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Abstract

In this project | performed the in vitro characterisation of a chemical genetic approach,
using mutant receptors and an inert synthetic ligand, to dissect the role of the M1
muscarinic  acetylcholine receptor (mAChR) in learning, memory, and
neurodegenerative disease. The mutant receptors being employed are designer
receptors exclusively activated by designer drugs (DREADDs) and phosphorylation
deficient (PD) receptors. DREADDs contain mutations within the orthosteric binding
pocket; reducing the affinity and potency of the natural ligand, acetylcholine, and
increasing the potency and efficacy of an inert synthetic ligand, clozapine-N-oxide
(CNO). For phosphorylation deficient mutant receptors, phosphorylated serine residues
were substituted for alanine residues. Using M1-DREADD and M1-DREADD-PD mutations
in vivo, our ultimate aim is to study role of Mi-mAChR signalling, and G-protein

dependent signalling, on learning and memory.

My investigations of the function and pharmacology of the Mi:-DREADD and M;j-
DREADD-PD mAChRs found the DREADD mutations significantly reduced the potency of
acetylcholine, as well as the affinity of orthosteric antagonists such as N-methyl-
scopolamine. These mutations also increased both the efficacy, relative to acetylcholine,
and potency of CNO for the M1 mAChR. Phosphorylation-deficient mutants were found
to have impaired agonist dependent internalisation when compared to wild-type and
DREADD Mi-mAChRs. Although reported to be an inert ligand, CNO was found to act in
an antagonist mode at the mouse M1, M, and Ma mAChRs. This antagonistic mode, as
well as the potential for CNO to be metabolised into clozapine, suggests alternative
DREADD ligands need to be considered to prevent off-target side effects, even though
previous transgenic studies have been successful. Given the successful modification of
M1-mAChR, these mutants can now be used to genetically engineer mice for in vivo
studies. With these mice, behavioural studies can be performed to characterise the role
played by total Mi-mAChR signalling, and its G-protein-dependent and independent
signalling, on learning and memory. These observations can be used to inform drug

discovery efforts targeting the Mi1-mAChR, such as the treatment of Alzheimer’s disease.
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Chapter 1 Introduction

1.1 G-Protein Coupled Receptors

G-protein coupled receptors (GPCRs) are the largest superfamily of membrane
receptors, with 791 members identified within the human genome (Bjarnadottir et al.,
2006). GPCRs all share common structural characteristics: seven transmembrane a-
helices, an intracellular C-terminus, an extracellular N-terminus, 3 extracellular loops,
and 3 intracellular loops. Although they share these structural traits, GPCRs can be
activated by a wide range of stimuli including extracellular signalling molecules such as
peptides, hormones, neurotransmitters and even sensory inputs such as photons,
odorants, and tastants. GPCRs are expressed throughout the body in various tissues,
playing roles in physiological control, behaviour, and sensory perception. GPCRs have
incredible potential as therapeutic targets; as well as their ubiquitous expression, GPCRs
can also be targeted using small molecule ligands (Mason et al., 2012). Up to 50% of
drugs on the market and 20% of the top 50 drugs either directly or indirectly target
GPCRs (Ma and Zemmel, 2002).

GPCRs are split into 2 major groups: olfactory, and non-olfactory receptors; with non-
olfactory GPCRs being further classified based on structural and functional similarities
using the A-F system. For the A-F system, a database of known GPCR DNA sequences
was analysed to identify common sequences which made up the fingerprint (Attwood
and Findlay, 1994).These classes, labelled A-F, break down GPCRs into; rhodopsin-like,
secretin-like, metabotropic glutamate-like, fungal mating pheromone receptors, cAMP
receptors, and frizzled/smoothened receptor families. The fingerprint could be used to
classify new receptor sequences as they were discovered. This classification system was
based on the genomes of both vertebrates and invertebrates, with classes D and E not
being present within vertebrates. Within these 5 major groups, GPCRs are organised into
subfamilies e.g. mAChRs, dopamine receptors, histamine receptors, free fatty acid
receptors, and 5-hydroxytryptamine (5-HT) receptors. Members of these subfamilies
contain highly conserved regions, such as the orthosteric binding pocket, and share

common ligands.



Muscarinic acetylcholine receptors are one such subfamily of class A GPCRs consisting
of 5 receptor sub-types, labelled Mi-Ms. Found within the central and peripheral
nervous systems, mAChRs play crucial roles in cognitive function, smooth muscle
contraction, heartrate, and the regulation of insulin release. They are named after
muscarine, a muscarinic acetylcholine receptor agonist isolated from ergot in 1869
(Schmiedeberg and Koppe, 1869). Studying its function, they identified its ability to:
lower, and even arrest, heart rate; induce gastrointestinal smooth muscle contraction;
stimulate tear, saliva, and mucus secretion; constrict the pupils and; even cause
dyspnoea. All members of this family are activated by acetylcholine, the first
neurotransmitter to be identified (Dale, 1914; Ewins, 1914; Loewi and Navratil, 1926).
Although there was a large body of work performed on muscarinic acetylcholine
receptors (Barlow et al., 1976; Fraser, 1957; Riker and Wescoe, 1951; Roszkowski, 1961),
the confirmation of their existence as a subtype of the acetylcholine receptors, and the
identity of their subtypes, was not determined till the 1980s. The differentiation
between mAChR subtypes was first performed through assessments of their functional
and pharmacological properties. Noticeable differences were found both in the function
of the subtypes and the binding affinity of ligands including pirenzepine, gallamine and
carbachol in different tissues (Birdsall and Hulme, 1983; Hammer et al., 1980; Hammer
and Giachetti, 1982). Although at this early stage there were believed to be only 3
members of the family, eventually 5 members of the mAChR family were identified
within the mammalian genome (Akiba et al., 1988; Bonner et al., 1991, 1988, 1987; Kubo
et al., 1986; Peralta et al., 1987). Differences in function arise from the Ga subunit with
which the receptor preferentially couples. M1, M3, and Ms couple to Gag/11, which
mediates stimulatory pathways through activation of phospholipase C such as inositol-
1,4,5-trisphosphate signalling. M2 and M4 couple with Gay; mediating inhibitory pathways
by inhibiting the generation of cyclic AMP by adenylyl cyclase (Brown, 2010; Burford et
al., 1995). This project will focus on the evaluation of a model utilising mutant receptors
and a synthetic ligand. This model is aimed towards understanding the role of the M-

mMAChR, and its downstream signalling pathways in neurodegenerative disease.



1.1.1 GPCR Signalling

GPCRs mediate signals from a wide range of inputs including lipids, peptides, and amino
acids, and are also responsible for the propagation of signals from photons in the retina.
Signals are propagated by GPCRs through two distinct pathways: G-protein dependent,
and phosphorylation/arrestin dependent pathways. The first of these pathways, the G-
protein dependent pathway, involves the coupling of heterotrimeric G-proteins to the
intracellular portion of the receptor following agonist stabilisation of the active
conformation of the receptor (Rasmussen et al., 2011). Heterotrimeric G-proteins
consist of 3 subunits termed a, B, and y. 16 different G, subunits have been identified,
as well as 5 Gg subunits and 11 G, sub units. Ga subunits are divided into 4 categories
based on functional and sequence similarities: Gai, Gag, Gas, and Ga12/13 (Hurowitz et al.,
2000; Wilkie et al., 1992). Gg subunits are divided into 2 groups, Ggi-4 and Ggs, based on
sequence homology and intron positions. The Gy subunits are categorised into 3 groups
based on amino-acid sequence homology and functional similarities. Differences
between the signalling of GPCR subtypes arises from preferential coupling to particular
heterotrimeric G-proteins (Gilman, 1987; Strathmann and Gautam, 1991). Studies have
shown that the Gq subunit of heterotrimeric G-proteins is what couples to GPCRs
(Conklin and Bourne, 1993; Oldham and Hamm, 2008; Rasmussen et al., 2011). On
coupling, a molecule of GDP bound to the Gq sub unit, is exchanged for a molecule of
GTP. This exchange leads to a conformational change of the G, subunit and its
separation from the Gg, dimer. The G and Ggy sub units then go on to activate their
respective signalling pathways. Gaghas been shown to activate phospholipase C 8 (PLCB)
and RhoA, G inhibits the activity of adenylyl cyclase, Gqs activates adenylyl cyclase, and
Ga12/13 activates the RhoA pathway. Ggy has been shown to activate PLCR,
phosphoinositide 3-kinase (PI3K), and SRC (Fig. 1.1). GPCR coupling with heterotrimeric
G-proteins can be promiscuous, with evidence being found for receptors being able to
interact with heterotrimeric G-proteins containing different Ga subunits (Hermans,
2003; Kostenis et al., 2005; Milligan, 1997). mAChRs have been found to couple with
either Gqq Or Goi depending on the receptor sub-type; M1, Ms, and Ms mAChRs primarily
couple to Gag and M2 and Ma mAChRs couple to Gai. There is also evidence to suggest
individual mAChRs can be promiscuous in their interactions with heterotrimeric G-

proteins. For example, studies inhibiting G using pertussis toxin uncovered activation
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of Ggs and Gqq signalling pathways by the M2 mAChR (Griffin et al., 2007; Michal et al.,
2007). There is also evidence to suggest that the activation of mAChRs by different
muscarinic ligands could trigger changes in the affinity of G-proteins to the Mi1-mAChR
(Akam et al., 2001; Gurwitz et al., 1994). With these mAChRs, investigations into these
alternative heterotrimeric G-protein interactions were performed using pertussis toxin
or multiple muscarinic ligands. The ability of different ligands to alter the heterotrimeric
G-protein coupling to the receptor in vitro is an interesting phenomenon. These
interactions may not be physiologically relevant as the ligands used are not naturally
produced, but may be of importance in the characterisation of new ligands. In pertussis
toxin models, the toxin inhibits the binding of G4 to GPCRs (Locht et al., 2011; Mangmool
and Kurose, 2011). Preventing Go competing for activated GPCRs may reveal lower
affinity G-protein binding, but is not necessarily an interaction that will be
physiologically relevant. Although this coupling of multiple Go classes have been
identified, the process leading to this promiscuity is poorly understood. It is thought this
variation in G-protein coupling to GPCRs may increase the complexity of signalling

pathways downstream of a given receptor (Tucek et al., 2002).



Figure 1.1. Overview of G-protein dependent signalling pathways.

Binding of an agonist to GPCRs leads to a conformational change which allows coupling
of heterotrimeric G-proteins to the intracellular surface of the receptor. This interaction
causes a conformational change in the G4 subunit causing the exchange of a molecule
of GDP for GTP and the separation of the G4 subunit from the Ggy subunit. These two
subunits then go on to activate their respective downstream signalling pathways,
represented above. Diacylglycerol (DAG), Inositol trisphosphate receptor (IP3R), c-Jun N-
terminal kinase (JNK), Phosphatidylinositol 4,5-bisphosphate (PIP;) Protein Kinase A
(PKA), Rho-associated protein kinase (ROCK).



Phosphorylation of the intracellular sites of GPCRs plays an important role in the
regulation of G-protein dependent signalling and receptor internalisation.
Phosphorylation of GPCRs is controlled by secondary messenger protein kinases such as
PKA (Benovic et al.,, 1985) and PKC (Bouvier et al.,, 1987), as well as a group of
serine/threonine kinases called G-protein coupled receptor kinases (GRKs) (Pitcher et
al., 1992). GRKs are a family of 7 serine/threonine kinases involved in the regulation of
GPCR signalling through receptor phosphorylation and complex formation. GRKs are
further divided into 3 distinct groups; GRK1-like, GRK2-like, and GRK4-like. GRKs can also
be categorised into 2 groups; Visual GRKs, GRK1 and GRK7; and non-visual GRKs, GRK2 -
GRK6. The GRK1-like group consists of GRK1 and GRK7 and are found within the rod and
cone cells respectively (Ferguson, 2001). GRK 1 and GRK7 are found at the cell
membrane, localised through posttranslational farnesylation within the C-terminus
(Yang and Xia, 2006). The GRK2-like group consists of GRK 2 and GRK 3, also known as
the B-adrenergic receptor kinases, are ubiquitously expressed through tissues, and
localised within the cytosol. GRK4, GRK5, and GRK6, make up the GRK4-like group which
are localised at the cell membrane. GRK4 and GRK6 are localised to the cell membrane
by post translational palmitoylation of the C-terminus. Localisation of GRK5 to the cell
membrane requires interaction with phosphatidylinositol 4,5-bisphosphate and lipid
binding with the C-terminus (Pronin et al., 1998).Unlike GRK5 and GRK6 which are widely

expressed, GRK4 is localised within the testes (Premont and Gainetdinov, 2007).

Phosphorylation by secondary messenger protein kinases and GRKs both play a role in
receptor desensitisation (Lefkowitz, 1998); but it has been shown that GRK dependent
phosphorylation is more critical in mediating GPCR internalisation than phosphorylation
through other protein kinases (Lohse et al., 1992). GRK2-type mediated phosphorylation
of GPCRs requires trafficking of the kinases from the cytosol to the cell membrane
(Premont et al., 1995). Gp, has been shown to form a complex with GRK2 and facilitate
its trafficking to the cell membrane, and induce a conformational change in GRK2,
activating the kinase (Lodowski et al., 2003; Sarnago et al., 2003). Secondary messenger
protein kinases and calmodulin, a calcium binding protein, have been found to regulate
the function of GRKs. Calcium bound calmodulin inhibition has been found to occur

through binding to GRKs and blocking their interaction with GPCRs. Calmodulin binding



also triggers autophosphorylation of C-terminal residues within GRKS5, inhibiting its
function (Pronin et al., 1997). PKC dependent phosphorylation of C-terminal GRK5
residues, distinct from those autophosphorylated following calmodulin binding, inhibit
GRK5 function (Pronin and Benovic, 1997). Phosphorylation of GRK2 by PKC has been
found to reverse the inhibition of calmodulin, with phosphorylation sites of PKC having
been identified within the calmodulin binding pocket (Krasel et al., 2001). Studies of B;-
adrenergic receptor phosphorylation by PKA has been shown to reduce the affinity of
Gas and increased the affinity of Go (Daaka et al., 1997). This change in affinity has been
thought of as both a desensitisation of Gqs dependent signalling and to initiate a new set
of signalling through the Gqipathway. Unlike secondary messenger protein kinases, GRKs
usually require GPCRs to be in an active conformation to couple to and phosphorylate
the receptor. An exception to this is the constitutive phosphorylation of the D1
dopaminergic receptor by GRK4 (Rankin et al., 2006). Knock-out studies have identified
that GRK3, which is highly expressed within the olfactory epithelium (Schleicher et al.,
1993), is integral to olfactory desensitisation (Peppel et al., 1997). Studies have shown
that the pattern of intracellular phosphorylation sites, also known as a phosphorylation
barcode, can depend on the ligand used to activate the receptor, and the cell type in
which the receptor is expressed (Tobin et al., 2008). Individual kinases have been
attributed to the phosphorylation of specific sites (Yang et al.,, 2017); differing
expression profiles between tissues could be a source of cell type specific
phosphorylation barcodes. In the Ms-mAChR, different patterns of phosphorylation
intensity were seen at multiple sites in both a cell-type and ligand dependent manner
(Butcher et al.,, 2011). Studies using free fatty acid receptor 4 (FFAR4) receptors
containing mutations within phosphorylation clusters have shown that the removal of
said clusters can alter receptor desensitisation to varying degrees (Prihandoko et al.,

2016).



Figure 1.2. Overview of G-protein coupled receptor phosphorylation.

Phosphorylation is an important step in the regulation of GPCR signalling, playing a role
in both the desensitization and internalisation of the receptor. Intracellular regions of
GPCRs are phosphorylated by GRKs (a) and secondary messenger protein kinases such
as PKA and PKC (b), whose activity is then potentially regulated by other proteins and
molecules. PKC has also been shown to promote the translocation of GRK2 to the cell
membrane (c) and to inhibit GRK5 activity (d). The Ggy subunit, once separated from the
Gq subunit, has been found to traffic GRK2 and GRK3 to the cell membrane (e). Calcium
bound calmodulin (f) can bind to GRK2-6 with varying affinities, and inhibit GRK

phosphorylation of GPCRs.



Phosphorylation of the intracellular regions of GPCRs leads to receptor internalisation
through complex formation with proteins such as arrestins (Prihandoko et al., 2016),
and GRKs, and interact with clathrin coated pits (Shiina et al., 2001). Certain receptor
subtypes however, such as the angiotensin Il type 1A receptor and the M,-mAChR, have
been found to internalise in a clathrin independent manner (Wan et al., 2015; Zhang et
al., 1996). Although clathrin independent internalisation has been identified in GPCRs it
is poorly characterised. Arrestins are a family of 4 proteins, with 2 visual and 2 non-
visual. The first arrestin molecule to be identified was S-arrestin, a visual arrestin
identified within the rod cells of the retina and selectively couples to rhodopsin (Kiihn
et al., 1984). Coupling of S-arrestin to the rhodopsin blocks activation of transducin
(Gurevich et al., 1994) , a form of heterotrimetic G-protein found within the cone and
rod cells (Lerea et al., 1986). S-arrestin was later also identified within the brain heart
lung and kidney (Breitman et al., 1991; Smith et al., 1994) and found to translocate to
the members of the Secretin family of receptors (Oakley et al., 2000). The discovery of
S-arrestin was followed by the consecutive discoveries of the non-visual arrestins B-
arrestin 1 (Lohse et al., 1990) and 2 (Attramadal et al., 1992) and finally X-arrestin, the
second visual arrestin (Cheryl et al., 1994; Murakami et al., 1993). B -arrestin 1 and 2 are
expressed throughout the body with multiple splice variants having been identified
(Sterne-Marr et al., 1993). S-Arrestin, B -arrestin 1 and 2, and X-arrestin, are also
referred to as Arrestins 1-4 respectively. Phosphorylation of the receptor and arrestin
coupling desensitizes GPCRs by blocking the intracellular regions, preventing G-protein
coupling. Once coupled, arrestins regulate receptor internalisation, recycling and
degradation, as well as mediating the activation of downstream signalling pathways.
Arrestin-mediated receptor internalisation occurs through interactions with clathrin and
adaptor protein 2 within the clathrin coated pits (Fernandez et al., 2008; Goodman et
al., 1996; Laporte et al., 2000, 1999; Marchese et al., 2003; Pula et al., 2004; Qian et al.,
2014). In some receptors, such as the protease-activated receptor-2, neurokinin-1
receptor, and orexin receptor, studies have found that phosphorylation of sites within
the C-terminal tail are vital for arrestin-mediated internalisation (Jaeger et al., 2014;
Mundell et al., 2010; Pal et al., 2013; Pula et al., 2004; Reiner et al., 2009; Singh et al.,
2011). In the human M; mAChR it was identified that internalisation required domains

within the third intracellular loop (Lameh et al., 1992); with mass spectrometry of the

9



Mi- and Ms-mAChRs identifying phosphorylation sites primarily within their 3™
intracellular loops (Butcher et al., 2016, 2011). To further investigate this one study used
mutant Ms-mAChRs where the phosphorylation sites within the 3™ intracellular were
replaced with alanine residues. These mutations were found to reduce agonist-induced
arrestin recruitment and, through lowered PKD1 activation, lower insulin secretion from

pancreatic islets (Kong et al., 2010).

Once internalised, the recycling or degradation of the receptor is controlled through
arrestin interacting with pro-degradation E3 ubiquitin ligases and pro-recycling
deubiquitinases (Goodman et al.,, 1996; Shenoy et al., 2009). Arrestin-dependent
pathways can further silence G-protein dependent signalling pathways through
degradation of secondary signalling molecules while initiating their own signalling
cascades. This negative feedback activity is important in controlling receptor function;
without a control mechanism, receptor function could potentially continue unchecked.
The activation of diacylglycerol kinase by arrestin converts diacylglycerol into
phosphatidic acid (Nelson et al., 2007). Degradation of diacylglycerol inhibits the
activation of signalling pathways downstream of PKC. Biological functions have been
attributed to phosphatidic acid such as vesicular trafficking (Tu-sekine et al., 2014;
WANG et al., 2006) and activation of mTOR (Fang et al., 2001; Foster, 2009); and by
acting as a scaffold, arrestins can activate and regulate members of downstream
signalling cascades such as extracellular-signalling regulated kinases (ERK) 1/2 within the

mitogen activated protein kinase (MAPK) pathway (Scott et al., 2006).

An important consideration in the development of new ligands is that agonists binding
to the same receptor will not necessarily activate downstream signalling pathways to
the same degree. This phenomenon, known as functional selectivity or signalling bias, is
where different ligand-receptor binding leads to the stabilisation of unique
conformational structures (Kenakin, 1995) which differentially activate intracellular
signalling pathways. With mathematical models and methods being devised to better
characterise signalling bias (Evans et al., 2011; Kenakin et al., 2012), it is thought that
biased agonism could be harnessed for the development of superior therapeutic agents
(Kenakin, 2012). In the B2-adrenergic receptor, the B-arrestin biased ligand carvedilol

was found to differentially phosphorylate the receptor when compared to the unbiased
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isoproterenol (Nobles et al., 2011). Characterisation of the physiological outcomes of
this differential phosphorylation could be used in the future for the screening of new
potential therapeutic agents. Coupled with these studies into the characterisation of
biased ligands, it will also be important to investigate the physiological relevance of
signalling pathways in vivo, to understand how modulations of these pathways could be

used to more efficiently treat disease.

1.2 Muscarinic Acetylcholine Receptors
1.2.1 Muscarinic Acetylcholine Receptor Distribution and Function

1.2.1.1 Central Nervous System

All mAChRs can be found throughout the central nervous system, with M1, M3, and My
subtypes being the most abundant (Levey et al., 1991). The M1 mAChR is the most
abundant receptor in the cortex, found within the postsynaptic dendrites and spines of
pyramidal cells (Mrzljak et al., 1993). The M2 mAChR has been identified primarily at the
cell membrane of non-pyramidal neurons and the cytoplasm and Golgi of pyramidal
neurons (Mrzljak et al., 1998, 1996) both pre- and postsynaptically. The highest levels of
M, mAChR within the central nervous system are within the cortex (Gomeza et al.,
1999a). Mas mAChR expression within the cortex is localised to the perikarya (Volpicelli
and Levey, 2004). Hippocampal expression of the M1 mAChR makes up around 36% of
the total central nervous system expression and 60% of mAChR expression within the
hippocampus (Volpicelli and Levey, 2004). The M1 mAChR is expressed throughout the
hippocampus, at highest levels within the pyramidal neurons of the CA1l and dentate
gyrus. M2 mAChR expression is roughly 33% of the hippocampal mAChR expression, and
is well defined within the stratum pyramidale of the CA3 and CA1 regions. Hippocampal
Ma mAChR expression makes up around 26% of hippocampal mAChR expression and is
localised to the molecular layer of the dentate gyrus and the stratum radiatum of the
CAl1. M3 mAChRs are expressed at low levels throughout the hippocampus, with
elevated levels of expression within the stratum lucidum and stratum orens of the CA3
and the stratum lacunosum-moleculare in the CA1 (Levey et al., 1995). Ms mAChRs are
expressed at low levels within the hippocampus, substantia nigra and the ventral
tegmental area (Tayebati et al., 2003; Vilard et al., 1990) and have also been identified

within the cerebral vascular beds where it is thought to control the dilation of arteries
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and arterioles (Tayebati et al., 2003; Yamada et al., 2003). M1 and M2 mAChRs have been
associated with higher cognitive functions such as spatial memory and learning. This link
has been confirmed in knock-out models where removal of either the M1 or M2 mAChR
leads to significant cognitive deficits in mice and rats (Gautam et al., 2006a; Porter et al.,
2002; Seeger et al, 2004; Tzavara et al, 2003; Veeraragavan et al., 2011).
Phosphorylation deficient models of the M3z mAChR reveal changes in cognition and
behaviour (Poulin et al., 2010) in mouse models, with the mice showing a reduced
response to both contextual and cued stimuli during following fear conditioning. Studies
have shown that the Ms mAChR acts in an inhibitory capacity, negatively regulating
locomotor activity and dopamine release in response to drugs of abuse from the D1
dopaminergic pathways (Gomeza et al., 1999b; Jeon et al., 2010; Onali and Olianas,
2002). There is evidence that Ms mAChRs expressed in dopaminergic neurons within the
substantia nigra are involved in substance dependence. Ms mAChR knock out models do
not develop opiate dependency on exposure to morphine, without negating the

analgesic properties of morphine (Basile et al., 2002; Yamada et al., 2003).

