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ABSTRACT

Muscarinic Acetylcholine Receptor Regulation of ERK and

JNK in CHO Cells.

Paul Wylie

Extracellular signal-regulated kinases (ERKs) and the c-Jun N-terminal kinases/stress-
activated protein kinases (JNKs/SAPKS5s) are activated by an array of extracellular signals
to mediate a variety of cellular responses e.g. mitogenesis, differentiation, hypertrophy
and apoptosis. The study investigated the regulation of ERK and JNK by agonist-
mediated stimulation of the human m2-AChR or m3-AChR stably expressed in CHO
cells. Stimulation of both receptors dramatically activated ERK, although stimulation by
the m3-AChR was more sustained. The m3-AChR is efficiently coupled to JNK
activation, whereas the m2-AChR is not. Activation of JNK in CHO-m3 cells was
delayed and more sustained relative to that of ERK in either CHO-m2 or CHO-m3 cells.
The dose-dependence for methacholine (MCh)-stimulated JNK activation by m3-AChR
and ERK activation by both receptor subtypes were similar. Although pertussis toxin
(PTX) had no effect on Ins(1,4,5)P3; accumulation in CHO-m3 cells, there was significant
inhibition of agonist-induced ERK and JNK activation in CHO-m3 cells, suggesting that
the m3-AChR was able to couple to Gy, in addition to Gg. ERK activation was entirely
PTX-sensitive in CHO-m2 cells. ERK activation in both cell types was shown to be
independent of Ca®*. However, JNK activation by m3 receptors was shown to have both
a Ca®*-dependent and a Ca’*-independent component. PKC inhibition studies
demonstrated a novel PKC- and an atypical PKC-component, but not a classical PKC-
component in ERK activation in CHO-m2 cells, whereas, there appears to be a cPKC and
an aPKC-component in CHO-m3 cells. In contrast to this, PKC appears to have an
inhibitory role in m3-AChR-mediated JNK activation. Inhibiting PI3K resulted in a
moderate inhibition of agonist-induced ERK activation in CHO-m?2 cells only. However,
examining the role of PI3K on JNK activation was inconclusive due to receptor-
independent effects of wortmannin. The results presented demonstrate that the m2-
AChR and m3-AChR activate ERK and JNK via divergent mechanisms.
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Chapter 1

Introduction

1.1 Receptors

Receptors are utilised by cells as a means of eliciting an internal response to an
external stimulus, e.g. a hormone via an effector system (Berridge, 1993b). Receptors
are proteins that have a binding site with a high affinity for a specific signalling
substance. They can couple to a variety of effectors to enable a response to cross the
plasma membrane. Certain effector systems allow the transduction of the signal from the
plasma membrane to the nucleus. There are a large range of effector systems that act in a
variety of ways, for example in terms of speed, synaptic transmission is in the us range,
whilst some hormone responses take many hours for the effect to be elicited. Receptors
can been classified into four superfamilies, the ligand gated ion channels, steroid

receptors, tyrosine kinase receptors and G-protein coupled receptors (Rang, Dale and

Ritter, 1999).

Direct ligand-gated ion channels are receptors that are involved in allowing selective
ion movements across the plasma membrane and are often hetero-oligomers made up of
subunits which are themselves integral membrane proteins. They elicit the fastest
response of all the receptor superfamilies and are found in processes involved in synaptic
transmission that induce an increase in ion permeability in cells such as nerve and muscle

cells. The most well-defined receptor in this family is the nicotinic acetylcholine
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receptor (Changeux et al., 1987).

Steroid receptors are ligand-activated proteins that regulate gene transcription, e.g. the
oestrogen receptor and thyroid hormone receptors (Moore 1989). These are intracellular
receptors that are present in the cytosol and/or nucleus. They bind to their respective
ligands and then exhibit a conformational change (transformation) to the active form.
The activated receptor can then bind to specific DNA sequences, termed hormone-
response elements (HREs), to allow either activation or repression of transcriptional

initiation by RNA polymerase II (for general review see Parker, 1993).

Tyrosine kinase (TK) receptors are involved with a range of growth factors, that
stimulate mitogenesis (Rosen 1987). They generally have a large intracellular catalytic
domain and an extracellular-ligand binding domain (Fantl et al., 1993). An example of a
tyrosine kinase receptor is the insulin receptor. In this example, the majority of the
extracellular domain is a separate polypeptide chain that is bound to the transmembrane
region by a series of disulphide bonds. In contrast, other types of growth factor receptor
are composed of a single polypeptide chain. Upon stimulation by a ligand, there is a
conformational change that allows two individual chains to dimerise and become
activated. Once activated, specific tyrosine residues in the intracellular region of the
receptor become autophosphorylated; this then allows for the formation of a high affinity
binding site. Some groups of intracellular proteins contain a region called the SH2 (Src-
homology-2) domain which enables them to bind specifically to certain phosphotyrosine
receptors. Cytokine receptors possess a similar structure to the tyrosine kinase receptors,
except that they do not have the intracellular kinase domain. However, upon activation,

they dimerise as described above for the receptor tyrosine kinases.
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1.2 G-protein-coupled receptors (GPCRs)

There have now been nearly 2000 guanine-nucleotide binding protein (G-proteins)
coupled receptors identified since bovine opsin (a light-sensitive GPCR) was first cloned
(Nathans and Hogness, 1983). These highly conserved proteins are composed of a single
polypeptide chain that spans the plasma membrane seven times utilizing seven a-helix
structures (Dohlman et al., 1987), with an extracellular NH,-terminal domain, an
intracellular COOH terminal tail and often a large third intracellular loop which are all
highly variable, giving both ligand and effector specificity (for review see Selbie and
Hill, 1998). Upon activation by an external stimulus (e.g. hormone, neurotransmitter or
drug), the receptor becomes activated and the respective G-protein couples the receptor
to the relevant effector molecule (e.g. adenylyl cyclase (AC), or phospholipase C (PLC)),
possibly via a conformational change in the receptor which enables the variable third
intracellular loop and carboxy terminal tail to interact with the G-protein (Lambright ez

al., 1996; Lefkowitz et al., 1993).

1.3 Guanine nucleotide-binding proteins

As previously mentioned, G-proteins mediate the coupling of a stimulated GPCR to
an effector, thus allowing an external stimulus to elicit an intracellular response. G-
proteins are heterotrimeric membrane-associated proteins composed of three subunits: o-
(45 kDa), B- (35 kDa) and y- (7 kDa), (Gilman, 1987). G-proteins exist in 2 states: an
inactive form and an active form. In the absence of hormone or agonist, the G-protein is
bound to guanosine diphosphate (GDP). Once the receptor-hormone complex has been

formed at the plasma membrane, there is a conformational change in the G-protein and
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GDP is replaced with intracellular free guanosine triphosphate (GTP), which binds non-
covalently to the G-protein o-subunit. This conformational change causes the
dissociation of the a-subunit ori the G-protein from the Py-subunit (Caulfield and
Birdsall, 1998). These subunits are then able to regulate effector proteins, for example,
activation 70f G; G-proteins stimulate adenylyl cyclase activity, resulting in an increased
production of cAMP. cAMP can then act on cAMP-dependent-protein kinases, e.g. PKA

(Neer 1995; Simonds, 1999) or ion channels (for review see Yamada et al., 1998).

There are four main classes of G-proteins identified by their o-subunits
(Dhanasekaran et al., 1995). These have been termed: G;, which stimulates adenylyl
cyclase activity, Gy, which induces adenylyl cyclase inhibition, Gg/1; which stimulates
certain isoforms of PLC, and the Gjy13 class whose function has yet to be fully
elucidated, but has been demonstrated to be involved in Na'/H" exchange (Sternweis,
1996). The B and y subunits remain associated together, but this complex also has the
ability of regulating effectors (Birnbaumer, 1992), such as PLCf (Blank et al., 1992). It
has also been demonstrated that both the a-subunit and the By-subunit may activate the

MAP kinase pathway via Ras (Crespo et al., 1994; Faure et al., 1994; Coso et al., 1996).

1.4 Muscarinic Acetylcholine Receptors

Muscarinic receptors are members of the GPCR family. In smooth muscle, the
regulation of muscle contraction is evoked by the release of the neurotransmitter
acetylcholine (ACh) from the parasympathetic nerves acting on the muscarinic
acetylcholine receptors. The m3-AChR has been shown to be involved in the contraction

of smooth muscle (Roux et al., 1998) via PLC (see Fig 1.1). However, the m2-AChR
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inhibits the relaxation of smooth muscle via inhibition of adenylyl cyclase and therefore

reducing levels of cAMP (Eglen et al., 1994).

m2-AChR m3-AChR

) (+)l

Adenylyl

cyclase PLC
b
cCAMP IP; and DAG

(+)i
ction

i(—)

Figure 1.1 A diagram demonstrating the route, and role of m2- and m3-AChR

stimulation in smooth muscle.

Stimulation of the m2-AChR results in activating G; G-proteins which inhibits the
increased levels of adenylyl cyclase activity, that occurs via activation of the Gs-coupled
B-adrenergic receptor. Stimulation of the B-adrenergic receptor increases the cellular
level of cAMP thereby activating cAMP-mediated protein kinase. This increases the
phosphorylation of myosin LC (light chain) kinase, which decreases the binding affinity
of myosin LC kinase for the Ca’*-calmodulin complex. This prevents the myosin
regulatory pair to be phosphorylated and the muscle stays in a relaxed state. Therefore
reduced levels of adenylyl cyclase results in relaxation being inhibited, thereby
contributing to muscle contraction. Stimulation of the m3-AChR results in the activation
of Gq G-proteins which activate PLC to yield IP; and diacylglycerol (DAG), inducing
muscle contraction via releasing the binding of caldesmon from actin, and thereby

allowing actin to bind myosin.
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By using binding studies, muscarinic cholinergic receptors were initially classified
into two subtypes by their distribution, the neural ml and the cardiac, m2 (Hammer,
1980), then the m3 was identified in glandular smooth muscle (Birdsall and Hulme,
1987). Five distinct mACh receptor subtypes have since been cloned, termed, m1, m2,
m3, m4 and m5 (Kubo et al., 1986a; Kubo et al., 1986b; Bonner et al., 1987; Bonner et

al., 1988; Peralta et al., 1987a; Peralta, et al., 1987b).

Functionally, however, they can be divided into two main groups. The ml-, m3- and
m5-AChR are positively coupled to PLC-f, via Gg, members of a pertussis toxin-
insensitive class of G-proteins (Blank et al., 1992; Van Giersbergen and Leppik., 1995).
This hydrolyses phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P; or PIP,) to inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP; is water soluble and thus
diffuses into the cytosol, mobilizing calcium from the intracellular stores by binding to
intracellular IP3 receptors (IP3Rs). DAG can activate PKC (in conjunction with Ca?* in
the case of classical PKC isoforms; see section 1.5.3), resulting in a variety of cellular

responses (see Fig. 1.2).

In contrast, the m2 and m4 receptors are negatively coupled to adenylyl cyclase
(Hulme et al., 1990) via G;, a pertussis toxin-sensitive G-protein (Van Giersbergen and
Leppik., 1995). This is generally achieved by direct interaction of the adenylyl cyclase
with the free o-subunit (Fig. 1.3), although a mechanism involving the By subunit
binding to the free os-subunit, preventing it from activating the adenylyl cyclase cannot

be discounted (Gilman., 1994).
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Hormone

PIP, DA{G ———» PA—» CDP-DAG—a \

CANEE

Protein

=

Ca#*+—¥» Ca* Protein-P

- Ca2+

T ER Ca* channel

Ca’t

Endoplasmic
o reticulum
Protein Kinase Protein Kinase

(active) (inactive)

+

\\ Calmodulin/ Ca2* complex €———— Calmodulin /j

Figure 1.2 A diagram showing the activation of the IP; pathway and the
mechanism for the release of Ca®* by G¢11- coupled GPCRs.

Upon stimulation of the receptor by agonist, PLC is activated and hydrolyses PIP; to
IP; and DAG. DAG activates PKC in association with Ca®* and phosphatidylserine for
some isoforms. DAG is then phosphorylated to phosphatidic acid (PA)which reacts with
CTP, forming CDP-DAG and eventually phosphatidylinositol (PI). However, IP;
stimulates IP3Rs on the endoplasmic reticulum and causes the release of Ca®* from
calcium stores enabling Ca® to act as an activator of Ca** dependent proteins, e.g.

calmodulin.
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&3— Hormone
" 4 ™
/ A PKA \

(ioi@s cAMP/ (nactive)
GD{.AV /@
(actlve)
P13Ky Proteln[\Protem
kinase-P kinase

- rRxs0 ),
N J

Figure 1.3. A diagram showing the regulation of adenylyl cyclase and PI3K by G;-

coupled receptors.

Stimulation of the Gys linked receptors leads to a GDP/GTP exchange on the o-
subunit of the G-protein. The O-subunit acts to either inhibit (o) or stimulate (o)
adenylyl cyclase (AC) to regulate levels of cAMP, which then activates protein kinase A
(PKA) which is then able to phosphorylate protein kinases on a Ser residue in the motif,
RRXSX. The free Py subunit has also been shown to have a role in signalling, an
example of which is demonstrated by the direct activation of PI3Ky (and also PI3Kf),
which can then elicit a number of responses, including activating the MAP Kkinase

pathways.
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1.5 Mitogen-activated protein kinases (MAP Kinases)

Stimulation of tyrosine kinase receptors were shown to lead to the activation of a
family of serine-threonine kinases, termed the MAP kinases (mitogen-activated protein
kinases), to enable an extracellular signal to control gene expression and lead to the
control of cell differentiation and proliferation (Cano and Mahadevan 1995; Marshall,
1995). Initial studies in the yeast, Saccaromyces cerevisiae, demonstrated a pathway that
is involved in pheromone-response termed the FUS3/KSS1 pathway (Cairns et al., 1992;
Gartner et al., 1993). This was the first study to demonstrate the fundamental
significance of a MAP kinase pathway. The MAP kinases are a highly conserved group
of proteins that form part of a protein cascade of sequential phosphorylations that
regulate mitogenesis so that from an extracellular signal, e.g. a growth factor or hormone
binding to a membrane bound receptor, the transcription of individual genes can be either
up regulated or down regulated to enhance cell differentiation or induce cell proliferation
(Blenis 1993). In mammalian cells three main MAP kinase pathways, have been
characterised. The ERK (extracellular signal-regulated protein kinase) pathway, the
SAPK/INK (stress-activated proteiﬁ kinase/c-Jun NH, terminal kinase) pathway and the
p38 pathway (Robinson and Cobb 1997). There has also been an ERK6 (p38-like)
pathway (Lechner et al., 1996), an ERKS5 (English ez al., 1999; Marinissen et al., 1999)
and ERK3 pathway identified (Cheng et al., 1996). The three main pathways are
composed of a cascade, characterised by three kinases; a MAPK which is activated by a
dual phosphorylation on threonine (T) and tyrosine (Y) in a T-X-Y motif by the upstream
kinase, MAPK kinase (MAPKK). MAPKK is itself activated by a dual phosphorylation

by a serine/threonine-specific MAPKK kinase (MAPKKK) (see Fig. 1.4.).
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ERK
pathway
(Proliferation/Differentiation

TK/GP Linked Receptors)

MAPKKK
MAPKK MEK1/2
MAPK ERK1/2
Regulation of
Transcription | E]k1, Ets1, c-Myc
Factors

--»  Racl/Cdc42 TAB
PAKs !
Y Y

Raf-1/8-Raf MEKK1-3 MEKK4,DLK MLK3, TAK MEKK3

JNK
pathway

p38
pathway

Stress Responses (UV, heat shock osmotic stress)

W

MKK4/MKK MKK3/MKK6
¢ P380., p38B
INK1-3 p38y, p385

Elk-1 c-Fos, c-Jun, Aft-2 ATF-2, CHOP, Elk-1

Figure 1.4. Diagram showing the MAP kinase cascade of the ERK, JNK and p38

pathways.

The ERK, JNK and p38 pathways are all composed of a three kinase cascade to

enable an extracellular signal to elicit regulation of transcription factors.

The ERK

pathway is activated by growth factors and agonists for GPCRs. The JNK and p38

pathways are activated by GPCR stimulation and stress responses. The pathways have

the ability to cross-talk within each other as shown in the diagram. Key: PAK; p2l
activated protein kinase, TAB; TAK1 (TGF-f-activated kinase)-binding protein, MLK3;

Mixed-Lineage Kinase-3; DLK:, Dual Leucine zipper Kinase.

10
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It is thought that the duration of MAP kinase activity is a major factor in the decision
of the cell to either proliferate or differentiate (Cano and Mahadevan, 1995; Marshall,
1995; Lavoie, et al., 1996; Cohen, 1997), via the tyrosine kinase signalling pathway (for
further discussion see section 1.7.2.). Upon sustained activation of the MAP kinase it
translocates to the nucleus and acts on the regulation of transcription factors (e.g. Elk-1)

(Chen et al., 1992).

1.5.1 MAP kinase terminology

To date, there are contrasting views on the terminology for the MAP kinase family.
The two main classifications have been suggested primarily by R. Davis, and P. Cohen,
and in the absence of a consensus within the scientific community, the different terms

used are summarised below in Table 1.1.

R. Davis P. Cohen
ERK1 MAP kinase 1
ERK?2 MAP kinase 2
JNK2 SAPK1a
JNK3 SAPK1b
JNK1 SAPKlc
p38a SAPK2a
p38P SAPK2b
ERKS5 SAPKS

Table 1.1 A summary of the MAP kinase family terminology.

11



Chapter 1

1.5.2 Extracellular-signal regulated protein kinase 1/2 (ERK1/2) Pathway

The MAP kinase pathway, is a cascade composed of a number of levels, in which
there is the potential for amplification of the signal. As discussed, a MAPKKK activates
a MAPKK, which then in turn activates a MAPK (for reviews see Cobb and Goldsmith,
1995; Cohen, 1997; Robinson and Cobb, 1997; Lopez-Llasaca, 1998). The MAP kinase,
ERK has two distinct isoforms: ERK1 is a 44kDa protein also termed p44M*™ and
ERK?2 is a 42kDa protein, termed p42MAP which are phosphorylated and therefore
activated by the MAPKKs, MEK1 and MEK?2 (Dhansekaran and Reddy, 1998). The
dual phosphorylation by MEK1 and MEK2 on ERK1/2 is on a TEY motif 7 residues
upstream from the APE sequence situated in kinase subdomain VIII (Blenis, 1993). The
MAPKXKSs are activated by the MAPKKKSs Raf-1 (Kyriakis et al., 1992, 1993) and B-Raf,
with an equal affinity, by dual phosphorylating the serine/threonine kinases. In contrast,
A-Raf is selective for MEK1 over MEK2 (Wu et al., 1996). One of the first comparative
studies between the activation of the ERK and JNK pathways showed that Raf-1
activated the ERK pathway and MEKK activated the JNK pathway via two distinct Ras-
dependent pathways (Minden et al., 1994). The upstream activator of the MAPKKKSs
(in the ERK pathway) has been shown to be Ras and indeed the first MAPK pathway to
be discovered involved Ras activation via tyrosine kinase receptors (Avruch ez al.,
1994; Lange-Carter and Johnson, 1994), although, more recently, Ras has also been
implicated in the activation of the ERK pathway via G-protein linked receptors (Coso et

al., 1995a).

The cDNAs for MEK1 and MEK2 were cloned in 1993 by Zheng and Guan; they

demonstrated that there was 80% homology between the two proteins. MEKKI,
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MEKK2 and more preferentiallyy, MEKK3 have been shown to activate the ERK
pathway when transfected into HEK293 cells (Lange-Carter and Johnson, 1994; Blank et
al, 1996). MEKKI1, when transiently overexpressed, has also been shown to
constitutively activate both the ERK and JNK pathway, but not the p38 pathway (Lin et
al., 1995; Blank et al., 1996), the first demonstration that one protein can activate more
than one MAP kinase pathway. There have also been reports of other MAPKKKSs
activating the ERK pathway e.g. Mos (Lange-Carter et al., 1993; Posado et al., 1993).
Interestingly, it has been shown that the relative amounts of MEK and ERK are similar,
with the MEK proteins, sometimes being in excess (Ferrell, 1996). Therefore, this
implies that the pathway may not have solely an amplification role, but the complexity of

the pathway exists for specific regulation.

In the last few years, there have been reports that describe evidence of the importance
of scaffold proteins in the MAP kinase pathways (Choi et al., 1994, Whiteway et al.,
1995, Schaeffer et al., 1998). Cells have a multitude of intracellular signalling pathways
that have the ability to interact with one another, leading to a potential difficulty in
obtaining pathway activation specificity. These scaffold proteins (or anchor proteins)
may target proteins to the correct pathway, allowing for the ability to specifically target
interactions. To date, most of the literature pertains to scaffold proteins that have been
isolated in yeast cells. For example, Choi et al., (1994) and Whiteway et al., (1995)
isolated a scaffold protein called SteSp. When the GPCR was stimulated by a
pheromone, Ste5p bound the three members of the ERK pathway FUS, STE7 and STE11
causing the initiation of mating. Later, Schaeffer et al., (1998) identified a mammalian

scaffold protein specific for MEK1 and ERK1 called MP1 (MEK Partner 1), which upon
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binding, increased the activation of these enzymes. Therefore, these studies indicate that
there is an important regulatory component of the MAP kinase pathways via these newly
identified scaffold proteins (for review see Garrington and Johnson, 1999). Fukuda, et
al., (1997) determined a direct association between ERK2 and MEKI1 by a identifying a
binding site for ERK2 in the N-terminus on MEKI, that aided association. They
hypothesised that binding of MEK1 to ERK2 retained ERK2 in the cytoplasm, and
therefore inhibited its ability to enter the nucleus and have an effect on transcription
factors. Later experiments, following on from the realisation that MEK1 contains two
phosphorylation sites for ERK2 (Xu, et al,. 1999), it was demonstrated that deletion of
the ERK2 binding site in MEK1, prevented ERK activation (in vivo) and also ERK?2
phosphorylating MEK1 on Thr**? and Thr’® (in vitro). In later experiments, Rubinfield
et al., (1999) created a GFP-ERK2 fusion protein in CHO cells, which, when expressed
in isolation, was found to be localised in the nucleus. However, where the fusion protein
was co-expressed with MEK1, this caused cytoplasmic retention of the fusion protein
due to the association of ERK2 with MEK1, which was reversible upon stimulation.
From their results obtained using amino acid substitutions, they conclude that in the
ERK2 protein, residues 312-320 were important for MEK1 binding and thus the
retention of ERK2 in the cytoplasm, whilst residues 321-327 are important in causing
ERK2 to translocate to the nucleus upon stimulation. Therefore, these observations
suggest that formation of enzyme complexes are important in the activation of the

pathways, thus reducing the possibility of the signal being greatly amplified.

Recently, there has been increasing evidence for the need for ERK to homodimerise.

When the crystal structure of ERK2 was first revealed, it was shown that there was a
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dimer interface structure (Canagarajah et al., 1997). Following on from this work, it was
then shown that when ERK2 was microinjected into quiescent rat embryo fibroblast cells
there was a requirement for ERK2 to be phosphorylated for it to enter the nucleus.
However, preventing ERK2 to homodimerise (by using mutagenesis) resulted in a
reduction of ERK2 accumulation in the nucleus (Khokhlatchev et al., 1998). These
results demonstrate the potential for dimerisation of ERK2 in determining the

localisation of the protein.

1.5.2.1 Receptor Tyrosine Kinase (RTK) Activation of ERK1/2

Initial studies investigated the role of ERK activation in growth factor receptor
mediated responses of mammalian cells (for review see Malarkey et al., 1995). A well-
studied tyrosine kinase receptor (RTK) that activates the ERK pathway is the platelet
derived growth factor (PDGF) receptor. Upon activation of the receptor, there is a
phosphorylation of serine residues in the intracellular domain, which enables two PDGF
receptors to dimerise. An important feature of RTK signalling is the involvement of
adapter proteins that contain an SH2-binding domain. These are structures that allow
signalling molecules, such as PI3K, PLCy and adapter proteins to bind to phosphorylated
tyrosine residues determined by a 3-6 amino acid sequence on the C-terminal side of the
phosphotyrosine on the receptor. Two examples of such adapter proteins are the SH2-
domain-containing o2-collagen-related (SHC), a non-enzymatic adapter protein and

growth-factor-receptor binding protein 2 (GRB2).

In the case of the activated PDGF receptor, GRB2 binds, by virtue of its SH2-domain,

directly to the receptor which then increases the affinity for GRB2 for the guanine-
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nucleotide exchange factor (GEF), son of sevenless (SOS), via the SH3-domain that it
contains (Huang and Erikson, 1996). This complex then catalyses the exchange of GDP
for GTP on Ras (Johnson and Vaillancourt, 1994; Levers, 1996) by SOS. Once Ras has
GTP bound to it, Raf translocates to the membrane, leading to activation of Raf-1 and B-
Raf and subsequently the ERK pathway (Marais et al., 1997). The activation of the ERK
pathway by TrkA is similar, however GRB2 is unable to directly bind to the TrkA
receptor, and the presence of SHC is required for the activation of GRB2 (Zhou et al.,
1995, de. Vries-Smits et al., 1995) and therefore the formation of the GRB2-SOS

complex which is required for the GDP/GTP exchange on Ras (see Fig. 1.5).

Y SOS *\ (-‘5 sos Y

| L v | L

MEK1/2

ERK1/2

Figure 1.5. A diagram of the signaling of the PDGF receptor and the TrkA
receptor to the activation of ERK.

