 

resonance imaging and IHC analysis the authors suggest that the severe 

pathological events associated with human mutant tau overexpression in this 

model occur during the perinatal and early postnatal stages of development. In 

humans, neuropathological processes associated with AD usually do not unfold 

until mid- to late adulthood (Caouette et al., 2013). It is therefore possible, that 

results in this model could be affected by developmental alterations caused by 

the mutant tau overexpression leading to long-lasting alterations unrelated to 

the AD phenotype. Therefore, if further pilot studies at different time-points are 

conducted as discussed above, these should be performed in mice, in which the 

pTau transgene expression is suppressed until the onset of adulthood to avoid 

confounding effects of overexpression during development. 

One further factor that could have affected these results are reported binding of 

tau, but not pTau, to muscarinic receptors, including the M1 mAChR, leading to 

tau-induced increases in intracellular calcium levels in neuronal cultures in vitro 

as well as in rabbit tear secretion experiments in vivo (Gomez-Ramos et al., 

2008, Gómez-Ramos et al., 2009, Martinez-Aguila et al., 2014). In this study, the 

AT8 antibody was used for detecting phosphorylated tau, whereas Tau12 and 

Tau46 antibodies detect epitopes not affected by phosphorylation, hence 

reflecting total tau levels (Petry et al., 2014, Song et al., 2015). Therefore, due 

to the nature of the tau antibodies utilised, the amount of unphosphorylated and 

phosphorylated tau present could not be determined. ELISA immunoassays for 

total and phosphorylated tau could have been used to investigate protein levels, 

however, other studies have suggested increases in total and phosphorylated tau 

levels with age (Song et al., 2015). While it was also suggested that tau binds to 

a site distinct to the orthosteric binding site (Gómez-Ramos et al., 2009), this 

has not been investigated further. Therefore, it is unclear whether tau could 

compete with VU0486846 for the same binding site, and thereby interfere with 

the drug’s activity. 

Additionally, since no robust behavioural indicators of disease progression were 

observed in the rTG4510 model (Chapter 4), it was more difficult to assess 

efficacies of a drug candidate. Even if a change in pTau levels would have been 
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found to be reduced, the benefit would have potentially been unclear in the 

absence of a behavioural readout. 

In this study, the only proteins increased in vehicle-treated diseased rTG4510 

mice compared to control mice and restored to normal levels in the VU0486846-

treated diseased mice are acidic FGF, coagulation factor III and cystatin C. 

These results are interesting as both acidic FGF and coagulation factor III are 

involved in angiogenesis and overexpression of angiogenic factors in areas of 

tissue damage associated with plaques and tangles has been reported (Siedlak et 

al., 1991, Jefferies et al., 2013). There is also evidence for a role of the cysteine 

protease inhibitor cystatin C in AD (Wang et al., 1997, Deng et al., 2001, Levy et 

al., 2001, Levy et al., 2006). Cystatin C levels in the cerebrospinal fluid were 

found to be positively correlated with pTau in AD patients (Sundelöf et al., 

2010), and overexpression of human cystatin C in APP transgenic mice has been 

shown to reduce Aß deposition (Mi et al., 2007, Kaeser et al., 2007). Contrary to 

the observed decrease in IL-28A/B in diseased mice compared to vehicle treated 

controls, Weeraratna et al. (2007) reported an increase in IL-28A gene 

expression in samples taken from inferior parietal lobes of late onset AD 

compared to non-demented controls. Overall, several of the identified analytes 

have been linked to AD pathology and it would be interesting to investigate 

these changes further using more quantitative assays, such as ELISAs and 

Bio-Plex Multiplex Immunoassays. Since no further samples from this dosing 

study were available, these assays were not possible at this time, however, 

samples from the 8.0 months old mice used for telemetry (Chapter 4) were 

available for gene expression analysis. Since the results from the RT-qPCR 

suggest that coagulation factor III and cystatin C are significantly higher in 

diseased rTG4510 mice compared to controls in both the hippocampus and 

cortex, the results from the cytokine assay could represent a normalising effect 

of VU0486846 treatment on these factors in the rTG4510 mouse model. 

Finally, studies have shown that not only overexpression of the mutant human 

tau, but also disruption of endogenous mouse genes caused by the random 

insertion of the MAPTP301L and the CaMKIIα-tTA transgenes contribute to the 

neuropathological phenotypes observed in the rTG4510 model (Gamache et al., 

2019, Goodwin et al., 2019). More specifically, the CaMKIIα-tTA transgene was 
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found to result in a 508 kb deletion on chromosome 12 disrupting five mouse 

genes and the MAPTP301L inserted within the fibroblast growth factor 14 gene on 

chromosome 14, leading to a deletion of 244 kb. Gamache et al. (2019) then 

created a mouse line using a targeted insertion strategy to ensure that no mouse 

genes would be disrupted. Interestingly, when crossed with the CaMKIIα-tTA 

activator line used to breed diseased rTG4510 mice, the resulting mice exhibited 

higher levels of MAPTP301L compared to rTG4510 mice, but neurodegeneration 

and tau pathology occurred later (Gamache et al., 2019). Since this study, 

therefore, suggests that a significant portion of the neuropathology observed in 

this model is not linked to overexpression of MAPTP301L itself, but rather the 

disruption of endogenous mouse genes (Gamache et al., 2019), this could 

provide a further explanation as to why chronic administration of VU0486846 did 

not have an effect on selected markers of neuropathology in this tauopathy 

model, despite significant beneficial effects having been reported in other 

taupathy models. Therefore, studying the effect of chronic treatment with M1 

mAChR PAM VU0486846 in a different tau pathology model would be beneficial.  

Similar to in Chapter 3, it should be noted that the current study used male mice 

only, as this was a trial to assess the effect of the M1 mAChR PAM VU0486846 in 

the rTG4510 tauopathy mouse model. Funders and researchers increasingly 

appreciate the importance of using both sexes in in vivo therapeutic studies 

(Lee, 2018, Karp and Reavey, 2019), however, the characterisation in Chapter 4 

was performed in male mice only to exclude the effect of the oestrous cycle on 

behavioural results particularly and due to a lower availability of female mice 

from our supplier. Therefore, as neuropathological and behavioural changes has 

not been characterised in female rTG4510 mice including known sex-dependent 

differences, such as an earlier onset of tau pathology and associated behavioural 

impairments in females (Yue et al., 2011, Song et al., 2015), this efficacy study 

was performed in male rTG4510 mice only. 

As discussed a range of factors other than the drug could have affected the 

results of the efficacy study with the M1 mAChR PAM VU0486846 in the rTG4510 

mouse model. It remains to be seen whether the absence of an effect of 

VU0486846 treatment was due to the drug not working in this particular model 

or other factors. Nevertheless, this compound has shown no adverse effects and 
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showed promise in both the APPSwe model and the murine prion model of 

terminal neurodegeneration (Abd-Elrahman et al., 2022, Dwomoh et al., 2022a). 

In addition to M1 mAChR-based therapeutics, a range of other potentially 

disease-modifting candidates are in various stages of drug development, such as 

the Aβ-targeted immunotherapy lecanamab achieving promising results in Phase 

3 clinical trials (Eisai, 2020, Cummings et al., 2022, van Dyck et al., 2022) or the 

immuno-modulatory small molecule lenalidomide, which is approved as an 

anti-cancer treatment, in Phase 2 trials (Decourt et al., 2020, Cummings et al., 

2022). Overall, targeting the M1 mAChR remains an avenue of interest in the 

treatment of AD, especially with compounds leading to limited adverse effects, 

such as VU0486846. 

 



 
 

Chapter 5  M1 mAChR localisation in the brain 
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5.1 Introduction 

As discussed previously, the M1 mAChR is widely expressed in brain regions 

associated with memory and learning, such as the hippocampus and cortex (see 

1.3.4) and targeting the M1 mAChR results in symptomatic and potentially 

disease-modifying effects in some disease models (see 4.1.1). Another important 

factor to consider when assessing the potential of the M1 mAChR as a drug target 

in neurodegeneration is receptor localisation and whether neurodegeneration 

affects this.  Previous studies (for more details see 1.2.3.1) and the availability 

of the Human Protein Atlas (proteinatlas.org; Sjöstedt et al., 2020) have vastly 

contributed to our general understanding of M1 mAChR distribution in the brain, 

however, it is vital to study the distribution of the receptor at a higher 

anatomical resolution and especially at a whole systems level (Lebois et al., 

2018), as well as in neurodegeneration and in response to M1 mAChR activation. 

