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Molecular studies of cross-talk between M, and M3 muscarinic acetylcholine receptors
David C. Hornigold

Many cell-types in the body express mixed populations of muscarinic acetylcholine (mACh) receptors.
For example, various types of smooth muscle express both Mz and M3 mACh receptors. While the M;
mACh receptor sub-population is implicated in pharmacomechanical coupling in smooth muscle, the
role of the M, mACh receptor remains unclear. The aim of the studies described here was to investigate
if there is ‘cross-talk’ between the signalling pathways regulated by M, and Mz mACh receptors, co-
expressed in either model (CHO) cells, or a smooth muscle tissue preparation.

Based on [*HJ-NMS radioligand binding, cyclic AMP and inositol 1,4,5-trisphosphate (IP;) mass
measurements, and single cell Ca’*-imaging experiments, stable and functional co-expression of M, and
M; mACh receptors was demonstrated in two CHO-m2m3 cell lines. Initial experiments provided little
evidence for M,/M3; mACh receptor cross-talk in CHO-m2m3 cells, as co-stimulation of the M, receptor
had no discernible effect on M3 receptor-mediated phospholipase C activation, assessed at the level of
IP; and [Ca®*]. Although both M, and Ms mACh receptor stimulation modulated adenylyl cyclase
activity, the biphasic modulation of cyclic AMP concentration in the CHO-m2m3 cells could be
explained as additivity between the responses observed in CHO-m2 and -m3 cells. M, and M3 mACh
receptor stimulation caused essentially opposite effects on cell proliferation, assessed by measuring
[*H])-thymidine incorporation into DNA, in CHO-m2 and CHO-m3 cells. In CHO-m2m3 cells, the
inhibitory M3 mACh receptor-mediated effect appeared to dominate with respect to cell growth,
however, a proliferative M, mACh receptor-mediated effect could be ‘unmasked’ using the subtype-
selective mACh receptor antagonist, darifenacin.

Evidence for M,/M3; mACh receptor cross-talk was obtained at the level of extracellular signal-regulated
protein kinase (ERK) regulation. In CHO-m2m3 cells, ERK activity increases were more sustained (>60
min), and the ECs, for ERK activation by a mACh receptor agonist was approx. 50 fold lower (pECso,
7.17 £ 0.07) compared to both CHO-m2 (pECso, 5.58 £ 0.09) and CHO-m3 (pECso, 5.69 + 0.27) cells.
In contrast, agonist-stimulated c-Jun N-terminal kinase (JNK) activities were similar, in terms of both
the time-course of activation and the concentration-dependency of the response, in CHO-m3 and CHO-
m2m3 cells, with CHO-m2 cells showing only minimal agonist-stimulated JNK activity. In bovine
tracheal smooth muscle (BTSM) slices, which co-express M, and M3; mACh receptors, mACh receptor
agonist stimulation produced an ERK activation profile consistent with that observed in the CHO-m2m3
cells (sustained response activated by low agonist concentrations). Further investigations of the
potential cross-talk between M, and M3 mACh receptors in regulating ERK activity in CHO-m2m3 cells,
using pertussis toxin to inactivate Gi, proteins, and receptor subtype-selective antagonists, to date have
proved inconclusive.

In conclusion, this study has provided the first evidence for a facilitatory interaction between M, and M3
mACh receptor signalling pathways in the regulation of both the duration and concentration-dependency
of ERK activation. Further work is required (i) to establish the precise contribution(s) of each mACh
receptor subtype in this cross-talk, (ii) to assess what the downstream consequences are with respect to
cell fate, and (iii) to establish whether what has been learned in CHO cells provides a paradigm for
tissues co-expressing M, and M3; mACh receptors.
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Chapter One: Introduction

The research contained within this thesis studies cross-talk between M,- and M;-muscarinic
acetylcholine receptors co-expressed in both recombinant model cell lines and in smooth

muscle tissue.

The release of acetylcholine by parasympathetic nerves is believed to be important in
regulating the contractile state of smooth muscle in both health and disease. Acetylcholine
mediates its intracellular effects by acting on nicotinic and muscarinic cholinoceptor
subtypes. Mixed populations of muscarinic receptors are found in many tissue types and
both M; and Mj receptor subtypes are found in smooth muscle. Initial functional studies
indicated that the M; receptor population was responsible for regulating the contraction of
most types of smooth muscle. However, using radioligand binding it was revealed, with only
a few exceptions, that the M, receptor subtype was predominant over the M; receptor. It was
found that M, receptors constitute between 70 and 90% of the muscarinic receptor
population in many types of smooth muscle with the remainder being M; receptors (reviewed
by Eglen et al., 1996a). This interesting phenomenon of nearly all smooth muscle tissue
types conserving a co-expressed mixed population of M, and M3 receptors is the basis of this
thesis and raises the question: “Does cross-talk exist between the two receptors and what
function does the M, receptor population fulfil in tissues?”. Muscarinic receptors belong to
the seven transmembrane-spanning domain superfamily of receptors coupling to
conventional second messenger pathways as well as activating mitogen-activated protein
kinases. The following discusses muscarinic receptors and their downstream signalling

pathways in detail.

1.1 Muscarinic acetylcholine receptors

In 1914, Dale classified the effects of acetylcholine into two types of response, one which is
mimicked by muscarine, and inhibited by atropine, and one which is mimicked by nicotine.
However, it was not until long after this that it became evident that there was more than one

subtype of muscarinic receptor.



1.1.1 Muscarinic acetylcholine receptors subtypes

Muscarinic acetylchoine (mACh) receptors were initially sub-divided pharmacologically,
using pirenzepine, into two subtypes (M;-neural and M,-heart; Hammer et al., 1980), then
later into three subtypes (M;-neural, M,-cardiac and Mj3-glandular /smooth muscle; Birdsall
et al,, 1983) by using such ligands as 4-diphenylacetoxy-n-methylpiperidine (4-DAMP).
Human mACh receptors have more recently been defined into five subtypes (M;-Ms)
through cloning techniques (Kubo et al., 1986; Bonner et al., 1987, 1988; for reviews see
Caulfield, 1993; Eglen et al., 1996a; Eglen and Nahorski, 2000)

All muscarinic receptors belong to the guanine-nucleotide binding protein (G-protein)
coupled receptor superfamily. All G protein-coupled receptors (GPCRs) are characterised by
a single polypeptide chain with seven hydrophobic transmembrane spanning regions linked
alternatively by intracellular and extracellular loops (Wess, 1993). The five muscarinic
receptor subtypes have a high amino acid sequence similarity within the seven hydrophobic
transmembrane spanning domains (¥90%). However, there is little sequence similarity in the
hydrophilic cytoplasmic and extracellular loops and tails (Wess, 1993). Molecular
characterisation of the five human receptor subtypes revealed their lengths to be 460, 466,
590, 479 and 532 for m1-m5, respectively. The large third intracellular (i3) loop is believed
to be critically involved in G protein-coupling (for reviews see Hulme et al., 1990; Wess,

1993; Felder 1995).
1.1.2 G proteins

G protein-coupled receptors are integral membrane proteins involved in the transmission of
signals from the extracellular environment to the cytoplasm through interaction with
heterotrimeric G proteins. Heterotrimeric G proteins are complexes consisting of three

subunits (existing as an a-GDP bound (inactive form) and By complex).

The signalling pathway observed with GPCRs, following the binding of the agonist (e.g.
- acetylcholine) to its specific receptor (e.g. muscarinic M, receptors) on the cell surface, is
initially a conformational change in the receptor allowing it to interact with a heterotrimeric
G protein (e.g. G;). The receptor-G protein complex facilitates guanine nucleotide exchange
on the o subunit and the GTP-bound a subunit (active) and By complex dissociate from the

receptor complex to initiate intracellular signalling responses respectively (See Figure 1.1;



Effector
Effector

Figure 1.1 Summary diagram of heterotrimeric G protein activation cycle (see text for

details).



also see Birnbaumer et al., 1990 for review). The intrinsic GTPase activity of the o subunit
catalyses the hydrolysis of a-GTP to a-GDP + P;, deactivating the G protein, the a-GDP
subunit then reassociates with By subunits. The intrinsic GTPase activity of the Go subunit
may be influenced by GTPase activating proteins (GAPs) including regulators of G protein
signalling (RGS) proteins (for review see De Vries and Farquhar, 1999).

G proteins are currently divided into four main subgroups based on their o subunits (o, o,
oq and a2/13), and presently 21, 5 and 12y subunits have been identified (Dhanasekaran et
al., 1998; Quitterer and Lohse, 1999). Interestingly, it has been proposed that this potential
for over 1000 combinations of heterotrimeric G proteins is essential in receptor signalling
specificity from such a diverse array of stimuli, with combinations of a,  and y proteins
distinct to receptor-effector combinations (for reviews see Gudermann et al., 1996;
Hildebrandt, 1997 and Kalbrenner et al., 1999). However, Quitterer and Lohse (1999) report
that By combinations generally lack coupling specificity suggesting that the Go subunit is
often predominant in determining the specificity of GPCR-G protein interactions (for

reviews see Neubig, 1998; Hall et al., 1999).

1.2 Muscarinic receptor signal transduction pathways

The muscarinic receptors M;, M3 and Ms preferentially couple, via Gg1 proteins, to
phospholipase C-mediated phosphoinositide hydrolysis, while M, and M, preferentially
couple, via Gy, proteins, to the inhibition of adenylyl cyclase (Caulfield, 1993; see Figure
1.2). A simple example illustrating the coordination of these two preferred signal
transduction mechanisms is the effect of co-stimulating M, and M3 mACh receptors in some
smooth muscle preparations. Mj; mACh receptor stimulation causes the generation of
inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG) initiating muscle contraction,
and contributing to the sustained phase of contraction, respectively (see 1.2.1
Phosphoinositide hydrolysis section below). The contribution made by M, mACh receptors
to the contractile response appears to be more indirect, perhaps involving a decrease in cyclic
- AMP concentration (and a decrease in cyclic AMP-dependent protein kinase activity; see
1.2.2 Inhibtion of adenylyl cyclase below) and providing an inhibitory input to prevent
adenylyl cyclase activation by agonists causing muscle relaxation (e.g. P-adrenoceptor
agonists). Although some studies have demonstrated a role for the M, mACh receptor in the
smooth muscle contractile response (Fernandes et al., 1992; Sawyer and Ehlert, 1999), others

4
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Figure 1.2 A Schematic representation of the signal transduction pathways from M2 and M3
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GO to their downstream second messengers. Dotted lines represent inhibitory mechanisms.

See text for details.



have suggested that M, mACh receptor stimulation plays little or no role under normal

physiological conditions (Roffel et al., 1995; see Eglen et al., 1996a for further discussion).

1.2.1 Phosphoinositide hydrolysis

As is shown in Figure 1.2, M3 muscarinic receptors preferentially couple to pertussis-toxin-
insensitive Gq / 11 G proteins (Caulfield, 1993) which lead to increased activation of the
membrane bound phosphoinositide-specific phospholipase C (PLC). There are a number of
1soenzymic forms (almost 20) of PLC, divided into PLCpB, PLCy and PLC& subtypes, (for
reviews see Rhee and Dennis 1996; Exton, 1996). It is the PLC-P isoenzymes that have has
been shown to be involved in signalling via Goig1; proteins (Exton, 1996). PLC has also
been shown be activated by GPy subunits of pertussis toxin-sensitive or -insensitive G
proteins (Blank et al., 1992; Camps et al., 1992), although whether By-subunits can activate

PLC-B per se, or require Gog remains uncertain (Chan et al., 2000).

The activation of PLC-B leads to increased hydrolysis of phosphatidylinositol 4,5-
bisphosphate (PIP;) producing inositol 1,4,5-trisphosphate (IP3) and sn-1,2-diacylglycerol
(DAG) (Nahorski et al., 1997). The increased production of IP; leads to the initiation of
contraction in smooth muscle via the release of endoplasmic reticular Ca®* stores (Berridge,
1993). Increased production of DAG within the membrane leads to the activation of a
number of types of protein kinase C (PKC), which in smooth muscle are believed to be
involved in the maintenance phase of contraction (Rasmussen, 1987) as the direct activation
of PKC with phorbol esters has been shown to cause a slowly developing contractile

response (Rasmussen, 1987).

1.2.2 Inhibition of Adenylyl Cyclase

The M, receptor preferentially links via pertussis toxin-sensitive G; subtypes of G proteins to
inhibit the activity of adenylyl cyclase (Caulfield, 1993). The family of adenylyl cyclase
isoenzymes is now known to contain at least nine types, each with 12 transmembrane
spanning domains, and they are differentially regulated, e.g. stimulated or inhibited by Ca**
or Gg, subunits (for reviews see Cooper et al. 1995; Sunahara et al., 1996; Simmonds, 1999).
The inhibition of adenylyl cyclase activity reduces levels of cyclic AMP (cAMP) production,

and decreases protein kinase A (PKA) activity, which can then have an inhibitory influence
6



on effects caused by G;-linked receptors, for example B-adrenoceptors, therefore putatively

counteracting smooth muscle relaxation mediated by the latter (Eglen et al., 1994).

1.2.3 Coupling of M, and M; mACh receptors to other signalling pathways

M; mACh receptors have been shown to signal via both Go (inhibition of cAMP
accumulation) and Gy subunits. Gi-derived Py-subunits may regulate PLC, Phospholipase
A; (PLA,;), sphingosine kinase and PI3-kinase, which has been suggested to be a requirement
of G;j signalling to MAPK activation (Lopez-Ilasca et al., 1997; also see Section 1.6). GPy
are known to be important in regulation of ion channels including G protein-dependent
inwardly-rectifying K™ channels (GIRKs, Leaney and Tinker, 2000); N- and P/Q-type
voltage-operated Ca”" channels (VOCCs) and non-selective cation channels (see Eglen et al.,

1996a; Wang et al., 1997; Zholos and Bolton, 1998; Wang et al., 1999)

M; mACh receptors have been shown to regulate a variety of cellular effector targets in
addition to PLC activity, however there has been difficulty in distinguishing whether the
particular pathways are independent or downstream of IP3/Ca’* release or DAG/PKC
activation (PLC inhibitors e.g. U73122 have proven to be poor pharmacological tools). Mj;
receptors couple efficiently to PLA; and phospholipase D (PLD) as well as PLC activities.
M, and M; receptor function has also been shown to include regulation of ion channels and
the MAPK pathway (for reviews see Caulfield, 1993; Gutkind, 1995 and see Section 1.6).
Recent reports have suggested muscarinic receptor activation in smooth muscle causes
cytoskeletal changes, which may be brought about via a Gq (or G213, see Kozasa et al.,
1998) -dependent activation of the Rho small GTPase family (Hirshman and Emala, 1999;
Linesman et al., 2000).

1.2.4 M,/ M3 receptor regulation

Upon chronic exposure to agonist GPCRs, including muscarinic receptors, have been shown
to be phosphorylated by G protein receptor kinases (GRKs) or PKC as well as other kinases
including PKA and perhaps casein kinase 1a. (Wess, 1993; Tobin et al. 1996). Subsequent to
phosphorylation GPCRs have been demonstrated to internalise in clathrin-coated pits,

involving the binding of arrestin and dynamin (for reviews see Lefkowitz, 1998; Ceresa and

7



Schmid, 2000; Ferguson, 2001). Phosphorylation with GRKs has been associated with
homologous desensitisation and PKC with heterologous desensitisation (Wess, 1993).
However, M, receptors differ from M3 muscarinic receptors and classical GPCRs as they can

internalise by a dynamin-insensitive, as yet unclasssified pathway (Roseberry et al., 2001).

1.3 Profile of muscarinic receptor subtype distribution in smooth muscle

tissues and commonly used antagonists

Mixed populations of muscarinic receptors are found in many tissue types and both M, and
Mj3; receptor subtypes are found in smooth muscle. Although the muscarinic receptors have
been the focus of many signalling pathway studies, these have often been frustrated by the
lack of subtype-specific or -selective ligands. Due to the lack of subtype-specific agonists,
antagonists are used to discriminate between the receptor subtypes. Profiles of the limited
‘selectivity windows’ of some commonly used muscarinic antagonists are summarised in
Table 1.1 below. Table 1.1 shows that tripitramine (M;>M3) and darifenacin (M3>M,) have
the ‘greatest selectivity window’ for discriminating between M, and M3 receptors, with the
former compound exhibiting >100 fold selectivity. Pharmacological dissection of mACh
receptor distribution has been characterised by comparing relative affinity profiles using the
antagonists mentioned above. Initial functional studies had indicated that the M; population
is responsible for regulating the contraction of most types of smooth muscle. However,
using radioligand binding it was revealed, with only a few exceptions, that in fact the M,
subtype population was predominant over the M;. It was found that M, receptors made up
between 70 and 90% of the muscarinic receptor population in smooth muscle with the
remainder being M; receptors (Eglen et al.,, 1996a). For example, Eglen et al., (1996a),
reported M, receptor populations in lung tissue of young guinea-pigs making up 73% of the
muscarinic receptor population (and the M3 23%). However, it should be noted that isolated
rat uterus studies disclosed a tissue type demonstrating a predominant M3 (= 65 %) over M,
(=35 %) receptor population (Choppin et al., 1999). Examples of receptor ratios in typical

smooth muscle tissues are given in Table 1.2 below.

1.4 Muscarinic gene-knockout studies

Using pharmacological dissection profiles and receptor antibodies it has been possible to
establish muscarinic receptor distributions and some function significance. However, with

the recent advancement of gene knockout methodologies (Offermans, 1999) it has become



Antagonist M, M, M; M,y M;s
Atropine' 9.1 8.9 9.5 9.2 9.1
Pirenzepine' 8.0 6.3 6.8 7.0 6.9
Methoctramine' 6.6 7.6 6.1 6.9 6.4
Tripitramine’ 8.8 9.5 7.4 8.2 7.5
Darifenacin’ 7.8 7.0 8.9 7.7 8.1

Table 1.1 Antagonist profiles in radioligand binding assays at muscarinic receptors
recombinantly expressed in Chinese hamster ovary (CHO) cells. Affinity profiles are shown
as pK; (pKi = - log K;) (Adapted from 'Table 3 Hedge et al., 1997 and “Table 1 Maggio et al.,
1994).



Tissue Species ratio of M,:M; reference
mACh receptors
Ileum Guinea Pig 65:35 % Michel & Whiting 1987
Stomach Human 79:21% Bellido et al, 1995
Colon Human 76:24 % Gomez et al., 1992
Trachea Cow 74:26% Roffel et al., 1988
Guinea-pig 52:48 % Haddad et al, 1991
Rabbit 83:17% Mahesh et al., 1992
Bladder Rat 87:13 % Monferini et al., 1988

Table 1.2 Examples of mACh receptor subtype distributions in smooth muscle tissues
determined in competition radioligand binding studies (adapted from Table 8; Eglen et al,,
1996a)
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possible to investigate unambiguously the physiological roles of the individual muscarinic
receptors (for review see Birdsall et al., 2001). M, muscarinic receptor gene knockout studies
showed M, to play a key role in mediating muscarinic receptor-dependent movement,
temperature control and antinociceptive responses (Gomeza et al., 1999). Stengel and
colleagues (2000) found no effect of M, receptor knockout on stomach fundus, urinary
bladder or tracheal contractility in mice. In contrast studies of M, receptor knockout mice
were shown to have somewhat different contractile profiles in stomach fundus, urinary
bladder and trachea as well as inducing bradycardia. Studies on the PLC-linked mACh
receptors showed M, receptor knockout mice to have no behavorial or histological defects,
but M; receptors were shown to modulate M current (K current) in sympathetic neurons
(Hamilton et al, 1997). Mj receptor knockout studies showed their important role in salivary
secretion, papillary constriction, bladder detrusor contraction and receptor-mediated

facilitation of food intake (Matsui et al., 2000, Yamada et al., 2001).

Although the M, ‘knockout’ studies provide some insight into M,-mACh receptor function
in vivo, questions remain as to what is the true function of the M, receptor population in
smooth muscle, as it has little apparent direct effect on the contraction of smooth muscle per
se, and why are M, receptors present at such high levels in smooth muscle tissue? A clear
understanding of the cellular physiology of smooth muscle is desired since dysfunction of the
smooth muscle may be important in disorders such as asthma, urge incontinence and irritable
bowel syndrome. It is therefore important to understand the physiological significance of the
co-expression of M, and M; receptors in smooth muscle cells. Although as described above
M, and Mj receptors may be involved in the contraction of smooth muscle they may both
also influence cell proliferation and differentiation, and potentially other cellular responses

that involve mitogen-activated protein kinases.

1.5 Mitogen-activated protein kinases

1.5.1 The mitogen-activated protein kinase (MAPK) cascade

Since the late 1980s there has been many advances in the area of research of mitogen-
activated protein kinases (MAPKs) and how extracellular signals can result in nuclear
signalling events controlling such important cell consequences as proliferation,
differentiation or apoptosis. The first MAPK to be discovered was microtubule-associated

protein 2 (MAPK-2, later to be called ERK2) by Ray and Sturgill in 1987, which they
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isolated from insulin-stimulated 3T3-L1 adipocytes (Ray and Sturgill, 1987). Following the
initial discovery of ERK2 in 3T3-L1 adipocytes this kinase has been shown to be
ubiquitously expressed in eukaryotic cells, and can be activated by receptor tyrosine kinases

and G protein coupled receptors (both of which are discussed below). A number of related
proteins have now also been isolated and constitute a family of mitogen-activated protein
kinases divided into subfamilies, that are categorised through their sequence similarity,
mechanisms of upstream regulation and downstream substrates. Initially mitogen-activated
protein kinase (MAPK) was a title used to describe only extracellular-signal regulated
kinases (ERKs), but following the discovery and analysis of other closely related protein-
directed serine/threonine kinases, MAPK was more widely used to describe the whole group
of kinases including c-Jun N-terminal kinase (SAPK/JNK) and p38 homologues. The
MAPK family now consists of at least 12 members which are grouped into five subfamilies,
of which the best characterised are the Extracellular signal-Regulated protein Kinases

(ERK), the c-Jun NH,-terminal Kinases (JNK) and p38 subfamilies.

The MAPKSs are serine/threonine kinases and are themselves situated in a phosphorylation
cascade of three kinases acting sequentially (for reviews see Davis, 1993; Blenis, 1993; Cobb
and Goldsmith, 1995; Robinson and Cobb, 1997). MAPKSs are activated by the dual
phosphorylation of a threonine and a tyrosine residue within the protein kinase subdomain
VIII (Davis, 1993). This activation was shown, by Anderson and co-workers, not to be due
to two upstream protein kinases, but due to a single, dual specificity kinase which catalyses
phosphorylation of both residues (Anderson et al., 1990). The dual specificity kinases are
known as MAPK kinases (MAPKK, MKK or MAPK Kinase/ERK kinase, MEK) and the
first to be identified was MEK1 (45kDa). MEKs are themselves in turn activated through
phosphorylation on serine and threonine residues by a MAP kinase kinase kinase

(MAPKKK, MKKK or MEKK).

The best studied and understood MAPK activation pathway is that leading to the activation
of ERK 1/2 (see Figure 1.3). The ERKs belong to a family of protein-serine/threonine
kinases of which there are two original members ERK 1 (44 KDa) and ERK 2 (42 KDa)
which have 90% identity, more recently there has been the discovery of a further four
isoenzymes of ERK, and a splice variant of ERK1 (ERK1b) has also been reported by Yung
and colleagues (Yung et al., 2000).

12



Upstream ERK JNK/SAPK p38
signals pathway pathway pathway
Grb/Sos
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Y Ras Rac / Cdc42
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transcription factors e.g. Elk e.g. c-Jun e.g. ATF-2

Figure 1.3 A schematic diagram showing the MAPKs pathways. Boxed on the left is the
generic MAPK pathway (Adapted from Robinson and Cobb, 1997).
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ERK 1/2 isoforms are specifically activated enzymatically by MEK1 and MEK2. MEK1/2
in turn has been shown, by Kyriakis and colleagues (1992), to be activated immediately
upstream by c-raf-1 (a MAPKKK) through phosphorylation of serine residues 218 and 222
(Kyriakis et al., 1992; Dent et al., 1992; Zheng and Guan, 1994). There are three known
isoforms of raf (c-raf-1, A-raf and B-raf, for review see Kolch, 2000). Although unclear in
all cell systems, the activation of Raf has been linked to the integration of a number of
mitogenic signals, including those from PKC and the monomeric G protein Ras. It is
believed that activated Ras acts to recruit Raf to the plasma membrane, through its amino

terminal region, where it is subsequently activated (Stokoe et al., 1994).

The c-Jun NH,-terminal kinases (JNKs) of which there are two best characterised isoforms
JNK1 (46kDa) and JNK2 (55KDa) were identified by their phosphorylation of serine
residues 63 and 73 in the amino terminal of the transcription factor c-Jun (Dérijard et al.,
1994; Gupta et al., 1996). These kinases were initially known as the stress-activated protein
kinases (SAPKs) due to their activation by cellular stress, UV light, osmotic shock, -
radiation and inflammatory cytokine stimulation. Whereas the threonine and tyrosine residue
sequence for activation of ERK 1/2 is separated by a glutamic acid residue (TEY), JNK and
p38 isoforms also have the TXY sequence conserved in subdomain VIII of the catalytic
domain, however the separating residue is proline (TPY) and glycine (TGY) respectively
(Robinson and Cobb, 1997). The two best characterised JNKs, JNK1 and JNK2 are
activated specifically by MEK 4 (MKK4) (Waskiewicz and Cooper, 1995), however MEK 4
itself can also phosphorylate some p38 isoforms. Recently, MEK 7 (MKK7) has also been
identified as a specific activator of JNKs (Moriguchi et al., 1997; Tournier et al., 1997).
Work by Deacon and Blank has shown that both MEKK2 and MEKK3 can activate the
MEK4 (MKK4) and MEK7 (MKK 7), leading to JNK activation (Deacon and Blank, 1999).
MEKK activation in the JNK and p38 pathways has been shown to involve two Ras-related
proteins, namely Rac and Cdc42 (Minden et al., 1995, Coso et al., 1995a) and does not
involve Raf (Minden et al., 1994). Candidate MAPKKKs in the JNK pathway that are
activated by Rac and Cdc42 include the mixed-lineage kinases (MLKs) (for reviews see
Robinson and Cobb, 1997; Garrington and Johnson, 1999; Chang and Karin, 2001; Davis,
-2000).

Four isoforms of p38 MAPKSs, p38 a, B, y and & have been identified (also known as
SAPK2a, 2b, 3 and 4) which have all been shown to be activated by the upstream kinases
MKK3 and MKK6 (for review see Nebreda and Porras, 2000). Substrates for p38 MAPKs
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have been shown to include transcription factors, such as ATF2, and other protein kinases
such as MAPKAPK?2.

As reviewed by Robinson and Cobb, there can be cross-talk between the ERK, JNK and p38
MAPK signalling modules (Robinson and Cobb, 1997; see Figure 1.3). However, while Raf
is the MEK kinase specific to the ERK activation MEKK1-3 may activate MEKs of the
ERK, JNK or p38 pathways (see Figure 1.3).

ERKS (predicted to contain 815 amino acids) is approximately twice the size of other known
ERKSs and does not interact with MEK1 or MEK2, but was identified following the report of
a new MEK, termed MEKS by Zhou and colleagues (Zhou et al., 1995). The finding that
MEKS contains unique amino acid sequences in its N terminus led them to suggest that
MEKS may interact with GTPases such as Cdc42. Also sequences in the C terminus of
ERKS may target this kinase to cytoskeletal elements, however direct supporting evidence

for this idea is presently lacking.

The ability of different MAPK pathways to be selectively regulated is thought to be
achieved, in part, through their association with scaffolding and anchoring proteins which
have also been suggested to facilitate the kinase activation cascade by holding the kinases in
a conformation which enhances their interactions. Examples of MAPK cascade scaffolds are
MAPK kinase (MEK) partner 1 (MP1), JNK interacting protein (JIP1), and JNK/SAPK
activating kinase suppressor of Ras (KSR) (for review see Burack and Shaw, 2000). Dickens
et al. (1997) have shown JIP1, a cytoplasmic protein, to bind to JNK, but not ERK or p38,
and in a later study by the same group (Whitmarsh et al., 1998) using co-precipitation
showed JIP1 to bind mixed lineage kinase 3 (MLK3, member of the group of MEKKSs) and
MKK?7 (JNK activator) and to facilitate JNK activation, but not MKK3 or MKK6 (p38
activators) or c-Rafl or MEK1 (ERK activators). Therefore, although there are an increasing
number of MAPK scaffolding candidate proteins much has yet to be learnt about this

fascinating recent development.

-1.5.2 Downstream targets of MAPKSs

The activation of extracellular signal-regulated kinases (ERKs) can occur in response to
mitogenic stimulation. ERKs appear to play an important role in mitogenic signalling, as

blocking their activation can prevent cell proliferation, and constitutive activation of the
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MAPK pathway is sufficient for tumorigenesis in a wide range of cell-types (Pagés et al.,
1993; Gutkind, 1998b). In their activated (phosphorylated) form the MAPKs can directly
regulate gene expression by phosphorylating a large number of substrates including cytosolic
enzymes (e.g. cPLA;), membrane-associated proteins (e.g. epidermal growth factor (EGF)
receptor, Northwood et al., 1991) and the nuclear transcription factors, c-Jun, c-Fos and c-
Myc (by phosphorylated JNK), ATF-2 (p38) and Elk (ERK, Gille et al.,, 1992). After
mitogenic stimulation MAPKSs translocate from the cytoplasm to the nucleus (Khokhlatchev
et al., 1998) which is a requirement for cell cycle entry (Brunet et al., 1999). The first target
of JNK to be studied was c-Jun, which is phosphorylated on the serine residues 73 and 63
(Dérijard et al., 1994), and is part of the AP-1 transcription factor that regulates key genes
involved in cell proliferation (Bohmann et al, 1987). Pageés et al. (1993) showed a
requirement for ERK activation to induce fibroblast proliferation. Fukuda et al. (1997)
demonstrated how MAPK is localised to the cytoplasm through its specific association with
MEK (MAPKK) and that the nuclear accumulation of MAPK, following its activation
through dual phosphorylation, is accompanied by dissociation of a complex between MAPK
and MEK. Interestingly, recent reports have commented on how phosphorylation of ERK2
causes it to dimerise with phosphorylated or unphosphorylated ERK2, which is thought to
promote nuclear localisation of ERK2 (Khokhlatchev et al., 1998; Cobb and Goldsmith,
2000). It appears that the nuclear translocation of MAPKs represents a crucial step in the
regulation of its transcription factor substrates and therefore gene expression. The regulation
of gene transcription by MAPKSs is reviewed by Hill and Treisman (1995), Karin and Hunter
(1995) and Triesman (1996).

Marshall (1995) has emphasised that the duration, as well as the magnitude, of the MAPK
activation is probably critical to cell signalling decisions. The duration of ERK activation is
likely to be important in determining the amount of ERK which translocates to the nucleus in
order to phosphorylate transcription factors and alter gene expression. Therefore, it is likely
that not only the magnitude of the MAPK activation, but also its longevity, is decisive in
determining the phenotypic outcome of MAPK activation. It has been found in PC12 cells
that when ERK activation is transient it is not associated with cell differentiation, whereas
- sustained activation of ERKs produced differentiation (reviewed Marshall, 1995). Alblas et
al. (1996) have shown also that sustained MAP kinase activity (induced by nerve growth
factor) influences neurite outgrowth and differentiation, whereas transient activation

(induced by epidermal growth factor) initiates a mitogenic signal.
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Substrates for MAPKs include nuclear transcription factors, non-nuclear substrates such as
the protein serine/threonine kinase p90™, cytoskeletal proteins and cytosolic PLA, (CPLA,).
cPLA,; catalyses the release of arachidonic acid from phospholipids in membranes and is one
of the rate-limiting steps in the synthesis of prostaglandins, thromboxanes and leukotrienes.
Some members of the MAPK cascade have also been shown to act as substrates for activated
MAPKSs suggesting potential complex feedback modulation. For example Anderson and
colleagues showed that Raf-1 may be a substrate for MAP kinase in vivo (Anderson et al.
1991), MEK has also been shown to be a MAPK substrate and proposed to be involved in
negative feedback control of the MAPK cascade (Brunet et al., 1994). Also Bornfeldt et al.
(1997) reported MAPK activation either stimulating cell proliferation or inhibiting cell
proliferation. through activation of cPLA; and subsequent PKA inhibition of cell cycle

progression depending on availability of specific downstream enzyme targets.

Having realised the importance of MAPK activation in cell survival and cell death, and the
varied downstream targets of MAPKSs, it is important to consider how the magnitude and
duration of their signalling may be regulated, especially as the activation of transcription
factors has been linked to prolonged activation of MAPKs leading to their translocation from
the cytoplasm to the nucleus. The determinants of this biological effect are the critical
balance between the upstream activators and the complex regulatory network of protein
phosphatases (for reviews see Denhardt, 1996, Keyse, 2000). Phosphatases may inactivate
MAPKSs by dephosphorylating either or both the threonine and tyrosine residues required for
activation, through tyrosine specific phosphatases, serine/threonine-specific phosphatases or
by dual specificity (threonine/tyrosine) protein phosphatases. There are at least nine
members of the MAPK phosphatases which can specifically target different members of the
MAPK superfamily and these are reviewed by Keyse (2000). The pathways leading from
extracellular signal to MAPK activation are complicated and involve many stages, at each of
which there can be the potential for regulation, which can affect the final MAPK signal. For
example, the influence of Ras GTPases upon duration of Ras activation and hence Ras-
dependent MAPK activation, or the GTPase activity of the heterotrimeric G-protein linking
to the receptor in GPCR-mediated MAPK activation.
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1.5.3 Activation of the mitogen-activated protein kinase cascade

1.5.3.1 Receptor tyrosine kinase (RTK) activation of MAPK

MAPKSs can be activated by stimuli such as growth factors, hormones and neurotransmitters
either, via agonist stimulation of G protein-coupled receptors (GPCRs) or tyrosine kinase

receptors (Faure et al., 1994).