Upon stimulation of the receptors, autophosphorylation occurs, followed by
dimerisation of the receptors. Then adapter proteins with the relevant SH2-domains bind
to phosphotyrosines, with PDGF receptor, GRB2 binds directly to Y"'® however, in the
case of TrkA, SHC is required to bind GRB2 to the receptor. Then, the ERK pathway is

activated via a SOS-Ras interaction.
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1.5.2.2 G-protein Coupled Receptor (GPCR)-regulation of ERK1/2

Following on from research on the ERK pathway via activation of RTKs, there is now
much research on GPCR-mediated activation of the ERK pathway. Studies have
described a mechanism that is similar to that of RTKs, whereby SHC is tyrosine
phosphorylated via Gg, subunit-dependent mechanism upon stimulation of the 02-C-10
adrenergic receptor (Touhara et al.,, 1995). This tyrosine phosphorylation results in the
formation of a SHC-GRB2-SOS complex, which as described in the previous section can
then catalyse the exchange of GDP to GTP on Ras (van Biesen et al., 1995). They also
reported that disruption of the SHC-GRB2-SOS complex, blocked ERK activation via
Ggy subunits, suggesting that the GPCR- and RTK-mediated activation of the ERK
pathway, maybe via a common route. Luttrell e al., (1996) described a role for the non-
receptor tyrosine kinase c-Src in the activation of ERK via LPA receptors in COS-7
cells. Further to this work, they then showed that Ggy-subunits from G;i-coupled G-
proteins (via LPA receptors) increased phosphorylation of EGFR in a Src-dependent
manner (Luttrell ez al., 1997). More recently, Della Rocca et al., (1999a) demonstrated a
role for focal adhesions (by the use of cytochalasin D, a disrupter of the assembly of
focal adhesions) in PC12 cells and a RTK (by the use of AG1478, a EGFR-specific
tyrphostin) in HEK-293 cells but not PC12 cells in the activation of ERK1/2. However,
the Src kinase inhibitor 4-amino-5-(4-methylphenyl)-7-(z-butyl)pyrazolo-p-3,4-
pyrimidine (PP1), inhibited GPCR-mediated ERK activation in both cell lines, indicating

a possible point of signal convergence.

Additional evidence of a mechanism whereby GPCRs can regulate TKs (for review

see Luttrell et al., 1999), and therefore elicit an effect on the ERK pathway is
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demonstrated by Wan et al, (1996). In the study, they showed that ERK activation via
stimulation of muscarinic receptors in avian B cells (DT40), in which there is a
deficiency in Lyn (a Src-related tyrosine kinase) activation of the ERK pathway by the
Gq-coupled m1-AChR, was attenuated whereby, in contrast, activation of the ERK
pathway by Gj-coupled m2-AChR was unaffected. However in experiments repeated in
DT40 cells that were deficient in Syk, the ERK pathway was unable to be activated by

either of the muscarinic receptor subtypes Wan et al., (1996).

Lev et al., (1995) demonstrated that the Ca®*-dependent TK, Pyk2 activated ERK1/2
via Gg-coupled receptors (Della Rocca et al., 1997). In 1996, the focal adhesion kinases
(FAK) were identified as having a role in interleukin (IL) signalling to the MAP kinase
pathway via recruitment of GRB2 and SHC (Schlaepfer and Hunter 1997). The role of
FAK on the MAP kinases was further investigated and found that activation of FAK
which then phosphorylates SHC is sufficient to activate the ERK pathway in a PI3K-

independent manner (Igishi et al., 1999).

It has been reported that for some G-protein linked receptor agonists, the involvement
of PKC (Raf is a substrate for PKC) is important in the activation of MAP kinase
(Bogoyevitch et al., 1994), which was demonstrated by the down-regulation of PKC by
prolonged TPA pre-treatment. There have also however, been examples of PKC
independent activation of the MAP kinase pathways, via a pertussis toxin sensitive

activation of nucleotide exchange on p21ras.

Some groups have demonstrated that expression of p110a PI3K activates ERK (Hu et
al., 1995b) whereas other groups have shown no role for PI3K in ERK activation

(Klippel et al., 1996; Frevert, and Kahn 1997) including CHO cells (Welsh et al,,
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1994). However, to emphasise the discrepancies of research in this field, Lopez-Ilasaca
et al., (1997) demonstrated a role for p110y PI3K, but not p110c PI3K in ERK activation
via the m2-AChR. Other groups have shown that incubating cells with the PI3K
inhibitor, wortmannin does inhibit ERK activation in some cell lines (Hu et al., 1995a;
von Willebrand et al., 1996). More recently, it has been shown that PDGF receptor-
mediated PI3K activation is efficient at stimulating the ERK pathway, but it appears
dependent upon the levels of receptor expression (Duckworth and Cantley, 1997). In
Swiss 3T3 cells where the PDGF receptor was expressed at high levels, wortmannin had
little effect on ERK activity, but in CHO cells where few PDGF receptors are expressed,
wortmannin blocked PDGF-dependent ERK activation. Therefore they postulate that
when high numbers of receptor are expressed MAP kinase can be activated via

redundant pathways.

In COS-7 cells, PI3K has also been shown to have a role, upstream of Ras, in LPA
mediated ERK activation via G; (Hawes et al., 1996). PI3Ky has also been shown to
have a role in Gg,-mediated phosphorylation of SHC and the subsequent activation of the
ERK pathway (Lopez-Ilasaca et al., 1997). In contrast, there is evidence to suggest that
the dissociated fy subunits from Gy G-proteins bind to the SH2 domain of p85; the
regulatory subunit of PI3K (Stephens et al., 1993; Hawes et al., 1996). In addition to
this, there has recently been evidence of receptors coupled to Gy11, activating the ERK
pathway via activation of PI3Kf and PKCe (GraneB et al., 1998). They demonstrate that
activation of ERK by stimulation of the bradykinin receptor in SW-480 cells is
dependent on PKCe in agreement with studies that Gg/1-linked G-proteins can activate

PI3KP via stimulation by By subunits (Leopoldt et al., 1998).
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1.5.2.3 Muscarinic Acetylcholine receptor-regulation of ERK1/2

Stimulation of muscarinic acetylcholine receptors have been demonstrated to activate the
ERK pathway (Winitz et al., 1993; Lopez-llasaca et al., 1997; Gutkind et al., 1997).
Winitz et al, (1993) demonstrated the ability of the G;-coupled m2-AChR to activate the
ERK pathway via Ras and Raf with agonist challenge. This activation was attenuated in
cells pre-treated with pertussis toxin. In COS-7 cells, Gutkind et al, (1997), also
demonstrated that incubating cells with pertussis toxin attenuated ERK activation via the
m2-AChR, but not via m1-AChRs. Some groups have reported that in COS-7 cells,
overexpression of By, subunits was able to activate ERK1 and ERK2 downstream of the
m2-AChR (Hawes et al., 1995; Faure et al., 1994; Crespo et al., 1994a; Koch, et al.,
1994). It was found that overexpression of o, had no effect on ERK1 activation (Hawes
et al., 1995; Faure et al.,, 1994; Gupta et al., 1992) whereas constitutively activated o,

caused ERK2 activation in COS-7 cells (Faure et al., 1994).

Stimulation of the m3-mAChR has also been previously demonstrated to activate the
ERK pathway (Offermans et al., 1993; Larocca, et al., 1997), although the mechanism of
m3-mediated ERK activation is poorly understood at this time. Kim ez al., (1999),
demonstrated a role for PKCg, upstream of Ras in m3-AChR-mediated ERK activation in
the human neuroblastoma cell line, SK-N-MC. Most of the muscarinic receptor work in
this field has focused on the m1-AChR and thus, less is known about m3-AChR-
mediated ERK activation. Both the m1-AChR and m3-AChR couple to Gy11 G-proteins,
so therefore the m1-AChR is likely to be a good model to use as a comparison to what

may occur downstream of m3-AChR stimulation. The literature is currently conflicting
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Figure 1.6. Signalling to the ERK Pathway via the m2-AChR and m3-AChR.

Upon stimulation of the m2-AChR, the Py-subunit of the G; G-protein activates
PI3Ky, to aid the formation of the SHC-GRB2-SOS complex, which is then able to
activate Ras and the ERK pathway. When the m3-AChR is activated, PLC hydrolyses
PIP2 to yield IP; and DAG. DAG activate PKCe, which has been shown to activate the
ERK pathway in a Ras-dependent manner (Kim et al., 1999). IP; liberates Ca** from

intracellular stores and this can also activate PKCe.
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about the mechanism of m1-mediated ERK activation, which is probably a result of cell
specific pathway regulation. It has been shown that there is a PKC-dependent Raf
activation that is Ras-independent (Hawes et al., 1995; van Biesen et al., 1996), whilst
other researchers have described a Raf-dependent, Ras-independent mechanism that is
only partly PKC dependent (Crespo et al., 1994b). However, Gutkind et al, (1997)
postulated a PKC-independent and PKC-dependent mechanism, whereby Gg, subunits
were responsible for the PKC-independent pathway, that converges at the level of Ras.
Mattingly and Macara (1996) showed that Ras GRF/CDC25M™ exchange factor was
phosphorylated when m1-AChR and m2-AChRs were stimulated with carbachol,
potentially demonstrating a mechanism by which m1-AChR and m2-AChRs could

activate the ERK pathway via Ras (see Fig 1.6).

1.5.3 Protein Kinase C

Protein Kinase C (PKC) was first identified as a histone protein kinase in rat brain,
that was activated by limited proteolysis (Inoue et al., 1977), Ca® and phospholipids
(Takai et al., 1979) or phospholipids and phorbol esters (Castagna et al., 1982). PKC is
composed of a single polypeptide chain that has a regulatory domain in the NH,-terminal
and a catalytic domain at the COOH-terminal. There are three classes of PKC isoform
(for review see Newton 1995a): cPKCs (conventional PKCs: PKCo, PKCI, PKCPBII and
PKCy), nPKCs (novel PKCs: PKC9, PKCe, PKCn (L), and PKCO), and aPKCs (atypical
PKCs: PKCC, PKC1 and PKCA). All PKC isoforms are activated by phosphatidylserine
(an acidic phospholipid), however, the conventional and novel PKC isoforms require

DAG, whilst cPKCs also require Ca®* to bind to the C2 domain which contains a Ca**
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binding motif for optimal activity (Ryves et al., 1991; Newton, 1995b). DAG and
phorbol esters recruit cPKCs to the plasma membrane by causing a dramatic increase in
the affinity of the enzyme for the plasma membrane (Mosior and Newton 1996). As
phorbol esters act like DAG, but are not metabolised they have been used extensively as

constitutive activators of cPKCs and nPKCs (Gschewendt et al., 1991).

PKC has been demonstrated to play an important role in ERK activation. Total
inhibition of ERK activation (via the m1-AChR) has been shown in response to either
prolonged PKC activation by phorbol ester (which down-regulates PKC), or direct
inhibition of PKC (Gutkind 1998; Crespo et al., 1994b; Hawes et al., 1995; Rossomando
et al., 1989). When cPKCs or nPKCs are activated by phorbol ester treatment, or
overexpression of a PKC isoform, ERK activation was induced (Cobb and Goldsmith
1995; Schénwasser et al., 1998; Marais, et al., 1998). Different PKC isoforms have been
demonstrated to modulate ERK activity via growth factors (Cai et al., 1997), phorbol
esters (Mackenzie et al., 1997) and hormones (Schonwasser et al., 1998). There has also
been evidence that the activation of ERK can occur concurrently in both a PKC-
dependent and PKC-independent manner in response to agonist stimulation in

macrophages (Qui and Leslie 1994).

As previously described, receptors that couple to Gy G-proteins, stimulate PI
hydrolysis by PLC to yield IP; and DAG, which can lead to PKC activation (Nishizuka,
1982, Nishizuka 1984). DAG activates cPKC and nPKC isoforms, and PKCa has been
shown to activate Raf-1 in vitro (Kolch et al., 1993) and therefore activate the ERK
pathway independently of Ras. CHO cells expressing the Gg-coupled m1-AChR were

found to activate the ERK pathway, upon receptor stimulation in a PKC-dependent
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manner, whereas in contrast, receptor stimulation of G;-coupled 02A adrenergic receptor
caused ERK activation in a PKC-independent manner (Hawes et al., 1995). The same
group later showed that m1-AChRs in CHO cells were coupled to G, G-proteins in
addition to G4 and activated Ras in a PKC-dependent manner (van Biesen et al., 1996).
Agonist-induced ERK activation was found to be inhibited upon PKC downregulation in
cells expressing the m1-AChR but PKC downregulation had no effect on agonist-induced
ERK activation in cells expressing the m2-AChR (Gutkind ef al., 1997). However, more
recently, Wang et al, (1999) demonstrated the ability of m2-AChRs to couple to
nonselective cation channels via stimulation of an atypical PKC (PKC{). Collectively,
these results demonstrate the importance of PKC in MAP kinase signalling, but that ERK

activation in some cell lines is not entirely dependent on PKC.

1.5.4 c-Jun NH;-terminal protein kinase (JNK)/Stress-activated protein kinase

(SAPK) pathway

Initial studies identified the requirement for the transcription factor c-Jun to be dual
phosphorylated on two serine residues in the N-terminal region of the protein for it to be
activated. However, it was also noted that ERK1/2 was a poor activator of this
transcription factor (Davis 1994). Activated JNK was found to bind to the delta domain
of c-Jun (Dai et al., 1995). Proteins that activated c-Jun were termed JNK and were
initially identified as a response to stress factors, e.g.: exposure to U.V. light (Dérijard, et
al., 1994; Sluss et al., 1994), osmotic shock (Galcheva-Gargova et al., 1994), protein
synthesis inhibitors (Kyriakis et al., 1994), ceramide (Westwick et al., 1995), and Y-

radiation (Dérijard et al., 1994, Kharbanda et al., 1995). The activation of JNK and p38
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by c-Abl and the subsequent inhibition in proliferation, in response to ara-C, a chemical
that damages DNA has also been previously demonstrated (Kharbanda et al., 1995).
JNK has also been demonstrated to be activated by the inflammatory cytokines (Lee, et
al., 1994): interleukin-1p (Waskiewicz and Cooper, 1995) and tumour necrosis factor-a
(Huang et al., 1999), growth factors such as epidermal growth faétor (Moriguchi et al.,
1995), in addition to stimulation of GPCRs by agonist (Coso, et al., 1995a; Mitchell, et
al., 1995; Coso, et al., 1996; Wylie et al., 1999). JNK has been reported to
phosphorylate transcription factors, other than, c-Jun such as ATF2 (Gupta et al., 1996)
and Elk-1 (Whitmarsh ez al, 1995), which then result in the regulation of gene

transcription.

There are ten JNK isoforms which are originated from three homologous genes; jnkI,
jnk2 and jnk3. The transcripts of these genes are alternatively spliced to form four JNK1
isoforms, four JNK2 isoforms and two JNK3 isoforms (Gupta et al., 1996; Kyriakis, et
al., 1995). JNK was shown to be activated by a dual phosphorylation on both a threonine
and tyrosine residue in the sequence Thr-Pro-Tyr in kinase domain VIII (Dérijard et al.,
1994). This is achieved by upstream kinases, JNKK1 (JNK kinase)/MKK4 (MAPK
kinase 4) (Sanchez et al., 1994; Lin et al., 1995) and INKK2/MKK7 (MAPK Kinase 7)
(Lu et al., 1997; Tournier et al., 1997; Yao et al., 1997; Foltz, et al., 1998; Tournier et
al., 1999;). JNKK2 when fused to JNK1 has also been recently demonstrated to act as a
constitutively active c-Jun kinase (Zheng et al., 1999). This is itself activated by further
upstream kinases as shown in Fig. 1.4. The first study identified MEKK1 as activating
SEK1 (MKK4) and subsequently JNK (Yan et al, 1994). Subsequently, other

MAPKKK proteins have been identified; MEKK1 (Xu, et al., 1997), MEKK2, MEKK3
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(Blank et al., 1996), MEKK4 (Gerwins, et al., 1997), TAK1 (Yamauchi et al., 1995) and
ASK1 (Ichijo et al., 1997) all activate MKK4 and/or MKK7. MEKKI1 is a protein of
195kDa, that when overexpressed has been shown to induce apoptosis (Johnson et al.,
1996). However, more recently, transfected MEKK1 has been shown to be required for
selective JNK activation and seems to be important in protecting a cell from apoptosis
(Yujiri et al., 1998). For example, MEKKI1 is not involved in JNK activation by
anisomycin, but is required for hyperosmolarity. MEKK1 has also been shown to bind
directly to JNK in vitro (Xu and Cobb, 1997). MEKK3 is an important protein that was
isolated and found to directly induce both the ERK and JNK pathways, but not the p38
pathway (Ellinger-Ziegelbauer et al., 1997), which compares to results demonstrated

using MEKK?2 and MEKK3 expressed in HEK293 cells (Blank ez al., 1996).

The mixed-lineage kinases (MLK), MLK3 (Rana et al., 1996; Teramoto, et al.,
1996;) and MLK2 (Hirai, et al., 1997) have also been demonstrated to activate the
MAPKK level. MLK2 and MLK3 are themselves Ser/Thr protein kinases, that are
structurally similar to tyrosine kinases, in that they contain a SH3 domain and have been

demonstrated to interact with activated Cdc42 and Rac (Nagata, et al., 1998).

Once activated, the JNK protein kinase phosphorylates two serine residues, Ser® and
Ser73, in the NH; terminus of c-Jun (Pulverer et al., 1991, Smeal et al., 1991), causing an
increase in c-Jun activity. Activating protein-1 (AP-1) is composed of dimeric
complexes formed by components of the Jun and Fos families. The AP-1 complex is
responsible for mediating the expression of the immediate-early genes in response to
external stimulation of the cell and has been shown to be activated by phosphorylation of

Jun and Fos (Hunter and Karin 1992) and is essential for proliferation and differentiation.
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Therefore, activation of JNK has a regulatory role in the level of immediate-early gene

expression in the cell.

As previously discussed, there is emerging evidence for the importance of scaffold
protein in the MAP kinase pathways (Garrington and Johnson, 1999). JIP-1 (JNK
interacting protein-1) was isolated by yeast two hybrid analysis (Dickens et al., 1997),
and it was shown that when overexpressed, there was an inhibition of JNK-mediated
gene expression due to the retention of JNK in the cytoplasm. JIP-1 was then
demonstrated to be a mammalian scaffold protein for the JNK pathway (Whitmarsh et
al., 1998) that selectively bound JINK (MAPK), MKK7 (MAPKK) (but not MKK4) and
the mixed-lineage kinases, MLLK3 and DLK (MAPKKK). Therefore there is increasing
evidence for a group of proteins that can mediate the association of pathway components
to increase specificity. This potential for specificity is discussed as a potential reason for
selective stress-dependent JNK isoform activation. Butterfield et al, (1999), observed
that different JNK isoforms have specific activations, dependent on which cell line they
are in. For example, they report that UV activated JNK1a and JNK22 in small-cell lung

cancer cells, but not in PC12 cells.

1.5.4.1 G-protein Coupled Receptor-Regulation of JNK

Coso et al, (1995a) showed that the muscarinic agonist, carbachol, was able to induce
mRNA expression of the nuclear proto-oncogenes, jun and fos in NIH 3T3 cells that
contained the m1-AChR, independently of PKC or ERK activation. They showed that
the response was due to JNK activation, which was independent of TK activation,

providing the first evidence for GPCR-mediated JNK activation. Since then JNK
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activation has been demonstrated in response to activation of a wide variety of GPCRs,
examples of which are thrombin receptors (Shapiro et al., 1996) and «; adrenergic
receptors (Ramirez et al., 1997). Although, initial hypotheses seemed to link Ras to JNK
activation, this was difficult to resolve, as when receptors were stimulated that were
known to activate Ras, there was little resulting JNK activation, for example, it has now
been shown that activation of PDGF receptors (a known Ras activator) does not activate
JNK (Coso et al., 1995a). In a separate study, Coso et al., (1996) demonstrated that
overexpression of 1Y, subunits was able to activate the JNK pathway in addition to Py-
sequestering agents inhibiting JNK activation by both m1- and m2-AChR stimulation.
However, overexpression of the oy, subunit had no effect on agonist-mediated JNK
activation by either of the two muscarinic receptors. Therefore, the data suggest that this
o-subunit has no role in JNK activation, however, there have been other groups whose
studies suggest that G2 is involved in muscarinic receptor-mediated JNK activation in
COS-1 cells (Prasad et al., 1995) and G is involved in muscarinic receptor-mediated
JNK activation in PC12 cells (Heasley et al., 1996). Further evidence for the role of Gq-
subunits in JNK activation is the observation that overexpression of Ggq subunits
activates apoptosis, which has been shown to be caused by JNK stimulation (Voyno-
Yasenetskaya e al., 1996). In addition to this work, studies in which constitutively
active 02 and 043 subunits have been examined, it was found that they were able to
activate JNK via a Ras (Prasad et al., 1995; Collins et al., 1996), Rac (Mitsui, et al.,
1997; Collins et al., 1996) or a Cdc42 (Voyno-Yasenetskaya et al., 1996) pathway (Coso
et al., 1995b). However, interestingly, ERK was not activated even though JNK

activation was via a Ras-dependent mechanism. Further work demonstrating the role of
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Racl and Cdc42 in the activation of JNK by IL-1f (Minden et al.,, 1994b), showed a
distinct pathway when compared with GPCR-mediated ERK activation. These GTP-
binding proteins are related to Ras, and were initially identified as proteins that control
the actin cytoskeleton structure (Ridley ez al., 1992; Kozma et al., 1995; Nobes and Hall,

1995) [for a summary see Fig. 1.7].

The first evidence of a Gij-coupled receptor activating JNK was provided by another
muscarinic receptor, the m2-AChR, where it was shown that pre-treatment of Ratla cells
expressing the m2-AChR with pertussis toxin, completely inhibited agonist-induced JNK
activation (Mitchell et al., 1995). They also reported that chelation of Ca®>* with BAPTA
(an intracellular calcium chelator) completely inhibited both m1-AChR and m2-AChR-
mediated JNK activation, however, there was no effect on m2-AChR-mediated ERK
activation. Thus, in Ratla fibroblasts, it appears that muscarinic receptor activation of

INK is Ca2+-dependent, whereas ERK activation is not.

JNK1 activation in endothelian-stimulated Rat-1 fibroblasts is inhibited by PKC
(Cadwaller et al., 1997), although this contrasts with other reports that activation of PKC
stimulates JNK activity (Zohn et al., 1995). However, they report that JNK activation
was not affected by TPA-induced down-regulation of PKC, suggesting the involvement
of atypical PKC isoforms (which are unaffected by TPA treatment). Also in NIH3T3
cells, activation of the JNK pathway by agonist-stimulation of the m1-AChR, was found

to be independent of PKC (Coso et al., 1995a).
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Figure 1.7 Possible Mechanism for Muscarinic Receptor Activation of the JNK
Pathway.

Stimulation of the muscarinic receptor leads to the activation of CDC42 and also Rac,
however, there is emerging evidence for the role of 0, subunits in the activation of
CDC42 and Rac. These proteins then activate the mixed-lineage kinase MLK and the
subsequent JNK pathway. g subunits have also been implicated to have a role in the
activation of the JNK pathway, but by, as yet, an unknown mechanism, but presumably

involving Ca®* and/or PKC.
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1.5.5 p38 MAPK pathway

The most recent member of the MAP kinase family to have been identified is the p38
MAP kinase (Han et al., 1994). It is a mammalian homologue of the high osmolarity
glycerol response (HOG-1) kinase (Davis 1994) identified in S. cerevisiae (Han et al.,
1994, Raingeaud, et al., 1995) and it is also known as CSBP (CSAID-binding Protein)
and RK (Reactivating Kinase). The stress-activated protein kinase, p38 was initially
identified by it being activated by lipopolysaccharides, which cause cellular stress by
releasing TNF-o. and IL-1f (Minden and Karin, 1997, Ellinger-Ziegelbauer et al., 1997).
There are to date, four isoforms of p38 MAP kinase: p38a. (Lee et al., 1994, Raingeaud
et al., 1995), p38P (Jiang e? al., 1996), p38y (Lechner et al., 1996, Cuenda et al., 1997a)
and p38d (Wang et al., 1997, Goedert et al., 1997). These are activated by a range of
physical and chemical cellular stresses, including, UV-radiation (Raingeaud et al., 1995),
heat stress (Raingeaud et al., 1995), osmotic stress (Shapiro and Dinerallo, 1995) and by
the pro-inflammatory cytokine, interleukin-1f (Kyriakis and Avruch 1996). p38 MAP
kinase is activated by a dual phosphorylation on a TGY motif in subdomain VIII
(Raingeaud et al.,, 1995; Doza et al., 1995) of the catalytic domain by the upstream
kinases MKK3, (Dérijard et al., 1995), [it was later determined that MKK3 activates only
p38a.and p38y (Enslen et al., 1998)] and MKK6 which activates p38a., p3882 and p38y
(Raingeaud et al., 1996; Enslen et al,, 1998). However, MKK4 does not appear to
activate any of the p38 isoforms in vivo, but it can activate p38 in vitro (Lin et al., 1995;
Dérijard et al., 1995). Little is known about the upstream kinase of MKK3 and MKKG6,
however, TAK-1 was demonstrated to be an upstream activator of MKK3 and MKK6

(Moriguchi et al., 1996). MEKK3 was also demonstrated to activate MKK3 in vivo
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(Deacon and Blank, 1997) and MKKG®6 in vitro (Deacon and Blank 1999). Dominant
negative studies have shown that activation of Racl (Coso et al., 1996; Minden et al.,
1995) and Cdc42 (Li and Smithgall, 1998) activate p38 MAP kinase activity, as well as
the mixed lineage kinases (Hirai et al., 1996, Fan et al., 1996). p38 MAP kinase has
been demonstrated to phosphorylate and consequently activate transcription factors,
including CHOP (GADDI153) (Freshney et al,, 1994, Wang and Ron, 1996), ELK-1
(Cavigelli et al., 1995), ATF-2 (Gupta et al., 1996). There is also evidence that stress
responses and GPCRs are not exclusively responsible for p38 activation. Pandey et al.,
(1999), recently discovered that the tyrosine kinase, PYK2 was important in p38
activation. Therefore, p38 MAP kinase, being a stress related protein kinase, is a distinct
MAP kinase enzyme to JNK, but there is the potential for certain components of the
pathways to overlap at the level of MAPKKK, but not MAPKK. p38 MAP kinase and
JNK have been implicated in programmed cell death, or apoptosis, as demonstrated in
the absence of NGF in differentiated PC12 cells (see section 1.7.3) (Ruckenstein et al.,

1991; Xia et al., 1995).