1.2.1.2 Peripheral Nervous System and Non-Neuronal Tissue

In the peripheral nervous system, the M1 mAChRs have been found within the salivary
glands, along with the M3 mAChR, where they control salivary secretion (Gautam et al.,
2004). M; mAChRs are highly expressed within the heart, (Hulme et al., 1990) and play
a major role in heart pace making (Dhein et al., 2001). M2 mAChRs have also been
identified along with the M3 mAChR within in the bladder, triggering detrusor muscle
contraction (Noronha-Blob et al., 1989; Wang et al., 1995). Although the M, mAChR
outnumbers the M3z mAChR 9:1 in rat bladder and 3:1 within other species, the M3
mAchR contributes towards around 95% of bladder smooth muscle contraction
(Fetscher et al., 2002; Matsui et al., 2000; Wang et al., 1995). All members of the mAChR
family have been identified within the alimentary tract; M1 and Ms in parenchymal
tissue, Mz and M3 smooth muscle, M1, M3, M4, and Ms in blood vessels, and M1 and M4
in neuronal tissue (Tobin et al., 2009). Within the gastrointestinal smooth muscle, M,
and M3 mAChRs have been shown to control the strength and frequency of small
intestine motor activity (Tanahashi et al., 2013). M1 and M3 mAChRs have been shown

to control vasodilation of mesenteric arteries (Tangsucharit et al., 2016). M, and M3
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mAChRs have been identified within airways (lkeda et al., 2012), with the M3 mAChR
expressed within the smooth muscle initiating airway contraction and the M, mAChR
express inhibiting acetylcholine release and airway constriction (Fryer and Jacoby,
1998). Knock-out M3z mAChR mouse models revealed poor glucose homeostasis in both
oral and intravenous glucose tolerance tests, a reduction in the muscarinic receptor
stimulated release of both insulin and glucagon, as well as a reduction in appetite and
weight gain compared to control animals (Duttaroy et al., 2004; Gautam et al., 2006b;
Yamada et al., 2001b). The M4 and Ms mAChRs have little known function within the
peripheral nervous system, although some studies have provided evidence for the Ms
mMAChRs involvement in contraction of ciliary processes within the eyes of dogs and

rabbits (Eglen and Nahorski, 2000).

The integral functions mAChRs play within the central nervous, cardiovascular, and
respiratory systems has made them targets of multiple therapeutic agents. Major
therapeutic strategies in Alzheimer’s disease (Langmead et al., 2008), chronic
obstructive pulmonary disease (Alagha et al.,, 2014; Calzetta et al., 2017), and
bradycardia (Papastylianou and Mentzelopoulos, 2012) have been centred around the
mMAChRs. In spite of their potential, the difficulty in identifying highly selective
compounds has led to newer drugs, with potentially beneficial therapeutic effects,
failing in clinical trials (Mirza et al., 2003). The importance of mAChRs within the
alimentary canal, respiratory system, and heart, mean poor selectivity can lead to wide
ranging symptoms which make these potentially beneficial ligands intolerable for
chronic use. To avoid these issues the next generation of ligands need to focus on the

more selective bitopic and allosteric ligands.

1.2.2 Muscarinic Acetylcholine Receptors in Disease and Therapy

GPCRs have been a long-standing feature in drug discovery efforts. They have wide
range of potential physiological outputs, they are sensitive to a variety of molecules, and
they have target sites easily accessible from the cells surface. Major drug discoveries
targeted at GPCRs include beta-blockers, anti-histamines, antipsychotics, and sedatives.
The development of the first beta-blocker, propranolol (Black et al., 1964), was a major
breakthrough in the management of cardiovascular disease such as atrial arrhythmia

(Harrison et al. 1965) and angina pectoris (Gillam & Prichard 1965) through the
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antagonism of the [;-adrenergic receptor. The first antipsychotic developed,
chlorpromazine, is a dopamine receptor and serotonin receptor antagonist, with
additional antagonistic properties at cholinergic, adrenergic and histaminergic
receptors. Antagonism of the dopaminergic D2 receptor by first generation
antipsychotics caused extrapyramidal side effects such as parkinsonian-like movement
disorders (Sykes et al., 2017). The antipsychotic clozapine was also a receptor antagonist
primarily at the serotoninergic and dopaminergic receptors, although it has been shown
to interact with a wide range of GPCRs (Roth et al., 2004). Clozapine was a member of
the second generation of antipsychotic agents which were called ‘atypical’ because of
their reduced incidence of extrapyramidal side-effects, having a lower affinity for the D;
dopaminergic receptor subtype than the first generation antipsychotic compounds
(Ashby and Wang, 1996; Seeman et al., 1997). Clozapine was successful in the
management of treatment-resistant schizophrenia; although it was not implemented as
a first line therapy due to potentially fatal agranulocytosis, in which the white blood cell
count of the patient drops dangerously low (Crilly, 2007). The terms typical and atypical
antipsychotic have been questioned in recent years because of studies showing that the
‘generations’ of drugs are not in fact homologous groups and the differences in side
effects such as extrapyramidal motor control side-effects arising from the strength of
the drug, rather than the activity of the drug (Leucht et al., 2009; Tyrer and Kendall,
2009). B-adrenergic receptor agonists such as salbutamol are primary therapeutic
agents for the treatment of the acute symptoms of asthma (Jat and Khairwa, 2013). The
symptoms of asthma, constriction of the airway smooth muscle and an increase in
mucus secretion, are caused by an abnormal immune response. Activation of the
smooth muscle B;-adrenergic receptor leads to an increase in intracellular cAMP. This
increase in cAMP is thought to aid in smooth muscle relaxation through activation of
PKA, inhibition of both the release of intracellular calcium stores and entry of calcium
into the cells, as well as triggering the sequestration of intracellular calcium (Johnson,

2001; Knox and Tattersfield, 1995).

The prevalence of the mAChRs in the cardiovascular, nervous, and respiratory systems,
as well as their well characterised roles in regulating physiological functions, has made

them attractive targets for therapeutic agents (Wess et al., 2007). One treatment option
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for sufferers of chronic obstructive pulmonary disease (COPD) and moderate to severe
persistent asthma is long-acting muscarinic antagonists (LAMAs). The LAMAs tiotropium
bromide and glycopyrronium bromide are prescribed in COPD and have been found to
improve the quality of life of COPD sufferers (Vincken et al., 2002; Watz et al., 2016).
Atropine is a non-specific muscarinic antagonist; in bradycardic patients, atropine is
administered to antagonise the vagal control of heart rate through the atrioventricular
and sinoatrial node (Jones, 2016; Papastylianou and Mentzelopoulos, 2012). Atropine
can also be used to reduce salivary and gastric secretions, and to reduce or totally inhibit

gastric motility, depending on the concentrations used (Higgins et al., 1989).

Although the direct involvement of mAChRs in disease is disputed, their potential as
therapeutic targets has been proven in multiple conditions. The localisation and levels
of M1 mAChR expression within the hippocampus and cortex has driven research into
understanding its role in cognitive disorders such as schizophrenia and dementia. In
schizophrenia both the M1 and M4 mAChRs have been implicated with studies showing
a reduction in expression within the prefrontal cortex (Dean et al., 2002; Gibbons et al.,
2013) and hippocampus (Scarr et al., 2007) respectively. The evidence tying M5 mAChR
functions to substance dependency lead to targeting the receptor in rehabilitation
therapy. The role of the Ms mAChR in neurological disorders such as Parkinson’s
disease(Yamada et al., 2003) and Alzheimer’s disease (Yamada et al., 2001a), and the
regulation of D1 dopaminergic receptor neuron controlled locomotor activity by the M4
mAChRs, presented these receptors as potential therapeutic targets. In major
depressive disorders the M; and M3 mAChRs have been reported to express at lower
levels within the cortex. This being said, highly conserved regions between the mAChRs,
such as the orthosteric binding pocket can make the discovering of highly selective
molecules difficult. The critical roles that mAChRs play in central and peripheral nervous
system makes the design of a selective model important for the development of

clinically well tolerated therapeutic agents.

In post mortem tissue from schizophrenic patients, reduced levels of the M1 and Ma
mAChR were observed in the anterior cingulate cortex when compared to control
samples (Zavitsanou et al., 2004), dysfunction in this area has previously been associated

with schizophrenia (Adam and David, 2007). Xanomeline, an M1/M4 mAChR selective

15



agonist, reached phase Il trials for the treatment of schizophrenia (Bodick et al., 1997;
Shekhar et al., 2008). Although xanomeline is M1/Ms selective, it still binds to other
members of the mAChR family (Grant and El-Fakahany, 2005; Machova et al., 2007;
Noetzel et al., 2009a, 2009b). Xanomeline significantly improved learning, memory, and
the psychiatric rating scores in schizophrenic patients over the placebo group. This
therapeutic efficacy of xanomeline was however overshadowed by a high drop-out from
the clinical trial due to severe gastrointestinal distress experienced by the patients. In in
vivo studies, xanomeline was seen to increase motility in the small intestine and colons

of ferrets, and was found to increase heart rate in rats (Shannon et al., 1994).

Neurodegenerative diseases are a rising problem across the world and the care of those
affected costs healthcare organisations billions of pounds a year. The Global Impact of
Dementia report by Alzheimer’s Disease International (Prince et al., 2015) and a previous
meta-analysis (Prince et al., 2013) revealed that between 2010 and 2015 the number of
cases of dementia were increasing in the Americas, Africa, and Asia. These studies also
found that the projected rates of increase in low- and middle-income countries was
higher than in high income countries. These projections suggest an increased strain on
the healthcare services in countries which may already find it more difficult to provide
funding, and more strain on families who cannot afford to care for their loved ones.
Increases in the incidence of dementia in these low to middle income countries have
been linked to risk factors such as cardiovascular health which, although improving in
high income countries, is deteriorating in low to middle income countries (Wortmann,
2015). A report published by Dementia UK (Kane and Terry, 2015) revealed that, in
2015, 850,000 people were living with dementia in the UK, with projections of over
1,100,000 people by 2025 and over 2,000,000 by 2051. The rising care costs for those
afflicted with a neurodegenerative disease will continue to strain healthcare
organisations and the public globally unless therapies can be developed to treat or
better alleviate the symptoms that sufferers experience. Reports from Dementia UK
show that the cost of Dementia in the UK, £23 billion in 2012 and £26.3 billion in 2015,
was covered by families through unpaid care and individual social care, with projection
on an increase in Alzheimer’s sufferers leading to increased costs (Alzheimer’s Society

and Society, 2014).

16



It is widely believed that dysregulation of cholinergic receptors within the hippocampus
and cortex, primarily of M1 mAChR signalling, is important in the progression of
Alzheimer’s disease. Studies have shown that in Alzheimer’s disease the level of My
mMAChRs expression does not significantly change within the hippocampus and cortex
but coupling of M1 mAChR to G-proteins appeared to be impaired (Overk et al. 2010;
Tsang et al. 2006). The current therapeutic agents used in the management of
Alzheimer’s are almost all acetylcholinesterase inhibitors (AChEls) apart from one NMDA
receptor antagonist, memantine (Langmead et al., 2008). Amyloid B aggregation in
Alzheimer’s disease has been shown to cause dysregulation of glutamatergic NMDA
receptors. The aggregated amyloid protein activates NMDA receptors, causing an
increase in intracellular Ca?*and reactive oxygen species which, over a prolonged period
of time, will lead to cell death (Malinow, 2012; Mota et al.,, 2014). Memantine is a
medium affinity, voltage dependent antagonist that blocks amyloid B activation of the
receptor, but will dissociate from the receptor during synaptic activation, maintaining
the plasticity of the synapse (Danysz and Parsons, 2003; Wenk et al., 2006). AChEls slow
the breakdown of acetylcholine in cholinergic synapses by acetylcholine esterase,
increasing acetylcholine signal intensity and duration. Although effective in the short
term, AChEls cannot be used for long term management of Alzheimer’s disease. As well
as not preventing the progression of disease, these drugs effect the acetylcholinesterase
enzymes across the cholinergic system, causing gastrointestinal side effects, sleep
disturbances, muscle cramps and headaches (Mimica and Presecki, 2009). Although
memantine has been found to delay disease progression, to a certain extent, and AChEls
can counteract the cholinergic deficit, disease progression continues and the poorly
tolerated side effects of AChEls means these therapeutic agents are ineffective in the

long term.

Members of the GPCR subfamilies often contain highly conserved regions, including
within the orthosteric binding pocket. These highly conserved regions makes it difficult
to generate selective ligands which target the orthosteric binding pocket (Liu et al.,
2015). Without selectivity, drugs can cause unwanted off target effects which can lead
the ligands to be poorly tolerated (Machova et al., 2007). As an alternative, ligands can

be used to target sites outside of the orthosteric binding pocket called allosteric sites.
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Allosteric sites can be less conserved between subfamily members and provide a target
for more selective ligands (Conn et al., 2009). A more selective ligand may be of more
benefit to the patients, reducing the attrition rates of drugs in clinical trials by reducing
off-target side effects (Langmead and Christopoulos, 2014). The identification of more
selective and efficacious ligands is therefore vital to the future of drug development.
Even if reversal of the disease was not possible with late stage Alzheimer’s, the ability
to reduce the care needs of patients would significantly reduce the financial burden of
Alzheimer’s on both families and health care systems. A recent study from the Tobin
group used a prion model of neurodegeneration to test the efficacy of M1 mAChR
selective positive allosteric modulators (Bradley et al., 2016a). In Alzheimer’s disease,
positive allosteric modulators should be able to alter signalling in the same way as
AChEls, although they will be far more selective. This study found that the positive
allosteric modulators BQZ12 and BQCA were able to significantly slow disease
progression, recover learning and memory deficits, and increase survival time of the
animals. This study shows the potential promise in the use of allosteric modulators for

the treatment of Alzheimer’s disease where previous therapeutic agents have failed.

As discussed previously, GPCRs signal through G-protein dependent and
phosphorylation dependent pathways, but different agonists will not necessarily
activate these pathways in equal amounts (Violin and Lefkowitz, 2007); a phenomenon
known as signalling bias or functional selectivity. Depending on the disease being
targeted it may be important to activate one specific downstream pathway over
another. This may be to avoid on-target side effects or to promote the therapeutically
beneficial pathway. Agonists with this property have already been identified at the 5-
HT4 (5-hydroxytryptamine) receptor (Gaven et al., 2013); as well as putative bitopic
ligands, ligands which bind to both the orthosteric and an allosteric site, at the M1
mAChR (Digby et al., 2012; Keov et al., 2013). Biased ligands have also been identified
for the p-opioid receptor (DeWire et al., 2013) and the angiotensin Il type 1 receptor
(Kim et al., 2012). The p-opioid receptor biased ligand, TVR130, is biased towards the G-
protein dependent pathway, reducing receptor desensitisation and prolonging the
analgesic properties. TRV027, the angiotensin Il type 1 receptor ligand, is biased towards

the B-arrestin dependent pathway decreasing blood pressure and increasing renal blood
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flow. This ligand is designed to be used therapeutically in acute heart failure in the place
of diuretics and vasodilators. Impaired interactions between Mi-mAChRs and
heterotrimeric G-proteins have also been identified within Alzheimer’s disease tissue
samples (Overk et al., 2010; Shiozaki et al., 2001; Tsang et al., 2006). In this case the use
of a G-protein dependent signalling biased ligand could increase G-protein dependent
signalling. In the case of targeting the adenosine A; receptor (A1AR) for cardioprotection,
agonists at higher doses caused on-target side effects including bradycardia. By utilizing
a bitopic agonist at the A;AR (Valant et al.,, 2014) it has been shown that

cardioprotection can still be achieved without the on-target bradycardia.

1.3 The Chemical Genetic Approach

As well as the development of more selective ligands, there is a growing effort to
produce functionally selective compounds. An important part of this process is
understanding the physiological and behavioural roles played by the separate
downstream signalling pathways of GPCRs. Classical methods of determining a receptors
function in vivo involve either using receptor antagonists or generating transgenic
knock-out models. Although both models work to observe receptor function, they do
have their drawbacks. Receptor antagonists can successfully silence receptor function;
but without specific ligands, in vivo changes in behaviour and physiology may be due to
interactions with multiple receptors. Transgenic receptor knock-out models are specific
in silencing receptor function, but the activity cannot be reclaimed in the same animal.
A way to overcome these issues is with the chemical genetic approach. This system
utilises mutations within the binding pocket of a GPCR which prevents activation by the
orthosteric ligand, whilst simultaneously engendering activity to a previously biologically

inert synthetic ligand.

The first generation of these engineered receptors, known as receptors activated solely
by synthetic ligands (RASSLs), involved molecular evolution of the P;-adrenergic
receptor (Strader et al., 1991) to reduce the affinity of the natural ligand for the receptor
and engender affinity and potency for a synthetic ligand. This method was repeated in
the k-opioid receptors (Coward et al., 1998), a,a adrenoceptor (Pauwels and Colpaert,
2000), 5-HT4 receptor (Claeysen et al., 2003), and the H1 histamine receptors (Bruysters

et al., 2005). An issue with this first generation of receptors was the high affinity and
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potency of the synthetic ligands for the wild-type receptors. The ligands used to activate
the k-opiod RASSL mutant, spiradoline and bremazocine (Coward et al., 1998), were
potent and selective agonists of the wild-type k-opiod receptor (Dortch-Carnes and
Potter, 2005; Von Voigtlander and Lewis, 1988). A screen of ligands at the aa
adrenoceptor and a series of RASSL mutants found the most efficacious agonists of the
RASSL receptors were full or medium strength partial agonists of the wild-type
receptors. The two agonists described at the 5-HT4 RASSL mutant, GR 113808 and ML
10375, were antagonists of the wild-type 5-HTa4 receptor. This lack of ligand selectivity
could lead to difficulties deciphering the role of the transfected RASSL receptor in tissue

where the wild-type receptor is present.

To bypass this issue a second generation of mutant receptors known as designer
receptors exclusively activated by a designer drugs (DREADDs) was developed
(Armbruster et al., 2007) using the M3 mAChR. The mutations required for the Ms.
DREADD mAChR were discovered by molecular evolution through random mutagenesis
of the wild-type human Ms mAChR. The mutants were then functionally and
pharmacologically screened with the natural ligand acetylcholine and the synthetic
ligand CNO. This screen was used to identify the mutations which best reduced the
affinity and potency of acetylcholine while simultaneously increasing the affinity,
potency, and maximal receptor activation of CNO. CNO was chosen as the ligand for the
mAChR DREADD mutants based on the high affinity of clozapine for the M3 mAChR, its
bioavailability in humans and rats (Bender et al.,, 1994; Chang et al., 1998), and its
apparent lack of activity. This screening found that the combination of 2 mutations,
Y3:33C and A>*%G, were the best combination for the generation of the M3-DREADD
mAChR. This notation format, the Ballesteros-Weinstein numbering scheme, labels the
amino-acid sequence using 2 sets of numbers based on helix 1-7, and the position of
the amino acid in relation to the most highly conserved residue within the helix being
50. For example, amino acid 5.42 would be found within the 5" transmembrane domain
8 residues before the most highly conserved, that being a proline>*°(Isberg et al., 2015).
These residues are conserved within the mAChR family and were found to illicit the same
functional and pharmacological changes in the other mAChRs. When introduced in vivo

these receptors should not interact with the natural mAChR ligand acetylcholine. If
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knocked into the endogenous locus, the animal should have the same physiological and
behavioural changes as are seen in knock out animals. Following administration of CNO,
the receptor will be activated and normal function restored. DREADDs can also be
transfected through microinjection into specific cell groups to understand the
physiological and behavioural relevance of receptor activation in these select groups in

vivo.
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Figure 1.3. Snake-like plot of the amino-acid sequence of mouse M1 mAChR; showing
the positions of humanizing, DREADD, and Phosphorylation Deficient mutations.

Amino-acid sequence and junctions between transmembrane and the extracellular and

intracellular regions were derived from the Uniprot knowledgebase (ascension:

P12657). Residues mutated to humanise the mouse receptor and the new residue are

coloured green. DREADD mutation sites and the introduced residues are labelled in

yellow. Intracellular residues mutated into alanine in the PD mutant are shown in red.

ICL refers to the intracellular loops, ECL refers to the extracellular loops.

22



Following the development of these receptors, they have been used to functionally
characterise GPCR signalling in cell groups within the brain (Hartog et al., 2016; Warthen
et al., 2016; Wasserman et al., 2016) and B-cells within the pancreas (Guettier et al.,
2009). Within the brain, cell groups were virally transfected with either the Ms-DREADD
or M4s-DREADD mAChR. Activation of these receptors, following administration of CNO,
allows for the interrogation of either Gqq signalling using the M3-DREADD mAChR, or Ggi
signalling using the M4-DREADD mAChR. Control of B-cells used 2 transgenic animal
models containing either M3-DREADD mAChRs or an M3-DREADD mAChR whose
intracellular loops 2 and 3 were replaced with that of the Bi-adrenergic receptor. The
modifications were made to promote coupling of Gas to the DREADD receptor, allowing
for the investigation of Gas signalling on B-cell physiology. In 2009, an M3-DREADD
receptor was modified to contain the IL2 and IL3 of the Bi1-adrenergic receptor (Guettier
et al., 2009). This modification generated M3-DREADD mAChR which coupled to Ggs,
rather than to Guq. By expressing these mutant receptors under the transcriptional
control of a fragment of the rat insulin promoter, the authors could selectively express
the receptors within pancreatic B-cells, to study the roles of G-protein signalling on B-

cell function.

Through chemical genetic modifications to the receptor is possible to produce a biased
receptor which can only signal down either G-protein dependent pathways or
phosphorylation dependent pathways. In the advent of functional selectivity, it will
become more important to learn the specific effects of signalling pathways on behaviour
and physiology. With this information it may be possible to identify biased ligands which
are better tolerated than currently available drugs; selectively activating therapeutically

beneficial pathways and avoiding those which drive on-target side effects.