The original and best understood pathways to be studied leading to MAPK activation was
through receptor protein tyrosine kinase (RTK) activation (for reviews see Van der Geer et
al., 1994; Pronk and Bos, 1994, see Figure 1.4 for a diagram of RTK activation of MAPK
cascade). Receptor protein kinases include growth factor receptors such as epidermal growth
factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR) which signal
through p21Ras and the MAPK cascade (see above) leading to differentiation or
proliferation. RTKs, with some exceptions (e.g. the insulin receptor), are single polypeptide
chains which traverse the cell membrane once, and contain a tyrosine kinase domain within
the intracellular portion of the protein. Upon stimulation, RTKs (e.g. EGFR) dimerise,
which causes the receptors to transphosphorylate tyrosine residues in their C-terminal tail
(Heldin, 1995), and this is presumed to occur by a ligand-induced conformational change. It
is believed that this autophosphorylation causes a secondary conformational change and
phosphotyrosine residues on the dimerised receptor act as docking sites for substrates
containing Src homology-2 (SH2) domains. These substrates include adaptor proteins (e.g.
growth-factor-receptor binding protein 2 (Grb2), or Shc, a non-enzymatic adaptor protein),
which are intermediates between RTKs and downstream signalling molecules, and effector
molecules (e.g. PLCyl, Ras-GAP) whose activity can be altered directly by phosphorylation
(Van der Geer et al., 1994).

Many studies have focused on the downstream signalling from the EGF receptor and have
shown that stimulation of this receptor leads to the recruitment of a complex between Grb2
‘and mammalian Son of Sevenless (mSos) to the autophosphorylated receptor and the
subsequent phosphorylation of mSos (Batzer et al., 1993). Grb2 contains a SH2 domain,
which binds it to the autophosphorylated EGFR, and two SH3 domains, which bind to the
proline rich sequences of mSos (Rozakis-Adcock et al., 1993). mSos is a guanine-nucleotide

exchange factor (GNEF) and once recruited it catalyses the exchange of GDP for GTP on
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Ras (a monomeric G-protein) leading to its activation. The Ras protein is associated with the
inner face of the plasma membrane (Lowy and Willumsen, 1993) and it is the binding of the
adaptor protein Grb2 to the autophosphorylated receptor and mSos forming a complex which
brings the mSos to the plasma membrane where it promotes Ras activation through

GDP/GTP exchange (Gale et al., 1993; Buday and Downward, 1993).

Shc, an adaptor protein with an SH2 domain and a phosphotyrosine binding (PTB) domain,
like Grb2, can also bind to the autophosphorylated RTK dimer, and once bound is itself
tyrosine phosphorylated creating a docking site for the Grb2/mSos complex and subsequent
Ras activation (Pelicci et al. 1992, Rozakis-Adcock, 1992). Ras activation is controlled by
mSOS, a Guanine-nucleotide exchange factor (GNEF), which activates the monomeric G
protein by promoting the exchange of GDP for GTP, and by GTPase activating proteins
(GAPs) which inactivate Ras by promoting the rapid hydrolysis of GTP to GDP. Once
activated, Ras (GTP bound) may function to recruit the serine kinase Raf-1 to the plasma
membrane where its kinase activity is activated by an as yet unknown mechanism. Ras
interaction with Raf is believed to reveal the catalytic domain of Raf from the regulatory (N-
terminal) domain, leading to the activation of MEK and the MAPK cascade (see above).
However, a recent study by Inouye et al. (2000) has suggested that Ras forms a dimer when
associated with the plasma membrane and that this is essential for subsequent Raf-1

activation.

The subsequent activation of the MAPK cascade has been the centre of much research and
the discovery that either growth factor or oncogenic ras activation of MAPKs could be
attenuated following expression of a dominant-negative form of c-raf-1 and the knowledge
of Raf activating MEKs in the MAPK cascade (see above) showed Ras to be positioned
upstream of Raf activation (see Malarkey et al., 1995, for review). c-Src, a non-receptor
tyrosine kinase has also been linked to the activation of the MAPK cascade through Ras, by
binding to the autophosphorylated receptor. Once phosphorylated c-Src can activate Ras
possibly through phosphorylation of Shc and subsequent activation of the Grb2/mSos
complex (Gould and Hunter, 1998) and is thought to be important in GPCR signalling to
“MAPK through transactivation of a RTK (see below).

While most studies have centred on RTKs leading to activation of the ERK cascade, JNK
and p38 subfamilies have also been shown to be activated by receptor tyrosine Kinases, via a

Ras-dependent pathway (Minden et al., 1994).
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1.5.3.2 GPCR-mediated MAPK activation

Since the discovery in the early 1990s that stimulation of GPCRs can signal to MAPK
activation, and thus have wide ranging effects, including cell proliferation and
differentiation, this pathway has become the basis of intense study and, despite the
accumulating amount of research, is still only partially understood (for reviews see Malarkey
et al., 1995; Gutkind, 1998a and 1998b; Dhanasekaran et al., 1998; Lopez-Ilasca, 1998). For
example, research by Faure et al. (1994) in COS-7 cells demonstrated a Ga,-protein-
mediated increase in cAMP leads to ERK activation, Vossler et al. (1997) also demonstrated
a cAMP-mediated ERK activation in PC12 cells. However, Crespo et al. (1995) show Go -
cAMP an mediated inhibitory signal to ERK activation (for further discussion of cAMP to
MAPK signalling, see below). In addition, Williams et al. (1998) showed that activation of
MAPKSs by Gi, Gg11 and Gs-coupled adrenoceptors is very different between fibroblast and
neuronal cells. The overall theme from the accumulation of research in the field is that the
final MAPK signal is a cell type-, receptor- and G protein-specific pathway, and may proceed
via Ras, Raf, PKC, phosphoinositide 3-kinase (PI3 kinase) and involve Ga- or GBy-subunits
and non-ligand induced phosphorylation of RTKs (termed transactivation). I will now
summarise research relevant to this thesis, with an emphasis on ERK activation by GPCRs,
which is the most widely studied MAPK pathway regulated by Gi- (M) and Gg- (M3)

coupled receptors.

1.5.3.2.1 Gi- and G- protein-mediated MAPK activation

It has been shown in COS-7 cells expressing M; (Gq-coupled) or M, (G; -coupled)
muscarinic receptors that agonist stimulation of either Gj-coupled (pertussis toxin-sensitive)
and Gg/11-coupled (pertussis toxin-insensitive) receptors can activate MAPK activity (Crespo

et al., 1994b; see also Figure 1.5).

While Gi- and Gg- coupled receptors appear to initiate very different signalling cascades
proximal to the receptor (inhibition of adenylyl cyclase, or hydrolysis of PIP,) they have been
shown to have similar or related MAPK activation effects. For example, it has been reported
recently by Wylie et al. (1999) that muscarinic M, and M; receptors stably expressed in CHO
cells show an identical ERK activation profile in terms of time-course, magnitude and
concentration-dependency. However, the pathways linking receptor activation to ERK have

been shown to be very distinct with G; signalling proceeding through Gg,-subunit activation
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of the MAPK cascade in a Ras-dependent manner and G, proteins signalling via G, subunits
and the subsequent increase in DAG (and Ca’") activating PKC, which has been shown to
activate Raf (Kolch et al., 1993) and thus the MAPK cascade.

Faure et al. (1994), reported that Gg-coupled receptors, in COS-7 cells, stimulate the MAPK
pathway by increasing phosphoinositide turnover through the G, subunit and thus
stimulating PKC which can activate key proteins in the MAPK cascade (e.g. Raf). Further
Granef et al. (1998) have subsequently shown that sequential activation of Gy,
phosphatidylinositol 3-kinase B and protein kinase Ce led to MAPK activation in SW-480

cells.

Hawes et al. (1995) have used both CHO and COS cells expressing adrenoceptors (a4 AR-
Gi-coupled, and ;g AR-Gg-coupled) or muscarinic receptors (M- Gq- coupled), and using
dominant-negative Ras and Raf mutants and PKC depletion (via chronic phorbol ester
treatment) to examine MAPK activation by GPCRs. They described Gq-coupled MAPK
activation to be mediated by the Gog subunit in a PKC-dependent and Ras-independent
pathway that could not be dissociated from its activation of PLC, with PKC activating the
MAPK cascade at the level of Raf. However, the pathway they described linking G; coupled
receptors to MAPK activation was Ras-dependent, PKC-independent, dissociable from its
activation of PLC, and mediated by Gg, subunits. However, Crespo et al. (1994a) showed
M, muscarinic receptor-mediated Raf-1 activation, in NIH 3T3 cells, was not via a PKC-
dependent pathway. Other studies have also shown that the activation of ERK by G; protein-
coupled receptors may occur through the By-subunit complex of heterotrimeric G-proteins
acting on a Ras-dependent pathway (Crespo et al., 1994b, Winitz et al., 1993). However,
Crespo et al. (1994b) showed M, muscarinic receptors (G;j) activated ERK by By subunits, by
over-expression of the a subunit of transducin (o) to sequester free By dimers and inhibit the

ERK activation, and also found this to be the case for M; (Gg) receptors.

Contrary to the findings of Hawes et al. (1995) in COS and CHO cells, Della Rocca et al.
(1997) suggested that in HEK 293 cells expressing o,;p adrenoceptors (Gg/1-coupled) and
cells expressing apa receptors (Gi-coupled) the signals converge at PLC (as shown in Figure
1.5) and proceed via a Ras-dependent pathway, involving the calcium-dependent activation
of Src family kinases and a sequence of events leading to the activation of MAPKSs, possibly

by transactivation of a tyrosine kinase receptor (see below).
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Interestingly the idea that MAPK signalling by GPCRs is dependent on cell background was
vividly shown by some elegant work by Williams and colleagues (Williams et al., 1998),
where they studied the coupling of three different adrenoceptors inducibly expressed in PC12
cells, coupled to three different G proteins (1a/Gg11, 02/Gi, and B/Gs) to the activation of
MAPKSs. They showed that all three receptors coupled to their respective classical second
messenger pathways and while the G¢/11 and G; -coupled receptors did activate ERK, G; did
not. Since Hawes et al. (1995) and Della Rocca et al. (1997) observed Gi-mediated ERK
responses, whereas Williams did not, they proposed that this may be explained by the
expression of Ga, in neuronal cells, such as PC12 cells. This speculation was based on the
recent finding that Gg, signalling can be inhibited by expression of Ga, -subunits (Yamauchi
et al., 1997a).

Interestingly recent work by Slack (2000) in HEK cells stably expressing M3 muscarinic
receptors (Gg) reported a MAPK activation which was mediated by two pathways; one of
which is PKC-dependent and one which is transduced through the EGF receptor and Src (see
transactivation section below). Luttrell and colleagues also showed with LPA stimulation
that pertussis toxin-sensitive GPCR activation of MAPK in COS-7 cells is Gy subunit-
mediated, proceeding via a Shc-Src complex, mSOS, Ras and Raf (Luttrell et al., 1996). It
has also been shown that stimulated G;-coupled muscarinic receptors (M;) cause rapl GAPII
(a Rapl GTPase activating protein) to translocate from the cytosol to the plasma membrane
and to decrease the amount of GTP bound to Rapl (Mochizuki et al., 1999). Rap 1 is
thought to inhibit MAPK activation through antagonising Ras (Cook et al.,, 1993a), and
therefore this is another mechanism of Goy-subunit-mediated enhancement of ERK

activation.

Indeed, it has been shown recently that both G;- and Gg-coupled receptors in COS-7 cells
(lysophosphatidic acid (LPA) and M; mACh receptors respectively) cause transactivation of
the EGF receptor upstream of MAPK activation (see below and Daub et al., 1997). It is
apparent that GPCR signalling to MAPK involves multiple components, including
components of the RTK signalling, Ras, non-receptor tyrosine kinases such as Src and
PYK2, as well as PKC isoforms and PI3 kinase (PI3 kinase, Duckworth and Cantley, 1997).
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1.5.3.2.2 G, G,- protein and cAMP protein kinase-mediated MAPK activation

As mentioned above, the study by Williams and colleagues (Williams et al., 1998) in PC12
cells reported Gs-coupled receptor (B-adrenoceptor) activation of ERK, JNK and p38. Ga,
proteins have been shown to activate MAPK in CHO cells through a PKC-dependent, but
Ras-independent signalling pathway (van Biesen et al., 1996), as well as to inhibit MAPK
activation through Gg, subunits from other (G;) G protein activation (Yamauchi et al.,
1997a). Since M3 receptors have been shown to promiscuously couple to Gos-proteins
(Burford and Nahorski, 1996; Boxall 1998; Akam et al., 2001) causing an increase in cAMP
levels, it is also important to consider the possible pathways mediating G, stimulation of
MAPK pathways.

Receptors acting through G proteins (e.g. B adrenoceptors) have been proposed to have a
dual effect on MAPK activation, thus while Gs-derived By subunits may cause MAPK
activation, the Go, subunit through stimulation of adenylyl cyclase activity and the
subsequent increase in cAMP, causes inhibition of MAPK activation (Crespo et al., 1995).
Recently, it has been shown by Daaka and colleagues that G-protein coupled receptor kinases
(GRKS5) and B-arrestins, which uncouple GPCRs and target them for internalisation, function
as important components in the B,-adrenoceptor-mediated activation of MAP kinase in
HEK293 cells (Daaka et al., 1998, reviewed by Lefkowitz, 1998). However, it has been
shown by Budd et al. (1999) that this phenomenon is probably both cell-type and receptor-
specific, as by using both inhibitors of endocytosis and a M3;-muscarinic receptor mutant that
does not internalise they showed receptor endocytosis in CHO-m3 cells is not essential for
ERK activation. However, G; signalling may be more complicated than originally thought,
as Daaka and colleagues have reported ‘switching’ of G protein coupling of the
adrenoceptor via a Gos /PKA -mediated mechansim to Go; ERK activation (Daaka et al.,
1998).

As mentioned above the cell background may greatly influence the signalling pathway, since
research by Faure et al. (1994) in COS-7 cells demonstrated that a Go,-protein-mediated
increase in cAMP leads to ERK activation, (as did Vossler et al., 1997, in PC12 cells),
however Crespo et al. (1995) showed a Go,-cAMP-mediated inhibitory signal to MAPK
activation. It has been proposed that cAMP activation of PKA causes it to phosphorylate c-
Raf-1 within the regulatory domain preventing its binding to Ras (Hordijk et al., 1994), or
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PKA phosphorylation of Rap-1 causes it to compete with Ras for Raf (Cook et al., 1993b).
MAPK activation by Gq-coupled receptors, in rat airway smooth muscle cells was reported to
be significantly inhibited by activation of PKA, and elevation of cAMP (by forskolin)
attenuated proliferation, as measured by [*H] -thymidine incorporation (Shapiro et al., 1996).

1.5.3.2.3 Role of PI3-Kinase in MAPK signalling

Using COS-7 cells and overexpression of PI3K~y, Lopez-Ilasaca et al. (1997) showed PI3K-y
signalling to ERK activation occurred through a tyrosine kinase, Shc, Grb2, Sos, Ras and Raf
mediated pathway (see Transactivation section below). They also went on to demonstrate
that M,-muscarinic receptor activation of ERK was mediated by Gg, subunits and PI3K-y. It
is possible that the Gg, subunits recruit PI3K-y to the plasma membrane, enhancing the
activity of a Src-like kinase. Bondeva et al. (1998) have also suggested that PI3Ky must be
liberated from the plasma membrane to enhance its protein kinase activity to leading to

MAPK activation as opposed to its PIP, phosphorylation kinase activity.

An elegant study by Duckworth and Cantley (1997) in both Swiss 3T3 cells and Chinese
hamster ovary (CHO) cells showed that PI3-kinase involvement in ERK activation was both
cell type- and ligand-specific. In their study PI3K was blocked, using wortmannin, and this
inhibited the PDGF-induced Raf-1 and ERK activation in CHO cells (containing few PDGF
receptors) but not in Swiss 3T3 cells (which expressed high levels of PDGF receptors).
However ERK activation by low concentrations of PDGF could be blocked by wortmannin
in Swiss 3T3 cells. They concluded that a PI3K-dependent mechanism provides an efficient
pathway for ERK activation, but when more receptors are activated a redundant pathway can
be recruited which is independent of PI3K. (See Malarkey et al., (1995) for review of PI3
kinase involvement in MAPK signalling). \

1.5.3.2.4 GPCR-mediated activation of JNK and p38 pathways

In addition to ERK, both JNK and p38 have also been shown to be activated following
stimulation of GPCRs. However, less is known about the pathways linking these receptors
to JNK and p38 activation. As previously highlighted for ERK regulation by GPCRs cell
background may also be an important determinant for JNK activation by Gj-coupled

receptors. For example, Williams et al. (1998) found no Gi-mediated JNK activation in
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PC12 cells, whereas Lopez-Illasca et al. (1998) report JNK activation from G;-coupled
receptors in COS-7 cells through a PI3Ky-dependent pathway. Williams et al., (1998) also
showed that G, and G; are coupled to JNK activation in PC12 cells and G to p38. In this
context it is important to note that Coso et al. (1995b) have shown that G protein-coupled
Mj-muscarinic receptors in NIH 3T3 cells can activate pathways leading to the
phosphorylation of the NH,-terminus of the protein c-Jun, whereas tyrosine kinase receptor
(PDGF receptor) stimulation does not. Coso et al. (1996) went on to demonstrate, that
stimulation of JNK activity by M; or M, muscarinic receptors in COS-7 cells was mediated
by Gg, subunits through a Ras and Racl-dependent pathway. Mitchell et al. (1995) found
that Rat 1a fibroblasts, expressing either M;- (G;) or M»- (G;) muscarinic receptors, both
exhibited a Ca**-dependent JNK activation compared with a calcium-independent ERK
activation upon agonist challenge. Wylie et al. (1999) also reported a Gg-linked, Ca**-
dependent receptor (M3) activation of JNK in CHO cells, which they showed to be
negatively regulated by PKC. However, Coso et al. (1995b) reported M;-mediated JNK
activation which did not correlate with PKC stimulation. Studies by Yamauchi et al. (1997),
in HEK293 cells, reported both M; and M, receptor-mediated activation of p38 and this
appeared to occur via a GBy, PKC and Src family kinase-dependent pathway (Nagao et al.,
1998). Clearly further work is required to fully elucidate the pathways mediating GPCR
activation of JNK and p38.

1.5.3.2.5 Transactivation

The discovery of MAPK activation by GPCRs, and reports that the pathway resembled that
originally discovered from RTKs, at least for some GPCR / cell-types, led to the concept of
transactivation of RTKs by GPCRs. Thus, it it has been proposed by Ullrich and co-workers
that GPCR signalling to MAPK activation involves a pathway transactivating tyrosine kinase
receptors, mediated by cytosolic non-receptor tyrosine kinases such as PYK2 and Src (Daub
et al. 1996; Dikic et al. 1996; also see Figure 1.5). Initially Daub et al. (1996) suggested that
transactivation of the EGF receptor was involved in linking the GPCR pathway to the
activation of the MAPK cascade. Many studies since then have investigated this

transactivation phenomena (for review see Leserer et al., 2000 and references therein).

As has been found in general with GPCR signalling to MAPK cascades, transactivation has
been shown to be both PKC-dependent and PKC-independent. Following earlier evidence
implicating tyrosine kinases and adaptor protein phosphorylation (Shc) in the GPCR
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activation of ERK (Chen et al., 1996), Daub and colleagues (1997) followed up their earlier
finding of EGFR transactivation via G protein signalling cascades (Daub et al., 1996) by
specifically investigating both Gi- and Gg-mediated transactivation pathways leading to
MAPK activation in COS-7 cells. Using transiently transfected M,-muscarinic receptors (G;-
coupled) or M;-muscarinic and bombesin receptors (Gq-coupled) they found EGF receptor
transactivation may occur through both PTX-sensitive (G;) and PTX-insensitive (Gq)
receptor acﬁvation. As reported above, G; protein activation of the MAPK pathway is
believed to occur via Gja or GPy subunit signal transduction and has been shown to involve
Src family kinases. Recent studies by Luttrell et al. (1997) have shown that Src is necessary
for both GBy-subunit mediated and Gja-coupled receptor-mediated phosphorylation of both
EGFR and the adaptor protein Shc. Studies by Dikic and colleagues (Dikic et al., 1996)
found that downstream of G protein activation (both G; and Gg) phosphorylation of PYK2 (a
calcium-activated tyrosine kinase) leads to it binding to the SH2 domain of Src and
subsequent activation of Src. While transactivation through PYK2 is not relevant to all
physiological environments, as it is predominantly expressed only in neuronal cells, it offers
an insight into possible pathways connecting GPCRs to the activation of the MAPK cascade,
and it is possible that other members of this focal adhesion kinase (FAK) family are utilised
in other cellular environments. Dikic and colleagues went on to demonstrate that dominant-
negative mutants of Grb2 or mSOS inhibited the MAPK activation by G;- and Gg-coupled
receptors. Blaukat et al. (1999) later reported specific pathways from PYK2 to JNK
activation and PYK2 to ERK activation in HEK293 cells. Once PYK2 has been activated by
various transmembrane receptors through increases in intracellular calcium and the
activation of PKC, PYK2 associates with Src. Src then phosphorylates PYK?2 and adjacent
Shc and p130“* (a docking protein), creating direct binding sites for Grb2 and Crk (adaptor
proteins) respectively. Blaukat et al. went on to show that Crk then recruits Crk effectors
(e.g. C3G or DOCK180) to the Pyk2 / p13OC”/ Crk complex, which leads to JNK activation,
whereas Grb2 translocates mSOS leading eventually to ERK activation.

Another study, also downstream of Gj- and Gq-coupled receptors, in HEK293 cells provided
evidence that G; (24 adrenoceptor) and Gq (aup adrenoceptor)-mediated ERK responses
converge at the level of PLCP (Gqo and Gfy release from G;-protein) and proceed through a
Ras-, calcium- and tyrosine kinase-dependent pathway, suggesting PYK?2 as the link to the
activation of Src (Della Rocca et al., 1997). This conclusion was based on the use of the
PLC inhibitor U73122, dominant-negative forms of Ras, dominant-negative forms of PYK2
and the calcium chelating agent BAPTA to attenuate the ERK activation through
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adrenoceptor stimulation. Once activated, PYK2 can bind Src which can in turn tyrosine
phosphorylate Shc, an adaptor protein which itself can go on to bind and form a
She/Grb2/mSOS complex (see RTK signalling above) and lead to an activation of Ras and
the MAPK cascade. Whereas work from this same group expressing the same G protein-
coupled adrenoceptors in a different cell background, COS-7 cells, (Hawes et al., 1995)
found that G, (a18-AR) activation of ERK was Ras-dependent, whereas G; (0;4-AR) was
Ras-independent.

However, a recent study by Adomeit et al. (1999), using COS-7 cells transiently transfected
with bradykinin receptors (Gg-coupled), reported a PKC- and EGFR transactivation-
dependent activation of ERK which was Src kinase-independent. When using wortmanin, a
specific inhibitor of PI3K, and PP-1, a src kinase inhibtor, they reported no effect on GPCR
to MAPK activation, whereas AG1478, a specific inhibitor of EGFR tyrosine kinase activity
attenuated the ERK activation, as did PKC inhibitors (Ro 31-8220 and bisindolylmaleimide).

In summary, transactivation of RTKs has been shown to be very important for GPCR signal
transduction to MAPKs. However, it is not a universal pathway employed by all GPCRs
since for example it has been shown that the P2Y (Gy) signalling pathway does not involve

cross-activation of a RTK (Short et al., 2000).

1.6 Aims of project

As discussed above M,-mACh receptors constitute the majority (typically 60-90%) of
muscarinic receptors found within most smooth muscle tissues and as this appears to be a
conserved phenomena within virtually all mammalian species so far studied, it is important

to identify the function of these receptors within the context of smooth muscle physiology.

It is interesting to address the question as to what is the function of the M, receptor
population in smooth muscle, as it has only subtle effects on the contraction of smooth
muscle per se (Sawyer and Ehlert, 1999; Stengel et al., 2000), and why M, receptors are
present at such high levels in smooth muscle tissue. A clear understanding of the cellular
physiology of smooth muscle is desired since dysfunction of the smooth muscle may be
important in disorders such as asthma, urge incontinence and irritable bowel syndrome. It is
therefore important to understand the physiological significance of the co-expression of M,

and Mj receptors in smooth muscle cells. Although model cell systems expressing either M,
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or M3 muscarinic receptors have been characterised, the receptor functions in isolation do not
necessarily predict what will happen when both are expressed in the same cell, as occurs in
vivo in a variety of tissues. Therefore, these studies involving CHO-m2m3 cells provide a
relatively simple experimental paradigm to examine the consequences of receptor co-

expression.

We chose to carry out the studies in a model cell system where the recombinant receptors
were stably expressed because previous experiments using cultured smooth muscle cells
have shown that M; receptors are rapidly lost in vitro, resulting in a homogenous M,
population (Widdop et al., 1993; Yang et al., 1990). For this study Chinese hamster ovary
(CHO) cells. expressing M,-, M3- or co-expressing M,- and M3- muscarinic receptors have
been used. Evidence for cross-talk between the receptors could then be validated through
experiments in smooth muscle tissues. Initial experiments were designed to confirm that the
receptors, in the CHO cell model, were coupling to there respective pathways, and this was
achieved through radioligand binding techniques with the specific muscarinic antagonist
[3H]-NMS, second messenger accumulation (IP; and cAMP) assays and intracellular Ca?
single cell imaging in co-expressing CHO-m2m3 cells. Further studies investigated the
effects of M,- and Mj- receptor co-expression upon second messenger generation and
calcium signalling. In addition, following studies showing that, both M, and M3 receptors
may be involved in the contraction of smooth muscle and more recently many GPCRs,
including muscarinic receptors, are involved in membrane to nucleus signal transduction the
effects of M,- and M3- receptor co-expression upon both MAPK activation (at the level of
ERK and JNK) and DNA synthesis (as measured by [°H]-thymidine incorporation) were
analysed. Any evidence for cross-talk between the co-expressed receptors was then also
investigated in the more physiological situation of airway smooth muscle tissue maintained

under conditions designed to preserve M,/M3 co-expression.
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Chapter Two: Experimental Methodology

2.1 General cell culture and transfection procedures
2.1.1 Cell culture

Chinese hamster ovary (CHO) cells transfected with m2 or m3 human muscarinic receptor
cDNA (CHO-m2 obtained from Dr S. Lazareno and CHO-m3 obtained from Dr N. Buckley,
National Institute for Medical Research, Mill Hill, London) were cultured in minimal essential
medium-alpha (MEMa) supplemented with new-born calf serum (NBCS, 10% v/v), penicillin
(50 units ml™"), streptomycin (100 ug ml"') and fungizone (amphotericin B) (2.5 pg ml") in
175cm? tissue culture flasks. CHO-m2 cells co-transfected with m3 muscarinic receptor cDNA
(CHO-m2m3, see below) were cultured in MEMa supplemented with NBCS (10% v/v),
penicillin (50 units ml"), streptomycin (100 ug mI™"), fungizone (amphotericin B) (2.5 pg mI™")
and hygromycin B (400 pg ml'). The cells were routinely passaged by washing the cell
monolayer with Hepes buffered saline (HBS, composition: 154 mM NaCl, 10 mM HEPES, pH
7.4), detaching with trypsin (0.5 g I"')-EDTA (0.2 g I'"), and splitting into fresh flasks (175cm?)
containing 30 ml medium. Cells maintained ih this manner kept the same doubling time and
morphology. Experiments were carried out only on cells between passages eight and twenty-

five. Cells were maintained at 37 °C in 5% CO,: humidified air.
2.1.2 Transfection procedures

Boxall and colleagues generated a number of co-expressing cell lines by transfecting human m3
c¢DNA into parent CHO-m2 cells using a mammalian expression vector (p-CEP-hygro) (Boxall,
1998). The calcium phosphate-DNA co-precipitation procedure was used, as described by
Sambrook et al. (1989), which increases the uptake of cDNA into cultured cells by presenting
the nucleic acid to the cells as a calcium phosphate-DNA precipitate. Hygromycin B resistant
‘stable transformants were selected, screened using western blotting and assessment of [°H]-InsP
and cyclic AMP responses (see below) to agonist and m2m3-positive clones identified. CHO-

m2m3 clones B2 and B7 were chosen for further study because they demonstrated both a
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functional M3 receptor population through Western blotting and increases in total [*H]-inositol
accumulation with similar magnitude and profile to CHO-m3 cells, as well as decreases in

forskolin stimulated cAMP accumulation as observed in CHO-m2 cells (Boxall, 1998).

Experiments were performed on CHO-m2, CHO-m3, CHO-m3(vt-9), CHO-m2m3 (B2) and
CHO-m2m3 (B7) cell lines unless otherwise stated.

2.2 N-methyl-|3H|-scopolamine (NMS) binding

2.2.1 Membrane preparation

The required number of large (175 cm?) flasks were grown to confluence and the medium
removed before the cell monolayer was rinsed with HBS-EDTA (10 mM HEPES, 0.9% NaCl,
0.2% EDTA, pH 7.4). The cells were then lifted with 10ml HBS-EDTA per flask. The cells
were centrifuged at 200xg for 5 min, at 4°C, and the supernatant discarded. The cells were then
homogenised in wash buffer A (10 mM HEPES, 10 mM EDTA, pH 7.4; 2 ml buffer per
confluent flask of cells), using a Polytron homogeniser (speed 5, 4 x S s bursts separated by 30 s
on ice), in Sorvall centrifuge tubes. The tubes were then centrifuged at 40,000xg in a Sorvall
RC-5 centrifuge (rotor SS-34) for 15 min at 4°C. The supernatant was discarded and the pellet
re-homogenised, as above, in buffer B (10 mM HEPES, 0.1 mM EDTA, pH 7.4). The tubes
were again centrifuged at 40,000xg in Sorvall RC-5 centrifuge for 15 min at 4°C, the
supernatant discarded and the pellet dispersed in wash buffer B, (1 ml per confluent flask of
cells), using the Polytron homogeniser. The protein concentration of the membranes was
determined by Lowry assay, the membrane samples were either aliquoted or diluted with wash
buffer B to the desired concentration (=<1 mg ml™") and then snap frozen in Eppendorf tubes in

liquid nitrogen and stored at -80 °C.
2.2.2 ’H]-NMS saturation binding

[’H]}- NMS binding was performed on membrane samples (prepared as described above) as
descibed by Lambert et al. (1989). Two total binding and one non-specific binding samples
were prepared for each concentration of [PH]-NMS. Each sample was prepared in a test tube

with a final assay volume of 200 ul. Total binding samples were 140 pl wash/assay buffer (10
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mM HEPES, 10 mM MgCl,, 100 mM NaCl), 40 pl of [*’H]-NMS at stated concentration and 20
ul of the membranes (added last). Non-specific binding samples were 100 pl wash/assay buffer,
40 ul 5 uM atropine (1 puM final), 40 pl stated concentration of [’H]-NMS and 20 pl cell
membranes (added last). [’H]-NMS concentrations were prepared from 0.05 nM to 3 nM, in
wash/assay buffer, two 40 pl samples of the standards were taken at each concentration in order
to calculate precisely the concentration of [’H]-NMS added to each sample. The samples were
incubated in a shaking water-bath after membrane addition for 60 min at 37°C. The samples
were then rapidly filtered through Whatman GF/B filter paper with 3 x 3 ml washes with ice
cold wash/assay buffer. The filter discs were then placed into vials, 4 ml Emulsifier Safe

scintillant was added and they were left overnight before being counted.
2.2.3 PH]-NMS displacement binding

Displacement of [*H]-NMS from cell membranes preparations by tripitramine, methoctramine or
darifenacin was performed as described for saturation binding with final assay volume of 200 pi,
100 pl wash/assay buffer, 40 pl of [’H]-NMS (approximately 1.5 nM [PH]-NMS), 40 pl

antagonist (prepared in the wash/assay buffer) and 20 pl cell membranes.

2.3 Inositol (1,4,5) - trisphosphate (IP;) mass accumulation

2.3.1 Cell preparation

Confluent cells in twenty-four well plates (surface area 1.9 cm?/ well) were washed twice in 1
ml freshly gassed (95% CO,, 5%0;) Krebs Henseleit buffer (KHB) (composition in mM:
HEPES 10, NaCl 118, KCl 4.7, MgSO4 1.2, KH,PO4 1.2, NaHCO; 28.1, CaCl, 1.3, D-glucose
11, pH 7.4)) and allowed to stabilise in 450 ul KHB for 15 min at 37°C.

2.3.2 Sample generation

Cells were stimulated by addition of 1 mM methacholine (MCh) at 37°C. The reaction was
terminated by aspiration of the KHB/drug solution and the addition of 300 pl 0.5 M
trichloroacetic acid (TCA) to each well. The plate was then left on ice for 30 min after which all

300 pl in each well was transferred to Eppendorf tubes. 3 ml of blank buffer for the mass assay
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was prepared by the same protocol as for the samples. 75 pul 10 mM EDTA (pH 7.0) was then
added to each tube, the samples were vortexed and 600 pl of a 1:1 (v/v) solution of Tri-n-
octylamine and trichlorotrifluoroethane (Freon) added and vortexed again. These samples were
then left for 15 min at room temperature, vortexed and centrifuged for 2 min in a bench
centrifuge at full speed (12000xg). 200 pl of supernatant was then transferred to a fresh
Eppendorf tube and 50 ul NaHCO; was added, samples were re-vortexed and stored at 4°C.

2.3.3 IP; mass assay

The Ins(1,4,5) P; (IP;) binding assay was performed as decribed by Challiss et al. (1990), with
competition of radiolabeled IP; and sample/standard IP; for IP; binding sites in bovine adrenal
cortical membranes. 30 ul TRIS (100 mM)/EDTA (4 mM) buffer (pH 8.0) was added to 30 pl
of sample/standard on ice. 30 pl [PH]-IP; (at a concentration where 30 pl gives approximately
8000 d.p.m.; this is approximately 10 ul [*H]-IP3: 1 ml H,0) was then added before 30 pl
binding protein. Standards were prepared in the range 1.2 nM to 1.2 uM IP3, using a 40 pM IP;
standard diluted with blank buffer. The samples were then vortexed and left on ice for 40 min
before rapid filtration on manifolds using 3 x 3 ml washes with ice-cold wash buffer (25mM
TRIS, ImM EDTA, SmM NaHCO;, pH 8.0) onto GF/B Whatman filter discs which were then

placed in vials with 4.2 ml Scintillant Plus and left overnight before counting.