Studies of the role of p38 MAP kinase have been aided by the discovery that pyridinyl
imidazole compounds act as specific inhibitors of the p38 MAP kinase pathway. SB-
203580 is one of these compounds, however it has been previously reported to inhibit
only p38 MAPKa and p38 MAPKf but not p38 MAPKY or p38 MAPKS (Lee et al,
1994; Cuenda et al., 1995; Goedert et al., 1997; Kumar et al., 1997). However, Clerk
and Sugden (1998) reported that SB-203580 inhibited JNK1 in adult perfused hearts and
neonatal ventricular myocytes, so the specificity of the compound for p38 MAP kinase is

not absolute.
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1.5.5.1 G-protein-Coupled Receptor regulation of p38

In comparison with the other members of the MAP kinase family discussed here, the
current understanding of p38 activation is not as well understood. The first
demonstration of GPCR-mediated p38 activation was in HEK293 cells expressing
muscarinic receptors and f-adrenergic receptors (coupled to G G-proteins) in a study by
Yamanuchi et al., (1997). They showed that stimulation of the m1- and m2-AChRs (and
also P-adrenergic receptors) led to p38 activation. In addition to this, they also
demonstrated that m2-AChR-mediated activation was completely inhibited when G,
was co-expressed, but m1-AChR-mediated activation was only partially attenuated.
They also investigated receptor-independent activation of p38 and found overexpression
of Ggy or a constitutively activated Gy;; was also able to activate p38. However,
overexpression of Ggs or G; was not able to activate p38, indicating that p38 activation
via the m2-AChR was mediated by Ggy subunits, in contrast to the activation of p38 by
ml-AChR stimulation, where the data suggest that both the Ggy and Ggg11 subunits are

important.

1.6 Roles of MAPK pathway

There are many substrates for the MAP kinases as may be expected based on their
ability to regulate a number of cellular responses including hypertrophy, differentiation
and mitogenesis. This is achieved by ERK phosphorylating either intracellular enzymes
(e.g. p90 ribosomal protein S6 kinase) or transcription factors (e.g. Elk-1). The stress-
activated protein kinases have been demonstrated to have a role in apoptosis, immune

responses and oncogenic transformation. MAPKSs generally have also been shown to
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phosphorylate transcription factors, such as: ERK1/2; Elk-1 c-fos, egr-1, junB and ¢c-myc
(Cavigelli et al., 1995; Hodge et al., 1998; Gupta and Davis, 1994), JNK; c-Jun, Elk-1
and ATF-2 (Derijard et al., 1994; Whitmarsh et al., 1995; Gupta et al., 1996), and p38;

ATF-2, Elk-1, SAPla (Gupta et al., 1995; Freshney et al., 1994).

1.7 Transcriptional regulation by the MAP Kkinases

The ERKSs are proteins that regulate the induction of specific genes (Cavigelli et al.,
1995) by phosphorylating transcription factors e.g. Elk-1. Elk-1 is a member of the
Ternary Complex Factor (TCF) family of transcription factors (Triesman 1994) and has
been shown to be activated by growth hormone (Liao, J. et al., 1997). In unstimulated
cells, ERKs are mainly located in the cytoplasm, however, upon activation, they
translocate to the nucleus (Chen et al., 1992; Chen et al., 1996, Fukuda et al., 1997).
ERK?2 is retained in the cytoplasm to a greater extent that ERK1, where is it associated
with the cytoskeleton (Reska et al, 1995), although a more recent study has
demonstrated that phosphorylated ERK2 forms homodimers and this assists in ERK

being translocated into the nucleus in REF52 cells (Khokhlatchev et al., 1998).

As discussed, JNK binds c-Jun and this interaction is believed to regulate c-Jun
phosphorylation (Hibi er al., 1993; May et al., 1998a). This interaction occurs via
multiple binding sites in vivo, and c-Jun can then phosphorylate its substrates without the
requirement for dissociation from the JNK-c-Jun complex (May et al., 1998b). It is an
important pathway in the activation of proteins that form the AP-1 complex that is a
transcription factor and can therefore regulate gene activation. AP-1 is a family of

transcription factors that can be composed of either homodimers or heterodimers of
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members of the Jun (e.g. c-jun, junB and junD), or Fos (c-fos, fosB, fra-1) family or
members of the family of activating transcription factor (ATF2, ATF3) ((Vogt and Bos
1990; Angel and Karin, 1991; for review see Karin et al., 1997 and Karin 1995)). Jun
proteins are able to heterodimerise with Fos, ATF and other Jun proteins. ATF proteins
are also capable of heterodimerisation, but Fos proteins are unable to form heterodimers
with ATF proteins (Ziff, 1990). There are two distinct response elements (which are
both composed of a palindromic sequence) that will bind to the gene depending on which
AP-1 dimer is formed. For example, the TRE (phorbol 12-O-tetradecanoate 13-acetate
(TPA)-responsive element) is composed of the sequence TGACTCA and is bound by
Jun-Jun and Jun-Fos dimers, in contrast, Jun-ATF and ATF-ATF dimers, bind to the
CRE (c-AMP-responsive element) which is composed of the sequence TGACGTCA
(Hai and Curran, 1991). In addition, however, the JNK and p38 pathways can also
activate c-fos transcription by activating the serum response element (SRE) via activation
of the ternary complex factor (Dérijard et al., 1994, Whitmarsh et al., 1997). Indeed in
NIH 3T3 cells expressing the m1-AChR it has been shown that the o—subunit of Ga;,
strongly induces the SRE, potentially via JNK activation (Fromm et al., 1997). There is
evidence that the length of JNK activation is important in determining if AP-1 is
stimulated. In studies carried out with tumour-necrosis-factor-a, prolonged JNK
activation was required for stimulation of AP-1 activity (Westwick et al., 1994). To
demonstrate that JNK is not the sole activator of the c-Jun promoter, it has been
demonstrated that stimulation of the m1-AChR in NIH 3T3 cells causes c-jun promoter
expression independently of MEKK-JNK activation (Coso et al., 1997). They suggested

that MEF2 (myocyte enhancer family) was able to mediate the c-jun promoter,
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independently of JNK via stimulation of GPCRs.

The role of p38 in the regulation of gene expression is less well understood than for
the other stress-activated protein kinase, however known substrates for p38
phosphorylation are ATF-2 (Dérijard et al., 1995), Max (Zervos et al., 1995) CHOP
(Freshney et al., 1994; Rouse et al., 1994) and Elk-1 (Cavigelli et al., 1995; Whitmarsh

et al., 1995; Gille et al., 1995, Price et al., 1996.).

1.7.1 Proliferation

It has been known for some time that mitogenic signals can be transduced from cell
surface receptors of TKs (Pelach and Sanghera, 1993; Schlessenger 1993). It was first
demonstrated that ERK1 and ERK2 could cause cell proliferation in Rat-1 fibroblasts in
response to the growth factor EGF and LPA (Cook ef al., 1993). Although there is less
known about the role of GPCR-mediated mitogenic signalling, the first evidence for
muscarinic-mediated signalling was by Gutkind et al., (1991) whereby, m1-, m3- and
m5-AChRs transformed NIH3T3 cells when the receptors were continuously activated.
However, it has also been shown that in NIH3T3 cells, the IPs-linked receptor-subtypes,
ml-, m3- and m5-AChRs can transform cells, whereas, the m2- and m4-AChRs (which
inhibit adenylyl cyclase, and therefore reduces cAMP production) are not able to
transform NIH3T3 cells (Gutkind et al., 1991; Burstein et al., 1997). This mitogenic
response appears to be cell specific, as in 1321N1 astrocytoma cells, activation of the
m3-AChR caused PLC stimulation, but was unable to induce a mitogenic response
(Heller Brown et al., 1997). They do concede, however, that the numbers of muscarinic

receptors present was low (<50 fmol/mg protein) and suggest that the receptors are
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required to be present at a much higher density; Gutkind et al., (1991) had a receptor
density of ~400 fmol/mg protein in the NIH3T3 cells. Inhibition of the ERK pathway
has been shown to inhibit cell proliferation in response to growth factors (Pages et al.,
1993), and more recently, constitutive activation of the ERK pathway has been shown to
induce tumorogenesis (Mansour et al., 1994; Schlessenger, 1993). There is an apparent
conflict in that both G; and Gg-coupled (m1-, m2- and m3-AChR subtypes) have been
shown to activate the ERK pathway (Gardner et al., 1994; Coso et al., 1995a; Wylie et
al., 1999) and ERK can induce cell proliferation, but G;-coupled muscarinic receptors do
not seem to induce mitogenesis. A possible reason to account for this difference is
whether there is co-activation of the JNK and p38 pathways together with ERK.
Although some groups have demonstrated JNK activation by stimulation of m2-AChRs
(Mitchell et al., 1995), other groups have reported a lack of JNK activation, including

work presented in this Thesis (Coso et al., 1995; Wylie et al., 1999).

In rat ventricular cardiomyocytes, the m2-AChR is the most abundant muscarinic
subtype and inhibits adenylyl cyclase (Caulfield, 1993). Pre-treatment with PTX
attenuated carbachol-induced ERK activation, consistent with Gi-mediated ERK
activation via By subunits. Ventricular myocytes are non dividing cells (i.e. they are
post-mitotic), and it has been demonstrated that activation of ERK by different receptors
can result in different effects upon gene transcription in these terminally differentiated
cells. ERK1 and ERK2 were activated by both the m2-AChR and the ol-adrenergic
receptor (01-AR) by stimulation with carbachol (CCh) or phenylephrine (PE)
respectively. However, activation of ERK via the al-AR was able to induce ANF (atrial

natriuretic factor), which is characteristic of the molecular and phenotypic changes
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associated with cardiac hypertrophy. In contrast to that, stimulation of the m2-AChR
with CCh had no effect on hypertrophy. These results demonstrate that activation of the
MAP kinase pathway alone is insufficient for hypertrophy (Post et al., 1996). In contrast
to this, Shapiro et al., 1996 demonstrated that stimulation of endothelian and thrombin
receptors caused proliferation of airways smooth muscle, and also activation of JNK, in a
Ras-independent manner, suggesting a potential for the relationship of JNK and ERK
pathway activation in cell proliferation. This demonstrates the specificity of proliferative

responses that are dependent on the relevant agonist and tissue.

1.7.2 Differentiation

In embryogenesis, certain precursor cell types will proliferate until they stop dividing and
undergo differentiation. Such cells can be found in the development of the pituitary
gland (for review see Dasen and Rosenfeld, 1999), formation of the liver (Darlington
1999), fat cells (Wu et al,, 1999) and muscle development (Naya and Olson, 1999).
There have been some recent studies that have demonstrated the role of the MAP kinases
in muscle cell differentiation (for review see Naya and Olson, 1999). In C2CI2
myoblasts, the MAP kinase phosphatase MKB-1, inactivates ERK2, by reducing cyclin
D1 expression and causing exit from the cell cycle (Bennet and Tonks, 1997). However
at later stages of differentiation, MKB-1 is down-regulated and ERK activation appears
to maintain the myogenesis. In contrast however, the p38 MAP kinase has been shown
to have a stimulatory role in L8 myoblast differentiation, as the pyrimidazole SB-203580,
an inhibitor of p38ca and p38f, inhibits myogenesis (Zetser et al., 1999). However, as in
the ERK regulation, constitutive activation of p38 or MKK6 maintains the myogenic

response. These data suggest that the timing of the activation of the MAP kinase
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pathway is important. In the early stages of differentiation (in muscle cells), ERK
inhibition induces cells to differentiate, whereas activation of p38 MAP kinase stimulates
differentiation. But later in differentiation, ERK activation or continued p38 activation
maintains myogenesis.

There have however been studies to suggest that the duration of the ERK response
alone is sufficient for the cell to differentiate or proliferate (for review see Marshall,
1995). In PC12 cells, stimulation of the cells with NGF caused a sustained level of
activated Ras, but stimulation with EGF caused a transient activation of Ras (Muroya et
al.,, 1992). Further studies demonstrated that stimulation of PC12 cells with NGF
resulted in a sustained ERK activation, whereas, EGF, resulted in a transient activation of
ERK (Healey and Johnson, 1992; Traverse et al., 1992; Nguyen et al., 1993). Therefore
the conclusion from these results may be that sustained ERK activation results in a cell
undergoing differentiation. Further evidence to support this conclusion comes from data
also in PC12 cells, using mutants of the MEK1 phosphorylation sites. It was found that
mutating these sites caused a reduction in ERK activation and also blocked
differentiation (Cowley et al., 1994). As previously discussed, upon activation of ERK,
ERK translocates to the nucleus (Chen et al., 1992). However, there is further evidence
to suggest that only with sustained ERK activation, does it translocate to the nucleus
(Traverse et al., 1992, Nguyen et al., 1993; Dikic et al., 1994). It therefore follows that
with sustained ERK activation, the ERK translocates to the nucleus and can induce gene
transcription, whereas, with transient ERK activation, there is no ERK translocation and
therefore there is no effect on gene transcription. However, this model appears to be a
cell specific phenomenon, the reverse has also been seen in other cell types. In

fibroblasts, sustained ERK activation has been shown to cause cell proliferation and not
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differentiation (Meloche et al., 1992; Mansour et al., 1994; Cowley et al., 1994).

1.7.3 Apoptosis

Apoptosis was first described in 1970, when it was distinguished from necrosis (a
condition where the cell is depleted of energy and protein synthesis is terminated) by
Kerr et al, (1972). Apoptosis is programmed cell death or cell suicide, which is
important in a number of pathological disease states such as the formation of tumours,
immune responses and neurodegeneration (for review see Kinloch et al., 1999).
Common features of apoptosis in cells are cell shrinkage, nuclear condensation and DNA
fragmentation (Kerr et al., 1972; Wyllie, 1980). It is thought that a cell is always in a
state ready for apoptosis, but extracellular signals binding to receptors e.g. integrins,
growth factors, cytokines and agonists for GPCRs maintain the survival of the cell and

prevent it from entering apoptosis (Wyllie, 1980).

The ERK, JNK and p38 MAP kinase pathways, have all been implicated in apoptosis
(Xia et al., 1995). ERK and JNK activation has been demonstrated to have an important
role in the induction of apoptosis in sympathetic neurons (Ham et al., 1995) and T
lymphocytes (Chen et al., 1996). In differentiated PC12 cells, the removal of NGF
increases JNK and p38 activity, prior to the induction of apoptosis, leading to the
suggestion that JNK and p38 activation are required for apoptosis (Xia et al., 1995).
However, JNK and p38 have been shown to have opposing roles in apoptosis where IGF-
1 (Insulin-like Growth Factor-1) prevents apoptosis by activating p38, whilst inhibiting
JNK activation in the neuronal cell line SH-SY5Y (Cheng and Feldman, 1998). A

further example of apoptosis via a p38 pathway is the recent report that overexpression of
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constitutively active MKK®6 inhibits anisomycin-induced apoptosis in cardiac myocytes
in a p38-dependent manner (Zechner et al., 1998). Supporting evidence for the
differences in the role of the MAP kinases is the study that demonstrate in Jurkat cells,
the pyridinyl imidazole SB202190 (an inhibitor of p38c (Lee et al, 1994) and p38 8
(Jiang et al., 1996)) induces apoptosis by inhibiting p38f (Nemoto et al, 1998).
However, they also showed that expression of p38a induced cell death, suggesting a

complicated and cell specific role for the MAP kinases in apoptosis.

1.8 Aims

The aim of the work was to investigate receptor-mediated ERK and INK si gnalling in
CHO cells that had been stably transfected to express the m2-AChR or the m3-AChR.
The initial aims were to investigate the time-dependence of ERK and JNK activation to
MCh and the concentration-response to MCh of ERK and JNK activation. The m2-
AChR and m3-AChR were chosen to be investigated because they are coupled to
different G-proteins are therefore different effector systems. As described previously, the
m2-AChR is coupled to G; G-proteins which act to inhibit adenylyl cyclase and reduce
the production of cAMP, while the m3-AChR is coupled to PLC activation, Ca*
mobilisation and PKC activation. Due to this difference in effector coupling, the roles of

Ca®*, PKC and PI3K in receptor-mediated ERK and JNK activation were investigated.
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Methods

2.1 Tissue Preparation

2.1.1 Cell Culture

Chinese Hamster Ovary cells (CHO-K1) stably expressing, the cDNA of the m3-
AChR (CHO-m3) or the cDNA encoding human m2-AChR receptor (CHO-slm2) were
obtained from Dr. N. Buckley and Dr. S. Larenzo, respectively (National Institute for
Medical Research, Mill Hill, London, U.K.). CHO cells were cultured in Minimal
Essential Medium o (MEMd) supplemented by 10% (v/v) newborn calf serum, 50
units/ml penicillin, 50 pg/ml streptomycin, and 2.5ug/ml amphoteracin B. The CHO

cells were routinely passaged using trypsin-EDTA.

Initial experiments determined the effects of incubating cells with methacholine in the
presence of freshly gassed Krebs-Henseleit Buffer (KHB) compared to cell culture media
so that future experiments could be performed under conditions in which the buffer
constituents could be easily modified. Experiments were limited to measurement of JNK
activity in CHOm3-AChR cells. The results demonstrated that the basal level of c-Jun
phosphorylation was constant under both conditions, whereas the level of maximal
activation increased from 4 fold over basal in the presence of media compared to 11 fold

over basal in the presence of that KHB respectively (Figure 2.1).
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Figure 2.1 Effect of a 30 min pre-incubation with freshly gassed KHB on JNK
activation in CHO-m3 cells.

CHO-m3 cells were incubated for 30 min in the presence of freshly gassed KHB or fresh
MEMa media followed by a 30 min stimulation with 100 uM MCh. Lysates containing
200 ug of protein were assayed for JNK activity by GST-Jun phosphorylation (see

section 2.2.3.2). Data represent means + S.E.M. of three separate experiments.

2.2 in vitro Kinase Assays

2.2.1 Preparation of Cells for Stimulation

CHO cells were grown to confluency in a 175 cm? flask, washed once in 10 ml sterile
HBS and then gently lifted from the flask by a 5 min treatment with 5 ml per flask
trypsi/EDTA. The cells were the spun at 1500 r.p.m. for 3 min and the pellet
resuspended in 25 ml MEMa supplemented as described above. A 6 well plate had 2 ml
of media added to each well, then 1 ml of resuspended cells, was added to each well.

Cells were then grown to confluency in 6 well plates, (surface area, 9.6 cm?/well). Prior
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to stimulation, the medium was removed and the cells washed once in 3 ml freshly
gassed (95% CO;, 5% O,) Krebs-Henseleit Buffer (KHB, 0.9% NaCl/10 mM Hepes, pH
745, 1.15% KCl, 3.82% MgSO0;, 2.11 % KH,;PO4, 0.11 mM CaCl,, 11 mM glucose) and
replaced with 3ml of freshly gassed KHB. Following incubation for 30 min at 37°C, the
cells were stimulated with 100 uM methacholine for the indicated times at 37°C.

Variations to this procedure are given in the text.

2.2.2 ERK1/2

Following agonist stimulation, cells were washed once in ice cold PBS (140 mM
NaCl, 2.68 mM KCl, 8.1 mM Na,HPO,, 1.47 mM KH,PO,) and scraped into 500 pl of
ice cold lysis buffer (20 mM Tris-HCI, pH 8, 0.5% NP-40, 250 mM NaCl, 3 mM EDTA,
3 mM EGTA, 1 mM phenylmethylsulphonylfluoride, 2 mM sodium orthovanadate, 20
pug/ml aprotinin, 5 pg/ml leupeptin, 1 mM dithiothreitol). The lysates were cleared by
centrifugation at 20,000 r.p.m. for 10 min at 4°C and split into two 200 ul aliquots for
assays of ERK1 and ERK2. Rabbit anti-ERK1 and anti-ERK2 polyclonal antibodies
(ERK1 (C-16) sc-93, ERK2 (C-14) sc-94, Santa Cruz) were added to lysates at a dilution
of 1:100 and incubated on ice for 90 min. 70 ul of a 15% slurry of protein A sepharose
(Pharmacia-LKB) was then added and the samples were rolled at 4°C for 90 min. The
beads were retained by centrifugation and washed twice in 200 pl of lysis buffer and
twice in 200l of kinase buffer (20 mM Hepes, pH 7.2, 20 mM p-glycerophosphate, pH
7.2, 10 mM MgCl,). To initiate the reaction, beads were resuspended in 40 pl of kinase
buffer containing 1 pCi [y->>PJATP, 20 uM unlabelled ATP and 200 uM of a synthetic

peptide substrate corresponding to amino acids of 662-681 of the epidermal growth

factor receptor (Sequence; RRELVEPLTPSGEAPNQALL. (PNACL) Gardner et al.,
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(1994)) as the substrate and incubated for 20 min at 30°C. The reaction was terminated
by the addition of 10 pl 25% TCA and the samples were spun for 2 min at 14,000 r.p.m.
after which 40 pl of sample was blotted onto p81 Whatman chromatography paper. The
blots were then washed four times in 400 ml of 0.5% orthophosphoric acid (five min per
wash), followed by a final wash for 2 min in 400 ml of acetone. The papers were then
allowed to dry at room temperature and placed in scintillation vials with 5 ml

Scintillation Plus fluid and counted on a Packard Liquid Scintillation Analyser for 3 min.

2.2.3 c-Jun Kinase

2.2.3.1 Production of GST-c-Jun Fusion Protein

The activity of c-Jun kinase was assayed from cell lysates by affinity purification
using a GST-c-Jun(.79) fusion protein coupled to glutathione-Sepharose (Gupta et al.,
1996), prepared by the following protocol. The GST-c-Jun fusion protein (a kind gift
from Dr. Roger J. Davis; Gupta et al., 1996) was produced using the GST (Glutathione
S-transferase) Gene Fusion System (Pharmacia Biotech), which allows, in E. coli,
expression and purification of fusion proteins. The system uses the pGEX plasmid
vector in which contains the lac I; gene (to induce expression), a Amp" gene (for
selection) and the GST gene upstream of the multiple cloning site (MCS) into which the
c-Jun encoding amino acids 1-79 gene has been inserted. Glycerol stocks of E. coli
(BLC21(DE3)LysS) transformed with the pGEX-c-Jun plasmid were stored at -80°C. To
10 ml of sterile Luzia Broth (LB), (10 g/1 tryptone, 5 g/1 yeast extract, 170 mM NaCl),
containing 50 pg/ml ampicillin, a scrape of the GST-c-Jun bacterial stock was added and
incubated overnight on a shaker at 37°C. The following day, the culture was added to

500 ml of LB containing 50 pg/ml ampicillin and left to grow at 37°C for approximately
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3 hours until the OD, measured at 600 nm, reached 0.5 units (on a UV-1201
spectrophotometer (Shimadzu). The expression of GST-c-Jun was induced by incubation
wifh 1 mM IPTG (isopropyl P-D-thiogalactopyranoside) for 3 hours at 30°C shaking.
The culture was then centrifuged for 10 min at 8,000 r.p.m. and the bacterial pellet
resuspended in 5 ml PBS, containing 1% Triton X100, 20 pg/ml aprotinin, 50 pg/ml

leupeptin. The resuspended pellets were then stored at -20°C overnight.

The resuspended culture was defrosted and sonicated for 30 seconds on ice. The
sample was then spun for 15 min at 10,000 r.p.m. and the supernatant retained and added
to 2ml of packed glutathione Sepharose 4B beads, (Pharmacia Biotech) that had been
prewashed twice in 30 ml of ice cold PBS containing 1% Triton X-100. The samples
were then allowed to incubate with the beads by rolling for 30 min at room temperature.
The beads were then washed twice in 50 ml of PBS/Triton, and separated into aliquots in
PBS containing 1% Triton. Proteins were analysed by boiling 5 pl of beads in 2 X
Laemmli sample buffer (see Appendix 2 for composition) and subjecting them to 12%

SDS PAGE using a BioRad minigel apparatus.

2.2.3.2 c-Jun Kinase Activity Assay

The cells from a 6 well plate were washed in ice cold PBS then scraped into 500 ul
lysis buffer as described for the ERK assay as above. The lysates were centrifuged at
20,000 r.p.m. for 10 min at 4°C and 400 pl aliquots of the supernatant removed for assay.
20 pl of a 1:3 slurry of GST-c-Jun beads were added to the samples, and rolled at 4°C for
60 min. The beads were washed twice in 200 pl lysis buffer and twice in 200 ul kinase
buffer (as described previously). Reactions were initiated by the addition of 40 ul of

kinase buffer containing 1 uCi [y-"°P]ATP and 20 pM unlabelled ATP and incubated for
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20 min at 30°C. Reactions were terminated by the addition of 40 pl of 2 x Laemmli
sample buffer. The samples were heated at 100°C for 5 min and centrifuged for 5 min at
14,000 r.p.m. after which 70 pl of sample was loaded on a 12% PAGE gel, together with
20 pl of low molecular weight marker (Sigma; see Table 2.1). Electrophoresis was
performed at 18 V/gel through the stacking gel and 24 V/gel through the resolving gel, or
at 4 V per gel overnight. The gels were stained in a solution of 0.25% (w/v) Coomassie
blue containing 50% methanol and 10% acetic acid to detect the GST-c-Jun, destained
(40% methanol, 10% acetic acid, 1% glycerol) and dried for 1 hour at 80°C under a dry
vacuum, prior to autoradiography on Hyperfilm MP, (Amersham) using an intensifying
screen. The film was developed using a Hyperprocessor (Amersham). After the
autoradiography, the individual bands were excised from the ‘gel and placed in

scintillation vials with 5 ml scintillation plus and counted for 3 min (Packard Liquid

Scintillation Analyser).
MWt (kDa) Marker
66 Albumin, Bovine
45 Albumin, Egg
36 glyceraldehyde-3-P-dehydrogenase
29 carbonic anhydrase, bovine
24 trypsinogen. bovine pancreas
20 trypsin inhibitor, soybean
14.2 a-lactalbumin, bovine milk

Table 2.1. Summary of Low Molecular weight markers (Sigma).
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2.3 Western Blot Analysis

The lysates were prepared as described above, normalised for protein and run on a
12% SDS-PAGE minigel, with one lane containing 5 pl of prestain broad range markers
(Biorad). The protein was transferred to nitrocellulose paper in transfer buffer (40 mM
Tris, 39 mM glycine, 1.3 mM SDS, 20% methanol) using a Transblot semi-dry transfer
cell system (Biorad) run at 12V for 30 min. Once the transfer was complete, the paper
was stained with Ponceau Red stain (0.2% Ponceau S in 3% TCA and 3% sulfosalicyclic
acid), to confirm equal protein loading, then destained using distilled water. The blots
were blocked for one hour in 25 ml of blocking buffer 5% Marvel in TTBS (50 mM Tris,
pH 8.0, 150 mM NaCl, 0.1 % Tween 20) and then washed once for 5 min in TTBS.
Membranes were incubated overnight with mixing at 4°C in primary antibody at the
indicated dilutions in blocking buffer. The blots were then washed three times for 5 min
in TTBS to remove the primary antibody. The secondary antibody (o-rabbit for
polyclonal primary antibodies, or o-mouse for monoclonal antibodies) was diluted
1:1000 in TTBS and incubated with the membranes with shaking for 1 hour at room
temperature. The antibody was then removed and the blot was washed five times for 5
min with TTBS. Blots were then incubated in ECL Reagent (Amersham) for 80 seconds,
drained and wrapped in clingfilm. Blots were then exposed to Hyperfilm MP
(Amersham) for times varying from 5 seconds to 15 min, or as otherwise indicated and

the film developed using a Hyperprocesser (Amersham).
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2.4 Measurement of Intracellular Calcium

2.4.1 Cell Preparation

CHO cells were grown to confluency in a 175cm? flask, washed in 10 ml of HBS and
then harvested in 5 ml of harvest buffer (10 mM Hepes, pH 7.4, 154 mM NaCl, 0.54 mM
EDTA). The cells were gently spun (1500 r.p.m. for 3 min) and then the pellet was

washed in 10 ml KHB, and then resuspended in 3.5 ml/flask of KHB.