Since reporter mouse lines may provide a useful tool to map the expression 

profile of M1 mAChRs throughout the entire brain, a knock-in transgenic mouse 

model was generated to constitutively express a variant of the M1 mAChR 

containing a C-terminal meGFP tag (M1-meGFP; 2D sequence diagram in Figure 

5.1) in cells that would normally express the M1 mAChR (Marsango et al., 2022, 

von Stetten et al., 2012). 
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Figure 5.1 2D snake plot diagram of the M1 mAChR with a meGFP tag on the C terminus. 
Sequence diagram of the human M1 mAChR was obtained from the GPCR database 
(GPCRdb.org) and combined with the sequence of meGFP obtained from the fluorescent protein 
database (FPbase.org). 

5.1.1 Studying receptor populations using reporter mouse lines 

As discussed, most studies in the past investigating receptor localisation have 

relied on quantitative autoradiography, immunohistochemistry or in situ 

hybridisation (see 1.2.3.1). However, these methods are dependent on the 

specificity of the antibody, which is difficult to achieve due to the conserved 
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nature of the muscarinic receptors, used as well as the sectioning method used. 

As an alternative, a range of mouse lines utilising reporter proteins have been 

developed in the last three decades to label specific cell types or proteins in 

vivo and ex vivo (Daigle et al., 2018).  

The most commonly used non-fluorescent marker is the LacZ gene, but others 

such as chloramphenicol acetyltransferase are also utilised (Gebhard et al., 

2007, Jay and Schneider, 2014, Li et al., 2018, Krämer et al., 2021). The LacZ 

gene encodes the β-galactosidase protein (β-gal) (Krämer et al., 2021), and its 

enzymatic activity is utilised in histochemical assays to convert the colourless 

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside, also known as X-gal, into 

indoxyl, which is then rapidly oxidised into a blue product (Horwitz et al., 1964, 

Krämer et al., 2021). The first LacZ reporter mouse was generated in 1987 

(Goring et al., 1987) and non-fluorescent markers, such as LacZ, have since been 

used widely in cell lineage tracing and gene expression studies (Krämer et al., 

2021). However, while in recent years various fluorescent probes have been 

developed to detect LacZ positive cells, these probes, similar to the 

conventional histochemical assays required for visualising the signal in 

non-fluorescent reporter gene lines, have only been successful in ex vivo 

visualisation at present (Gebhard et al., 2007, Abe and Fujimori, 2013, Ito et al., 

2018). 

Since the discovery of GFP from jellyfish Aequorea Victoria (Shimomura et al., 

1962), fluorescent proteins have become a useful tool for high resolution 

imaging of cells and tissues in real time. Over the years, a range of fluorescent 

proteins for the use in reporter mouse lines have been discovered and 

developed. These include yellow and cyan fluorescent protein, as well as red 

fluorescent protein (RFP) variants, including DsRed variants, monomeric RFP 1, 

tandem dimer Tomato and monomeric Cherry (Feng et al., 2000, Vintersten et 

al., 2004, Long et al., 2005, Muzumdar et al., 2007, Fink et al., 2010).  

The most commonly used fluorescent reporter gene is GFP. Successful cloning of 

the GFP gene (Prasher et al., 1992) quickly led to its first reported expression in 

E. coli and C. elegans (Chalfie et al., 1994). The first enhanced GFP (eGFP) 

reporter mouse line was generated in 1997 (Okabe et al., 1997). This mouse line 

expressed eGFP cDNA driven by a chicken beta-actin promoter and 
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cytomegalovirus enhancer leading to all tissues, except erythrocytes and hair, 

fluorescing green under excitation light. The ubiquitous expression of eGFP in 

these mice from a 4-cell prenatal stage throughout life suggested that this 

expression was not detrimental to the health of the mice (Li et al., 2018). GFP 

and its variants expressing a stronger signal, such as eGFP, and the monomeric 

eGFP (meGFP), a A206K mutant of eGFP reducing the tendency of the 

fluorescent protein to dimerise, have been used in a range of studies (Kain et 

al., 1995, von Stetten et al., 2012, Faget et al., 2012, Renda and Nashmi, 2012, 

Mani et al., 2014, Herrick et al., 2017, Marsango et al., 2022). 

These reporter genes strains are established by genetically altering the mouse 

genome. One approach to genetically alter a gene of interest is gene targeting 

by homologous recombination in ES cells. These ES cells are then injected into 

blastocytes, which can be transplanted into pseudo-pregnant female mice 

resulting in the generation of genetically altered chimeric mice (Folger et al., 

1982, Evans and Kaufman, 1981, Thomas and Capecchi, 1987, Mansour et al., 

1988, Bouabe and Okkenhaug, 2013). Furthermore, recombination systems, such 

as the Cre/loxP system, can be used to generate mouse lines with specific 

temporal and spatial patterns of gene expression (Kühn et al., 1995, Sauer, 

1998, Metzger and Chambon, 2001, Schnütgen et al., 2003, Bouabe and 

Okkenhaug, 2013, McLellan et al., 2017). In constitutive knock-in models, the 

gene of interest is inserted into a gene locus of interest, which could for 

example mean that the gene for a specific receptor is replaced by a variant of 

the same receptor but with a fluorescent protein tag. 

Due to the highly conserved structure of the five muscarinic receptors, there are 

very few suitable antibodies for the M1 mAChR and reporter mouse lines are 

likely to give a better overview of the receptor distribution. Therefore, as 

discussed above a novel knock-in mouse line was generated in our laboratory, 

which expresses a M1 mAChR variant that has been C-terminally tagged with 

meGFP, an intrinsically fluorescent protein (Marsango et al., 2022). 
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5.1.2 Advances in tissue clearing and microscopy to visualise 
proteins of interest on a whole systems level 

Fluorescent reporter mouse lines have been utilised extensively in in vivo 

imaging studies. These imaging studies, however, are often still performed in 

optically transparent tissues and model systems, such as embryos. However, 

organs in mature animals are not transparent, making fluorescent in vivo 

imaging challenging. However, in the last decade, concurrent advances in tissue 

clearing and microscopy have made it possible to visualise proteins of interest, 

either through the use of a reporter line or antibody staining, in cleared intact 

organs such as the brain.  

A range of clearing techniques based on different approaches have been 

developed. Broadly these can be categorised as solvent-based (hydrophobic 

tissue clearing), aqueous-based (hydrophilic tissue-clearing), and hydrogel-based 

methods (Seo et al., 2016, Ueda et al., 2020, Richardson et al., 2021). 

Generally, these protocols include steps to remove lipids, and possibly pigments 

and calcium phosphate from bones to match the refractive index (RI) of the 

cleared tissue to that of the RI matching solution used with the aim of achieving 

an apparently transparent tissue for imaging (Ueda et al., 2020, Richardson et 

al., 2021). 

Solvent-based clearing techniques, such as the DISCO methods, namely 3DISCO 

(3D imaging of solvent-cleared organs) (Ertürk et al., 2012), iDISCO 

(immunolabeling-enabled imaging of solvent cleared organs) (Renier et al., 2014) 

or vDISCO (nanobody(VHH)-boosted 3D imaging of solvent-cleared organs) (Cai et 

al., 2019), include a dehydration step to remove water from the tissue, as water 

scatters light due to different RI, followed by an organic solvent step to remove 

lipids and match the RI of the tissue (Susaki and Ueda, 2016, Liebmann et al., 

2016, Cai et al., 2019, Molbay et al., 2021). These solvent-based clearing 

methods allow for rapid clearing of tissues within days, and preservation of the 

tissue, including signal from immunolabelling, for months (Renier et al., 2014, 

Cai et al., 2019, Ueda et al., 2020). 
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Figure 5.2 Basic steps of the adapted iDISCO protocol. After perfusion with DBPS and 4% 
PFA, dissected brains were post-fixed in 4% PFA (1), followed by dehydration and rehydration in 
methanol to reduce autofluorescence and improve antibody diffusion (2). Then, the tissue was 
blocked, and primary and secondary antibody incubations were performed (3). Samples were 
dehydrated and cleared in increasing concentrations of tetrahydrofuran (THF), dichloromethane 
(DCM) and dibenzyl-ether (DBE) (4) and finally the protein of interest could be imaged in ethyl 
cinnamate using a light sheet microscope (5). Protocol provided by CM Gonzalez. Illustration 
created using BioRender.com. 