2.4 Measurement of total |3H|-IP! accumulation

2.4.1 Cell preparation and radio-labelling

Cells were plated out in culture medium containing 1 uCi ml"' [*H]-myo-inositol for 48 h prior
to experiment. Confluent cells on twenty-four well plates, were washed twice in 1 ml freshly
gassed (95% CO,, 5%0,) KHB (composition above). Cells were placed in 450 ul KHB
containing 10 mM LiCl and allowed to stabilise for 15 min at 37°C. Lithium has been shown to
prevent inositol recycling by uncompetitive inhibition of inositol monophosphatase (Nahorski et
al. 1991) and to allow accumulation of inositol phosphates (IPx). Where indicated, calcium was

omitted from the KHB buffer and EGTA (100 uM) was included.
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2.4.2 Sample preparation

Cells were challenged with agonist for the stated time (15 min for concentration-response
experiments) and reactions were terminated by aspiration of the drug/KHB solution and addition
of 500 pul ice-cold TCA (0.5 M) to each well. Plates were then left on ice for 20 min and
neutralised by oil extraction as described under section 2.3.2 above, (200 ul EDTA was added to
each 500 pl sample prior to oil extraction.). 500 pl of neutralised supernatant was then
transferred to a fresh tube and 200 pul NaHCOj; (60 mM) was added. Samples were re-vortexed
and stored for 24-96 h at 4°C before [H]-IP; separation (see below).

2.4.3 [PH]-IP, sample separation

Separation was performed as described by Challiss et al. (1992). Samples were removed from
4°C storage and vortexed at room temperature. Samples were loaded, with 5 ml water, onto
glass columns containing 0.5 ml bed-volume Dowex AG1-X8 anion exchange resin (formate
form, 50-100 mesh). Columns were then washed with 10 ml ammonium formate (CH,O,H;N)
(60 mM) / Na,B4O; (5 mM) to remove [3H]-glycerophosphoinositol. Bound [*H]-InsPx
fractions were eluted with 10 ml of amonium formate (0.75 M) / HCOOH (0.1 M). 10 ml
FloScint IV was added to 5 ml of each fraction which were then vortexed before liquid
scintillation counting. Columns were ‘regenerated’ by addition of 10 ml ammonium formate (2
M) / HCOOH (0.1 M) followed by 20 ml water, and stored at 4°C until further use. Total cell
protein was determined by Lowry method (see below).

2.5 Cyclic AMP accumulation

2.5.1 Cell preparation
Following the removal of the medium, confluent cells in twenty-four well plates were washed

twice in 1 ml freshly gassed Krebs Henseleit buffer (KHB, composition above). Cells were

placed in 450 ul KHB and allowed to stabilise for 15 min at 37°C.
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2.5.2 Sample generation

Confluent cells were stimulated with methacholine at the stated concentration in a final volume
of 500 pul for 10 min before being challenged with forskolin (10 pM) for 10 min. Reactions
were terminated by aspirating the drug solution and adding 250 pl of trichloroacetic acid (TCA;
0.5 M). The plates were then left for 15 min on ice, before the solution was removed to
polycarbonate tubes. 600 pl of a 1:1 solution of Tri-n-octylamine and trichlorotrifluoroethane
was added and the samples were vortexed. 150 pl of the upper phase was removed and
neutralised with 60 mM NaHCO; to pH 7.4. The samples were stored at 4°C and analysed for
cAMP. Lowry protein assay was performed on the cell debris left in the wells of the plate.

2.5.3 Cyclic AMP determination

Cyclic AMP was quantified as described by Brown et al. (1971). 50 pl of sample or a standard
concentration of cAMP (2.5-200 nM, made up in SO pl of assay buffer containing SO mM Tris-
HCl and 4 mM EDTA, pH 7.5; NSB 250 pmol cAMP) was added to 100 pl of [’H]-cAMP
(approximately 4 nM; specific activity 28.9 Ci/mmol) in microfuge tubes. 150 pl binding
protein was then added to the tubes to start the reaction, tubes were vortexed and incubated 90
min at 4°C. Bound and free [’H]-cAMP was separated by addition of 250 pl of an ice-cold
suspension of activated charcoal (0.25 g / 50 ml) in bovine serum albumin solution (0.1 g/ 50
ml of assay buffer), followed by vigorous mixing. The samples were then left on ice for 7 min
prior to centrifugation at 14,000 x g for 4 min. 0.4 ml of the supernatant was then counted by

liquid scintillation counting.

2.6 Single cell calcium imaging experiments

CHO-m2m3 cells were thinly seeded on flame-sterilised coverslips (380 mm?) in culture dishes
(35 x 10 mm) in MEMa medium at 37°C for 24 h. The coverslips were then washed twice with
Krebs-Henseleit buffer before the addition of 5 uM fura-2/AM. Cover slips were incubated for
30 min in the dark at room temperature. The coverslips were again washed twice with KHB and
mounted onto the stage of a Nikon Diaphot inverted epifluorescence microscope (x40

objective). A field of approximately 10-15 cells was selected. KHB or agonist was
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continuously perfused over the cells at a rate of 5 ml/min. Methacholine was applied to the co-
expressing cells at concentrations of 0.1, 1, and 100 pM. Background fluorescence images at
wavelengths above 510 nm were subtracted from all results. Fluorescent images were obtained
after excitation at 340 and 380 nm (four consecutive images over 1.6 s averaged) with a xenon
arc lamp. The emission signal was measured at 510 nm using an intensified charge-coupled
device camera (Photonic Science). The ratiometric values obtained were converted to

approximate [Ca”*); using a previously obtained calibration curve and the equation,
[Ca®]i = Ka x {(R-Rmin)/(Rmax-R)} X {Fimin(380nm)/Fna(380nm)}

where K is the dissociation constant of Ca>" for fura-2/AM (224nM at 37°C), Rpin and Rpax are
the minimal and maximal fluorescent ratios obtained by permeabilising the cells with 0.1%
Triton-X-100 for Ryax followed by the addition of an excess of EGTA at 5 mM for Rpin. Fmin
(380 nm) and F.x (380 nm) are the fluorescent intensities after excitation at 380 nm, in the

absence and presence of Ca®*, respectively.

2.7 Measurement of |Ca2+|!- responses using fluorimetric imaging plate reader
FLIPR

2.7.1 Cell preparation

CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells were seeded in black-walled clear-base 96 well
plates (Costar, UK) at 30,000 cells per well 24 h prior to experiment in culture medium

supplemented as described above.

2.7.2 Measurement of [Ca®*]; for a population of cells

The confluent wells of cells were then washed twice with FLIPR buffer (composition Hanks
balanced salt solution (HBSS, calcium free, Gibco/Life Technologies, UK) supplemented with
200 mM CaCl,, 1 M HEPES, 250 mM probenecid) before being incubated for 1 h at 37°C in
FLIPR buffer containing the calcium indicator Fluo-3AM (4 uM, Teflabs, Texas, USA). In
some studies calcium was omitted from the experiments and EGTA (100 pM) added but FLIPR
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buffer for the incubation with the dyes always contained calcium. The cells were then washed
three times in FLIPR buffer (x calcium/EGTA) using a COSTAR plate washer to remove excess
dye. The plates were then incubated in FLIPR buffer (75 pl) at room temperature for 30 min
with or without antagonists / signal transduction modifying agents. The plates were then loaded
into a FLIPR (Molecular Devices, UK) to monitor fluorescence (Ax=488 nm, Agpm = 540 nm)
before and after the addition of the relevant drug / vehicle. Responses were measured as peak
fluorescence intensity (FI) minus basal FI. Agonists were added 10 s after measurements started
to establish baseline recording, with the exception of Ca®* free experiments (Section 4.2.4),
where fluorescence measurements were made throughtout the 30 min equilibriation period.

Ionomycin (5 uM) was routinely added for the last 30 s of each time-course.

2.8 |3H|-Thymidine incorporation

2.8.1 Cell preparation

[*H]-thymidine incorporation method was based on that by Levine et al. (1997). Confluent
flasks of cells were lifted with trypsi/EDTA and plated into 24 well plates at a density of
50,000 cells/well in 1 ml of medium (MEMa + NBCS, supplemented with penicillin,
streptomycin and fungizone as for normal tissue culture) and incubated at 37°C for 24 h to allow
cells to adhere. The media was then removed by aspiration and replaced with 1 ml/well of either
serum free media (MEMa -NBCS, for serum-starved experiments) or normal serum containing
culture media (MEMa +NBCS, for serum-replete experiments) and the cells incubated for a
further 24 h. This was then replaced with either serum-free or serum containing media prior to

treatment with agonist /antagonist /control solutions for 24 h.
2.8.2 Measurement of [°H]-thymidine incorporation

2 uCi of [*H]-thymidine was added to each well for the final 2 h of the drug treatment and the
experiment was then terminated by aspirating the media from the cells, followed by washing
them three times with serum-free medium. The cells were then incubated for 1 h, at 4°C, in 2 ml
/ well 5% ice cold TCA. The cells were then washed in a further 2 ml of 5% TCA and incubated

for 5 min at 4°C with ice-cold ethanol (containing 200 uM potassium acetate). This was then
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followed by two 15 min incubations, at 4°C, with 2 ml of a 1:3 mix of ether:ethanol. The cells
were left to air dry for approximately 45 min before being scraped into 1 ml of 0.1 % NaOH.

The samples were added to scintillation vials with 9 ml Emulsifier Safe scintillant and counted.

2.9 Mitogen-activated protein kinase (MAPK) assays

2.9.1 Cell preparation

Following the removal of the medium, confluent cell monolayers in six well plates (surface area
9.6 cm?/ well) were twice washed in 3 ml freshly gassed (95% CO,, 5%0,) Krebs-Henseleit
buffer (KHB, composition above). 3 ml KHB was then added and cells allowed to stabilise for
30 min at 37°C.

2.9.2 Extracellular-signal regulated kinase (ERK) Activation

2.9.2.1 Sample generation

Cells were routinely stimulated with MCh (at stated concentrations for indicated times) at 37°C,
with antagonists being applied 30 min prior to initial agonist addition. The reaction was
terminated by aspirating the KHB/drug solution and washing each well with ice-cold phosphate-
buffered saline (PBS, composition: 140 mM NaCl, 2.68 mM KCl, 8.1 mM Na,HPO,, 1.47 mM
KH;PO4, pH 7.4). Cells were then lysed with 500 pl ice-cold lysis buffer per well (20 mM Tris-
HCl (pH 8.0), 0.5% NP-40, 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 2 mM Na3VOy, 20 ug/ml aprotinin, 5 pg/ml leupeptin, 1
mM dithiothreitol (DTT), pH 7.6). Each well was scraped and the samples transferred to
Eppendorf tubes. Samples were centrifuged at 20,000 r.p.m. for 10 min at 4°C, and a 200 pl

aliquot of supernatant taken for activity assay.

2.9.2.2 ERK Activation Assay

ERK activity was assayed as described by Wylie et al. (1999). 2 ul rabbit anti-ERK1 polyclonal

antibody (Santa Cruz) was added to the 200 pl aliquot of lysate, the samples were vortexed and
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left on ice for 90 min. 70 pl Protein A Sepharose (15% slurry) was then added to the samples
and they were left on a bottle roller at 4°C, for 90 min. The samples were then pulse spun, at
14,000 r.p.m., to pellet the beads which were then washed four times, twice in lysis buffer and
twice in kinase buffer (20 mM HEPES (pH 7.2), B-glycerophosphate (pH7.2), 10 mM MgCl,, 1
mM DTT, 50 uM Na;VO,) and the supernatant removed. 40 pl of assay solution (kinase buffer
containing 20 pM cold ATP, 1 pCi [y-*P]-ATP, 0.2 mM of synthetic peptide substrate
corresonding to amino acids 662-681 of the epidermal growth factor receptor (EGFR), see
appendix) was then added to each sample, samples were vortexed and incubated at 30°C for 20
min. The samples were re-vortexed every 5 min throughout the incubation. The reaction was
stopped by the addition of 10 ul 25% TCA. The samples were then pulse spun at 14,000 r.p.m.
and 40 pl of each sample was blotted onto Whatman p81 chromatography paper. Papers were
washed for 4 x 5 min, in 400 ml 0.5% orthophosphoric acid and then 1x 3 min in 400 ml
acetone. After this final wash the papers were laid on tissue paper at room temperature and,

once dry, placed in scintillation vials with 5 ml Scintillation Plus and then counted.

2.9.3 c-Jun NH,-terminal kinase (JNK) activation

2.9.3.1 Sample generation

Confluent monolayers of cells were stimulated by addition of MCh (at stated concentrations)
and incubated for the indicated times at 37°C. As for the ERK activity assay the reaction was
terminated by aspirating the KHB/drug solution, each well being washed with ice-cold PBS, and
then lysed with 500 pl ice-cold lysis buffer per well. Each well was scraped and the samples
transferred to Eppendorf tubes. Samples were spun at 20,000 r.p.m. for 10 min at 4°C, and a
400 pl aliquot of supernatant taken for activity assay.

2.9.3.2 Preparation of GST-c-Jun fusion protein

A Glutathione S-transferase (GST) - c-Jun fusion protein was produced in bacteria using a GST-
c-Jun gene fusion system (Pharmacia Biotech) for assaying the JNK activation in cell lysates.
The fusion protein was prepared using the pGEX plasmid vector which contains the laq I* gene

(to induce expression), an AMP" gene (for selection) and the GST gene upstream of a multiple
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cloning site into which the c-Jun cDNA encoding amino acids 1-79 of the gene had been
inserted. E.Coli transformed with the plasmid (previously stored at -80°C) were scraped in to 10
ml Luziula Broth (LB) (170 mM NaCl, 10 g.L"' tryptone and 5 g.L" yeast extract) containing
ampicillin (50 pg mI™") and left in a shaking incubator at 30°C overnight. The following day, the
culture was added to 500 ml of LB containing ampicillin (50 pg mI™") and left to grow at 37°C
for approximately 3 h until the OD, measured at 600 nm, reached 0.5 units. Expression of GST-
c-Jun was induced by incubation with ImM IPTG for 3 h in a shaking incubator at 37°C. The
culture was then centrifuged for 5 min at 10,000 r.p.m. and the bacterial pellet resuspended in 5
ml PBS, containing 1% Triton X100 (PBS/Triton) and aprotinin (4 pug ml"). The resuspended
pellets were then stored at -20°C overnight. The resuspended culture was thawed and sonicated
for 30 s on ice. The sample was then spun for 15 min at 10,000 r.p.m. the supernatant retained
and added to 2 ml of glutathione-sepharose beads that had been prewashed twice in 50 ml of ice-
cold PBS/Triton. The samples were then incubated with the sepharose beads for 4 hours at 4°C
on a roller. The beads were then washed twice in 50 ml of PBS/Triton, and resuspended in 2 ml
PBS/Triton before being dispensed into aliquots. Proteins were analysed by boiling 5 pl of
beads in Laemmli sample buffer containing 50 mM DTT and running them on a 12% SDS
PAGE gel (for gel composition see appendix) using a BioRad minigel apparatus with low

weight molecular markers and Coomassie Blue staining.

2.9.3.3 JNK activation assay

JNK activation was assayed as described by Wylie et al. (1999). The buffer was removed from
the GST-c-Jun beads and they were diluted 1 in 4 with lysis buffer. 20 pl of the 1 in 4 bead
solution was then added to each sample and they were placed on a bottle roller for one hour.
The samples were then pulse spun, at 14,000 r.p.m., to retain the beads which were then washed
four times, twice in lysis buffer and twice in kinase buffer and the supernatant removed. 40 pl
of assay solution (kinase buffer containing 20 uM ATP, and 1 pCi [y->P)ATP) was then added
to each sample. Samples were vortexed and incubated at 30°C for 20 min. The samples were
re-vortexed every 5 min throughout the incubation. The reaction was stopped by the addition
of 40 pl 2X Laemmli sample buffer, containing 5% DTT. The samples were then heated at
100°C for 5 min and centrifuged at 14,000 r.p.m. for 5 min.
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70 pl of the samples was loaded onto a 12% SDS-PAGE gel (for gel composition see appendix )
along with 20 ul of a commercial low molecular weight marker preparation. The gels were run
at 18 mA/gel through the stacking gel and 24 mA through the resolving gel or 5 mA/gel
overnight. The gel it was stained with 0.25% Coomassie blue containing 50% methanol and
10% acetic acid solution to detect GST-c-Jun. The gels were then destained with a 40%
methanol, 10% acetic acid and 1% glycerol solution, and dried at 80°C under vacuum for one
hour. The dried gels were then exposed to Hyperfilm MP using an intensifying screen.
Following autoradiography, each lane on the gel was excised and placed in a scintillation vial

with 5 ml Scintillation Plus and counted.

2.10 Bovine tracheal smooth muscle (BTS

2.10.1 BTSM slice preparation

Bovine trachea was supplied by a local abattoir, and transported to the laboratory in ice-cold
KHB, pH7.4 (for composition see IP; mass accumulation protocol above). The smooth muscle
tissue was washed in ice-cold KHB following dissection of the trachea and removal of the
epithelial layer, submucosa and connective tissue. A Mcllwain tissue chopper, set at maximum
blade force, was used to cut the tissue into 300 x 300 um cubes. The slices were then washed 2-
3 times in warm, gassed, KHB (37°C). Washed slices were allowed to settle and 10 ml of
packed slices were transfered to a 175cm? tissue culture flask (see below). Packed BTSM slices
were cultured overnight (18-22h), at 37°C in 95% air / 5% CO,;, in MEMoa medium

supplemented with streptomycin (100 pg mI™') and penicillin (50 units mlI™").

2.10.2 BTSM slice stimulation

Following overnight culture the slice preparation from each flask was transferred to 30 ml sterile
tubes and repeatedly washed with KHB (37°C). 75 ul of packed BTSM slices were then added
to individual insert vials containing 325 pl of gassed KHB/antagonist, placed in a shaking
waterbath, and allowed to equilibrate for 30 min. The slices were then challenged with the
appropriate agonist for the desired time and the reaction was terminated with 2 ml ice-cold KHB

and the samples were placed on ice. The samples were immediately centrifuged at 4°C at 3000
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r.p.m for 10 min. The supernatant was removed, and 1 ml of ice-cold lysis buffer was added to
each vial, which were kept on ice until homogenisation. Each sample was homogenised using a
Polytron homogeniser and then centrifuged as before. The supernatant was then placed into a

1.5 ml Eppendorf tube prior to assay (by western blotting).

2.10.3 Phosphorylated ERK Western blot analysis

An equal volume of BTSM slice lysate was added to 2X Laemmli buffer (containing 50 mM
DTT) and the samples were boiled at 100°C for 5 min before 10 pl of each sample was run on a
10% SDS PAGE gel (for gel composition see appendix) with an appropriate marker at 200mV
for 1 h. Gels were then placed onto nitrocellulose membranes between Whatman 3MM filter
paper pre-soaked in transfer buffer (48 mM Tris-HCI, 39 mM glycine, 1.3 mM SDS, 20%
methanol, pH 8.0) and transferred using a semi-dry transfer apparatus (Bio-Rad), at 12V for 30
min. Proteins were then visualised for equal loading by staining with Ponceau S red stain and
protein standards marked. Ponceau S stain was then removed by washing with Tween/Tris-
buffered saline (TTBS: 50 mM Tris/HCI buffer, 150 mM NaCl, 0.1% Tween 20, pH 8.0). Nitro-
cellulose paper was then placed in blocking buffer (1% bovine serum albumin (BSA), in TTBS)
for 1 h at room temperature. Blocking buffer was removed by one 5 min TTBS wash. The
nitrocellulose membranes were then incubated overnight at 4°C on a roller with the primary
phospho-ERK antibody (anti-ACTIVE MAPK pAb; Promega, UK) at a dilution of 1:500 in
TTBS. Following the incubation with the primary antibody the membranes were washed three
times for 5 min in TTBS to remove excess antibody. The nitrocellulose membranes were then
incubated with the secondary antibody (ant-rabbit IgG, Sigma, UK, 1:1000 dilution in TTBS) at
room temperature for 1 h. The blots were then washed 5 X 5 min with TTBS to remove
unbound secondary antibody. The immunoblots were then developed using the enhanced
chemiluminescence (ECL; Amersham) technique and exposed to Hyperfilm MP using an

intensifying screen for between 1 and 5 min and the film developed on a hyperprocessor.

43



2.11 Protein determinations

2.11.1 Lowry protein assay

Protein assays for IP; mass accumulation and cAMP accumulation experiments were carried out
in quadruplicate on 500 pl of sample by the method of Lowry (Lowry et al. 1951). The samples
were obtained by removing the protein from four randomly chosen wells on the 24 well plates
using 250 pl 0.1 M NaOH left for 20 min to solubilise then another 250 pl to rinse the well and
transferred to test tubes. The standards were made up to 500 pl, in duplicate, in 0.1M NaOH.
To each tube 1 ml assay solution was added (made in ratio 100:1:1, 2% Na,CO3, 0.4% NaOH :
2% K*/Na" tartrate : 1% CuSOy) and the tubes vortexed and left for 10 min. Then 100 ul 3-fold
diluted Folin & Ciocalteu’s Phenol reagent was added and each tube revortexed and left for 15
min before 1 ml water added to each sample (vortexed again) and their absorbance was

measured at 750 nm.
2.11.2 Bradford protein assay

Protein assays for the MAPK assays were carried out using the Bradford protein assay
(Bradford, 1976). The blank was made up of lysis buffer (10 pl), the standards were diluted
with lysis buffer to a final volume of 10 pul, and 5 pl of each sample was made to a final volume
of 10 pl with 5 pl lysis buffer. To each of these 10 pl samples, 10 pl HO and 50 ul 1 M NaOH
was added and the tubes vortexed. 1 ml of dye reagent (0.01% Serva Blue G, 8.5% phosphoric
acid, 4.75% ethanol, filtered through Whatman Nol filter paper) was added to the samples
which were then left for 5 min before being vortexed. Absorbance of the samples was measured
at 595 nm and 465 nm. The difference between the readings at the two wavelengths was

calculated and plotted against protein concentration.

2.12 Data analysis

Unless otherwise stated, data are expressed as means + standard error of the mean (S.E.M.) from

at least 3 separate experiments performed on different days with fresh drug dilutions and
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solutions. Curve fitting and parameter estimations were carried out using Graphpad Prism

version 2.0 or 3.0 (Graphpad Software INC., Sam Diego, CA, USA).

cAMP curve fitting

Where the response to MCh was biphasic (Figure 3.9), the agonist mediating inhibition at low,
and potentiation at high concentrations, concentration-response relationships were fitted by a
sum of two logistic equations:

n; n,

C C

max Fs Cn1+ Klnl + Smax CI‘I2+ K2n2

f

l
-
+

where Inax is the maximum inhibition of the forskolin-stimulated adenylyl cyclase activity by
MCh (Fs) with dissociation constant K, and Hill coefficient n;; Sp,x is the maximum stimulation
of cAMP accumulation by high concentrations of MCh with dissociation constant and Hill
coefficient K, and ny, respectively, and c is the concentration of MCh. Fitting was done by least

squares minimization using the above equation and Prism 3.0.

Cheng-Prussof equation

Antagonists activities are reported as pK; values.
K; can be calculated from ICsy value using the Cheng-Prussof equation (Cheng and Prussof,
1973).

K. ICs,
[ligand]
K4

Where ICso is the experimentally derived concentration of antagonist needed to inhibit the
response (e.g. binding) by 50 %, [ligand] is the concentration of agonist or radio-labelled ligand
added and K4 in the case of binding is the affinity of the radioligand for the receptor or in the
case of ERK activation assays is the ECsg value for the agonist.

pKi = -logio K;
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Concentration response curve analysis

Concentration response relationships were reported as pECso where
pECso =- loglo ECsg
(ECsp measured in M )

2.13 Materials

For a list of reagents and suppliers see appendix.
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Chapter Three: General characterisation of receptor expression

and coupling in CHO cells singularly expressing or co-expressing

M,- and M,- mACh receptors

3.1 Introduction

Many tissue types express a mixed population of muscarinic receptors, with most smooth
muscle tissues expressing a predominant M, over M3 muscarinic receptor population. Thus, it
has been established that M, receptors predominated over M3 in an approx. 3:1 ratio in many
smooth muscle types (see Eglen et al., 1996a and Introduction to this thesis). Muscarinic
receptors are G-protein coupled receptors and M; classically couple to Gy, proteins, while M;
couple to Gy (Caulfield, 1993). Hence, activation of M, receptors inhibits adenylyl cyclase
activity, decreasing cAMP production, and activation of M3 receptors activates PLC to increase

hydrolysis of PIP, increasing the production of IP; and DAG.

So the question is raised as to whether the M, and M3 receptor signalling pathways interact in
smooth muscle, and why are M, receptors present at such high levels in smooth muscle tissue?
It is important to understand the physiological significance of the co-expression of M, and M3
receptors in smooth muscle cells. Although model cell systems expressing either M, or M;
muscarinic receptors have been characterised, observation of the receptor functions in isolation
do not necessarily predict what will happen when both are co-expressed in the same cell, as
occurs in vivo in a variety of tissues. Therefore, it is hoped that these studies will provide a
relatively simple experimental paradigm in which to study M, / M; interactions at the level of
their respective signalling pathways, and hopefully to establish possible cross-talk mechanisms

to explore further in smooth muscle preparations.

Previous experiments, using cultured smooth muscle cells, have shown that M; receptors are
often lost from an initial heterologous population of muscarinic receptors, resulting in a
homogenous M, population (Yang et al. 1990; Widdop et al., 1993). Chinese hamster ovary
(CHO) cells, which lack endogenously expressed mACh receptors (Peralta, 1987), expressing
M, (CHO-m2) or M; (CHO-m3) human muscarinic receptors were obtained from Dr S.
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Lazareno and Dr N. Buckley respectively (National Institute for Medical Research, Mill Hill,
London). A number of co-expressing CHO-m2m3 cell lines were generated previously by
Donna Boxall, in this Department, by co-transfection of human Mj receptor cDNA into CHO
cells already expressing M, receptors (CHO-m2).

Using CHO-m2, CHO-m3 and CHO-m2m3 cell lines, the aims of this Chapter were to
characterise the receptor populations and their second messenger signalling in the co-expressing
clones to show successful generation of a functioning/viable model for mixed mACh receptor
populations. By comparing the responses observed in co-expressing (CHO-m2m3) cells to those
in CHO-m2 and CHO-m3 cells it would also be possible to study potential interactions/cross-
talk between co-expressed M, and M; receptors. Receptor populations were characterised by
radioligand saturation and displacement experiments, and second messenger assays to assess
functional coupling (cAMP and IP; for M, and M3 receptors, respectively) and potential cross-
talk between the respective signalling pathways for the M, and M; receptors within the co-
expressing cells. It will be shown that the receptors are co-expressed homologously in the CHO-

m2m3 clones, by observation of single cell Ca®* responses within the cells.

3.2 Results

3.2.1 Determination of total receptor populations in CHO-m2, CHO-m3 and CHO-m2m3
(B2) cells by N-methyl-[SH]-scopolamine (NMS) binding.

N-methyl-[*’H]-scopolamine saturation binding data from CHO cell membranes were analysed
using both an iterative non-linear curve fitting procedure of binding isotherms (GraphPad Prism
3.0) and according to the method of Scatchard (Scatchard, 1949). There were no significant
differences in estimates of Ky or By by each of these methods. pK; values were calculated
according to the method of Cheng & Prusoff (1973). Saturation and displacement binding was
routinely performed at early, middle and late passages and no significant differences were

observed.

Saturation binding of cell membrane preparations with [’H]-NMS revealed the varied receptor
populations shown in Figures 3.1-3.3 and summarised in Table 3.1. The [3H]-NMS saturation
binding studies on membrane preparations revealed total mACh receptor populations for the cell
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lines studied of 617 + 51, 3962 + 409 and 1694 £ 456 fmol/mg protein and similar K4 values for
CHO-m2, CHO-m3 and CHO-m2m3 (B2 clone) cells respectively. Binding isotherms showed
clear saturation and thus knowing the protein concentrations of membrane preparations (Lowry
protein assays see Chapter 2) it was possible to calculate B,y (total number of specific binding
sites for NMS) see Table 3.1.

Characterisation of receptor numbers within a second cell line expressing Ms-receptors (CHO-
m3 VT-9) at a lower expression level revealed expression levels of 160 £ 8 fmol receptors/mg
protein. A second co-expressing clone, CHO-m2m3 (B7), expressed a smaller total receptor
population (1395 * 123 fmol/mg protein) than CHO-m2m3 (B2) cells (Table 3.1).

3.2.2 [3H]-NMS displacement binding in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cell

membranes

Antagonist displacements of [’H]-NMS binding in CHO-m2, CHO-m3 and CHO-m2m3 (B2)
cell membranes are shown in Figures 3.4 - 3.7 and summarised in Tables 3.2 and 3.3. A
concentration of [°’H]-NMS approximately equal to the K4 was displaced from mACh receptors
by increasing concentrations of the My/M3 ‘selective’ antagonists methoctramine, tripitramine

and darifenacin.

Displacement binding has been performed on membrane preparations for the three main cell
lines studied initially using tripitramine as the M, over Mj selective muscarinic antagonist.
However, due to a lack of a commercial source of tripitramine, and it no longer being produced
by Melchiorre and colleagues, methoctramine has also been characterised in displacement
experiments to establish whether it shows selectivity approaching that of tripitramine; this is
shown in Figure 3.4. These experiments were initially performed on CHO-m2 and CHO-m3
membranes and these antagonists were then used to dissect the receptor populations within the
co-expressing CHO-m2m3 (B2) clone. As can be seen from Figure 3.4 and Table 3.2, while
tripitramine is the M, over M; selective antagonist of choice (395 fold selectivity),

methoctramine also shows a large selectivity window (251 fold).

Displacement binding has also been performed using the M3 over M; selective compound

darifenacin; characterisation of this compound using CHO-m2 and CHO-m3 membranes is
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Figure 3.1 [’H]-NMS saturation binding in CHO-m2 cell membrane preparations. Data are

shown as means of a representative experiment performed in duplicate and repeated at least

three times. The inset shows Scatchard analysis for the same data. Non-specific binding was

assessed in the presence of 1 pM atropine.
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Figure 3.2 [°H]-NMS saturation binding in CHO-m3 cell membrane preparations. Data are

shown as means of a representative experiment performed in duplicate and repeated at least

three times showing total, specific and non-specific binding.
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Figure 3.3 [°H]-NMS saturation binding in CHO-m2m3 (B2) cell membrane preparations. Data

are shown as means of a representative experiment performed in duplicate and repeated at least

three times showing non-specific, specific and total binding.
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Cell Line Kq (nM) Bmmax (fmol / mg protein) N
CHO-m2 0.35+0.13 617 = 51 3
CHO-m3 0.35+0.16 3692 + 409 3
CHO-m2m3 (B2) 0.18 + 0.004 1694 + 456 3
CHO-m2m3 (B7) 0.20 + 0.045 1395 + 123 3
CHO-m3 VT-9 0.16 +0.02 160+ 8 3

Table 3.1 Summary of [*’H]-NMS saturation binding analysis of the five cell lines studied.
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Figure 3.4 Displacement of [’H]-NMS (specific) binding by tripitramine and methoctramine
from CHO-m2 and CHO-m3 cell membranes. Data are shown as means + range for a

representative experiment performed in triplicate.
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Tripitramine | Methoctramine | Darifenacin
M, 9.35+0.15 8.00+0.18 7.30 £0.15
M; 6.75 £0.25 5.60 £ 0.21 8.34 £ 0.04
M;/M, 395 251 0.1
selectivity ratio

Table 3.2. Summary of pK; values for three antagonists at muscarinic receptors on CHO-m2

and CHO-m3 membranes (n=3). pK; values were calculated using the Cheng-Prusoff equation.
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shown in Figure 3.5. Table 3.2 reveals that both methoctramine and tripitramine have large
selectivity windows for M, over M; receptors which will make them useful pharmacological
tools for dissecting the M, and M3 components of the co-expressing CHO-m2m3 cells. Here,
displacement of [°’H]-NMS from membranes using tripitramine revealed -log ICsy values of 8.5
and 5.6 for CHO-m2 and CHO-m3 cells respectively which correlates with studies by Chiarini et
al. (1995) who also found tripitramine to have an approx. 1000 fold selectivity for M, receptors
over M3, (-log ICs values of 9.6 and 6.2 for M, and Mj receptors, respectively).

The relative M, and M3 receptor levels within the co-expressing cell lines were profiled through
displacement binding studies on the CHO-m2m3 membranes; these are represented in Figures
3.6 and 3.7, and Table 3.3. Using competition analysis (GraphPad Prism) it is possible to fit a
two-site competition isotherm to these data. Displacement binding with tripitramine (the best
tool) revealed the high affinity binding site (M;) to be 27 £ 2.3 % of the total muscarinic
receptor population. From Table 3.1, saturation binding on CHO-m2m3 (B2) cell membranes
revealed Bpax value of 1694 * 456 fmol/mg protein correlating to approx. 450 and 1250
fmol/mg protein of M, and Mj receptors respectively, a proportion (=3:1. M;:M, ratio)
confirmed using both methoctramine and darifenacin to ‘dissect’ M,/Mj3 receptor populations
(see Table 3.3). As predicted [’H]-NMS displacement by darifenacin revealed the converse high
and low affinity receptor populations of the sites compared to tripitramine or methoctramine,
still with a predominant M, receptor population (Table 3.3). However, although this result must
be treated with some caution considering the marginal Ms/M, selectivity of this agent (approx.
10-fold) in our hands it is noteworthy that statistical analysis of the darifenacin (as well as
methoctramine and tripitramine) results showed two-site modelling of the displacement binding
to provide a better fit than one-site analysis (P<0.05, F-test comparison of the fit of two

equations using, Graphpad Prism).