A method of differentiating signalling pathways was developed involving introducing a
single point mutation, R165L, into an M3-DREADD mAChR (Nakajima and Wess, 2012),
creating an arrestin/phosphorylation biased receptor. In 2016 (Hu et al., 2016), the same
lab generated a Gq biased receptor through mutating 4 serine residues within the c-
terminal tail and removal of the 3™ intracellular loop. In BRET assays, this mutant
receptor no longer interacted with B-arrestin 1 or 2. Calcium mobilisation assays

confirmed there was no significant difference in Gqq activation. A study within the Tobin
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group used alanine substitution of putative phosphorylation sites to interfere with
phosphorylation dependent signalling and arrestin coupling without interfering with
protein folding, generating a G-protein biased M3z mAChR (Bradley et al., 2016b; Kong et
al., 2010; Poulin et al., 2010). Within airways, removal of the phosphorylation sites from
the M3 mAChR significantly reduced the maximum contraction and the potency of
carbachol in the stimulation of smooth muscle contraction. Within the pancreas, where
the M3 mAChR plays a role in the regulation of insulin release and glucose homeostasis
(Gautam et al., 2006c), removal of phosphorylation sites interfered with M3z mAChR
activation of protein kinase D1, an important regulator of insulin release (Sumara et al.,
2009). Reduction in protein kinase D1 activation lead to decreased insulin secretion and
the impaired regulation of glucose homeostasis. In fear conditioning studies, transgenic
animals expressing the phosphorylation deficient M3 mAChR had significantly lower
response in contextual and cued fear conditioning tests. Lower expression of c-Fos, a
marker of neuronal activity (Bullitt, 1990), was detected within the CA3 and dentate
gyrus of the hippocampus in transgenic mice compared to wild-type mice. Combining
the DREADD and biased signalling mutations, it will be possible to interrogate the
functions of total receptor signalling and specific pathways on behaviour and function
in vivo. The understanding of physiological roles of individual cell signalling pathways
could provide researchers with vital information in the development of new, biased,

drugs.

CNO is one of the two major metabolites of clozapine, the other being N-
desmethylclozapine (NDMC) (Volpicelli et al., 1993; Weigmann and Hiemke, 1992).
Metabolism of clozapine into CNO is mediated by the CYP3A4 isoform of cytochrome
P450 (Eiermann et al., 2003; Linnet and Olesen, 1997; Pirmohamed et al., 1995) and is
reversible (Chang et al., 1998). Clozapine has been detected in humans, guinea pigs, and
Long-Evans rats after administration of CNO (Jann et al., 1994; Maclaren et al., 2016).
N-desmethylclozapine (NDMC) and clozapine have also been detected in Lewis rat urine
(Lin et al, 1996). Concentrations used for metabolite analysis were 5mg/kg
intraperitoneal (i.p.) injection (MacLaren et al., 2016) or 20mg/kg orally dosed (Lin et al.,
1996). Both clozapine and NDMC are promiscuous ligands, having been found to interact

with members of multiple receptor families (Heinrich et al., 2009; Heusler et al., 2011;
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Olianas et al., 2009, 1999; Wenthur and Lindsley, 2013). They have both been found to
depress synaptic transmission in cultured rat hippocampal neurons (Ohno-Shosaku et
al., 2011). A study in mice found NDMC has an inhibitory effect on exploratory locomotor
function, which the authors speculated was downstream of mAChR activation (Maehara
et al., 2011). The potential presence of these promiscuous and active molecules in vivo
has led to the development of a new generation of DREADD ligands with the hope of
generating a more potent DREADD agonist which doesn’t have potentially confounding
metabolites. Two new ligands, DREADD agonist 21 (DA21) and perlapine have been
identified as potential alternatives to CNO in vivo (Chen et al., 2015). DA21 was first
identified as part of a screen of 19 CNO analogues against the hMs and hM3-DREADD
mMAChRs (Chen et al., 2015). The seven ligands with the lowest activity at the hM3-WT
mMAChR were also screened against four non-muscarinic aminergic GPCRs, 5-HT2a, 5-
HTsc, aia adrenergic, and H1 histamine receptors, to investigate the selectivity of these
new compounds. Out of these screens DA21 was found to perform significantly better
than CNO. A separate screen of existing compounds in the same study (Chen et al., 2015)
also identified perlapine as a potent hM3-DREADD agonist. As well as activating the hMs-
DREADD mAChR in the FLIPR (fluorescence imaging plate reader) Ca?* mobilisation
assay, perlapine showed significant, >10,000-fold, selectivity for the hMs-DREADD
mMAChR over the hMs-WT mAChR. Perlapine was first described in 1973 (Stille et al.,
1973) as a sedative and promotor of sleep. In later studies it has been found to have
nanomolar affinity for dopaminergic (Roth et al., 1995) and serotonergic receptors (Roth
et al., 1994) GPCRs, similar to other benzodiazepine compounds. Although selective for
the M3-DREADD receptor screening needs to be carried out at wild-type and Mi-
DREADD and M1-DREADD-PD mutant mAChRs to ensure the selectivity of the ligands.

The project aims to characterise the pharmacology and function of 2 mutant receptors
(Fig 1.1) and the synthetic ligand CNO. The first of these receptors is a human M1 mAChR
containing the DREADD mutations, and the second is the human M1 mAChR containing
the DREADD mutations and alanine substitutions of the phosphorylated serine residues
within the 3 intracellular loop. These receptors will be used in vivo to study the role of
the M1 mAChR and phosphorylation dependent signalling on learning and memory. The

M1-mAChR has been found to be crucial to learning and memory (Leaderbrand et al.,
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2016), however current therapeutic agents targeting the Mi-mAChR in Alzheimer’s
disease lack selectivity and do not provide long-term disease modification. Using our
chemical genetic approach, we can understand how Mi-mAChR signalling effects
behaviour, and identify signalling pathways which are therapeutically beneficial or

detrimental.

1.4 Aims and Objectives

In this project | aim to characterise the function and pharmacology of 2 mutant receptors
and the synthetic ligand CNO as part of a chemical genetic approach to understand the
role of GPCR signalling in vivo. The first of these receptors, both based on the M1 mAChR,
will contain the DREADD mutations Y333C and A>#®G. The second will utilise alanine
substitution of phosphorylated serine residues within the 3" intracellular loop as well
as the same DREADD mutations. The in vitro characterisation of the receptors will
involve radioligand binding and cell signalling assays to assess the changes to ligand
binding and receptor function caused by the mutations. | will also study the synthetic
ligand CNO, to understand its interactions with the mAChR family. It is important to
investigate the ligand to ensure it will not cause any confounding factors within the in
vivo model. These receptors can then be used in transgenic studies with tests that will
explore different learning and memory paradigms, such as contextual (Yoshii et al.,
2016) and spatial memory (Conrad et al., 2003), as well as measuring anxiety (Poulin et
al.,, 2010). Although the therapeutic potential of mAChRs is well documented, issues
with ligand selectivity and efficacy have made the treatments for diseases such as
Alzheimer’s disease intolerable for chronic use. By using chemical genetic approaches,
it may be possible to better understand the physiological relevance of the M1 mAChR
and its downstream signalling pathways. This information could then be used in the
development of new selective and potentially biased ligands, which will be more

efficacious and better tolerated therapeutic agents.
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Chapter 2 Materials and Methods

2.1 Materials:
All lab reagents and chemicals were procured from Sigma-Aldrich Ltd (Dorset, UK) and

ThermoFisher Scientific (Rugby, UK) unless otherwise stated.

2.1.1 Cell Lines

Human and mouse M1, M1-DREADD, M1-DREADD-PD, and M4 mAChRs were expressed
in CHO-FlplIn cells using the pcDNAS5/FRT expression vector; hygromycin B was used as
the selection agent. M2 and M3 mAChRs were expressed in CHO-K1 cells using the
pcDNA3 expression vector; Geneticin, also known as G418, was used as the selection
agent. The human influenza haemagglutinin (HA) epitope tag was incorporated into
these receptors. In the mouse Mi-, M1-DREADD, M1-DREADD-PD, and Ms-mAChRs the
HA tag is incorporated into the C-terminal region of the receptors. In human M- and
M>2-mAChRs the HA tag is incorporated into the N-terminal region. Untransfected CHO-
FIpIn cell lines were also used as experimental controls. These cell lines were developed

within the Tobin group prior to the start of this project by Dr. Adrian Butcher.

2.1.2 Cell Culture

HAMS F-12 media, Dubelco’s phosphate buffered saline (PBS), penicillin-streptomycin,
and Zeocin used in tissue culture were obtained from ThermoFisher Scientific (Rugby,
UK). Heat-inactivated foetal bovine serum (FBS) was obtained from Labtech.com
(Uckfield, UK). G-418 solution was purchased from Sigma-Aldrich Ltd (Dorset, UK).

Hygromycin B was purchased from Santa Cruz Biotechnology (Heidelberg, Germany).

2.1.3 Specific Reagents

2.1.3.1 Western Blotting
For Western blotting, the 30% acrylamide/bis solution, stacking gel buffer, and resolving
gel buffer were from Bio-Rad (Hemel-Hempstead, UK). Tris glycine SDS PAGE buffer 10X

was purchased from National Diagnostics (Hessle, UK).

2.1.3.2 Antibodlies
Anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204), anti-p44/42 MAPK (ERK1/2),
and anti-GAPDH (14C10) antibodies were from New England Biolabs Ltd (Hitchin, UK).
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Anti-HA High affinity and Anti-HA-Fluorescein were from Roche Diagnostics Ltd. (Burgess
Hill, UK). Anti-rabbit and anti-mouse HRP conjugated antibodies were from Bio-Rad

(Hemel-Hempstead, UK)

2.1.3.3 Cell Signalling Assays
IP-One HTRF® assay kits and Phospho-ERK (Thr202/Tyr204) Cellular assay kits were
obtained from Cisbio Bioassays (Codolet, France). Fura-2-AM and probenecid for the

calcium mobilisation assays were procured from ThermoFisher Scientific (Rugby, UK).

2.1.3.4 Radioligand Binding
3H-N-methyl scopolamine (3H-NMS) and ULTIMA Gold scintillant cocktail were from

Perkin Elmer, Inc. (Seer Green, UK).

2.1.3.5 CLARITY

40% acrylamide and 2% bis-acrylamide solutions for the hydrogel were from Bio-Rad
(Hemel-Hempstead, UK). VA-044 initiator was from Alpha Laboratories Ltd. (Eastleigh,
UK).

2.2 Methods:

2.2.1 Cell Culture

2.2.1.1 Cell Line Maintenance

All cells were grown in Ham’s F-12 Nutrient mix containing GlutaMAX™ with 10% FBS
and 1% penicillin/streptomycin. Media used for untransfected CHO-FlpIn cells also
contained Zeocin at 100 pg/mL. Media used for human and mouse M; wild-type (hMi-
WT and mM31-WT respectively) mAChRs, M1-DREADD, M1-DREADD-PD, and human Ma-
WT mAChR transfected cells also contained 400 pg/ml hygromycin B. Cell lines
transfected with the M; and mouse Ms3-WT mAChRs were maintained in the same media
containing 450 pg/ml G418 rather than hygromycin B. Cells were maintained in a 5%
CO3, 95% air, humidified incubator at 37°C.

2.2.1.2 Cell Counting
Cells were counted using the CASY TTC cell counter and analyser. 100 ul of cell
suspension was mixed with 9.9 ml of isotonic measuring buffer. Three samples were

counted and the average concentration obtained.
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2.2.2 Radioligand Binding

For all radioligand binding assays, cells were plated at 50,000 cells per well in 24 well cell
culture plates. Cells were cultured in their relevant supplemented HAMS F-12 media for
48 hours at 37°C to come to 90% confluency. After lysis, all samples were loaded into
scintillation tubes and mixed with 5 ml Ultima GOLD scintillant cocktail, and quantified

using liquid scintillation counting (LSC).

2.2.2.1 Saturation Binding

Wells of confluent cells were washed 3 times with 1 ml Krebs buffer (10 mM HEPES, 118
mM NacCl, 4.3 mM KCI, 1.17 mM MgS04, 1.29 mM CaCl, 25 mM NaHCOs, 1.18 mM
KH2PO4, 11.7 mM glucose) and loaded with 447 ul of Krebs for 15 minutes. Half the wells
were treated with atropine to a final concentration of 200 uM to estimate non-specific
binding. 50 pl of 3H-NMS in % log dilutions were added and the samples left to reach
equilibrium in the incubator at 37.5°C for 1 hour. 2 wells per plate were not treated with
drug or NMS to be used for protein quantification using the Bradford assay. After
equilibrating, the cells were washed three times with 1 ml Krebs buffer and lysed with
300uL of RIPA buffer (10 mM Tris-HCL, 2 mM EDTA, 1% NP-40, 0.5% deoxycholic acid,
250 mM NaCl) or 0.1 M NaOH for 30 minutes.

2.2.2.2 Competition Bindling

The cells were washed twice with 1 ml Krebs buffer and then loaded in duplicate with
400 ul of Krebs for 15 minutes. The wells were then treated in duplicate with 50 ul log
concentration dilutions of each ligand for 15 minutes. For hMi1-WT and mMi-WT
expressing cell lines 50 pl of 10x Ky concentration 3H-NMS was added for a final Kgq
concentration and left to reach equilibrium in the incubator at 37.5°C for 1 hour. For the
M, mMs, and hMs-WT mAChR expressing cell lines, 3 concentrations of 3H-NMS were
used, one at the Kq concentration, one at 10 Kg, and one at 0.25-0.3 K4. The experiment
was halted by washing the wells three times with ice cold Krebs buffer on ice, and lysis

of the cells with either 300 pl RIPA or 0.1M NaOH.

2.2.2.3 Dissociation Binding
Wells were washed 3 times with 1 ml binding assay buffer and were then incubated for

15 minutes in 400 ul Krebs buffer. After 15 minutes 50 ul of Krebs was added to all wells
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except for the wells to be used to calculate non-specific binding (NSB) which were
treated with atropine for 15 minutes. The wells were treated with 50 pl of 1 K4 3H-NMS
and incubated for 4 hours at room temperature to reach equilibrium. For non-specific
binding, one well for each condition was treated with atropine. After equilibration, wells
were treated with unlabelled antagonist, atropine, at a concentration 1000-fold higher
than that of the radioligand at time points up to 90 minutes. Once the treatment was
complete the cells were washed twice with ice cold 0.9% NaCl and lysed with 500 pl

0.1M NaOH.

2.2.2.4 Association Binding

Wells were washed 3 times with 1 ml Krebs buffer and were then incubated for 15
minutes in 400 pl Krebs buffer. After 15 minutes 50 pl of Krebs was added to all wells
except for the NSB well which was treated with atropine for a further 15 minutes. Wells
were then treated with a K4 concentration of 3H-NMS for time points up to 120 minutes.
Once the treatment was complete the cells were washed twice with ice cold 0.9% NaCl

and lysed with 500 pl 0.1M NaOH.

2.2.3 ERK 1/2 Activation

2.2.3.1 Western Blotting

300,000 cells per well were loaded into a 12 well plate and cultured at 37.5°C 24 hours
prior to experimentation. After incubation the cells were washed 3 times in Krebs buffer
and were left in 900 pl of Krebs buffer for 1 hour. After incubation the cells were treated
with 100 ul of the log concentration drug dilutions for 5 minutes. After 5 minutes the
media was removed and 300uL of RIPA buffer containing protease and phosphatase
inhibitors was added to each well. The lysates were then transferred to tubes and
centrifuged at 18000g for 10 minutes and the supernatants were transferred to new
tubes. The protein content of the samples was determined and 5ug of each sample was
mixed 1:1 with 2x loading buffer (100 mM Tris, 200 mM dithiothreitol, 4% SDS, 0.2%
bromophenol blue, 20% glycerol) and heated at ~65°C for 5 minutes. The samples were
then run on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane. The
membranes were probed with antibodies against phosphorylated ERK 1/2 to measure
ERK activation over basal, with the membranes being stripped and re-probed with anti-

ERK 1/2 antibodies as a loading control. Horseradish peroxidase (HRP) secondary
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antibodies were used, along with enhanced chemiluminescence (ECL) reagent and ECL
film to visualise the bands. Densitometry was performed on the film using ImageJ, with
the data normalised using the total ERK 1/2 loading control. The stimulation time of 5
minutes was chosen as it is the standard stimulation time within the lab, and has been
used in the literature (Miao et al., 2016; Schrage et al., 2015; Valant et al., 2012; Wan et

al., 2015). A time course assay was used to confirm this stimulation time.

2.2.3.2 Homogeneous Time Resolved Fluorescence (HTRF) Assay

Assays were carried out using the Cisbio HTRF (homogeneous time resolved
fluorescence) Phospho-ERK1/2 (Thr202/Tyr204) assay kit. This assay kits uses 2 tagged
anti-phosphorylated ERK 1/2 antibodies to detect the amount of phosphorylated ERK
1/2 within the well. One antibody is conjugated with a fluorescent donor molecule,
Lumi4®Tb, and the other with a fluorescent acceptor, d2. When the donor is excited in
close proximity to an acceptor, a photon is emitted and absorbed by the acceptor. The
acceptor, excited by this photon, emits a photon of light itself. The ratio between the
emission of the acceptor and donor fluorophores is used as the result for each point.
50,000 cells per well were loaded into a 96 well plate for 24 hours before the assay.
Wells were washed 3 times with 200 uL Krebs buffer and incubated for 1 hour at 37°C
in 180 ul of Krebs. Ligands were made up in Krebs buffer at 10x the final reaction
concentration. After the incubation, wells were treated with 20 pL of increasing
concentrations of agonist at 37°C for 5 minutes, after which the agonist was removed
by flicking and 50 uL of lysis buffer was added for 30 minutes at room temperature. 16
pl of the lysate was then added to a 384 well plate where 4 pl of a mixture of the two
HTRF anti-ERK 1/2 (Thr202/Tyr204) antibodies conjugated with either Eu3*-cryptate or
d2. The antibody solutions were mixed with the lysis buffer on a plate shaker at room
temperature for at least 2 hours, with the signal stability lasting for 24 hours. Plates were
read within 24 hours on the CLARIOstar plate reader and data exported using the MARS

data analysis software provided.

2.2.4 Inositol Monophosphate (IP1) Accumulation: HTRF IP-One kit
Assays were carried out using the Cisbio HTRF IP-One assay kit. This HTRF kit measures
inositol monophosphate (IP1) accumulation using an anti-IP1 antibody tagged with the

fluorescent Lumi4® Tb cryptate donor, an IP1 molecule tagged with the d2 acceptor, and
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lithium chloride to inhibit inositol monophosphatase and prevent the breakdown of IP1
into myo-inositol. Following receptor activation, IP1 produced by the cell competes with
the tagged IP1 for the conjugated anti-IP1 antibody. An increase in IP1 production
results in a reduction in the signal measured. Cells were plated into a 384 well plate at
10,000 cells per well and incubated in supplemented HAMS F-12 media for 48 hours at
37.5°C. The media was then removed and 20 pl of ligand, diluted in stimulation buffer,
was added and incubated at 37.5°C for 1 hour. After stimulation the buffer was removed
and 7.5 pl of lysis buffer containing the IP-d2 conjugate was added, followed by 7.5 pl of
lysis buffer containing the anti-IP cryptate-Tb3* conjugate. The plate was then incubated
at room temperature for 1 hour on a plate shaker. After shaking the plates were read
on the CLARIOstar platform and the data exported to Excel using the MARS data analysis

software provided.

2.2.5 Single Cell Calcium Microscopy

Cells were seeded onto glass coverslips in 6 well plates at a density of 750,000 cells per
well for 24 hours or 350,000 for 48 hours in suitable supplemented HAMS F-12. Wells
were washed 3 times with 2 ml Krebs and incubated at 37°C with Krebs containing 2.5
mM probenecid and 2 uM Fura-2-AM for 30 minutes under reduced light. Fura-2-AM is
a ratiometric, calcium binding, fluorescent dye used to detect changed in the
concentration of intracellular calcium. Probenecid is an organic-anion transporter
inhibitor which prevents the egestion of the dye. After incubation, the coverslip was
washed three times with Krebs and loaded into a coverslip holder with 900 ul of Krebs
and placed on the heated stage of the microscope. Ligands were made up in Krebs buffer
at 10x the final reaction concentration. After a baseline reading was established for 30
seconds, 100 pl of ligand was added and measurements were taken for a further 4
minutes. Data was collected as maximum peak height from the subsequent images using

MetaFluor 4.

2.2.6 Flexstation Calcium Signalling Assay

Cells were seeded into clear bottom 96 well plates at a density of 50,000 cells per well
for 24 hours. Before stimulation, wells were washed 3x with Krebs, and then incubated
with Krebs containing 2.5 mM probenecid and 2 uM Fura-2-AM at 37°C for 30 minutes.

After incubation cells were washed and loaded with 100 pl of Krebs buffer and loaded
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into a Flexstation plate reader to carry out the assay. Ligands were prepared in a 96 well
plate at double the final assay concentration in Krebs buffer and the plate was placed
into the Flexstation. To measure the calcium response, the plate reader took
measurements for the first 16 seconds to calculate the baseline level of fluorescence. At
16 seconds the Flexstation added 100 pl of ligand to the well and continued to measure
changes in fluorescence for up to 90 seconds. Measurements for each concentration
were calculated as area under the curve. The Flexstation measures fluorescence from 8
wells simultaneously, unlike calcium microscopy which can only measure 1 point at a

time.

2.2.7 Immunocytochemistry (IHC)

Cells were loaded onto 18 mm sterilized glass coverslips in 12 well plates at 100,000 cells
per well and incubated for a minimum of 24 hours at 37°C in HAMS F-12 media. Wells
were washed and incubated for 1 hour with 990 pL of Krebs buffer. Cells were then
stimulated at intervals between 0 and 120 minutes, after which they were fixed for a
minimum of 1 hour with 4% paraformaldehyde (PFA). After fixing, the cells were
permeabilized for 30 minutes with PBS — 0.5% Triton X-100 to allow for antibody
penetration into the cells. The slides were blocked using antibody diluent containing PBS
— 0.1% Triton X100 (PBSTX) with 0.3% BSA. Samples were treated with primary
antibodies in antibody diluent at a suitable concentration for 1-2 hours and were then
washed 3 times for 10 minutes each with PBST. The coverslips were then treated for 1-
2 hours with secondary antibodies at a suitable dilution in antibody diluent in subdued
lighting conditions, to avoid bleaching of the fluorophore tags on the secondary
antibodies. Following secondary antibody treatment, the coverslips were washed again
with PBST 3 times for 10 minutes and were mounted onto slides with hard set anti-fade
mounting medium containing DAPI. After the mounting solution set, the slides were

sealed using clear nail varnish before confocal microscopy.

2.2.8 CLARITY

2.2.8.1 Perfusion Fixation
To prepare tissue for CLARITY processing it must be fixed by perfusion fixation with an
acrylamide hydrogel (4% acrylamide, 0.05% bis-acrylamide, 0.25% VA-044, 4%

paraformaldehyde in PBS). Once perfused with the hydrogel solution, the organs and

33



tissues of interest were removed and placed in a tube containing the hydrogel solution
for 3-4 days at 4°C. This incubation step was performed to allow for complete diffusion

of the hydrogel monomers throughout the samples.

2.2.8.2 Degassing and Polymerisation

Once the incubation was complete the samples were degassed, this is a necessary step
before hydrogel polymerisation to remove any air bubbles from the tissue. These
bubbles can expand during clearing and will disrupt the structure of the tissues mounted
in the hydrogel, and the oxygen can inhibit the hydrogel polymerisation. For degassing,
the samples were placed within a desiccation chamber in open Falcon tubes containing
enough hydrogel solution to leave a 2cm gap between the sample and the surface. A
vacuum pump was then used to evacuate the air from the chamber. The samples were
then left under vacuum for at least 10 minutes to remove any dissolved air within the
hydrogel solution. After 10 minutes the vacuum pump was turned off and nitrogen, or
another inert gas, used to refill the chamber. The lid of the desiccation chamber was
then removed and the lids carefully placed on the tubes. The tubes were then incubated
for at least 3 hours at 37°C in a water bath to polymerise the hydrogel. After
polymerisation excess hydrogel was removed and the samples were washed 3 times for
1 hour in clearing solution (200mM boric acid and 4% SDS in water, pH 8.5) to remove
any unpolymerised hydrogel solution. Excess hydrogel was removed from the sample to
reduce the amount of material for antibodies to diffuse through during the labelling

process.