Aqueous-based clearing methods, such as Scale, SeeDB and CUBIC, use water-

based reagents, which can bind to proteins, other biomolecules and adjacent 

water molecules and thereby preserve the macrostructure of the tissue (Ueda et 

al., 2020). In Scale, urea is utilised as a clearing agent, whereas in ScaleS, a 

variation of Scale, sorbitol is used to enhance the tissue clearing seen with urea 

(Hirshburg et al., 2007, Hama et al., 2011, Hama et al., 2015). Compared to 

other clearing techniques including CUBIC, 3DISCO, and SeeDB, the endogenous 

fluorescence from reporter mice in brain tissue from adult mice has been 

reported to be preserved the most in ScaleS (Hama et al., 2015). In SeeDB, 

sucrose is used as an RI matching solution (Ke et al., 2013), whereas in CUBIC, 

amino alcohol reagents are used for removing lipids and pigments and aromatic 

amides are used as RI matching reagents (Tainaka et al., 2014, Susaki et al., 

2015, Susaki and Ueda, 2016, Tainaka et al., 2018). 
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In hydrogel-based methods, such as CLARITY (Clear Lipid-exchanged Acrylamide-

hybridized Rigid Imaging/ Immunostaining/ in situ-hybridization-compatible 

Tissue hYdrogel), proteins and other molecules are bound to a hydrogel and 

thereby preserved, followed by removal of lipids either by passive clearing using 

detergents or electrophoretic active clearing (Figure 5.3) (Chung et al., 2013, 

Tomer et al., 2014, Epp et al., 2015). Several variations of CLARITY have been 

developed to increase tissue permeability, speed up passive clearing and 

immunolabeling or utilise tissue expansion for super-resolution imaging (Yang et 

al., 2014, Treweek et al., 2015, Ku et al., 2016, Gradinaru et al., 2018). 

 

Figure 5.3 Basic steps of the CLARITY protocol. After perfusion, dissected brains are incubated 
in hydrogel monomer solution (1), followed by thermal activation at 37°C of these leading to 
formation of a hydrogel-tissue mesh binding to all cell contents (e.g. proteins, DNA, RNA) other 
than lipids (2). Then tissue is cleared by removing lipids from the brain (3), target proteins can be 
antibody labelled (4) and finally the protein of interest can be imaged. Adapted from Chung et al. 
(2013). Illustration created using BioRender.com. 

The clearing techniques mentioned above, or variations thereof, have previously 

been used to prepare thick slices or whole-brain samples for visualising of a 

target protein with different microscopy techniques (Renier et al., 2016, Ke et 

al., 2016). Some studies, especially in thick slices, use confocal and two-photon 

microscopy, and for whole brain samples, light sheet microscopy is most 
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commonly used. One of the main advantages of confocal and two-photon 

microscopy is the capability to perform optical sectioning of samples, however 

the use of these approaches in large samples is generally limited by speed and 

photobleaching (Richardson et al., 2021). In light sheet fluorescence microscopy 

(LSFM) a small layer of the sample is illuminated by a light sheet, which is then 

detected at a perpendicular angle via a detection objective and attached 

camera (Figure 5.4). This basic setup minimises photobleaching of the 

surrounding tissue significantly and large samples can comparatively quickly be 

captured due to the large field-of-view and the high acquisition rate (Reynaud et 

al., 2008, Hillman et al., 2019, Corsetti et al., 2019, Richardson et al., 2021). A 

range of more complex LSFM setups have been developed over the years 

including those specifically for imaging cleared samples using specialised 

objectives to achieve rapid volumetric imaging with subcellular resolution in 

cleared samples (Reynaud et al., 2008, Daetwyler and Huisken, 2016, Corsetti et 

al., 2019, Hillman et al., 2019, Richardson et al., 2021). For these reasons, LSFM 

has largely become the method of choice for imaging large, cleared samples 

such as mouse brain (Hillman et al., 2019). 

                       

Figure 5.4 Basic principle of light sheet microscopy. An excitatory sheet of light focused 
through the illumination objective illuminates a layer of the sample and is detected perpendicularly 
via the detection objective.  

5.1.3 Aims 

As summarised in 4.1.1,  previous studies have suggested a potential therapeutic 

effect of M1 mAChR activation in neurodegeneration. However, the M1 mAChR 

distribution in the brain remains understudied at high anatomical detail (Lebois 
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et al., 2018) and there is a lack of knowledge on how this distribution is affected 

by neurodegeneration. With the availability of a meGFP reporter mouse line for 

the M1 mAChR in our laboratory, the aims of this chapter were to 

• Characterise the signalling and function of the meGFP tagged M1 mAChR 

• Study the distribution of the M1 mAChR in situ 

Since the tagged receptor, replaces the WT receptor in its endogenous locus, it 

was hypothesised that the expression and function of M1-meGFP would not differ 

from that of the M1 mAChR. While in rTG4510 a reduction in M1 mAChR especially 

at 10.0 months of age was found (see 893.2.1.2), in the murine prion model of 

terminal neurodegeneration and in AD in human the post-synaptic M1 mAChR 

population remained intact (Bartus et al., 1982, Mash et al., 1985, Bradley et 

al., 2017). Therefore, a further hypothesis was that neurodegeneration in the 

form of murine prion disease would not affect the M1 mAChR distribution. 
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5.2 Results 

5.2.1 Signalling and function of the M1-meGFP is similar to M1-WT 
control 

Initial experiments were designed to determine the effect of the addition of 

meGFP to the C terminal of M1 mAChR (Figure 5.1) on expression or function of 

the receptor. Using immunoblotting to detect both the M1 mAChR and the GFP 

tag, the M1-meGFP was found to be upregulated both in hippocampal and 

cortical samples, as well as in lysates prepared from neuronal cultures, 

compared to controls (Figure 5.5). In western blots detecting the M1 mAChR, a 

single band corresponding to the calculated molecular weight of 55 kDa was 

detected in the M1-WT samples (marked in black), while in samples from 

homozygous M1-meGFP mice (marked in pink) a band at approximately 80 kDa, 

corresponding to the size of the M1-meGFP construct, was found. Samples from 

heterozygous M1-meGFP mice (marked in green) yielded both bands at 55- and 

80 kDa, suggesting that both M1-WT and M1-meGFP receptor forms were present. 

GFP antisera detected only the 80 kDa receptor variant corresponding to the size 

of the M1-meGFP construct. Qualitative assessment shows that M1-meGFP 

expression in heterozygous mice was weaker compared to that of the 

homozygous mice (Figure 5.5 A, B), reflecting the fact that only half of the 

receptors in the heterozygous mice were the M1-meGFP variant compared to all 

in the homozygous mice. Since no corresponding bands were detected in the 

M1-KO samples, it is likely that the bands observed in the other samples are 

indeed variants of the M1 mAChR. Furthermore, no other bands corresponding to 

lower molecular weights could be found in any of the blots suggesting that the 

transgene only exists as the full-length version and no cleaved or degraded 

fragments are produced (Figure 5.5 A-C). Although, immunoblotting is a 

semi-quantitative technique and results are only indicative, the quantification 

suggests that the receptor is significantly upregulated in homozygous M1-meGFP 

mice compared to the M1-WT mice in the hippocampus (2-fold, p < 0.0001, 

Figure 5.5 D), cortex (2-fold, p < 0.0001, Figure 5.5 E) and neuronal cultures 

(p = 0.0228, Figure 5.5 F). In samples from heterozygous M1-meGFP mice, M1 

mAChR receptor levels were significantly upregulated around 1.6-fold in the 

hippocampus (p = 0.0004, Figure 5.5 D) and the cortex (p = 0.0002, Figure 5.5 

E).  
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Figure 5.5 Immunoblotting for M1 mAChR and GFP in lysates from hippocampal and cortical 
tissues, and neuronal cultures. Representative blots of the REVERT Total Protein stain, M1 

mAChR and GFP in hippocampal (A) and cortical samples (B) as well as neuronal cultures (C) are 
shown. Blots show M1-wild-type (WT) control, homozygous M1-meGFP (M1-meGFP/M1-meGFP), 
heterozygous M1-meGFP (M1-meGFP/WT) and M1-knockout (KO) samples as indicated. Relative 
protein levels for M1 mAChR were calculated for hippocampus (D), cortex (E), and neuronal 
cultures (F). For this, blots were quantified using Image Studio Lite Version 5.2. Protein levels were 
normalised to signal obtained from corresponding REVERT Total Protein Stain, followed by 
normalisation to the average protein level of the M1-WT levels, expressed as fold change, n = 3. 
Data were analysed using one-way ANOVA for genotype followed by Dunnett’s multiple 
comparison tests; *** p < 0.001 **** p < 0.0001. 