3.2.3 Measurement of mACh receptor agonist-induced cAMP accumulation in CHO-m2,
CHO-m3 and CHO-m2m3 cells

Having transfected M3 mACh receptors into parent CHO-m2 cells and shown that clones have

been generated which co-express a mixed population of these receptors it was important to

demonstrate that both receptors were functionally expressed at the cell surface, coupling to their
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Figure 3.5 Displacement of [*H]-NMS (specific) binding by tripitramine and darifenacin from
CHO-m2 and CHO-m3 cell membranes. Data are shown as means + range for one

representative experiment performed in triplicate.
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Figure 3.6 Displacement of [°’H]-NMS from CHO-m2m3 (B2) membranes by methoctramine
and tripitramine. Data are shown as means for one experiment performed in triplicate, which is
representative of at least three separate experiments. In the example shown displacement with
tripitramine revealed fraction 1 (high affinity, the M, receptor population) as 24% and

methoctramine gave an estimate of 19% for this receptor population.
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Figure 3.7 A representative graph of experiments performed on CHO-m2m3 (B2) membranes
displacing [3H]-NMS by darifenacin. Data are shown as means for one experiment performed in
triplicate, which is representative of three separate experiments. Two-site analysis of this
example displacement, by darifenacin, reveals a high affinity receptor population (the M;
receptor population) of 84%.
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Tripitramine Methoctramine Darifenacin
(n=5) @=3) 0=3)
pKi (M) M, 9.43 +0.07 7.90+0.11 7.11 £ 0.06
PKi(M) M; 6.97 +£0.15 5.80+0.20 8.38 £ 0.01
Fraction 1 27+23% 20.5+3.1% 82+0.7%
M2 receptor 457 347 305
population
(fmol/mg protein)
M3 receptor 1237 1347 1389
population
(fmol/mg protein)

Table 3.3 Summary of displacement binding of [*H]-NMS by tripitramine, methoctramine and

darifenacin on CHO-m2m3 (B2) membranes, each experiment was performed in triplicate. pK;

values were calculated from ICs values by using the Cheng-Prusoff equation.
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respective preferred second messenger pathways (i.e. phosphoinositide hydrolysis and inhibition
of adenylyl cyclase). Initial studies defining the effects of mACh receptor stimulation upon
adenylyl cyclase activity through measurement of cyclic AMP accumulation demonstrated that
M,-receptor populations within the CHO-m2m3 cells were unaffected by the transfection
procedure. However, they could also be used to reveal if there was any evidence of cross-talk
between M,- and Ms-receptors and their respective signalling pathways at the level of adenylyl

cyclase regulation.

As can be observed from Figure 3.8, addition of forskolin (FK, 10 uM,10 min) caused a large
elevation in cAMP above basal (100 fold) in all cell lines studied. As has been reported
previously (Griffin & Ehlert, 1992; Caulfield, 1993; Boxall, 1998) MCh stimulation of CHO-m2
cells causes a concentration-dependent inhibition of cAMP accumulation, pICso = 6.60 * 0.02
(n=4), with maximal inhibition > 95 % (at 100 uM MCh). MCh-stimulation of CHO-m3 and
CHO-m2m3 (B2) cells gave a biphasic modulation of cAMP accumulation (see Figure 3.8).
Surprisingly, MCh at low concentrations inhibited FK-stimulated cAMP accumulation in CHO-
m3 cells (max inhibition 39 %; pICso 7.43 + 0.08, n=5), but stimulatory effects were seen at high

agonist concentrations (max. stimulation 1.95 fold over FK alone; pECsp 4.35 + 0.12, n=5).

The effects of MCh on the FK-stimulated cAMP response in CHO-m2m3 (B2) cells are shown
in Figure 3.8 (panel B). In common with the agonist-stimulated responses observed in CHO-m2
and CHO-m3 cells, low concentrations of MCh (3-300 nM) caused a pronounced inhibition of
cAMP accumulation that was maximal at 0.3 pM MCh (70% inhibition). The pICs, value for the
inhibitory phase of the response (7.66 + 0.06; n=5) was much closer to the comparable value
obtained in CHO-m3 cells and at least a log unit lower than that observed for CHO-m2 cells (see
Figure 3.8, panel A). The pICsy value, and the magnitude of the inhibition seen, strongly
suggests that both M, and M3 mACh receptor stimulations contribute to the inhibitory phase of
the cAMP response. In contrast, the marked stimulatory effect of MCh seen at higher
concentrations (1-100 uM) was essentially similar in CHO-m2m3 (B2) cells (max. stimulation
2.0 fold over FK only response; pECso 4.95 £ 0.10; n=5). Thus, these studies provided little
evidence for an effective antagonism of the cAMP stimulatory effect of the M3 mACh receptor
stimulation by simultaneous stimulation of the M, receptor population. Similar modulations of
FK-stimulated cAMP accumulation by MCh were observed in a preliminary experiment in a
second CHO-m2m?3 clone (#B7) as shown in Figure 3.9, although the high agonist M3-mediated
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Figure 3.8 Concentration-dependent modulation of forskolin-stimulated cyclic AMP
accumulation by MCh in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells. The effects of
increasing concentrations of MCh on cAMP accumulation in CHO-m2 (panel A), CHO-m3 cells
(panel A) and CHO-m2m3 (B2) (panel B) cells are shown, with the inset to panel B bringing
together CHO-m2 and CHO-m2m3 (B2) cell results on the same axis. Data are shown as means
+ S.E.M. for four separate experiments performed in duplicate.
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Figure 3.9 Comparison of concentration-dependent modulation of forskolin-stimulated cyclic
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stimulatory phase was less pronounced.

3.2.4 Use of subtype-selective antagonists to establish M, and M3 mACh receptor-mediated
cAMP responses in CHO-m2m3 cells

In binding studies, the mACh receptor-selective antagonists, tripitramine and methoctramine,
were shown to possess sufficient My-over-M; selectivity to allow delineation of the mACh
receptor sub-populations, whereas the M3-over-M, selective antagonist darifenacin showed only
approx. 10 fold selectivity with respect to [*H]-NMS displacement for a mixed M,/M; mACh
receptor population (see Section 3.2.2). Here, the 'functional' selectivity of darifenacin was
examined by assessing the ability of this antagonist to inhibit M;- and M,- mediated cAMP
effects in CHO-m2m3 cells. 'Functional' selectivity of darifenacin was examined by assessing
the ability of this antagonist to inhibit M3- and M,- mediated cAMP effects in CHO-m2m3 cells.

Initial studies assessed the antagonism of the M3 mACh receptor-mediated (low agonist
concentration) inhibition of FK-stimulated cAMP accumulation in CHO-m3 cells. A
concentration of MCh (0.3 uM) which maximally inhibited FK-stimulated cAMP accumulation
was concentration-dependently antagonised by increasing concentrations of darifenacin and
tripitramine (see Figure 3.10). As can be seen, much lower concentrations of darifenacin (pK;
8.97) were needed to inhibit the MCh-mediated effect compared to tripitramine (pKi, 6.99)
consistent with the M3 mACh receptor mediation of this response.

In CHO-m2m3 cells the picture is somewhat more complicated. Addition of a relatively high
concentration of MCh (10 uM) results in a small increase in cAMP accumulation over that
caused by FK alone. Under these circumstances it is assumed that the M3-mediated stimulatory
effect is just dominating over a M,-driven inhibitory effect (see Figure 3.11). Pre-incubation (=
30 min) with increasing concentrations of darifenacin initially inhibits the M;-driven adenylyl
cyclase stimulatory effect and the M,-driven inhibitory effect is increasingly unmasked. As can
be seen from Figure 3.11, at a concentration of darifenacin of 0.3 uM the MCh stimulation of
the M3 receptor-mediated stimulation is maximally suppressed and the full inhibitory effect
mediated by the M, receptor is revealed. However, as darifenacin concentration is increased
further then inhibition of the M,-mediated effect is seen and at 30 uM darifenacin both M, and
M3 mediated effects are completely blocked (see Figure 3.11). It can also be observed from
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Figure 3.10 Reversal of the inhibitory effect of MCh (0.3 uM) on FK-stimulated cyclic AMP
accumulation in CHO-m3 cells by darifenacin and tripitramine. Data are shown as means *

S.E.M. for three separate experiments.
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Figure 3.11 Darifenacin blockade of MCh (10 uM) stimulated cAMP accumulation in CHO-
m2 and CHO-m2m3 (B2) cells. Data are means + S.E.M. from three separate experiments
performed in duplicate. CHO-m2 and CHO-m2m3 cell monolayers were preincubated in the
absence or presence of the indicated concentrations of darifenacin for 30 min. This was
followed by addition of MCh (10 uM) or vehicle and 10 min later by FK (10 pM) and

terminated 10 min subsequent to this.
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Figure 3.11, that the darifenacin inhibition of the M,-mediated inhibitory component of FK-
stimulated cAMP accumulation in CHO-m2m3 (B2) cells overlies that in CHO-m2 cells.

3.2.5 Measurement of mACh receptor agonist-stimulated IP; accumulation in CHO-m2,
CHO-m3 and CHO-m2m3 (B2) cells

Once it was established that the M, receptors had been unaffected by the transfection procedure
and coupled functionally to adenylyl cyclase modulation it was necessary to demonstrate that the
M; receptors within the model CHO-m2m3 cells, detected by displacement binding, were
functionally coupled to activation of the phosphoinositide (PI) signal transduction pathway.
Previous studies from this Department have reported a concentration-dependent MCh-stimulated
IP; response in CHO-m3 cells, with an ECsp = 2 uM, evoking maximal stimulation with 1 mM
MCh (Boxall, 1998; Wylie et al., 1999). The IP3; mass accumulation time-course in CHO-m3
cells, following maximal agonist stimulation with MCh (1 mM), is shown in Figure 3.12. The
basal level of IP; in the CHO-m3 cells was 80 + 19 pmol/mg protein. Initially following agonist
stimulation, the IP; mass accumulation increased very sharply to a peak of 416 + 36 pmol/mg
protein, after 15 s, which was then followed by a decrease to an elevated sustained plateau
response (= 200 pmol/mg protein) which was observable beyond 10 min (data not shown). There
was no apparent change in the basal level of IP; mass in the unstimulated cells throughout the

time-courses for any of the three cell lines studied.

MCh (1 mM) stimulation of the CHO-m2 cells did not cause a detectable change in IP; mass
accumulation (data not shown), the basal level in these cells was 120 + 12 pmol/mg protein

(n=3, in duplicate).

Demonstrating the properties of a functioning M;-receptor, the co-expressing CHO-m2m3 (B2)
cell line showed a similar MCh-induced time-course profile of IP; mass accumulation to the
CHO-m3 cells with a peak after 15s (Figure 3.13). The peak after 15 s was 358 £ 15 pmol/mg
protein, although the basal IP; level in these cells was lower than in CHO-m3 cells at 32 + 8

pmol/mg protein.
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Figure 3.12 Time-course profile of MCh (1 mM) stimulated IP; mass accumulation in CHO-

m3 cells. Data are shown as means + S.E.M. for three separate experiments.
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Figure 3.13 Time-course profile of MCh (1 mM) stimulated IP; mass accumulation in CHO-

m2m3 (B2) cells. Data are shown as means + S.E.M. for three separate experiments.
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3.2.6 Assessment of single-cell Ca®* responses in a field of CHO-m2m3 (B2) cells

It was also considered important to establish that each of the co-expressing CHO-m2m3 (B2)
cells, is genuinely, individually co-expressing M, and M; receptors and, in particular, that we
have not created a mixed population of CHO-m2 and CHO-m2m3 cells. The Mj-receptor
population was shown to be ubiquitous in the co-expressing CHO-m2m3 cells by single cell
Ca’* analysis.

As can be observed from Figure 3.14, CHO-m2m3 (B2) cells showed a rapid and robust increase
in [Ca™); fb]lowing application of MCh (100 uM). Also this response was robust and
pronounced in all of the cells with addition of 1 pM MCh. These responses are represented by
example time-course profiles in Figure 3.14 which shows a peak and plateau response beyond 5
min. Figure 3.15, showing the pseudo-colour image of the populations of cells as different
concentrations of MCh are perfused across the CHO-m2m3 cells, demonstrates that all of the
cells show an increase in [Ca®*]; within 1 s of agonist application for 1 uM and 100 uM MCh.

3.3 Discussion

Initially in this investigation into the potentiél cross-talk between muscarinic acetylcholine
receptors in cells transfected to co-express M,- and M;- mACh receptors, I performed
radioligand binding studies, and measured second messenger production at the level of IP3,
cAMP and Ca®" in order to determine whether the co-expression of M, and M3 mACh receptors
results in responses different to simple summation of the effects of the two receptors expressed

in isolation.

The [*H]-NMS saturation binding studies on membrane preparations revealed total mACh
receptor populations for the cell lines studied of 617 + 51, 3962 * 409 and 1694 + 456 fmol / mg
protein, and similar K4 values for CHO-m2, CHO-m3 and CHO-m2m3 (B2 clone) cells,
respectively. Displacement binding with tripitramine revealed the receptor populations within
the co-expressing cells to be 457 and 1237 fmol/mg protein for M, and Mj receptors,
respectively, a ratio confirmed using both methoctramine and darifenacin to ‘dissect’ My/M;

receptor populations.
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Figure 3.14 Single cell traces, representative of a population of cells (10 - 15 cells) in three

separate experiments, showing the change in intracellular Ca** concentrations following agonist

stimulation at 100 uM, 1 uM and 10 nM MCh in CHO-m2m3 (B2) cells in panels a, b and ¢

respectively.
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Figure 3.15 Pseudo-colour images representing the levels of intracellular Ca2t+ following
addition of MCh at 0.01, 1 and 100 pM MCh in CHO-m2m3 (B2) cells in panels a, b and ¢
respectively. Each frame 1s 1.6 s later than the previous one with the exception ofthe last frame
of panel a (0.01 pM MCh) which is 22.5s later than the previous frame. The colour scale at the
bottom of the figure represents [Ca2f] in nM. Representative experiment of three separate

experiments.



Although the M, receptor population in the CHO-m2 and CHO-m2m3 cell lines are comparable,
the CHO-m3 cells over-express the M; receptor relative to the co-expressing clone. Hence
another low M; expressing cell line, CHO-m3VT-9 cells, were also characterised. Saturation
binding studies on CHO-m3VT-9 membranes revealed that this clone had a much lower
expression level with Bnax =159 finol/mg protein, (see Table 3.1), which is somewhat less than
found in other studies using CHO-m3VT-9 cells, for example Burford et al. (1995) who reported
Bmax =450 fmol/mg protein.

Displacemeﬂt of [’H]-NMS from membranes using tripitramine revealed -log ICso (M) values of
8.5 and 5.6 for CHO-m2 and CHO-m3 cells, respectively, which correlate with studies by
Chiarini et al. (1995) who also found that tripitramine had a 1000 fold selectivity for M,
receptors over M3 (-log ICsy (M) values of 9.6 and 6.2 for M, and M; receptors, respectively).
The two-site competition analysis of the displacement binding with tripitramine, methoctramine
or darifenacin revealed that the proportion of M, to M; receptors in the co-expressing cells was
approx. 1:3. While this diverges from the ratio seen in most smooth muscle tissues, where the
M; receptor population is predominant, it should provide a satisfactory model for identifying
potential interactions between the two receptors. It should also be noted that isolated rat uterus
contain a predominant Mj (= 65 %) over M; (=35 %) receptor population (Choppin et al., 1999),
giving the model cell M;:M; ratio a ‘real’ tissue counterpart.

The displacement binding studies were performed with methoctramine as well as tripitramine
due to the lack of a commercial source of tripitramine. It is possible to observe from Figure 3.4
that there is a sufficiently large window of selectivity between M, and M3 receptors using
methoctramine to suggest that this agent can adequately substitute for tripitramine in subsequent
studies.

The receptor populations in a second co-expressing CHO-m2m3 (B7) clone were also profiled.
However, culture of these cells revealed them to grow more slowly, and visual inspection of
these cells showed non-uniform shape compared to the other CHO cell lines studied. Following
the initial co-transfection, Boxall and colleagues (1998) screened potential co-expressing clones
for IP; responses, and MCh evoked an increase in IP3 mass accumulation in CHO-m2m3 (B2)
cells similar in magnitude and time-course profile to CHO-m3 cells. However, maximal MCh-
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evoked IP; mass accumulation in CHO-m2m3 (B7) was only approx. 30-50 % of that seen in
CHO-m3 cells. Hence CHO-m2m3 (B7) cells were used to reinforce observations made in the
CHO-m2m3 (B2) cells, whilst their growth and second messenger response differences were

always borne in mind.

Characterisation of cCAMP and IP; accumulations within the CHO-m2m3 cells would show
whether the mixed population of M, and M3 receptors, revealed by radioligand binding
experiments, effectively couple to their respective G protein-linked signalling pathways. The
cAMP accumulation experiments confirm that the M, receptors within the co-expressing cells
efficiently couple through G; to adenylyl cyclase leading to an inhibition of forskolin-stimulated
cAMP accumulation (Figure 3.8). Further confirmation of the presence of Mj-receptors within
the co-expressing cells coupling successfully to their signal transduction pathways is seen at
higher methacholine concentrations (>1 uM) as the forskolin-stimulated (10 pM) cAMP
accumulation curve essentially overlies that observed for CHO-m3 cells (1 uM to 1 mM MCh
Figure 3.8). The increase in cAMP accumulation above the level stimulated by forskolin (10
puM) per se has been observed previously in CHO-m3 (Boxall, 1998) and CHO-m1 (Burford and
Nahorski, 1996) cells and is believed to be due to “promiscuous’ coupling of M; receptors to Gs-
proteins leading to increased adenylyl cyclase activity and therefore an increase in cAMP

accumulation.

The cAMP accumulation studies revealed an interesting difference between the MCh-induced
inhibition observed in CHO-m2m3 (B2) and CHO-m2 cells with the concentration-response
curve in the co-expressing cells lying substantially to the left of that for the CHO-m2 cells. This
observation of an apparent augmentation of the M, inhibitory response upon co-stimulation of
M; receptors, at least over a particular agonist concentrations, was also seen in a second co-
expressing clone (CHO-m2m3 #B7). The inhibitory response observed with low concentrations
of MCh in CHO-m3 cells was shown to be mediated by M3 receptor activation as both
tripitramine and darifenacin reversed the MCh (300 nM) induced inhibition of FK-stimulated
cAMP accumulation, with estimated affinities for M3 receptors as reported previously (Eglen
and Nahorski, 2000; pK; 8.97 and 6.99 for darifenacin and tripitramine respectively, see Figure
3.10). Darifenacin blockade of the MCh-induced cAMP accumulation response in CHO-m2m3
(B2) cells is somewhat more complicated (Figure 3.11). 10 uM MCh causes an elevation of FK-
stimulated cAMP accumulation in CHO-m2m3 (B2) cells. Darifenacin (300 nM) blocking the
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M;-mediated stimulatory effect on cCAMP accumulation unmasks the M, inhibitory effect which
is blocked by concentrations of darifenacin above 300 nM. However, the slope of the
concentration-dependent darifenacin (1 nM- 300 nM) blockade of Mj-mediated stimulatory
signal (10 uM MCh) is made up of summation of the unmasked M,- and M;-mediated inhibitory
components (see Figure 3.11)

If it is assumed that the inhibitory component of the biphasic curve (Figure 3.11) is attributable
to darifenacin inhibition of M3 mACh receptors (ICso 10 nM) and the rising arm to inhibition of
M, mACh receptors (ICso 3.6 pM), then the ‘functional’ selectivity of darifenacin appears to be
approx. 400 fold (i.e. 40 fold greater than was observed in [°’H]-NMS displacement studies).

Another study within our laboratory has since demonstrated that the inhibitory effect observed
though M;-receptor stimulation at low agonist concentrations is due to inhibition of adenylyl
cyclase (AC) isoenzymes by Ca®* entering the cell via a capacitative Ca’* influx pathway. AC
subtypes V and VI can be inhibited by increases in Ca®>* (Sunahara et al., 1996). Thus, the
apparent additive inhibitory effects (approx. 10 leftward shift) of co-activation of M, and M-
receptors in CHO-m2m3 (B2) cells may be inhibited by M;-selective concentrations of
darifenacin (300 nM), or via removal of extracellular calcium. In addition, thapsigargin (2 uM)
in calcium-containing experiments will also evoke a similar inhibition of FK-stimulated cAMP
accumulation to that evoked by low concentrations of MCh (Mistry et al., 2001).

The cAMP experiments (see Section 3.2.3 above) suggested that coupling of M,-receptors to Gi-
proteins, in CHO-m2m3 (B2) cells had been unaffected by the transfection procedure, but also
implied that the activation of the co-expressed M; receptors had the same characteristics as in
CHO-m3 cells (i.e. inhibition at low [MCh], and stimulation at high [MCh] of cAMP

accumulation).

IP; mass accumulation studies revealed the G-mediated signal transduction from M; receptors
in both CHO-m3 and the co-transfected CHO-m2m3 (B2) cells to be similar, while also
revealing if there are any apparent effects of co-stimulation of M, receptors within these same
cells. Agonist stimulation of CHO-m2 cells caused no apparent change in IP; mass
accumulation. The time-course profile of maximal MCh (1 mM) induced IP; mass accumulation

in the co-expressing CHO-m2m3 cell was similar to that of the cells expressing Mj-receptors
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alone (see Figures 3.12 and 3.13). This time-course profile correlates with previously published
data in CHO-m3 cells, an initial peak after 10 s of 8-10 fold over basal which falls to 3-4 fold
within 1 min (Tobin et al., 1992).

The radioligand binding analysis, cCAMP accumulation, IP; mass accumulation experiments (see
sections 3.2.1, 3.2.3 and 3.2.6 above) and survival in hygromycin B selection medium, all imply
successful transfection of M;j-receptors into the parent CHO-m2 cell population to create co-
expressing clones. However, it was important to prove CHO-m2m3 cells were a homogeneous
cell population with all cells expressing both muscarinic receptor subtypes, and not just a mixed
population of CHO-m2 and CHO-m3 cells and CHO-m2m3 cells. The Mj3-receptor population
within CHO-m2m3 cells was shown to be ubiquitously expressed in the co-expressing CHO-
m2m3 cells using single cell Ca®* imaging (see Figure 3.15).

The profile of this Ca®* release is similar to that observed in CHO-m3 cells (Boxall, 1998),
indicating that the co-transfected M3 receptors in the CHO-m2m3 cells couple appropriately to
their signal transduction pathway. Although there have been studies showing increases in
[Ca®*]; following agonist stimulation of CHO-m2 cells (Schmidt et al., 1995; Boxall, 1998;
Whylie et al., 1999) this has a distinct profile which is characterised by a smaller and a more
gradual increase in [Ca®*]i. Boxall (1998) also found Ca®* responses in CHO-m2 cells only at
high concentrations of MCh, whereas the studies presented here show a robust response at 1 pM
MCh in all the CHO-m2m3 (B2) cells, and a rapid increase is observed in over 80% of the cells
challenged with 10 nM MCh. This provides compelling evidence that all the co-expressed cells
contained M; receptors and not just a proportion of the population. However, further
characterisation of Ca®* signalling within CHO-m2 and CHO-m3 cells was performed (where
0.1 uM MCh failed to induce a Ca®" response in CHO-m2 cells, see Chapter 4, Figure 4.5) to
consolidate these observations in the CHO-m2m3 cells.

This Chapter has verified that the recombinant cell model being studied co-expresses M and M;
‘muscarinic receptors in the proportion 1:3 (M2:M; respectively), and these receptors functionally
couple to their respective signalling pathways (G; to AC and G4 to PLC, see Figure 1.2) on
agonist stimulation. Therefore, this model can be used to study possible interactions/cross-talk

between these receptors and their signalling pathways. Agonist-stimulated second messenger
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generation (IP; and cAMP) in CHO-m2m3 cells was investigated for evidence of cross-talk,
because adenylyl cyclases are known to be regulated by effectors downstream of Gg-linked
receptor activation, Ca’* (inhibition of AC subtypes V and VI) and PKC (stimulation of AC
subtypes II and V), as reviewed by Sunahara et al. (1996). Also Gi-derived By-subunits have
been shown to stimulate some PLC isoforms (Blank et al., 1992), as well as G;j-protein
activation being implicated in augmentation of Gq activation of PLC hydrolysis (for review see
Selbie and Hill, 1998; also see Chapter 4).

While there is evidence for a M; receptor influence upon M;-mediated inhibition of adenylyl
cyclase activity, preliminary IP; mass accumulation experiments revealed no influence of co-
stimulation of M, receptors upon the M;-mediated response. However, this is more thoroughly
investigated in Chapter 4 using fluorimetric imaging plate reader (FLIPR) techniques to analyse
Ca®* signalling within the co-expressing model.
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Chapter Four: Characterisation of phosphoinositide and Ca?*
responses in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells

4.1 Introduction

Traditionally the signal transduction pathways from M, and M; muscarinic receptors have been
classified as independent pathways, coupling through G; and Gg proteins to inhibition of
adenylyl cyclase and stimulation of phosphoinositide hydrolysis, respectively (See Figure 1.2).
Activation 6f G, proteins causes the stimulation of B isoforms of PLC which increases the
hydrolysis of PIP, to produce IP; and DAG, causing release of Ca’>* from intracellular stores,

and activation of PKC, respectively (for review see Berridge et al., 2000).

However, more recently it has been shown that receptors which traditionally activate Gi- or Gg-
mediated pathways are not necessarily independent, as evidence for promiscuity and cross-talk
leading to overlap between their respective pathways has become more common. Many studies
have investigated cross-talk between G; and Gq pathway activation in modulating PLC
hydrolysis (for review see Selbie and Hill, 1998). Activation of G; proteins has been shown to
activate PLC-B isoforms via Gy subunits (Blank et al., 1992; Camps et al., 1992). Megson and
colleagues have shown simultaneous activation of G;- and Gq- mediated pathways (through
activation of adenosine A1 and P2-purinoceptors, respectively) produced a large augmentation
of phospholipid hydrolysis as measured by accumulation of [*H]-inositol phosphates (Megson et
al.,, 1995). G; augmentation of Gy-mediated stimulation of PLC has been shown to be mediated
by GPBy subunits (Selbie et al., 1997) and, in some cases, is dependent on pre-activation of PLC
by Gag subunits (Chan et al., 2000). Watkins and colleagues also have shown G; interaction
with PLC, however, they demonstrated that suppression of Ga; signalling raised basal PLC
activity and augmented agonist-induced [*H]-IP, accumulation responses (Watkins et al., 1994),
suggesting a possible negative coupling to PLC.

Modulation of PLC by cross-talk between G proteins is important because the modulation of
IP;-stimulated mobilisation of Ca®* from intracellular stores and subsequent influx from
extracellular environment via Ca®* channels (for reviews see Berridge, 1993; 2000) are known to

be important in modulating many signalling pathways. Ca** signalling has been implicated in

78



both direct and indirect modulation of such wide ranging cellular molecules and processes as
adenylyl cyclase, PLC (Del Rio et al., 1994; Berridge, 1998; Masgrau et al., 2000), PKC, Ca**
channels, MAPKs (Mitchell et al., 1995; Gutkind, 1998a; Wylie et al., 1999), tyrosine kinases
(PYK2, Dikic et al., 1996), as well as contraction, fertilisation, growth and apoptosis (reviewed
by Berridge et al., 1998; 2000).

With these known interactions between Gi- and Gg-coupled receptor pathways, this Chapter
investigates if there is evidence for cross-talk between co-expressed M, and M; receptors at the
level of phosphoinositide hydrolysis, through [*H]-IPx accumulation measurements and the use
of FLIPR technology for the measurement of intracellular [Ca®*] changes.

4.2 Results

4.2.1 Comparison of agonist-stimulated [*H]-IP; accumulation in CHO-m2, CHO-m3 and
CHO-m2m3 (B2) cells

MCh (1 mM) caused a robust time-dependent increase in [*H]-IP, accumulation in both [*H]-
inositol-labelled CHO-m3 and CHO-m2m3 (B2) cells (see Figure 4.1, panel B). As can be
observed from Figure 4.1 (panel B) an approx 5 fold increase could be detected at 5 min after
agonist challenge and the response peaked at > 30 fold over basal beyond 30 min. In contrast,
[*H}-inositol-labelled CHO-m2 cells showed only a modest increase in [°H]-IP, accumulation
with 1 mM MCh of only 1.85 fold over basal at 30 min (Figure 4.1, panel A). Also, the
concentration-dependencies (assessed at 15 min) of these observed responses varies greatly with
CHO-m3 and CHO-m2m3 (B2) cells having sub-micomolar ECsy values and CHO-m2 cells
having an ECsy value of approx. 50 uM (pECs, 4.30 iO.\07, 6.24 + 0.13 and 6.55 £ 0.16 for
CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells respectively, n=3, see Figure 4.2 and Table 4.1).

Thus, although mACh receptor stimulation in CHO-m2 cells can cause [*H]-IP, accumulation,

higher agonist concentrations are required to evoke responses which are maximally only approx.

5 % of those observed in CHO-m3 or CHO-m2m3 (B2) cells.
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Figure 4.1 Time-course profiles of 1 mM MCh-stimulated [*H]-IPx accumulation in [*H]-
inositol pre-labelled CHO-m2 (panel A), CHO-m3 (panel B) and CHO-m2m3 (B2) (panel B)
cells. Data are shown as means + S.E.M. of three separate experiments performed in duplicate.

Note differences in y-axis scales between panels A and B.
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(n=3) and CHO-m2m3 (B2) (n=3) cells. Data are shown as means + S.E.M. Panel A shows
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scale y-axis between panels A and B.
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PECso Enmax
Cell Line (S.EM.) *S.E.M.)
CHO-m2 4.30+0.07 1.8+0.2
(n=4)
CHO-m3 6.24£0.13 179+1.2
(@=3)
CHO-m2m3 6.55+0.16 162124
(B2) (n=3)

Table 4.1 A summary of MCh-stimulated (at 15 min) [*H]-IP, accumulation in [*H]-inositol
pre-labelled CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells. Data represent means + S.E.M. for
at least three separate experiments performed in duplicate. Basal [*H]-IP, accumulations were

43054 + 8335, 54203 +11586 and 41552 + 10909 for CHO-m2 , CHO-m3 and CHO-m2m3

respectively.
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4.2.2 Analysis of Ca**-release profiles in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells

MCh stimulation of all three cell lines studied (CHO-m2, CHO-m3 and CHO-m2m3 (B2))
caused a time-dependent and concentration-dependent increase in [Ca2+]i. In CHO-m2 cells, as
shown in Figures 4.3 (panel A), 4.4 and 4.5, concentrations of MCh above 1 uM evoked
concentration-dependent increases in intracellular Ca®* levels (pECso 5.98 £ 0.30, n=3, Figure
4.5 and Table 4.2) which peaked ~14 s after agonist addition and returned to basal within 120 s.
In contrast, both CHO-m3 and CHO-m2m3 (B2) cells exhibited much larger and more rapid
Ca** responses upon agonist stimulation, compared to CHO-m2 cells, which peaked ~3 s after
agonist addition with similar maximal stimulations (Figure 4.3 panels B and C). 10 nM MCh
elicited maximal responses in CHO-m3 and CHO-m2m3 (B2) cells, which were approx. 5 fold
larger than the maximal response observed in CHO-m2 cells and occurred at concentrations 100
fold lower than that which elicited the maximal response in CHO-m2 cells (pECso (M) 8.80 +
0.17; 8.57 £ 0.21 for CHO-m3 and CHO-m2m3 (B2) cells, respectively Figure 4.5 and Table
4.2).

The concentration-response relationships for the agonist-induced peak response in the three cell
lines are summarised in Figure 4.5 panel A and Table 4.2. In both CHO-m3 and CHO-m2m3
(B2) cells, 10 nM MCh elicited a rapid peak response which then declined to a plateau level (»
40 % of peak) at 90 s and remains elevated beyond 4 min. It is interesting to note from the
example time-course traces in Figures 4.3-4.5 that the plateau phase of the agonist-induced Ca®*
response in CHO-m3 and CHO-m2m3 (B2) cells decreased in a concentration-dependent
manner with supra-maximal agonist concentrations (above 30 nM MCh). This phenomenon of a
bell-shaped plateau concentration-response curve is highlighted in Figure 4.5 panel B with the
same ECs, values for maximal [Ca®*]; elevation at 180 s as for peak response (~ 3 s, see Table

42).

It was also noteworthy that the time taken to achieve a peak increase in [Ca®*]; in CHO-m3 and
CHO-m2m3 (B2) cells following agonist addition decreased with increasing agonist
concentration. Thus, at a sub-maximal (threshold) concentration of MCh (1 nM) the peak rise in
[Ca?*]; was similar in time-course (approx. 16 s to peak) and magnitude to that elicited by a
much higher concentration of MCh in CHO-m2 cells (see Figure 4.3 cf. panels A & C).
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Figure 4.3 Time-course profile of MCh-stimulated Ca’" responses in CHO-m2 (panel
A), CHO-m3 (panel B) and CHO-m2m3 (B2) (panel C) cells. MCh was added att=10s
of baseline. Data are shown for a representative experiment repeated at least three times

in quadruplicate.
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Figure 4.4 Time-course profiles of MCh-stimulated Ca2tresponses in CHO-m2, CHO-m3 and
CHO-m2m3 (B2) cells. MCh was added after 10 s of baseline recording. Panel A shows Ca2t+
responses to supra-maximal MCh concentrations, and panel B shows Ca2t+ responses to sub-
maximal MCh concentrations. Data are shown as mean fluorescence of a representative

experiment repeated at least three times in quadruplicate.
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Figure 4.5 Concentration-effect curves for peak (A) and plateau (B) agonist-stimulated
intracellular Ca®* responses in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells as measured by
FLIPR. Peak response is approximately 3 s after agonist addition for CHO-m3 and CHO-m2m3
(B2) cells and 15 s for CHO-m2 cells, the plateau phase was measured at 180 s (see Figure 4.3).

Data are shown as means = S.E.M. for at least three separate experiments performed in

quadruplicate.
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Cell Line MCh CCh
pECso +S.E.M. pEC5o + pECgo +S.E.M.
(peak) S.E.M. (peak)(n=6)
(plateau)
CHO-m2 5.98 £0.30 6.51+£0.07 591+0.14
m=4)
CHO-m3 8.80+0.17 8.51+0.38 8.85+0.11
0=4)
CHO-m2m3 8.57 +£0.21 8.52+0.49 8.64+0.16
(B2) (n=4)

Table 4.2 A summary of agonist (MCh or CCh) stimulated peak and plateau [Ca®*]; response in
CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells as measured by FLIPR analysis. Peak response

is approximately 3 s after agonist addition for CHO-m3 and CHO-m2m3 (B2) cells and 15 s for
CHO-m2 cells, the plateau phase was measured at 180 s. To estimate plateau pECs values for

CHO-m3 and CHO-m2m3 (B2) cells data between 10"1- 107 M were analysed (see Figure 4.5).
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Concentration-dependency profiles for CCh-stimulated [Ca’']; responses were also established
in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells. CCh demonstrated a similar efficacy and
potency to MCh (pECso = 5.91 £+ 0.14, 8.85 + 0.11 and 8.64 * 0.16 for CHO-m2, CHO-m3 and
CHO-m2m3 (B2) respectively, as summarised in Table 4.2).