The level of intracellular calcium was measured by using a previously described
protocol (Tobin et al., 1995), with some modifications. A 500 ul aliquot was removed
and added to 1.5 ml of KHB, to measure cellular autofluorescence. To the remaining
cells, 2 uM fura-2-AM was added and the cells left at room temperature with rolling for
45 min. For each experiment, 500 ul of these cells was spun at 4,000 r.p.m. for 1 min, to
discard the fura-2-AM that had not been taken up by the cells. The cells were then
resuspended in 1.5 ml of KHB (+/-Ca”* as indicated), at room temperature. The 340/380
nm ratio was recorded every second and methacholine concentrations were added as
indicated in the presence and absence of 2 mM [Ca®].. At the end of each trace, in the
presence of 2 mM [Ca®*]. 0. 1% Triton X-100 was édded to determine the Rp,x followed
by 80 mM EGTA added to determine Ryin. The level of [Ca®* }; was determined by

converting the 340/380 ratio using the Grynkiewicz equation (Grynkiewicz et al., 1985).
[Ca®}; = Kd X {(R-Runin)/RunaxR)} X {Funin(380 nm)/Finax(380 nm)}

where, Kd is the dissociation constant of Ca®* for FURA-2 (224 nM at 37°C). Fnin(380
nm) and F,,x(380 nm) are the fluorescent intensities after excitation at 380 nm, in the

absence and presence of Ca** respectively.
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2.5 [*H]Thymidine Incorporation

2.5.1 Cell preparation

Cells were plated out at a density of 50,000 cells/well into 1 ml of media in a 24 well
plate and left to adhere overnight. The following day, the media was removed and the
cells washed in 1 ml HBS (pH 7.4) prior to addition of 1ml of serum free MEMa
supplemented by, 0.01 units/ml penicillin, 0.01 pg/ml streptomycin, and 2.5 pg/ml

amphoteracin. The cells were then incubated overnight (for 20 hours) at 37°C.,
2.5.2 [*H]Thymidine Incorporation Assay

The following day after the cells had been serum starved, the cells were treated with
agonist for 20 hours or as described in the results section. In experiments where
inhibitors were used, the inhibitor was added to the cells at the concentration described
for 30 min prior to agonist addition. For the final 2 hours, 2 uCi of [3H]thymidine was
added to each well and the cells incubated at 37°C. The cells were the placed on ice and
the media was removed, followed by 3 washes in 1 ml of serum free media. After the
final wash, 2 ml of ice cold 5% TCA was added and the cells were for 1 hr at 4°C. The
TCA was then removed, and the cells washed in fresh 2 ml of TCA. This was then
followed by a 5 min incubation in 2 ml of ice cold ethanol, supplemented with 200 puM
potassium acetate. The cells were the incubated twice for 15 min with a 3:1 mix of
ethanol:ether. The cells were then allowed to air dry for approximately 30 min, and then
1 ml of 0.1 M NaOH was added to each well. The cells were scraped off the plate and
placed into a scintillation vial with 9 ml of Goldscint. The samples were then counted on

a liquid scintillation counter.
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2.6 Western Blotting for PKC Isoforms

CHO cells were split into 6 well plate plates and allowed to adhere overnight, the cells
were then serum starved for 20 hours. Prior to agonist stimulation of the cells, they were
washed in 1ml of KHB and pre-incubated for 5 min at 37°C. After agonist stimulation,
the cells were lysed in 400ul of ice-cold lysis buffer (20 mM Tris/HCl, 5 mM EGTA, 2
mM EDTA, 1 mM DDT, 0.5 mM PMSF, 10 uM benzamidine hydrochloride, 5 uM
iodoacetamide, pH 7.4), extracted on ice for 30 min and scraped. Samples were mixed in
an equal volume of 2 X Lamelli buffer and the samples were run down an 8% SDS
PAGE gel with high molecular weight markers (Sigma) (Table 2.2). Immunoblotting
was as described in the section ‘Western Blot Analysis’. Antibodies to PKC isoforms
were used at the following dilutions in TTBS/1% dry milk: PKCa (1:5000), PKCf
(1:2500), PKCy (1:250), PKCe (1:500), PKCS (1:1000), PKC8 (1:250), PKC1 (1:500) A

PKCu (1:1000), PKCC (1:500).

MWt (kDa) Marker

205 myosin, Rabbit Muscle

116 B-galactosidase, E. coli

97.4 phosphorylase b, Rabbit Muscle

66 Albumin, Bovine

45 Albumin, Egg

20 Carbonic Anyhydrase, Bovine Erthrocytes

Table 2.2. High Molecular Weight Markers (Sigma).
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2.7 N-methyl-[3H]-scopolamine (NMS) Binding

2.7.1 Membrane Preparation

The required number of 175 cm® flasks were grown to confluency and the media
aspirated off before the cells were washed with HBS. The cells were then lifted with 10
ml EDTA (10 mM HEPES, 0.9% NaCl, 0.2% EDTA. pH 7.4) per flask. The cells were
centrifuged at 200 g for 5 min at 4°C, and the supernatant discarded. The cells were then
homogenised in 2 ml per flask with wash buffer A (10 mM HEPES, 10 mM EDTA, pH
7.4) with a Polytron homogeniser, (speed 5) for 4 x 5 sec bursts separated by 30 sec on
ice, in Sorvall centrifuge tubes. The homogenates were then centrifuged at 40,000 g in a
Sorvall RC-5 centrifuge (rotor SS-34) for 15 min at 4°C. The supernatant was then
discarded and the pellet was re-homogenised, as above in buffer B (10 mM HEPES, 0.1
mM EDTA, pH 7.4). The tubes were again centrifuged at 40,000g in Sorvall RC-5
centrifuge for 15 min at 4°C, the supernatant discarded and the pellet was dispersed in
buffer B, (1ml per confluent flask of cells), using the Polytron homogeniser. The protein
concentration of the membranes was determined by a Lowry assay, the membrane
samples were either aliquoted or diluted with wash buffer B to the desired concentration

and then snap frozen in liquid nitrogen.
2.7.2 [’H]-NMS saturation binding

’H]-NMS binding was performed on membrane samples prepared as described
above. Two total binding and one non-specific binding, samples were prepared for each
concentration of [H]-NMS. Samples were prepared in test tubes with a final assay
volume of 200 ul, total binding samples were 140 ul wash/assay buffer (10 mM HEPES,

10 mM MgCl,, 100 mM NaCl), 40 pl of [PH]-NMS at the stated concentration and 20 pl
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of the membranes (added last). Non-specific binding samples were 100 ul wash/assay
buffer, 40 ul of 1 uM atropine, 40 ul of PH]-NMS at the stated concentration and 20 ul
of the membrane (added last). [°H]-NMS concentrations were prepared from 0.05 nM - 3
nM, in wash/assay buffer, two 40 ul samples of the standards were taken of each
concentration in order to calculate [*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 onto Whatman GF/B filter paper with 3 X 3 ml washés
with ice cold wash/assay buffer. The filter discs were then placed into picovials, 4ml of

Emulsifier Safe scintillant was added and they were left overnight before being counted.

2.8 Inositol 1,4,5-trisphosphate (IP;) Mass Accumulation

2.8.1 Cell Preparation

Following the removal of the medium, the intact cells, confluent in 24 well plates
(surface area 1.9 cm*/well) were washed twice in 1 ml freshly gassed (95% CO,, 5% O,)
Krebs-Henseleit Buffer (KHB) (composition as previously described) and this was

replaced with 450 ul KHB and allowed to stabilize for 15 min at 37°C.
2.8.2 Time Course Experiments

Cells were stimulated by the addition of 100 pM methacholine (MCh) at 37°C. The
reaction was terminated by aspiration of the KHB/drug solution and the addition of 300
ul 0.5 M TCA to each well. The plate was then left on ice for 30 min after which all 300
ul in each well was transferred to Eppendorf tubes. Blank buffer for the mass assay was

prepared using 10 Eppendorfs of 300 ul 0.5 M TCA, 75 ul 10 mM EDTA (pH 7.0) was
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then added to each tube, the samples were vortexed and 600 pl of a 1:1 solution of tri-n-
octylamine and trichlorofluoroethane added and vortexed again. These samples were
then left for 15 min at room temperature, vortexed again, centrifuged for 2 min in a
bench centrifuge at full speed. Then, 200 pl of supernatant was transferred to a fresh

Eppendorf and 50 pl NaHCO3 was added and the samples re-vortexed and stored at 4°C.
2.8.3 Ins(1,4,5)P; Mass Assay

IP; binding protein was prepared from fresh bovine adrenal glands, obtained from a
local abattoir. 30 pl Tris (100 mM)/EDTA (4 mM) pH 8.0 was added to 30 ul of
sample/standard on ice. 30 ul [PHJ-IP; (at a concentration where 30 ul gives
approximately 8000 d.p.m. (approximately 10pl [*H]-IP; : 1ml H,0) was then added
before 30ul binding protein. Standards were prepared in the range 1.2 nM - 1.2 uM IP;,
using 40 pM IP; standard, diluted with blank buffer. The samples were the vortexed and
left on ice for 40 min before rapid filtration on manifolds using 3 x 3 ml washes with ice-
cold wash buffer (25 mM Tris, 1 mM EDTA, 5 mM NaHCO;, pH 8.0) onto GF/B
Whatman filter discs which were then placed in picovials with 4.2 ml Scintillant Plus and

left overnight before counting.

2.9 Protein Assays

2.9.1 Bradford Protein Assay

All protein assays were carried out in duplicate with standard curve range of 1-0.025
mg/ml. The samples, blank and standard curve had 10 ul d.H,O and 10 pl (final volume)
of lysis buffer added, as the lysis buffer had a significant effect of the absorbance of the

samples. To the final samples was added 0.71 M NaOH and 1 ml of dye reagent (8.5%
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phosphoric acid, 4.75% ethanol, 0.01% Serva blue G (Serva,Westbury,NY) filtered with
a buchner funnel and Whatman No 1 filter paper) and the samples were incubated for 5
min. The absorbance was measured at 595 nm and 465 nm on a UV-1201
spectrophotometer (Shimadzu) and the difference between these was calculated and

plotted against protein concentration.

2.9.2 Lowry Protein Assay

Protein assays were carried out in quadruplicate on 500 pl samples by the Lowry
method (Lowry et al., 1951). A standard curve was set up in duplicate and unknown
protein samples were diluted by a factor of 1:2 in 0.1 M NaOH to obtain a 500 ul
volume. To each tube, 1 ml of assay solution (see below) was then added (made in a
ratio of; 100:1:1, 2% Na,COs, 0.4% NaOH, 2% K*/Na* tartrate:1% CuSQ4) and the tubes
vortexed and left for 10 min. To each tube was then added, 100 ul of a 3-fold diluted
Folin and Ciocalteus Phenol reagent and the tubes were re-vortexed and left for 15 min.
1 ml of d.H,O was the added to each tube, the samples vortexed and the absorbance was

measured at 750 nm on a UV-1201 spectrophotometer (Shimadzu).

Composition of 2 x Lamelli Buffer:
Solution A: 30% glycerol (in 90 ml final volume)

Solution B. 10g/1 Tris Base
3.33g/1 SDS
48g/1 Glycine

Solution C. 0.75g/50ml Tris-HCI
3.6g/50ml Imidazole
0.1g/50ml Bromophenol Blue
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20g/50ml Sucrose
5g/50ml SDS
Add 48 ml of Solution B to all of Solution A and mix.
Add 12 ml of Solution C to mixture of A and B and mix well.

Divide into 1ml aliquots and store at -20°C. Add 50 pul of 1M DTT prior to use.
2.10 Concentration- and inhibition-response curves.

The data were plotted on Graphpad Prism® (GraphPad Software Inc.) using the
sigmoidal dose-response equation with no pre-set parameters. For each individual
experiment, a line was plotted and the ECs¢/ICso value obtained and recorded. The mean
ECso/ICsp values and the associated errors that are quoted, were obtained by using these
individual values and calculating the mean + S.EE.M from those data. The figures
presented in this Thesis, show the combination of the individual data sets to produce a
representative graphical plot, but not to generate the ECs¢/ICso values and associated

means.
2.11 Statistics

The raw data in cpm obtained from experiments were converted into enzyme activities
(see next section). The control unstimulated cells were meaned and this mean enzyme
activity value was used to calculate fold activity for all the results obtained on a
particular day, and subsequently plotted on GraphPad Prism® (GraphPad Software Inc.).
The statistical differences between data sets was assessed by one-way analysis of
variance for multiple comparisons, followed by Duncan’s multiple-range test at P < 0.05

using SPSS version 6.1 software (Chicago, Il. U.S.A).
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2.12 Calculation of kinase activity.

A spreadsheet was set up to calculate the actual kinase activity of the enzymes.
During. the kinase assay, a 4 pl aliquot of [*’P]JATP was taken and counted at the same
time as the samples from the assay (this equates to 1/10th of the volume used in the assay
which is a safer level of radioactivity to use). This therefore means that the concentration
of the cold ATP stock is known, and the number of counts of radiolabelled ATP from
that concentration can be calculated (the increase in ATP concentration from the addition
of the radiolabelled ATP is so small that it is ignored). An example calculation is shown

below:

Cold ATP stock is 2 mM, which is diluted 1/100 fold in the final kinase buffer stock.

Therefore the actual concentration of ATP = 2 mM/100
=0.02 mM = 20 uM

The volume of ATP/assay is 40 pl.
Therefore amount of ATP/assay =20 uM X 40 ul
= 800 pmoles

If the average count from the 4 ul aliquots was 455705 cpm, therefore in the 40 pl

reaction there would be 4557050 cpm.

From this and the number of counts obtained from 4 pl aliquot, the specific activity can

be calculated as follows:

Specific Activity = 4557050 + 800 pmoles
=5696.31 cpm/pmol

From this, the following example calculation is shown to determine the fmol/min/mg of
ATP incorporated using the following variables.

cpm = 100 cpm
specific activity = 5696.31 cpm/pmol
time of reaction = 20 min

57



Chapter 2

protein = Img/ml in 200 pl
= 1mg/ml X 0.2 ml
=0.2 mg
cpm | pmols ATP/20min | pmols ATP/min pmol fmol/min/mg
ATP/min/mg
=cpm/specific =pmolATP/20min/20 | pmol pmol
activity ATP/min/0.2mg | ATP/min/mg X
1000
1000 | 0.176 0.009 0.05 50

Table 2.3 Example calculation from cpm to incorporation of ATP (fmol/min/mg).
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2.13 Materials

anti- PKC antibodies Affinity Laboratories
ECL reagent Amersham
Glutathione sepharose™ 4B Amersham
Hyperfilm MP Amersham
[H]-IP, Amersham
[3H]-thymidine Amersham

anti JNK-1 antibody Autogenbioclear
anti p38 antibody Autogenbioclear
anti-ERK 2 antibody Autogenbioclear
anti-ERK1 antibody Autogenbioclear
MgSO, BDH

Prestain Broad range markers Biorad
Bisindolylmaleimide Calbiochem
G6-6976 Calbiochem
LY-294002 Calbiochem
PD-98059 Calbiochem
Ro-31-8220 Calbiochem
acetic acid Fisher

acetone Fisher
Ammonium persulphate Fisher
Coomassie Blue Fisher

CuSO0q, Fisher

Glycerol Fisher

Hepes Fisher

KCl Fisher

KH,PO, Fisher

Methanol Fisher

Na,HPO, Fisher

NaCl Fisher

NaHCO; Fisher

SDS Fisher
sulfosalicyclic acid Fisher
Tri-n-octylamine Fisher

Tris Buffer Fisher

CaCl, Fisons
D-glucose Fisons

EDTA Fisons

EGTA Fisons
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MgSO4 Fisons
NaCl , Fisons
NaCO; Fisons
Na,HCO; Fisons
NaOH Fisons
TCA Fisons
Fisons
Amphoteracin B Gibco BRL
MEMao Gibco BRL
Newborn Calf Serum Gibco BRL
penicillin Gibco BRL
streptomycin Gibco BRL
Trypsin-EDTA Gibco BRL
Folin and Ciocalteus phenol ICN
fura 2-AM Molecular Probes (Leiden, NL)
Ultrapure Protogel National Diagnostics
[Y*P]ATP NEN
Scintillation Plus Packard
GST Pharmacia
Protein A sepharose Pharmacia
EGFR peptide PNACL (MRC Toxicology Unit,
University of Leicester)
Serva blue G Serva, Westbury, NY.
o-mouse secondary antibody Sigma
o-rabbit secondary antibody Sigma
Anisomycin Sigma
Aprotinin Sigma
ATP Sigma
B-glycerophosphate Sigma
benzamidine hydrochloride Sigma
CaCl, Sigma
deoxycholate Sigma
DTT Sigma
ethanol Sigma
Ether Sigma
High Molecular weight markers Sigma
Imidazole Sigma
10odoacetamide Sigma

60



Chapter 2

IPTG
leupeptin

Low Molecular weight markers

methacholine
N32V04

NP-40
orthophosphoric acid
PDBu

PMSF

Ponceau Red
potassium acetate
TEMED
trichlorofluoroethane
tryptone

Tween 20
Wortmannin

Yeast extract

SB-203580

p81 paper

Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma

SmithKline-Beecham

Whatman
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Chapter 3

General characterisation of the ERK and JNK
pathways in CHO-m2 and CHO-m3 cells

3.1 Introduction.

It has previously been demonstrated that the ERK and JNK pathways can be activated
by GPCRs. With respect to mACh receptors, Crespo and colleagues (1994a)
demonstrated that m1- and m2- acetylcholine receptors coupling to G4 and G; proteins
respectively in COS7 cells, are able to activate ERK. It has also been previously
demonstrated that GPCR-mediated JNK activation can occur via the ml- and m2-
AChRs (Coso et al., 1995a). In previous studies it had been reported that carbachol-
induced JNK activity appeared to occur more slowly with respect to ERK activation for
the m1 receptor expressed in NIH3T3 cells (Coso et al., 1995a). Also, Mitchell and co-
workers demonstrated that the m1-AChR activated JNK, whereas the m2-AChR poorly
activated JNK when stably expressed in Rat-la fibroblasts (Mitchell et al., 1995). In this
Chapter, the activation of the ERK and JNK pathways by receptor stimulation with

agonist in the CHO-m2 and CHO-m3 cell lines is described.

The initial studies, which are described in this Chapter, set out to characterise the
time- and concentration- dependence of agonist-induced ERK and JNK activation in the
CHO-m2 and CHO-m3 cell lines, in addition to other experiments designed to

characterise related responses, in both cell lines.
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3.2 [PH]-NMS saturation binding in CHO-m2 and CHO-m3
membranes.

The model cell line used for the studies were CHO-K1 cells that have becn transfected
stably to express the human m2-AChR (from Dr. S. Larenzo, National Research Institute,
Mill Hill, London) or the human m3-AChR (from Dr. N. Bucky, M timal R search
Institute, Mill Hill, London). In order to draw comparisons of agonist-induced ERK and
JNK activation between the m2-AChR and m3-AChR subtypes, it was important initially
to establiéh the relative levels of receptor expression in the CHO-m2 and CHO-m3 cell

lines.
3.2.1 Introduction to saturation binding.

Saturation binding experiments involve adding a known range of radioligand
concentrations to a known level of membrane protein preparation and this analysis gives
the values Bpmax and K4. By is the maximal binding capacity and can be defined as the
total receptor density in the membrane protein preparation. Ky is the equilibrium
dissociation constant, and it is defined as the concentration of free radioligand required to

occupy 50% of the receptor sites.

The K4 and B« values can be determined graphically in two ways. Previously, due
to the absence of reliable graphical computer packages, the most common way of
analysis was by a linear plot derived from the Michaelis-Menten equation termed the
Scatchard plot. The Scatchard plot is obtained by plotting bound radioligand/free
radioligand (on the y-axis) against bound radioligand (on the x-axis). In this plot, the

gradient of the line is -1/Kg4 and Bp,, is defined where the line intersects the x-axis. The
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alternative method of analysis, which is often more accurate with reliable graphical
packages, is by the use of a binding isotherm plot, obtained by plotting specific binding
of radioligand against the concentration of free radioligand, the data are then fitted to a

rectangular hyperbola.

3.2.2 N-methyl-[’H]-scopolamine (NMS) saturation binding in CHO-m2 and CHO-
m3 membranes.

Ligand binding studies were carried out and the results obtained demonstrated that the
m2-AChR and the m3-AChR were expressed at comparable levels. By analysing the
data by means of a binding isotherm plot (Figure 3.1), the ’H]-NMS binding studies
demonstrated that the m2-AChR was expressed at 1.38 + 0.2 pmol/mg protein, and the
m3-AChR was expressed at 1.53 + 0.2 pmol/mg protein (mean + S.E.M., n=8). The
dissociation constant values (K4) for the m2-AChR and the m3-AChR were 0.56 + 0.2
nM and 0.39 + 0.1 nM respectively. The equivalent Scatchard plots are shown in Figure
3.2. therefore, as the expression levels of the m2- and m3- AChRs were similar, the
potential for differences in ERK and JNK activation between the cell lines being due to

variations in receptor number was unlikely.

3.3 Time- and agonist concentration- dependence of ERK and JNK
activation in CHO-m2 and CHO-m3 cells.

The time-course and concentration-dependence of agonist-induced ERK and JNK
activation was investigated in both CHO-m2 and CHO-m3 cell lines. Throughout this
Chapter, the enzyme activity values for ERK and JNK are expressed as fmol of [v?P-
ATP incorporated per min per mg protein (fmol/min/mg), calculated as described in the

Methods section.
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Figure 3.1. Saturation curve of ["H]-NMS binding in CHO-m2 and CHO-m3 cells.

Cell membranes were prepared as described in the Methods section. Membranes were
incubated (approximately 25 pg) in assay buffer (see Methods), with the indicated
concentrations of N-methyl-[BH]-scopolamjne (Free [3H]—NMS), in the presence and
absence of 1 UM atropine (to define non-specific binding) at 37°C for 60 min. Bound
[’H]-NMS was calculated by subtracting non-specific binding from the total radioligand
bound. Each curve was fitted by using a rectangular hyperbola in Graphpad Prism. Data
represent mean of duplicate results from a single experiment which is representative of 4

separate experiments.
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Figure 3.2 Scatchard analysis of ["H]-NMS binding in CHO-m2 and CHO-m3
cells.

The data represented here are from the same data presented in Figure 3.1. However a
linear plot is produced when bound radioligand divided by free radioligand is plotted
against bound radioligand. Each plot was fitted by using a linear regression in Graphpad
Prism. Data represent mean of duplicate results from a single experiment which is

representative of 4 separate experiments.

3.3.1 Time-dependence of agonist-induced ERK1 and ERK2 activation in CHO-m2

and CHO-m3 cells.

The time- dependence of p44-ERK1 and p42-ERK2 activation by receptor stimulation
with maximal agonist concentration (100 uM MCh) was investigated in both cell lines.
Stimulation of the m2- and m3- ACh receptors by 100k uM methacholine (MCh),
produced a large and rapid stimulation of ERK1 and ERK2 (Figure 3.3 and Figure 3.4).

In both CHO-m2 and CHO-m3 cells, a large initial activation of ERK1 and ERK2 was
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observed at 2 min after agonist stimulation which continued to rise to give a maximal
activation at 5 min after agonist addition. In m2-AChR expressing cells (Figure 3.3), in
the experiments shown, the peak ERK1 and ERK2 activities were 4715 + 369
fmol/min/mg (32 fold over basal) and 2058 + 204 fmol/rnin/mg (16 fold over basal)
respectively. This compared with values obtained, shown in Figure 3.4 of 7050 + 373
fmol/min/mg (38 fold over basal) and 4528 + 272 fmol/min/mg (16 fold over basal) for
ERK1 and ERK?2 activities respectively in the m3-AChR expressing cells. In the CHO-
m2 cells, both the ERK1 and ERK?2 responses had returned to basal values by 20 min
after MCh stimulation, whereas, in CHO-m3 cells, the ERK1 and ERK?2 activation was
more sustained, whereby at 40 min after agonist addition in the experiments shown, the

ERKI1 activity was 3145 £ 198 fmol/min/mg (17 fold over basal).

3.3.2 Time-dependence of agonist-induced JNK activation in CHO-m2 and CHO-

m3 cells.

The time course of agonist-induced JNK activation was also examined in both cell lines.
The results demonstrated that stimulation of the m2-AChR in CHO cells with 100 uM
MCh caused only a small JNK activation. By 5 min after MCh addition, a small
activation of JNK was observed, and at 15 min, the optimum activity of two fold over
basal had been achieved, with a peak activity in the experiment shown of 341 + 43
fmol/min/mg (Figure 3.5). This response decreased over the subsequent 30 min after
which the response returned to a constant level just above basal values. In contrast to the
m2-AChR, JNK activation by the m3-AChR was greater and much more sustained than
that observed in CHO-m2 cells (Figure 3.5). By 10 min after agonist addition, an

increase of 4 fold over basal was observed and as shown in Figure 3.5, the maximal
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response of 1672 + 143 fmol/min/mg (10 fold over basal) was reached at 30 min
following agonist stimulation of the receptor. This was sustained for approximately 60

min after agonist addition, before the response started to slowly decline.
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Figure 3.3 Time- course of ERK1 and ERK2 activation in CHO-m2 cells.