Expression levels of the M1 mAChR in samples from control M1-WT, M1-meGFP 

and M1-KO mice were further assessed using quantitative [3H]-NMS binding 

studies to explore any effects of the meGFP tag on receptor expression. For all 

samples, total- and non-specific binding, in the presence of the muscarinic 

antagonist atropine, were measured and specific binding for samples from the 

different mouse strains in the hippocampus (Figure 5.6 A) and cortex (Figure 5.6 

B) was calculated. From the specific binding curves in turn, the muscarinic 

receptor densities (Bmax) and dissociation constants (KD) were calculated. 

Statistical analysis showed that the muscarinic receptor density is equivalent in 

tissues from M1-WT and M1-meGFP mice (Figure 5.6 C). Whereas the Bmax in both 
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M1-WT (hippocampus p = 0.0352, cortex p = 0.0427) and M1-meGFP (hippocampus 

p = 0.0049) samples was significantly higher than in M1-KO samples, KD values 

were not significantly different between M1-WT, M1-meGFP, and M1-KO mice in 

either hippocampal or cortical samples (Figure 5.6 C).  

 

Figure 5.6 Expression levels of the M1-meGFP is equivalent to M1-WT in cortical and 
hippocampal samples as assessed using [3H]-NMS saturation binding. Representative graphs 
of specific binding in hippocampal (A) and cortical (B) membranes prepared from M1-wild-type 
(WT) control, M1-meGFP and M1-knockout (KO) mice are shown. The calculated muscarinic 
receptor densities, Bmax, and dissociation constants, KD, for experiments in hippocampal and 
cortical samples are shown (C). Data is shown as means ± SEM, n = 4. For statistical analysis, 
one-way ANOVA for genotype, followed by Tukey’s multiple comparisons tests were used, except 
for Bmax in cortical samples. Due to the M1-WT data failing in the Shapiro-Wilk normality test, for the 
statistical analysis of the Bmax in cortical samples, the non-parametric Kruskal-Wallis test and 
Dunnett’s multiple comparison test were used, ** p <0.01 and ** p <0.5 for the indicated strain 
compared to M1-KO. 

Since all muscarinic receptors bind [3H]-NMS with similar affinity, the M1 

mAChR-KO control was also included to allow for the calculation of M1 mAChR 

expression by subtracting the specific binding measured for the M1-KO control 

from that measured in control M1-WT and M1-meGFP samples. While in cortical 

samples, M1 mAChR expression levels were similar in M1-WT and M1-meGFP 

samples (211-269 fmol/mg), in hippocampal samples M1 mAChR expression levels 

were higher in M1-meGFP (404 fmol/mg) compared to M1-WT samples (281 

fmol/mg). Therefore, higher expression levels of M1-meGFP compared M1-WT in 

hippocampal tissue were observed. 
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Subsequent experiments were performed to investigate a possible effect of the 

observed raised M1-meGFP expression levels on G protein functionality (Figure 

5.7). In neuronal cultures, an IP-One assay was used to assess carbachol-induced 

receptor activation. Addition of carbachol to neuronal cultures led to a 

concentration-dependent accumulation of IP1, which was similar in cultures 

prepared from M1-WT and M1-meGFP animals as shown by pEC50 values of 

5.12 ± 0.19 and 4.78 ± 0.29 respectively (Figure 5.7 A). In cortical membrane 

preparations, a [35S]-GTPγS assay was used to assess basal and carbachol-induced 

Gαq-protein activation. At a basal state around 23 to 32% of [35S]-GTPγS was 

bound in all samples. Upon agonist stimulation, a four-fold increase in bound 

[35S]-GTPγS was measured, normalised to M1-WT levels, at 100% and 117% in 

samples from M1-WT and M1-meGFP, respectively (both p < 0.0001). No 

statistical difference between M1-WT and M1-meGFP samples was found (Figure 

5.7 B). Stimulation with carbachol in membranes prepared from M1-KO mice led 

to no increase in bound [35S]-GTPγS over basal levels indicating that the 

carbachol response is driven entirely by M1 mAChR in the M1-WT and M1-meGFP 

membranes. Therefore, while there is an indication that M1 mAChR levels in the 

M1-meGFP mice may be higher compared to M1-WT, this does not lead to a 

significant increase in G protein coupling to the receptor. 
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Figure 5.7 Signalling at the M1-meGFP is equivalent to M1-WT in neuronal cultures and 
cortical membranes. Neuronal cultures prepared from M1-wild-type (WT) and M1-meGFP mice 
were stimulating with increasing concentrations of carbachol (CCh) in IP-One Assay (A). For the 
IP-One assay, data was analysed using a log(agonist) vs. response (three parameters) analysis of 
non-linear regression. Data are expressed as means ± SEM and pEC50 values are indicated in the 
figure. In the [35S]-GTPγS assays, G protein activation was measured in cortical membranes 
prepared from M1-WT, M1-meGFP and M1-knockout (KO) samples under basal and CCh-induced 
conditions (B). For analysis of the [35S]-GTPγS assay, results were normalised to the stimulated 
control membranes and a two-way ANOVA for genotype and treatment followed by a Tukey’s 
multiple comparison test was performed for statistical analysis. Data is expressed as 
means ± SEM, with individual data points representing membranes prepared from individual mice. 
For the [35S]-GTPγS assay, n = 3, and for the IP1 assay, data from 3-4 independent experiments is 
shown. 

Next, behavioural experiments were performed to determine whether the 

addition of the meGFP affects in vivo behavioural phenotypes. In an open field 

test, locomotor activity was assessed (Figure 5.8). In agreement with previous 

studies, M1-KO mice exhibit a hyperactive phenotype, showing a significant 

increase in total distance travelled compared to M1-WT (p = 0.0003) and 

M1-meGFP mice (p = 0.0008) (Miyakawa et al., 2001, Gerber et al., 2001, Bradley 

et al., 2020). No difference was observed in activity levels between M1-WT and 
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M1-meGFP (p = 0.8663, Figure 5.8), suggesting that addition of the meGFP tag to 

the M1 mAChR does not induce a hyperactivity phenotype indicative of disrupted 

M1 mAChR signalling. 

                     

Figure 5.8 Locomotor activity of M1-meGFP mice is equivalent to M1-WT mice in an open 
field test. Total distance travelled by M1-wild-type (WT), M1-meGFP and M1-knockout (KO) mice 
was determined during a 10 min interval in the open field test. Data was analysed using a one-way 
ANOVA for genotype followed by a Tukey’s multiple comparisons test. Behavioural data is shown 
as means ± SEM of n = 8-10 mice. This experiment was performed by SJ Bradley and is being 
used with permission. 

A fear-conditioning paradigm was performed to evaluate the impact of the 

meGFP addition to the M1 mAChR on learning and memory processes. In fear 

conditioning (described in 2.10.2), associative learning and memory is assessed 

by measuring freezing response to either the fear conditioning context 

environment or conditioned stimulus (tone) (Fanselow and Poulos, 2005). 

Baseline levels for all strains were similar for both the context (Figure 5.9 A) and 

cued tone responses (Figure 5.9 B). For the context and cued responses, all 

strains exhibited associative learning shown by a significantly increased freezing 

response during context retrieval compared to baseline context measurements 

(p < 0.0001, Figure 5.9 A, B). For context (p > 0.1133) and tone retrieval 

(p > 0.8198), no difference between M1-WT, M1-meGFP mice and M1-KO mice 

were observed. Overall, no behavioural differences between M1-WT and M1-

meGFP mice could be found suggesting that the addition of the meGFP tag to 

the M1 mAChR does not affect complex function of the receptor. 
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Figure 5.9 M1-meGFP mice show similar responses to M1-WT control mice in fear 
conditioning experiments. Contextual (A) and cued (tone, B) fear conditioning response were 
assessed in M1-wild-type (WT) control, M1-meGFP and M1-knockout (KO) mice. Data are shown as 
means ± SEM, n = 8-12. For statistical analysis, the main effects only model of the two-way 
ANOVA for genotype and time-point (baseline vs. retrieval) was used followed by Tukey’s multiple 
comparison tests, where **** p <0.0001. 