2.2.8.3 Sectioning and Clearing

Before the sample is cleared it may be necessary to section or cut the sample to make it
easier to visualise the region of interest. This can be performed using a sharp razor blade
and a sectioning mould. Samples were cleared using either passive tissue clearing or
electrophoretic tissue clearing. For passive clearing, samples were incubated in clearing
solution at 37°C using either a water bath or an incubator. For electrophoretic tissue
clearing (ETC), the sample was placed in an electrophoretic tissue clearing chamber, with
the power supply set to 20 V and 900 mA, and a perfusion pump to circulate the clearing

solution. The pH of the clearing solution was checked regularly and maintained at 8.5,
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and the solution itself was replaced twice a week. The clearing step was halted once the

sample was clear.

2.2.8.4 Staining and Visualisation

After clearing, the samples were washed 3 times for 24 hours with PBS containing 0.1%
Triton X-100 (PBSTX). Samples were then treated with primary antibodies in PBSTX for 2
days at 37°C for every 1 mm depth of staining. This antibody incubation was followed by
washing in PBSTX for 1 day for every 2 days’ antibody incubation, changing the PBSTX
every day. Cleared tissue was incubated with secondary antibodies with the same
conditions as those used for primary antibodies. A final wash was performed after the

secondary incubation with the same conditions as in the previous wash.

Before the samples were visualised their refractive index (Rl) was matched to that of the
immersion medium used. An 85% glycerol solution was used as the refractive index
matching solution (RIMS) for CLARITY samples, with a Rl around 1.45. The samples were
submerged in the solution for a minimum of 12 hours before observation to ensure
equilibration of the refractive index throughout the sample; this time was dependent on

this thickness of the tissue, with thicker samples requiring a longer equilibration time.

Image acquisition was performed using either a confocal microscope using an objective
with a suitable working distance or using a light sheet fluorescence microscope (LSFM).
Image analysis for confocal microscopy images was performed using Carl Zeiss Zen Lite

2012 and Arivis Vision 4D for the LSM images.

2.3 Data Analysis

Quantification of Western blots was performed using Imagel; these densitometry
results were normalised to loading controls. Preliminary processing of numerical data
was performed using Microsoft Excel. Statistical analysis of the data was carried out

using Graphpad Prism 6 and 7.

For 3H-NMS saturation binding assay data, values for non-specific binding were
subtracted from their equivalent total binding value to calculate the specific binding.
This specific binding curve was than analysed using the one site — total and nonspecific

binding protocol in Prism, using the following equation:
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(Equation 1)

_ Bmax *[X]
Y= Pme B4 NS« [X]

Where Y is total radioligand binding, Bmax is the total receptor density, Kq is the
equilibrium dissociation constant, [X] is the concentration of the radioligand, and NS is
non-specific binding. For association radioligand binding, the association rate constant
(Kon) was calculated with the one-phase association protocol, which uses equation 2.
Dissociation binding assay data were analysed using the one-phase decay protocol with
equation 3 to calculate the dissociation rate constant (Kosf). The dissociation constant for

the radioligand was then calculated from the Kon and Kosf using equation 4.
(Equation 2)

Y = Y0+ (Plateau — Y0) * (1 — exp(—K,n, * T))

(Equation 3)
Y = (YO — Plateau) * exp(—KOff * T) + Plateau
(Equation 4)

Korr

K, =
T Kon

Where Y is binding, YO is binding at time O, Plateau is the Y value at infinite time, and K
is the rate constant, expressed as a reciprocal of the time units, T. Data from the
competitive binding assays was analysed using the one site — Fit Ki protocol. This

protocol uses the following equations:
(Equation 5)

Top — Bottom

= 1 ¥ 1000-109ECs0) + Bottom

(Equation 6)
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l0gECe = lo 10109Kt*(1+M)
grtso = 108 HotKdnM

Where Top stands for the maximum plateau, Bottom represents the minimum plateau,
U is the log molar concentration of unlabelled ligand, HotnM is the concentration of
radioligand used, HotKdnM is the dissociation constant for the radioligand used, logECso
is the logarithmic value for the half maximal effective concentration, and log Ki is the log

of the equilibrium constant of the unlabelled ligand.

Analysis of all concentration response assay data were performed using log [agonist] vs
response — variable slope (four parameters), and equation 5. In this equation R is the
response, which increases as C, the concentration of ligand, increases, and Top and

Bottom are the plateaus, in the same units as R.
(Equation 7)

Top — Bottom

R = Bottom + 1+ 10((logEc50—C)*Hill slope)

The data sets for the antagonism assay were analysed using the Gaddum/Schild ECsp

shift program with the following equations:

(Equation 8)

Schild Slope

Antag =1+ <W)

(Equation 9)
EC50 = 10%L09ECs0
(Equation 10)
Log EC = Log(ECs, * Antag)
(Equation 11)

Top — Bottom
1+ 10(LogEC—D)*HillSlope

R = Bottom +
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Where B is the concentration of antagonist, pA2 is the negative log of the concentration
of antagonist that shifts the ECso by a factor of 2, the Schild slope quantifies how well
the shifts correspond to the prediction of competitive interaction, D is the log dose of
agonist, and the Hill slope is the steepness of the family of concentration response
curves. To generate the data for the Schild plot, the log (concentration ratio-1) was

plotted against the log concentration of antagonist used.

(Equation 12)

n
Log(concentration ratio — 1) = Log ((Z) - 1)

Where A" is the molar ECso in M of the agonist in the presence of antagonist and A is the

molar ECsp of the agonist in the absence of antagonist.

For the statistical analyses of data, the appropriate method was chosen based upon
nature of the comparisons. For the direct comparison of 2 data sets, a two-tailed
Student’s t-test was performed with P<0.05 being accepted statistically significant.
When making comparisons with more than 2 groups one- or two-way ANOVA was used
to analyse the data. Suitable post-hoc tests were then employed to analyse statistically

significant data (P<0.05).
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Chapter 3 Evaluation of the Pharmacology and Signalling of the M-
DREADD and M:-DREADD-PD Receptors

3.1 Introduction

GPCRs are well established therapeutic targets, being the focus of multiple drug
discovery campaigns for neurodegenerative (Shannon et al., 1994; Veroff et al., 1998),
cardiovascular (Black et al., 1964; Harrison et al., 1965), respiratory (Alagha et al., 2014;
Disse et al., 1999; Watz et al., 2016), and psychological conditions (Catapano and Manji,
2007; Kane et al., 1988). Despite these successes, only ~15% of the so called druggable
genome of GPCRs has been targeted therapeutically (Hauser et al., 2018, 2017).
Designing experiments whereby GPCRs can be selectively targeted and that probe key
aspects of in vivo GPCR signalling would likely dismantle many of the barriers to
understanding the fundamental biology of GPCRs and unlock the full potential of this
receptor superfamily. In this chapter | aim to address these two questions by using
chemical genetics and a mutation strategy that will generate a G protein biased receptor

variant.

Investigations of the physiological relevance of GPCR signalling pathways have revealed
that certain pathways downstream of the target receptor can be the cause of adverse
events and others that drive therapeutically beneficial effects (Baltos et al., 2016;
Bolognini et al., 2016). Recent studies have also identified ligands which are able to
preferentially activate either heterotrimeric G-protein-dependent or phosphorylation-
dependent pathways (Stallaert et al., 2011; Urban et al., 2007). This phenomenon,
known as signalling bias or functional selectivity, has triggered drug discovery efforts
with the goal of developing functionally selective ligands which lack the adverse events
observed with previous agents (Kim et al., 2012; McPherson et al., 2010; Violin et al.,
2010). One example of a therapeutically viable biased ligand is oliceridine, also called
TRV130, a G-protein dependent signalling biased agonist of the p-opioid receptor
(DeWire et al., 2013). This ligand preferentially activates G-protein dependent signalling
pathways, bypassing the on-target, B-arrestin 2 dependent, side effects of Opiod
receptor agonists such as morphine (Benyamin et al., 2008; Bohn et al., 2000, 1999;
Matthes et al., 1996; Singla et al., 2017; Soergel et al., 2014; Sora et al., 1997). It is not
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certain that biased ligands will be more therapeutically beneficial ligands; but
understanding the physiological roles of separate signalling pathways could reveal
crucial information for drug discovery efforts. To study these characteristics for the M1-
mMAChR requires the ability to selectively activate the receptor subtype, and to
preferentially drive specific downstream signalling pathways. One approach to the
investigation of the roles of M1-mAChR, and its signalling pathways, is a chemical genetic

approach utilising DREADD mAChRs.

DREADD mutations within the mAChR binding pocket reduce the affinity of orthosteric
ligands, such as acetylcholine and scopolamine, while simultaneously increasing both
the affinity and potency of the synthetic, biologically inert ligand, CNO (Armbruster et
al., 2007). In vivo, M1-DREADD mAChR should remain inactive when exposed to
acetylcholine, acting as a knock-out, and will become activated upon administration of
CNO, restoring receptor function (Alexander et al., 2009; Armbruster et al., 2007). The
administration of CNO can then be used to selectively activate these receptors and
observe the effects of their signalling. These mutant receptors have previously been
successfully transfected into specific brain regions, such as the medial prefrontal cortex
(Warthen et al., 2016) and the nucleus accumbens (Zhu et al., 2016), to investigate the
roles of Gaq and Gg; signalling. To investigate functional selectivity, DREADD mutants can
be further modified to preferentially drive G-protein dependent or
arrestin/phosphorylation dependent pathways (Hu et al., 2016; Kong et al., 2010;
Nakajima and Wess, 2012). These modifications involve the mutation of intracellular
regions to weaken the coupling of heterotrimeric G-proteins (Hu et al., 2016; Kong et
al., 2010), or arrestins (Nakajima and Wess, 2012) to GPCRs. In animal models,
differences in physiology and behaviour observed can then be attributed to specific
pathways, potentially revealing a signalling blueprint for the identification of new, more

tolerable, compounds.

The ultimate aim of this project in the Tobin lab is to employ a chemical genetic
approach, introducing DREADD modified M1-mAChRs into the endogenous M1-mAChR
locus to study their role in vivo; a novel use of the DREADD mutant receptors. These
mice will initially act as a knock-out model, with the mutant receptors remaining inactive

in the presence of acetylcholine. CNO can then be administered to the mice to activate

40



the receptor, hopefully returning the animals’ behaviour to that of the controls. By
substituting the intracellular phosphorylation sites with alanine residues a
phosphorylation deficient (PD), G-protein biased, Mi;-DREADD-PD mAChR can be
produced (Kong et al., 2010). The behaviour of these M1-DREADD-PD mAChR expressing
mice can then be compared to that of the M1-DREADD mAChR mice to understand the
in vivo roles of signalling pathways and effects of signalling bias. Before conclusions can
be made about the functional role of the M1-mAChR these mutant models need to be
characterised and compared to the wild-type receptor. To use these mutants as a model
of M1-mAChR function, CNO-mediated activation of the M;-DREADD mAChR needs to
be characterised in vitro to confirm its signalling is comparable to that of the wild-type

receptor.

This chapter includes the in vitro characterisation of the pharmacology and function of
M1.DREADD and M1-DREADD-PD mAChRs in tandem with the human and mouse M;-
mAChR. Radioligand binding studies and cell signalling assays were used to; confirm the
changes to ligand-receptor interactions caused by the DREADD mutations, ensure that
the M1-DREADD and human and mouse Mi-mAChR signal through the same effectors,

and understand how the PD mutations effect receptor function.
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3.2 Results
3.2.1 Radioligand Binding Studies

3.2.1.1 Saturation Binding

Initial saturation radioligand binding studies (Fig. 3.1) were performed to assess both
receptor expression and radioligand affinity towards: hM1, mM31, M1-DREADD, and M;-
DREADD mAChRs in my recombinant cell models. Cells were treated with a range of half
log dilutions of 3H-NMS, from 30 nM to 0.3 pM. To distinguish specific and non-specific
binding duplicate wells were used, with one set being treated with the muscarinic
antagonist atropine, to compete with 3H-N-methyl scopolamine (3H-NMS) at the
orthosteric site of the M1 mAChR. The activity from remaining bound radioligand, the
non-specific binding, can be subtracted from the activity of the untreated well, total

binding, to provide a value for specific bound 3H-NMS.

Western blotting confirmed expression of hM1-WT, mMi-WT, M1-DREADD, and Mi-
DREADD-PD mAChRs in the recombinant cell lines. Using the Welch’s t-test, no
significant difference was found between the affinity of 3H-NMS for the hM1-WT and
mM1-WT mAChRs, although the Bmax of the mouse receptor was found to be slightly
higher, 1418 + 85.6 fmol mg™* protein, than for the human M;-WT mAChR, 1171 + 77.6
fmol mg? protein. The highest concentrations of 3H-NMS used with the M1-DREADD or
M1-DREADD-PD mAChRs did not reach a saturating concentration. This therefore did not
allow for either the level of expression or the affinity of 3H-NMS to be determined.
Although these values cannot be calculated, this data supports the notion that the
affinity of 3H-NMS for the M1 mAChR has been greatly reduced through the addition of
the DREADD mutations. Comparing receptor expression in western blotting (Fig 3.1(e)),
human and mouse M1-WT and M1-DREADD-PD mAChRs were expressed at similar levels,
with the M1-DREADD mAChRs expressing at higher levels. The blots revealed that the
M1-DREADD cell line had higher receptor expression than either of the wild-type or the

M1-DREADD-PD cell lines; which had reasonably similar expression.
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3.2.1.2 Association and Dissociation Binding

Since saturation binding studies were not able to determine an affinity for 3H-NMS at
the Mi-DREADD or Mi:-DREADD-PD mAChRs, association and dissociation binding
studies were used as an alternative approach. Through determining the Kon and Kost of
3H-NMS with association and dissociation binding respectively, an estimate for the Kq of

3H-NMS can be calculated.

For the human M1-mAChRs, the Kon and Koff for 3H-NMS were calculated to be 0.0568 +
0.0034 Mstand 0.0529 + 0.0047 s! respectively. The Kon and Koff for mouse M1-mAChR
were calculated as 0.0522 + 0.0029 Ms? and 0.0569 * 0.0052 s respectively. These
values were then used to calculate estimates of 8.97 and 9.04 for the pKq of 3H-NMS at
the hM1i- and mM1-mAChRs respectively. These values are comparable to the Kq values
calculated using saturation binding studies, validating this as an alternative approach to

determining affinity.

Even though curves could be fitted to the association and dissociation binding data for
the M1-DREADD and M;-DREADD-PD mAChRs, the R? for these curves is too low to
accurately determine the Kon or Koff for 3H-NMS at these receptors. The maximum
specific binding activity of the M1-DREADD and M;-DREADD-PD mAChRs was also found
to be significantly lower than that of the hM1-WT and mM1-WT mAChRs (p<0.0001) (Fig.
3.3) when analysed using two-way ANOVA using the Bonferroni correction. This could
mean that the concentration of 3H-NMS used for the M1-DREADD and M1-DREADD-PD
mMAChRs was lower than Kq. Although neither technique was successful in calculating the
affinity of 3H-NMS at the DREADD M1-mAChRs, conclusions can still be drawn from these
results. The inability of these approaches to determine a Kq for orthosteric ligands, in
this case NMS, is consistent with the notion that the DREADD mutations have interfered
with the binding of orthosteric ligands to such a degree that it precluded the accurate

determination of the Kq of 3H-NMS.
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Figure 3.1: Saturation radioligand binding studies with hMi-WT, mMi;-WT, M;-
DREADD, and M;-DREADD-PD mAChRs using H-NMS.

For saturation binding studies, cells expressing hM1-WT (a), mM1-WT (b), M1-DREADD
(c), and M1-DREADD-PD (d) mAChRs were treated with increasing concentrations of 3H-
NMS at 37°C in the presence and absence of a saturation concentration of atropine to
determine NSB and total binding respectively. Comparison of receptor expression was
also performed with western blotting (e) against the HA epitope tag incorporated into
the receptors using anti-HA antibody, and anti-GAPDH as a loading control. Data are

shown as mean + SEM; n=3.
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Figure 3.2: Association and dissociation binding studies using 3H-NMS.

Association binding (i) and dissociation binding (ii) studies were performed on cells
expressing hM1-WT (a), mM1-WT (b), M1-DREADD (c), and M;-DREADD-PD (d). For
association binding, cells were incubated with a K¢ concentration of 3H-NMS at room
temperature at different time points up to 120 minutes. One well containing a saturating
concentration of atropine was used to calculate NSB. For dissociation binding, cells were
preincubated with a Kq concentration of 3H-NMS at room temperature for 4 hours. After
incubation atropine was added to the cells at time points up to 90 minutes. Data are

shown as mean + SEM; n=3.
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Figure 3.3: Maximum specific binding activity for h(M1-WT, mM;:-WT, M:-DREADD, and
M1-DREADD-PD mAChRs in association and dissociation binding studies.

In both association and dissociation binding studies, the maximum specific binding for
the M1-DREADD and Mi-DREADD-PD mAChR expressing cell lines were significantly
lower than that of the hM1-WT and mM1-WT mAChR expressing cell lines (p<0.0001).
Data were analysed with two-way ANOVA using the Bonferroni correction. Data are

shown as mean + SEM; n=3.
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hM1-WT mM1-WT Mi1-DREADD M1-DREADD-PD

Saturation Binding

(fmirl“/a:n ) 1171478 1418 + 86 * *
pKg 9.49+0.16 9.34+0.01 7.29+£0.38 8.06 £ 0.22
Association/ Dissociation Binding
Kon
0.0568 £ 0.0034 0.0522 +0.0029 * *
(Ms
Koff
0.0529 +0.0047 0.0569 +0.0052 * *
(s4)
pKd ~8.97 ~9.04 * *

Table 3.1: Pharmacological Data for hM1-WT, mM1-WT, M;-DREADD and M1-DREADD-
PD using 3H-NMS.

* Curves incomplete so no value could be calculated. Data shown as mean + SEM or ~

for approximate values; n=3.
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3.2.2 Cell Signalling Assays

3.2.2.1 ERK 1/2 Activation
In vitro activation of ERK 1/2 was used to investigate the function of hM1-WT, mM1-WT,
M;-DREADD, and M;-DREADD-PD mAChRs. Activation of ERK 1/2 was assessed using

densitometry of western blots and HTRF plate-based assay kits.

Western blotting (Fig. 3.4-6) showed that the DREADD mutations reduced the potency
of acetylcholine at the M1 mAChR, and increased the potency of CNO. Concentrations of
CNO were too low to confirm whether CNO has lower maximum effect than
acetylcholine at the hM1-WT or mM1-WT mAChRs. Statistical analysis with one-way
ANOVA using the Bonferroni correction found that CNO achieved a significantly lower
maximum effect (Emax) with M1-DREADD and M1-DREADD-PD cell lines, 109.4 + 4.57 and
114.8 + 20.8-fold over basal (FOB) respectively, than acetylcholine in the human and
mouse M1-WT cell lines, 390.3 + 18.6 and 375.6 + 17.8 FOB respectively, where
P<0.0001. The small dynamic range of densitometry when using ECL for western blotting

means that basal activation could not always be detected.

With the HTRF assay (Fig. 3.7), the Emax of CNO at the M1-DREADD mAChR, 649 + 12.7
fluorescence ratio (FR), was not significantly different to that of acetylcholine at the
hM1-WT, 703.2 + 31.8 when compared using one-way ANOVA with Bonferroni
corrections. The Emax of acetylcholine at the mM1-WT mAChR was significantly higher,
1257 + 56.85, than at the hM+-WT with a P<0.0001, although there is no significant
increase in the response to CNO. Both acetylcholine and CNO have a higher Emax at the
M1-DREADD-PD mAChR, 839.4 + 50.24 and 1186 + 18.1 respectively, than with the M-
DREADD mAChR. This increase in the maximal response, even though the M1-DREADD-
PD mAChRs were expressed at lower levels, may be due to the lack in receptor
desensitisation expected from the PD mutations introduced. Statistical analysis of pECso
using two-way ANOVA found significant difference in the potency of acetylcholine at the
hM1-WT and mM1-WT cell lines, 6.90 £ 0.13 and 6.77 £ 0.14 respectively. Unlike in the
western blotting there is a significant between the pECso values of CNO at the M;j-
DREADD and M1-DREADD-PD, 7.81 + 0.08 and 8.49 + 0.05 respectively where P<0.0001.
There is no significant difference between the pECsp of acetylcholine at the M1-DREADD-
PD, 4.01 £ 0.15, or M1-DREADD, 3.54 + 0.22.
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Figure 3.4: Concentration dependent activation of ERK 1/2 by acetylcholine or CNO
using western blotting.

Cells expressing hM1-WT, mM1-WT, M1-DREADD and M1-DREADD-PD mAChRs were
treated with increasing concentrations of acetylcholine (ACh) or CNO for 5 minutes at
37°C. Signalling was halted using ice cold RIPA lysis buffer. A western blot was performed
on the lysate, probing with the phospho-p44/42 MAPK (Erk1/2) antibody (b-e i, ii) and
the total p44/42 MAPK (Erk1/2) antibody (b-e iii, vi) as the loading control. Data were
collected using densitometry with Imagel, and the data expressed as fold over basal,
after normalisation using total ERK 1/2 as a control (a). Data are shown as mean = SEM;

n=3.
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Figure 3.5: Concentration dependent activation of ERK 1/2 by Acetylcholine and CNO
using western blotting cont.

Cells expressing hM1-WT, mMi1-WT, M1-DREADD and Mi:-DREADD-PD mAChRs were
treated with increasing concentrations of acetylcholine (ACh) or CNO for 5 minutes at
37°C. Signalling was halted using ice cold RIPA lysis buffer. A western blot was performed
on the lysate, probing with the phospho-p44/42 MAPK (ERK1/2) antibody (b, d i-iv) and
the total p44/42 MAPK (ERK1/2) antibody (c, e i-iv) as the loading control. Data were
collected using densitometry with Imagel, and the data expressed as fold over basal,

after normalisation using total ERK 1/2 as a control (a).

50



d(i) M,-DREADD cells treated with ACh

B-11-10-9-8-7-6 -5 -4
100 —
75 —
50

. by v '_‘.
37.5 . | 5 i e s i |
25 — Ry

d(iii) M,-DREADD cells treated with CNO
B-11-10-9-8-7-6 -5 -4

100 —

75 —

50 —.