CHO cells expressing the m2-AChR were stimulated with 100 pM MCh for the times
indicated. ERK1 and ERK2 activity was isolated (approx. 200 pg protein) using anti-
ERK1 (p44) or anti-ERK2 (p42) antisera and assayed following immunoprecipitation as
described in the Methods section. Basal ERK1 and ERK2 activities were 149 * 13
fmol/min/mg and 195 * 17 fmol/min/mg, respectively. Data represent mean + S.E.M. of

5-9 separate experiments.
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Figure 3.4. Time- course of ERK1 and ERK2 activation in CHO-m3 cells.

CHO cells expressing the m3 AChR were stimulated with 100 pM MCh for the times
indicated. ERK1 and ERK2 activity was isolated (approx. 200 pg protein) using anti-
ERK1 (p44) or anti-ERK2 (p42) antisera and assayed following immunoprecipitation as
described in the Methods section. Basal ERK1 and ERK2 activities were 187 £ 15
fmol/min/mg and 288 + 51 fmol/min/mg, respectively. Data represent mean + S.E.M. of

4-9 separate experiments.
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Figure 3.5 Time- course of JNK activation in CHO-m2 and CHO-m3 cells.

CHO cells expressing either the m2- or m3-AChR were stimulated with 100 pM MCh
for the times indicated. CHO cell lysates (approx. 400 pg protein) were assessed for
JNK activity by GST-Jun phosphorylation as described in the Methods section. Basal
JNK activities in CHO-m2 and CHO-m3 cells were 187 + 15 and 161 + 17
fmol/min/mg, respectively. The lower panel shows a representative autoradiogram of

GST-Jun phosphorylation. Data represent mean = S.E.M. 3-7 separate experiments.
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3.3.3 Concentration-dependence of ERK1 and ERK2 activation in CHO-m2 and

CHO-m3 cells.

The MCh concentration-dependencies of ERK1 and ERK2 activation were similar in
both cell types. The m2-AChR and m3-AChR expressing cells were incubated for 5 min
with the indicated concentrations of methacholine, and assayed for ERK activity. The
ECs values for ERK1 and ERK2 activation in CHO-m2 cells were, 3.9 uM [log ECsq
(M) -5.4 £0.1] and 1.8 pM [log ECso (M) -5.8 + 0.1] respectively (mean + S.E.M., n=3-
9). The ECso values for ERK1 and ERK2 activation in CHO-m3-cells were, 4.7 uM [log
ECso (M) -5.3 £ 0.1] and 2.7 uM [log ECso (M) -5.6 £ 0.1] respectively (mean + S.E.M.,

n=3-9). A summary of the data is shown in Table 3.1.
3.3.4 Concentration-dependence of JNK activation in CHO-m2 and CHO-m3 cells.

The concentration-dependence values obtained for JNK activation were comparable to
the data obtained from the previous ERK assays. Methacholine-stimulated JNK in CHO-
m3 cells with an ECs of 1.8 uM [log ECso (M) -5.8 £ 0.2], and in CHO-m2 cells with an
ECsof 0.2 uM [log ECso (M) -6.71 £ 0.4] (Figure 3.8.). However, because the maximal
level of c-Jun kinase activation by m2-AChR was only two-fold above basal it was
difficult to determine accurately the ECso for JNK activation. A summary of the data is

shown in Table 3.1.
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Figure 3.6. Concentration-dependence of ERK1 and ERK?2 activation in CHO-m2
cells.

CHO cells were incubated with vaﬁous concentrations of MCh for 5 min. ERK1 and
ERK2 activity was isolated from lysate (approx. 200 pug protein) using anti-ERK1 (p42)
or anti-ERK?2 (p44) antisera and assayed following immunoprecipitation as described in
the Methods section. Basal ERK1 activity was 102 + 2 fmol/min/mg and basal ERK2
activity was 142 + 36 fmol/min/mg. Data represent mean + S.E.M. of three separate

experiments.
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Figure 3.7. Concentration-dependence of ERK1/2 Activation in CHO-m3 cells.

CHO cells were incubated with various concentrations of MCh for 5 min and lysed.
ERK1 and ERK2 activity was isolated from lysate (approx. 200 pug protein) using anti-
ERK1 (p42) or anti-ERK?2 (p44) antisera and assayed following immunoprecipitation as
described in the Methods section. Basal ERK1 activity was 102 * 2 fmol/min/mg and
basal ERK2 activity was 142 + 36 fmol/min/mg. Data represent mean + S.E.M. of three

separate experiments.
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Time of agonist exposure log ECsp (ECso uM)
for peak activation
AChR | ERK1 | ERK2 | JNK ERK1 ERK2 JNK
m2 Smin | 5min | 10min | 3292 -5.8+0.1 -6.7+04
(3.1 x 10°M) | (1.8 x 10°M) | (2.0 x 107M)
m3 Smin | Smin | 30min | >3%01 -5.610.1 -5.810.2
4.7 x 10M) | (2.7 x 10°M) | (1.5 % 10°M)

Table 3.1. Table summarising the time required for agonist exposure to obtain
maximal ERK1, ERK2 and JNK activation, and ECsy values for MCh in the
activation of ERK1, ERK2 and JNK in CHO-m2 and CHO-m3 cells.
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Figure 3.8 Concentration-dependence of JNK activation in CHO-m2 and CHO-m3
cells.

CHO-m2 cells and CHO-m3 cells were stimulated for either 15 min or 30 min
respectively with various concentrations of MCh, and lysates containing 400 pg protein
were assayed for JNK activity by GST-Jun phosphorylation (see Methods). Basal JNK
activity was 224 + 10 fmol/min/mg and was 101 + 15 fmol/min/mg for CHO-m2 and
CHO-m3 respectively. The lower panel shows a representative autoradiogram of GST-
Jun phosphorylation (CHO-m2 exposed for 12 hr, CHO-m3 exposed for 2.5 hr). Data

represent mean + S.E.M. of three separate experiments.

75



Chapter 3

3.4 Specificity of ERK- immune complex assays.

Due to the results shown previously, whereby the actual enzyme activities and fold
responses for ERK2 were consistently lower than those observed for ERK1 in both the
CHO-m2 and CHO-m3 cell lines, studies were carried to examine the cause of this.
Immune complex assays for investigating ERK activation were carried out by
immunoprecipitation with antisera to ERK1 and ERK2, either alone or in combination in
CHO-m2 cells. The results obtained, demonstrated that immunoprecipitation with 0.2 ug
of ERK1 antiserum, the measured activation of ERK was 25 fold over basal, whereas
immunoprecipitation with 0.2 pug of ERK2 antiserum, the activation of ERK was lower,
giving 12 fold over basal. Finally, upon immunoprecipitation with both 0.2 ug of ERK1
and 0.2 pg of ERK? antisera, the activation of ERK was the same as that seen with the
ERK(1 antiserum alone (Figure 3.9). Therefore, if the antibodies are immunoprecipitating
all the ERK activity, then these results suggest that the ERKI1 antiserum
immunoprecipitates both ERK1 and ERK2, whereas the ERK2 antiserum,
immunoprecipitates ERK2 only in the m2-AChR expressing cells. However, these
experiments do not show clearly the efficiencies of the antibodies to immunoprecipitate
the different ERK isoforms. As a result, it is not possible to make a conclusion regarding
which ERK isoforms are being immunoprecipitated (and thus the proportions of ERK

activities from each antibody) from this data (for further discussion see pg 96).

By immunoblot analysis, it was observed that the levels of ERK proteins in the two
cell lines were similar and also, as predicted, there was no effect on protein expression
upon receptor stimulation. However, it was also found that the ERK1 antiserum cross-

reacted with both p44 ERK1 and p42 ERK2, whereas, in contrast, the ERK2 antiserum
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directed to the C-terminal sequence of ERK2 was specific for this isoenzyme (Figure
3.10). Thus, the immunoblot data in conjunction with the immunoprecipitation data
suggest that results obtained using the ERK1 antiserum are likely to represent the
combined activity of both ERK1 and ERK2. Therefore the ERK1 antiserum could be

used to assay the combined activity of both ERK1 and ERK2 to give a total ERK

activity.
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Figure 3.9 Determination of the specificity of ERK1 and ERK2 antisera.

CHO-m2 cells were stimulated for 5 min with 100 pM MCh, lysed and approximately
200 pg of protein in cleared lysates were assayed following immunoprecipitation for
ERK activity using ERK1 and ERK?2 antisera as shown (as described in the Methods ).
Data represent means + S.E.M. of three separate experiments. * indicates inhibition of
ERK activation at P < 0.05, by Duncan’s multiple-range test, that is statistically
significantly different from the activation in the control, agonist-stimulated cells. In all
cases, the MCh stimulation of ERK was statistically significantly different from the

corresponding basal ERK activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 3.10 Western blot of p44-ERK1 and p42-ERK2 in CHO -m2 and CHO-m3
cells.

CHO-m2 and CHO-m3 cells were stimulated with 100 uM MCh for 5 min and cleared
lysates were run on a SDS-PAGE gel (10 pg protein). p44-ERK1 and p42-ERK2 were
detected using antisera for ERK1 and ERK?2 as shown. Blots shown are representative

of at least three separate experiments.

3.5 Expression of JNK-1 and p38 in CHO-m2 and CHO-m3 cells by
western blot analysis.

In order to determine the expression of the other MAP kinase proteins, JNK and p38
in the two CHO cell lines used, an immunoblot experiment was carried out on CHO cell
lysates. By western blot analysis, it was shown that JNK-1 (p46) and p38 were also
present in both the CHO-m2 and CHO-m3 cells (Figure 3.11). As an equivalent amount
of protein was loaded in all the lanes, it can be concluded that there was no apparent
difference in the relative expression of either p38 or JNK in both of the cell lines. In the
experiment, the cells were either stimulated or unstimulated with 100 uM MCh, for 5
min in the immunoblot for p38, or 15 min for the immunoblot for JNK, in CHO-m2 and
30 min for CHO-m3 cells. In all cases, there was no effect on the expression of the
proteins upon activation of the receptor, which due to the time required for de novo

protein synthesis, may be predicted.
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Figure 3.11. Western blot of JNK-1 and p38 in CHO-m2 and CHO-m3 cells.

The upper panel show the results for JINK-1 and the lower panel shows the results for
p38. CHO-m2 and CHO-m3 cells were stimulated with 100 uM MCh for 5 min (for
p38), 15 min (CHO-m2, JNK-1) and 30 min (CHO-m3, JNK-1) and cleared lysates were
run on a SDS-PAGE gel (10 pg protein). JNK-1 and p38- were detected using selective
antisera for JNK-1 and p38 as shown. Lane 1, CHO-m2 -MCh, lane 2, CHO-m3 -MCh,
lane 3 CHO-m2 +MCh, lane 4 CHO-m3 +MCh. Blots shown are representative of at

least three separate experiments.
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3.6 Effect of atropine on agonist-stimulated ERK and JNK activation
in CHO-m2 and CHO-m3 cells.

The muscarinic antagonist, atropine, was used to determine whether the agonist-
induced response were via the muscarinic receptors in CHO-m2 and CHO-m3 cells.
Atropine has K; values of -8.9 and -9.5 for m2-AChRs and m3-AChRs respectively
(Eglen et al., 1996). In both the CHO-m2 and CHO-m3 cells there was no significant
effect (P < 0.05 by Duncan’s multiple-range test) on the basal activation of ERK by
atropine in the absence of MCh (Figure 3.12). In CHO-m2 cells , upon a 5 min agonist
stimulation in the absence of atropine, ERK was activated to 13 fold over basal, in
contrast to the activation being completely inhibited in the presence of 5 uM atropine
(Figure 3.12). In CHO-m3 cells, similar effects of atropine were also observed. Upon a
5 min agonist stimulation in the absence of atropine, ERK was activated to 13 fold over
basal, whereas, the response was completely inhibited in the presence of 5 uM atropine

(Figure 3.13).

In CHO-m3 cells upon a 30 min agonist stimulation in the absence of atropine, an 8
fold over basal JNK activation was observed, whereas, the response was almost
completely inhibited in the presence of 5 pM atropine (Figure 3.14). As previously
described in the results observed in both cell types for ERK activation, there was no
significant effect of atropine on the basal JNK response (P < 0.05 by Duncan’s multiple-

range test).
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Figure 3.12. Effect of a 30 min pre-incubation with 5 uM atropine on agonist-
stimulated ERK activation in CHO-m2 cells.

CHO-m2 cells were incubated with 5 uM atropine or vehicle for 30 min at 37°C prior to
stimulation with 100 uM methacholine (MCh) for 5 min. Lysates containing 200 pg
protein were assayed for ERK activity following immunoprecipitation (see Methods).
Data represent means + S.E.M. of three separate experiments. * indicates inhibition of
ERK activation at P < 0.05, by Duncan’s multiple-range test, that is statistically

significantly different from the activation in the control, agonist-stimulated cells.
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Figure 3.13 Effect of a 30 min pre-incubation with 5 uM atropine on agonist-
stimulated ERK activation in CHO-m3 cells.

CHO-m3 cells were incubated with 5 pM atropine or vehicle for 30 min at 37°C prior to
stimulation with 100 uM methacholine (MCh) for 5 min. Lysates containing 200 pg
protein were assayed for ERK activity following immunoprecipitation (see Methods).
Data represent means + S.E.M. of three separate experiments. * indicates inhibition of
ERK activation at P < 0.05, by Duncan’s multiple-range test, that is statistically

significantly different from the activation in the control, agonist-stimulated cells.
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Figure 3.14. Effect of a 30 min pre-incubation with 5 uM atropine on agonist-
stimulated JNK activation in CHO-m3 cells.

CHO-m3 cells were incubated with 5 uM atropine or vehicle for 30 min at 37°C prior to
stimulation with 100 uM methacholine (MCh) for 30 min. Lysates containing 400 pg
protein were assayed for JNK activity by GST-Jun phosphorylation (see Methods). Data
represent means + S.E.M. of three separate experiments. * indicates inhibition of JNK
activation at P < 0.05, by Duncan’s multiple-range test, that is statistically significantly

different from the activation in the control, agonist-stimulated cells.
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3.7 Time-dependence of ERK at ECs, value MCh concentrations.

In order to assess whether the time of peak ERK and JNK activation was similar at all
agonist concentrations, the time-dependence of ERK and JNK activities were
investigated using an ECsg concentration of MCh. As an approximate ECsg value, 5 uM
MCh was used in all experiments. It was important to establish the time-course for ERK
and JNK activation at a sub-maximal agonist concentration to ensure the validity of
concentration-response curves. Furthermore, the use of a sub-maximal agonist
concentration may allow detection of changes in agonist potency (rather than necessarily
differences in maximal responses) in inhibitor studies. The results show that in CHO-m2
cells, the peak ERK activity following challenge with SuM MCh was observed at 5 min
after agonist addition. This is then followed by a rapid drop in activity, so that by 15 min
after agonist addition, the response had decreased to basal values and remained at a
constant level at 60 min after stimulation. (Figure 3.15). In CHO-m3 cells a rapid rise
was also observed giving a peak activity at 5 min after agonist addition. There was then
a sustained phase, whereby at 60 min after agonist addition, the ERK activity was 14 fold
over basal (Figure 3.15). Therefore, the time to peak in both cell lines was similar at
maximal and sub-maximal agonist concentrations, which therefore justifies the results

from the concentration-response curves.
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Figure 3.15 Time -dependence of ERK activation in CHO-m2 and CHO-m3 cells
with 5 uyM MCh.

CHO cells expressing either the m2-AChR or m3-AChR were stimulated with 5 uM
MCh for the times indicated. ERK activity was immunoprecipitated from lysate
containing approx. 200 pug protein using anti-ERK1 and assayed as described in the

Methods section. Data represent mean + S.E.M. of 3-4 separate experiments.

3.8 Importance of receptor occupancy by agonist in the stimulation of
JNK in CHO-m3 cells.

Initial characterisation studies showed that JNK activation was considerably delayed
relative to that of ERK in CHO-m3 cells. It was therefore of interest to determine
whether JNK activation at later times (i.e. 30 min) required the continuous presence of
agonist. In order to examine this, the muscarinic antagonist atropine was added to CHO-
m3 cells at different times following addition of MCh and lysates were prepared 30 min

after MCh addition. As shown in Figure 3.16, the time-course seems to be very similar
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to previous time-courses with MCh alone (Figure 3.5). Assuming that there is no decay
in JNK activity after the addition of atropine, then prolonged binding of agonist to the
m3-AChR may be required for maximal JNK activation. Therefore, it is potentially

unlikely that there is a slow activation of JNK in response to brief receptor stimulation.

In addition to this experiment, a second experiment was carried out to further
investigate the role of receptor occupancy in agonist-induced JNK activation, whereby
the decrease in JNK activity following removal of agonist stimulation was examined. In
this experiment, CHO-m3 cells were incubated with MCh for 30 min, then atropine was
added for a range of times that are indicated, prior to cell lysate being prepared in the
continued presence of MCh. In the absence of atropine, by 60 min following MCh
addition, the fold agonist-induced JNK activation was 7 fold over basal (Figure 3.17). In
the presence of atropine, after a 30 min stimulation with MCh, followed by a 30 min
incubation with atropine in the presence of agonist, the fold agonist-induced JNK
activation was 5 fold over basal. These results, as shown in Figure 3.17, demonstrate
that there appears to be no discernible effect on the decrease in JNK activity in the
presence of atropine, compared with the decrease in JNK activity observed in the absence
of atropine. These results indicate that the decrease in JNK activity is unlikely to be
dependent on receptor occupation. Therefore the results from these experiments
demonstrate that JNK is maximally activated at 30 min and following this, receptor
occupation is not involved, perhaps due to the receptor or pathway becoming

desensitised.
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3.9 [’H]-thymidine incorporation.

The ability of the two receptor subtypes to induce cell division when stimulated were
investigated. This was carried out as by using the incorporation of [*H]-thymidine as a
measure of DNA synthesis. The results are perhaps somewhat surprising in that they
show that stimulation of the m3-AChR with MCh has no proliferative effect whereas,
stimulation of the m2-AChR with MCh does increase [*H]-thymidine incorporation to up
to 2 fold over basal levels in a concentration-dependent manner. However, 10% FCS
strongly induces [*H]-thymidine incorporation in the CHO-m3 cells, giving a fold
increase of 6-7 fold over basal, in contrast the CHO-m2 cells do induce [3H]-thymidine
incorporation, but much more weakly (approximately 3 fold over basal). Also, the effect
of LPA was investigated and found to be able to induce [°H]-thymidine incorporation
equally well in both the CHO-m2 and -m3 receptors, with a fold over basal value of

approximately 2 fold (Figure 3.18).
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Figure 3.16 Effect of atropine on the time-dependence of INK activation in CHO-
m3 cells.

CHO cells expressing the m3 receptor were stimulated with 100 pM MCh, and then
incubated with 5 pM atropine (Atr) for the times indicated prior to lysis. 400 pg of
protein was assayed for JNK activity by GST-Jun phosphorylation (see Methods). The
lower panel shows a representative autoradiogram of GST-Jun phosphorylation. Data

represent mean = S.E.M of three separate experiments.
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Figure 3.17 Effect of atropine on the time- dependence of INK activation in CHO-
m3 cells following agonist stimulation.

CHO cells expressing the m3 receptor were stimulated with 100 pM MCh and incubated
at 37°C for 30 min. The cells were then incubated with S pM atropine for the times
indicated prior to lysis. 400 pg of protein was assayed for JNK activity by GST-Jun
phosphorylation (see Methods). The lower panel shows a representative autoradiogram
of GST-Jun phosphorylation. Data represent means * S.E.M. of three separate

experiments.
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Figure 3.18 [3H]-thymidine incorporation in CHO-m2 and CHO-m3 cells
stimulated by MCh, FCS and LPA.

Intact CHO-m2 and CHO-m3 cells were incubated for 20 hours with the indicated
concentrations of MCh, 10% FCS (Foetal Calf Serum) or 10 uM LPA. For the fina] 2
hours, cells were incubated with 2 uCi of [’H]-thymidine and treated as described in the
materials and methods section. Data represent the means + S.E.M of 3-4 separate
determinates in triplicate or quadruplicate. * indicates an increase at P < 0.05 by
Duncan’s multiple-range test, of [°H]-thymidine incorporation that is statistically
significantly different from control cells. ** indicates an increase at P < 0.01 by
Duncan’s multiple-range test, of [*H]-thymidine incorporation that is statistically

significantly different from control cells.
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3.10 Discussion

In this Chapter, the relative levels of receptor expression in both the CHO-m2 and
CHO-m3 cell lines has been examined. The time and agonist concentration-
dependencies of ERK1, ERK2 and JNK activation have been determined, including
looking at the effect on the time- dependence using a sub-maximal agonist concentration.
In addition, the relative levels of protein expression between the CHO-m2 and CHO-m3
cell lines have been investigated. It has also been shown that the responses obtained are
due to activation of the muscarinic receptors since inhibition of the responses was
observed in the presence of the muscarinic antagonist atropine. Finally the role of
receptor occupation by agonist via the m3-AChR on JNK activation in CHO-m3 cells

and the possibility that they play a role in DNA synthesis was investigated.

The saturation binding experiments were analysed in two ways, the Scatchard plot and
the binding isotherm plot. It has been suggested that Scatchard plots should only be used
as a way of visualising saturation analysis data, as it is very easy to obtain a plot that mis-
represent the data (Klotz, 1982). Klotz criticises some elements of the Scatchard plot;
the plot does not use an independent variable caused by having to transform all the data
to provide a linear variable. This is solved by using the free radioligand concentration as
the independent variable, and the dependent variable is the bound radioligand, therefore
the variable radioligand is subject to uncertainty. A second reason is that there can be
significant errors where the line intercepts the X-axis (this can be accentuated when the
line is extrapolated). Finally, the distribution of data points can be scattered widely

making an accurate attempt at drawing the line of best fit very difficult and inaccurate.
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The results from the saturation binding experiments obtained, demonstrated that the
receptor expression levels were essentially the same in both of the cell lines. Binding
studies were caﬁied out periodically throughout the project and the results presented are
a mean of these results demonstrating that the receptor expression levels remained
constant for the duration of the project. Also as the receptor expression levels are
similar, this allows for more valid comparisons to be drawn between the different
receptor subtypes with respect to ERK and JNK activation. For example, the differences
in ERK and JNK activation are due to the nature of the receptors and their distinct
coupling to intracellular pathways rather than purely due to differences in receptor

number.

In order to confirm that the activation of ERK and JNK by agonist was acting via the
m2- and m3-ACh receptors, studies were carried out using the muscarinic antagonist
atropine. The results demonstrated that the agonist-induced ERK activation and JNK
activation observed were completely inhibited in the presence of 5 UM atropine, therefore
confirming that the ERK and JNK activation observed was due to stimulation of the m2-

AChR and m3-AChRs.

In this Chapter, a base characterisation of CHO cells stably expressing the m2-AChR
and m3-AChR with respect to ERK1, ERK2 and JNK activity has been provided, upon
stimulation with the muscarinic agonist, methacholine. The results demonstrate that both
the recombinant m3- and m2-AChRs are able to activate the JNK and ERK1/2 pathways
when stably expressed in CHO cells. Distinct time course characteristics between the

ERK1/2 and JNK pathways in both CHO-m2 and CHO-m3 cells were observed.
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In both the ERK1 and the ERK2 pathways, the maximal time for stimulation with
methacholine was 5 min, with the specific kinase activity of ERK1 and ERK2 being
comparable in both cell lines. By 20 min after stimulation, the response had returned to
near basal values in the m2 expressing cells and 50% of peak activity in the CHO-m3
cells. A noticeable difference in ERK1 activation between the two cell lines is that the
ERK1 response in the CHO-m2 cells lines, ERK activation had returned to basal values
by 20 min after agonist stimulation. In contrast to this, the m3-AChR mediated response
was much more sustained, whereby at 20 min after agonist stimulation, the ERK
response was still 26 fold over basal and at 60 min, the response was still observed to be
5 fold over basal levels. This difference in time profile allows for the possibility of
different cellular responses to be elicited upon activation of ERK when stimulated by
receptors coupled to different classes of G-protein. A chronic ERK activation has been
demonstrated to decrease cdk2 activity and DNA synthesis in hepatocytes, in addition to
an acute ERK activation promoting G1 progression to the S phase of the cell cycle,

therefore causing increased DNA synthesis (Tombes et al., 1998).

As discussed in the Introduction section of this Thesis, there is evidence suggesting
that the time of ERK activation is important in determining a cellular response.
Sustained ERK activation has been shown to be impdrtant (in PC12 cells) for ERK
translocation to the nucleus, and therefore affecting gene transcription (Traverse et al.,
1992; Nguyen et al., 1993). However, sustained ERK activation has, conversely in
" fibroblasts, been shown to be responsible for cell proliferation, and not differentiation
(Meloche et al., 1992, Mansour et al., 1994; Cowley et al., 1994). Therefore, the

differences in ERK activation observed in this Thesis may indicate a point of divergence
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for the muscarinic receptors and their mode of action on determining whether the cell

undergoes proliferation.

There was also a significant contrast between the CHO-m2 and CHO-m3 cell lines
with respect to JNK activation by the muscarinic agonist methacholine. The G;j-coupled
m2-AChR did activate JNK, but not very efficiently. The results showed that a maximal
JNK activation of two fold over basal was achieved at 10 min following agonist
stimulation. This activation however, was sustained for at least 90 min after agonist
stimulation. In the CHO-m3 cells, an initial JNK activation was recorded at 10 min after
agonist stimulation of the receptor. This activation peaked at 30 min giving a maximal
activation of approximately 10 fold over basal. This response then begun to decline,
though slowly, so that 2 hr after agonist stimulation, there was a 6 fold over basal JNK

activity recorded.