5.2.2 Visualisation of the intrinsic meGFP fluorescence 

The meGFP tagged M1 mAChR was first visualised in neuronal cultures. Cultures 

were stained with a GFP antibody to enable the comparison of signal achieved by 

antibody staining with the fluorescence obtained from the endogenous meGFP 

(Figure 5.10). When imaging the intrinsic meGFP signal, no specific staining 

could be detected due to high levels of autofluorescence in both the M1-WT 

control and the M1-meGFP samples. Staining with the GFP antibody resulted in 

specific signal in the M1-meGFP samples in the membrane of the neuronal cell 

body and along some axons (Figure 5.10). 
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Figure 5.10 Specific staining in M1-meGFP neuronal cultures can be seen using a GFP 
antibody. When comparing GFP antibody staining (red) and the  meGFP signal (green) in cultures 
prepared from control- and M1-meGFP mice, no difference in intrinsic meGFP signal was found. 
Specific staining was observed when using the GFP antibody. Brightfield images, DAPI staining, 
and the merged images are also shown for both control and M1-meGFP samples as indicated. 
Images were acquired using an LSM 880 confocal microscope with 40x magnification. Scale bars 
represent 50 µm.  
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Four perfusion and fixation protocols were then assessed for their ability to 

preserve the intrinsic meGFP signal and to reduce autofluorescence in brain 

sections (details in Table 5.1). 

Table 5.1 Details of four perfusion and fixation protocols assessed for the preservation of 
the endogenous meGFP signal. For each of the protocols, a specific feature of the protocol is 
highlighted, as well as the expected outcome of this feature and relevant references.  

 

Brains fixed using Protocols 3 and 4 were too fragile for processing and therefore 

disregarded. Brains prepared using Protocols 1 and 2 could successfully be cut 

into 30 µm thick coronal sections. When assessing the level of endogenous 

fluorescence observable in the M1-meGFP tagged mice compared to controls with 

these two perfusion and fixation protocols it became apparent that Protocol 1 

and 2 preserved the fluorescence of the endogenous tag (Figure 5.11). When 

comparing the fluorescence in the hippocampus, a brain region that expresses 

high levels of the M1 mAChR, in these two protocols, the signal appears to be 

stronger in the M1-meGFP sample prepared using the Protocol 2 (Figure 5.11 D) 

compared to Protocol 1(Figure 5.11 B). In M1-WT controls the level of 

autofluorescence of the tissue appears to be the same for Protocol 1 (Figure 

5.11 A) and Protocol 2 (Figure 5.11 C). 

Protocol 
Number 

Specific feature Reasoning Reference 

1 „Standard protocol“ + 
15% sucrose step 

Cryoprotection (Bourgognon et 
al., 2021) 

2 Perfusion with 9.25% 
sucrose in PB first, 
rest same as in 1 

Prevent cell shrinkage (Faget et al., 
2012, Scouten et 
al., 2006) 

3 1% periodate–lysine–
PFA 

Reducing 
autofluorescence and 
PFA-induced quenching 
of GFP fluorescence 

(Zukor et al., 
2010, Herrick et 
al., 2017) 

4 1% PFA  Reduce PFA-induced 
quenching of GFP 
fluorescence 

(Renda and 
Nashmi, 2012) 
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Figure 5.11 Comparison of meGFP fluorescence preserved by different fixation protocols in 
the hippocampal regions in cryosectioned 30µm thick coronal sections. Samples processed 
using Protocol 1 in M1-wild-type (WT) control mice (A) and mice expressing M1-meGFP receptors 
(B), as well as using Protocol 2 in M1-WT control (C) and M1-meGFP mice (D) are shown. Images 
were acquired using the same settings on a LSM 880 confocal microscope at 10x magnification. 
Scale bars represent 500µm. 

5.2.3 Assessing chromogenic staining targeting the meGFP tag 

Since one aim of this chapter was to assess the distribution of the M1 mAChR in 

the whole brain and it is difficult to prepare serial sections through the whole 

brain using a cryostat, chromogenic staining protocols were tested with the aim 

of visualising the meGFP tag in sections through the whole brain. 

Using chromogenic IHC protocol 1, the staining observed in samples from M1-WT 

and M1-meGFP mice was similar with all antibody dilutions tested indicating 

non-specific staining (1:500-1:5000, Figure 5.12).  



  158 
 

          

Figure 5.12 Staining with a rabbit anti-GFP antibody in control M1-WT and M1-meGFP mice 
using chromogenic IHC protocol 1 is unspecific. Images show the staining observed in the 
hippocampal area in 5 µm thick sagittal sections from control M1-wild-type (WT) and M1-meGFP 
mice. Sections were incubated with DAB for 5 min resulting in brown staining. Sections were then 
also dipped in haematoxylin for counterstaining nuclei in blue. Antibody incubations used are 
indicated at the side for both control M1-WT and M1-meGFP samples. Images were acquired using 
the EVOS FL Auto 2 Imaging System at 20x magnification. Scale bar represents 200 µm. 

A second chromogenic IHC protocol was then used, which includes several 

modifications compared to the first protocol to improve blocking and 

epitope-retrieval to reduce non-specific interactions and enhance specific 

staining (see 2.8). However, despite these adjustments the staining observed in 

M1-WT and M1-meGFP mice was similar at all primary antibody dilutions (1:500 

and 1:1000) and DAB incubation times (30 sec and 2 min) tested (Figure 5.13 A). 
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There is potentially some specific staining in the M1-meGFP mice samples, at a 

1:1000 dilution incubated with DAB for 30 sec, particularly in the pyramidal 

layer in the CA areas (black arrow) and the granular layer of the DG (red arrows, 

Figure 5.13 A), however, further optimisation is needed. This need for further 

optimisation is highlighted by the observation that comparable staining was 

found in both M1-WT and M1-meGFP mice in the isotype control at the same 

conditions (Figure 5.13 B) indicating significant non-specific binding of the rabbit 

anti-GFP antibody is likely to take place. While the chromogenic staining 

protocol could be optimised further, brain clearing techniques in combination 

with light sheet microscopy were optimised instead to assess meGFP signal in an 

intact brain hemisphere on a systems level. 

 

Figure 5.13 Staining with a GFP antibody in control M1-WT and M1-meGFP mice using 
chromogenic IHC protocol 2 is non-specific. Images show the staining observed using the GFP 
antibody (A) or the isotype control (B) in the hippocampal area in 5 µm thick sagittal sections from 
control M1-wild-type (WT) and M1-meGFP mice. Sections were incubated with DAB for 30 sec to 2 
min as indicated resulting in brown staining. Sections were then also dipped in haematoxylin for 
counterstaining nuclei in blue. Antibody incubations used are indicated along the side for both 
control M1-WT and M1-meGFP samples. Black and red arrows highlight the pyramidal layer of the 
cornu ammonis regions and the granular layer of the dentate gyrus, respectively. Images were 
acquired using the EVOS FL Auto 2 Imaging System at 20x magnification. Scale bar represents 
200 µm. 
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5.2.4 Visualisation of M1-meGFP using light sheet microscopy in 
clarified samples 

While it is useful to examine the distribution of M1 mAChR based on the 

fluorescence of the meGFP tag in sections using confocal microscopy, an 

approach that allows the mapping of the receptor population in the intact brain 

would allow for a more comprehensive understanding of receptor distribution on 

a systems level. Therefore, CLARITY, a tissue-clearing protocol previously used 

for endogenously fluorescent proteins (Figure 5.3) (Chung et al., 2013, Tomer et 

al., 2014), was used to assess the endogenous M1-meGFP signal in brain blocks. 

Brain blocks containing the hippocampal region were passively cleared. While 

the transparency of the samples increasing with longer incubations, the tissue 

integrity decreased (Figure 5.14) making handling of the tissue more difficult. 

             

Figure 5.14 Gradual clearing of brain samples processed using CLARITY. Images show brain 
samples containing the hippocampal region from M1-wild-type (WT) and M1-meGFP mice before 
the start of passive clearing (A), after one (B), two (C) and three weeks (D) of passive clearing at 
37°C. 

Brain blocks that had been cleared for 2 weeks were used for visualisation 

utilising light sheet microscopy. This time-point was a compromise to achieve 
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the clearest samples, before the tissue integrity started to become compromised 

from over-clearing. In the M1-meGFP sample (Figure 5.15 B, D) more nuances in 

signal intensity could be found compared to the control sample (Figure 5.15 A, 

C). However, similarly to the problem observed in neuronal cultures, a high level 

of autofluorescence could be observed in both M1-WT and M1-meGFP samples 

both when looking at a coronal view of the sections (Figure 5.15 A, B) as well as 

from a sagittal view (Figure 5.15 C, D), therefore no clear specific signal could 

be observed.  