4.2.3 Inhibition of MCh-stimulated Ca2+ responses by mACh receptor antagonists

The activities of the mACh receptor antagonists, tripitramine, darifenacin and atropine in
inhibiting MCh-stimulated Ca2* responses in CHO-m2, CHO-m3 and CHO-m2m3 cells were
assessed. Triptramine is Mpj-over-M3-selective, darifenacin is Mjs-over-Mj-selective, and
atropine is a non-selective mA Ch receptor antagonist. In each cell-line a concentration of MCh
was chosen to elicit an approx. ECg response (CHO-m2, 10 uM; CHO-m3 and CHO-m2m3, 10
nM) and antagonists pre-incubated with cells for 30 min prior to agonist addition. None of the

antagonists used had any effect on basal (or auto) fluorescence.

As illustrated in Figure 4.6, tripitramine showed selectivity for inhibition of the Mj-mediated
Ca2* response (pKj, 9.3 £+ 0.5) compared to the response observed in either CHO-m3 or CHO-
m2m3 cell-lines (pK;, 7.6 = 0.5; 7.9 + 0.3, respectively), although the absolute level of
selectivity (20-50 fold) was less than would have been predicted from radioligand binding
studies. Darifenacin showed little M3 selectivity (= 5 fold) in FLIPR experiments (pK;, 8.5 +
0.1; 9.0 £ 0.5; 8.9 + 0.3, for CHO-m2, -m3 and -m2m3 cells, respectively, Figure 4.7). The non-
selective mACh receptor antagonist atropine inhibited both M and Mjz-mediated Ca2*

responses (Figure 4.8) with similar activity. Antagonist profiles are summarised in Table 4.3.

4.2.4 Contribution of extracellular Ca** influx to Ca?* response profiles in CHO-m2,

CHO-m3 and CHO-m2m3 (B2) cells

The initial peak Ca’* response has previously been shown to be caused predominantly by release
of Ca®* from intracellular Ca®* stores, while the sustained plateau phase observed in CHO-m3
cells is caused by Ca** influx into the cell (Berridge et al., 2000). It was important therefore to
investigate if the observed Ca?" response in CHO-m2 cells was evoked by the same mechanism

as the more traditionally studied Gq -linked PLC/ IP5/ Ca®* response (CHO-m3 cells).
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Figure 4.6 Tripitramine inhibition of the MCh-stimulated Ca** response in CHO-m2, CHO-m3
and CHO-m2m3 (B2) cells. MCh =10 uM in CHO-m2 cells, and 10 nM in CHO-m3 and CHO-
m2m3 (B2) cells. Data are shown as means + S.E.M. for one representative experiment
performed in quadruplicate, and repeated three times. The inset shows a second representative

experiment with all three cell lines analysed within the same experiment. See Table 4.3 for

composite data from multiple separate experiments.
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Figure 4.7 Darifenacin inhibition of MCh-stimulated [Ca*] responses in CHO-m2, CHO-m3
and CHO-m2m3 (B2) cells. MCh = 10 uM in CHO-m2 cells, and 10 nM in CHO-m3 and
CHO-m2m3 (B2) cells. Data are shown as means + S.E.M. for one representative experiment
performed in quadruplicate, and repeated three times. See Table 4.3 for composite data from

multiple separate experiments.

91



15000
m CHO-m2

A CHO-m3
10000+ v CHO-m2m3 (B2)

Fluorescence
(arbitary units)
3
8
]

1 1 1

1 T T T T T
MCh -12 -11-10 9 -8 -7 6 -5 -4
log [atropine] (M)

Figure 4.8 Atropine inhibition of MCh stimulated [Ca®*] response in CHO-m2 and CHO-m3
and CHO-m2m3 (B2) cells. MCh =10 uM in CHO-m2 cells and 10 nM in CHO-m3 and CHO-
m2m3 (B2) cells. Data are shown as means + S.E.M. for one representative experiment
performed in quadruplicate and repeated three times. See Table 4.3 for composite data from

multiple separate experiments.
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CHO-m2 CHO-m3 CHO-m2m3 (B2)
Tripitramine 9.25 + 0.47 7.59+ 0.54 7.94 +0.33
pKi (n=3)
Darifenacin 8.48 + 0.1 8.98 +0.54 8.85+0.25
pKi (n=3)
Atropine 10.76 + 0.61 10.09 +0.42 10.57 +0.38
pKi (n=3)

Table 4.3. Summary of inhibition profiles of various mACh receptor anatgonists on MCh-
stimulated [Ca®'}; responses in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells. pK; values were
calculated by Cheng-Prussof analysis (see Methods). Inhibition profiles to 10 puM MCh in

CHO-m2 cells, and 10 nM MCh in CHO-m3 and CHO-m2m3 (B2) cells.
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Extracellular Ca®* was removed by omission of Ca®* from the FLIPR buffer and addition of
EGTA (100 uM) to further reduce extracellular Ca** to approx. 100 nM. Surprisingly, under
calcium-free conditions in CHO-m2 cells, MCh caused a stimulation of intracellular Ca®* release
greater than that observed in normal Ca2+-containing experiments, as shown in Figure 4.9.
There was no change in potency of MCh under Ca®*-free compared to Ca?*-containing
experimental conditions but the maximal MCh-induced fluorescence change was 1.46 + 0.12

fold greater than under Ca?*-containing conditions, as shown in Figure 4.10, and Table 4.4.

In contrast to CHO-m2 cells, removal of extracellular Ca?* caused an inhibitory effect upon
MCh-stimulated [Ca?*}; responses in both CHO-m3 and CHO-m2m3 (B2) cells (Figures 4.11 -
4.14, Table 4.4). The peak increase in fluorescence in the absence of extracellular Ca** was 79
+6 and 79 + 3 % of the maximal [Ca’*]; response in the presence of extracellular Ca?*. Removal
of extracellular Ca®* completely abolished the plateau phase elicited by both maximal and sub-
maximal agonist concentrations. As for CHO-m2 cells, removal of extracellular Ca** did not
affect the agonist concentration-dependencies in CHO-m3 or CHO-m2m3 (B2) cells (Table 4.4).

As can be observed from Figures 4.9 - 4.14, the addition of thapsigargin (2 uM) 20 min prior to
agonist addition depleted intracellular Ca® stores and completely abolished agonist-induced

[Ca®"]; responses in all three cell lines.

In all cases, the observed agonist-induced Ca®" response in CHO-m2m3 (B2) cells mimicked
that observed in CHO-m3 cells and there was no evidence of any ‘crosstalk’ through an M,-
receptor-mediated component, presumably because any effect is masked by the large magnitude
of the M;-mediated Ca”* response. However, it was considered important to establish whether
the mechanism of the agonist-induced Ca’* response in CHO-m2 cells is mediated by
“promiscuous” coupling of M,-receptors to Gg-proteins or Gi-derived Gg, activation of PLC
causing the modest IP, and Ca®* responses. One fascinating aspect, not easily explained by
either of these possibilities, is the apparent enhancement of the agonist-stimulated increase in

'[Ca"]; under Ca®*-free conditions. Therefore, an additional objective was to attempt to establish

a mechanism for this phenomenon.
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Figure 4.9 Effect of extracellular Ca2ton the agonist (MCh) stimulated Ca2+response in CHO-
m2 cells at maximal (100 pM, panel A) and sub-maximal (I pM, panel B) agonist concentrations.
Thapsigargin (2 pM) was added for 20 min in Ca2ffee + EGTA (100 pM) medium (black
trace). Data are shown for one repesentative experiment (performed in quadruplicate) from data

for three separate experiments.
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Figure 4.10 Effect of extracellular Ca®* on the agonist (MCh) stimulated peak Ca”* response in
CHO-m2 cells. Data are shown as means + S.E.M. for three separate experiments performed in
quadruplicate. Responses are measured at peak response (~14 s) following agonist addition, in
either normal (1.3 mM) [Ca®*]. or in the absence of Ca®* + EGTA (100 uM) + thapsigargin
(thaps; 2 pM), see Figure 4.9.
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CHO-m2 CHO-m3 CHO-m2m3 (B2)
Average time to 14s 3s 3s
peak
Average peak
(% of max in 146 £ 13 % 79+6 % 79+3%
presence of [Ca**].)
+[Ca”"]. pECso 6.1£0.3 9.0+0.2 8.6 +0.2
(on same day) (n=3)
-Ca** +EGTA 6.6+0.1 8.8+0.1 8.5+0.2
PECso (n=3)
-Ca”" +EGTA
+ thapsigargin N/A N/A N/A
(0=3)

Table 4.4 Summary of concentration-dependency relationships of MCh-stimulated [Ca™];
responses in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells in the presence and absence of

extracellular Ca®>*. N/A = no response.
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Figure 4.11 Effect of extracellular Ca2t+on the agonist (MCh) stimulated Ca2+response in CHO-
m3 cells at maximal (10 pM, panel A) and sub-maximal (10 nM, panel B) agonist concentrations.

Data are shown for one representative experiment (performed in quadruplicate) from data for

three separate experiments.
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Figure 4.12 Effect of extracellular Ca** on the agonist (MCh) stimulated peak Ca’* response in
CHO-m3 cells. Data are shown as means + S.E.M. for three separate experiments performed in

quadruplicate. Responses are measured at peak response (=3 s) following agonist addition.
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Figure 4.13 Effect of extracellular Ca2+on the agonist (MCh) stimulated Ca2t+response in CHO-

m2m3 (B2) cells at maximal (10 pM, panel A) and sub-maximal (10 nM, panel B) agonist

concentrations. Data are shown for one representative experiment (performed in quadruplicate)

from data for three separate experiments.
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Figure 4.14 Effect of extracellular Ca>* on the agonist (MCh) stimulated peak Ca?* response in
CHO-m2m3 (B2) cells. Data are shown as means + S.E.M. for three separate experiments.

Responses are measured at peak response (=3 s) following agonist addition.
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4.2.5 Investigating the coupling mechanism between M mACh receptor activation and
the Ca®* response in CHO-m2 cells

Having established that complete removal of extracellular Ca’* (by Ca®* omission and EGTA
addition) increases the Ca®* response to MCh in CHO-m2 cells it was considered important to
attempt to establish a mechanism for this phenomenon. Under normal conditions (Ca?*e = 1.3
mM) MCh evoked a modest [3H]-IPx accumulation (see Section 4.2.1) that might account for
the observed Ca’* response. Initial experiments therefore assessed whether removal of
extracellular Ca®* affected the agonist-stimulated [3H]-IPx accumulation. As can be seen from
Figure 4.15, basal [3H]-IPx accumulation was somewhat reduced (by 34 + 5%) under these
conditions, and more importantly, agonist-stimulated [3H]-IPx accumulation was completely
abolished. These data suggest that, at least under Ca**-free conditions, IP3 may not be the Ca*'-

mobilizing stimulus.

Experiments were then performed to assess whether PLC activation and Ca?* mobilisation are
dependent upon My mACh receptor coupling to Gj proteins. To investigate this, Gy, proteins
were uncoupled by pre-treatment with pertussis toxin (PTX). As can be seen from Figure 4.16,
PTX pre-treatment (100 ng ml-!; 16 h) caused a modest inhibition of the MCh-stimulated [3H]-
IPX response. However, the effect, when expressed as a fold-over-basal increase, was small (2.2
versus 1.9 fold in control and PTX-treated CHO-m2 cells, respectively) and a concentration-
dependent increase in MCh-stimulated [3H]-IPx accumulation could still be observed following
toxin pre-treatment (pECsq values 4.7 + 0.6; 4.4 £ 0.5 for control and PTX-treated CHO-m2

cells, respectively).

The effects of extracellular Ca2* removal and PTX pre-treatment were also assessed with
respect to the [3H]-IPx response evoked by the ionophore ionomycin. This agent was maximally
effective at a concentration of 1 uM (with higher concentrations perhaps causing a loss of cell
viability; see Figure 4.17A) stimulating a [3H]-IPy response similar to that caused by 1 mM

MCh. Under Ca2*-free conditions the ionomycin stimulation of PLC was completely abolished.
Further experiments demonstrated that PTX pre-treatment had little effect on ionomycin-
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Figure 4.15 Agonist-stimulated [*H]-IP, accumulation in the presence and absence of Ca®* in
[*H]-inositol pre-labelled CHO-m2 cells. Cells were washed into Ca®* free (FLIPR buffer minus
Ca® plus EGTA 100 uM) or normal FLIPR, and were then left to equilibriate for 30 min in the
presence of LiCL (10 mM). Panel A is a time-course profile, data are shown as means + range
for one experiment performed in duplicate. Panel B shows the concentration-dependency of the

agonist-induced stimulation in the presence and absence of calcium, data are shown as means +

S.E.M for three separate experiments.
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stimulated [3H]-IPx accumulation (Figure 4.17B). These experiments demonstrate that Ca2+-
influx is sufficient to cause a modest stimulation of PLC activity at least comparable to that
stimulated by a maximally-effective concentration of MCh in CHO-m2 cells.

In contrast to its effect on [3H]-IPx accumulation, PTX pre-treatment essentially abolished the
Ca2* response to MCh in CHO-m2 cells (Figure 4.18) whilst have essentially no effect on the
agonist-stimulated Ca2* response in either CHO-m3 or CHO-m2m3 cells (Figures 4.19 and
4.20). These time-course studies were confirmed by experiments that assessed the

concentration-dependencies for MCh of the peak and plateau Ca2* responses in CHO-m2, CHO-
m3 and CHO-m2m3 cell lines (see Figures 4.21 and 4.22).

In summary, although these data do not provide a mechanism for the enhanced agonist-
stimulated Ca2*-mobilizing response under Ca2*-free conditions, they do suggest it involves G;
or G, proteins. They also suggest that [3H]-IPx accumulation and Ca2* response may not be
causally linked in CHO-m2 cells and suggest that a novel messenger may be responsible for the
MCh-stimulated mobilization of Ca2* from thapsigargin-sensitive Ca2*-stores in CHO-m2 cells.

4.3 Discussion

Many studies have described the activation of G, protein-coupled receptors causing increases in
intracellular Ca®" levels. With the knowledge that G; protein activation has been shown to
interact with the G signalling pathway, and GBy subunits released by G; activation stimulating
PLC, it was important to research possible cross-talk at the level of IP, accumulation and Ca®
release (Blank et al., 1992; Selbie and Hill, 1998). MCh induced a robust concentration-
dependent increase in [*H]-IPx accumulation in CHO-m3 and CHO-m2m3 (B2) cells (Figure
4.2), this result and the observed peak and plateau IP; response (Chapter 3, Figures 3.12 and
3.13) correlated with the measured peak and plateau Ca®* response ([Ca**] ECsy ~ 100 fold
lower than IP, ECs; Figure 4.3 panels B and C). It is assumed that the initial [Ca*]; rise is due
to mobilisation of stores and the latter plateau is due to Ca®* influx (Berridge et al., 2000). MCh

also stimulated a concentration-dependent increase in both [’H]-IP, accumulation and [Ca?

+q .
Jiin
CHO-m2 cells, although these responses were modest and required much higher concentrations

of agonist in comparison to both CHO-m3 and CHO-m2m3 (B2) cells. In addition, the
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MCh (300 uM)-stimulated intracellular Ca®* response in CHO-m2 cells. The data are shown as
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Figure 4.21 Effect of PTX pre-treatment on MCh concentration-effect curves for MCh-
stimulated [Ca®*); increases measured at the peak response in CHO-m2 (Panel A), CHO-m3
(panel B) and CHO-m2m3 (B2) (panel C) cells. Responses were measured 3 s, 3 s and 14 s after
agonist addition for CHO-m2, CHO-m3 and CHO-m2m3 (b2) cells respectively. Data are

shown as means + S.E.M. of three separate experiments performed in quadruplicate.
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Figure 4.22  Effect of PTX pre-treatment on MCh concentration-effect curves for MCh-
stimulated [Ca®']; increases measured at the plateau response phase (180 s after agonist addition)
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shown as means + S.E.M. of three separate experiments performed in quadruplicate.
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amplification between the [*H]-IP, and [Ca®']; responses in CHO-m2 cells appeared to be less
(only ~30 fold) compared to that seen in CHO-m3 cells.

Similarities in MCh-evoked ECsq values for [3H]-IPx accumulation and [Ca2+]i release in CHO-
m3 and CHO-m2m3 (B2) cells did not provide any evidence for cross-talk from co-activation of
M, and M; receptors, either because there was no interaction, or because the M,-mediated
influence was so small it was masked by the robust M3/Gg-driven signal. The present findings
did not provide evidence for augmentation of [°H]-IP, accumulation by co-stimulation of G;-and
Ggq-coupled. receptors as has been reported previously in some cases (Megson et al., 1995; for
review see Selbie and Hill, 1998). Thus, Megson and colleagues stimulated Gj-coupled
adenosine Al and Gg-coupled P2Y receptors and both produced increases in [*H]-IP,
accumulation, but when co-stimulated they produced an augmented [*H]-IP, accumulation
response. However, it has been reported that G; activation, may inhibit PLC activity (Watkins et
al., 1994), at least in some cell backgrounds, and since maximal MCh (100 pM) evoked only
approx. 70% of maximal response in CHO-m2m3 (B2) cells compared to that observed in CHO-
m3 cells, it would be interesting to study the effects of PTX on [°H]-IP, accumulation in CHO-
m2m3 (B2) cells. However, it is noteworthy that PTX pre-treatment had no effect on [Ca®];
release in CHO-m2m3 (B2) cells and MCh caused a modest increase in [*H]-IP, accumulation in

CHO-m2 cells in this study.

With such different concentration-dependencies between the agonist-induced M,- and M;-
mediated [Ca®']; increases, it was important to establish if these responses were mediated
through the same mechanism. The MCh-induced [Ca?']; release observed in CHO-m2 appears
to be independent of the modest [*H]-IP, accumulation, as the [Ca*); response is completely
attenuated by PTX pre-treatment, but the [*H]-IP, accmnﬁlation was only partly PTX-sensitive
(Figure 4.16). Hence, the MCh-induced [Ca®']; response in CHO-m2 may not be mediated by
either Gay; or Ggy subunit activation of PLC, or through promiscuous coupling of M, receptors to
activation of Gq proteins. Schmidt et al. (1995) studied Ca®* signalling by M, and M; receptors
in HEK cells, and demonstrated similar concentration-dependencies to those observed in this
study (IPx ECsos = 20 uM and 2uM, Ca** ECsos =7 uM and 30 nM for HEK-m2 and HEK-m3
cells, respectively), but opposite to the findings in this Chapter their M>-mediated Ca®* response
was only partially PTX-sensitive, while IPy-accumulation was completely attenuated by PTX
pre-treatment. It has been proposed that one pathway in which GPCR, PLC-independent,
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signalling to Ca’* responses may be regulated is by the sphingosine kinase / sphingosine 1-
phosphate pathway (Meyer et al., 1998; Young et al., 1999). Thus, Meyer et al. blocked agonist-
induced [Ca®"); responses in HEK-m2 cells by using sphingosine kinase inhibitors (e.g. N,N-
dimethylsphingosine (DMS), or DL-threo-dihydrosphingosine (DHS)). Here, studies were also
performed using the PLC inhibitor U73122 (10 uM) and its inactive control U73343 (10 uM), to
demonstrate the PLC dependence of the observed [Ca”*]; response. However, whereas PLC
inhibition blocked [Ca®']; responses in all three cell lines, the inactive control also acted as an
antagonist right-shifting the MCh-evoked [Ca’*]; concentration response curve (data not shown).

FLIPR analysis of time-to-peak maximal MCh-induced [Ca®'}; responses differed between
CHO-m2 (=15 s) and CHO-m3 (=3 s) cells. Howeuver, it is noteworthy that at low (threshold)
MCh concentrations (0.1 nM) time-to-peak in CHO-m3 cells is ~15 s, the same as maximal Ca**
responses in CHO-m2. This could be due to M activation of Ca®* at low agonist concentrations
acting through a distinct mechanism to that utilised at high agonist concentrations, or the modest
Ca®* responses observed with low MCh concentrations (~10% of maximal Ca>* elevation) in
CHO-m3, and maximal MCh concentrations in CHO-m2 cells, being buffered within the cell

leading to a slower rate of rise.

Experiments studying Ca’" release under Ca**-free conditions provided some interesting results.
As has been reported previously, Mj;-mediated [Ca®"] increases in normal Ca’*-containing
conditions are seen as a peak-and-plateau relationship (SH-SY5Y cells, Lambert and Nahorski,
1990; CHO cells, Tobin et al., 1992). It is assumed that initial Ca®" rise is due to emptying of
intracellular stores and then the latter plateau is due to Ca’* influx (Edelman et al., 1994).
Removal of extracellular Ca®* abolished the plateau phase of the [Ca®']; response in CHO-m3
and CHO-m2m3 (B2) cells (Figure 4.11 and 4.13). Removal of extracellular Ca’* led to an
inhibition of the peak MCh-stimulated [Ca’*]; response in CHO-m3 and CHO-m2m3 (B2) cells,
but an augmentation of response in CHO-m2 cells. This could be brought about because
removal of extracellular Ca>* removes an inhibitory mechanism acting on Ca®* release, or
because M,-mediated Ca®* release is by different mechanisms in Ca®*-containing and Ca**-free
experiments. Removal of extracellular Ca®" completely abolished the modest MCh induced
[*H)-IP, accumulation observed in the presence of Ca?* in CHO-m2 cells. Therefore M,-
mediated Ca®* release under Ca**-free conditions appears to be PLC-independent and not

mediated by generation of IP;. However further work is necessary to confirm these observations
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were not due to an insensitive IP; mass measurement and to elucidate the possible mechanism of
this Ca®* release. As speculated for Ca?*-containing experiments, MCh-induced [Ca®']; release
in Ca®*-free conditions may be through a sphingosine kinase / sphingosine 1-phosphate
mechanism. Ca”*-free experiments on PTX pre-treated CHO-m2 cells might have revealed if
this augmentation is still solely G; driven and not due to a switch in receptor-coupling to

alternative G protein partners.

Ca®*-free experiments demonstrated that the plateau phase of the MCh-induced [Ca®*]; release in
CHO-m3 and CHO-m2m3 (B2) was mediated by extracellular Ca’* influx. Figures 4.3, 4.4 and
4.5 show how increases in MCh caused a bell-shaped concentration-response relationship for
plateau phase [Ca?*]; release in CHO-m3 and CHO-m2m3 (B2) cells, in [Ca*'].-containing
conditions, peaking at agonist concentrations of 10 -100 nM. Carroll and Peralta (1998) also
reported an agonist-induced bell-shaped concentration-response in CHO-m3 cells (peaking at 1-
10 uM CCh). They showed the influx of Ca®* to be voltage-sensitive and therefore inhibited by
membrane depolarisation. Mj receptors appear to activate inward monovalent cation channels
which inhibit the influx of extracellular Ca** by causing a depolarisation of the cell membrane,
thus decreasing the driving force for Ca®* entry, and hence inhibiting the plateau, but not peak,
phases of the observed response (see Figure 4.23).

Since there was an agonist-induced [Ca®*]; release in all three cell lines studied it was possible to
use the high throughput capabilities of FLIPR equipment to characterise potential
pharmacological tools which will become important in subsequent M,- and Mj;- mediated
dissection experiments in CHO-m2m3 (B2) cells. Tripitramine, darifenacin and atropine all
inhibited MCh-stimulated [Ca2+]i increases in a concentration-dependent manner. However,
whereas tripitramine showed good selectivity for M, over Mj receptor-mediated [Ca®");
increases (~50 fold, Table 4.3) correlating with published pK; values (Maggio et al., 1994),
darifenacin showed little or no selectivity for the M3 over M,-mediated [Ca®']; increases.
Calculated pK; values (8.48-8.85) for the three cell lines were typical of published M; pK; values
(Hedge et al.,1997). This may be contrasted to cAMP accumulation and displacement binding
experiments in CHO-m2m3 (B2) cells, reviewed in Chapter 3, where darifenacin showed greater
selectivity for M, over M3-mediated responses. These differences in selectivity are presumed to
be due to the very different experimental conditions, since in binding studies antagonist

displacement equilibrates over a 1 h period and cAMP experiments have a 30 min antagonist
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equilibration period followed by 20 min agonist/ antagonist interaction period prior to
termination, in contrast FLIPR [Ca2+]i studies also have a 30 min antagonist equilibration period,
but <10 s between agonist addition and response measurement, if peak Ca®* response is used to

assess antagonist activity.

Further experiments were attempted where agonist concentration-effect curves were conducted
in the presence of fixed concentrations of each mACh receptor antagonist with a view to
generating pKp/pA, values for each antagonist at My/M; receptors. Unfortunately, the small Ca*
response in CHO-m2 cells and the apparent insurmountable inhibition caused by higher
concentrations of darifenacin meant that these data were not of sufficient quality to allow such

calculations to be made.

In conclusion, there is no evidence for cross-talk between co-expressed M, and M; receptors
from the agonist-induced [*H]-IPx accumulation, or [Ca’']; release experiments reported here.
There were no apparent changes in peak or plateau [Ca?*]; release responses in PTX pre-treated
or untreated CHO-m2m3 (B2) cells. However, interesting anomalies were observed in CHO-m2
cells, where [Ca”*]; responses were apparently PLC-independent, PTX-sensitive and augmented
by removal of extracellular Ca**. The important interactions between M, and M3 receptors and
the fact that they both couple to pathways activating [Ca>']; release is highlighted by Kotlikoff et
al. (1999) as M, stimulation results in the gating of non-selective cation channels in smooth
muscle, and is mediated by M; receptor-driven [Ca’*); release. Subsequent interactions between
M,- and M;-mediated Ca®* mobilisation may prove to be important in numerous diverse cellular
processes including smooth muscle contraction and cell growth. Ca®* mobilisation has also been
deemed important in expression of certain transcription factors during the G1 phase of the cell

cycle (Cook et al., 1999), and hence in cell growth.
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Chapter Five: Comparison of [°H]-thymidine incorporation in

CHO-m2, CHO-m3 and CHO-m2m3 cells

5.1 Introduction

Since the late 1980s there has been evidence linking the stimulation of GPCRs not only to
traditional second messenger production but also to nuclear events and effects upon cell
proliferation and differentiation. With the discovery in the early 1990s that MAPK activation is
an essential component in proliferative signalling pathways (Pageés et al., 1993) GPCR activation
of MAPKSs has become even more intensely studied. However, the signal transduction pathway
linking GPCRs to MAPK activation or to cell growth are still not fully defined (see Gutkind,
1998a, 1998b; Dhanasekaran et al., 1998; Gudermann et al., 2000). Such reviews cover many
examples of GPCRs activating MAPK pathways via both PTX-sensitive and -insensitive
heterotrimeric G proteins in a variety of cell backgrounds, which have now been shown to signal

to changes in cell proliferation in certain cases.

The pathways leading from GPCRs to cell growth are not fully defined, however by measuring
[3H]—thymidine incorporation as an indication of DNA synthesis, and therefore an indicator of
cell proliferation, it is possible to observe differences between M, and M; receptor potential to
cause cell proliferation. Thus, the same experiments measuring [’H]-thymidine incorporation in
co-expressing CHO-m2m3 cells have been used as an end-point assay to discover possible

evidence for interactions or cross-talk between these two receptors when they are co-expressed.

Following publications from this department showing MAPK activation, including ERK
activation by Mj receptors in CHO cells (Wylie et al., 1999, and Budd et al., 1999), it was
interesting to see if stimulation of either M, or M; receptors caused a change in rates of DNA
synthesis. While both receptors have been shown to have similar ERK activation profiles when
expressed in CHO cells, there is a marked difference in coupling to JNK activation as only M3
receptors appear to activate this pathway (Wylie et al., 1999). It will be interesting therefore to
compare and correlate the known MAPK activation profiles with changes in cell growth. As
reviewed by Marshall (1995) it is the duration as well as the magnitude of the MAPK activation

which is probably critical to cell signalling decisions.
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There has also been a putative link between PI hydrolysis and DNA synthesis (Ashkenazi et al.,
1989, Gutkind et al., 1991) which may discriminate between the agonist-stimulated [*H]-
thymidine incorporation levels between these cell lines, since traditionally Mj; muscarinic
receptors efficiently couple to PLC activation and M inhibit adenylyl cyclase activity. However
M, receptors are Ga; -coupled and PLC has been shown to be activated by Gg, subunits of
pertussis toxin-sensitive or -insensitive G proteins (Blank et al., 1992; Camps et al., 1992) so M
receptors have been proposed to activate PLCB through By subunits. However, as reported in
Chapter 3, M, receptors in the CHO model cells utilised here did not appear to activate PLC as

measured by IP3 mass accumulation or total inositol phosphate accumulation.

Interestingly, a recent report by Nicke et al. (1999), using [*H]-thymidine incorporation
methodology, found that DNA synthesis following stimulation of M3 receptors with carbachol,
in NIH3T3 cells, was influenced by the initial cell cycle state of the cells. Thus, carbachol
caused an increase in [’H]-thymidine incorporation in serum-starved cells, but a decrease in
serum-replete cells. Therefore the initial experiments described in this Chapter are performed
after serum-starvation for 24 h prior to agonist challenge in order for the cells to initially all be at
a similar stage of the cell cycle (i.e. quiescent, G,). This was followed by serum-replete
experiments to see if the same phenomenum as reported by Nicke et al. (1999), of opposite
effects depending on whether the cells are initally in a growing phase or quiescent, was also
observable in CHO cells.

5.2 Methods

Serum-starved and serum replete [*H]-thymidine incorporation methods were performed as
detailed in Chapter 2 (see Figure 5.1 for a simple diagram of the method), with antagonists
(darifenacin and atropine) added 30 min prior to agonist / vehicle addition (therefore 24 2 h
preceding termination of experiment). CHO-m2m3 (B2) cells were plated and initially cultured
(first 24 h, while plating down) in routine medium (MEM o + NBCS, fungizone and pen /strep
see Chapter 2.1) containing selection agent hygromycin B (400 pg. ml™"). After 24 h, this
medium was replaced with either serum-free or serum-containing medium without hygromycin

B.
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Figure 5.1. Time-bar diagram illustration of the method for [*H]-thymidine incorporation for

either serum-starved or serum-replete conditions. For full method see Chapter 2.
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5.3 Results

5.3.1 Effects of serum on [’H]-thymidine incorporation into DNA in serum-starved

CHO-m2, CHO-m3 and CHO-m2m3 cells

As described, in Methods (Chapter 2) and above in 5.2, cells were serum-starved for 24 h prior
to agonist addition, with [*H]-thymidine (2 uCi / well) being added for the final 2 h of the
subsequent 24 h period with agonist (see Figure 5.1). 10 % foetal calf serum (FCS) was used as
a positive control for the cell lines studied. As shown in Figure 5.2 (panel B), all cell lines
showed increases in [’H]-thymidine incorporation following stimulation with 10% FCS for 24 h,
giving 1.83 £ 0.27 (n=8 in triplicate), 4.06 * 0.49 (n=6 in triplicate), 4.93 + 0.90 (n=12 in
triplicate) and 3.07 (n=2 in triplicate, data not shown) fold over basal for CHO-m2, CHO-m3,
CHO-m2m3 (B2) and CHO-m2m3 (B7) cells, respectively. However, as is also shown in Figure
5.2, panel A, the basal level of [’H]-thymidine incorporation for CHO-m2 cells was
approximately twice that of CHO-m3 or CHO-m2m3 (B2) cells, 89206 + 20942 d.p.m.
compared to 48581 * 12457 d.p.m. and 45185 * 12397 d.p.m. respectively. This perhaps
indicates that CHO-m2 cells are less easy to serum-starve and therefore are not as quiescent
following 48 h serum-free incubation. Note that total [*H]-thymidine incorporation following
24 h 10% FCS treatment was similar in the three cell lines, 171553 + 31368 d.p.m, 187101 £
40748 d.p.m and 168414 * 36659 d.p.m. for CHO-m2, CHOm3 and CHO-m2m3 (B2)
respectively. Thus, the higher basal incorporation in CHO-m2 cells accounted for the low fold

over basal effect observed.

5.3.2 Effects of mACh receptor agonists on [SH]-thymidine incorporation in serum-
starved CHO-m2, CHO-m3 and CHO-m2m3 cells

The observed [*H]-thymidine incorporation was differentially modulated following 24 h agonist
treatment in the three cell-lines studied under serum-starved conditions. Both MCh (1 mM) and
CCh (1 mM) evoked an increase in [*H]-thymidine incorporation in CHO-m2 cells of 1.52 +
0.09 and 1.57 % 0.05 fold over basal, respectively, from a basal level of 89206 + 20942 d.p.m.
This compared with an increase of 2.42 + 0.64 fold over basal stimulated by 10% FCS, (see
Figure 5.3, panel A). Despite the modest stimulatory effect of MCh on [’H]-thymidine
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Figure 5.2. A comparison of basal and FCS (10%) stimulated [3H]-thymidine incorporation in
CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells. Panel A shows 10% FCS-stimulated [3H]-
thymidine incorporation as d.p.m. and panel B plots the same data as % of basal. Data are
shown as means + S.E.M. of at least six separate experiments performed in triplicate. For each

cell line FCS (10%) stimulated a significant increase in [3H]-thymidine incorporation (* PO.01,

Student’s unpaired Mest).
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Figure 5.3. Stimulation of [3H]-thymidine incorporation into serum-starved CHO-m2 cells
following 24 h stimulation with the muscarinic agonists MCh or CCh (at stated concentrations)
and FCS (10%). In panel A data are plotted as means + S.EM. % for n=3-5 performed in
triplicate. Panel B shows concentration-dependence of this response and data are plotted as

means + range for one experiment performed in triplicate.
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incorporation in CHO-m2 cells, an attempt was made to explore the concentration-dependence
of this effect. Figure 5.3 panel B shows the effect of a range of agonist concentrations, (0.5-
1000 pM MCh), on [’H]-thymidine incorporation in a single experiment (performed in
triplicate). Although a precise ECso value for this response could not be obtained, this value
appears to be in the sub-micromolar range. Furthermore, atropine (5 pM) completely blocked

the stimulatory effect of MCh (1 mM) (Figure 5.3, panel B).