These data compare to similar data reported for the m1-mACh receptor expressed in
NIH3T3 cells (Coso et al., 1995a) where the carbachol induced JNK activity appeared
delayed with respect to ERK activity. An important observation in the results presented
in this Thesis was the relative fold activation of JNK by agonist in CHO-m2 and CHO-
m3 cells. As previously described data presented here show that in cells expressing the
m2-AChR, maximal activation of JNK was 2 fold over basal, however, in cells
expressing the m3-AChR, a maximal activation of 10 fold over basal was observed,
occurring 30 min after stimulation. These data compare to a study in which the ml-
AChR and m2AChR had been stably expressed in Rat la fibroblasts (Mitchell ez al.,
1995) where they reported that m2-AChR mediated activation of JNK was poor

compared with m1-AChR-mediated JNK activation. Mitchell also demonstrated that
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pre-treatment of the cells with pertussis toxin with m2R completely inhibited JNK
activation, providing the first evidence that a G; coupled receptor can activate JNK, a
response that has been observed and presented here in the CHO cell lines. A noticeable
difference in the data here and those of Mitchell, is the absolute JNK activation times,
whereby Mitchell et al., report that maximal levels of JNK activation were reached by 15
min and returned to near basal levels by 30 min. Similar results were reported for JNK
activation by sorbitol in ventricular myocytes cultured from neonatal rat hearts. A peak
activation of 10-20 fold was observed after 30 min stimulation, this was sustained for up
to 4 hours after sorbitol stimulation (Bogoyevitch et al., 1995). It should be noted
though, that the difference in the data presented here, and those reported by Mitchell et
al., and Bogoyevitch et al., demonstrates the high degree of specificity of the activation

of these enzymes with respect to both cell line and receptor subtypes.

There is currently no data in the literature regarding the ECso values for JNK or ERK
activation by muscarinic agonists in any cell type, though it has been previously reported
that carbachol stimulates JNK activity in a concentration dependent manner in Rat la
cells expressing the m1-AChR (Mitchell ez al., 1995). The data presented here shows
that JNK and ERK activity stimulated by methacholine in CHO-m2 and CHO-m3 cells is
concentration dependent, the ECso values presented are in the low micromolar range,
between 1-5uM. In agonist displacement studies with carbachol, the Ky values are 1 puM
and 40 uM for CHO-m2 and CHO-m3 cells respectively (Burford et al., 1995), and are
therefore in a similar range to the ECsy value for ERK and JNK activation by agonist.
This is interesting to note, as it is commonly thought that these pathways are towards the

end of an amplification cascade, therefore, it would be predicted that the ECsq values for
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the activation of these proteins would be much lower than the ECsq values of the agonist
binding to the receptor. Therefore, these observations suggest that the potential for
amplification of ERK or JNK mediated by second-messengers may be limited by
additional factors, for example the relative levels of intracellular second messengers

compared with the overexpression of the muscarinic receptors.

Recently, reports have emerged providing evidence of the importance of scaffold
proteins in the MAP kinase pathways. In cells, there are a multitude of intracellular
signalling pathways that interact with each other, providing a potential problem in
obtaining specificity of pathway activation. However, scaffold proteins allow for the
potential for proteins in these complex pathways to be accurately targeted to the correct
pathways. Generally, scaffold proteins (or anchor proteins) have been demonstrated to
be involved in the regulation of signal transduction pathways e.g., in yeast cells, Choi et
al., (1994) and Whiteway et al., (1995) describe a scaffold protein called Ste5p that binds
the three members of the MAP kinase pathway FUS, STE7 and STEI11 in order to
activate the pathway and initiate mating upon a stimulus via GPCRs to pheromones. In
1997, Dickens et al., isolated a protein by yeast two hybrid analysis called JIP-1 (JNK
interacting protein-1) that when overexpressed inhibited JNK mediated gene expression
by causing JNK to be retained in the cytoplasm. This work was followed up by
Whitmarsh et al., in 1998 (and subsequently Yasuda et al., 1999)where they identified
JIP-1 as a mammalian scaffold protein for the JNK pathway that selectively binds JNK
(MAPK), MKK7 (MAPKK) (but not MKK4) and the mixed-lineage kinases, MLLK3 and
DLK (MAPKKK). The work also suggest that there is an association with HPK1, which

is has been suggested to be an upstream activator of the mixed-lineage kinases. In
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addition to this work, Schaeffer et al.,, (1998) identified a protein called MP1 (MEK
Partner 1) again by a yeast two hybrid system, which when bound to MEK1 and ERK1,
increased the activation of these enzymes. Assuming that these proteins are present and
required for the activation of the MAP kinase pathways in the cells used in this study,
and if there is a requirement for the presence of a scaffold protein, to which the kinases in
the pathways can be bound, then the potential for an amplification cascade would be

reduced.

The data obtained from immunoblot analysis showed that the ERK1 antibody was
cross reactive with both ERK1 and ERK2, whereas, the ERK2 antibody was highly
specific for the ERK?2 protein. These results suggested that in the ERK assays, what in
fact was assayed as ERK1 was a combination of ERK1 and ERK2. This was
investigated in the ERK assays by immunoprecipitation using ERK1, ERK2 and a
ERK1/ERK2 combination. The results showed that immunoprecipitating with ERK1
alone gave similar results as immunoprecipitating with ERK1 and ERK2. This may
indicate that the ERK1 antiserum is immunoprecipitating both ERK1 and ERK2. As was
shown in the time-dependence experiments, immunoprecipitation with ERK2 alone gave
50% of the ERK1 values. As previously discussed, the data presented does not confirm
that the ERK1 antibody is immunoprecipitating both ERK1 and ERK?2, while the ERK2
antibody is immunoprecipitating ERK2 only. This could be further investigated by
immunoprecipitating with each ERK antibody, and then western blotting the remaining
lysate in addition to the immunoprecipitate with both antibodies. For example, if a lysate
was immunoprecipitated with ERK1 and the subsequent western blot was shown to have

both ERK1 and ERK2 this would demonstrate that ERK1 did indeed immunoprecipitate
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both ERK1 and ERK2, and would give an indication of the relative efficiencies for both
isoforms.  Therefore using the data presented in this Thesis, although the
immunoprecipitation efficiency of the ERK1 antibody is unknown, by western blot the
ERK1 antibody has been shown to recognise both ERK1 and ERK?2, and therefore the

ERK1 antibody was subsequently used to assay for total ERK activity.

Detection of ERK1, ERK2, JNK and p38 by western blot analysis demonstrated that
the proteins are all expressed in CHO cells. As lysates of CHO-m2 and CHO-m3 were
loaded on the gel at similar protein concentrations, it was also shown that ERK1, ERK2,
JNK and p38 were expressed at similar levels when comparing expression of a protein
between the two cell lines. However, unsurprisingly, the western blot analysis did show
that the levels of ERK1, ERK2, JNK and p38 did not increase from unstimulated
compared with stimulated samples, therefore demonstrating that the increase of activity

is due to the protein becoming activated, not an increase in the amount of protein.

As the JNK response was delayed with respect to ERK activity and peaked at 30 min
after agonist addition, it seemed that there may have been a possibility of a requirement
for the agonist to occupy the receptor for the duration of the JNK response. This was
investigated by two different experiments and the data together suggest that the m3-
AChR requires constant receptor occupation by agonist. By 30 min after agonist
addition, it would be expected that a large proportion of the m3-AChR would be
desensitised, therefore this data suggests that JNK may be partly dependent on receptor
internalisation. The internalisation of GPCRs have been previously demonstrated to have
a role in the activation of MAP kinases, in HEK293 cells expressing the f,-adrenergic

receptor, by using inhibitors of receptor internalisation (e.g. Concanavalin A), activation
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of ERK1/2 via Raf was inhibited (Daaka et al., 1998)

The initial experiment to investigate the role of receptor occupancy was carried out by
stimulating the receptor with agonist, then adding atropine for a range of times, and
subsequently assaying for JNK activation 30 min after initial agonist addition. The
results from this experiment suggest that occupancy of the receptor is required for
agonist-induced JNK activation. In the absence of any atropine, a time-course of agonist
stimulated JNK activation showed that 30 min of agonist stimulated JNK maximally.
However, if the receptor was stimulated with agonist for less than 30 min but the JNK
activation assayed at 30 min after MCh addition, this gave the same results to those
obtained in the absence of atropine. Therefore, these results suggest that sustained
receptor occupation is required for maximal JNK activation and the delayed JNK

activation is not due to a delay via intracellular mechanisms.

The second experiment to investigate receptor occupancy examined the decrease in
JNK activity in the absence of MCh. In this experiment, the CHO-m3 cells were
incubated with 100 uM MCh for 30 min, then atropine was added at a range of times in
the continued presence of agonist and the lysates assayed. The results demonstrated that
in the absence of agonist, JNK activity decreased at approximately the same rate as that
seen in the continuous presence of agonist. When the decrease in JNK activity is
expressed as a percentage of the maximal, then this analysis gives a decrease of JNK
activity at 60 min following the peak activation of 30 % in the absence of atropine,
compared with a decrease of 40 % in the presence of atropine, which with the data

presented was not statistically significant (by a Duncan’s multiple range test).
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These results together may lead to the suggestion that agonist occupation is at least
partially required for JNK activation as any addition of atropine (i.e. if the agonist was
not present for the entire 30 min) lead to a decreased activation of JNK with time, that
was similar to when just agonist was present as described earlier. If receptor occupancy
by agonist is required for JNK activation, it may be expected that addition of atropine
after a pre-stimulation with MCh should completely inhibit JNK activation or at least
increase the rate of decay. The data presented demonstrate that the decrease in JNK
activation is unchanged when compared with the absence of atropine. A possible reason
for this may be due to receptor internalisation, so that the receptors that are internalised
in the cell are inaccessible to the atropine, and therefore are still able to activate JNK, and
the decrease in activity is not able to be reduced with atropine. In conclusion the results
do not provide a conclusive answer to the role of receptor occupation on JNK activation.
There may be some involvement, but with the results presented, it is probable that the
decrease in JNK activation is independent of the receptor and is likely to be derived from

some other mechanism such as phosphatase activity.

Finally, the ability of the m2-AChR and m3-AChR in inducing DNA synthesis was
investigated. The results showed that the m2-AChR was able to induce [3H]-thymidine
incorporation, whereas the m3-AChR was unable to do this. This was perhaps a
surprising result, however, there may be a number a possible explanations for this. The
first is to look at the differences between the activation of the ERK and JNK pathways by
the two receptors. As previously discussed, the length of time that ERK is activated may
be responsible for determining whether the cell undergoes proliferation or differentiation.

However, apart from the differences in the decrease of ERK activation after
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approximately 20 min, both of the receptors activate ERK in a very similar manner, but
the activation of the JNK pathway in both cell lines is very different. Therefore, it may
be reasonable to suggest that the JNK pathway is the major component involved. It
would be of interest to investigate the role of JNK in [°H]-thymidine incorporation, to
determine if JNK activation inhibits DNA synthesis. However, recent experiments
carried out by Dr. R. Patel (Dept of Biochemistry, University of Leicester) using
bromodeoxyuridine as a visual measure of DNA synthesis, suggested that although the
cells were serum starved for a total of 48 hours, approximately 50 % of the cells were
still undergoing cell division. This inability to quesce by serum starvation the cells may
also be a contributing factor to the results obtained and presented in this Thesis. It is
reasonable to assume that the cell division mechanism is working at an almost maximal
rate and further activation of the m2- or m3-AChR is unable to further induce [*H]-
thymidine incorporation. Further experiments will have to be performed to investigate

this in more detail.
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Chapter 4

Modulation of ERK and JNK Activities in CHO-m2
and CHO-m3 cells by Intracellular and Extracellular

C aZ+

4.1 Introduction.

Many extracellular signals mediate their effects within the cell by inducing an increase
in intracellular Ca®* levels by either allowing the entry of Ca®* via plasma membrane
Ca®* channels and/or Ca** mobilisation from intracellular stores (Berridge, 1993b). In
this Chapter, the effects of Ca** on the ERK and JNK responses in the two cell lines were
investigated, where the m3-AChR is classically coupled to PLC and the mobilisation of
intracellular Ca2+, compared with the m2-AChR where the receptor is coupled to G; G-

proteins and does not have a Ca** mobilising role.

GPCRs linked to the phosphoinositide pathway (via G4-proteins) and adenylyl cyclase
inhibition (via G;-proteins) have been shown to be involved in the activation of the MAP
kinases (Koch et al., 1994; Crespo et al., 1994). The m3-mACh receptor has been shown
to couple to the PTX-insensitive Gq G-protein, which is coupled to PLC activation to
elicit hydrolysis of PIP, to IP; (and DAG), thereby evoking Ca®* release. Conversely,
m2-AChRs couple to PTX-sensitive G; G-proteins, that act to inhibit adenylyl cyclase

and decrease cAMP levels. Receptors that couple to Ca** mobilising pathways have
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been shown to regulate ERK via Ras-dependent and Ras-independent pathways
(Gutkind, 1998). Recent studies have identified roles for Ca** in the regulation of JNK
(Mitchell et al., 1995; Zohn et al., 1995). Therefore, the aim of the experiments reported
in this Chapter was to examine the roles of Ca®* in the agonist-induced activation of ERK

and JNK in CHO cells stably expressing the m2- or m3-AChRs.
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4.2 Intracellular Ca®' release in CHO-m2 and CHO-m3 cells.

Before an assessment could be made of the potential roles of Ca**, and/or Ca®*; in
ERK and JNK activation, it was important to determine the effect of MCh on the release
of Ca™" in the two CHO cell lines. This was investigated by the use of the Ca®" sensitive
dye fura-2. In addition, later experiments were carried out to investigate the role of Ca**
on ERK and JNK activation. This was achieved by decreasing the levels of Ca®*, alone,
(thereby preventing Ca® influx across the plasma membrane), and by decreasing the
levels of Ca’*. and Ca;, (which prevented the influx of Ca’* across the plasma
membrane and the release of Ca** from intracellular stores). In order to obtain this
condition, thapsigargin was added, to the buffer, which acts to inhibit the Ca®* ATPase
(which pumps Ca®* back into the stores) on the membrane of the Ca** stores. This
prevents the Ca** stores from being refilled and therefore they become empty as the Ca®
leaks out down the concentration gradient (or via release by activation of IP; receptors).
Therefore, it was important to investigate the effect of thapsigargin on agonist-mediated

Ca®* release directly in the two cell lines.

4.2.1 Agonist-induced intracellular Ca® (Ca")) release in CHO-m3 cells.

Intracellular Ca** release was investigated in whole cells upon stimulation by 100 uM
MCh in KHB +Ca?*, nominally Ca®**- free KHB and KHB - Ca®* + 100 uM EGTA.
Upon receptor stimulation, in CHO-m3 cells in KHB +Ca”*, a maximum cytosolic Ca**
concentration of approximately 600 nM was achieved within 10 sec of agonist addition
(Figure 4.1) which was then followed by a sustained plateau phase between 200-300 nM.

This sustained plateau was due to the influx of extracellular Ca®* from the KHB into the
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cell. Agonist stimulation in nominally Ca*" free KHB (KHB with no CaCl, added)
caused a cytosolic Ca** peak of approximately 300 nM, however there was no sustained
plateau phase due to the absence of Cazﬂ3 in the KHB, and the level of Ca2+i returned to
basal levels within 90 sec after agonist addition (Figure 4.1). The result demonstrating
the reduction in the peak Ca”* release upon agonist addition indicates that the Ca>* influx
across the plasma membrane is also an important component of the agonist-induced peak
in Ca’*;. In the absence of Ca*'; by adding nominally Ca**- free KHB and further Ca*
chelation by EGTA, the cytosolic Ca®* release gave a peak Ca*; level of only 100-150
nM, which also did not have a plateau phése and returned to basal values within 60 sec

after agonist addition (Figure 4.1).

4.2.2 Agonist-induced Ca®*; release in CHO-m2 cells.

The intracellular Ca** levels upon stimulation by 100 uM MCh were investigated in
CHO-m2 cells using fura-2-AM and using cells incubated in KHB +Ca”*, nominally
Ca’*- free KHB, and KHB -Ca** + 100 uM EGTA. Upon receptor stimulation in the
presence of Ca2+c, a maximum 2 fold increase in the cytosolic [Ca2+] value to
approximately 100 nM was obtained (Figure 4.2) which was then followed by a plateau
phase probably due to the presence of Ca**. influx from the buffer into the cells.
Surprisingly, agonist stimulation in nominally Ca**- free KHB (KHB with no CaCl,
added) gave a greater increase in cytosolic Ca®* to approximately 160 nM, but with no
sustained plateau phase; whilst in the complete absence of Ca2+e by chelation with
EGTA, the peak cytosolic Ca”* level in response to MCh was greater still (~195 nM). As
the m2-AChR is coupled to G; and inhibition of adenylyl cyclase, which has no effect on

Ca’* mobilisation, this result is somewhat surprising. It is even more surprising that the
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Ca’* elevation induced by MCh was reproducibly enhanced when Ca®*, was chelated.
Therefore in these cells, the m2-AChR, is at least to a small extent, coupled to a Ca®*

mobilising pathway.
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Figure 4.1 Intracellular Ca”* release in CHO-m3 cells.

Cytosolic Ca®* concentration was measured in fura-2/AM-loaded intact CHO-m3 cells
stimulated with 100 uM MCh as indicated, in the presence of 1.3 mM CaCl,, or under
calcium-depleted conditions; i.e. nominally-free calcium, or under removal of total

extracellular Ca®* (- Ca®* /+EGTA (100 pM)). Data are representative of results obtained

from four separate experiments.
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4.3 Effect of thapsigargin on Ca”; release in CHO-m2 and CHO-m3

cells.

In experiments to investigate the role of Ca®* in ERK and JNK activation it was
necessary to completely prevent Ca*; elevation and therefore cells needed to be
incubated with thapsigargin. It was therefore important to determine the effect of

thapsigargin per se on Ca®* release in the two cell lines.
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Figure 4.2. Intracellular Ca** release in CHO-m2 cells.

Cytosolic Ca®* concentration was measured in fura-2/AM-loaded intact CHO-m2 cells
stimulated with 100 uM MCh as indicated, in the presence of 1.3 mM CaCl,, or under
calcium-depleted conditions; i.e. nominally Ca*'- free, or under removal of total

extracellular Ca®* (~Ca2+ /+ EGTA (100 uM). Data are representative of results obtained

from three separate experiments.
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Figurf 4.3. Effect of thapsigargin on [Ca®*]; release in CHO-m3 cells in the absence
of Ca™.

Cytosolic Ca’* concentration was measured in fura-2/AM-loaded intact CHO-m3 cells in
the presence of 2 uM thapsigargin, under calcium-depleted conditions followed by 100
UM MCh. Data are representative of results obtained from at least three separate

experiments.

4.3.1 Effect of thapsigargin on Ca**; release in CHO-m3 cells

When cells were incubated in buffer in the absence of Ca®*. (i.e. no CaCl,) and the
addition of 100 uM EGTA, stimulation of the cells with 2 uM thapsigargin gave a rapid
rise in intracellular Ca®* to approximately 100 nM by 50 sec which then slowly returned
to basal levels. 10 min after the cells were treated with thapsigargin, they were
stimulated by the addition of 100 uM methacholine. The results show that this gave no

further increase in cytosolic Ca®* (Figure 4.3). When cells were incubated in KHB in the
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presence of Ca’* upon addition of 2 puM thapsigargin, a peak Ca’* release of
approximately 700 nM was reached by 40 sec. If MCh (100 uM) was added at this point,
no further increase in Ca2+i was observed (Figure 4.4). These data demonstrate that in
the absence of Ca®*. a 10 min stimulation with thapsigargin completely depletes the Ca**
stores, as there is no further Ca®* release upon agonist stimulation. In the presence of
Ca®*,, there is a sustained increase in cytosolic Ca2* concentration due to intracellular
store depletion, inducing an increased Ca**-influx probably via a capacitative Ca2+-entry
pathway (Van Breeman 1989; Putney, 1990; Putney and Bird 1993). These results are
unsurprising, as the m3-AChR is known to couple to PLC-B, which has been
demonstrated to hydrolyse phosphatidylinositol 4,5-bisphosphate (PIP,) to IPs;, which

then acts via IP3 receptors to mobilise Ca®* (Caulfield et al., 1993).

4.3.2 Effect of thapsigargin on Ca®*; release in CHO-m2 cells.

The results of these experiments were essentially similar to those described for the
CHO-m3 cells, as the experiments are involving manipulations that are independent of
the receptor. When CHO-m?2 cells were incubated in buffer in the absence of Ca®. (ie.
no CaCly) and the addition of 100 uM EGTA, stimulation of the cells with 2 uM
thapsigargin gave a rapid rise in intracellular Ca’* to approximately 100 nM by 50 sec
which then slowly returned to basal levels by 400 sec (Figure 4.5). 10 min after
stimulation with thapsigargin, addition of 100 uM methacholine gave no further cytosolic

2* stores had been emptied. When cells were

Ca®* release, indicating that the Ca
incubated in KHB in the presence of Ca**, upon addition of 2 UM thapsigargin, a peak

Ca’* release of 700 nM was reached by 40 sec, which remained constant following the

addition of 100 uM MCh, added 2 min later (Figure 4.6).
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Figure 4.4 Effect of thapsigargin on [Ca®* }; release in CHO-m3 cells in the
presence of Ca**.

Cytosolic Ca®* concentration was measured in fura-2/AM-loaded intact CHO-m3 cells in
the presence of 2 uM thapsigargin, in the presence of 1.3 mM Ca** followed by 100 pM

MCh. Data are representative of results obtained from at least three separate

experiments.
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Figure 4.5. Effect of thapsigargin on [Ca®']; release in CHO-m2 cells in the absence
of Ca’.
Cytosolic Ca®* concentration was measured in fura-2/AM-loaded intact CHO-m2 cells in
the presence of 2 uM thapsigargin, under calcium-depleted conditions (KHB-Ca** + 100
uM EGTA) followed by 100 uM MCh. Data are representative of results obtained from

three separate experiments.
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Figurze 4.6. Effect of thapsigargin on [Ca®*]; release in CHO-m2 cells in the presence
of Ca™.

Cytosolic Ca®* concentration was measured in fura-2/AM-loaded intact CHO-m2 cells in
the presence of 2 uM thapsigargin, in the presence of 1.3 mM Ca** followed by 100 uM

MCh. Data are representative of results obtained from at least three separate

experiments.

4.4 Ca®*- dependence of agonist-stimulated ERK and JNK activities in

CHO-m2 and CHO-m3 cells.

Since the m3-AChR is a Ca2+-mobilising receptor coupled to PLC, the contribution of
Ca** to the activation of ERK and JNK was investigated in CHO-m3 cells, but as the m2-
AChHR also mobilised Ca®*, but to a smaller degree, it was of interest also to examine the

role of Ca®* in agonist-stimulated ERK (and JNK) activation in CHO-m2 cells.
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4.4.1 Ca*- dependence of agonist-stimulated ERK activity in CHO-m2 and CHO-

m3 cells.

CHO cells were pre-incubated for 20 min in ‘normal’ KHB (i.e. KHB containing 1.3
mM CaCl,), then 10 min prior to agonist stimulation, the cells were incubated under one
of the following conditions; (i) KHB +Ca?*, (ii) KHB -Ca?* (i.e. KHB -CaCl,) + 100 pM
EGTA, or (iii) KHB -Ca** +100 uM EGTA + 2 pM thapsigargin. The cells were then
either treated with 100 pM methacholine or vehicle. The results demonstrated that in
CHO m2 cells there was no effect upon ERK activation of removing either Ca®*. (i.e.
Ca®* from the buffer alone) or removing both Ca®*. (from the buffer) and Ca®; from
within the cell (by depletion of Ca®* stores) on the basal or the agonist-induced ERK
activities (Figure 4.7). A similar result was also observed in the CHO-m3 cells, whereby,
the removal of Ca®*. or the depletion of Ca**; using the Ca**- ATPase inhibitor

thapsigargin, had no effect on basal or agonist-induced ERK activities (Figure 4.8).

4.4.2 Ca**-dependence of agonist-stimulated JNK activity in CHO-m2 and CHO-

m3 cells.

CHO cells.were pre-incubated for 20 min in ‘normal’ KHB (i.e. KHB containing 1.3mM
CaCl,), then 10 min prior to agonist stimulation, the cells were incubated under one of
the following conditions; KHB +Ca®*, KHB -Ca** (i.e. KHB -CaCl,) + 100 uM EGTA,
or KHB -Ca®* + 100 uM EGTA + 2 uM thapsigargin. The cells were then treated either
with 100 uM methacholine or vehicle. The results demonstrated that in CHO-m3 cells,
the basal level of JNK activation was unaffected by any of the three treatments described.

Upon agonist stimulation under control conditions, a 9 fold-over-basal JNK activity was
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observed, when the Ca*. was rtemoved by the addition of 100 uM
EGTA, the fold JNK activity was reduced to 5 fold-over-basal, which was comparable to
the effect demonstrated when both Caz”e + Ca2+i were removed (Figure 4.9). These
results indicate that there are both Ca2+-dependent and Ca®*- independent components to

m3-AChR-mediated JNK activation.
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Figure 4.7. Role of Ca®* in agonist-stimulated ERK activation in CHO-m2 cells.

CHO-m?2 cells were incubated for 30 min in KHB, control (containing; 1.3 mM CaCl,),
under removal of total extracellular Ca** (KHB -Ca®** / + EGTA (100 uM) or in the
absence of Ca’*. and Ca®*; (KHB - Ca®* / + EGTA (100 pM) / + 2 uM thapsigargin) and
stimulated for 5 min with 100 uM MCh. Lysates containing 200 ug protein were assayed
for ERK activity following immunoprecipitation (see Methods). Data represent means *

S.E.M. of three separate experiments.
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Figure 4.8. Role of Ca®* in agonist-stimulated ERK activation in CHO-m3 cells.

CHO-m3 cells were incubated for 30 min in KHB, control (containing; 1.3 mM CaCl,),
under removal of total extracellular Ca** (KHB -Ca®** / + EGTA (100 puM) or in the
absence of Ca**, and Ca**; (KHB -Ca** / +EGTA (100 uM) / + 2 uM thapsigargin) and
stimulated for 5 min with 100 uM MCh. Lysates containing 200 ug protein were assayed
for ERK activity following immunoprecipitation (see Methods). Data represent means *

S.E.M. of 3-6 separate experiments.
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Figure 4.9. Role of Ca** in agonist-stimulated JNK activation in CHO-m3 cells.