37.5 e e 2
25 — -

e(i) M,-DREADD cells treated with ACh
B-11-10-9-8-7-6 -5 -4

100 —
75 —
¥ emmm—wm—c
37.5 d
25 — -

e(iii) M,-DREADD cells treated with CNO
B-11-109-8-7-6 -5 4

50 -
37.5 — EEIRREEEERERENERE

100 —
75

d(ii} M,-DREADD-PD cells treated with ACh
B-11-10-9-8-7-6 -5 4
100 —
7% —
50
375 g =

25 —

dfiv) M,-DREADD-PD cells treated with CNO
B-11-10-9-8-7-6 -5 4

100 —

7 —

50 —

37.5 - ==*-

25 — . _ﬂh .

e(ii) M, -DREADD-PD cells treated with ACh
B-11-10-9-8-7-6 -5 4

50 —
375 ™mEme = s

25 —

100 —
75

e(iv) M,-DREADD-PD cells treated with CNO

B-11-10-9-8-7-6 -5 -4
100 —
75 —
50

37.5 — S e a————— —

25 A 25

Figure 3.6: Concentration dependent activation of ERK 1/2 by acetylcholine and CNO
using western blotting cont.

Cells expressing hM1-WT, mMi1-WT, M1-DREADD and M;-DREADD-PD mAChRs were
treated with increasing concentrations of acetylcholine (ACh) or CNO for 5 minutes at
37°C. Signalling was halted using ice cold RIPA lysis buffer. A western blot was performed
on the lysate, probing with the phospho-p44/42 MAPK (ERK1/2) antibody (b-e i, ii) and
the total p44/42 MAPK (ERK1/2) antibody (b-e iii, vi) as the loading control. Data were
collected using densitometry with Imagel, and the data expressed as fold over basal,

after normalisation using total ERK 1/2 as a control (a).
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Figure 3.7: Concentration dependent activation of ERK 1/2 by acetylcholine and CNO

using HTRF.

Cells expressing hM1-WT (a), mM1-WT (b), M1-DREADD (c), and M1-DREADD-PD (d)

mMAChRs were treated with increasing concentrations of acetylcholine or CNO for 5

minutes at 37°C. Signalling was halted using the HTRF assay kit lysis buffer. Lysates were

mixed with the 2 HTRF anti-phospho-ERK 1/2 antibodies labelled with d2 acceptor and

Eu3*-cryptate in a 384 well plate. Following incubation while shaking for 2 hours, the

plate was read in a CLARIOstar plate reader and data expressed as a ratio of the emission

at 665 nm over 620 nm. Data are shown as mean + SEM; n=3.
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3.2.2.2 Inositol Monophosphate Accumulation — IP-One

The IP-One HTRF assay measures the accumulation of inositol monophosphate (IP1)
through the inhibition of inositol monophosphatase. Inositol monophosphate is a
breakdown product of inositol-1-4-5-trisphosphate, a signalling molecule produced

following activation of phospholipase C.

The pECso values of acetylcholine at the hM1-WT or the mMi-WT receptors, 6.04 + 0.07
and 5.33 £ 0.07 respectively, were comparable (Fig. 3.8). CNO was found to act only as
a weak partial agonist of the human and mouse M;-mAChR compared to acetylcholine.
At the M1-DREADD and M;-DREADD-PD mAChRs, acetylcholine had a lowered pECso
than at the human and mouse Mi-mAChRs, 2.39 + 0.13 and 2.98 + 0.11 respectively;
with CNO achieving a higher pECso, 8.27 £ 0.14 and 8.64 £ 0.11 respectively, and acting
as a full agonist of the receptor. In this IP-One experiment, both acetylcholine and CNO
were full agonists of the M1-DREADD and M1-DREADD-PD mAChRs. As in the previous
functional assays, IP-One further confirms that the introduction of DREADD mutations
into the M1-mAChR both reduces the potency of acetylcholine, and increases the

potency and relative efficacy of CNO for the M1-mAChR.
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Figure 3.8: Concentration dependent accumulation of inositol monophosphate from
acetylcholine and CNO.

Cells expressing hM1-WT (a), mM1-WT (b), M1-DREADD (c), and M1-DREADD-PD (d)
mMAChR cell lines were treated with increasing concentrations of acetylcholine or CNO
for 1 hour at 37°C in stimulation buffer containing lithium chloride. Reactions were
halted by removing stimulation buffer and addition of two lysis buffers, one containing
d2 acceptor antibodies and the other containing Eu3* conjugated IP1. Plates were shaken
for a minimum of 1 hour after which the signal was read on a CLARIOstar plate reader.
Data are expressed as a ratio of the emission at 665 nm over 620 nm. Data are shown

as mean = SEM; n=3.
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3.2.2.3 Calcium Signalling

Measuring the concentration-dependent increase in intracellular calcium is another way
of measuring Gagq mediated signalling. Intracellular calcium release is initiated by the
signalling molecule inositol-1-4-5-trisphosphate activating the inositol-1-4-5-

trisphosphate receptor in the endoplasmic reticulum.

Calcium mobilisation assays (Fig 3.9, 3.10), identified a significant shift in the pECso of
acetylcholine and CNO in M1-DREADD and M1-DREADD-PD mAChRs compared to the
human and mouse M1 mAChR (Table 3.2). The DREADD mutations reduced the pECso of
acetylcholine with the hM1-mAChR from 8.38 + 0.16 t0 4.10 £ 0.14 in calcium microscopy
and from 7.95 +0.12 to 3.73 £ 0.37 in the plate-based assay. CNO was found to partially
activate the human and mouse M1-mAChRs at uM to mM concentrations. In the M-
DREADD and M;-DREADD-PD mAChRs CNO was now a full agonist of the receptor, and
reached the Emax at sub-pM concentrations. Acetylcholine was a full agonist of the M;-
DREADD and M1-DREADD-PD mAChRs, with pECsg values 3-4 orders of magnitude lower
than with the human and mouse Mi-mAChRs. Comparable Emax values were found
between acetylcholine at the hM1-WT and mMi1-WT mAChRs, and CNO at the Ms-
DREADD and M1-DREADD-PD mAChRs. In calcium microscopy the Emax of acetylcholine
at the human and mouse M1-WT mAChR were 1.29 £ 0.04 and 1.27 £ 0.04 respectively,
compared to 1.21 + 0.06 for CNO at the Mi-DREADD mAChR. The Emax values for
acetylcholine at the human and mouse M1-WT mAChRs using the Flexstation were 126.1
+ 5.9 and 153.9 + 5.9 respectively, and for CNO at the M1-DREADD mAChR was 139.7 +
6.1. The similarities in the Emax values of CNO at the Mi:-DREADD mAChR and
acetylcholine at the human and mouse Mi1-mAChR (see Table 3.2), as well as reduction
in acetylcholine potency for the M1-DREADD mAChR, adds to the argument that these

mutant receptors are a valid model for studying M1-mAChR function.

Comparing the time course of intracellular calcium reveals differences between the
signalling of the M1-DREADD and M1-DREADD-PD mAChR expressing cell lines (Fig. 3.11).
Treatment of M;-DREADD-PD mAChR with CNO caused a prolonged increased in
intracellular calcium compared to that seen with activation of the M1-DREADD mAChR.
This prolonged signalling is consistent with the reduced receptor desensitisation

expected with the PD mutations.
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Figure 3.9: Concentration dependent increase in intracellular calcium by acetylcholine
and CNO using single cell calcium microscopy.

Cells expressing hM1-WT (a), mM1-WT (b), M1-DREADD (c), and M1-DREADD-PD (d)
mAChR cell lines were loaded with Fura-2-AM for 30 minutes at 37°C after which the
Fura-2-AM was replaced with Krebs and a baseline reading was taken for 30 seconds.
Cells were then treated with increasing concentrations of acetylcholine or CNO and
measured for 2 minutes. Peak measurements were used to define each point. Data are

shown as mean * SEM; n=3 separate experiments consisting of 30-60 cells.

56



a hM,-WT b mM,-WT

3.51 3.5
- = ACh - -+ ACh
o & %91 oo 2 830 = CNO
e - o
w8 2.5 T 2 251
] ] [ 4
320 ES20
2 o 1.5 8 o 1.5
o8 eg
3 ] 1.04 3 o 1.04
@ £ 05 “ 0.5
0.0 0.0-
11 10 9 -8 -7 -6 -5 4 -3 11 10 9 -8 -7 -6 -5 -4 -3
Log (Agonist, M) Log (Agonist, M)
c d
M,-DREADD M,-DREADD-PD
3.5 3.5
-# ACh - - ACh
o %] oo 283 CNO
= —— = -
% 8 251 % 825 I
B £
3 d o d
Ez20 ESa0
2 @ 1.5 2 © 151
03 28
s o 1.04 g o 1.04
“ 2 0.5 “ B 0.5
‘A
0.0- 0.0- v
“11-10-9 -8 -7 6 5 -4 -3 -2 1 0 11109 -8 -7 6 5 4 3 210
Log (Agonist, M) Log (Agonist, M)

Figure 3.10: Concentration dependent increase in intracellular calcium by acetylcholine
and CNO with the Flexstation plate reader.

Cells expressing hM1-WT (a), mM1-WT (b), M1-DREADD (c), and M1-DREADD-PD (d)
MAChR cell lines were loaded with Fura-2-AM for 1 hour at 37°C, after which the Fura-
2-AM was replaced with Krebs. The 96-well plate was then placed in the Flexstation plate
reader with another 96-well plate containing ligands at 2X the concentration required.
Cells were then treated with increasing concentrations of acetylcholine or CNO and
measured for 74 seconds after a 16 second baseline reading was taken. Peak
measurements were used to define each point as an increase over the basal

fluorescence signal. Data are shown as mean + SEM; n=3.
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Figure 3.11: Comparison of calcium signalling curves for M1-DREADD and M;-
DREADD-PD mAChRs treated with CNO.

Cells expressing M1-DREADD, and M;-DREADD-PD mAChR cell lines were loaded with
Fura-2-AM for 30 minutes at 37°C after which the Fura-2-AM was replaced with Krebs
and a baseline reading was taken for 30 seconds. Cells were then treated with CNO and

measured for a further 90 seconds. Data are shown as mean * SEM of 30-60 cells.
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hM1-WT

mM1-WT

Mi1-DREADD

Mi1-DREADD-PD

ERK 1/2 Activation — Western Blot

ACh 7.4610.15 7.30+0.16 * *
pECso
CNO * * 8.35+0.14 8.38 £0.52
Emax ACh 390.3+18.6 375.6+17.8 * *
(FOB) CNO * * 109.4+4.6 114.8 +20.8
ERK 1/2 Activation — HTRF Assay
ACh 6.90+£0.13 6.77£0.14 3.54+0.22 4.01 £0.15
pECso
CNO * * 7.81+0.08 8.49 £ 0.05
Ermax ACh 703.2+31.8 1257+56.85 308.9%19.4 839.4+50.24
(FR) CNO * * 649 +12.7 1186 +18.1
IP-One
ACh  6.04+0.07 5.33+0.07 2.39+0.13 298 +0.11
PECso CNO * * 8.27+0.14 8.64+0.11
Calcium Mobilisation — Single Cell Microscopy
ACh 8.38+0.16 8.29+0.16 4.10+0.14 5.13+0.13
PECse CNO * 5.39+0.33 8.49+0.20 9.10+0.16
Ermax ACh  1.29+0.04 1.27+0.04 1.26 £ 0.04 1.28 £ 0.04
(Peak FR) CNO * 0.95 +0.06 1.21 +0.06 1.31+0.05
Calcium Mobilisation — Flexstation
ACh 7.95+0.12 7.46 £0.08 3.73+0.37 4.35+0.19
pECso
CNO * * 7.10+0.12 7.82+£0.08
Emax ACh 126.1+5.9 1539+5.6 81.4+10.7 135.2+6.4
(AUC) CNO * * 139.7+6.1 156.1+4.2

Table 3.2: Functional data for the hM1-WT, mM1-WT, M1-DREADD, and M1-DREADD-
PD cell lines using acetylcholine and CNO.

* High enough concentrations of agonist were not used to complete the concentration

response curve. Data are shown as mean + SEM; n=3-4.
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3.2.3 Receptor Internalisation

Agonist dependent receptor internalisation and receptor expression was observed using
immunocytochemistry with antibodies targeting the HA epitope tag (Fig.3.12, 3.13).
Immunocytochemistry confirmed that the transfected Mi1-mAChRs were expressed at
the cell membrane. Endocytic vesicles containing the internalised receptors can be
identified as stained dots within the cytoplasm. In hM:-WT and mMi1-WT mAChR
expressing cell-lines stimulated with acetylcholine, and M1-DREADD mAChR expressing
cell lines stimulated with CNO, ligand induced receptor internalisation can be observed.
In comparison, there was no internalisation seen in the Mi-DREADD-PD mAChR
expressing cell line following stimulation with CNO above what was seen in the
unstimulated sample (Fig. 3.12(c) 3.13(c)). Internalised receptors can be seen within the
cytoplasm of all four untreated samples, most probably due to constitutive
internalisation of the receptors. Levels of internalised receptor appears higher in the M-
DREADD mAChR expressing cell-line. This apparent increase may be due to the increased
expression of the M1-DREADD mAChR; where although the quantity of internalised
receptors is higher, the proportion of internalised receptors to receptors expressing at

the cell membrane was the same as the other cell lines.
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Figure 3.12: Agonist dependent receptor internalisation using immunocytochemistry
targeting the HA-epitope tag.

(@) CHO-FlpIn cells were incubated with anti-HA antibody to ensure no non-specific
staining from the primary antibody. Cells expressing the hM1-WT and mM1-WT (b), M1-
DREADD, and M;-DREADD-PD (d) were loaded onto coverslips and treated with maximal
concentrations of either acetylcholine (hnM1-WT and mM1-WT) or CNO (M1-DREADD and
M1-DREADD-PD). (c, e) Close up sections from highlighted areas in (b, d) showing
punctate dots of internalised receptors (red arrow) in all apart from M1-DREADD-PD cell

lines. Red scale bars equate to 20um.
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Figure 3.13: Agonist dependent receptor internalisation using immunocytochemistry
targeting the HA-epitope tag continued.

(a) CHO-FlpIn cells were incubated with anti-HA antibody to ensure no non-specific
staining from the primary antibody. Cells expressing the hM1-WT and mM1-WT (b), M-
DREADD, and M1-DREADD-PD (d) were loaded onto coverslips and treated with maximal
concentrations of either acetylcholine (hM1-WT and mM1-WT) or CNO (M1-DREADD and
M1-DREADD-PD). (c, e) Close up sections from highlighted areas in (b, d) showing
punctate dots of internalised receptors (red arrow) in all apart from M1-DREADD-PD cell

lines. Red scale bars equate to 20um.
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3.3 Discussion

This chapter presents the data from pharmacological and functional studies used to
understand the behaviour of the M;-DREADD and DREADD-PD mAChRs in relation to the
hM1-WT and mM;-WT mAChRs. Data in the original DREADD paper (Armbruster et al.,
2007) studied the function and pharmacology of the M1-Ms WT and DREADD mAChRs,
investigating function with calcium mobilisation and inositol phosphate accumulation.
Data showing the effects of the PD mutations on M1 mAChR function had not been
previously published. Before introducing these mutant receptors into an animal model
for behavioural experimentation it is important that the effects of the modifications

have been fully understood.

Saturation binding studies using 3H-NMS and western blotting confirmed receptor
expression; and immunocytochemistry showed the wild-type and mutant receptors
were expressed at the cell membrane. Radioligand binding found no species difference
between the affinity of 3H-NMS binding at the human and mouse M1-mAChRs. With the
M1-DREADD and M;-DREADD-PD mAChRs, the maximum concentrations of 3H-NMS
used were not high enough to reach a saturating concentration. Without reaching
saturating concentrations it is not possible to accurately determine the affinity of 3H-
NMS for the M1-DREADD and M1-DREADD-PD mAChRs. Another method of determining
radioligand binding affinity is using association and dissociation binding. For human and
mouse M1-WT mAChRs, estimates of pKq calculated using this method were comparable
to those calculated using saturation binding. This method however was not successful
in determining the Kqg of NMS at the DREADD mutant receptors. Curves were fitted to
the data for both association and dissociation rate data, but the fit for these curves was
too poor to determine an accurate estimate of the affinity. Although neither method |
used was able to determine the affinity of 3H-NMS, the results seen would be expected
from the DREADD mutations reducing the binding affinity of orthosteric ligands. The
reduction in the Kq of 3H-NMS at the M1-DREADD and M1-DREADD-PD mAChRs was later
confirmed in homologous competition binding studies carried out by Dr. Sophie Bradley
(Fig. 3.14, Table 3.3). Homologous competition binding involves competing off a single
concentration of radiolabelled ligand with the unlabelled form, in this case 3H-NMS and

unlabelled NMS. The pKq of NMS using homologous competition at the hM1-WT and
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mM1-WT mAChRs, 9.61 £ 0.07 and 9.51 £ 0.08, were similar to the values acquired using
saturation binding studies, 9.49 + 0.16 and 9.34 + 0.01. This assay was able to determine
the binding affinity of NMS for both the M1-DREADD and M1-DREADD-PD mAChRs, 7.68
+ 0.05 and 7.65 + 0.05 respectively. These data confirms that the DREADD mutations

have interfered with the binding of orthosteric ligands to the receptor binding pocket.
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Figure 3.14: Homologous competition binding curves using 3H-NMS and unlabelled
NMS. Experiments carried out by Dr. Sophie Bradley.

Homologous competition experiments were carried out on hM1-WT (a), mM1-WT (b),
M1-DREADD (c), and M1-DREADD-PD (d) mAChRs, competing off a single concentration
of 3H-NMS with increasing concentrations of unlabelled NMS. Experiments were carried
out in the presence and absence of a saturating concentration of atropine to determine
the non-specific and total binding respectively. Non-specific binding was subtracted
from the total to provide a value for specific bound 3H-NMS. Data are shown as mean *

SEM; n=3-4
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hM1-WT mM1-WT M1-DREADD  M1-DREADD-PD

pKeg 9.61+0.07 9.51+0.08 7.68+0.05 7.65 % 0.05

Table 3.3: Homologous competition radioligand binding with the hM1-WT, mM1-WT,
M;:-DREADD, and M;-DREADD-PD mAChRs using 3H-NMS and unlabelled NMS.

Data are shown as mean + SEM; n=3-4.
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Functional studies were performed to confirm the ability of the DREADD mutations to
change the potency and relative efficacy of acetylcholine and CNO. ERK 1/2 activation,
inositol phosphate accumulation, and calcium mobilisation assays were used, all of
which are G-protein dependent signalling pathways. Functional assays confirmed the
ability of the DREADD mutations to reduce the potency of acetylcholine at the Mj-
mMAChR. At the human and mouse Mi1-mAChRs functional assays also showed the weak
partial agonism of the receptors by CNO. This agonism has been identified previously
(Armbruster et al., 2007) but it would be beneficial to perform further studies on the
pharmacology of CNO at the wild-type mAChRs. Being a partial agonist, CNO may illicit
an antagonistic effect on wild-type receptors in vivo as has been described with other
partial agonists (Hoyer and Boddeke, 1993). Although CNO was found to be selective for
the M1-DREADD and M1-DREADD-PD mAChRs over the wild-type, antagonism of other
mAChRs may make it necessary to identify other, more selective ligands to use for the
chemical genetic approach. A study generating of a series of ligands based on clozapine,
and their characterisation alongside a small group of other benzodiazepine compounds,
(Chen et al., 2015) identified perlapine and DREADD agonist 21 as potential alternatives
to CNO.

To assess the effects of the phosphorylation-deficient mutations on GPCRs, agonist
induced internalisation was studied using ICC. Following agonist stimulation, human and
mouse M1-WT and M1-DREADD mAChRs were found to internalise. There was no agonist
induced internalisation seen in the Mi-DREADD-PD cell line following 1 hour of
stimulation. This confirms that the mutations used to generate our phosphorylation-
deficient receptor have successfully altered phosphorylation-dependent signalling. The
findings align with previous studies using a phosphorylation-deficient M3-mAChR model
where a reduction in agonist induced B-arrestin-2 recruitment was observed (Kong et
al., 2010; Poulin et al., 2010). The removal of intracellular phosphorylation sites was
found to alter the signalling of the Mi-DREADD mAChR. Previously, removal of
intracellular phosphorylation sites at the Ms-mAChR raised the plateau following the
signalling peak in calcium signalling assays (Kong et al., 2010). This raising in the plateau
being due to a lack in receptor desensitisation halting G-protein-dependent signalling.

In my own calcium signalling assay (Fig. 3.11) this same prolonged signalling can be seen
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when comparing M1-DREADD and M1-DREADD-PD intracellular calcium time courses. In
my functional assays, acetylcholine and CNO were both found to have a higher potency
at the M;-DREADD-PD mAChR than at the M1-DREADD mAChR. The loss of receptor
desensitisation will allow for continued G-protein-dependent signalling to occur,

increasing the relative efficacy of lower concentrations of ligands.

Overall, the above data supports the conclusion that the DREADD and PD mutant models
used for our chemical genetic approach have successfully altered the function and
pharmacology of the Mi-mAChR. Although the modifications are successful, findings
around the partial agonist properties of CNO require further study. CNO has been used
successfully in previous in vivo studies using DREADD receptors (Fortress et al., 2015;
Parnaudeau et al., 2015; Sco et al., 2015; Yau and Mcnally, 2015) it is important to
characterise and understand these interactions. The next chapter (see Chapter 4) will
focus on characterising the relationship between CNO and the Mi-Ms4 mAChRs, and
performing the initial functional characterisation of perlapine and DREADD agonist 21

at the human and mouse M-, M;-DREADD, and M1-DREADD-PD mAChRs.
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Chapter 4 Characterisation of Clozapine N-Oxide to Assess its Suitability

for in vivo Models.

4.1 Introduction

In studying the role of the M1-mAChR in vivo, a key advantage to the DREADD mAChR
model is the selectively of the biologically inert ligand; in this case, CNO. However, the
results in Chapter 3 have shown that CNO acts as a weak partial agonist at both the
human and mouse M1-WT mAChRs. Along with its weak agonist activity at the wild-type
M1-mAChRs, it is possible for CNO, as a partial agonist, to act in an antagonist mode in
the presence of an orthosteric agonist (Henderson et al., 1990; Paronis et al., 2012;
Rollema et al., 2007). Depending on the selectivity of CNO for the M1-DREADD and M-
DREADD mAChRs, the dose of CNO administered to our genetically engineered mice for
in vivo studies could partially activate native mAChRs or antagonise the signalling of
acetylcholine. Although in vivo studies have indicated that CNO has little off target
activity (Alexander et al., 2009; Ray et al., 2011), the potential of CNO as an antagonist
of acetylcholine signalling at wild-type mAChRs has yet to be considered fully. In this
chapter | aim to explore this possible antagonistic mode, investigating whether CNO is
able to interfere with in vitro acetylcholine signalling at the Mi-, M3-, M3-, and Ma-

mAChRs.

In addition to the characterisation of CNO | will test recently published alternative
ligands for the DREADD mAChRs. Pharmacokinetic studies of CNO have detected
clozapine in the plasma and urine of guinea pigs, Long-Evans rats and humans (Jann et
al., 1994; Maclaren et al., 2016) and both NDMC and clozapine have been identified in
Lewis rat urine (Lin et al., 1996). Both clozapine and NDMC have well characterised
activity with multiple GPCR families present within the central nervous system (Heinrich
et al., 2009; Wenthur and Lindsley, 2013). These metabolites may not be present in mice
due to interspecies differences in metabolism (Graham and Lake, 2008; Hucker, 1970),
however their potential presence, as well as the weak partial agonism of CNO, prompted
research into alternative ligands for these DREADD mAChRs. A second generation of
DREADD ligands have been developed to avoid the potential confounding factors of

CNO. Two benzodiazepine ligands, perlapine and DREADD agonist 21 (DA21), have been
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proposed as agonists for the DREADD system, following pharmacological and functional
screens at a panel of wild-type GPCRs and the M3-DREADD mAChR. These ligands were
found to be highly selective for the M3-DREADD mAChR over the wild-type receptors,
including the hM3-WT mAChR (Chen et al., 2015), and fully activated the receptor in the
calcium signalling assays. In this chapter | will perform functional assays comparing DA21
and perlapine to CNO at the mutant M;-mAChRs, and to acetylcholine and CNO at the
wild-type M1-mAChRs.
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4.2 Results

4.2.1 Competition Binding— hM1, mM1-WT mAChRs

Functional assays performed on the human and mouse M1-WT mAChRs previously have
shown that CNO is a partial agonist (Fig 3.4-10). As weak partial agonist, CNO may be
able to compete for the orthosteric binding site and inhibit the activity of a full agonist
such as acetylcholine. Here | used competition radioligand binding to compare the pK;

values of acetylcholine and CNO.