Opposite to the effect of muscarinic agonists upon CHO-m2 cells, high concentrations of MCh
and CCh both produced marked decreases in [’H]-thymidine incorporation below control level
in serum-starved CHO-m3 and CHO-m2m3 (B2) cell lines, see Figure 5.4, 5.5 and 5.6. As can
be observed from Figure 5.4 both MCh (100 uM) and CCh (100 uM) evoked marked inhibitions
of [*H]-thymidine incorporation in CHO-m3 cells to 39.5 + 2.6% and 38.2 + 3.2% of control
incorporation respectively. CHO-m2m3 (B2) cells also exhibited an inhibition of [*H]-
thymidine incorporation following treatment with MCh (1 mM) and CCh (ImM), to 26.2 £
5.0% and 23.7 + 13.4% of control levels respectively (Figure 5.5).

While 1 uM MCh caused a maximal stimulation of [*H]-thymidine incorporation in CHO-m2
cells (Figure 5.3), and a maximal inhibition in CHO-m3 cells (Figure 5.4), much higher
concentrations of CCh or MCh are necessary to evoke maximal inhibition in CHO-m2m3 (B2)
cells (Figure 5.5) in serum-starved conditions. The maximal inhibition observed in the CHO-
m2m?3 cells was slightly greater than that seen in the CHO-m3 cell line (approximately 80 % and
60 % inhibition respectively), but was obtained at a much higher agonist concentration, 1 pM
compared to 1 mM for CHO-m3 and CHO-m2m3 (B2) respectively (Figures 5.4 and 5.5). This
difference in concentration-dependency of inhibition in the CHO-m3 and CHO-m2m3 (B2)
could be predicted, since CHO-m2m3 (B2) cells would be expected to demonstrate
characteristics of both M, and M3 receptors and therefore the resulting signal is a balance
between both stimulatory and inhibitory effects. As observed for other responses measured in
this project (e.g cAMP, Ca®*, IP; or JNK see Chapters 3, 4 and 6) the co-expressing CHO-m2m3
(B2) cells ‘mask’ the M signal component and appear to display many of the characteristics of a
CHO-m3 cell line. However a greater maximal inhibition in CHO-m2m3 (B2) would not have
been predicted as the M, receptor component stimulates DNA synthesis, although this effect is

modest.
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Figure 5.4. Effects of 10% FCS and MCh and CCh (at stated concentrations) upon [3H]-
thymidine incorporation in serum-starved CHO-m3 cells. Data are shown as means + S.E.M.

for at least three separate experiments performed in triplicate.
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Figure 5.5 Effects of 10% FCS and MCh and CCh (at stated concentrations) upon [3H]-
thymidine incorporation in serum-starved CHO-m2m3 (B2) cells. Data are shown as means +

S.E.M. for at least three separate experiments performed in triplicate.
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Figure 5.6. Effects of MCh on [3H]-thymidine incorporation in serum-starved CHO-m2, CHO-
m3 and CHO-m2m3 (B2) cells. * indicates MCh treatment is statistically different from control,
P<0.05 Student’s Mest, paired observations, ** indicates P<0.001.
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The observation of agonist-induced inhibition of [*H]-thymidine incorporation in the CHO-
m2m3 (B2) cells was also found in preliminary experiments in another co-expressing clone,
CHO-m2m3 (B7). A sample experiment is shown in Figure 5.7, where 1 mM CCh or MCh

generated maximal inhibitions of >80%.

While there was no significant difference between the effects of MCh and CCh under serum-
starved conditions (the stimulatory effect in CHO-m2 and inhibitory effect in CHO-m3 and
CHO-m2m3 (B2) cells being equally pronounced with both MCh and CCh), this was not true
under serum-replete conditions (data not shown). Under serum-replete conditions MCh was
much less potent over a 24 h period than CCh. This is possibly due to metabolic inactivation of
MCh, by serum (e.g. cholinesterase activity within the serum). However, CCh did not appear to
be affected, for this reason CCh was used as the mAChR agonist for serum-replete experiments

(see below).

5.3.3 Agonist effects on [°H]-thymidine incorporation in serum-replete CHO-m2, CHO-
m3 and CHO-m2m3 cells

Nicke et al. (1999) showed, through measuring [*H]-thymidine incorporation, that CCh acting at
M; receptors, expressed in NIH3T3 cells, could cause an increase or decrease in cell
proliferation. They demonstrated that CCh could concentration-dependently evoke either a
stimulatory or inhibitory effect on [?H]-thymidine incorporation depending on the initial growth
state of the cells. In quiescent cells (serum-starved) CCh elicited a stimulatory response, and in

growing cells (serum-replete) CCh caused an inhibition of cell growth.

Following this report [*H]-thymidine incorporation in serum-replete cells was ascertained in
CHO-m2, CHO-m3 and CHO-m2m3 cells. Full concentration-effect curves were constructed
for the three main cell lines being studied (Figures 5.8, 5.9 and 5.10).

Chapter 2 and Section 5.2 describe the protocol for serum-replete experiments. In these
experiments control cells were incubated in serum-containing medium throughout the protocol
and therefore had an extra 48 h further growing time compared with serum-starved cells. This
was reflected in the basal incorporated [*H]-thymidine levels, which were 7.5, 15.2 and 16.7 fold
greater in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cell lines in serum-replete conditions
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Figure 5.7. Effects of 10% FCS and MCh and CCh (at stated concentrations) upon [3H]-
thymidine incorporation in serum-starved CHO-m2m3 (B7) cells. The plot is an example

experiment, data are shown as means + range for one experiment performed in triplicate.
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Figure 5.8. Concentration-effect bar graph showing the effect of CCh (at stated concentrations)

upon [3H]-thymidine incorporation in serum-replete CHO-m2 cells. Data are presented as

means + S.E.M. ofthree separate experiments performed in triplicate.
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Figure 5.9. Concentration-effect graph showing the effect of increasing CCh conentrations upon
[’H]-thymidine incorporation in serum-replete CHO-m3 cells. Data are presented as means +

S.E.M. of three separate experiments performed in triplicate.
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Figure 5.10. Concentration-effect graph showing the effect of increasing CCh concentration
upon [*H]-thymidine incorporation in serum-replete CHO-m2m3 (B2) cells. Data are presented

as means £ S.E.M. of three separate experiments performed in triplicate.
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compared to serum-starved conditions. The basal incorporation in all three serum-replete cell
lines, of 666430 + 274474, 706526 + 204136 and 756771 *+ 191353 (CHO-m2, CHO-m3 and
CHO-m2m3 (B2) respectively) was similar.

Figure 5.3 above showed that in CHO-m2 cells under serum-starved conditions, there is an
agonist-induced increase above basal in [’H]-thymidine incorporation. However, as can be
observed in Figure 5.8 under serum-replete conditions CCh (100 uM) produced no apparent
difference from basal in [’H]-thymidine incorporation in CHO-m2 cells. Thus, the observed
stimulation in DNA synthesis in CHO-m2 cells under serum-starved conditions was lost in the

presence of serum.

The effect of agonist treatment on [*H]-thymidine incorporation in CHO-m2 cells was very
different to that observed in both CHO-m3 and CHO-m2m3 (B2) cells under serum-starved
conditions. Whereas there was no effect of agonist in CHO-m2 cells under serum-containing
conditions, as for serum-starved conditions, CHO-m3 and CHO-m2m3 (B2) cells showed
marked inhibitions of [*H]-thymidine incorporation upon agonist treatment (P< 0.05 Student’s -

test, paired observations, see Figures 5.8-5.11).

Figure 5.9 shows in CHO-m3 cells under serum-replete conditions inhibition of basal [*H]-
thymidine incoporation with maximal inhibition to 15.6 * 6.7% of control was obtained with
100 pM (-log ICsp, 6.8 + 0.2). Similar to the CHO-m3 cells, the serum-replete CHO-m2m3 (B2)
cells showed a marked concentration-dependent inhibition of [*H]-thymidine incorporation
(Figure 5.10) upon 24 h treatment with CCh. Inhibition of basal was observed at CCh
concentrations above 10 nM and maximal inhibition to 19.4 + 2.6% of control incorporated
levels was observed with 1 uM CCh (-log ICsp, 7.4 + 0.1). It is noteworthy that the CCh
concentration-effect curve for serum-replete CHO-m2m3 (B2) cells is steeper than that for
CHO-m3 cells, and the ICso value is lower. Directly contrasting to the effects observed in
serum-starved conditions, serum-replete CHO-m2m3 (B2) cells appear to require lower agonist

concentrations than CHO-m3 to cause maximal inhibitory effects.

Thus, for both serum-starved and serum-replete conditions, agonist produced a decrease in [*H]-

thymidine incorporation in both CHO-m3 and CHO-m2m3 cells. However a modest agonist-
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Figure 5.11 Effects of MCh (1 mM) on [3H]-thymidine incorporation in serum-replete CHO-
m2, CHO-m3 and CHO-m2m3 (B2) cells. * indicates MCh treatment is statistically different

from control, P< 0.05 Student’s /-test, paired observations.
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induced stimulation of [*H]-thymidine incorporation was observed in serum-starved CHO-m2

cells which was lost under serum-replete conditions.

5.3.4 Imhibition of muscarinic receptor-mediated effects on [’H]-thymidine incorporation

by a subtype-selective antagonist

In order to dissect the M, and M; receptor components, of the inhibitory signal observed, in both
serum-starved and serum-replete CHO-m2m3 (B2) cells it was initially necessary to verify the
relative potency of darifenacin at the receptors within the CHO-m2 and CHO-m3 single
expressing cell lines. Previous studies within this thesis utilised notable differences in protocols
which result in notable differences in the potency of darifenacin. Here the antagonist is present
in the well for 24.5 h and the cells are exposed to agonist for 24 h and darifenacin may be
affected by serum though this chronic exposure. In serum-starved CHO-m2 cells, as can be seen
in Figure 5.12, 10 pM CCh caused a doubling of N H]-thymidine incorporation from a mean
basal level of 19158 d.p.m. to 41795 d.p.m., compared to a four fold increase caused by 10%
FCS. Under these serum-starved conditions concentrations of darifenacin above 300 nM were

required to antagonise this stimulation, 300 nM caused approximately a 50 % inhibition.

As expected from radioligand binding and cAMP characterisation studies using darifenacin (see
Figures 3.5 and 3.11) 300 nM was a sufficient concentration to block the 10 uM CCh inhibitory
signal observed in CHO-m3 cells, as seen in the preliminary [H]-thymidine incoporation
experiment represented in Figure 5.13. 10 puM CCh caused a 28% inhibition which is blocked
by 300 nM darifenacin in CHO-m3 cells.

Therefore experiments using 300 nM darifenacin prior to CCh (10 uM) stimulation under
serum-starved conditions in CHO-m2m3 (B2) co-expressing cells would be predicted to block

the M3-component, but not affect the M,-mediated component.

As discussed for the experiments above 10 uM CCh causes a greater inhibition in serum-replete
CHO-m3 cells compared with that seen under serum-starved conditions, (67.5 + 3.5 %
compared to 28 % respectively), as would be expected with the cells in a growing phase.
Therefore, it is interesting to note that a higher darifenacin concentration (1000 nM) was

required to block entirely the inhibitory effect 10 uM CCh on [*H]-thymidine incorporation in
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Figure 5.12. A graph of a representative experiment where darifenacin (at stated
concentrations) was used to antagonise the CCh » induced stimulation of [3H]-thymidine

incorporation in serum-starved CHO-m2 cells. Darifenacin was added to wells 30 min prior to
addition of CCh (10 pM). Data are shown as means + range for one experiment performed in

triplicate.
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Figure 5.13. Antagonism of CCh (10 pM) induced inhibition of [3H]-thymidine incorporation
by darifenacin (300 nM) in serum-starved CHO-m3 cells. Darifenacin was added 30 min prior
to addition of CCh (10 pM). Data are presented as means + range for one experiment performed

in triplicate.
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serum-replete CHO-m3 cells (see Figure 5.14). Darifenacin at 300 nM only blocks the 67.5 %
inhibition by 10 uM CCh to 35.5 + 9.4 %, whereas 1000 nM darifenacin completely abolishes

this agonist-induced inhibition.

Serum-starved CHO-m2m3 (B2) cell experiments revealed that 30 nM darifenacin could block
inhibition evoked by 10 uM CCh. However, by increasing the darifenacin concentration (above
30 nM) 10 uM CCh evoked a stimulation of [*H]-thymidine incorporation above basal (see
Figure 5.15 panel A). Also as can be observed from Figure 5.15 panel B, in a single experiment
inhibition by 100 uM CCh was converted to a stimulatory signal by pretreatment with 300 nM
darifenacin.‘ Interestingly, these experiments in the co-expressing cell lines were antagonising
the M; receptor signal component, but not blocking the M, component as these concentrations
of antagonist caused the inhibitory agonist signal to be “switch” into a stimulatory signal. 10
uM CCh in serum-starved CHO-m2m3 (B2) cells caused an inhibition to 88.7 + 15.7 % of basal
[*H]-thymidine incorporation levels, but in the presence of 300 nM darifenacin this
concentration of CCh caused a 1.45 + 0.39 fold increase above basal. Figure 5.15 panel A shows
that concentrations of darifenacin above 300 nM then begin to block the stimulatory M,-
component of the signal in serum-starved CHO-m2m3 (B2) cells (as was observed for CHO-m2
cells, see Figure 5.12).

Experiments with CHO-m2m3 (B2) cells in serum-replete conditions revealed a difference
compared to serum-starved cells as while lower concentrations of CCh are needed to cause 50 %
inhibition (see Figures 5.5 and 5.10 above, pICsy values of >5 and 7.4 for serum-starved and
serum-replete, respectively) much greater darifenacin concentrations were needed to block the
inhibitory signal, since 10 uM CCh had a greater inhibitory effect (Figure 5.16). In comparison
to serum-starved CHO-m2m3 (B2) cells, where inhibition caused by 10 puM CCh was blocked
by 30 nM darifenacin, serum-replete cells required 1000 nM antagonist to cause complete block
of this inhibition (Figures 5.15 and 5.16). As was observed for serum-replete CHO-m2 cells,
once the M, signal component of the mixed population of mAChRs in the serum-replete CHO-
m2m3 (B2) cells is unmasked, by darifenacin (1000 nM) blocking the M3 component, there is no

stimulation of [’H]-thymidine incorporation above control levels.
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Figure 5.14. Antagonism of CCh (10 pM) induced inhibition of [3H]-thymidine incorporation
by darifenacin (stated concentrations) in serum-replete CHO-m3 cells. Darifenacin was added to

wells 30 min prior to CChx~  ~ addition. Data are presented as means + S.E.M. for three

separate experiments performed in triplicate.
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Figure 5.15. Antagonism of CCh-induced inhibition of [3H]-thymidine incorporation by
darifenacin (stated concentrations) in serum-starved CHO-m2m3 (B2) cells. Panel A shows
darifenacin blocking inhibition by 10 pM CCh and panel B shows 300 nM darifenacin blocking
inhibition by 100 pM CCh in one representative experiment. In panel A data are presented as
mean = S.E.M. for four separate experiments performed in triplicate, panel B is means =+ range

for one experiment performed in triplicate.
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Figure 5.16. Antagonism of CCh (10 pM) induced inhibition of [3H]-thymidine incorporation
by darifenacin (stated concentrations) in serum-replete CHO-m2m3 (B2) cells. Darifenacin and
atropine were added 30 min prior to addition of 10 pM CCh. Data are presented as means +

S.E.M. for three separate experiments performed in triplicate.
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5.4 Discussion

Many studies have shown that both Gi- and Gg- coupled receptors can lead to stimulation of
DNA synthesis as measured by [*H]-thymidine incorporation. However, as this Chapter has
reported there is a marked difference between agonist stimulation of [*H]-thymidine
incorporation in CHO-m2 and CHO-m3 model cells studied here. Carbachol evoked a
stimulation of [*H]-thymidine incorporation in serum-starved CHO-m2 cells but a marked
inhibition below basal incorporation under serum-starved and serum-replete conditions in both

CHO-m3 and CHO-m2m3 (B2) cells.

Initial experiments were performed under serum-starved conditions in order for all cells to be
quiescent and thus at the same point of the cell cycle, from which effects of agonist treatment
could be measured. This obviously eliminates the effects of growth factors which would mask
any modest stimulations of DNA synthesis by muscarinic receptor stimulation. Then, by
repeating the agonist strategy experiments under serum-replete conditions, it was possible to
study the inhibition of [?H]-thymidine incorporation observed in CHO-m3 and CHO-m2m3 (B2)
cells. Also, it was possible to observe whether the muscarinic receptor effects were cell cycle-
dependent as described by Nicke et al. (1999), where activation of Mj;-receptors, expressed in
NIH3T3 cells, inhibited [*H]-thymidine incorporation in growing cells, but caused a stimulation

under serum-starved conditions.

Under serum-starved conditions the three cell lines (CHO-m2, CHO-m3 and CHO-m2m3 (B2))
aH demonstrated equal levels of [’H]-thymidine incorporation following 24 h 10% FCS
treatment. However, untreated cell [°H]-thymidine incorporation rates differed, with CHO-m2
cells displaying twice the basal level observed in CHO-m3 or CHO-m2m3 (B2) cells (See
Figure 5.2). This could be a clonal difference in which CHO-m2 cells are less easy to serum-
starve than the other cell lines. However, it is evident from the amount of [*H]-thymidine
incorporation observed in control cells in all three cell lines and the modest FCS stimulation (1.8
- 4.9 fold over basal, see Figure 5.2) that possibly CHO-cells are difficult to quiesce and require

greater than 24 h serum starvation to cease growing.

Few previous studies have reported the phenomenon of chronic activation of mACh receptor

causing an inhibition of [3 H]-thymidine incorporation, as observed in CHO-m3 and CHO-m2m3

141



(B2) cells in this study. However studies have been published on the inhibitory effects of
elevated cAMP levels on cell proliferation in smooth muscle (Shapiro et al., 1996; Billington et
al., 1999). Billington and colleagues demonstrated that elevated cAMP levels caused an
inhibition of PDGF-stimulated growth as measured by [’H]-thymidine incorporation. It has been
shown that B,-adrenoceptor stimulation mediates an inhibition of human airway smooth muscle
proliferation, by elevating cAMP levels, as measured by [*H]-thymidine incorporation

(Tomlinson et al., 1995; Stewart et al., 1997).

It was shown in Chapter 3 that stimulation of M3 mACh receptors in CHO-m3 and CHO-m2m3
cells can increase (forskolin-stimulated) cyclic AMP accumulation (see Figure 3.8). This most
likely occurs via a ‘promiscuous’ coupling of the M3 mACh receptor to G; G proteins to
stimulate adenylyl cyclase activity. Such a route has been shown previously for the M; mACh
receptor expressed in the CHO cell background (Burford and Nahorski, 1996). However, it
seems unlikely that the inhibitory effects of M3 mACh receptor stimulation on [*H]-thymidine
incorporation rates can be accounted for by changes in adenylyl cyclase activity. In CHO-m3
and CHO-m2m3 cells the cyclic AMP-elevating effects are only seen at high agonist
concentrations, whilst at lower agonist concentrations inhibition of (forskolin-stimulated)
adenylyl cyclase activity is seen. It is the latter inhibitory effect that coincides with the agonist
concentration range necessary to cause maximal inhibitory effects on [*H]-thymidine

incorporation under both serum-replete and serum-starved conditions.

In contrast to the observations reported in this study, previous links have been made between
| mACh receptors linked to PI hydrolysis and increases in cell growth as measured by [*H]-
thymidine incorporation (Ashkenazi et al., 1989; Gutkind et al., 1991; Heller-Brown et al.,
1997). Ashkenazi and colleagues, studying muscarinic receptors in brain-derived astrocytoma
and neuroblastoma cell lines, as well as CHO cells recombinantly expressing M;-M; muscarinic
receptors, showed muscarinic receptors to activate DNA synthesis. They proposed a link
between PLC activation and DNA synthesis, since those mACh receptors poorly linked to PI
hydrolysis (M;- and My-subtypes) weakly activated DNA synthesis, whereas those subtypes
(M;- and M;-subtypes) that efficiently coupled to PI hydrolysis strongly activated DNA
synthesis. Ashkenazi et al. (1989) report a modest activation of PI hydrolysis upon CCh-
stimulation of CHO-m2 and CHO-m3 cells and a modest increase in DNA synthesis (2.5 + 0.3

and 1.5 + 0.1 fold in CHO-m2 and CHO-m3 cells respectively).
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While the findings presented here for serum-starved CHO-m3 cells contradict those reported by
Ashkenazi et al. (1989) (60 % CCh-induced inhibition in this report compared to a 50 %
stimulation in CHO-m3 cells for Ashkenazi et al.) this could possibly be explained by the
apparent large difference in coupling to Go-mediated PI hydrolysis (2.1 compared to ~ 50 fold
for Ashkenazi et al. and this study, respectively). Also, as has been reported previously PLC can
be stimulated by Gg, subunits of G; G-proteins (Blank et al., 1992; Camps et al., 1992). While
this may occur in the model studied by Ashkenazi et al. (1989) as they reported M; receptors (G;
-coupled) to activate PLC (ECsp 100 uM carbachol), it has been shown not to be the case in the
CHO-m2 cells studied in this thesis (see Chapter 4, Effect of PTX upon [*H]-IP, accumulation).

In the studies reported in this thesis thus far, measurements in co-expressing CHO-m2m3 cells
have largely paralleled those observed in CHO-m3 cells. However, [*H]-thymidine
incorporation measurements, under serum-starved conditions, revealed an observable difference
between agonist-induced effects in CHO-m3 and CHO-m2m3 (B2) cells; as much greater
agonist concentrations were required to evoke a maximal inhibition of [*H]-thymidine
incorporation in CHO-m2m3 (B2) cells. In co-expressing cells, DNA synthesis changes would
be expected to result from a balance between the observed effects in CHO-m2 (modest
stimulation) and CHO-m3 cells (inhibition). Howeyver, this stimulatory M,-component is either
absent, or more-likely masked, in serum-replete experiments due to the cells being in growth
phase. By using the M; > M, selective antagonist darifenacin it was possible to recover the
agonist-induced M,-mediated stimulatory component evoked with CCh concentrations that
cause a substantial inhibition in serum-starved CHO-m2m3 (B2) cells in the absence of
darifenacin. Darifenacin showed good M;>M; selectivity in serum-starved experiments (< 300
nM blocked M3 component in CHO-m3 and CHO-m2m3 (B2) cells, see Figures 5.13 and 5.15
respectively) however apparent lack activity in serum-replete conditions (=1000 nM to block M3
component, see Figures 5.14 and 5.16). This may raise questions about darifenacin binding to,

or being inactivated by, serum over a 24 h period (i.e. not 100% bioavailable).

The marked differences observed at the level of [*H]-thymidine incorporation will be interesting
to interpret once the MAPK profiles have been established for all the cell lines. MAPKs have
been directly implicated in cell proliferation (Bornfeldt et al., 1997; Brunet et al., 1999; Pagés et

al., 1993;Tombes et al., 1998; for review see Gudermann et al., 2000). There have been a
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number of studies linking the duration of MAPK activation in determining if a signal results in
proliferation or differentiation, often linking transient ERK activation with cell proliferation, and
sustained late phase ERK activation with differentiation (for review see Marshall, 1995).
Studies by Dent and colleagues using primary hepatocytes have observed increased DNA
synthesis via JNK and p38 activation, whereas prolonged ERK activation inhibited DNA
synthesis through the induction of the expression of cyclin-dependent kinase inhibitor proteins
(e.g. p21°P""4F1 and p16"%?). However, these workers also reported that this inhibition of
DNA synthesis was only observed with chronic ERK activation and an increase in DNA
synthesis was observed with transient ERK activation (see also Spector et al., 1997; Auer et al.,
1998a and 1998b; Tombes et al., 1998). Upon activation, ERK has been reported to translocate
to the nucleus (Chen et al., 1992; Brunet et al., 1999) and influence the activation of
transcription factors. Nicke et al. (1999) reported activation of Mj-receptors expressed in
NIH3TS3 cells causing either a stimulatory (serum-starved) or inhibitory (serum-replete) effect on
DNA synthesis depending on context of cellular growth. They showed the observed Mj-
mediated effects on DNA synthesis were not dependent on ERK activation, but the inhibitory
response observed in serum-replete experiments correlated with decreased cyclin D1 expression
and hypophosphorylation of the retinoblastoma gene product (Rb) thus preventing G0/G1 cell
cycle progression. However, ERK has been shown to mediate cell proliferation or growth
inhibition in human arterial smooth muscle cells (SMCs) depending on downstream enzyme
targets (Bornfeldt et al., 1997). ERK activation was shown to be essential in PDGF-induced cell
proliferation in SMCs that do not secrete growth-inhibitory prostanoids such as PGE, but ERK
activates a negative feedback pathway via cPLA,, PGE, release and cyclic AMP-dependent
protein kinase activation to attenuate the mitogenic response in SMCs that secrete large amounts

of inhibitory prostanoids.

Hence, it will be important to characterise the MAPK responses within our cell lines (see
Chapter 6) to establish whether they correlate with the [*H]-thymidine incorporation data
presented here. Also it would have been interesting to investigate further the Mj;-mediated
inhibition of [*H]-thymidine incorporation and to establish if this indicator of cell proliferation is
related directly to cell number by counting cell number (as shown by Krymskaya et al., 2000).
Also it would be interesting to establish if any morphological changes occurred under agonist
stimulation in CHO-m3 cells. This could be investigated using pulse-labelling with [*°S]-

methionine as a measure of total protein synthetic rates within the cell. It should be noted that
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throughout the [*H]-thymidine incorporation experiments (Oh - 72h) the cells were routinely
visualised by microscopy and whereas reduced cell density was apparent, no changes in cell
shape or size were observed implying that growth of CHO-m3 cells was inhibited by agonist
treatment rather than inducing hypertrophy or cell loss (e.g. apoptosis).

It would also be interesting to establish if the inhibition of DNA synthesis observed in the co-

expressing CHO-m2m3 (B2) cells by agonist stimulation parallels that in smooth muscle tissue,

showing that the CHO cell model created is a good paradigm for smooth muscle tissue.
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Chapter Six: Characterisation of the activation of extracellular

signal-regulated kinase and c-Jun NH,-terminal kinase by M,- and
M;- mACh receptors in CHO cells and bovine tracheal smooth

muscle tissue preparations

6.1 Introduction

At the level of second messenger generation the co-expressing CHO-m2m3 cell lines have
recapitulated both the M,- (cAMP) and M3- (cAMP, Ca?*, IPs, IP,) mACh receptor-mediated
components in a fashion predicted for single expressing CHO-m2 or CHO-m3 cells (Chapters 3
and 4). Also, CHO-m2m3 cells have been shown to exhibit a balance between M,- and Mj3-
receptor-mediated responses at the level of DNA synthesis as measured by [*H]-thymidine
incorporation (Chapter 5). However, with the knowledge that activation of M- and M;j-
receptors lead to opposing effects upon DNA synthesis within the CHO cells, and that ERK
activation may be fundamentally involved in the signalling events leading to effects on cell
proliferation (Pagés et al., 1993, for review see Gutkind 1998b), it was considered both
interesting and important to characterise the MAPK activation profiles of the CHO-m2m3 cells.
Work from this Department has previously reported different JNK activation profiles for these
receptors, but similar ERK profiles when M, and M3 mACh receptors are expressed alone in
CHO cells (Wylie et al., 1999). It will also be interesting to see if changes in ERK and /or JNK
activation correlate with the [’H]-thymidine results already reported. As described in the
Introduction to this thesis the pathways linking GPCRs to MAPK activation are still not fully
defined, but there are numerous putative targets for cross-talk between M- and Mjs-receptor
signalling pathways, both within the MAPK cascade (e.g. MEKK -3 activating ERK, JNK or
p38, as reviewed by Robinson and Cobb, 1997) and upstream of this cascade (e.g. Rac/Cdc42
interactions with Ras, Robinson and Cobb, 1997, as well as Gg, subunits from G;- linked

receptor stimulation activating PLC[3, Blank et al., 1992).

Muscarinic receptor signalling leading to the activation of MAPKs (ERK, JNK and p38) has
been studied in many cell types including CHO cells (Budd et al., 1999 (M), Wylie et al., 1999
(M2 and M;)) human neuroblastoma SK-N-BE(C) cells (Kim et al., 1999 (My)), rat la
fibroblasts (Mitchell et al., 1995 (M, and M,)), COS-7 cells (Crespo et al., 1994 (M, and M),
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Faure et al., 1994 (M,)), HEK-293 cells (Yamouichi et al., 1997 (M, and M), Slack, 2000 (M3))
and SH-SYS5Y cells (Offermans et al., 1993 (M3)).

Both Wylie et al. (1999) and Mitchell et al. (1995) reported Gi-linked M, and Gg/11-linked M,
(Mitchell) or M; (Wylie) receptor-mediated increases in ERK activation to be Ca®*-independent.
Mitchell and colleagues also reported that increases in JNK activity via both M- and M;- (more
robust response) receptor stimulation were Ca**-dependent, however Wylie and colleagues only
found a modest M,-receptor mediated increase in JNK activity, whilst the increase in JNK
activity mediated by Mj-receptors was only partially Ca**-dependent. The studies by Wylie et
al. (1999) and Slack (2000) both demonstrated a PKC-dependence of Mj-mediated ERK
responses based on experiments using the PKC inhibitors Ro 31-8220 and GF109203X,

respectively.

While the majority of studies performed to investigate the pathways linking GPCRs to the
activation of MAPKs have involved immortalised cell lines, some studies have also been based
in smooth muscle preparations and it will be important to establish if our model for co-
expression of receptors represents a good paradigm for smooth muscle tissue preparations. A
study by Kelleher and colleagues compared different mitogens for their ability to activate ERK.
They demonstrated both growth factor (PDGF and EGF) and GPCR (5-HT) activation of ERK
in bovine tracheal smooth muscle (Kelleher et al., 1995). Carbachol has also been shown to
cause an increase in ERK activity. in both human airway smooth muscle and canine tracheal
smooth muscle through a G-subunit-mediated and PTX-sensitive pathway (Emala et al., 1999;
Gerthoffer et al., 1997). However, as reported previously cultured airway smooth muscle cells
have been shown to rapidly lose the M3-mACh receptor population present in vivo, leaving only
M,-receptors in cultured cells (Yang et al. 1990; Yang et al., 1991; Widdop et al., 1993). BTSM
slices prepared as described in Chapter 2 have previously been shown to retain a mixed

population of M, and M3 mACh receptors for at least 24 h post mortem (unpublished data).

With the knowledge that both M;- and M;- receptors have been shown to activate ERK, and M3-
receptor stimulation has been shown to activate JNK in CHO cells (Wylie et al., 1999, Budd et
al., 1999) this Chapter describes the characterisation of these responses using these model cells
in comparison to CHO-m2m3 cell activation of MAPKSs, to investigate any possible interactions

between the receptor signalling pathways. Since stimulation of M- and M3-receptors lead to the
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activation of two traditionally very distinct classical second messenger signalling pathways
(inhibition of adenylyl cyclase and PLC activation respectively), but with similar concentration-
dependency and time-course profiles of ERK activation (Wylie et al. 1999), it will be interesting
to investigate any possible cross-talk / interactions of these two co-expressed receptor signalling
pathways at the level of MAPKs. Therefore, the aim of this Chapter is to confirm that M»- and
M;3- muscarinic receptors couple to MAPKSs, specifically ERK and JNK, in CHO cells and
observe the effects of co-activation of these receptors within the same cell to see if there is any
evidence for cross-talk in the co-expressing cell lines and to compare these results with those

obtained in smooth muscle tissue preparations.
6.2 Methods

ERK and JNK activity assays were performed by either immunoprecipitation with a polyclonal
ERK 1/2-selective antibody, or using a GST-c-Jun fusion protein, respectively (Wylie et al.,
1999), as described above in the Methods section (Chapter 2).

ERK activity was measured in bovine tracheal smooth muscle slice preparations within 24 h of
dissection of fresh tissue from a local abattoir. Following initial preparation of the BTSM slices,
the tissue was maintained in culture medium overnight (see Chapter 2). Following stimulation
with agonist, ERK activity was determined by Western blotting of samples with a phospho-ERK
antibody which only binds activated ERK. This approach was necessary as bovine ERK activity
could not be recovered by immunoprecipitation using the anti-ERK polyclonal antibody (Santa
Cruz) and kinase activity assay using epidermal growth factor (EGF-R) peptide as the substrate.
Carbachol (CCh) was used as the muscarinic ACh receptor agonist in BTSM experiments as it is
poorly hydrolysed by cholinesterase activity and has been shown to have similar efficacy and
potency for activation of M,- and M3s- receptor signalling pathways compared to MCh (Chapter
4, FLIPR [Ca®'])).
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6.3 Results

6.3.1 Time-course profiles of ERK activation in CHO-m2, CHO-m3 and CHO-m2m3 cell

lines

Time-course measurements of ERK activity were performed on the three cell lines under study,
CHO-m2, CHO-m3 and CHO-m2m3, and these are shown in Figure 6.1. As can be observed,
stimulation of CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells with methacholine (MCh; 100
puM) evoked rapid increases in ERK activity in each cell-line, peaking, in all cases, at 15-30 fold
over basal activity at 5 min, where basal activity values were 199 * 24, 239 + 55 and 353 + 80
fmol/min/rrig protein respectively. However, whereas the ERK activity had largely declined
back to basal levels in CHO-m2 and CHO-m3 cells within 30 min of continued MCh exposure,
the ERK response was much more sustained in the CHO-m2m3 (B2) cell-line (30 min MCh was
statistically different from 30 min control in CHO-m2m3 (B2) cells at P< 0.05 by Student’s ¢-
test, P> 0.05 in CHO-m2 and CHO-m3 cells). Thus, the response was still 8.2 + 0.8 fold over
basal (n=8) compared to 2.4 0.4 (n=9) and 2.5 0.6 (n=7) fold over basal at 30 min for CHO-
m2 and CHO-m3 respectively, see Figure 6.1.