CHO-m3 cells were incubated for 30 min in KHB, control (containing; 1.3 mM CaCl,),
under removal of total extracellular Ca’* (KHB -Ca®* / + EGTA (100 uM) or in the
absence of Ca’*. and Ca**; (KHB -Ca** / + EGTA (100 uM) / + 2 pM thapsigargin) and
stimulated for 30 min with 100 pM MCh. Lysates containing 400 ug protein were
assayed for JNK activity by GST-Jun phosphorylation (see Methods). The lower panel
shows a representative autoradiogram of GST-Jun phosphorylation. Data represent
means + S.E.M. of 3-6 separate experiments. * indicates inhibition of JNK activation
was statistically significantly different from the response in the agonist-stimulated
control cells by Duncan’s multiple-range test (P< 0.05). In all cases, the MCh
stimulation of JNK was statistically significantly different from the corresponding basal

ERK activation at P < 0.05, by Duncan’s multiple-range test.
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Experiments to determine the role of Ca®* on JNK activation in CHO-m2 cells,
demonstrated that there was a statistically significant agonist-induced JNK activation
compared with control conditions when cells were stimulated with maximal MCh
concentrations in the absence of Caz"e (Figure 4.10). However, when the same cells were
stimulated with MCh in the absence of both Caz"e and Ca®, agonist-induced JNK
activation was completely attenuated (Figure 4.10). However, due to the very low levels
of agonist-induced JNK activation (1.8 fold over basal JNK activation in control

conditions) the formulation of meaningful conclusions from these results is difficult.
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Figure 4.10 Role of Ca*" in agonist-stimulated JNK activation in CHO-m2 cells.

CHO-m2 cells were incubated for 30 min in KHB, control (containing; 1.3 mM CaCl,),
under removal of total extracellular Ca?* (KHB -Ca®* / + EGTA (100 puM) or in the
absence of Ca’*. and Ca”*; (KHB -Ca’" / +EGTA (100 uM) / + 2uM thapsigargin) and
stimulated for 10 min with 100 uM MCh. Lysates containing 400 ug protein were
assayed for JNK activity by GST-Jun phosphorylation (see Methods). Data represent
mean + S.E.M. of 4-8 separate experiments. * indicates JNK activation was statistically

significant in response to agonist-stimulation by Duncan’s multiple-range test (P< 0.05).
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4.4.3 Effect of agonist-independent Ca** elevation on ERK and JNK activities in
CHO-m2 and CHO-m3 cells.

In the presence of Ca’*, thapsigargin evokes a release of Ca”**-stores which essentially
maximally activates capacitative Ca’*-entry. This produces a large and sustained
increase in [Ca**]; — see Figs. 4.4 and 4.6. Therefore, the effect of adding thapsigargin to
the cells and thus stimulating a sustained elevation of Ca**; to potentially stimulate ERK

and JNK activation was investigated.

CHO-m2 and CHO-m3 cells were incubated with 2 uM thapsigargin for a time period
of 0-70 min, and cell lysates assayed for either ERK or JNK activity. ERK assays
showed that at 5 min following stimulation, there was a maximal activity of
approximately 200 fmol/min/mg in both m2-AChR and m3-AChR expressing cells
(basal values were approximately 25-30 fmol/min/mg in both m2-AChR and m3-AChR
expressing cells). This represented a fold activation of 7-8 fold over basal, compared
with which, agonist-stimulation gave an activation of approximately 30 fold in both cell
lines (Figure 4.11 and Figure 4.12). The thapsigargin effect was observed in the presence
of extracellular calcium, but no effect was seen in the absence of extracellular calcium
where the increase in Ca®* is transient (see Figs. 4.3 and 4.5). Thus, elevation of [Ca2+]
per se can activate ERK but to a much smaller that that achieved by receptor activation.

JNK activity assays demonstrated that in the absence of extracellular Ca®*, addition of
thapsigargin up to 70 min had no effect on the basal activation of JNK in both the m2-
AChR (Figure 4.13) and m3-AChR-expressing cells (Figure 4.14). However, in the
presence of extracellular Ca2+, there was a gradual increase in the rate of activation that

was the same in both the CHO-m2 and CHO-m3 cells, with 70 min thapsigargin

incubation giving a 2-4 fold increase over basal in both cells.
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Figure 4.11 Effect of thapsigargin-mediated intracellular Ca** elevation on ERK
activity in CHO-m2 cells.

CHO-m2 cells were pre-incubated in KHB + 1.3 mM Ca®* or KHB -Ca** / + 100 uM
EGTA prior to stimulation. Cells were treated for the indicated times with 2 uM
thapsigargin under both conditions or with 100 uM MCh for 5 min in the presence of
KHB + 1.3 mM Ca®* (solid bar). Lysates were assayed for ERK activity as described in
the Methods section. Data represent means + S.E.M. of four separate experiments. *
indicates ERK activation that was statistically significantly different from the response in
the unstimulated control (KHB + 1.3 mM Ca”) cells by Duncan’s multiple-range test
(P<0.05).
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Figure 4.12. Effect of thapsigargin-mediated intracellular Ca®* elevation on ERK

activity in CHO-m3 cells.

CHO-m3 cells were pre-incubated in KHB + 1.3 mM Ca®* or KHB -Ca®* / + 100 uM

EGTA prior to stimulation.

Cells were treated for the indicated times with 2 uM

thapsigargin under both conditions or with 100 uM MCh for 5 min in the presence of
KHB + 1.3 mM Ca®* (solid bar). Lysates were assayed for ERK activity as described in

the Methods section. Data represent means * S.E.M. of four separate experiments. *

indicates ERK activation that was statistically significantly different from the response in

the unstimulated control (KHB + 1.3 mM Ca®*) cells, by Duncan’s multiple-range test

(P<0.05).
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Figure 4.13. Effect of thapsigargin-mediated intracellular Ca’ elevation on JNK
activity in CHO-m2 cells.

CHO-m2 cells were pre-incubated in KHB + 1.3 mM Ca** or KHB -Ca’** / + 100 pM
EGTA prior to stimulation. Cells were treated for the indicated times with 2 uM
thapsigargin under both conditions or with 100 uM MCh for 10 min in the presence of
KHB + 1.3 mM Ca®* (solid bar). Lysates containing 400 pg protein were assayed for
JNK activity by GST-Jun phosphorylation (see Methods). The lower panel shows a
representative autoradiogram of GST-Jun phosphorylation. Data represent means *
S.E.M. of four separate experiments. * indicates JNK activation that was statistically
significantly different from the response in the unstimulated control (KHB + 1.3 mM

Ca2+) cells, by Duncan’s multiple-range test (P< 0.05).

121



Chapter 4

o
[\

| I Control
L1 -Ca®*/EGTA

[
<

oo
|

JNK Activity
(Fold Over Basal)
N

44

4 *

¥
- I I
N sl T v (nEE I
0 5 10 40 70 MCh
2 puM Thapsigargin (min)
KHB +Ca**, KHB -Ca”*
- m" .-... — GST-un
10 40 70 MCh O 10 40 70 MCh
Thap81. Time (min) ThapSL Time (min)

Figure 4.14. Effect of thapsigargin-mediated intracellular Ca®* elevation on JNK
activity in CHO-m3 cells.

CHO-m3 cells were pre-incubated in KHB + 1.3 mM Ca®* or KHB -Ca®* / + 100 uM
EGTA prior to stimulation. Cells were treated for the indicated times with 2 uM
thapsigargin under both conditions or with 100 uM MCh for 30 min in the presence of
KHB + 1.3 mM Ca®* (solid bar). Lysates containing 400 pg protein were assayed for
JNK activity by GST-Jun phosphorylation (see Methods). The lower panel shows a
representative autoradiogram of GST-Jun phosphorylation. Data represent means *
S.E.M. of four separate experiments. * indicates JNK activation that was statistically
significantly different from the response in the unstimulated control (KHB + 1.3 mM

Ca®) cells by Duncan’s multiple-range test ( P< 0.05).

122



Chapter 4

4.5 PTX sensitivity of mA ChR-mediated responses.

Pertussis toxin (PTX) catalyses the ADP-ribosylation of the a- subunits of G; and G,
G-proteins. This uncouples them from the activated receptor, and therefore prevents Gi/o-
mediated effector activation. As previously discussed, the m3 receptor is coupled to
phosphoinositide-specific phospholipase C (PLC) activation via PTX-insensitive Gq G-
proteins, whereas, the m2 receptor is coupled to PTX-sensitive G;-proteins. Therefore,
the effect of PTX pre-treatment was investigated to determine the specificity of the ERK

and JNK responses to the coupling of receptor subtypes to specific G-proteins.

4.5.1 Effect of PTX on the agonist-induced activation of the IP; pathway in CHO-

m3 cells.

Agonist-stimulated Ins(1,4,5)P; (IP3) accumulation mediated by the m3 receptor, was
rapid and maximal at 15 sec. This was shown to be unaffected by a 75 ng/ml PTX 20
hour pre-treatment (Figure 4.15). In addition, the ECso of agonist-stimulated IP;
accumulation was unaffected by PTX pre-treatment, log ECso (M) -5.6 £ 0.2 and -6.0 £
0.1 in the absence and presence of PTX, respectively (Figure 4.16). This demonstrated
that the m3-AChR couples to a PTX-insensitive G-protein (Gq) to activate the IP;

pathway via PLC.
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Figure 4.15. Effect of pertussis toxin pre-treatment on the agonist-induced time-
course of IP; accumulation in CHO-m3 cells.

CHO-m3 were pre-treated with 75 ng/ml pertussis toxin (PTx) or carrier for 20 h prior to
cells being washed and incubated for 10 min in KHB. Cells were then stimulated with
100 uM MCh for the indicated times. The reaction was terminated by aspiration of the
KHB/drug solution and the addition of 300 uM 0.5 M TCA. IP; mass levels were the
analysed as described in Methods. Data represent means + S.E.M. of three separate

experiments performed in duplicate.
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Figure 4.16 Effect of pertussis toxin pre-treatment on the agonist concentration-
dependency of IP3 accumulation in CHO-m3 cells.

CHO-m3 cells were pre-treated with 75 ng/ml pertussis toxin (PTX) or carrier for 20 h
and stimulated with the indicated concentrations of MCh for 10 sec. The reaction was
terminated by aspiration of the KHB/drug solution and the addition of 300 pM 0.5 M
TCA. IP; mass levels were the analysed as described in Methods. Data represent means

* S.E.M. of three separate experiments performed in duplicate.

4.5.2 PTX-sensitivity of agonist-stimulated ERK activity in CHO-m2 and CHO-m3

cells.

In contrast to the results reported above for the activation of the IP; pathway, pre-
treatment of CHO-m3 cells for 20 hr with 75 ng/ml PTX significantly inhibited agonist-
stimulated ERK activation by the m3-AChR, (with a reduction from 16 fold over basal in
untreated cells to 5 fold over basal in treated cells; Figure 4.17). It was also
demonstrated that JNK activation by the m3 receptor was also partially sensitive to PTX

pre-treatment, reducing the agonist-stimulated activity from 6 fold over basal to 4
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fold over basal (Figure 4.19). As expected, PTX completely abolished the agonist-

induced ERK and JNK activation in CHO-m2 cells (Figure 4.18 and Figure 4.20

respectively).
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Figure 4.17 The effect of PTX on agonist-induced ERK activity in CHO-m3 cells.

CHO-m3 cells were pre-treated with 75 ng/ml pertussis toxin (PTX) or carrier for 20 h
prior to stimulation with 100 uM MCh for 5 min. ERK activity was isolated (approx.
200 pg protein) using anti-ERK1 and assayed as described in the Methods section). Data
represent means + S.E.M. of 9 separate experiments. * indicates statistically significant
inhibition of ERK activation by PTX compared with the agonist-stimulated control cells,
by Duncan’s multiple-range test (P< 0.05). Under both conditions, the MCh stimulation
of ERK was statistically significantly different from the corresponding basal ERK

activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 4.18 The effect of PTX on agonist-induced ERK activity in CHO-m2 cells.

CHO-m2 cells were pre-treated with 75 ng/ml pertussis toxin (PTX) or carrier for 20 h
prior to stimulation with 100 uM MCh for 5 min. ERK activity was isolated (approx.
200 pg protein) using anti-ERK1 and assayed as described in the Methods section). Data
represent means + S.E.M. of four separate experiments. * indicates statistically
significant inhibition of ERK activation by PTX compared with the agonist-stimulated
control cells, by Duncan’s multiple-range test (P< 0.05). In the absence of PTX only, the
MCh stimulation of ERK was statistically significantly different from the corresponding

basal ERK activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 4.19 The effect of PTX on agonist-induced JNK activity in CHO-m3 cells.

CHO-m3 cells were pre-treated with 75 ng/ml pertussis toxin (PTX) or carrier for 20 h
prior to stimulation with 100 pM MCh for 30 min. JNK activity was assayed (approx.
400 pg protein) by GST-Jun phosphorylation as described in the Methods section. The
lower panel shows a representative autoradiogram of GST-Jun phosphorylation. Data
represent means + S.E.M. of 5-6 separate experiments. * indicates statistically significant
inhibition of JNK activation by PTX compared with the agonist-stimulated control cells,
by Duncan’s multiple-range test (P< 0.05). Under both conditions, the MCh stimulation
of ERK was statistically significantly different from the corresponding basal ERK

activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 4.20 The effect of PTX on agonist-induced JNK activity in CHO-m2 cells.

CHO-m?2 cells were pre-treated with 75 ng/ml pertussis toxin (PTX) or carrier for 20 h
prior to stimulation with 100 puM MCh for 15 min. JNK activity was assayed (approx.
400 pg protein) by GST-Jun phosphorylation as described in the Methods section. The
lower panel shows a representative autoradiogram of GST-Jun phosphorylation. Data
represent means + S.EM. of 3-5 separate experiments. * indicates statistically
significant inhibition of JNK activation by PTX compared with the agonist-stimulated
control cells, by Duncan’s multiple-range test (P< 0.05). In the absence of PTX only, the
MCh stimulation of ERK was statistically significantly different from the corresponding

basal ERK activation at P < 0.05, by Duncan’s multiple-range test.
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4.6 Discussion

In this Chapter, the role of Ca** in the agonist-mediated activation of ERK and JNK in
CHO cells expressing the m2-AChR or the m3-AChR was examined. The effect of
intracellular Ca** release by MCh stimulation of the receptors was investigated in
addition to the effect by thapsigargin. The role of intracellular Ca®* release was
examined in the presence of thapsigargin, in order to determine the time-course required
to fully deplete the intracellular Ca** stores. The receptor-independent effect of
thapsigargin-mediated elevation of intracellular Ca®* on ERK and JNK activation was
also determined in both the cell lines. Having established the profile of Ca* release, the
role of intracellular Ca** and extracellular Ca®* on ERK and JNK activation in both of
the cell lines was examined. By utilising three different conditions, in the presence of 1.3
mM Ca? nominally free Ca2+, and the absence of intracellular and extracellular Ca2+, the
role of Ca** on agonist-induced ERK and JNK activation could be investigated. It has
also been shown that the responses in the CHO-m2 cells are entirely PTX-sensitive,
however, surprisingly, in the CHO-m3 cells there is also a PTX-sensitive component for

ERK and JNK activation.

Prior to investigating the role of Ca®* on ERK and JNK responses, it was important to
carry out initial studies that set out to examine agonist-mediated Ca®* release in both the
cell lines. It was demonstrated that in the Gq-coupled, PLC-activating CHO-m3 cells,
agonist stimulation in the presence of extracellular Ca®" resulted in a typical peak-plateau
phase due to release of intracellular Ca®* followed by an influx of extracellular Ca® as
previously reported (Tobin ez al., 1995). Previously, they provided evidence suggesting

a pre-stimulation of the m3-AChR  with  agonist caused  receptor
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desensitisation which was found partially to inhibit Ca®* mobilisation (Tobin et al.,
1992). Interestingly, it was found that there was also some intracellular Ca’* release via
stimulation of the Gi-coupled m2-AChR. The o-subunit of a Gi-protein, acts to inhibit
the activity of adenylyl cyclase and therefore reduce cAMP levels, it does not have a Ca®*
mobilising role like G4 coupled G-proteins. However, in the results presented, the
stimulation of the m2-AChR mobilised Ca?*, to a much lesser extent when compared
with the m3-AChR. A potential reason for this ability to mobilise Ca>* may be due to a
high level of receptor expression causing promiscuous coupling of the receptor to other
classes of G-protein other than the Gj class. This could be easily investigated, by
comparing the effect observed here against CHO cells that contain the m2-AChR

expressed at lower levels.

However, there is evidence in the literature that supports the data here that the m2-
ACh receptor may mediate Ca’*-mobilisation. In HEK-293 cells, stimulation of the m2-
AChHR resulted in a similar Ca®*; peak to that observed with m3-AChR stimulation
(Schmidt er al., 1995). However, the Ca®* release was unaffected by EGTA, and
therefore they conclude that the release is entirely from intracellular stores, in contrast to
the m3-AChR-mediated response. Subsequent to this study, Meyer zu Heringdorf er al.,
(1998) demonstrated that sphingosine kinase was stimulated by both m2- and m3-
AChRs, in HEK-293 cells. They also showed that inhibitors of sphingosine kinase, DL-
threo-dihydrosphingosine and N,N-dimethylsphingosine inhibited m2- and m3-AChR-

mediated [Ca'].

An interesting result in the m2-AChR-mobilisation of Ca’* is the feature that Ca®*

mobilisation is increased (although to a small degree) as Ca®*, is removed. This may

131



Chapter 4

occur due to a number of possible distinct or combined reasons. A potential mechanism
is via By-mediated activation of PLC-beta isoenzymes in a Gi-dependent manner (Blank
et al., 1993). As previously discussed, it may be that the mobilisation of Ca** is entirely
derived from the intracellular stores and under the conditions used, the Ca®* store is more
accessible. It is also possible that the sphingosine-1-phosphate pathway used to mobilise
Ca®* by stimulation of the m2-AChR (Meyer zu Heringdorf et al., 1998) is more
efficient under the conditions where there is a depletion of Ca**.. A final possibility is
that the mechanisms in the cell to remove Ca®* (e.g. plasmalemmal Ca**ATPase)

become less effective under Ca** free conditions.

In experiments to investigate the role of Ca”* in ERK and JNK activation, [Ca*]; was
removed (the intracellular Ca®* stores can be emptied by the addition of 2 uM
thapsigargin) in addition to Ca”™, by chelation with EGTA. However, prior to the ERK
and JNK assays being carried out, it was important to examine the time required for
thapsigargin to empty the stores. In both CHO-m2 and CHO-m3 cells, addition of
thapsigargin under conditions where Ca*. had been removed and chelated with EGTA, a
peak Ca®; of approximately 100 nM was obtained which slowly fell to basal levels.
Therefore, it was concluded that a 10 min pre-incubation with thapsigargin completely
emptied the Ca®* stores and under these conditions agonist did not effect a further Ca™

rise.

It was interesting to note that in the presence of Ca®*. upon addition of 2 uM
thapsigargin (in the absence of agonist), a large rise in intracellular Ca®* was recorded,
which peaked between 500- 700 nM and remained at a constant level in both the CHO-

m2 and CHO-m3 cells. These results demonstrate that there may be a mechanism
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whereby upon release of intracellular Ca**, there is a refilling of intracellular Ca®* stores
that originates from the extracellular buffer, this mechanism has been previously
identified as capacitative Ca** entry (Berridge ez al., 1993; Berridge et al., 1995; Putney
1990). Upon the depletion of Ca®" from the intracellular stores by activation of the IP;
pathway with agonist, Ca”* influx across the plasma membrane is increased by voltage-
independent mechanisms (Van Breeman, 1989; Putney and Bird, 1993). Ca®* release-
activated Ca** channels (CRAC) have been identified (Putney, 1986) in some cell lines
and are thought to be activated by the depletion of Ca** stores. To date, the mechanism
of Ca® entry stimulated by Ca®* elevation from intracellular stores is unclear. There
have been reports demonstrating that Ca’* release is agonist-concentration dependent
(Willars and Nahorski, 1995a/b) in a population of cells. However, there have also been
reports that the release of Ca®" is an all or nothing effect (Shao and McCarthy, 1993), at

the single cell level.

As thapsigargin is acting via a receptor-independent mechanism, the observation that
the results are similar in both cell types would be expected. The data presented showing
that addition of thapsigargin in the presence of 1.3mM Ca®* in the extracellular buffer
gives a large sustained Ca®'; suggests that capacitative Ca®* entry occurs to similar

extents in both CHO-m2 and CHO-m3 cells.

The role of Ca®* in agonist-induced ERK and JNK responses were then examined in
both CHO-m2 and CHO-m3 cells. Cells were pre-incubated as described in the results
section and the data showed that there was no significant effect on agonist-induced ERK
activation in either m2-AChR, or m3-AChR expressing cells under conditions where

extracellular calcium chelation and/or intracellular Ca** had been depleted. Therefore
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these results, suggest that in agonist-induced activation of ERK in both of the two cell
lines, neither intracellular Ca®* nor extracellular Ca?*, play a role. This has also been
demonstrated for the m2-AChR by Mitchell and colleagues (1995), whereby Ca”*
chelation had no effect on ERK1/2 activation. However other groups have demonstrated
a role of Ca** in ERK activation via Ras in neuronal cell lines (Finkbeiner and
Greenberg, 1996) and via receptor tyrosine kinase activation (Ebinu et al, 1998). A
postulated mechanism for this has been suggested to involve the calcium-regulated
guanine-nucleotide releasing factor Ras-GRF although this is neuronal (Farnsworth ez al.,
1995). Alternative suggested mechanisms described are via activation of the tyrosine
kinases Src (Rusanescu et al., 1995), Pyk2 (Lev et al., 1995) and also via inhibition of

Ras-GTPase by CaM kinase II (Chen et al., 1998).

The role of Ca®* in JNK activation was then investigated. In CHO-m3 cells, the
results demonstrate that removal of extracellular Ca®* reduced JNK activation by up to
50%, and subsequent depletion of intracellular Ca®* had no further effect. Therefore the
data suggest that Ca’* derived from the extracellular buffer is important for part of the
agonist-induced JNK activation by the m3-AChR. This depletion of intracellular Ca*
and/or extracellular Ca** demonstrated that JNK activation via stimulation of the m3-
AChR was regulated by both a Ca**-dependent and Ca**-independent component (in
contrast to ERK activation) in agreement with previous studies in GN4 rat liver epithelial
cells by angiotensin II (Zohn et al., 1995). In COS-7 cells, stimulation of the m1-AChR
and m2-AChR have been shown to activate JNK via By subunits acting on Ras and Racl
(Coso et al., 1996). Therefore the results observed in this study for JNK activation

suggests two distinct regulatory pathways; the Ca?*-dependent component being derived
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from G4 activation of PLC and subsequent Ca* mobilisation, whereas the Ca®*-
independent component being possibly derived from By subunits acting via Ras and/or
Racl. In the CHO-m2 cells, the results are difficult to interpret due to the small INK
activation. However, the results seem to suggest that the absence of extracellular Ca**
and intracellular Ca®* is required to inhibit JNK activation. Stimulation of the m2-AChR
has already been shown to mobilise Ca®* to a moderate level previously in this Chapter.
Therefore the results suggest that m2-AChR-mediated JNK activation is via the ability of

the receptor to cause a small Ca** mobilisation.

To ascertain if thapsigargin directly activated ERK or JNK, the time-dependence of
thapsigargin-activation of ERK and JNK was investigated. The results demonstrated
peak ERK activation was achieved 5 min following addition of thapsigargin in both cell
types which subsequently dropped towards basal values. However, in the absence of
extracellular Ca** there was no activation of ERK following thapsigargin addition.
Thapsigargin-induced activation of JNK in both CHO-m2 and CHO-m3 cells showed a
peak activation by 40 min in the presence of extracellular Ca®. However, as in the
results presented for the activation of ERK, under conditions where extracellular Ca**
had been removed by chelation with EGTA, there was no thapsigargin-induced JNK
activation. Therefore, as the activation of ERK and JNK in both the CHO-m2 and CHO-
m3 cells are the same, these results demonstrate that these responses to thapsigargin are
mediated via a receptor-independent mechanism, and are representative of a CHO cell
response. However, the activation of both the ERK and JNK by thapsigargin only occurs
when the cells are in the presence of 1.3mM Ca®*. Therefore, the data seem to suggest

that Ca®* alone is sufficient to cause a small activation of ERK and JNK provided that
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Ca™; levels rise greater than approximately 100 nM (from Fig 4.3 thapsigargin caused
approximately a 75 nM increase in Ca®*; which caused no ERK or JNK activation) and/or
the Ca”™; is sustained. Capacitative Ca®* entry has already been briefly discussed in this
Chapter, but the results lead to the suggestion that depletion of the intracellular Ca**
stores by thapsigargin leads to the influx of Ca®* from the extracellular buffer to refill the

intracellular stores, which then has a stimulatory effect on ERK and JNK.

Data presented previously in this Chapter has shown that there is no role for Ca®* in
the activation of ERK in either the CHO-m2 or CHO-m3 cells upon stimulation of the
receptor with agonist. In both of the experiments shown, a positive control of 100 uM
MCh was used, causing a much greater ERK activation than that by thapsigargin alone.
Therefore this conflicting data seems to suggest that there may be a small Ca**-dependent
component in ERK activation, but this only occurs in conditions where there are high and
sustained levels of intracellular Ca®*. A potential mechanism for this may involve the
proposed calcium-regulated ERK activators discussed previously e.g. the guanine-
releasing factor Ras-GRF (Farnsworth et al., 1995). In the activation of JNK in both cell
lines, there was also a Ca2+-dependent component that upon capacitative Ca®* entry, gave
a significant increase in JNK activity, that was greater than by receptor stimulation in the
poorly coupled CHO-m?2 cells. In the CHO-m3 cells which have already been shown to
activate the JNK pathway via a partially Ca**-dependent mechanism there is also a
significant increase in JNK activity, though as for the ERK data, it is small when
compared with the activation seen by receptor stimulation, again suggesting that a high

sustained level of Ca**; is sufficient to cause some JNK activation.

The first evidence demonstrating calcium regulation for JNK arose from studies in
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Jurkat cells (a human T-cell line), whereby calcium ionophore strongly activated JNK
(Su et al, 1994). Later, Mitchell er al, (1995) demonstrated that pre-treatment of Rat 1a
cells with 20 uM BAPTA (an intracellular calcium chelator) resulted in m1-AChR- and
m2-AChR- mediated JNK activation being completely inhibited, but there was no effect
on ERK1/2 activation via the m2-AChR. This complete inhibition of JNK activity was
not observed in work for this Thesis, however, there was an inhibition of approximately

40% of JNK activity in m3-AChR expressing cells upon calcium chelation.