 

Figure 5.15 Light sheet microscopy of CLARITY-cleared 3 mm-thick coronal brain blocks 
containing the hippocampal region obtained from control and M1-meGFP mice. Coronal 
sections were passively cleared for 2 weeks using the CLARITY protocol and imaged on a Zeiss 
Lightsheet Z.1. 3D images of the brain blocks were rendered using IMARIS Software. Frontal and 
lateral side views of the 3D reconstruction of the coronal brain block in M1-wild-type (WT) control (A 
and C, respectively) and M1-meGFP (B and D, respectively) samples are shown. Images were 
acquired using a 20x cleared tissue Zeiss objective. Scale bars represent 1000 µm. 

It was challenging to locate the hippocampal area in samples consisting of a 

whole hemisphere using the Zeiss Lightsheet Z.1, therefore, an Ultramicroscope 

II Light Sheet Microscope was used to assess the intrinsic meGFP signal in a 

hemisphere from a M1-meGFP mouse (Figure 5.16). Figure 5.16 shows optical 

sagittal sections through a brain hemisphere moving laterally (A-D). Lighter 
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regions indicate more signal, however, the signal observed does not appear to be 

specific and is mostly likely caused by autofluorescence as no signal could be 

found in the hippocampus (Figure 5.16, highlighted by white arrows). 

 

Figure 5.16 Sagittal views at different levels through the hippocampus in a CLARITY-cleared 
brain hemisphere from a M1-meGFP mouse. Images show the shape of the hippocampus 
(indicated by arrows) moving from a more lateral to increasingly medial views (A to D). Lighter 
areas indicate potential detection of the intrinsic GFP signal. Images were acquired on an 
UltraMicroscope II Light Sheet Microscope (LaVision) using the 2x objective lens with manually 
adjustable zoom, resulting in a final magnification of 0.8x. Scale bars represent 1,000 µm. 

As Figures 5.10, 5.15 and 5.16 show, the endogenous signal of the meGFP tag 

does not appear to be strong enough to be distinguishable from the 

autofluorescence observed in neuronal cultures, cleared brain blocks and whole 

hemispheres. Therefore, an adapted iDISCO protocol for brain clearing (Figure 

5.2), which is known to quench endogenous fluorescence (Renier et al., 2014), 

was used in combination with antibody staining.  

Using the iDISCO protocol, some specific GFP antibody staining in the M1-meGFP 

(Figure 5.17 B) compared to the M1-KO sample (Figure 5.17 A) could be 

observed, particularly in the hippocampus (Figure 5.17 B, white arrows) and 
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cortex (Figure 5.17 B, white arrows). In the hippocampus, the staining appears 

to be mostly in the pyramidal layer of the CA1-3 and the dorsal subiculum.  

Strong staining was observed at the top of the cortex in both the M1-KO and 

M1-meGFP brain (Figure 5.17), potentially due to some of the secondary antibody 

failing to penetrate beyond the surface of the cortex. 

 

Figure 5.17 Optical sagittal section through the hippocampus and cortex in GFP-stained 
iDISCO cleared brain hemispheres. Brain hemispheres from M1-knockout (KO) (A) and M1-
meGFP (B) mice were cleared using the adapted iDISCO protocol, stained with a chicken anti-GFP 
antibody followed by an Alexa Fluor-647 anti-chicken antibody and then imaged in ethidium 
cinnamate using an UltraMicroscope II Light Sheet Microscope (LaVision). Lighter areas in the 
M1-meGFP sample indicate areas stained for the GFP-tag on the M1 mAChR in the hippocampus 
(white arrows) and cortex (black arrow). Images were acquired at the same hippocampal level 
(3.12 mm lateral to Bregma) using the same setting and a 2x objective lens with manually adjusted 
zoom leading to a final magnification of 6.88x. DG: dentate gyrus, DS: dorsal subiculum. Scale 
bars represent 100 µm. 

These results suggest that brain clearing in combination with light sheet 

microscopy is a promising approach for assessing localisation of the M1 mAChR in 

the M1-meGFP reporter mouse line, however, due to time constraints further 

optimisation and progress was not possible. 
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5.3 Discussion 

The M1 mAChR has shown pro-cognitive and potential disease-modifying effects 

in preclinical studies (Lebois et al., 2018, Scarpa et al., 2020). Currently, 

therapeutics targeting the M1 mAChR are being developed to improve cognition, 

reduce neuroinflammation and potentially have disease-modifying effects 

without causing adverse effects commonly seen with current treatments. Several 

studies using radioligands and antibodies have reported M1 mAChR localisation in 

brain sections (Buckley et al., 1988, Weiner et al., 1990, Levey et al., 1991, 

Levey, 1993, Hersch et al., 1994), however, the use of reporter mouse lines 

combined with advanced microscopy techniques could be exploited to study M1 

mAChR distribution in the brain at a high anatomical detail on a systems level. 

Therefore, the effect of the meGFP tag addition to the M1 mAChR on receptor 

signalling and function was investigated and while in line with the hypothesis 

little effect of the meGFP tag addition to the M1 mAChR on receptor function 

was found, contradictory to the hypothesis some effect of the tag on receptor 

expression was observed. In addition, several techniques were utilities to assess 

distribution of the M1-meGFP receptor, ranging from chromogenic staining to 

clearing tissue combined with light sheet microscopy, demonstrating that the 

receptor is challenging to visualise. Due to time constraints, the second 

hypothesis of this chapter could unfortunately not be assessed here. 

M1-WT and M1-meGFP mice displayed similar results in [3H]-NMS saturation 

binding, [35S]-GTPγS assays in brain samples, in IP1 assays in neuronal cultures 

and in the locomotor and fear conditioning paradigms. However, immunoblotting 

suggested increased receptor expression in the M1-meGFP compared to M1-WT 

samples. While this observation could be caused by the addition of the meGFP 

tag to the M1 mAChR, it should also be noted that the M1-WT and M1-meGFP mice 

have C57BL/6J and C57BL/6N backgrounds, respectively, and the M1-meGFP 

mice were bred in-house, while the M1-WT mice were purchased commercially. 

While there are no studies investigating muscarinic receptors specifically, 

C57BL/6 strain-specific genetic and phenotype difference have been reported 

and could have influenced the results (Bothe et al., 2004, Bryant et al., 2008, 

Mulligan et al., 2008, Bourdi et al., 2011). 
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While no significant differences were found in the fear conditioning experiment, 

several considerations are important to note. Freezing levels during context 

retrieval were non-significantly reduced in M1-WT and M1-KO compared to 

M1-meGFP mice. While the cause is unclear, at the time of the experiment 

(November 2021) relatively low contextual responses were recorded in 

untreated, commercially purchased M1-WT mice, which has since returned to 

more normal levels of around 60% freezing (see Appendix Figure 3). 

Furthermore, while studies in our laboratory (Bradley et al., 2017) have shown 

deficits in the hippocampus-dependent, contextual fear response (Phillips and 

LeDoux, 1992, Anagnostaras et al., 2001, Wiltgen et al., 2006) in M1-KO 

compared to M1-WT mice, other groups have reported an enhanced response 

(Anagnostaras et al., 2003). Slightly different fear conditioning paradigms were 

used, which could account for some of the differences described. While the 

characteristics of the tone in the tone-foot shock pairings were the same and the 

shock was given for the same amount of time, Anagnostaras et al. (2003) used a 

shock of 0.75 mA compared to 0.4 mA used in our laboratory (Bradley et al., 

2017). Anagnostaras et al. (2003) also only used two tone-foot shock pairings and 

assessed the freezing response for 4 min on the following day compared to three 

tone-foot shock pairings for training and a 3 min assessment interval used by our 

laboratory (Bradley et al., 2017). The M1-KO mice used were backcrossed for at 

least 5 generations (Anagnostaras et al., 2003) or at least 10 generations onto 

the black C57BL/6N background (Bradley et al., 2017). In this study, an inducible 

M1 mAChR strain on a C57BL/6J background was used as M1-KO mice and as 

discussed M1-WT and M1-meGFP mice had C57BL/6J and C57BL/6N backgrounds, 

respectively. Additionally, the hyperactive phenotype observed in M1-KO mice 

could confound results (Figure 5.8). As highlighted a range of factors could have 

influence the fear conditioning results reported in the literature (Anagnostaras 

et al., 2003, Bradley et al., 2017) and in this chapter. Cued fear conditioning is 

thought to dependent on the auditory cortex and amygdala (LeDoux et al., 1984, 

Quirk et al., 1997) and no difference between M1-KO and M1-WT mice in the cued 

response was reported (Anagnostaras et al., 2003, Young and Thomas, 2014). 