This more sustained activation of ERK in co-expressing CHO-m2m3 (B2) cells was also
observed in another co-expressing CHO-m2m3 clone (B7) in which MCh (100 uM) stimulated
an ERK activation of 7.8 + 0.9 (n=3) fold over basal at 30 min (data not shown). Extended
time-course experiments revealed that all cell lines studied returned to basal within 120 min and
remained at basal levels up to 6 h with continued agonist exposure (data not shown). However,
both the B2 and B7 co-expressing CHO-m2m3 clones showed sustained activity of > 3 fold over
basal at 80 min (3.2 and 4.4 fold over basal, respectively, see Figure 6.2).

6.3.2 Concentration-dependency of MCh-stimulated ERK activation in CHO-m2, CHO-
m3 and CHO-m2m3 (B2) cells

The effect of varying MCh concentration on ERK activation at 5 min, the peak response time in
CHO-m2, CHO-m3 and CHO-m2m3 cell lines, showed interesting results in the co-expressing
cell lines (Figure 6.3). Assessment of the concentration-dependence of the ERK response

revealed that ECso values for the CHO-m2 and CHO-m3 ERK responses were in the low
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Figure 6.1. ERK activity time-course for CHO-m2, CHO-m3 and CHO-m2m3 (B2) cell-lines
following stimulation with 100 fiM MCh. The main graph are expressed as fold-over-basal and
the inset shows 30 min control versus MCh challenge. Data are shown as means = S.E.M. for at

least seven separate experiments. * indicates P<0.05 Student’s paired /-test, paired observations.
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Figure 6.2 ERK activation time-course, following stimulation with 100 uM MCh, for CHO-
m2, CHO-m2m3-clone B2 and CHO-m2m3-clone B7. Panel A shows sustained activation in
both co-expressing cell lines beyond 60 min, data are shown as means for two experiments. In
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duplicate.
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micromolar range (pECsg, 5.6 + 0.1 (n=4) and 5.7 + 0.3 (n=5) for CHO-m2 and CHO-m3,
respectively), which correlated with those previously found (Wylie et al, 1999) in these cells.
However, surprisingly, the ECso value for the co-expressing CHO-m2m3 (B2) cell-line was
significantly (approximately 50-fold) lower, ranging from 30 to 80-fold between experiments
(pECso, 7.2 % 0.1 (n=6); see Figure 6.3). These values are summarised in Table 6.1. (One-way
ANOVA with Tukey’s multiple comparison post hoc test showed P< 0.05 CHO-m2m3 vs CHO-
m2 or CHO-m2m3 vs CHO-m3 and P>0.05 CHO-m2 vs CHO-m3).

The leftward shift of the concentration-dependency curve was also observed in a second co-
expressing clone, CHO-m2m3 (B7), (pECso = 6.92 + 0.04, n=3). Also, as shown in Table 6.1, a
second CHO cell line expressing M; receptors, CHO-vt9, at a lower receptor density (160
fmol/mg protein) demonstrated a concentration-dependent MCh-stimulated ERK activation with
an ECs value lying to the right of both CHO-m2 and CHO-m3 cells (pECso = 4.80 % 0.13, n=3).
Measurements at a 30 min time-point in CHO-m2m3 (B2) cells, where a sustained activity is
observed of approximately 8-10 fold, also revealed an ECsy value in the 10-100 nM range
(pECso values 7.15 and 6.97, n=2).

6.3.3 Time-courses of agonist-stimulated JNK activity in CHO-m2, CHO-m3 and CHO-
m2m3 (B2) cells

Preliminary time-course profile experiments ‘revealed that MCh-stimulated increases in JNK
activity in CHO-m3 cells were more slowly developing than the ERK time-course profile,
reaching a peak between 30-60 min after agonist addition, as reported previously by Wylie and
colleagues (Wylie et al., 1999). Also in agreement with previous observations, essentially no
stimulation of JNK activity was observed in CHO-m2 cells (Figure 6.4). Responses were similar
between the CHO-m3 and m2m3 (B2) cell-lines (peak increases of 5-8 fold over basal, Figure
6.4).

6.3.4 Concentration-dependency of MCh stimulated JNK activation in CHO-m3 and co-
expressing CHO-m2m3 (B2) cells

Comparison of the concentration-dependencies for JNK activation by MCh at peak response (30

min) in CHO-m3 and CHO-m2m3 (B2) cells revealed only modest differences (approx. 3 fold).
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Cell Line ECs (peak) (M) PECso n
(CHO) Mean mean
S.EM.

M, 2.81 x 10°® 5.58 +£0.09 4

M; 521 x 10 5.69+0.27 5

M;M; (B2) 7.20 x 10°® 7.17 £0.07 6

M;M; (B7) 5.06 x 107 6.92 +0.04 3

(M;) VT-9 1.70 x 10° 4.80+0.13 3

M;M; (B2) 8.92 x 10® 7.05 2

(30 min)

Table 6.1 Summary of the ECsy values calculated from methacholine concentration-effect
curves for peak ERK (5 min) activation in CHO-m2, CHO-m3, CHO-vt-9 and CHO-m2m3 (B2)
and CHO-m2m3 (B7) cells, and also 30 min activation in CHO-m2m3 (B2) cells.
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Figure 6.4. Time-course profiles of MCh (100 puM) stimulated JNK activation in CHO-
m2, CHO-m3 and CHO-m2m3 cells. Panels A, B and C show representative
autoradiographs for CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells respectively. The
blots have been developed for different times. The graph shows time-course profiles of
JNK activation as measured by [y-’P]-ATP incorporation into c-Jun (see Methods), data

are shown as means + S.E.M. for at least three separate experiments.
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As can be observed from Figure 6.5 and Table 6.2 MCh elicited increases in peak JNK
activation with an ECs value in the 200-700 nM range (pECsp , 6.11 £ 0.11 (4); 6.55 £ 0.13 (6),
for CHO-m3 and CHO-m2m3 (B2) respectively, see Figure 6.5, P<0.05 Student’s unpaired ¢-
test, unpaired observations). However, a higher basal JNK activity was consistently observed in
the co-expressing CHO-m2m3 (B2) cells (1.0 + 0.4 and 2.3 + 0.1 pmol/min/mg protein for
CHO-m3 and CHO-m2m3 (B2) cells respectively).

6.3.5 Measurement of mACh receptor agonist-stimulated ERK and JNK activation in
BTSM slice preparations

Another simultaneous study within our lab (Brockhurst, 1999) has investigated MAPK
responses within BTSM tissue and characterised the time-course and concentration-dependency
profiles of JNK activation and time-course of ERK activation to muscarinic agonists.
Brockhurst reported an ERK activation time-course profile similar to that observed in CHO-
m2m3 (B2) and CHO-m2m3 (B7) cells, with 100 uM CCh inducing a rapid increase in ERK
activation peaking at 5 min (12 fold) and sustained at 5 fold over basal or greater to beyond 90
min. Brockhurst also reported a JNK activation time-course profile similar to that reported here
for CHO-m2m3 (B2) cells with maximal CCh (100 uM) evoking a steady increase in JNK
activation peaking between 40-60 min at 10 fold over basal, and with an ECs, of approximately

15 uM (Brockhurst, 1999).

As shown in Figure 6.6, measurement of peak CCh (5 min) stimulated ERK activation in BTSM
slices revealed a similar concentration-dependency (pECso, 7.7 + 0.4 (n=4) attenuated by 10 uM
atropine) to MCh stimulation of CHO-m2m3 (B2) cells, see Figure 6.6 (panels A and B) and
Table 6.1.

6.4 Discussion

The studies presented in this Chapter were undertaken to establish whether cross-talk can occur
between M, and M3 mACh receptors to bring about an antagonistic or synergistic activation of
MAPK (ERK/INK) pathways. Time-course studies revealed that MCh (100 uM) induced a
robust (>15 fold) increase in ERK activation in the three main cell lines studied. In each case

the peak increase in ERK activity occurred at about 5 min after agonist addition, however, the
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Figure 6.5 Concentration-dependency of MCh-stimulated JNK activation in CHO-m3
(n=4) and CHO-m2m3 (n=6) cells, 30 min agonist stimulation. Panels A and B show
representative autoradiographs for concentration-dependencies in CHO-m3 and CHO-
m2m3 (B2) cells where lanes 1 to 12 represent control, 1 nM, 3 nM, 10 nM, 30 nM, 100
nM, 300 nM, 1 pM, 3 pM, 10 uM, 30 uM MCh and control respectively. Panel C shows
a graph of concentration-dependency of MCh-stimulated JNK activation in CHO-m3
(n=4) and CHO-m2m3 (n=6) cells, 30 min agonist stimulation. Data are shown as means

+S.EM.
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Cell-Line Mean ECsy (M) pECso n
mean + S.E.M

CHO-m3 7.80 x107 6.11£0.11 4

CHO-m2m3 (B2) 2.83 x1077 6.55+0.13 6

Table 6.2. Summary of MCh-stimulated JNK activation concentration-dependence data in
CHO-m3 and CHO-m2m3 (B2) cells.
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Figure 6.6 Graph and example autoradiograph representing concentration-response effect for 5
min carbachol stimulation of BTSM slices. Panel A shows the concentration-effect curve for
CCh-stimulated (5 min) ERK activation in BTSM slices as determined by densitometric analysis
of autoradiographs of phospho-ERK Western blots. Data are represented as mean % of maximal
ERK activation for four separate experiments + S.E.M. Panel B is a representative western blot
for BTSM samples showing phospho-ERK with the upper band representing ERK 1 (p44) and
the lower panel ERK 2 (p42) following 5 min treatment with KHB, 0.01 nM, 0.1 nM, 1nM, 10
nM, 100 nM, 1pM, 10 pM, 100 pM CCh and 10 pM atropine 30 min prior to 100 pM CCh, in

lanes 1-10 respectively.
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longevity of the ERK response differed considerably between the cell lines. In both CHO-m2
and CHO-m3 cells the ERK response was transient and had returned to basal within 30 min of
MCh addition, whereas ERK activation in the co-expressing CHO-m2m3 (B2) cell line was
more sustained, with approx. 10 fold stimulations still being observed at 60 min after agonist
addition. A more sustained ERK response profile was also observed in a second co-expressing
CHO-m2m3 clone (B7).

Experiments assessing the concentration-dependencies of ERK activation by MCh also provided
initial evidence suggestive of My/M3; mACh receptor cross-talk. Thus, while MCh stimulated
ERK activation in CHO-m2 and CHO-m3 cells with similar ECs values (1-5 uM), substantially
lower concentrations of MCh (0.05- 0.1 uM) were required to cause half-maximal activation of
ERK in CHO-m2m3 (B2) cells (Figure 6.3). These data suggest that a synergistic interaction
may occur between M;- and M;-mediated ERK signalling pathways at low receptor occupancy

levels facilitating ERK activation.

In contrast, MCh evoked similar JNK activation responses in CHO-m3 and CHO-m2m3 (B2)
cells, but no activation in CHO-m2 cells. Thus, co-activation of M, mACh receptors has little
effect on M; receptor-stimulated JNK activation, although it is noteworthy that basal JNK
activity in CHO-m2m3 cells was consistently higher than in CHO-m3 cells. Preliminary
experiments showed that the basal JNK activities in CHO-m3 or CHO-m2m3 (B2) cells were
unaffected by pre-incubation with mACh receptor antagonists (atropine, darifenacin), however,
whether the raised basal JNK activity is a clonal difference of a consequence of M,/M3; mACh

receptor co-expression has not been established.

The ERK and JNK activation profiles reported here in CHO-m2 and CHO-m3 cells correlate
well with previously reported studies in CHO cells and other recombinant cell lines (Mitchell et
al., 1995; Budd et al., 1999; Kim et al., 1999; Wylie et al., 1999; Slack, 2000), with previous
studies also demonstrating characteristic, rapid (peak at 5 min) M, and M3 mACh receptor-
stimulated ERK responses, while JNK activation is typically more slowly developing (peak at

30-60 min) and the M3 mACh receptor stimulating a much more marked enzyme activation.

Preliminary data have also been presented for the bovine tracheal smooth muscle (BTSM) slice

preparation, which co-expresses M, and M3 mACh receptors (total mACh receptor population
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609 + 98 fmol/mg protein; approx. 80:20% M,:M; ratio). Robust activations of both ERK and
JNK activities were seen in BTSM following CCh stimulation. Interestingly, while
concentration-dependency experiments for CCh-stimulated JNK activation yielded an ECsg
value of approx 10 uM, increases in phospho-ERK in BTSM was stimulated by much lower
concentrations of CCh (ECsp, 10-50 nM) reminiscent of that observed in CHO-m2m3 cells (see
Figs. 6.3 and 6.6). These data suggest that in both CHO and airways smooth muscle cells ERK,
but not JNK activation is facilitated by the co-activation of the M, and M3 mACh receptor

populations.

Over the past 10 years a large number of studies have provided evidence for ERK being either
causal or contributory to the phenotypic changes evoked in a variety of cell-types by growth
factors and a diverse array of stimuli acting via GPCRs (Pouysségur & Seuwen, 1992; Davis,
1993; Dhanasekaran et al., 1995; Gudermann et al., 2000). A crucial aspect of such signalling
appears to be the ability of the stimulus to cause a sufficiently robust and sustained nuclear
translocation of ERK (Khokhlatchev et al., 1998) to allow the phosphorylation of a variety of
transcription factors and altered gene expression (Weber et al., 1997; Brunet et al., 1999). Thus,
the much more sustained time-course of agonist-induced ERK activation seen in M, and M;
mACh receptor co-expressing CHO cells could potentially have important implications for cell

fate.

A possible confusion is the fact that different patterns of ERK activation have been associated
with proliferative versus non-proliferative (e.g. growth arrest/cell differentiation) signalling
responses in different cells. Pagés et al. (1993), Alblas et al. (1996) and Weber et al. (1997)
have shown that sustained ERK activation is a necessary requirement for fibroblast proliferation,
while sustained ERK activation has been associated with growth arrest and cellular
differentiation in other cell types (Traverse et al., 1992; Alblas et al., 1996; Tombes et al., 1998;
reviewed by Marshall, 1995). It is interesting to note that in human airways smooth muscle
(HASM) cells Orsini et al. (1999) have demonstrated that stimuli must cause a prolonged ERK
activation to induce mitogenesis. However, the relative roles of ERK and JNK in regulating cell
fate has not been established and it may be that the ERK response cannot be considered in
isolation, but the relative activations (in terms of concentration-dependency, magnitude and
longevity) of ERK versus JNK (and perhaps p38) must be taken into account. ERK activation

may be necessary but is not sufficient for cell proliferation.
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Considering the potential novelty and importance of the initial findings it was considered
necessary to perform a number of further experiments to demonstrate that the observed cross-
talk between M, and M; mACh receptors, at the level of ERK activation, was truly due to
receptor co-expression and not due to any clonal differences between cell lines. In serum-
starved cells, fetal calf serum (FCS; 0.3-10%) stimulated a concentration-dependent ERK
activation which did not differ between the CHO-m2, CHO-m3, CHO-m2m3 (B2) and CHO-
m2m3 (B7) cell lines (data not shown). In addition, experiments were also attempted where
cDNAs for M,, M3, or M, and M; mACh receptors were transiently transfected into CHO-K 1
cells (incorporated into a pcDNA3 plasmid and transfected (at concentrations up to 5 ug ml™")
using FuGene6 72 h prior to agonist stimulation of ERK activity). Unfortunately, these
experiments were unsuccessful and there was insufficient time to establish the technical cause of
this failure. As an alternative it was decided to adopt a pharmacological approach to attempt to
dissect the M>/M3-mediated components of the observed synergy in ERK activation (see Chapter
7.

As to the possible cross-talk mechanism downstream of M,/Mj3; mACh receptor activation,
studies by Hawes and colleagues in CHO cells have demonstrated G; signalling to ERK
activation to occur via Gg, signalling through a PKC-independent and Ras-dependent pathway,
while Gg-mediated ERK signalling proceeds via a PKC-dependent and Ras-independent
pathway (Hawes et al., 1995). This may imply that cross-talk between M,- and M; receptor-
initiated signalling pathways may occur within the cascade leading to ERK activation, however
signalling from GPCRs to MAPKs may not be so simple, as Gg-mediated signalling has also
been shown to occur independently of PKC (Crespo et al., 1994; Budd et al., 2001), and G;
signalling can proceed to ERK via Ras-dependent pathways (Winitz et al., 1993; Crespo et al.,
1994). Thus, there is much still to learn about the individual pathways linking G4- or Gj-coupled
GPCRs to ERK activation. In the next Chapter a number of approaches will be used to attempt
to delineate further the potential cross-talk between M, and M3 mACh receptors to regulate this
important cell surface-to-nucleus signalling pathway.
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Chapter Seven: Dissection of synergistic ERK activation through

co-stimulation of M,- and M,-receptors in CHO-m2m3 cells and

BTSM tissue preparations

7.1 Introduction

Chapter 6 described how co-stimulation of M, and M; receptors in CHO-m2m3 cells caused a
synergistic ERK activation, as observed by a more sustained time-course profile and left-shift of
the concentration-dependency to mACh receptor agonist stimulation. These findings are
potentially very important since it has been demonstrated that upon activation ERK translocates
to the nucleus where it may contribute to the regulation of gene transcription, influencing
phenotypic consequences (Khokhlatchev et al., 1998; Brunet et al., 1999) and ERK has been
shown by Pagés et al. (1993) to be essential for proliferative signalling in fibroblasts.

It was important to characterise this ‘cross-talk’ phenomenon further and dissect the relative
contributions of the M; (G;) and M; (Gg) components. This has been attempted by using PTX to
uncouple M,-mediated signalling pathways through Ga; protein ADP ribosylation, or by using
subtype-selective concentrations of methoctramine or tripitramine (M>>M3), or darifenacin
(M3>M;). Possibly the receptors contribute equally to the enhanced signal, or perhaps the G, or
G; component is dominant and only a low activation of the other additional pathway is required
to observe the synergistic ERK activation. Also, by studying the activation of other G protein-
coupled receptors endogenously expressed in the CHO cell model it was possible to investigate
whether the observed ‘cross-talk’ effects on ERK activation are specific to co-activation of
mACh receptor signalling pathways, or is a more general phenomenon relating generically to G,

and G; protein signalling pathways.
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7.2 Results

7.2.1 Effects of pertussis toxin (PTX) pre-treatment on the concentration-dependency of
ERK activation in CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells

A key objective was to alter or abolish selectively one of the mACh receptor pathways to
determine its contribution to the synergy observed in co-expressing cells. This could be
achieved through ADP ribosylation of Gy, proteins by PTX, or through pharmacological

dissection of the observed ERK responses using mACh receptor subtype-selective antagonists.

Pertussis toxin (PTX, 100 ng/ml, 16 h pre-treatment) completely attenuated the MCh-stimulated
ERK activation in CHO-m2 cells (Figure 7.1). In CHO-m3 cells however, there was no effect of
PTX pre-treatment on MCh-stimulated ERK activity with high MCh concentrations (above 10
pM), but there was an augmentation of the ERK activation with concentrations of MCh below
10 pM. Thus, as can be observed by comparing both Figure 6.3 and 7.2, there was a marked
leftward shift (=100 fold) in MCh concentration-dependency in the presence of PTX in CHO-m3
cells, (P<0.05, Student’s t-test, paired observations; pECsp, 5.69 * 0.27; 7.84 + 0.20 for -PTX
and +PTX conditions respectively, see Figure 7.2). PTX pre-treatment did not affect basal ERK
activity in either CHO cell line.

As shown in Figure 7.3, PTX pre-treatment caused no shift in the MCh concentration-response
curve for ERK activation in CHO-m2m3 (B2) cells (pECso, 7.17 £ 0.09; 7.93 £ 0.47 for -PTX
and +PTX respectively, summarised in Table 7.1, not significantly different P>0.05 Student’s -
test, paired observations), but reduced the maximal response by approx. 50%. In a single
experiment in CHO-m2m3 (B2) cells it was shown that 100 ng/ml PTX caused a maximal
inhibition and no further inhibition was obtained with =16 h pre-treatment with a higher
concentration of PTX (Figure 7.4).
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Figure 7.1 Effect of PTX pre-treatment on MCh-stimulated peak ERK (5 min) activation in

CHO-m2 cells. Data are shown as means + S.E.M. for three separate experiments.
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Figure 7.2 Effect of PTX pre-treatment on concentration-response relationship of MCh-

stimulated peak ERK (5 min) activation in CHO-m3 cells. Data are shown as means + S.E.M.

for three separate experiments.
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Figure 7.3 Effect of PTX pre-treatment on the concentration-response relationship of MCh-

stimulated peak ERK (5 min) activation in CHO-m2m3 (B2) cells. Data are shown as means £

S.E.M. for three separate experiments.
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-PTX + PTX
Cell Line PECso SEM PECso SEM
CHO-m2 5.58 +0.09 NA NA
(=3)
CHO-m3 5.98 +0.19 7.84 +0.20
(n=3)
CHO-m2m3 7.17 +0.09 7.93 +0.47
(B2) (n=3)

Table 7.1 A summary of MCh-stimulated peak ERK (5 min) activation pECso values

determined from concentration-response curves in the presence and absence of PTX.

NA = not applicable as no response.
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Figure 7.4 Effect of varying PTX concentration on MCh-stimulated peak ERK (5 min)

activation in CHO-m2m3 (B2) cells. Data shown represent a single preliminary experiment.
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7.2.2 Pharmacological dissection of M,- and M3- mACh receptor components of the MCh-
stimulated ERK activation in CHO-m2, CHO-m3, CHO-m2m3 (B2) cells and BTSM tissue

slices

As already described, there are a number of muscarinic antagonists which exhibit some degree
of selectivity between M,- and M;- receptors but, as has been reported in Chapters 3, 4, 5 they
have apparently different ‘selectivity windows’ when used in a variety of binding and functional

studies.

Initial experiments attempted to dissect the concentration-effect shifts observed in ERK activity
by either blocking the M; or M; receptor signalling component of the response. Darifenacin and
methoctramine inhibition curves were constructed for MCh-stimulated ERK activation in CHO-
m2, CHO-m3 and CHO-m2m3 (B2) cells. Figure 7.5 (panel B) shows that a ‘selectivity
window’ for Mj3- over M,- antagonism for darifenacin on peak ERK activation (5 min)
following stimulation with MCh (10 uM) was not as great as observed previously for cAMP
accumulation (approx. 400 fold; see Chapter 3, Figure 3.12). The cAMP accumulation
experiments implied that 100 nM or 300 nM darifenacin would be an appropriate concentration
to antagonise completely M3-receptors without inhibiting the M,-receptor population within the
CHO-m2m3 cells challenged with MCh (10 uM). However, as Figure 7.5 shows 100 nM
darifenacin does not completely block the M3- component and also begins to inhibit the Ms-
component (by as much as 40%) in CHO-m3 and CHO-m2 cells, respectively. This can also be
- observed from an initial experiment (Figure 7.5 panel A) where approx. 10 fold selectivity was
observed. This is insufficient M3/M, discrimination to allow complete blockade of one

component whilst not compromising the second component.

MCh (10 uM) produced approximately 80% of maximal ERK activation in CHO-m2 and CHO-
m3 cells (see Figure 6.3) and, as can be observed from Figure 7.5 (panel B), 10 uM darifenacin
completely attenuated this response in both cell lines. Interestingly, 10 uM darifenacin also
completely inhibited 10 pM MCh-stimulated ERK activation in CHO-m2m3 (B2) cells.
However in a single experiment 100 nM darifenacin completely attenuated 250 nM MCh-(ECsg
reponse) stimulated ERK activation (Figure 7.6), whereas 100 nM darifenacin only caused
approx. 50 % inhibition of ECg ERK activation in CHO-m2 or CHO-m3 cells (Figure 7.5),
which may indicate that greater than 50 % activation of the signalling pathway from both
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Figure 7.5 Inhibition by darifenacin of MCh (10 pM) stimulated ERK activation in CHO-m2
and CHO-m3 cells. Panel A shows a representative experiment performed in duplicate, data are
means + range. In panel B Data are shown as means + S.E.M. for three separate experiments

performed in duplicate.
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Figure 7.6 Darifenacin inhibition of MCh (10 uM or 250 nM) stimulated ERK activation in
CHO-m2m3 (B2) cells. Data are shown as mean + range for two separate experiments for 10
puM MCh and mean for one experiment for 250 nM MCh, performed in duplicate).
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receptors is required in order to observe the synergistic ERK activation. However, Cheng-
Prussoff analysis of these different ICsy values in CHO-m2m3 (B2) cells reveals pK; values of
8.38 and 8.09 for EC29 and ECjg, respectively, compared to pK; values of 7.28 + 0.38 and 7.97 +
0.23 for CHO-m2 and CHO-m3 cells, respectively (see Table 7.2).

In a preliminary experiment methoctramine demonstrated a greater selectivity window than
darifenacin, pICsy values of 7.72 and 5.92 against 10 uM MCh-stimulated ERK activation in
CHO-m2 and CHO-m3, respectively. Similar to darifenacin, methoctramine inhibition of a
supra -maximal MCh (10 uM) stimulated ERK activity response in CHO-m2m3 (B2) cells lay to
the right of both cell lines expressing the receptors singularly (pICso = 5.08) (see Figure 7.7).

Despite the apparent lack of a workable M,/M; selective antagonist, experiments were
nevertheless attempted to dissect the concentration-effect shifts observed in ERK activity by
using a concentration of darifenacin which was shown to be optimal for blocking M;-receptors,
but leaving the M,-receptor response largely intact. Interestingly, as shown in Figure 7.8, 100
nM darifenacin caused a rightward shift in the MCh-stimulated ERK activation concentration-
effect curve in CHO-m2m3 (B2) cells towards that observed in CHO-m2 cells. More thorough
characterisation of the ERK activation in CHO-m2m3 cells was attempted by using a variety of
darifenacin concentrations (30 - 1000 nM), however inter-experimental variation made these
results hard to interpret and hence the use of 100 nM darifenacin provided the only complete
dataset. Schild plot analysis (Arunlakshana and Schild, 1959) of the individual experiments in
Figure 7.8 revealed pA; value of 8.18 * 0.15 (n=3; individual experiments of 8.46, 7.94 and
8.14, respectively).

To explore the possible contributions of M; and M; mACh receptors to ERK stimulation in
airways smooth muscle methoctramine inhibition of CCh-stimulated ERK activation in BTSM
slices was assessed and is represented by the blot shown in Figure 7.9. This blot shows that 1
pM methoctramine completely abolished the ERK response evoked by 1 uM CCh.
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darifenacin methoctramine
Cell Line [MCh] n pICs PKi n pICsy pKi
pM
CHO-m2 10 3 6.89 £ 0.11 728+ 1 7.72 8.40
0.38
CHO-m3 10 3 7.3810.15 797+ 1 592 6.69
0.23
CHO-m2m3 10 2 5.92 8.38 1 5.10 7.25
(B2)
CHO-m2m3 0.25 1 7.71 8.09 nd n.d. nd.
(B2)

Table 7.2. A summary of pICso and pK; values for mACh receptor antagonist inhibition of
MCh-stimulated ERK activation. n.d. = not determined.
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Figure 7.7 Methoctramine inhibition curves of MCh (10 pM) stimulated ERK activation in
CHO-m2, CHO-m3 and CHO-m2m3 (B2) cells. Data are shown as means + range for one

experiment peformed in triplicate.
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Figure 7.8 Darifenacin (100 nM) antagonism of MCh-stimulated ERK activation in CHO-

m2m3 (B2) cells. Data are shown as means + S.E.M. for three separate experiments.
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Figure 7. 9 Methoctramine antagonism of CCh (1 pM, 5 min) stimulated ERK activation in
BTSM slices. 1 pM CCh alone and KHB in lanes 1 and 2, and 1nM, 10 nM, 100 nM, 300 nM,
1 pM and 10 pM methoctramine antagonism of 1 pM CCh in lanes 3-8 respectively. Lanes 9
and 10 show 1 pM (duplicate) CCh alone and 10 pM atropine (30 min prior to agonist) with 1
pM CCh. Representative autoradiograph of Western blots for BTSM experiment samples
showing phospho-ERK with the upper band in both panels representing ERK 1 (p44) and the
lower panel ERK 2 (p42). The blot represents three other reproduced experiments with the same

result.
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7.2.3 Effects of co-stimulating mACh receptors and endogenous P2Y receptors on ERK
activation in CHO-m2 cells

Previous studies in CHO cells have reported increases in ERK activity following stimulation of
endogenous P2Y,-purinoceptors with the agonist UTP (Dickenson et al., 1998; Tu et al., 2000).
Dickenson and colleagues demonstrated a concentration-dependent increase in UTP-stimulated
ERK activation and a time-course profile similar to that reported here for MCh stimulation of
CHO-m2 or CHO-m3 cells, namely a rapid increase to peak activation at 5 min and a return to
basal between 20-30 min. Therefore, by stimulating endogenous Gq-coupled P2Y, receptors
with UTP in CHO-m2 cells it was possible to investigate whether co-stimulation of G;- and G-
coupled receptors in CHO cells caused ‘sensitisation’ of ERK activation, and hence a leftward

shift of the concentration-response curve.

As can be observed from Figure 7.10, UTP elicited an increase in ERK activity at concentrations
above 1 uM in a concentration-dependent manner (pECso, 5.4 + 0.3 and a peak increase of 5.0 +
0.5 fold over basal, n=3). This compares to 100 pM MCh activation in these cells which gave
an ERK activation increase of 11.8 + 1.2 fold over basal (n=3).

Addition of UTP (10 pM) and MCh (10 nM - 100 uM) simultaneously to CHO-m2 cells caused
an elevation in ERK activation (measured at 5 min) and a marked leftward shift of the curve as
shown in Figure 7.11 (P< 0.05 Student’s t-test, paired observations). 10 uM UTP was selected
as the concentration to be added simultaneously with MCh in order to investigate the stimulation
of both Gi- and Gg- proteins in the activation of ERK since it activated ERK via P2Y) receptors
(~ECy), but caused only 40 % of maximal MCh-stimulated ERK activation.

As can be observed from Figure 7.11, concentration-dependent ERK activation following
addition of MCh is significantly left-shifted (approx 10 fold) in the presence of 10 uM UTP
(pPECso, 5.43 * 0.34; 6.51 + 0.31 for MCh and MCh + UTP, respectively in CHO-m2 cells;
P<0.05 Student’s two tailed t-test, paried observations). In these experiments, 10 uM UTP
causes a 2.8 + 0.9 fold increase in basal ERK activation, and the maximal response to MCh

increase from 10.0 £ 2.2 to 13.9 + 2.5 fold over basal.
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Figure 7.10 Concentration-response curve of ERK activation (5 min) following UTP
stimulation in CHO-m2 cells, expressed as fold increase over basal. Data are shown as means +

S.E.M for three separate experiments. Basal ERK activity was 403 + 31 fmol ATP/min/mg
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Figure 7.11 Concentration-response curves of peak ERK activation following MCh stimulation
in the presence and absence of 10 uM UTP in CHO-m2 cells, expressed as fold increase over

basal. Data are represented as means + S.E.M. for three separate experiments.
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Interestingly, the initial findings in the converse experiment, where the MCh concentration was
kept constant and UTP concentrations varied, revealed only a slight leftward shift in the
concentration-response relationship of peak ERK activation in CHO-m2 cells. However, further
experiments will be needed to determine the true extent of this shift (Figure 7.12).

The UTP concentration-response curve was constructed in the presence of 500 nM or 1 uM
MCh since, as shown in Figure 7.11, these concentrations evoked an increase in ERK activation
(~EC;30) which did not exceed the maximum increase observed for UTP alone. While the shift
in ECso value is very modest (3.95 uM, 1.35 pM and 1.06 uM for UTP, UTP + 500 nM MCh
and UTP -i;l pM MCh conditions respectively) it is possible to observe from Figure 7.12 that 1
pM UTP alone evokes no increase in ERK activation in CHO-m2 cells (n=3), but in the
presence of 500 nM MCh or 1 uM MCh evoked an approx. half-maximal response.

Addition of MCh in the presence of 10 uM UTP had no apparent affect on the ERK activation
concentration-response relationship in CHO-m2m3 (B2) cells (n=1, data not shown). UTP (10
pM) did not cause a leftward shift in the concentration-dependency relationship in CHO-m2m3
(B2) cells and this adds evidence to the fact that this synergy in ERK activation is cross-talk
between Gi- and G4-coupled receptors.

7.3 Discussion

The experiments summarised within this Chapter pharmacologically characterised the reported
synergy in ERK activation upon co-activation of M, and Mj; receptors, and in the process

uncovered some unexpected characteristics of the signalling pathways.
Effects of pertussis toxin pre-treatment on concentration-dependency of ERK activation

To establish whether the observed left shift of concentration-dependency in co-expressing CHO-
m2m3 cells was due to cross-talk between M, and M; mACh receptors, CHO-m2m3 (B2) cells
were PTX pre-treated to uncouple the M, (G;) receptor. Using CHO-m2 cells, data confirmed
that PTX completely abolished ERK activation by the m2 receptor. PTX pre-treatment of co-
expressing cells (Figure 7.3) shows that the maximal ERK activation in CHO-m2m3 (B2) cells
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Figure 7.12 Concentration-response curves of peak ERK activation following UTP stimulation
in the presence and absence of 500 nM or 1 pM MCh in CHO-m2 cells, expressed as fold
increase over basal. Data are shown as means + S.E.M. for UTP (n=3), and are mean from one

preliminary experiment for UTP + 500 nM MCh and UTP + 1 uM MCh.
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appeared to be a summation of M,- and M;- mediated ERK responses. Surprisingly, although
PTX treatment of CHO-m2m3 (B2) cells reduced the maximal ERK activation to a similar level
to that in PTX-untreated or -treated CHO-m3 cells it did not rightward shift the MCh-stimulated
ERK activation ECs value, towards that for M3-mediated response (pECso, -PTX, 7.17 + 0.09;
+PTX, 7.93 + 0.47 in CHO-m2m3 (B2) cells). However, this result could be explained by
analysis of PTX pre-treatment upon MCh-induced ERK activation in CHO-m3 cells (Figure 7.2)
which revealed another surprising result. At maximally effective MCh concentrations (100 uM)
the ERK activation was partially inhibited (10-40% across 4 experiments) by PTX treatment in
CHO-m3 cells. This correlated with Wylie et al. (1999) who reported maximal MCh (100 uM)
stimulated ERK activation in CHO-m3 cells to be partly PTX-sensitive (~ 50%). Although
Budd et al. (1999) reported MCh (1 mM) stimulated ERK activation in CHO-m3 cells to be
PTX-insensitive, re-analysis of Figure 5 in their paper revealed a decrease (33%) in basal ERK
activation in PTX pre-treated cells; taking this decrease into account it could be estimated that
an approx. 50 % decrease in ERK activation levels actually occurred correlating with the data of
Wylie et al. (1999). Although, Gg-coupled ERK activation by the M3 receptor appears to be
partly PTX-sensitive at high agonist concentration, van Biesen et al. (1996) also reported that
activation of the M; receptor, classically coupled to Gq/11, activates ERK via G, protein (PTX
sensitive) in a PKC-dependent, Ras-independent manner in CHO cells. It has also been shown
in these CHO-m3 cells that MCh stimulates activation of Gg/1; and Gy, proteins (particularly
Gi3a, Akam et al., 2001).