Competition radioligand binding (Fig 4.1) is a technique used to investigate the binding
affinity of a ligand using a radiolabelled antagonist with a known affinity. Human and
mouse M1-WT cell lines were pretreated with increasing concentrations of CNO (10 nM
to 1 mM) and acetylcholine (10 nM to 10 mM) after which *H-NMS was added at a Kq
concentration and incubated at 37.5°C for 1 hour. One well for each experiment was
pretreated with a high concentration of atropine to determine the non-specific binding.
The pKi of CNO was found to be around half a log higher than that of acetylcholine at
both human M1-WT (Fig 4.1 a), 5.31 + 0.06 and 5.85 + 0.03 respectively, and the mM;-
WT (Fig 4.1 b), 5.19 + 0.05 and 5.65 * 0.05 respectively. Welch’s t-test, used over the
student’s t-test for the comparison of these independent samples, found a significant
difference was found between the CNO and acetylcholine at the hM1-WT and between
CNO and acetylcholine at the mMi-mAChR. Depending on the concentration of
acetylcholine released within the cholinergic synapse, and the dose of CNO required for
in vivo studies, this means CNO may be able to interfere with acetylcholine signalling.
Further investigations need to be made into any functional antagonism CNO may exhibit
on the activity of acetylcholine, as well as its pharmacological and functional properties

with the other members of the mAChR family.
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Figure 4.1: Competitive interactions of acetylcholine and CNO and the hMi;-WT and
mM1-WT mAChRs.

Cells expressing hMi1-WT (a), mM1-WT (b), were pretreated for 15 minutes with
increasing concentrations of acetylcholine or CNO before incubation with a Kg
concentration of 3H-NMS for 1 hour. Reaction was terminated by washing with ice-cold
buffer and lysis with 0.1M NaOH. Data were collected by liquid scintillation counting of

the lysate. Data are shown as mean + SEM; n=3.
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4.2.2 Functional Antagonism —hM31, mM1-WT mAChRs

Competition radioligand binding data (Fig 4.1) showed that CNO was able to displace
the radiolabelled antagonist 3H-NMS from both the human and mouse M1 mAChRs. CNO
was only found to evoke a weak response in ERK 1/2 activation, IP-One, and calcium cell
signalling assays (Fig 3.4-10) suggesting that CNO may have other pharmacological
activities. To investigate if CNO can inhibit the signalling of the full agonist acetylcholine,

functional antagonism experiments were performed using the HTRF IP-one assays.

Cells expressing the hM1-WT and mM1-WT mAChR were initially pre-treated for 30
minutes with increasing concentrations of CNO (1 nM - 10 uM) followed by the addition
of acetylcholine. Atropine was included in the assay as a control to confirm the validity
of the assay. 10 uM of CNO was chosen as the top concentration as in previous
experiments this concentration was shown to be the lowest concentration to activate
the receptor. With hM1-WT and mM1-WT, the control experiments confirmed the
antagonistic properties of atropine, producing pA; values of 8.38 £ 0.07 and 9.04 £ 0.08
respectively, which are similar to the reported Kq4 values for atropine (Birdsall et al.
2016). In hM1-mAChR expressing cell line, there is no observed rightward shift in the
acetylcholine concentration response curve following treatment with CNO (Fig 4.2 b (i)).
The basal level of receptor activation was increased with 10uM CNO. This is consistent
with previous data (Fig 3.8) showing that 10 uM CNO was able to evoke receptor
response. CNO was observed to weakly antagonise acetylcholine signalling at the mM1-
WT mAChR at CNO concentrations above 1 uM (Fig 4.2 d (i)). Although this apparent
functional antagonism is low (pAz ~ 5.4) it may still be an important consideration in the
selection of the doses of CNO for in vivo experiments. The conservation of residues
within the orthosteric binding pocket through members of the mAChR family means the
functional antagonism seen within the mouse M1 mAChR could also been observed in

other mAChR subtypes.
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Figure 4.2: Effects of CNO and atropine on acetylcholine-mediated signalling of human

and mouse wild-type M1 mAChRs.

Cells expressing the human M1 mAChRs were pre-treated with increasing

concentrations of either atropine (a) or CNO (b) for 30 min at 37°C before stimulation

with acetylcholine for 2 h at 37°C. Receptor stimulation was terminated by rapid

aspiration of the media, and cellular signalling was detected using the HTRF IP-One

assay. (i) Curves show non-linear regression analysis of concentration response curves

after pre-treatment for 30 min with increasing concentrations of atropine or CNO;

including untreated control. (ii) Schild analysis of respective data sets. Data are shown

as mean = SEM; n=3.
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Figure 4.3: Effects of CNO and atropine on acetylcholine-mediated signalling of human
and mouse wild-type M1 mAChRs continued.

Cells expressing the mouse M1 mAChRs were pre-treated with increasing
concentrations of either atropine (a, c¢) or CNO (b, d) for 30 min at 37°C before
stimulation with acetylcholine for 2 h at 37°C. Receptor stimulation was terminated by
rapid aspiration of the media, and cellular signalling was detected using the HTRF IP-One
assay. (i) Curves show non-linear regression analysis of concentration response curves
after pre-treatment for 30 min with increasing concentrations of atropine or CNO;
including untreated control. (ii) Schild analysis of respective data sets. Data are shown

as mean = SEM; n=3.

75



hM1-WT mM1-WT

Competition Binding

ACh 5.31+0.06 5.19+£0.05
pKi
CNO 5.85£0.03 5.65 £ 0.05
p-value <0.001 <0.001
Functional Antagonism
Atropine 8.38 £ 0.07 9.04 £0.08
PA2
CNO * 5.35+0.09

Table 4.1: Competitive properties of CNO at the human and mouse M:-WT mAChRs.

* No functional antagonism was seen. Data are shown as mean * SEM; n=3.
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4.2.3 Saturation Binding — M2, mMs, hM4-WT mAChR
To quantify the Kq of CNO in cell lines expressing other members of the mAChRs,
saturation binding needs to be performed on these cells to calculate the K4 of 3H-NMS

and compare the Bmax values of each cell line.

Saturation binding studies (Fig 4.4) were performed on M;, mMs, and M4-WT expressing
cell lines. Cells were incubated for 1.5 hours with increasing concentrations of 3H-NMS
(300 pM —10nM) in the presence and absence of a saturating concentration of atropine.
Saturation binding found that the M2, mMs, and Ms-mAChRs had comparable Kq values,
9.54£0.11,9.49 £ 0.08, and 9.29 + 0.08 respectively. Studies found that the Bmax for the
M,-WT, 570.6 + 34.4 fmol mg?! protein, and M4-WT, 664.8 + 37.36 fmol mg™ protein, are
similar, although half that of the hM1-WT and mM1-WT cell lines, 1171 + 77.6 and 1418
+ 85.6 fmol mg! protein respectively. The Bmax of the mMs-WT cell line was lower, 182.3

+ 8.3 fmol mg, than any of the other wild-type expressing cell lines.
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Figure 4.4: Saturation binding studies at the M>-WT, mMs-WT, and Ms-WT mAChRs
with 3H-NMS.

In saturation binding studies, cells expressing M2-WT (a), mMs-WT (b), and Ms-WT (c)
mAChRs were incubated with increasing concentrations of 3H-NMS, in the presence and
absence of a saturating concentrations of atropine, for 1 hour at 37°C. Cells were washed
with ice-cold 0.9% NaCl and lysed with 0.1M NaOH. Radioactivity was measured by liquid

scintillation counting. Curves shown are representative of data n=3.
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4.2.4 Competition Radioligand Binding — M2, mMs, hMs-WT mAChR

Competition radioligand binding with the human and mouse M1-mAChRs (Fig 4.1) found
CNO can fully dissociate 3H-NMS. The conservation of residues between the muscarinic
acetylcholine receptors (Thal et al., 2016) means that CNO may interact competitively
with other members of the mAChR family. To investigate these interactions,
competition binding studies were performed on M;-WT, mMs3-WT and hMs-WT

expressing cell lines.

Competition binding at the hM1-WT and mMi1-WT mAChRs found CNO competitively
bound to the receptor, which would suggest that it will also competitively interact with
other members of the mAChR family. Using K4 concentrations of 3H-NMS, it was found
that the CNO did not fully dissociate the radioligand; however, the curves were not
found to reach a lower plateau (Fig 4.5 (iii)). To investigate this further competitive
binding using 2 more concentrations of 3H-NMS, ~10x Kq, and ~0.25x Kg 3H-NMS was
performed. Using a lower concentration of 3H-NMS it may be possible to determine the
Ki of CNO. Observations of the 3 curves can be made to identify the mode of interaction
of CNO. If the interaction is competitive then the change in radioligand concentration
will cause the competition curve to shift. If the interaction is allosteric then the reduction
in radioligand binding would be due to negative cooperativity, and there would not be
a shift in the competition curve with differing radioligand concentrations. With the M,
M3, and Ms-mAChRs, there is a shift in competition binding curves for CNO between the
differing concentrations of radioligand, suggesting that it is competing for 3H-NMS, in
line with the human and mouse Mi;-mAChRs where CNO was found to bind
competitively also (Fig 4.5). Using 0.25-0.3 K4 concentrations of 3H-NMS in competition
binding studies at the M, mMs, and hM4-WT mAChRs the pK; of CNO were calculated
as, 3.85 £ 0.11, 3.05 + 0.23 and 3.16 + 0.20 respectively. This shows that CNO has a
markedly lower affinity than acetylcholine for the M;, mMs, and mMs-WT mAChRs,

around 1-2 orders of magnitude lower.
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Figure 4.5: Competition binding assays with acetylcholine and CNO at M>-WT, mMj3-

WT and hMs-WT mAChRs.

Competition binding studies were performed on M;-WT (a), mMs-WT (b), and hMs-WT

(c) expressing cell lines. Cell lines were pretreated with increasing concentrations of

acetylcholine (i) or CNO (ii) for 15 minutes before incubating for 1 hour with 3

concentrations of 3H-NMS. Reactions were terminated by washing with ice cold 0.9%

NaCl. Cells were lysed with 0.1M NaOH and radioactivity calculated using LSC. Data are

shown as mean + SEM; n=3.
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4.2.5 ERK1/2 Activation — M2, mMs, hM4-WT mAChR

Functional studies have identified CNO as a weak partial agonist of the human and
mouse Mi1-mAChRs, and competition binding has found that CNO competitively
interacts with M>-WT, mM3-WT and hMs-WT mAChRs (Fig. 4.4). To test whether CNO is
also a partial agonist of the My, M3, and Ma-mACHRs, ERK 1/2 activation assays were
performed using the HTRF assay kits. Treatment with increasing concentrations
acetylcholine produced pECso values of 7.94 £ 0.13, 7.17 £ 0.13, and 7.64 £ 0.13 for the
Mz, M3, and hM4-WT mAChRs respectively. CNO was not found to have any agonistic
properties of the M;, M3, or Ms-mAChRs, not eliciting any detectible increase in ERK 1/2
phosphorylation over basal levels with up to 100 uM of CNO. This lack of detected
agonism may be due to the weaker interaction between CNO and these mAChRs

observed in the competition binding studies.
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Figure 4.6: Concentration dependent activation of ERK 1/2 by acetylcholine and CNO
at the M, M3, and hM;-WT mAChRs using HTRF.

Cells expressing M>-WT (a), mMs-WT (b), and hM4-WT (c) mAChRs were treated with
increasing concentrations of acetylcholine or CNO for 5 minutes. Reaction was
terminated by removal of the stimulation buffer and lysis of the cells. A portion of the
lysate was then mixed for a minimum of 2 hours with ERK 1/2 HTRF kit antibodies and
the samples were measured using a CLARIOstar plate reader. Data are shown as mean
+ SEM; n=3.
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4.2.6 Functional Antagonism — M2, mMs, hM4-WT mAChR

| have previously found that CNO competes with 3H-NMS at the M, mMs, hMs-WT
mAChRs (Fig. 4.5), but has no detectible agonism in the ERK 1/2 activation assay up to
100uM (Fig. 4.6). As with the mouse M1-mAChR (Fig. 4.2(d)) this suggests that CNO may
antagonise acetylcholine signalling at M2, mMs, or hM4 mAChRs. To investigate this, a

functional antagonism assay was carried out using the ERK 1/2 HTRF assay kit (Fig. 4.6).

Cells expressing M>-WT, mMs3-WT, and hMs-WT mAChRs were preincubated with
increasing concentrations of CNO (1 uM to 100 uM) or atropine (10 nM to 1 uM) as a
control, after which they were treated with increasing concentrations of acetylcholine
(1pM to ImM). 100 uM was chosen as the maximum dose of CNO as using higher
concentrations would be prohibitively expensive and the concentration of CNO within
experimental animals would never be this high. Gaddum/Schild analysis of the atropine
functional antagonism data with M>-WT, mM3s-WT, and hM4-WT produced pA: values,
8.65 £ 0.07, 9.21 £ 0.20, 9.82 + 0.17 respectively, which were within the range of
reported Kq values for atropine (Christopoulos et al., 2017). At the mMs3-WT mAChR, no
shift was seen with CNO in the concentration-response curve of acetylcholine, meaning
CNO did not act as a functional antagonist within this concentration range. At the M-
WT and hM4-WT mAChRs CNO antagonised acetylcholine signalling, causing a rightward
shift in the concentration-response curves. At the M;-WT mAChR the Schild analysis
produced a pA; value of 4.32 £ 0.12. This value is lower than at the mM;-WT mAChR and
correlates with the lower affinity of CNO for the M2-WT mAChR. At the hMs-WT mAChR
however, CNO is a more potent antagonist of acetylcholine signalling, with the Schild
analysis producing a pA; value of 6.07 + 0.13. This higher pA; value does not correlate
with the pK; calculated for CNO at the hM4s-WT mAChR, 3.16 *+ 0.20; the interaction
between CNO and the hMs-WT mAChR being the weakest of all the mAChRs tested. This
may be due to the reduced affinity of ACh for the hMs-WT mAChR compared to the
other mAChRs tested, which would mean a lower concentration of CNO was required to

compete with acetylcholine.
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Figure 4.7: Effects of Atropine and CNO on acetylcholine activation of the M>-WT,
mM;s3-WT, and hM4-WT mAChRs using the ERK 1/2 activation HTRF assay.

Cells expressing M>-WT mAChR were preincubated with increasing concentrations of
atropine (a) or CNO (b) for 15 minutes before treatment with increasing concentrations
of acetylcholine for 5 minutes. Reactions were halted with removal of the stimulation
buffer and lysis of the cells. A portion of the lysate was then mixed for a minimum of 2
hours with ERK 1/2 HTRF kit antibodies and the samples were measured using a
CLARIOstar plate reader. (i) Curves show non-linear regression analysis of concentration
response curves after pre-treatment for 30 min with increasing concentrations of
atropine or CNO; including untreated control. (ii) Schild analysis of respective data sets.

Data are shown as mean * SEM; n=3.
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Figure 4.8: Effects of Atropine and CNO on acetyicholine activation of the M>-WT,
mM;s-WT, and hMs-WT mAChRs using the ERK 1/2 activation HTRF assay continued.

Cells expressing mMs-WT mAChRs were preincubated with increasing concentrations of
atropine (a) or CNO (b) for 15 minutes before treatment with increasing concentrations
of acetylcholine for 5 minutes. Reactions were halted with removal of the stimulation
buffer and lysis of the cells. A portion of the lysate was then mixed for a minimum of 2
hours with ERK 1/2 HTRF kit antibodies and the samples were measured using a
CLARIOstar plate reader. (i) Curves show non-linear regression analysis of concentration
response curves after pre-treatment for 30 min with increasing concentrations of
atropine or CNO; including untreated control. (ii) Schild analysis of respective data sets.

Data are shown as mean + SEM; n=3.
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Figure 4.9: Effects of Atropine and CNO on acetyicholine activation of the M>-WT,
mMs3-WT, and hM4-WT mAChRs using the ERK 1/2 activation HTRF assay continued.

Cells expressing hMs-WT mAChRs were preincubated with increasing concentrations of

atropine (a) or CNO (b) for 15 minutes before treatment with increasing concentrations

of acetylcholine for 5 minutes. Reactions were halted with removal of the stimulation

buffer and lysis of the cells. A portion of the lysate was then mixed for a minimum of 2

hours with ERK 1/2 HTRF kit antibodies and the samples were measured using a

CLARIOstar plate reader. (i) Curves show non-linear regression analysis of concentration

response curves after pre-treatment for 30 min with increasing concentrations of

atropine or CNO; including untreated control. (ii) Schild analysis of respective data sets.

Data are shown as mean * SEM; n=3.
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M, mMs hMg4

Saturation binding

Bmax 570.6 £34.4 182.3+8.3 664.8+37.4

pKd 9.54 +0.11 9.49+0.08 9.29+0.08

Competition Binding

ACh 5.84 £ 0.06 4.92 +0.08 4.64 +0.08
Pl CNO 3.85+0.11 3.05+0.23 3.16 £0.20
ERK 1/2 activation - HTRF
ACh 7.94 £0.13 7.17 £0.13 7.64+£0.13
pECSO CNO * * *
Functional Antagonism
Atropine 8.65+0.07 9.21+0.20 9.82+0.17
PAs CNO 4.32+0.12 + 6.07 £0.13

Table 4.2: Functional and pharmacological characterisation of CNO and acetylcholine
at the M, mM3s, and hM4 mAChR.

* Concentrations of ligand used were not high enough to generate a full concentration
response curve. + No functional antagonism was seen. Data are shown as mean + SEM;

n=3.
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4.2.7 Alternative DREADD mAChR ligands

These interactions, as well as the potential for CNO to be metabolised into its parent
molecule clozapine (Chang et al., 1998; Lin et al., 1996), suggest potential confounding
factors when using the ligand in vivo. Although CNO has been successfully used in the
past with DREADD mAChR models, the interactions of CNO with wild-type mAChRs
characterised here and its metabolism into clozapine are potential confounding factors
in in vivo studies. The identification and implementation of more selective compounds,
and compounds which are not metabolised into bioactive molecules such as clozapine,
for DREADD mAChR models could negate the possible off-target effects of CNO. Two
alternative ligands have been proposed for use with the mAChR DREADDs, DREADD
Agonist 21 (DA21) and perlapine (Chen et al., 2015). As an initial assessment, here | have
compared them to acetylcholine and CNO at the hM1-WT and mMi-WT mAChRs and to
CNO at the M;-DREADD and M1-DREADD-PD mAChRs using the IP-One accumulation
HTRF assay.

At the hM:-WT and mMi:-WT mAChRs, cells were treated with increasing
concentrations of acetylcholine (1 nM to 10 mM), CNO, DA21, or perlapine (10 nM to
100 uM). For the M1-DREADD and Mi:-DREADD-PD mAChRs, cells were treated with
increasing concentrations of CNO, DA21, or perlapine (1 pM to 10 uM). At both hM1-
WT and mMi:-WT mAChRs, perlapine concentrations used produced no agonist
response, and DA21 only appearing to act as a weak partial agonist. At the M1-DREADD
mAChR, DA21, 8.54 + 0.04, and perlapine, 8.20 + 0.03, both achieved higher pECso values
than CNO, 7.86 + 0.02, and reach comparable Emax values. The higher potency of both
perlapine and DA21 presents these ligands as potentially beneficial alternatives;
however the novelty of DA21 (Chen et al., 2015) and the sedative properties of perlapine
(Stille et al., 1973) means the pharmacology and function of these ligands needs to be
comprehensively characterised to ensure they are suitable for in vivo DREADD mAChR

studies.
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Figure 4.10: Comparison of DA21 and perlapine to acetylcholine and CNO activity at
hM;i;-WT, mMi-WT, M;-DREADD, and M:-DREADD-PD with the IP-One accumulation

HTRF assay.

hM1-WT (a) and mM1-WT (b) expressing cell lines were treated with increasing

concentrations of acetylcholine, CNO, DA21, and perlapine for 5 minutes at 37°C. M1-

DREADD (c) and M1-DREADD-PD (d) expressing cell lines were treated with increasing

concentrations of CNO, DA21, and perlapine. Signalling was terminated with removal of

the stimulation buffer and addition of ice-cold lysis buffer. Lysate was mixed with ERK

1/2 HTRF antibodies for 2 hours and plate was read using a CLARIOstar plate reader.

Data are shown as mean + SEM; n=3.
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Mi1-DREADD

M1-DREADD-PD

CNO

PECso DA21

Perlapine

CNO

Emax DA2 1

Perlapine

7.86 +£0.02

8.54 +£0.04

8.20+£0.03

100

99.6+2.4

99.9+1.9

8.30+0.03

8.99 £ 0.05

8.69 £ 0.04

100

97.8+1.8

101.5+2.1

Table 4.3: Data from the IP-One assay comparing the pECso and Emax of CNO, DA21 and

perlapine at the M;-DREADD and Mi1-DREADD mAChRs.

Emax is expressed as % maximum CNO response. Data are shown as mean + SEM; n=4.
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4.3 Discussion

The work contained within this chapter aimed to investigate the activity and interactions
of the synthetic ligand CNO at the M1-Ms-Wt mAChRs using pharmacological and cell
signalling assays. This study was performed to evaluate the suitability of CNO for use in
vivo. The function of CNO and acetylcholine was also compared to two alternative

DREADD agonists proposed to improve the chemical genetic approach.

This study confirmed previous reports that CNO has a low affinity, <1 uM, for members
of the mAChR family (Armbruster et al., 2007). The order of the affinities for CNO at the
MAChR from the strongest are: hM1-WT > mM1-WT > M-WT > Ms-WT > M3-WT. In cell
signalling assays, CNO exhibited only very weak or no agonism towards the M;, mMs,
and hMs-WT mAChRs. Despite CNO having a weak affinity for members of the mAChR
family, the affinity of acetylcholine was also found to be lower than 1 uM; this suggests
that, at high enough concentrations, CNO could compete with acetylcholine for the

mMAChR orthosteric binding pocket.

To investigate whether CNO could act in an antagonist mode in the presence of
acetylcholine, functional antagonism assays were performed using IP-One with the hM;
and mM1-WT mAChRs (Fig. 4.2,4.3) and with ERK 1/2 activation assays at the M2, mMs,
and hMas-WT mAChRs (Fig 4.7-9). At the hM:-WT and mMs-WT mAChRs CNO
administration caused no significant shift in the potency of acetylcholine concentration-
response curves. At the Ma-WT mAChR a modest shift in the pECsp can be seen using the
highest concentrations of CNO. CNO had a substantially stronger effect on the potency
of acetylcholine signalling at the hMs and mM1-WT mAChRs. These results show that
CNO possesses an antagonistic mode in the presence of the orthosteric agonist
acetylcholine. in vivo, this antagonist mode may lead CNO administration to antagonise
acetylcholine signalling, confounding the study. The extent of these effects will depend

on the concentration of acetylcholine and CNO achieved within the synapse.