Similar to above, C57BL/6 strain-specific differences could also have contributed 

to the results observed. At the time of the study, it was difficult to acquire 

C57BL/6N mice, however, if this study was to be continued, mice with the same 

substrain background should be used as well as bred and housed in the same way 
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to rule out an effect of these factors. At this time, some of the experiments 

assessing the effect of the meGFP tag on M1 mAChR signalling and function 

should be repeated. Unfortunately, this was not presently possible due to time 

constraints. 

When comparing the images obtained from the range of immunostaining and 

microscopy techniques used here, it appears that there is a difference in the 

distribution depending on the technique used. In the samples prepared using the 

cryostat and assessing the endogenous fluorescence of the meGFP tag, a signal 

can be observed in all layers of the hippocampus except for the pyramidal layer. 

In the preliminary data from the iDISCO -cleared and immunostained samples, 

however, signal seemed to be mainly distributed along the pyramidal layers of 

the CA1, CA2 and CA3 regions as well as in the dorsal subiculum. It is unclear 

why imaging the signal of the intrinsic tag or the immunostained tag would lead 

to such different results except for the possibility that one of the methods 

results in unspecific staining. Previous studies in rat tissue suggest that the M1 

mAChR is expressed widely in the hippocampus including the pyramidal layers, 

stratum oriens and radiatum, particularly in the CA1 region, and decreasing 

through the CA areas to the CA3 (Levey et al., 1995, Lebois et al., 2018). In the 

DG, the stratum moleculare and granulosum showed immunostaining for the M1 

mAChR (Levey et al., 1995, Lebois et al., 2018). Since the signal in the iDISCO 

samples also includes the pyramidal layer across the CA areas similar to results 

demonstrated by others (Buckley et al., 1988), this method is likely to be the 

more accurate and appropriate method of detection.  

While an optimal combination of immunostaining and microscopy could not be 

achieved within this project, the results suggest that a form of the DISCO 

protocols combined with the Ultramicroscope II may to be the most suitable 

technique for receptor localisation studies on a systems level in the M1-meGFP 

mouse model. Due to insufficient brain penetration of the secondary antibody, 

incubation times would have to be optimised and a different antibody or even a 

nanobody should be considered for labelling. Nanobodies generally allow for 

better immunostaining due to the smaller molecular weight and size and 

therefore, allow more rapid brain penetration and improve resolution by 

reducing the distance to the target protein (Ries et al., 2012, Deschout et al., 
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2014, Beghein and Gettemans, 2017, Cai et al., 2019, Dong et al., 2019). A new 

variation of DISCO, called vDISCO, which uses nanobodies for boosting the 

intrinsic signal of tagged proteins, has shown much improved staining in whole 

brains compared to the use of conventional antibodies or using the iDISCO 

protocol with nanobodies (Cai et al., 2019). Therefore, vDISCO should be 

considered for further studies. With LSFM being used increasingly more in 

academic settings, it will also become more easily accessible. However, this 

technique not only requires the availability of the specialised microscope, but 

also the computational power and expertise to acquire, store and process large 

files. The handling of large complex data sets has previously been identified as a 

bottleneck for tissue clearing and some specific software packages have been 

developed for this (Vigouroux et al., 2017, Hörl et al., 2019).  

Overall, the results in this chapter demonstrate the feasibility of using the 

M1-meGFP reporter line and the proposed clearing and imaging techniques to 

allow detailed localisation studies of the M1 mAChR at higher resolutions across 

the whole brain. This would be beneficial for diseases that have a cholinergic 

component, such as AD, and should therefore be pursued further.  
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Chapter 6 Final Discussion 

AD is the most common form of dementia. However, despite decades of 

research, no disease-modifying treatments exist. Due to its pro-cognitive effects 

and potential for disease-modification, the M1 mAChR has been proposed as a 

therapeutic target to address this unmet clinical need (Lebois et al., 2018, 

Scarpa et al., 2020). Drug candidates targeting the M1 mAChR, such as the 

orthosteric ligand xanomeline, have failed to date in clinical trials partially due 

to their non-specific nature. However, allosteric compounds targeting the M1 

mAChR have the potential to convey subtype specific effects with a lessened 

side effect profile (Kruse et al., 2014, Dwomoh et al., 2022b).  

In our laboratory, M1 mAChR PAMs have shown pro-cognitive and disease-

modifying effects in a murine prion model of terminal neurodegeneration 

(Bradley et al., 2017, Dwomoh et al., 2022a). This model shows significant 

correlation with human neurodegenerative disease, including human AD. These 

similarities include molecular changes associated with neuroinflammation, 

synaptic dysfunction and mitochondrial dysregulation. However, this is not an AD 

model, and therefore these mice do not present the classical pathological 

hallmarks of AD, namely Aβ and tau pathology. Therefore, potential approaches 

to target the M1 mAChR need to be assessed in more AD-relevant mouse models 

to understand whether targeting this receptor is a plausible way to influence 

pathology.  

A recent study in the Aβ-based APPSwe model of AD showed improvements in Aβ 

pathology and cognitive deficits following treatment with VU0486846 (Abd-

Elrahman et al., 2022). In this thesis, a tauopathy mouse model (rTG4510) was 

characterised prior to assessing disease-modifying effects of the M1 mAChR PAM 

VU0486846. The rTG4510 mouse model is a commonly used AD model as 

demonstrated by a wealth of studies, including dosing studies with tau-based 

immunotherapies amongst others (see 3.1.1) (Sankaranarayanan et al., 2015, 

Schroeder et al., 2017). Characterisation of the rTG4510 model suggested that 

elevated GFAP and pTau protein expression could serve as markers of 

neuropathology and neurodegeneration, while no abnormal behavioural 

phenotypes could be established at the time-points assessed (Chapter 3). In 

contrast to results in the prion model of terminal neurodegenerative disease or 
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the APPSwe model (Abd-Elrahman et al., 2022, Dwomoh et al., 2022a), targeting 

the M1 mAChR using the M1 mAChR PAM VU0486846 did not affect markers of 

pathology, such as pTau and GFAP, in the rTG4510 model. Interestingly, 

however, chronic dosing with M1 mAChR PAM VU0486846 returned the elevated 

levels of two proteins, namely coagulation factor III and cystatin C, to those 

observed in control rTG4510 mice. Both proteins have been shown to be 

dysregulated in brains of AD patients (McComb et al., 1991, Deng et al., 2001, 

Levy et al., 2001). While cystatin C is generally thought to play a protective role 

in AD (Mi et al., 2007), elevated levels of cystatin C and co-immunoreactivity 

with Aβ and tau aggregates have also been observed (Wang et al., 1997, Deng et 

al., 2001). Studies suggested that the deposition of the protease inhibitor 

cystatin C might cause an imbalance between proteases and protease inhibitors 

in the walls of blood vessels contributing to the degeneration of micro vessels in 

the brain (Wang et al., 1997, Levy et al., 2001). Coagulation factor III initiates 

the coagulation cascade and has also been found to accumulate in Aβ 

aggregates, but it is unclear if this contributes to pathology in AD (McComb et 

al., 1991). However, a possible contribution of these proteins on AD pathology 

has not been studied in detail. It would be interesting to assess the levels of 

coagulation factor III and cystatin C in tau aggregates in the dosed rTG4510 

mice, for example using immunohistochemistry, to determine whether this 

relates to neuronal cell loss or GFAP expression levels as markers of 

neurodegeneration. Lastly, another observation was significant variability 

between rTG4510 mice of the same genotype, which will be discussed below in 

relation to variability observed in AD patients (Chapter 4). 

The results highlight two important issues AD researchers are facing. Firstly, no 

comprehensive AD model recapitulating all neuropathological hallmarks and 

molecular changes that are observed in human patients exists, thereby hindering 

progress in the development of effective clinical candidates. However, until the 

underlying neuropathology is fully understood, more appropriate models cannot 

be developed. Secondly, substantial variation between rTG4510 mice could be 

observed despite exhibiting the same genotype and being exposed to the same 

environmental factors. AD, however, is a complex, multi-factorial disease, which 

can be caused by dominant, fully penetrant genetic mutations, but in most cases 

is caused by sporadic disease. Since the variation in neuropathology and 
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symptoms is consequently much more pronounced in patients, the identification 

of AD subtypes is crucial in the development of new therapeutics. This 

identification of AD subtypes would be invaluable in informing patient 

stratification in clinical trials, and in the development of models for the 

preclinical drug development aimed at specific patient subgroups. For example, 

while the spread of tau pathology was classically thought to follow one 

stereotypical trajectory (Braak and Braak, 1991), a recent study observed four 

distinct patterns (Vogel et al., 2021), suggesting that four AD subgroups could be 

identified based on this observation alone. Additionally, different subtypes of AD 

with varying levels of atrophy and cholinergic dysfunction have been identified, 

which may result in subtype-specific responses when treated with AChEIs 

(Machado et al., 2020). Additionally, the identification and stratification of 

cholinergic subgroups is crucial when assessing therapeutic candidates targeting 

the cholinergic system (Machado et al., 2020) including M1 mAChR PAMs, which 

rely on endogenous stimulation. 