Observation of the effect of PTX on the complete concentration-dependency curve for MCh-
stimulated ERK activation in CHO-m3 cells reveals a more complex signalling pathway than
can be explained by a simple promiscuity of M; receptors coupling to both Gy and Gio
proteins (Figure 7.2). At sub-maximal MCh concentrations there was a marked enhancement of
ERK activation following PTX pre-treatment, manifested as an approx. 70 fold leftward shift of
ECs, value. These data suggest that uncoupling of Gy, proteins ‘sensitises’ ERK activation to
M; receptor stimulation. Hence G, activity stimulated by M; receptor activation may have an

inhibitory effect on Mj receptor G¢/11-mediated ERK activation.

This unexpected effect of PTX in CHO-m3 cells may account for the effect of PTX treatment in
CHO-m2m3 (B2) cells. Concentration-dependency curves for MCh-stimulated ERK activation
in PTX pre-treated CHO-m3 and PTX-untreated CHO-m2m3 (B2) cells overlie each other
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(PECso, 7.84 + 0.20 and 7.93 + 0.47 for CHO-m3 +PTX and CHO-m2m3 (B2) respectively). It
is also noteworthy, that PTX-treatment did not affect maximal peak ERK activation (5 min) in
CHO-m3 cells but decreased the maximal MCh-stimulated ERK activation increase in CHO-
m2m3 (B2) cells to same levels as CHO-m3 cells (approx. 15 fold over basal, c.f. Figures 6.3,
7.2 and 7.3). Therefore the co-activation of M, receptors and M3 receptors (in CHO-m2m3 (B2)
cells) appears to result in the same ERK activation as stimulation of PTX pre-treated CHO-m3
cells. Activation of the M, receptors potentially ‘traffics’ G; protein towards other effector
outcomes than Mj receptor activation of G; proteins. Activation of M, receptors in CHO-m2m3
cells may actually ‘sequester’ the G; protein from activated M; receptors and therefore exert a
functional effect similar to PTX treatment in CHO-m3 cells. A diagram summarising this theory
is shown in Figure 7.13.

Akam et al. (2001), using [*°S]-GTPyS binding/immunoprecipitation methodology, showed that
MCh activated Gaii23 but not Go, or Gogg in CHO-m2 cells and they also showed MCh
activated Gog/11 and Gasse but not Gaiz or Ga, proteins in CHO-m3 cells. Based on these
observations, it is possible to suggest that Gj; proteins mediate the MCh-stimulated pathway
inhibiting ERK activation in CHO-m3 cells. Blaukat et al. (2000), studied co-operation of
Gog11 and Goyy, signalling in ERK activation by bradykinin and M3 receptors in HEK293 cells,
and concluded that co-activation of Goi;; and Ga; caused the greatest ERK activation. Future
'investigations should include studying the effects of PTX on MCh-stimulated [*3S]-GTPyS
binding in CHO-m3 cells to determine whether G protein coupling preferences of M; receptors
- are altered by PTX treatment. However, Wylie et al. (1999) reported no effect of PTX (24 h,100
ng/ml) on M3 receptor-mediated IP; mass accumulation, indicating PTX pretreatment does not

result in more efficient coupling to G, at least with respect to PLC regulation.

Pharmacological dissection of M- and M;- receptor components of MCh-stimulated ERK

activation in CHO-m2, CHO-m3, CHO-m2m3 (B2) cells and BTSM tissue slices
As an alternative to PTX-treatment, selective muscarinic antagonists were used in an attempt to

dissect the contribution of M, and Mj; receptors to ERK activation in CHO-m2m3 (B2) cells.
Cheng-Prusoff analysis of darifenacin inhibition of MCh (10 uM) stimulated ERK activation
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Figure 7.13 Diagram summarising the potential pathways linking M, and M; receptor

activation and G protein subtype and ERK activation, and the effect of PTX treatment. Dashed
lines represent proposed promiscuous coupling of M3 receptors to G; proteins following agonist

challenge. Solid lines represent classical preferential G-protein coupling.
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revealed a modest ‘selectivity window’ between CHO-m2 and CHO-m3 cells (pK; 7.28 + 0.38
and 7.97 + 0.23 for CHO-m2 and CHO-m3 cells, respectively). Studies in CHO-m2m3 (B2)
cells revealed pK; values more similar to those from CHO-m3 cells (8.38 and 8.09 for
experiments using 10 uM and 250 nM MCh, respectively).

By observing Figures 7.6 and 7.7 it is possible to see that supra-maximal MCh (10 uM)
stimulated ERK activation in CHO-m2m3 (B2) cells was completely inhibited by darifenacin at
concentrations above 1 uM, however 0.1 uM darifenacin caused ~50 % inhibition of ECg (10
MM MCh) response in CHO-m2 and CHO-m3 cells, but complete attenuation of the ECgo
response (250 nM MCh) in CHO-m2m3 (B2) cells. These data appear to suggest that greater
than 50% contributions from each receptor activation are required for synergistic effects to be

observed.

An initial experiment, investigating the sustained time-course, involved inhibition of the M-
mediated component of the ERK response by tripitramine in the CHO-m2m3 (B2) cells. Results
suggested that although the 5 min peak was partially attenuated, the sustained response at 30 min
was not affected by 100 nM tripitramine (data not shown). This result may imply that only
partial activation of the M, signalling pathway simultaneously with M3 activation of ERK was
sufficient for the sustained time-course. It will therefore be intriguing to observe what occurs
when the reciprocal experiment is performed using an M; over M, selective antagonist

(darifenacin) to observe the effect on the sustained response.

Despite some tantalising glimpses of the possible mechanisms underlying M»/M; interactions in
CHO-m2m3 (B2) cells it must be concluded that the mACh receptor antagonists used here did
not (and perhaps could not) satisfactorily separate the contributions of the two receptor

components.

Effects of co-stimulating mACh receptors and endogenous P2Y receptors on ERK
activation in CHO-m2 and CHO-m2m3 (B2) cells

UTP stimulation of CHO-m2 cells caused a concentration-dependent ERK activation which
correlated well with previously published data (pECso, 5.80, 5.40 + 0.34, and approx. Emax. 4 and
5 fold for Dickenson et al. (1998) and this study respectively). Co-activation of both
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endogenous PTX-insensitive P2Y, receptors and M, receptors enhanced the ERK signal.
Analysis of this concentration-dependence showed a marked left shift (= 10 fold) of the ECso
value for MCh-stimulated ERK activation in the presence of UTP (1 uM) compared to MCh

alone.

Dickenson et al. (1998) reported synergistic increases in ERK activation in CHO-A1 cells upon
co-activation of G; (adenosine A,;) and Gq (P2Y>) coupled receptors, where maximal ERK
activation from co-stimulation of A, adenosine and P2Y, receptors was greater than the sum of
the two individual signals. Interestingly, they also reported partial PTX sensitivity of maximal
ERK activation from P2Y, receptors (traditionally preferentially G, coupled) as previously
reported for M3 receptors in CHO cells (Wylie et al., 1999; Budd et al., 1999). However Tu and
colleagues demonstrated a PTX-insensitive P2Y,-mediated ERK activation in C6 glioma cells
(Tu et al,, 2000). It would be interesting to observe if PTX pre-treatment affected the UTP
concentration-response curve, as it may be expected to left-shift if P2Y, receptors mimic M;
receptor coupling. These UTP findings, together with the result that UTP did not shift the ECs,
for MCh-stimulated ERK activation in CHO-m2m3 (B2) cells showed the observed synergy in
ERK activation is due to cross-talk between G;- and Gq-mediated signalling pathways and is not

specific to M, receptor interactions with M3 receptors .

'The augmentation of ERK activation in CHO-m3 cells by uncoupling the M3 receptor from G;
protein interaction, by using PTX, reveals that the synergy observed in co-expressing CHO-
m2m3 (B2) cells involves a complicated balance between G protein effects upon MAPK
signalling. It would be interesting to study the effect of PTX in a second M3-expressing CHO
clone (CHO-m3vt-9) with a lower receptor expression to observe if the observed promiscuous
coupling of M; receptors is a consequence of over-expression in this model or is an inherent

property of all M3 receptors.

It is important to discover the mechanism by which the M, and M; signalling pathways interact
to facilitate ERK activation. Chapters 3 and 4 revealed no evidence for synergy in second
messenger generation in CHO-m2m3 (B2) cells and Wylie et al. (1999) reported no effect of
PTX on IP; generation (time-course or concentration-response) in CHO-m3 cells, implying that
the M; signalling via G; protein apparently to suppress ERK activation at low agonist

concentrations does not suppress G, coupling to PLC activation. Thus, the increased potency of
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MCh in PTX-treated cells appears to be selective for the ERK pathway and independent of PLC

activation.

Interestingly, the potency of MCh-induced ERK activation in PTX-treated CHO-m3 cells is
similar to that observed in non-PTX-treated CHO-m2m3 (B2) cells. Thus, co-expression of the
M, receptors appears to have a similar effect on M; receptor-mediated ERK activation as PTX
treatment alone. One possibility is that co-expression of the M, receptor effectively uncouples
the M3 receptor from G; proteins in the cell, thereby enabling the M; receptor exclusively to link
to Gq protein. This appears to allow the M3 receptor to couple more effectively to the ERK
pathway via PTX-insensitive G proteins.  Gj-coupling to the Mj receptor is therefore
functionally inhibitory to M; mediated ERK activation. However, this is in contrast to M,
receptor-mediated activation of ERK, which is entirely G;, mediated.

Clearly, it is necessary to establish the biochemical route by which M, and M; receptors activate
ERK. One point of potential convergence of the M,- and M;-mediated signalling pathways is at
the level of PKC. For example, Wylie et al. (1999) reported that MCh-stimulated ERK
activation in CHO-m2 and CHO-m3 cells is PKC-dependent. Co-activation of these receptors
may therefore facilitate a more complete activation of one or more isoforms of PKC at agonist
concentrations that are submaximal when only one receptor subtype is activated. Clearly, in
order to test this hypothesis, it would be necessary to characterise the PKC isoforms expressed in
CHO cells and to determine which translocate to the plasma membrane at low agonist
concentrations in CHO-m2m3 cells. However, synergistic ERK activation by P2Y, and Al
receptors in CHO cells appears to be PKC-independent (Dickenson et al., 1998), suggesting that

alternative mechanisms may account for the cross-talk observed in CHO-m2m3 cells.

It has previously been reported that Raf activation by Ras is an important point of convergence
of G;- and Gg-coupled receptor co-activation of ERK (Adomeit et al., 1999; Blaukat et al,
2000). Assays are available to measure activation of Ras and isoforms of Raf, and these would
provide important clues to the mechanism of ERK activation by M, and M; receptors in CHO-
m2m3 cells. It is important to note that PKC can enhance GTP loading on Ras and activate Raf
in a number of cell types (Marais et al., 1998). Identification of the PKC isoforms activated by
M, and M3 receptors may well reveal the mechanism by which co-activation of these muscarinic

receptors enhances Ras-Raf activation of the ERK cascade.
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Chapter 8: Final discussion

The aims of the studies described in this Thesis were to investigate whether agonist-induced co-
activation of M, and M3 muscarinic acetylcholine receptors, when co-expressed in CHO cells,
differed from the summation of their activation when each receptor is individually expressed. It
was hoped that these studies would provide an insight into possible interactions / cross-talk
occurring between M, and M; receptor signalling when co-expressed, as occurs in a number of

smooth muscle tissues.

*H]-NMS displacement radioligand binding studies, with subtype-selective antagonists,
revealed M, and M3 sub-populations in a 1:3 (M,:M3) ratio in the CHO-m2m3 (B2) cells.
Measurements of cAMP accumulation and IP; mass demonstrated CHO-m2m3 (B2) cells to
contain functionally coupled M, and M; receptors, and importantly, single cell Ca®* imaging
provided clear evidence for the successful Mj co-transfection and expression into all the parent

CHO-m2 cells.

Agonist-activation of CHO-m2 cells evoked increases in [Ca?*];, [’H]-IP, accumulation, [*H]-
thymidine incorporation, ERK activation and an inhibition of cAMP accumulation. In
comparison agonist-activation of CHO-m3 cells induced increases in IP; mass and [*H]-IP,
accumulations, [Ca®>*];, ERK and JNK activation, a biphasic cAMP accumulation and an
inhibition of [*H]-thymidine incorporation into DNA. Studies in co-expressing CHO-m2m3
(B2) cells revealed-agonist induced responses which largely recapitulated those mediated by M;-
receptor activation with respect to IP; mass and [3H]-IP,‘ accumulation, ERK and JNK
activation. Studies in CHO-m2m3 (B2) cells of agonist-induced inhibition of [*H]-thymidine
incorporation demonstrated a balance between M;-mediated stimulatory and Ms-mediated
inhibitory signalling effects, with greater concentrations of mACh receptor agonist required to

evoke maximal inhibition under serum-starved conditions.

Measurements of MCh effects on forskolin (FK) stimulated cAMP accumulation and ERK
activation in CHO-m2m3 (B2) cells provided some evidence for cross-talk between M; and M;
receptor-stimulated signalling pathways. MCh stimulation of CHO-m2m3 (B2) cells caused a
biphasic modulation of FK-stimulated cAMP accumulation (inhibition at low agonist

concentrations and stimulation at high agonist concentrations). It was shown that the M,
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inhibitory component is synergised at low agonist concentrations by a Mj-receptor mediated
increase in intracellular Ca®" causing an inhibition of adenylyl cyclase (potentially through Ca®*-
inhibited AC subtypes V and VI, Sunahara et al., 1996).

There was no evidence for cross-talk between co-expressed M, and M3 receptors at the level of
Ca*" release, with CHO-m2m3 cells exhibiting the same characteristics as CHO-m3 cells (rapid,
large agonist-induced increase in intracellular Ca®"), compared to a modest agonist-induced
response in CHO-m2 cells. However, it was noteworthy that M,-mediated Ca?" release does not
appear to be PLC-mediated and is inhibited in the presence of a normal extracellular Ca®*
concentration. Since PIP, hydrolysis does not appear to be involved, it will be interesting to
determine the exact mechanism of Ca®* release in CHO-m2 cells, (one possibility is the
involvement of sphingosine kinase) and also if the mechanism is the same in both the presence

and absence of Ca’".

The clearest evidence for cross-talk between co-expressed M,- and Ms-receptors was observed
in measurements of ERK activation. MCh stimulated a sustained ERK response in CHO-m2m3
(B2) cells, which remained elevated beyond 60 min, and mimicked the time-course profile of
CCh-induced ERK activation in BTSM slice preparations. Measurements of the concentration-
dependence of ERK activation also revealed a marked leftward shift in ECsg value (~ 50 fold) in
"CHO-m2m3 (B2) cells compared to that found in either CHO-m2 or CHO-m3 cells.
Importantly, the sustained ERK activation and low ECsy value observed in CHO-m2m3 cells
were also characteristics of agonist activation of mACh receptors co-expressed in BTSM tissue.
This leftward shift observed in CHO-m2m3 cells was shown not to be specific to M,- and M3-
receptor cross-talk, but potentially a more general phenomenon of G; and G4 protein co-
activation, as Gi/Gq co-stimulation of CHO-m2 cells with MCh and UTP (fixed concentration)
respectively, co-activating M, (G;j-coupled) and endogenous P2Y (Gg-coupled) receptors, also
caused a leftward shift in the concentration-dependence relationship. The lower ECsy value
observed in CHO-m2m3 (B2) was similar to that observed in BTSM slice preparations (ECsp <
100 nM) where M, and M; receptors are endogenously co-expressed. Interesting unexpected
signalling phenomena were also unmasked with respect to ERK activation in PTX-treated cells.
As expected, PTX completely attenuated MCh-stimulated ERK activation in CHO-m2 cells. In
CHO-m2m3 (B2) cells, PTX pre-treatment reduced maximal ERK activation by agonist, but did
not affect the concentration-dependency. However, MCh-stimulated ERK activation in CHO-
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m3 cells was markedly left-shifted following PTX pre-treatment and the concentration-
dependency relationship shifted over that for untreated CHO-m2m3 (B2) cells. Hence, the M;-
mediated activation of ERK appears to have a PTX-sensitive (G;) inhibitory component, which
is overcome by a PTX-insensitive (Gy-driven) signal at higher agonist concentrations. It is
known that over-expressed receptors can couple promiscuously to G proteins (Gudermann et al.,
1997). Akam et al. (2001) reported M; receptors could couple to both G /11 and Gi3 proteins,
(determined using [*>S]-GTPyS binding and immunoprecipitation techniques) when expressed in
CHO cells at similar levels to those reported in this thesis (2.5 + 0.1 and 3.7 + 0.4 pmol/ mg
protein for Akam et al. (2001) and this report, respectively).

Therefore, future studies investigating PTX treatment in lower expressing M; clones (e.g. CHO-
m3vt-9, 160 + 8 fmol/mg protein) could reveal if the PTX-sensitive component of the M;-
mediated ERK activation is due to high expression receptor promiscuity, since it has been
proposed that over-expression may cause receptor-G protein coupling infidelity (Gudermann et
al,, 1997). Also Cordeaux et al. (2000), reported Adenosine A, (traditionally Gj-coupled)
receptor stimulation of IPx accumulation via both pertussis toxin-sensitive and -insensitive G

proteins in an expression level-dependent manner when expressed in CHO cells.

The point of interaction between the M, and M; receptor signalling pathways leading to
synergistic ERK activation could occur at many loci in the downstream cascade (see Figure 8.1).
This Thesis has provided evidence for both M, and M; signalling pathways mediating
intracellular Ca®* release, cAMP accumulation, IP, accumulation and ERK activation, indicating
that the signalling from these receptors is not as simple as classically reported (with respect to
regulation of AC and PLC, respectively). However, there was no evidence of sensitisation
/synergy of the responses at the level of traditional second messenger molecule production
(cAMP, IP, or Ca®*) implying that the position of interaction/ cross-talk is further downstream
between second messenger generation and the MAPK cascade or indeed is independent of

traditional second messenger generation.

GPCR signalling to activation of MAPKs has been reported to be cell type and receptor-specific,
utilising Ras-dependent or -independent mechanisms (for reviews see Malarkey et al., 1995;
Gutkind, 1998; Lopez-Illasca, 1998). It has been shown that Gi-coupled receptors can activate
ERK through PTX-sensitive pathways by utilising GBy subunits (Crespo et al.,1994b; Hawes et
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al., 1995; 1996 Della Rocca et al., 1997). However, in some cases Gg/11-coupled receptors have
also been shown to signal to ERK activation via GBy subunits, and examples of both G; and Gq
receptor signalling have been reported to involve PKC, PI3-kinase, non-receptor tyrosine kinases
including Src, as well as utilising Ras and Raf (Hawes et al., 1995; 1996; Luttrell et al., 1996;
1997; Della Rocca 1997; 1999; Lopez-llasaca et al., 1997; GraneB et al., 1998; Wylie et al.,
1999). It should also be noted that Gy has been shown to activate ERK via Ras-independent
pathways (Hawes et al.,1995; Emala et al., 1999). More recently evidence has accumulated
showing both G; and G, signalling to ERK activation occurs via transactivation of RTKs (Daub
et al., 1996; Dikic et al., 1996; Leserer et al., 2000). This has been proposed to occur via PYK2
(a Ca**-sensitive tyrosine kinase) activation of Src, recruitment of a Src-Grb2-mSOS complex,
and subsequent activation of Ras. However a recent study by Andreev and colleagues, using
Src- and PYK2-deficient fibroblast cell-lines (derived from Src -/- and PYK2 -/- transgenic
mice), reported that Src and PYK2 are essential for GPCR (LPA / muscarinic / Bradykinin)-
mediated phosphorylation of the EGF-receptor, but are dispensable with respect to GPCR
activation of the MAPK signalling cascade (Andreev et al., 2001).

More specifically, studies of muscarinic receptor activation of MAPK have demonstrated similar
trends to those detailed for GPCRs in general, with some contradictory evidence. PTX-
insensitive muscarinic receptor activation (M, or M3) has demonstrated G, signalling to ERK
activation via PKC-dependent or independent, Ca**-independent mechanisms and involving Ras
and / or transactivation of EGF receptors (Crespo et al., 1994a; Hawes et al., 1995; Mitchell et
al., 1995; Tsai et al., 1997; Felsch, 1998; Kim et al., 1999; Wylie et al., 1999; Slack, 2000; Budd
et al., 2001). Studies of PTX-sensitive muscarinic receptor (M,) mechanisms have reported G;-
mediated ERK activation by GBy subunit-, PI3-kinase and /or PKC-dependent, Ras and Raf
dependent pathways (Crespo et al., 1994b; Mitchell et al., 1995; Kim et al., 1999; Wylie et al.,
1999). However, it is now thought that GPCR signalling to MAPK may be more complicated
than described above, as Mj; receptors have been reported to signal to ERK activation by two
pathways, including a PKC-dependent and -independent component (Slack, 2000; Budd et al.,
2001; Adomeit et al., 1999).

With this plethora of possibilities for interaction(s) between the pathways from M, and M;
receptors, it will be important firstly to define the exact pathways utilised by the receptors (see
Figure 8.1), and then to accumulate evidence to define the point of cross-talk between the two
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signalling pathways. This can be achieved by extension of the present studies to measurements
of Raf-1 kinase and MEK activity which may disclose if the synergy is occurring within the
MAPK cascade, or more likely it will be important to examine the involvement of (i) PKC / PI3-
kinase (PKC inhibited by Ro-31-8220 or down-regulation by chronic phorbol ester treatment;
PI3-kinase inhibited by wortmannin or LY294002), (ii) transactivation (by measuring
phosphorylation of the EGFR or inhibition by AG1478), as well as utilising Ras and Raf
dominant-negative mutants. It will be important to investigate the activation of Raf-1 because
although it has been reported to be phosphorylated and activated by PKC isoforms (Kolch et al.,
1993) it is also known that PKA activity may inhibit ERK signalling through PKA inhibition of
Raf-1 kinase activity (for reviews see Houslay and Kolch, 2000; Kolch, 2000). Hence, it will
also be interesting to establish the contribution of cAMP levels and hence PKA activity in M,
and M; receptor-stimulated ERK activation as both receptors were shown to modulate cAMP
accumulation. PKA phosphorylates Raf-1 on Ser-43 and this is believed to inhibit Ras-Raf
interaction and hence activation (Wu et al., 1993). It has also been reported that the Ras-Raf
complex is a point for convergence of G;- and Gq- coupled receptor signalling to ERK activation
(Adomeit et al., 1999; Blaukat et al. 2000). It will also be valuable to assess the effect of PTX
treatment on the time-course of MCh-stimulated ERK activation in CHO-m3 cells, since PTX
caused a leftward shift in concentration-response in CHO-m3 cells to overlie CHO-m2m3 cells.
Hence it will be important to determine if the sustained time-course is a phenomenon of M3/Goyq

stimulation of ERK, which is suppressed by Ga; co-activation.

The phenomenon of muscarinic receptor cross-talk at the level of ERK activation is potentially
very important because the longevity of ERK activation has been implicated in determining cell
fate (for review see Marshall, 1995). Marshall discussed the possibility that transient ERK
activation causes cell proliferation, whereas sustained ERK activation results in differentiation
in some cell types. However, it appears as though these important cell fate decisions are
unlikely to be attributable simply to the longevity of ERK activation reported in Chapter 6.
Thus, while agonist-stimulation of CHO-m2 and CHO-m3 cells induced very similar transient
ERK activation profiles, these receptors mediate opposing effects on cell proliferation (as
measured by [°’H]-thymidine incorporation into DNA, see Chapters 5 and 6). It is noteworthy
that in those cell lines exhibiting agonist-induced JNK activation (CHO-m3 and CHO-m2m3
(B2)), agonist-induced inhibition of [*H]-thymidine incorporation is also observed. Although, at

present there are no commercially available JNK inhibitors, two compounds have recently been
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reported specifically to inhibit JNK, namely CEP-1347 (Maroney et al., 1998; 1999) and SP
600125 (Xia et al., 2000) and these compounds, along with the p38 inhibitor SB 203580, may

prove to be useful tools it determining the potential roles of JNK and p38 activation in cell cycle
progression.

Future studies should include assessment of the effects of inhibition of ERK activation (through
MEK1 inhibition using U0126 or PD98059) on cell proliferation ([*H}-thymidine
incorporation), as JNK activation may be causing an inhibition of cell proliferation countering
ERK-mediated cell proliferation. Hence, M,-mediated increases in [’H]-thymidine
incorporation may be mediated by ERK activation. Recent work by Kao and colleagues, in
PC12 cells, has shown that differences in cell proliferation and differentiation responses from
EGF and PDGF stimulation are caused by differential phosphorylation of scaffold proteins
mediating Rap1 activation, and subsequent activation of ERK mediated by B-Raf (Kao et al.,
2001).

Assessment of pharmacological agents

As Table 8.1 summarises, the selectivity window for the mACh receptor antagonists studied
here varied markedly between the different assays performed. Antagonist dissection of ERK
~ activation proved problematic, and although tripitramine appears to have the greatest selectivity
window (M, over M3, binding) other antagonists provided a workable discrimination in some
assays (e.g. darifenacin pICso for cAMP, 5.6 and 8.0 at M, and M3, respectively). However, it
should be noted that selectivity with darifenacin was particularly poor in [Ca®*] FLIPR

experiments, where it was not possible to use this agent to discriminate between M; and M;

receptors.

These differences in selectivity between assays may be due to differences in experimental
protocols and hence agonist/antagonist incubation times. In experiments with greater than 20
min agonist/antagonist interaction time (binding, cAMP accumulation, thymidine incorporation)
antagonists affinities are closest to their published displacement binding pK; values (Maggio et
al., 1994; Eglen and Watson, 1996b; Hedge et al., 1997). However, these values deviate further
from reported values (where interaction time is > 1 h) with less agonist / antagonist interaction

time, for example ERK activation (5 min) or [Ca’*); release (measured at 3-15 s) compared to
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binding (= 1 h). Meloy et al. (2001) studied an extensive range of muscarinic receptor
antagonists in rat submaxillary gland and noted difficulties with data generated with darifenacin.
They reported pseudo-irreversible antagonism with darifenacin after observe a collapse of
concentration-effect curves with decreased Ep.x values with higher darifenacin concentrations,

which could be overcome with multiple exposures to agonist over a long period of time.

While it was possible to use these pharmacological antagonists for displacement binding studies
and for dissection of cAMP and [*H]-thymidine responses, they are not sufficiently selective to
achieve satisfactory discrimination in studies to delineate the mechanisms of M, and M3 receptor
cross-talk. Future work to investigate the observed cross-talk could involve selective alkylation
of one receptor subtype (e.g. protect M, receptor population with tripitramine), however these
experiments would be laborious due to the need for careful receptor population determination.
A more sophisticated protocol would be to use expression of an inducible M; receptor within the
parent CHO-m2 cell line (using e.g. LacSwitch, Hermans et al., 1999) allowing varied
expression levels (theoretically from zero to very high expression levels) of one receptor to aid

dissection of the contributory components of the two receptors.

In summary this Thesis has provided new evidence for cross-talk between Mé and M; receptor
signalling pathways causing synergistic effects in both longevity and concentration-dependence
of ERK activation, and further work is required to elucidate the downstream significance and
mechanisms of regulation of the observed effects, as well as establishing whether the model

utilised has provided a paradigm for tissues co-expressing M, and M3 mACh receptors.
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Assay Ligand n> CHO-m2 CHO-m3 CHO-m2m3

tripitramine 3 9.35+0.15 | 6.75+£0.25 | high 9.43 £ 0.07
low 6.97 £ 0.15
Binding | methoctramine 3 8.00+0.18 | 5.60%0.21 | high7.90+0.11
low 5.80 +0.20
darifenacin 3 7.30+0.15 | 834+0.04 | low7.11 £0.06
high 8.38 + 0.01

cAMP tripitramine 3 nd. *6.04 £ 0.12 n.d.

darifenacin 3 nd *8.01 £0.14 | *low 5.60 +0.10
*high 8.01 +
0.23

tripitramine 3 9.25+0.47 | 7.59+0.54 7.94 £0.33

Ca** atropine 3 10.76 £ 0.61 | 10.09 £ 0.42 10.57 £ 0.38
darifenacin 3 8.48 +0.1 8.98 +0.54 8.85+0.25
Thymidine darifenacin 3 n.d. 8.06 = 8.40
darifenacin 3 | 728+0.38 | 7.97+0.23 8.38 /8.09
ERK methoctramine 1 8.40 6.69 7.25

Table 8.1 Summary of antagonist affinity values, calculated according to the method of Cheng
and Prusoff (1973), in a variety of assays. n = minimum number of separate experiments

contributing to mean * S.E.M. pK; value; n.d.= not determined; * = value quoted as pICso
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Appendix:

Materials
List of reagents and suppliers.

Synthetic peptide corresponding to amino acids 662-681 of the epidermal growth factor
receptor (EGFR) sequence:

RRELVEPLTPSGEAPNQALL

was a purchased from Proteins and Nucleic Acid Chemistry Laboratory (PNACL, MRC

Toxicology Unit, University of Leicester).

C-Jun-GST beads were also a kind gift from Dr Jonathan L. Blank, University of Leicester.
Initially tripitramine tetraoxalate was purchased from RBI chemicals Ltd, MA, USA. and
subsequently was obtained as a kind gift from Dr C. Melchiorre, University Of Bologna,

Italy. Darifenacin was a kind gift from Pfizer Central Research, Sandwich, UK.

From Amersham International PLC, Aylesbury, Bucks, England
ECL reagent

[’H]-Inositol

D-myo-[>H}-Inositol (1,4,5) trisphosphate ([*H]-IP3)
N-methyl-[*H]-scopolamine ([’H]-NMS)

Glutathione Sepharose™ 4B

Hyperfilm MP

Protein A Sepharose

[’H]-Thymidine

From Calbiochem Novachem Ltd Nottingham, England
Hygromycin B
Fura-2

From Fisher, Loughborough, Leics, England
Acetone

D-Glucose
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Hydrochloric acid
Potassium Chloride
Sodium Chloride
Sodium hydroxide

Trichloroacetic acid

From Gibco.Brl (now Invitrogen), Paisley, Scotland
Foetal calf serum

Fungizone (amphotericin B)

MEM-a (without ribonucleosides and deoxyribonucleosides)
New Born Calf Serum

Penicillin-streptomycin

From New England Nuclear (N.E.N.) Ltd, (now Perkin Elmer Life Science products),
Stevenage, Herts, England

[’H]-Adenosine 3°-5’-cyclic monophosphate ([*H]-cAMP)

[y-**P]-Adenosine 5°-Triphosphate ([y->’P]-ATP)

From Packard Ltd, UK
Emulsifier Safe

Scintillation Plus

From Promega, UK
Anti-active MAPK antibody

From Research Biochemicals International (R.B.1.), Poole, Dorset

Methoctramine tetrahydrochloride

From Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA
Rabbit ERK 1 polyclonal antibody (C-16)

From Sigma Chemical company Limited, Poole, Dorset, England
o-rabbit secondary antibody

acetyl-B-methylcholine chloride (Methacholine)

adenosine 3’5’-cyclic monophosphate (CAMP)
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ammonium persulphate

ampicillin

aprotinin

atropine (sulfate salt)
B-glycerophosphate

bovine serum albumin (BSA; fraction V)
charcoal

Carbamylcholine chloride (carbachol)
Disodium hydrogen phosphate
Dithiothreitol (DTT)

Ethanol

Ether

Ethylenediaminetetra-acetic acid (EDTA)
Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA)
Folin-Ciocalteu’s phenol reagent
Forskolin

HEPES

Imidazole

Isopropyl p-D-thiogalactopyranoside (IPTG)
Leupeptin

Low weight Molecular markers
Methacholine chloride

NP-40

Orthophosphoric acid

Pertussis Toxin
Phenylethanoloamine-N-methyltransferase (PMSF)
Ponceau Red

Serva Blue G

Sodium Orthovanadate (Na;VOys)
1,1,2-Trichlorotriluoroethane (Freon)
Tri-n-octylamine

Tryptone

Tween-20

Yeast extract
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From Teflabs, Austin, Texas, USA
Fluo-3AM

From Whatman, UK
p81 paper
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SDS -PAGE gel compositions:

12% (w/v) -for INK bead preparation and JNK assay

10 % (w/v) - for Western blotting (phospho-ERK assay on BTSM preparations)

The following are sufficient to produce one large gel:

10% Resolving gel | 12% Resolving Stacking gel
Solution gel
Acrylamide (30 % w/v) 10 ml 12 ml 1.6 ml
3x running buffer 10 ml 10 ml -
Milli Q H,O 10 ml 8 ml 6.4 ml
Imidazole buffer - - 4 ml
Ammonium Persulphate 160 pl 160 pl 100 pl
10% (w/v)
TEMED 40 pul 40 pl 16 ul

(3x running buffer composition; 825 mM Tris HCI, 115 mM SDS, 6.4 M glycine, filtered.
Imidazole buffer composition; 110 mM Tris HCI, 700 mM imidazole, 10 mM SDS, filtered,

pH 6.8)
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