Modelling studies attempting to estimate synaptic acetylcholine concentrations have to
take into account the quantity of acetylcholine within the synaptic vesicles, the number
of vesicles released into the synapse, the rate of breakdown of acetylcholine by AChEs

within the synapse, and the sensitivity of the quantification itself (Aidoo and Ward,
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2006; Nirogi et al., 2010; Scimemi and Beato, 2009). Although techniques have been
developed in an attempt quantify synaptic neurotransmitter concentrations, the
methods currently employed are unable to reliably and accurately quantify synaptic
acetylcholine (Tsai, 2000; Zhang and Beyer, 2006). Microdialysis, the method used to
collect intrasynaptic fluid is too slow to detect the rapid changes in acetylcholine
concentration which occur during neuronal signalling (Bruno et al.,, 2006). Certain
techniques have attempted to use AChEls to prevent the breakdown of synaptic
acetylcholine and aid in its quantification (Ajima and Kato, 1987; Liu and Kato, 1994; Xu
et al., 1991); however AChEls have been shown to alter neuronal activity, reducing the

physiological relevance of their quantification (de Boer et al., 1990).

In spite of the weak partial agonist and antagonist modes of CNO, functional studies
have confirmed that CNO is selective for the M;-DREADD mAChRs. The concentration of
CNO required to maximally activate the M1-DREADD and Mi-DREADD-PD mAChRs,
~100nM, and the lowest concentration of CNO found to antagonise a member of the
mAChR family, 1 uM. Given this functional selectivity, it may be possible to select a
suitable dosage of CNO for in vivo studies that will avoid its off-target function. DREADD
receptors have been used in in vivo mouse models for the investigation of neuronal
circuits and specific cell groups (Alexander et al., 2009; Avaliani et al., 2016; Ray et al.,
2011; Sco et al., 2015; Varela et al., 2016). In these studies, administration of CNO lead
to a change in behaviour consistent with the activation of the DREADD receptors,

without observing any significant effects on the control animals.

Notwithstanding the success of DREADD mAChR models using CNO, there is evidence to
suggest that CNO may be back-metabolised into clozapine, as seen in Long-Evans rats
(MacLaren et al., 2016). Clozapine is a pharmacologically promiscuous ligand with
proven affinity for multiple GPCR families including the mAChRs, dopaminergic
receptors, and serotoninergic receptors (Bolden et al., 1992; Coward, 1992; Wenthur
and Lindsley, 2013), and so is a potential confounding factor within the animal studies.
This prospect led to the identification of alternative ligands, based upon clozapine, for
use in DREADD model (Chen et al.,, 2015). These ligands, perlapine and DA21, have
previously been characterised for their activity at the M3-WT and M3-DREADD mAChRs.
At the M3-DREADD mAChR these ligands were both shown to have higher potency than
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CNO, while showing very little or no activity at the M3-WT mAChR. This activity, coupled
with their lack of metabolism into a more efficacious ligand, makes them attractive

options for future in vivo experimentation.

At the human and mouse M1- mAChRs perlapine had no observable agonist activity up
to 100 uM. At both the M;1-DREADD and M;-DREADD-PD mAChRs, perlapine was a full
agonist with a nearly half-log higher potency for the receptors than CNO. DA21 was also
a full agonist of the M1-DREADD and M1-DREADD-PD mAChRs, and achieved higher
potency than either perlapine or CNO. At the hM;and mM1-WT mAChRs however, DA21
acts as a weak partial agonist. The poor efficacy of perlapine relative to acetylcholine at
the human and mouse M1-WT mAChRs makes it an attractive replacement for CNO in
vivo; earlier studies (Stille et al., 1973) have shown perlapine to be a neuroleptic drug in
rats, with nanomolar affinity for D, and Ds-dopamine receptors and the 5-HTa receptor
(Seeman et al., 1997). Perlapine was also licensed for use in human for insomnia in Japan
(Roth, 2016). Unlike perlapine, DA21 has not be extensively characterised outside of the
original study (Chen et al., 2015). As a benzodiazepine type compound, DA21 could still
interact with multiple receptor families, as has been found with clozapine and perlapine.
Investigations into the pharmacology and function of DA21 and perlapine need to be
performed to understand their interactions with members of the mAChR family, among

others, to confirm their suitability as agonists for our chemical genetic approach.
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Chapter 5 Final Discussion

5.1 Discussion and Critical Analysis

The ultimate aim of this project within the Tobin group is the development of an animal
model to study the function of the M1-mAChR by utilising a chemical genetic approach.
The mutations selected for this approach, the mAChR DREADD mutations, and
phosphorylation-deficient mutations, were chosen to allow for the remote activation of
the M1-mAChR, and its downstream signalling pathways. Before being integrated into a
transgenic animal model, both the M;-DREADD mAChRs and CNO need to be
characterised in vitro to ensure they fit certain criteria. Firstly, the DREADD mutations
must reduce the potency of acetylcholine signalling at the Mi-mAChR. Secondly, the
mutations must engender activity for the biologically inert synthetic ligand CNO. Finally,
when activated by CNO, the M1-DREADD mAChR must activate downstream signalling
pathways comparable to the wild-type M1-mAChR. For CNO to be suitable within the
chemical genetic approach it must fully activate the M1-DREADD mAChRs and show a
high level of selectivity for the M1-DREADD mAChR over wild-type mAChRs. Functional
studies are also required to characterise any potential changes in M1-DREADD mAChR

signalling following the introduction of the PD mutations.

Results from the pharmacological investigations support the conclusion that the
DREADD mutations successfully reduced the affinity and potency of orthosteric ligands
for the M1-mAChR. The DREADD mutations also engendering activity for CNO; finding
the ligand to be a full agonist of the M1-DREADD mAChR, activating the same signalling
pathways as tested with the wild-type Mi-mAChRs. Although selective for the M-
DREADD mAChR, CNO was found to act in an antagonist mode in the presence of
acetylcholine at the mouse Mi-, Mz-, and M4-mAChRs in vitro. The observed selectivity
of CNO, and the published successful use of the DREADD mAChRs with CNO, suggests
the selection of an appropriate dose in vivo can avoid the off-target effects of CNO.
Given this, potential back-metabolism of CNO into clozapine, as well as its observed
interactions with the mAChRs, drove investigation into alternatives to CNO. These
alternative ligands, DA21 and perlapine, were found to have a higher potency for the
M:-DREADD and M;-DREADD-PD mAChRs than CNO. With this in mind detailed
pharmacological and pharmacokinetic studies will need to be performed. These studies
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are required to understand the interactions of DA21 and perlapine with native
receptors, ensure that these ligands are not back-metabolised into clozapine, and verify
that, following administration, these ligands pass through the blood-brain barrier and

reach their intended target.

Saturation binding assays of the wild-type mAChRs (Fig. 3.1 and 4.3) revealed that there
are significant differences between the expression levels of the different WT cell lines.
The human and mouse Mi1-mAChRs were found to be expressing at around double the
concentration of the M- and Ma- mAChRs. The mMs-WT mAChR were expressed at the
lowest concentration of all, around half the concentration of the M, and Ms-mAChRs.
In the western blot comparing the quantity of receptor in the hM1-WT, mM1-WT, M-
DREADD, and M1-DREADD-PD mAChR expressing cell lines, M1-DREADD were found to
be expressed at higher concentrations of the other receptors. Comparison of the
pharmacology and function of GPCRs is more reliable when receptors are expressing at
similar concentrations. Although the cells used in this project did show differing receptor
expression levels, reducing the receptor concentration will not significantly shift the Emax
or pKq of ligands for the receptors, unless the expression levels are below that of what
would be the receptor reserve(Gazi et al., 1999). ECso, however, can be lowered by the
reduction in receptor expression. When comparing the shift in the potency of
acetylcholine between the wildtype and mutant Mi1-mAChRs, higher expression in the
M1-DREADD mAChR cell lines could be reducing the size of the shift caused by the
DREADD mutations. The difference between the potencies of acetylcholine and CNO at
the M1-DREADD and M;i-DREADD-PD mAChRs may also be increased, with the higher

expression of the M1-DREADD mAChR potentially increasing the measured potency.

In recombinant cell lines, transfected receptors are often over expressed, leaving a
receptor reserve. With a receptor reserve, the amount of ligand required to reach the
ECso is lower than the amount of ligand required to occupy 50% of the receptors (Hoyer
and Boddeke, 1993). In functional antagonism assays, a receptor reserve can mask the
full extent of an antagonist’s activity; the antagonist may not achieve a high enough
occupancy to block agonist dependent activation of the receptor. Although in the
functional antagonism assays found CNO was the most potent at the hMs-WT, the

receptor expression of the mMi-WT cell line was around double that of the hM4-WT cell
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line. This increased receptor expression could mean that although CNO appears to be a
more potent antagonist of the Ma-mAChR, this difference could be significantly reduced.
With the Ms3-mAChR expressing cells, CNO was not found to cause a shift in the
acetylcholine concentration response curve. As the M3-mAChR-expressing cell line had
the lowest expression, it is unlikely that a receptor reserve is masking the antagonistic
properties of CNO. For more accurate calculations and comparisons of the pA;,
experiments should be performed to titrate receptor expression and remove the

receptor reserve from the cell lines.

With the in vitro characterisation showing that, given certain caveats, the mutant M-
mMAChRs and synthetic ligand CNO fit the criteria for the chemical genetic approach,
these receptors can now be employed in vivo. These models can then be evaluated using
behavioural studies, such as contextual fear conditioning, to observe how alterations in
M1-mAChR signalling effect learning and memory. Contextual fear conditioning
measures changes in hippocampus-dependent learning and memory (Phillips and
LeDoux, 1992), a process known to involve mAChRs (Birdsall et al., 2001; DD et al., 1995).
Although no data are available to be presented here, initial studies with the M1-DREADD
and M1-DREADD-PD mAChR Kl mice support the conclusion that the chemical genetic

approach has successfully altered M1-mAChR.
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5.2 Future Directions

To further evaluate the antagonistic mode of CNO, and to interrogate other potential
DREADD ligands, receptor titration experiments can be performed. Titrating receptor
expression levels in each cell line using phenoxybenzamine (PBZ) is a method used to
reduce the receptor reserve for functional antagonism assays. By reducing this receptor
reserve, any antagonistic properties masked by the overexpression of receptors in
recombinant cell lines may be revealed. Phenoxybenzamine is a concentration
dependent alkylation agent which irreversibly binds to the orthosteric binding site of
GPCRs including the muscarinic receptor family (Buck and Burcher, 1987; Eglen et al.,
1994; Eglen and Harris, 1993). Preliminary experiments can be carried out by incubating
cells in increasing concentrations of PBZ and performing an ERK 1/2 activation or IP-One
accumulation assay. The optimal concentration of PBZ will be just high enough as to
deplete the receptor reserve without having an effect on the Emax. Cells can then be
preincubated with this concentration of PBZ in a functional antagonism assay. Without
the receptor reserve, functional antagonism assays will be able to better compare the
function of CNO as an antagonist of acetylcholine signalling. Within the functional
antagonism studies more concentrations of the antagonist should also be used, with
concentration both antagonising and not antagonising the signalling, this will allow for

better definition of the Schild plot and will provide a more accurate pA; value.

A more comprehensive battery of pharmacological and functional assays will need to be
performed on DA21 and perlapine. Although functional selectivity for DREADD mAChRs
has been observed (Fig. 4.10) (Chen et al., 2015), these ligands could hold the same
observed antagonistic properties as CNO (Fig. 5.3, 5.7, 5.9). Pharmacokinetic studies
should also be performed on these ligands to confirm their bioavailability and their
ability cross the blood brain barrier. If these alternative ligands are not broken down
into active metabolites, as CNO is metabolised into clozapine, they will be more

attractive compounds for the chemical genetic model.

A recent paper published in part by members of the Tobin group presented further
pharmacological and functional studies of perlapine and DA21 against the M1 and Ma
mAChRs, as well as their DREADD mutant counterparts (Thompson et al.,, 2018).

Competition binding studies found the affinities of both DA21 and perlapine to be higher
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than that of acetylcholine at the M1- and Ms-mAChRs. Functional antagonism assays at
the M- and Ms-mAChRs using DA21 revealed antagonism of acetylcholine signalling.
DA21 also antagonised the signalling of dopamine at the Di-dopanimergic receptor and
quinpirole, a selective agonist of the D,- and Ds- dopaminergic receptors, at the D»-
dopanimergic receptor. This antagonism occurs at concentrations of 1uM and above,
higher than required to activate the DREADD mAChRs, meaning the selection of the
correct dose may avoid the off-target effects of DA21. This paper also found that
following administration of CNO, clozapine was found within plasma and the brain in a
dose dependent manner, but CNO was only detected within the plasma, suggesting that
clozapine is activating the DREADD-mAChRs in vivo, rather than CNO. Although previous
studies have successfully activated signalling pathways within mouse models using the
DREADD mAChR and CNO, the clear presence a promiscuous ligand such as clozapine is
still a concern for future studies. The pharmacokinetic analysis found that both DA21
and perlapine were detectable within the plasma and brain in a dose dependent
manner. The findings in this study bring to light the unsuitability of CNO as a ligand for
the DREADD mAChRs, and the need to replace CNO with alternative ligands such as

DA21 in in vivo studies.

To further develop this chemical genetic approach, research could also be carried out to
identify an allosteric modulator which could be used to rescue in vivo receptor function.
A suitable allosteric modulator would be able to act on the Mi-DREADD and M:-
DREADD-PD mAChRs to increase the potency of ACh for the receptor. This method of
activation would allow the M1-DREADD mAChR to respond to natural acetylcholine
signals, providing a more physiologically relevant response. This method of receptor
activation is also potentially safer than the use of agonists. In normal neural function
acetylcholine is rapidly cleared from the synapse by AChEs, whereas synthetic ligands
can persist within the synapse and stabilise the receptors in an active conformation for
longer. This prolonged activation of the receptor does not accurately mimic the normal
signalling in cholinergic synapses (May et al., 2007). The M1-mAChR selective positive
allosteric modulator BQCA has been previously tested at the Mi1-DREADD mAChR
(Abdul-Ridha et al., 2013). This study found that BQCA did not act at the M;-DREADD

receptor in the same was as it acts with the wild-type receptor. BQCA was found to have
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high positive cooperativity with acetylcholine signalling at the M1-DREADD mAChR. This
cooperativity was not as high as with the M1-WT mAChR and BQCA was not found to
modulate the binding affinity of acetylcholine for the M1-DREADD mAChR. In this in vitro
study BQCA was not able to fully recover the function of ACh at the M:-DREADD
receptor, but future studies using new Mi-mAChR selective positive allosteric

modulators could help to refine the M1-DREADD mAChR model.

With the in vitro characterisation of the M:-DREADD and M;-DREADD-PD mAChRs
verifying their modification of Mi1-mAChR function and pharmacology, these mutants
can now be employed in a transgenic model to study Mi-mAChR function. Initial
comparisons of the M1-DREADD mAChR expressing mice with M1 mAChR knock-out and
wild-type mice in behavioural studies will assess whether the DREADD mutations
successfully prevent acetylcholine signalling in vivo. If acetylcholine signalling at the M-
DREADD mAChR has been modified, behavioural experiments can be carried out in the
presence and absence of an appropriate DREADD ligand in an attempt to rescue M1
mMAChR function and restore a normal behavioural response. Comparisons between the
responses of M1-DREADD and M1-DREADD-PD mAChR KI mice following administration
will investigate how removal of the phosphorylation dependent pathways of the Mj-
mMAChR effects learning and memory in vivo. The characterisation and implementation
of a phosphorylation-dependent signalling biased M1-DREADD mAChR into our chemical
genetic approach would allow us to better understand the role of G-protein dependent
signalling in Mi1-mAChR controlled learning and memory (Nakajima and Wess, 2012;
Roth, 2016). Understanding how the selective activation of receptor signalling pathways
effects physiological and behavioural outcomes may reveal any negative outcomes, such
as seizure-like activity, or identify a specific signalling pathway as important in driving
the M1-mAChRs normal function. These discoveries could then inform drug discovery
efforts, directing efforts into the design of biased ligands if the studies suggest this to be

therapeutically beneficial in the treatment of disorders such as Alzheimer’s disease.
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5.3 Conclusions

Bearing the critiques in mind, conclusions can still be drawn from the evaluation of the
chemical genetic approach presented in this thesis. The DREADD mutations used were
successful in modifying the pharmacology of the M1-mAChRs, and CNO was found to be
a weak partial agonist that binds competitively to the wild-type mAChRs as was seen in
the initial study (Armbruster et al., 2007). Functional antagonism assays discovered that
CNO can act in an antagonistic mode in the presence of acetylcholine, mode not
previously reported in the literature. With this activity in mind, and in combination with
the potential for CNO to be metabolised into clozapine in vivo, alternative DREADD
agonists such as DA21 and perlapine need to be considered for future in vivo studies

utilising the DREADD mAChR model.
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Chapter 6 Appendix: Advanced Tissue Processing and Imaging Techniques

6.1 Introduction

Histological investigation of ex vivo tissue allows for the observation of morphological
changes within organs (Nizri et al., 2016), as well as the changes in cell populations
(Bradley et al., 2016a), and protein expression (Schlederer et al., 2014; S6derquist et al.,
2015). These observations can be used, in tandem with molecular and functional
analyses to interrogate the molecular mechanisms of a disease and track disease
progression (Dower et al., 2017; Phillips et al., 2006; Rakha et al., 2010; Shao et al., 2006;
Wipke and Allen, 2001). Standard histological analysis of tissue involves slicing thin
sections containing the region of interest (ROI). These sections are then stained using
chemical stains or antibodies to label cellular components. Investigations through large
areas of tissue require serial sectioning, where several sections are cut from different
levels through the tissue (Braumann et al., 2007). With enough sections taken through
the tissue, programs can construct a 3D model (Ourselin et al., 2001; Wang et al., 2015).
Without the use of automated tissue processing, embedding, and staining equipment,

this method is incredibly time consuming.

6.1.1 Optical Clearing of Large Tissue Sections to Whole Organs
As an alternative to serial sectioning, chemically clearing tissue may be a more efficient
alternative to analyse these larger sections of tissue. Tissue clearing is the use of
chemical agents to optically clear the sample to allow visualisation of organ architecture
or protein expression profiles. This first chemical clearing protocol was Spalteholz’s
technique, developed in 1911 using methyl salicylate and benzyl benzoate for the
visualisation of cardiac vasculature (Spalteholz, 1911). This method was effective, but
the long-term incubation of the tissue in organic solvents causes severe tissue damage.
From 2007, several new techniques for chemical tissue clearing have been developed
(Liu et al., 2016). These techniques can range from short, Clear’, Clear™, and SWITCH
(Kuwajima et al., 2013; Murray et al., 2015), to long, CLARITY and Scale (Chung et al.,
2013; Hama et al., 2011; Susaki et al., 2014). Some clearing techniques can use complex
mixtures of chemicals, CUBIC, (Susaki et al., 2014), or can involve merely dehydrating
and altering the refractive index (RI) the tissue, BABB/Murray’s Clear, 3DISCO, and
iDISCO (Dodt et al., 2007; Ertirk et al., 2012; Renier et al., 2014). The Rl of the cleared
101



tissue needs to be matched to that of a suitable imaging medium. Without matching the
refractive index of the tissue, light will refract when passing between substances with
differing refractive indexes. This refraction will distort the images acquired, produce
chromatic aberrations, and reduce the resolution. Rl matching is easier with the
chemically cleared tissues, such as; CLARITY, Clear"/Clear™, Scale, SeeDB or SWITCH (Ke
et al., 2013), as the refractive index of the tissue itself is lowered. Tissues which have
only been dehydrated need to be placed in higher refractive index solutions; dibenzyl
ether (DBE) for iDISCO and 3DISCO, or benzyl benzoate in BABB/Murray’s clear. These
higher Rl solutions can damage microscope equipment and be highly toxic. Although the
proper controls can be put in place for their use, their inconvenience makes the use of
other methods more attractive. The nature of each process can mean they are more or
less suitable for certain investigations (Liu et al., 2016). Only certain techniques are
compatible with the use of lipophilic dyes or IHC, and changes in tissue size due to the

process could limit the use of these techniques on delicate samples.

The CLARITY (Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging/
Immunostaining/ in situ-hybridization-compatible Tissue hYdrogel) method of tissue
embedding and clearing was developed in 2013 by the Diesseroth lab at Stamford
University, California (Chung et al., 2013). This protocol (Fig. 6.1) involved the perfusion-
fixation of tissue using a paraformaldehyde (PFA) and acrylamide-based hydrogel
mixture. Once the mixture has completely diffused through the tissue, the sample and
hydrogel solution are degassed and incubated at 37°C to activate the thermal initiator
of acrylamide polymerisation, embedding the tissue in a PFA-acrylamide cross-linked
hydrogel. Lipids can then be removed from the sample using sodium dodecyl sulphate
(SDS) and boric acid, with (Chung et al., 2013) or without (Yang et al.,, 2014)
electrophoresis, ‘clearing’ the tissue. If the protein of interest does not contain a
fluorescent tag, samples can then be incubated with antibodies. The tissue is then
optically cleared by incubating them in a refractive index matching solution (RIMS), in
this case 85% glycerol which has a refractive index (RI) of 1.45. Once cleared the samples
can be imaged and this set of images can be processed and a 3D model generated of the

imaged area.
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Following on from CLARITY, a newer protocol termed SWITCH was published (Murray et
al., 2015) from the lab of Dr. Chung, the primary author of the CLARITY protocol article.
SWITCH still uses PFA to fix the tissue, but instead of using acrylamide, uses
glutaraldehyde (GA) to form the matrix within the tissue. A solution of PFA and
glutaraldehyde in a PBS at pH 3, called SWITCH-OFF, is perfused into the mouse and the
brain is removed and incubated in the same solution to allow the glutaraldehyde to fully
diffuse through the tissue. Once the glutaraldehyde has fully diffused, it is transferred
to a pH 7 solution at 4°C, SWITCH-ON, to initiate polymerisation. Through the ability to
control when polymerisation occurs, it is possible to have full diffusion of the matrix
medium through the tissue before polymerisation, unlike in CLARITY where
polymerisation can occur, if slower, at low temperatures. Lipids are cleared from the
sample using a solution of boric acid, lithium hydroxide and an anti-browning agent at
pH 9 at 60-80°C. This high temperature clearing step increases the rate of clearance
compared to CLARITY, but does lead to yellowing of the sample. Once the sample has
been cleared they are labelled with antibodies and finally incubated in the 85% glycerol
RIMS. The high temperatures used in SWITCH clearing make the process significantly
faster than passive tissue clearing (PTC), around 2 weeks rather than 2-3 months.
Although faster, the high temperatures of SWITCH clearing can denature proteins with
fluorescent tags such as GFP (Murray et al., 2015). To use these expressed markers,
clearing must be performed at the same temperatures used within the CLARITY

protocol. Samples are then imaged using Light-sheet fluorescence microscopy (LSFM).
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Figure 6.1: Flow diagram representing the CLARITY process including pictures of mouse
brains at major steps

Tissue was taken from mice which were perfused with CLARITY hydrogel and incubated
at 4°Cto allow the hydrogel to fully diffuse. Hydrogel was then polymerised by degassing
and incubating at 37°C. After polymerisation the sample is removed from the hydrogel
and washed (a) before clearing. Once cleared (b) the sample is washed and labelled with
primary and secondary antibodies (c). The sample is them placed in a RIMS (d) to alter
the refractive index before imaging. The images above were taken by myself from

samples | processed within the Tobin group.
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6.1.2 Large Sample Optimised Microscopy

Although they allow for high magnification and a high signal-to-noise ratio, confocal
microscopes use powerful lasers to excite the fluorophores used to label the samples.
This leads to the eventual bleaching of fluorescent tags on antibodies and proteins,
reducing the signal over time and making the image darker. The high magnification and
slow scanning of a confocal microscope means imaging of large sections through tissue
could take a significant period of time. The fluorophores would likely bleach before the

entire ROI had been imaged, limiting the usefulness of this technique.