Due to the therapeutic potential of M1 mAChR activation in AD, another 

important factor to consider is the localisation of the M1 mAChR in the brain and 

whether neurodegeneration causes dysregulation of M1 mAChR distribution. To 

this end, an M1-meGFP tagged mouse line was created in our laboratory. 

Characterisation of the model suggested that addition of the meGFP tag does not 

affect receptor function or signalling. Due to time constraints, the distribution 

and localisation in situ could not be determined and neurodegeneration-based 

alterations could not be explored. Nevertheless, preliminary results suggest that 

particularly a DISCO-based brain clearing technique in combination with light 

sheet microscopy, such as the Ultramicroscope II, could be used for this 

investigation (Chapter 5). Findings from such a study would significantly enhance 

knowledge of the impact of neurodegeneration on the M1 mAChR distribution in 

the whole brain. This knowledge in turn could have significant impact on future 

drug strategies. 

Since AD and some other neurodegenerative disorders are classified as 

proteinopathies with prion-like spread of misfolded protein aggregates (Golde 

and Miller, 2009, Brundin et al., 2010, Duyckaerts et al., 2019), the potential to 

identify pathological mechanisms common to these diseases, rather than 



  171 
 
targeting the accumulations of disease-specific proteins, such as Aβ and tau, is 

an important alternative strategy. For example, a recent study has suggested a 

role of cellular prion protein in contributing to the toxicity of Aβ, α-synuclein 

and tau. Hence, regulating the levels of cellular prion could therefore be a 

therapeutic target for neurodegenerative diseases displaying these types of 

inclusions, such as AD and PD (Corbett et al., 2020). 

The research presented in this thesis could have been improved by several 

changes and additions. For the characterisation and efficacy studies, the use of 

both male and female mice would have potentially been able to reveal 

sex-dependent differences in response to the drug. Additionally, pilot studies 

would have been useful to determine the best time-point for the start of an 

efficacy study with the M1 mAChR PAM. Since the rTG4510 mouse model is a 

tauopathy model and changes in tau processing following M1 mAChR activation 

have been reported in other models (see 1114.1.1), it would have been useful to 

measure GSK-3β levels as well as use a range of tau antibodies indicative of 

different tau phosphorylation and NFT stages to elucidate any potential effect of 

VU0486846 on tau pathology. In retrospect, it would also have been interesting 

to use control- and patient-derived iPSCs of EOAD and LOAD cases, possibly in 3D 

co-culture models for example of neurons and glial cells, to assess the effect of 

M1 mAChR PAM treatments on Aβ and tau pathology, inflammatory processes, 

and endosomal and mitochondrial dysfunction (Barak et al., 2022) to 

complement the efficacy study in the rTG4510 mice. This could potentially have 

helped to unravel the effect of M1 mAChR activation on AD pathology in different 

subtypes in more detail.  

Building on the results from this thesis, future directions are two-fold: Firstly, 

based on the VU0486846 efficacy study in rTG4510, a further efficacy study 

should be conducted in another AD mouse model, such as the 3xTg AD model, 

which exhibits both tau and Aβ pathology, since synergetic effects of Aβ and tau 

pathology have been suggested to drive pathology in human AD (Miller et al., 

2011, Sherman et al., 2016, Busche and Hyman, 2020). Using pilot studies to 

establish an optimal starting time-point for a dosing study with VU0486846 in 

female and male mice, an efficacy study could evaluate the effect of the M1 

mAChR PAM on markers of APP and tau processing, such as BACE1 and GSK-3β 
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expression and activity, neuroinflammatory and ideally behavioural markers, as 

well as coagulation factor III and cystatin C, which were affected by drug 

administration here. GFAP levels in blood could also be measured longitudinally, 

as these have been found to correlate with pathology in human, and compared 

to histology at the end point of the study. Secondly, a DISCO-based clearing 

protocol in combination with light sheet imaging of whole cleared brains could 

be used to assess whether neurodegeneration in the form of murine prion 

disease affects distribution of the meGFP-M1 mAChR informing future drug 

studies in neurodegeneration.  

While no disease-modifying treatments currently exist, there have been 

significant advances in the field which increase confidence that the trajectory of 

AD may be altered by targeting the pathological hallmarks of AD. Recently, 

aducanumab was approved by the FDA (Cummings et al., 2021, Thomas et al., 

2021) and promising Phase 3 results were published for lecanemab (Eisai, 2020, 

van Dyck et al., 2022). These two drugs are the first promising therapeutics 

targeting the underlying pathology of AD, namely Aβ in these cases, to have 

been approved or with an approval expected in early 2023. These drugs have 

been shown to lower Aβ levels and improve cognitive scores in early AD, but also 

lead to significant side effects in some cases (Salloway et al., 2022, van Dyck et 

al., 2022). Therefore, the post-approval study for aducanumab to be concluded 

in 2030 will determine whether the drug does indeed have disease-modifying 

effects (Walsh et al., 2021). Additionally, results from a small first human trial 

using gene therapy to express ApoE ε2, which is thought to have protective 

effects (Genin et al., 2011), in homozygous ApoE ε4 carriers show some 

promising results with ApoE ε2 still being expressed in the CSF at the one-year 

follow-up and possible small reductions in Aβ42, pTau and total tau levels in the 

lowest-dose group of LX1001 (Shugart, 2022, Rosenberg et al., 2018). While 

these results were from a very small cohort (n = 3) and cognitive function was 

not reported, this study could hold promise for disease-modifying interventions 

particularly in patients with a genetic predisposition for AD caused by ApoE ε4 ( 

Coon et al., 2007, Yamazaki et al., 2019). Other modes of actions, such as 

targeting neuroinflammation and proteostasis, are also being tested in clinical 

trials (Cummings et al., 2022) and it remains to be seen, whether these could 

lead to disease-modifying effects on their own or as complementary strategies. 
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In this thesis, novel changes in coagulation factor III and cystatin C were 

identified in the rTG4510 mouse model, which were responsive to treatment 

with a M1 mAChR PAM. These changes could contribute to a disease-modifying 

effect of M1 mAChR activation, however, more research is needed. Additionally, 

this thesis explored a novel way of visualising receptor distribution in cleared, 

whole brains with the goal of analysing changes in response to 

neurodegeneration. Overall, a multitude of promising approaches, not just 

targeting the pathological hallmarks of AD, but also other mechanisms such as 

inflammation, are currently in different stages of clinical testing and post-

approval studies, providing hope for disease-modifying treatments for AD 

patients and their carers. 
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Appendices 

                 

Appendix Figure 1 Antibodies for M1 mAChR and NeuN resulted in specific staining in 
immunoblotting. Representative immunoblots for and vehicle- and VU0486846-treated control 
(dark blue and light blue) and diseased (red and pink) rTG4510 mice and a control lysate from 
non-transfected (NT) Chinese hamster ovary (CHO) cells (black) are shown. The first blot shows 
observations from the REVERT Total Protein Stain, and the second and third immunoblots show 
staining with a M1 mAChR and NeuN antibody, respectively. 
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Appendix Figure 2 Gene expression levels of ApoE in control and diseased rTG4510 mice at 
8.0 months of age. RT-qPCR analysis of Apolipoprotein E (ApoE) levels was performed in cortical 
and hippocampal samples collected from control and diseased rTG4510 mice following telemetry 
experiments at 8.0 months of age. To assess relative expression levels, data was analysed using 
the ΔΔCT method, normalising first to α-tubulin and then the mean of the control values for ApoE. 
Data are shown as means ± SEM and data points represent individual mice. Statistical analysis 
was performed using unpaired t-tests, * p < 0.05. 
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Appendix Figure 3 Freezing responses of commercially purchased M1-WT C57BL/6J during 
context retrieval from December 2021 to March 2022. Data was provided by A McFall. N = 6-8 
mice per time-point. 
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