Light sheet fluorescence microscopy (LSFM) uses lower powered light sources than
confocal microscopes and a cylindrical lens to focus the light into a thin, wide plane
through the sample (Fig 6.2). The original form of LSFM, published in 1993 by the
Spelman lab (Voie et al., 1993), called orthogonal-plane fluorescence optical sectioning
(OPFOS) was used to visualise the internal structure of chemically cleared guinea pig
cochlea. This system could perform these kinds of larger sample analysis but only had a
10 um to 26 um resolution, making cellular and sub-cellular imaging impossible.
Selective plane illumination microscopy (SPIM) is a more advanced form of LSFM, which
can acquire higher resolution images than OPFOS. OPFOS uses an air objective lens
which does not touch the RIMS in which the sample is suspended, but in SPIM systems
immersion objectives are used (Huisken et al., 2004). Using immersion objectives, it is
possible to achieve a higher numerical aperture than air objectives, increasing the
magnification and resolution possible (Davidson, 2017; Royston-Pigott, 1870).
Immersion media has this effect by reducing the refraction of light between objects of
different RI. This refraction can distort the final image, reducing the potential resolution.
Therefore, immersion media, tissue, and a sample holder with equal Rls, as well as an

optimised objective, will reduce the distortion of light and increase the image quality.

SPIM systems use complementary metal-oxide-semiconductor (CMOS) or charge-
coupled device (CCD) fluorescence microscope sensors rather than photomultipliers
often used in laser scanning confocal microscopy (LSCM). LSCM uses a pinhole aperture
between the sample and the sensor which blocks light from outside of the focal plane.
Although this pinhole allows for a sharper image, the amount of light it blocks means a

higher power laser light source is required to obtain an image with an acceptable signal-
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noise ratio. Over a long period of time these light sources can bleach the fluorophores
used in the labelling of samples, restricting the length of time the sample can be imaged
for. In LSFM, the illumination of a specific plane through the tissue limits the exposure
of regions outside of the focal plane to the light source. Without the pinhole, a lower
powered laser light source can be used to illuminate the sample; and the use of a CMOS
or CCD sensor allows for rapid image acquisition, further reducing potential bleaching

of the sample.
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Figure 6.2: Schematic diagram of an OPFOS light-sheet microscope system.

Simplified schematic diagram showing the top and oblique view of an OPFOS LSFM
system. The laser beam is passed through a cylindrical lens to change the shape of the
laser beam into a sheet, with the thinnest portion of this sheet being within the sample.
The objective lens is set perpendicular to the plane of the light sheet. The sample
chamber and quartz glass cuvette contain 85% glycerol to maintain a continuous RI,

reducing distortion of the image.
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Working with Dr. Jonathon Taylor, at the University of Glasgow, we used CLARITY
processed mouse tissue to optimise a custom LSM system for 3D IHC studies of hydrogel
embedded samples. There are commercially available LSM systems developed by major
manufacturers such as Zeiss and Leica. Although these systems will be optimised and
are immediately ready to use, developing an in-house custom system allows for
expansion of system capabilities, and does not incur the same cost as these commercial
systems. The LSM we are currently using is an OPFOS system, using an air objective
outside of the imaging chamber. The tissue, immersion media (85% glycerol), and quartz
glass sample cuvette, all have a refractive index around 1.45 to reduce light path

refraction as much as possible.

Ultimately, this technology will be used within the lab to visualise: structural changes,
protein aggregation, neuronal loss, and gliosis in the prion model of neurodegenerative
disease (Bradley et al., 2016a). Using samples from different time points it will be
possible to track these changes, monitor the disease progression, and observe how

potential therapeutic agents and tool compounds modify disease progression.

The aim of this chapter was to replicate the CLARITY tissue clearing technique (Chung et
al., 2013; Yang et al., 2014), produce samples to identify cell-type markers and epitope
tags within the sample, and use these samples to optimise a custom built LSM system. |
will assess the quality of both CLARITY passively and electrophoretically cleared tissue;
the image quality achievable with the current LSM system. Images from samples
processed using the SWITCH technique, labelled with anti-GFAP, and imaged using the
same LSM system, have also been presented here. Being a more rapid technique, if
SWITCH processed tissue is of a comparably high quality it would be more convenient a

technique to utilise going forward.
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6.2 Results

6.2.1 Confocal Microscopy on sectioned CLARITY tissue.

The first samples processed using the CLARITY protocol were brains from mice treated
with either a normal brain homogenate (NBH) control or with a prion protein containing
brain homogenate (PBH). The mice treated with the prion protein will develop
transmissible spongiform encephalopathy. Within the hippocampus, the presence of the
misfolded prion protein promotes the invasion of microglia (microgliosis) and astrocytes
(astrogliosis) (Bradley et al., 2016a), immune cells within the central nervous system.
After polymerisation of the hydrogel, the brains were cut into 1 mm sections for passive
clearing and antibody staining. Sections were stained with an antibody against GFAP.
Sections were imaged using confocal microscopy and a z-stack was produced through
the CA1 region (Fig. 6.3). The confocal microscopy results confirm that cellular resolution
can be achieved in CLARITY processed tissue. It was reassuring proof that the process
was not damaging the tissue to the point where high resolutions images could not be
produced. In the confocal z-stacks, significant astrogliosis was present within the PBH
treated brain compared to the NBH brain, with an increase in astrocytes within the
polymorphic and molecular layers and invasion of astrocytes into the pyramidal cell

layer.
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Figure 6.3: 3D representation of a confocal microscopy z-stack series through the CA1
region of the hippocampus stained with anti-GFAP antibody.

Mice treated with either NBH (a) or PBH (b) were perfusion fixed after 10 weeks with
hydrogel and the brains were removed. Hydrogel was polymerised and the brains were
cut into 1 mm thick sections, passively cleared, and stained with an anti-GFAP antibody
(green). The PBH treated brain shows astrogliosis, with an increase in the astrocytes
within the polymorphic and molecular layers as well as invasion into the pyramidal cell
layer compared to the NBH brain. Images were taken using confocal microscopy and

images were rendered using Carl Zeiss Zen Blue software.
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6.2.2 Whole Tissue, Cleared with ETC and PTC, imaged using LSFM.

When clearing whole CLARITY tissue, both ETC and PTC were performed to compare
clearing time and the condition of the tissue post-clearing. We also tried to use
acrylamide and bis-acrylamide at half the original concentrations. This was in an effort
to increase the permeability of the tissue for antibody staining and increase clearing
rate. Lowering these concentrations could weaken the structural integrity of the cleared
tissue and make it unsuitable for imaging. In total, passive clearing of a whole brain took
around 3 months for the original hydrogel recipe and 2 months for the lowered
acrylamide concentration to complete clearing. Tissue was stained for 2 weeks with each
primary and secondary antibody. In between these steps was a wash step in PBS-T for 1

week.

Part of this study also included optimisation of the light-sheet microscope for imaging
of the CLARITY processed tissue. Images of the first attempt of LSFM imaging (Fig 6.4)
gave a certain amount of resolution at the surface, although there was diffuse
fluorescence throughout the sample. There was also shadowing across the plane of the
image, this shadowing is due to objects within the sample obstructing the light path.
Deconvolution of the images in future acquisitions can help remove these artefacts and
improve image resolution. When using ETC the process took just over 1 month but the
tissue had lost its structural integrity and, after staining, very little specific staining could
be seen within the samples. ETC has been shown to work previously (Chung et al., 2013),
but it causes more swelling in the tissue than PTC. Knowing this it was decided that only

the PTC method would be used, to avoid irreparable damage to the samples.
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Figure 6.4: 3D representation of electrophoretically cleared CLARITY tissue using LSFM
for the first time, showing brain tissue stained with GFAP.

Brains were taken from mice perfused with CLARITY hydrogel and, following degassing
and polymerisation, the tissue was cleared using ETC. Once the samples were cleared
they were labelled using anti-GFAP antibody and a secondary antibody conjugated to
alexafluor488 (white). Images are from exploratory z-stacks through tissue; although
staining can be seen there were no identifiable structures. Samples were then imaged
using LSFM and 3D renders of the z-stacks were generated using Arivis Vision 4D. LSFM

images were acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Using tissue which had been processed using half the concentration of acrylamide and
bis-acrylamide and stained with anti-GFAP antibody, we successfully acquired a z-stack
through the hippocampus (Fig. 6.5-10). The CA1, CA2, CA3, and dentate gyrus are clearly
visible within the stack (Fig. 6.11), as well as nuclei and small vessels in the region. The
shadow artefacts across the image were less pronounced than seen in the ETC samples,
but still present. The resolution of the image was not high enough to be able to discern
between individual cells, as in the confocal images. This was due, in part, to the use of a

lower magnification air objective lens in the current LSM system.

6.2.3 Whole Tissue Cleared using SWITCH and Imaged using LSFM

During the development of the CLARITY technique within the lab another technique
called SWITCH was tested as an alternative. Tissue was processed by Dr. Sophie Bradley
and Colin Molloy using the SWITCH protocol, labelled with anti-GFAP antibodies, and
imaged using the same LSM. In these images acquired (Fig 6.12-15), the hippocampus
was visible within the sample, and major structural features could be detected (Fig.
6.16), although not as pronounced as in the CLARITY images. This may mean that the
brain required a longer incubation with the antibodies. In images from both CLARITY and
SWITCH processed tissue cell bodies can be seen within the pyramidal cell layer. Unlike
in the confocal microscopy images, the polymorphic and molecular layers only show
diffuse staining, rather than being able to visualise individual astrocytes. This lower

resolution is expected within the current LSM system.
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Figure 6.5: 3D representation of z-stack series using LSFM through CLARITY processed
tissue, showing the hippocampus stained with anti-GFAP antibody.

A brain was taken from a mouse perfused with CLARITY hydrogel and, following
degassing and polymerisation, the tissue was cleared using PTC. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluord88 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D. The polymorphic and
molecular layers of the hippocampus are clearly stained within the image, with the
darker pyramidal cell layer visible between them. Samples were then imaged using LSFM
and 3D renders of the z-stacks were generated using Arivis Vision 4D. LSFM images were

acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Figure 6.6: Representative images from the z-stack series through the hippocampus
of a CLARITY processed mouse brain stained with GFAP

A brain was taken from a mouse perfused with CLARITY hydrogel and, following
degassing and polymerisation, the tissue was cleared using PTC. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.5).
Representative images through the brain labelled with anti-GFAP antibodies (a-e). A
closer image (e) of the area highlighted in (d) shows individual nuclei visible within the
pyramidal cell layer of the hippocampus. Samples were then imaged using LSFM and 3D
renders of the z-stacks were generated using Arivis Vision 4D. LSFM images were

acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Figure 6.6: Representative images from the z-stack series through the hippocampus
of a CLARITY processed mouse brain stained with GFAP

A brain was taken from a mouse perfused with CLARITY hydrogel and, following
degassing and polymerisation, the tissue was cleared using PTC. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.5).
Representative images through the brain labelled with anti-GFAP antibodies (a-e). A
closer image (e) of the area highlighted in (d) shows individual nuclei visible within the
pyramidal cell layer of the hippocampus. Samples were then imaged using LSFM and 3D
renders of the z-stacks were generated using Arivis Vision 4D. LSFM images were

acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Figure 6.6: Representative images from the z-stack series through the hippocampus
of a CLARITY processed mouse brain stained with GFAP

A brain was taken from a mouse perfused with CLARITY hydrogel and, following
degassing and polymerisation, the tissue was cleared using PTC. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluord88 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.5).
Representative images through the brain labelled with anti-GFAP antibodies (a-e). A
closer image (e) of the area highlighted in (d) shows individual nuclei visible within the
pyramidal cell layer of the hippocampus. Samples were then imaged using LSFM and 3D
renders of the z-stacks were generated using Arivis Vision 4D. LSFM images were

acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Figure 6.6: Representative images from the z-stack series through the hippocampus
of a CLARITY processed mouse brain stained with GFAP

A brain was taken from a mouse perfused with CLARITY hydrogel and, following
degassing and polymerisation, the tissue was cleared using PTC. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.5).
Representative images through the brain labelled with anti-GFAP antibodies (a-e). A
closer image (e) of the area highlighted in (d) shows individual nuclei visible within the
pyramidal cell layer of the hippocampus. Samples were then imaged using LSFM and 3D
renders of the z-stacks were generated using Arivis Vision 4D. LSFM images were

acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Figure 6.6: Representative images from the z-stack series through the hippocampus
of a CLARITY processed mouse brain stained with GFAP

A brain was taken from a mouse perfused with CLARITY hydrogel and, following
degassing and polymerisation, the tissue was cleared using PTC. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.5).
Representative images through the brain labelled with anti-GFAP antibodies (a-e). A
closer image (e) of the area highlighted in (d) shows individual nuclei visible within the
pyramidal cell layer of the hippocampus. Samples were then imaged using LSFM and 3D
renders of the z-stacks were generated using Arivis Vision 4D. LSFM images were

acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Figure 6.76.7: Section from a z-stack series through the hippocampus of a CLARITY
processed mouse brain stained with GFAP

A brain was taken from a mouse perfused with CLARITY hydrogel and, following
degassing and polymerisation, the tissue was cleared using PTC. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D. The CA1, CA2, CA3,
and dentate gyrus regions of the hippocampus can be clearly seen within the z-stack.
LSFM images were acquired with the assistance of Dr. Jonathon Taylor and Chiara

Garbellotto.
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Figure 6.8: 3D representation of z-stack series using LSFM through SWITCH processed
tissue, showing the hippocampus stained with anti-GFAP antibody.

A brain was taken from a mouse perfused with SWITCH-OFF and, following
polymerisation with SWITCH-ON, the tissue was cleared at 70°C. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluord88 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D. Staining is most
pronounced in the region surrounding the hippocampus. Samples were then imaged
using LSFM and 3D renders of the z-stacks were generated using Arivis Vision 4D.
Samples were processed by Dr. Sophie Bradley and Colin Molloy. LSFM images were

acquired with the assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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Figure 6.9: Representative images from the z-stack series through the hippocampus of
a SWITCH processed mouse brain stained with GFAP.

A brain was taken from a mouse perfused with SWITCH-OFF and, following
polymerisation with SWITCH-ON, the tissue was cleared at 70°C. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.8).
Representative images through the brain labelled with anti-GFAP antibodies (a-d).
Samples were then imaged using LSFM and 3D renders of the z-stacks were generated
using Arivis Vision 4D. Samples were processed by Dr. Sophie Bradley and Colin Molloy.
LSFM images were acquired with the assistance of Dr. Jonathon Taylor and Chiara

Garbellotto.
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Figure 6.9: Representative images from the z-stack series through the hippocampus of
a SWITCH processed mouse brain stained with GFAP cont.

A brain was taken from a mouse perfused with SWITCH-OFF and, following
polymerisation with SWITCH-ON, the tissue was cleared at 70°C. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.8).
Representative images through the brain labelled with anti-GFAP antibodies (a-d).
Samples were then imaged using LSFM and 3D renders of the z-stacks were generated
using Arivis Vision 4D. Samples were processed by Dr. Sophie Bradley and Colin Molloy.
LSFM images were acquired with the assistance of Dr. Jonathon Taylor and Chiara

Garbellotto.

123



900 1200 1500 1800

Figure 6.9: Representative images from the z-stack series through the hippocampus of
a SWITCH processed mouse brain stained with GFAP cont.

A brain was taken from a mouse perfused with SWITCH-OFF and, following
polymerisation with SWITCH-ON, the tissue was cleared at 70°C. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.8).
Representative images through the brain labelled with anti-GFAP antibodies (a-d).
Samples were then imaged using LSFM and 3D renders of the z-stacks were generated
using Arivis Vision 4D. Samples were processed by Dr. Sophie Bradley and Colin Molloy.
LSFM images were acquired with the assistance of Dr. Jonathon Taylor and Chiara

Garbellotto.
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Figure 6.9: Representative images from the z-stack series through the hippocampus of
a SWITCH processed mouse brain stained with GFAP cont.

A brain was taken from a mouse perfused with SWITCH-OFF and, following
polymerisation with SWITCH-ON, the tissue was cleared at 70°C. Once the samples were
cleared they were labelled using anti-GFAP antibody and a secondary antibody
conjugated to alexafluor488 (white) at 37°C. Samples were then imaged using LSFM and
3D renders of the z-stacks were generated using Arivis Vision 4D (Fig. 6.9).
Representative images through the brain labelled with anti-GFAP antibodies (a-d).
Samples were then imaged using LSFM and 3D renders of the z-stacks were generated
using Arivis Vision 4D. The labels within the above image are used to denote the location
of the CA1, CA2, CA3, and dentate gyrus within the hippocampus. Samples were
processed by Dr. Sophie Bradley and Colin Molloy. LSFM images were acquired with the

assistance of Dr. Jonathon Taylor and Chiara Garbellotto.
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6.3 Discussion

This chapter presents my current progress in the optimisation and implementation of
advanced tissue processing and imaging techniques within the lab. This optimisation
involved a collaboration with the laboratory of Dr. Jonathon Taylor at the University of

Glasgow to build and optimise an LSM system to image optically cleared tissue.

Prior to the collaboration with Dr. Taylor, initial observations of CLARITY processed
tissue were made using confocal microscopy (Fig. 6.3). Confocal microscopy of optically
cleared tissue provided cellular resolution, proving that the process itself does not
damage tissues to a point where detailed visualisation is not possible. This confirms
what has been found in previous articles using the CLARITY technique (Chung et al.,
2013; Yang et al., 2014). For use with the confocal microscope, tissue was cut into 1 mm
sections prior to clearing and staining as larger sections could not be imaged. Using this
sectioned tissue allowed for quicker clearing and improved labelling of the tissue, but
was not practical for making observations through the hippocampus. The combination
of thin sections and the confocal microscope also made imaging clearer than would be
possible with other fluorescence microscopy systems. The low depth of the tissue, and
the ROl being nearer the cover glass, reduced the amount of potential interference from
objects and structures within the tissue. The confocal system itself allows for a higher
resolution than standard fluorescence microscopy using high power lasers and a pinhole
in front of the detector to prevent light from regions outside of the focal plane from
reaching the detector. For imaging larger sections of tissue however, the use of a pinhole
and high-power laser will eventually lead to bleaching of the fluorophore label on the
antibodies used. With the advantage of CLARITY being the ability to image through large

sections of tissue, confocal microscopy will be impractical and LSFM will need to be used.

Unlike in PTC, where tissue can be left for months in clearing solution and maintain its
rigidity, tissue cleared electrophoretically would lose its structural integrity at a faster
rate. This loss of integrity is from hydrogel embedded tissue swelling over time whilst in
the clearing solution (Yang et al., 2014). Swelling was observed at a faster rate in ETC
processed tissue and, if left for too long, would lead to the tissue structure degradation.
Although it is possible to properly clear tissue using ETC there is a more limited window

to preserve tissue structure. When attempts were made to clear brains using ETC (Fig.
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6.4) samples lost their rigidity and, when visualised with LSFM little to no detail was
visible within the sample. It was therefore decided that PTC would be used for future
samples to avoid the irreparable damage which will waste animal tissue and a significant

amount of time.

The quality of the images acquired from the PTC processed brain using LSFM (Fig. 6.5-
11) was promising. Individual nuclei were visible within the pyramidal cell layer and the
hippocampus was easily identifiable within the sample. Individual cells could not be
visualised but this is expected as the objective lens used in the current system is an air
objective. Air objectives have a lower magnification and numerical aperture than
immersion lenses, reducing the maximum resolution which can be achieved. The
shadows visible across the samples are caused by scattering of the light beam as it
travels through the sample. Improvements in the LSM system can be made to reduce
the shadowing across the sample (Girkin et al., 2018, Schwarz et al., 2015), such as
implementing a scanning light sheet rather than a static cylindrical lens. By scanning a
light sheet through multiple angles, the artefacts causing the shadows in one plane can
be avoided in another plane. Removal of the shadowing will also allow for a better signal
to noise ratio, with the gain and/or light source power no longer having to be increased

to illuminate within the shadowed areas.

A brain processed using the SWITCH protocol (Fig 6.12-15) was also imaged using the
same microscope as the CLARITY tissue. Although the staining penetration was lower
than in the CLARITY tissue, making clear observations of the regions of the hippocampus
difficult, the CA1, CA2, CA3, and dentate gyrus were all identifiable within the sample
(Fig. 6.16). The rapid clearing time and successful staining of the hippocampus makes
the SWITCH protocol an attractive option for future samples. Important considerations
taking these protocols forward is the ability to perform multiple rounds of staining on
the samples. Only being able to visualise a single protein within the samples would be

incredibly wasteful, so it is important to test multiple rounds of staining and destaining.

The resolution obtained using the current LSM system was adequate to visualise
structures within the brain; as well as pyramidal cell nuclei within the pyramidal cell

layer of the hippocampus. It was not, however, possible to visualise individual astrocytes
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within the polymorphic and molecular layers as with the confocal imaging. To improve
the resolution, the lab has acquired a lens which is specifically designed for the imaging
of cleared tissues with a Rl of 1.45, such as CLARITY and SWITCH processed tissue. This
new lens has a higher magnification and working distance than the current lens. As an
immersion objective, rather than the current air objective, the new lens will also have a
higher numerical aperture. In combination, these 3 factors can substantially increase the

resolution of the images produced using our LSM system.

The samples process so far have all only been labelled with a single antibody, despite
the laser light source being used having the ability to produce 5 different wavelengths
of light. Working with Dr. Taylor’s group, one future aim for this project is to modify the
LSM system to allow for labelling of a sample with multiple antibodies, simultaneously.
Although samples can be cleared of antibodies and relabelled, multicolour staining
would allow for the co-localisation of proteins; such as prion proteins and receptors, cell

types; such as astrocytes and microglia, structures; such as the hippocampus.

Through my work with the CLARITY technique | have found that, using passive tissue
clearing, we can successfully label and observe individual cells within the hippocampus.
Using light sheet fluorescence microscopy, structures within the brain such as the
hippocampus can be well defined. With further development of the LSM system and
software, we will be able to generate larger 3-D models of the hippocampus, labelling
for important protein and cell types involved in the prion disease model. Making these
observations within samples at multiple times points will provide more information
about the progression of disease within a neurodegenerative model. As well as using the
CLARITY technique, further optimisation should also be performed on the SWITCH
protocol. Although internal structures were not seen as clearly within SWITCH tissue,
further optimisation of both the CLARITY and SWITCH protocols is still required to
consistently produce high quality samples and images. If these optimisations show the
SWITCH protocol producing images of comparable quality it may be a preferable

technique to use in the future due to the sped of the processing technique over CLARITY.
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