The results presented here also compare to those obtained by Zohn et al (1995), in
which GN4 rat liver epithelial cells were pre-treated with thapsigargin and EGTA 30 min
prior to angiotensin II (Angll) stimulation. Angiotensin II stimulates proliferation
through G-protein-dependent activation of PKC and via angiotensin II-dependent
stimulation of tyrosine kinase activity. Depletion of intracellular calcium resulted in a
50% inhibition of Angll-stimulated JNK activation, whereas the additional chelation of
extracellular calcium inhibited the JNK activation by 90%. The failure to completely
block JNK activation by removal of intracellular calcium or extracellular calcium,
suggests that the m3-AChR also acts via both calcium-dependent and calcium-
independent mechanisms in these cells. Therefore, Zohn ez al., (1995), provided
evidence for a role for Ca®* in JNK activation by G-protein coupled receptor agonists,
supporting data presented in this Chapter. In later reports, Li et al (1997) using the same
GN4 cell system, reported that thapsigargin strongly stimulated JNK activity after 10
min, giving a 28 fold activation which subsequently peaked at 20 min at 46 fold over
basal. In the results presented here, in the CHO-m3 cells, as previously discussed, it was

observed that thapsigargin stimulated JNK activity in the presence of extracellular
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calcium, but to a modest extent compared with the observations in the GN4 cells. At 40
min thapsigargin stimulation, a 3-4 fold activity over basal was recorded in both CHO
cell lines. However, in absence of extracellular calcium, there was no effect on the
addition of thapsigargin in either cell line, suggesting that the JNK response was

dependent on sustained extracellular calcium entry.

In 1996, Yu et al, identified a soluble protein in GN4 rat liver epithelial cells called
calcium-dependent tyrosine kinase (CADTK) which when sequenced was found to be a
rat homologue of PYK2. They found that LPA and thapsigargin activated CADTK,
however, CADTK was found not be involved in the activation of the ERK pathway by
angiotensin II in the same cells. Therefore, this may provide evidence for the role of

Ca®* in the activation of JNK, but not ERK upon stimulation of GPCRs by agonists.

Pertussis toxin (PTX) uncouples G; and G, G-proteins from their receptor by
catalysing the ADP-ribosylation of the o-subunit, ‘locking* the o-subunit in the GDP
form. This inhibits the ability of the receptor to couple to an effector. Initial experiments
investigated the effect of a 20 h PTX pre-treatment on the agonist-induced time-course of
IP; mass accumulation and the agonist-concentration-dependency of IP3 accumulation in
CHO-m3 cells. The results showed that peak IP; levels were achieved by 15 s following
agonist addition, followed by a sustained plateau phase in both the presence and absence
of PTX. Experiments which examined the effects of PTX on the agonist-induced
concentration-dependency of IP; accumulation, demonstrated that there was no effect on
the concentration-dependency in the presence of PTX. As the m3-AChR couples to G4
G-proteins, these results were expected, as the PTX only affects G; and G, G-proteins.

Therefore, these data demonstrate that the m3-AChR is coupled to Gq G-proteins that
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activate the IP; pathway, via PLC activation. The role of Gy, proteins on agonist-induced
ERK activation in CHO-m2 and CHO-m3 cells was then examined. Pre-treatment with
PTX caused a complete inhibition of ERK activation in CHO-m2 cells, demonstrating
that the m2-AChR is coupled to the ERK pathway exclusively through a PTX sensitive
G-protein. This result was expected, due to, as previously discussed, the m2-AChR (and
m4-AChR) having been demonstrated to couple to PTX-sensitive G; G-proteins
(Caulfield et al., 1993; Dell’Acqua et al., 1993). Surprisingly however, the results
presented with CHO-m3 cells showed that there was also an inhibition of approximately
60% of agonist-induced ERK activation following PTX pre-treatment, which suggests
that ERK is activated in these cells by PTX-insensitive G-protein (Gg), but also,
unexpectedly by a PTX-sensitive G-protein (Gi/G,). In CHO-m2 cells, pre-treatment
with PTX completely attenuated the activation of JNK by agonist stimulation, however,
in the CHO-m3 cells, the activation of JNK was inhibited by approximately 20% in the
presence of PTX. These results, as with the ERK data, suggest that in the CHO-m3 cells,
the m3-AChR is coupled to both G4 and also a Gi/G, G-protein. Although these results
were unexpected, they are not unprecedented. Studies have demonstrated the potential
for muscarinic receptors that have been expressed at high levels to couple divergently to
multiple G-protein-species (Askenazi et al., 1987; Peralta er al., 1988; Richards ez al,
1991). In addition to these studies, previous investigations into this phenomenon have
demonstrated that the m2-AChR stably expressed in CHO cells couple to PTX-sensitive
G-proteins, however, the m1-AChR and m3-AChR can couple to both PTX-sensitive G-
proteins and PTX-insensitive G-proteins (Burford ez al., 1995; van Biersen et al., 1996).
Therefore, these data, in conjunction with the data presented in this Thesis support the

potential for divergent coupling of receptor to G-protein in systems where the receptor
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has been expressed at high levels. However, it may be possible that the m3-AChR is also

coupled to G; proteins under physiological conditions.

In order to determine this, the experiments described above could be performed in the
CHO-m3 cells used in this study, in addition to a CHO cell line in which the m3-AChR
is expressed at lower levels to compare the coupling of the m3-AChR to G; and Gq
pathways. Alternatively, studies could be carried out in tissue that have the endogenous
m2- and m3-ACh-receptors, for example bovine tracheal smooth muscle, which would
require the use of an m2-AChR muscarinic antagonist that is selective over the m3-
AChR such as methoctramine. It would also be of interest to determine if there was a
role for the m3-AChR in cAMP down-regulation (via G;j), this can be achieved by
treating cells with forskolin (which acts directly on adenylyl cyclase) to increase cAMP
levels. This would potentially demonstrate if the m3-AChR was coupled to G; G-

_ proteins.
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Chapter 5

Modulation of ERK and JNK Activities in CHO-m2
and CHO-m3 cells by Protein Kinase C (PKC) and
Phosphoinositide 3-Kinase (PI3K).

5.1 Introduction.

The protein kinase C (PKC) family are proteins that have a regulatory region in the N-
terminus and a catalytic region at the C-terminus. PKC has been demonstrated to play a
role in ERK activation (Gutkind 1998) in studies whereby PKC down-regulation by
prolonged phorbol ester pre-treatment or by the inhibition of PKC by inhibitors either
completely inhibited or partially inhibited ERK activation by phospholipase C (PLC)-
coupled receptors (Gutkind 1998, Crespo et al., 1994, Hawes et al., 1995). In addition to
this work, overexpression of PKC isoforms, caused ERK activation (Schénwasser et al.,
1998; Marais et al., 1998) and JNK activation (Jun et al., 1999). However, phorbol ester
treatment has been shown to have no effect on JNK activation (Kyriakis et al., 1994),
which implies that PKC activation alone is not able to activate JNK. However, Zohn et
al., (1995) demonstrated an attenuation of JNK activation when PKC was down-
regulated by prolonged TPA treatment in GN4 cells. Further demonstrating the receptor-
and cell-specific nature of these responses, Coso et al., (1995) showed that in NIH3T3

cells, inhibition of PKC had no effect on the ability of the m1-AChR to activate JNK.
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Phosphoinositide 3-kinase (PI3K) phosphorylates inositol phospholipids to yield
phosphatidylinositol 3-phosphate (PtdIns3P), phosphatidylinositol (3,4)-bisphosphate
PtdIns(3,4)P, and phosphatidylinositol (3,4,5)-trisphosphate (PtdIns (3,4,5)P3) (Duronio
et al., 1998). The role of PI3K in the activation of ERK seems to be cell type- and
ligand- specific. Duckworth and Cantley (1997), demonstrated that the PI3K inhibitor
wortmannin inhibited platelet-derived growth factor (PDGF)-dependant activation of
ERK in CHO cells, but had no effect on ERK activation via PDGF receptors in Swiss
3T3 cells. In 1996, Hawes et al., demonstrated a role of PI3K in MAPK activation via
GPCRs, this observation was followed by further evidence for PI3Ky linking G;- coupled

receptors and Ggy to the MAPK pathway (Lopez-Ilasaca et al., 1997).

Therefore, from this work, the aims of this Chapter are to investigate the role of PKC
and PI3K in the agonist-induced activation of ERK and JNK in CHO cells expressing the

m2- and m3- AChRs.

142



Chapter 5

5.2 PKC Isozyme expression in CHO-m2 and CHO-m3 cells.

In order to determine which PKC isoforms were present in both the CHO-m2 and
CHO-m3 cell lines, a western blot was carried out. The results demonstrate that the same
isoforms are present in both cell lines. However, the results demonstrate that whilst
PKCa, ¥, 8, € C, A, 1 and p could be shown, PKCB and PKCO were not detected.
However, in the data presented, a positive control such as rat brain extract was not run,
therefore the experiment provides no evidence that the antibodies used were viable.
Therefore, it is possible that the reason the PKC isoforms could not be detected may be

due to the low specificity of the antibodies, rather than the absence of the isoenzymes.

- |—115— -—
- -
aopfpy e 6 A p a By & ¢606 A v
CHO-m2 CHO-m3

Figure 5.1 Immunoblot of PKC isoforms in CHO-m2 and CHO-m3 cells
CHO-m2 and CHO-m3 cells were lysed and 150 pg of protein run down a 10% SDS-
PAGE gel. Using a multi-lane blotter, PKC primary antibodies were incubated for 2 h at

the dilutions indicated in the Methods section (see section 2.6).
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PKC Isoform Apparent Molecular Literature Value (kDa)
weight (kDa) (from SDS/PAGE)

o (alpha) 82 82 (a)

B (beta) - 80 (b)

Y (gamma) 82 79-84 (c)

d (delta) 78 74-79 (d)

€ (epsilon) 89 90 (e)

0 (theta) - 79 (f)

€ (zeta) 76 76-80 (g)

A (lambda) 78 74 (h)

1 (iota) 78 74 (1)

1 (mu) 114 115 (j)

Table 5.1 Apparent molecular weights of PKC isoforms detected in CHO cells

compared with literature values. (Refs: (a); Parker et al,, (1986)., Marias and Parker (1989),
Burns ef al., (1990), (b); Marias and Parker (1989), Ono e al., (1987), (c); Coussens et al., (1986) Patel
and Stabel (1989), Marais and Parker (1989), Burns er al., (1990). (d); Ono et al., ( 1988), (e); Wang et
al., 1993, Mischak, et al., (1993). (f); Osada et al., (1992), Chang et al., (1993). (g); Ono et al., (1989)
Nakanashi and Exton (1992), McGlynn et al., (1992), Liyange et al., (1992). (h); Akimoto et al., (1994),
(i); Selbie er al., 1993, (j); Johannes ez al., 1994.
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5.2.1 Phorbol ester treatment induces ERK activation in CHO-m2 and CHO-m3

cells.

As has been previously reported by Cobb and Goldsmith, (1995), PKC stimulation by
treatment of the cells with phorbol ester (1 pM phorbol dibutyrate (PDBu)) activated
ERK. This was demonstrated for both the CHO-m2 and CHO-m3 cells lines, (Figure 5.2
and Figure 5.3 respectively). However, incubation of CHO-m3 cells with PDBu did not

stimulate JNK activation (Figure 5.4) in agreement with previous studies (Kyriakis ef al,

1994).

M o 10

DMSO MCh PDBu
Figure 5.2 Activation of ERK by MCh and PDBu in CHO-m2 cells
CHO-m2 cells were incubated in KHB with either carrier, 100 pM MCh or 1 pM PDBu

for 5 min, and 200 pg protein from the cleared lysates assayed for ERK activity by
immunoprecipitation as described in the Methods section. Data represent means +

S.E.M. of three separate experiments.
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DMSO MCh PDBu
Figure 5.3 Activation of ERK by MCh and PDBu in CHO-m3 cells
CHO-m3 cells were incubated in KHB with either carrier, 100 pM MCh or 1 pM PDBu

for S min and 200 pg protein from the cleared lysates assayed for ERK activity by
immunoprecipitation as described in the Methods section. Data represent means =

S.E.M. of three separate experiments.
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DMSO MCh PDBu

Figure 5.4 Activation of JNK by MCh and PDBu in CHO-m3 cells.
CHO-m3 cells were incubated in KHB with either vehicle, 100 pM MCh or 1 pM PDBu

for 30 min, and cleared lysates containing 400 Ltz protein assayed for JNK activity by
GST-Jun phosphorylation as described in the Methods section. Data represent means +

S.E.M. of 5-7 separate experiments.

5.2.2 The role of PKC in ERK activation in CHO-m2 and CHO-m3 cells.

The role of PKC in the agonist-induced activation of ERK and JNK in the CHO cells
expressing the m2-AChR or m3-AChR was then investigated by using inhibitors and
prolonged pre-treatment with phorbol ester. The compound Ro0-31-8220 is a general
PKC inhibitor with an IC50 value of 10 nM, and bisindolylmaleimide (also known as GF
109203X or Go 6850) is a inhibitor of conventional and novel PKCs, which acts by
binding competitively at the ATP-binding site with IC50 values of 8.4 nM, 18 nM, 210
nM, 132 nM for PKC a, (J-, 5-, e-, respectively (from Calbiochem® data sheet). The
compound, Go 6976, is a specific inhibitor for PKCot and PKCpi, with IC50 values (with

respect to ATP) of 2.3 nM and 6.2 nM, respectively, in contrast to having no effect on the
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Ca’*-independent PKCs; §-, ¢-, M-, or {- isoforms even at micromolar .lcvels (from
Calbiochem® data sheet). In the following experiments, inhibitor concentrations of 10
UM were used, which are much greater than the ICsq values quoted. This is because, the
inhibitors bind to the ATP binding site of PKC, and as ATP is present at high levels in

the cell, a high concentration of inhibitor would be required to compete for the binding

site.
INHIBITOR
Class of PKC Ro-31-8220 | Bisindolylmaleimide | G6 6976

conventional YES YES YES

(o, B, V)
novel YES YES NO

0, €, 0)
atypical YES NO NO

GCuiw

Table 5.2 Summary of PKC isoforms and the action of the inhibitors, Ro-31-8220,
bisindolylmaleimide and Go 6976.

CHO-m2 cells were pre-incubated with KHB as described in the Methods section for
30 min, and for the final 10 min the cells were pre-treated with 10 uM Ro-31-8220, 10
UM bisindolylmaleimide or 10 uM Gb 6976 prior to stimulation with 100 uM MCh. In
CHO-m2 cells, the general PKC inhibitors Ro-31-8220 and bisindolylmaleimide
inhibited agonist-stimulated ERK activation by 75% and 50% respectively. In addition,
ERK inhibition by bisindolylmaleimide when compared with that by Ro-31-8220 was
also significantly different (P < 0.05 by Duncan’s multiple-range test), suggesting that

there is a role of aPKCs in the activation of ERK and also a role for nPKCs and cPKCs.
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However, the conventional PKC inhibitor, G6 6976 had no inhibitory effect on ERK
activity (Figure 5.5). Therefore indicating that there is a PKC component in m2-AChR-

mediated ERK activity which is independent of the conventional PKC isoforms.

30
[—3J- MCh
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*
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Figure 5.5 Role of PKC in ERK activation in CHO-m2 cells.

CHO-m?2 cells were incubated in freshly gassed KHB with carrier (DMSO), 10 uM Ro-
31-8220, 10 uM bisindolylmaleimide (Bis) or 10 uM G&6 6976 for 10 min prior to
stimulation with 100 puM MCh for 5 min. Cleared lysates containing 200 pg protein
were assayed for ERK activity following immunoprecipitation as described in the
Methods section. Data represent means + S.E.M. of 5-7 separate experiments. *
indicates inhibition of agonist-induced ERK activation at P< 0.05 , by Duncan’s
multiple-range test that is statistically significantly different from the activation by
agonist in control cells. Under all conditions, the MCh stimulation of ERK was

statistically significantly different from the corresponding basal ERK activation at P <

0.05, by Duncan’s multiple-range test.

In contrast, pre-incubation of CHO-m3 cells with Ro-31-8220 essentially abolished

the ERK activation induced by MCh (Figure 5.6). However, bisindolylmaleimide only
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inhibited the ERK activity by 50%, similar to the effect seen in the CHO-m2 cells. Go
6976 also inhibited the ERK activation by agonist by 50%. These results indicate that
m3-AChR-mediated ERK activation is PKC-dependent, and in contrast to the m2-AChR-

mediated response has a conventional PKC isoform component.
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Figure 5.6 Role of PKC in ERK activation in CHO-m3 cells.

CHO-m3 cells were incubated in freshly gassed KHB with carrier (DMSO), 10 uM Ro-
31-8220, 10 uM bisindolylmaleimide (Bis) or 10 uM G6 6976 for 10 min prior to
stimulation with 100 pM MCh or carrier (DMSO at a final concentration of 0.1%) for 5
min. Cleared lysates containing 200 pg protein were assayed for ERK activity following
immunoprecipitation as described in the Methods section. Data represent means *
S.EM. of 4-7 separate experiments. * indicates inhibition of agonist-induced ERK
activation at P< 0.05, by Duncan’s multiple-range test that is statistically significantly
different from the activation by agonist in control cells. Under all conditions, except
with Ro-31-8220, the MCh stimulation of ERK was statistically significantly different
from the corresponding basal ERK activation at P < 0.05, by Duncan’s multiple-range

test.
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In order to determine the concentration-dependence of PKC inhibitor effects on
agonist-induced ERK activation, an inhibition curve experiment was carried out, and this
determined that 1 uM Ro-31-8220 was maximal for inhibiting agonist-induced ERK
activation in both CHO-m2 and CHO-m3 cells (Figure 5.7 and Figure 5.8), with log ECso

values of -6.72 £ 0.21 (ECso (M) 1.88 x 10”7) and -6.82 + 0.24 (ECso (M) 1.52 x 107).
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Figure 5.7 Concentration-inhibition curve for the effects of Ro-31-8220 on ERK
activation in CHO-m2 cells.

CHO-m2 cells were incubated in freshly gassed KHB with the indicated concentrations
of Ro-31-8220 for 10 min prior to stimulation with 100 uM MCh or vehicle for 5 min.
Cleared lysates containing 200 pg protein were assayed for ERK activity following
immunoprecipitation as described in the Methods section. Data represent mean + S.E.M.

of 4-9 separate experiments. The ICsg value for Ro-31-8220 mediated inhibition was 0.2

MM (log ICso -6.7 £ 0.2).
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Figure 5.8 Concentration-inhibition curve for the effects of Ro-31-8220 on ERK
activation in CHO-m3 cells.

CHO-m3 cells were incubated in freshly gassed KHB with the indicated concentrations
of Ro-31-8220 for 10 min prior to stimulation with 100 uM MCh or vehicle for 30 min.
Cleared lysates containing 200 pg protein were assayed for ERK activity following
immunoprecipitation as described in the Methods section. Data represent means + S.E.M.
of 4-9 separate experiments. The ICsq value for Ro-31-8220 mediated inhibition was 0.2

HM (lOg IC50 -6.8 02)

As high concentrations of Ro-31-8220 have been reported to cause muscarinic
receptor antagonism, we thought it prudent to confirm that 1 uM Ro-31-8220 had the
same effect as 10 pM Ro-31-8220 as observed in the concentration-inhibition data. In
this experiment, cells were incubated in the presence of 1 uM or 10 uM Ro-31-8220 for
10 min prior to agonist stimulation. The results from both the CHO-m2 and CHO-m3
cells lines show that 1 uM Ro-31-8220 has the same inhibitory effect on agonist-induced

ERK activation as 10 uM Ro-31-8220 (Figure 5.9 and Figure 5.10). Data presented in
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the following section (5.2.3) also provide evidence that Ro-31-8220 does not act as a
muscarinic receptor antagonist in these cells. This might be predicted as MCh was used
at a much greater concentration than the Kd value for the receptor (Burford et al., 1995),

and so Ro-31-228 was used at too low a concentration to compete with MCh for the

receptor.
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Figure 5.9 Effect of 1 uM versus 10 puM Ro-31-8220 to inhibit agonist-induced
ERK activation in CHO-m2 cells.

CHO-m2 cells were incubated in freshly gassed KHB with vehicle (DMSO), 1 uM Ro-
31-8220 or 10 uM Ro-31-8220 for 10 min prior to stimulation with 100 uM MCh for 5
min. Cleared lysates containing 200 pg protein were assayed for ERK activity following
immunoprecipitation as described in the Methods section. Data represent means + S.E.M.
of 7-11 separate experiments. * indicates inhibition of agonist-induced ERK activation
at P< 0.05, by Duncan’s multiple-range test that is statistically significantly different
from the activation by agonist in control cells. Under all conditions, the MCh
stimulation of ERK was statistically significantly different from the corresponding basal

ERK activation at P < 0.05, by Duncan’s multiple-range test.

153



Chapter 5

22
20} —3-MCh
sl B + MCh
3 16} . *
28 14
S m
S
<<d3>) 12
EQ 10
o
i3 8
6
4
i B
0 | C 1 i_

DMSO 1uM Ro-31-8220 10uM Ro-31-8220

Figure 5.10 Effect of 1 puM Ro-31-8220 versus 10 uM Ro-31-8220 to inhibit agonist-
induced ERK activation in CHO-m3 cells.

CHO-m3 cells were incubated in freshly gassed KHB with vehicle (DMSO), 1 uM Ro-
31-8220 or 10 uM Ro0-31-8220 for 10 min prior to stimulation with 100 uM MCh for 5
min. Cleared lysates containing 200 pug protein were assayed for ERK activity following
immunoprecipitation as described in the Methods section. Data represent means *
S.EM. of 7-11 separate experiments. * indicates inhibition of agonist-induced ERK
activation at P< 0.05, by Duncan’s multiple-range test that is statistically significantly
different from the activation by agonist in control cells. Under all conditions, except
with 10 pM Ro-31-8220, the MCh stimulation of ERK was statistically significantly
different from the corresponding basal ERK activation at P < 0.05, by Duncan’s

multiple-range test.

To further confirm the role of PKC in the ERK pathway, CHO-m3 cells were pre-
treated with 1 uM PDBu for 18 h prior to MCh stimulation. Prolonged activation of
PKC down-regulates many of the PKC isoforms (Kennedy et al., 1997) and is a common

method used to inhibit PKC activity. The results demonstrate that ERK activation by

154



Chapter 5

MCh was significantly reduced by 50% following PKC-down-regulation, confirming a

stimulatory role for PKC in the ERK pathway (Figure 5.11 and Figure 5.12 respectively).
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Figure 5.11 Effect of PKC down-regulation on agonist-induced ERK activation in
CHO-m2 cells.

CHO-m2 cells were incubated in medium with 1 uM PDBu for 18 h prior to stimulation
with 100 uM MCh for 5 min. Cleared lysates containing 200 ug protein were assayed for
ERK activity following immunoprecipitation as described in the Methods section. Data
represent means = S.E.M. of 3 separate experiments. * indicates inhibition of agonist-
induced ERK activation at P< 0.05, by Duncan’s multiple-range test that is statistically
significantly different from the activation by agonist in control cells. Under both
conditions, the MCh stimulation of ERK was statistically significantly different from the

corresponding basal ERK activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 5.12 Effect of PKC down-regulation on agonist-induced ERK activation in
CHO-m3 cells.

CHO-m3 cells were incubated in medium with 1 puM PDBu for 18 h prior to stimulation
with 100 uM MCh for 5 min. Cleared lysates containing 200 pg protein were assayed for
ERK activity following immunoprecipitation as described in the Methods section. Data
represent means + S.E.M. of 4 separate experiments. * indicates inhibition of agonist-
induced ERK activation at P< 0.05, by Duncan’s multiple-range test that is statistically
significantly different from the activation by agonist in control cells. Under both
conditions, the MCh stimulation of ERK was statistically significantly different from the

corresponding basal ERK activation at P < 0.05, by Duncan’s multiple-range test.
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5.2.3 Effect of PKC inhibition on JNK activation in CHO-m2 and CHO-m3 cells.

As has been previously discussed, JNK can be activated by a number of cellular
stresses including the inhibitor of protein synthesis, anisomycin (Kyriakis et al., 1994).
However, treatment of cells with the PKC activator PDBu has no effect on JNK activity
(Kyriakis et al., 1994). Figure 5.14 and Figure 5.15 demonstrate that these results are

also observed in the CHO-m3 cells used in this study.

Interpretation of experiments to determine the involvement of PKC in the activation
of JNK by AChRs was complicated by the marked stimulatory effect Ro-31-8220 had on
basal JNK activity in both CHO-m2 and CHO-m3 cells. (Figure 5.13 and Figure 5.14).
In CHO-m3 cells, there was also a marked enhancement of JNK activity by 10 uM Ro-

31-8220 when the cells were stimulated with 100 uM MCh (Figure 5.14).

To investigate whether this activation was due to the inhibition of PKC, CHO-m3
cells were chronically treated with 1 uM PDBu for 18 h to down-regulate PKC. Under
these conditions, MCh caused a larger JNK activation (Figure 5.15) than that observed in
control cells. Indeed the response following PKC-downregulation was similar to that
seen under conditions of Ro-31-8220 inhibition of PKC. As a final experiment to
confirm PKC inhibition of the JNK pathway, CHO-m3 cells were pre-incubated for 5
min with 1 pM PDBu to activate PKC. This resulted in a 50 % inhibition on agonist-
induced JNK activity (Figure 5.16), further suggesting that PKC is a negative regulator of

the JNK pathway.
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Figure 5.13 Effect of PKC inhibition on JNK activation in CHO-m2 cells.
CHO-m2 cells were incubated in freshly gassed KHB with carrier (DMSO at a final

concentration of 0.1 %) or 10 uM Ro-31-8220 for 10 min prior to stimulation with 100
uM MCh for 15 min. As a positive control, cells were incubated with 100 ng/ml
anisomycin for 30 min. Cleared lysates containing 400 pg protein were assayed for INK
activity by GST-Jun phosphorylation as described in the Methods section. Data represent
means + S.E.M. of 4-9 separate experiments. * indicates an increase in JNK activity at
P< 0.05 by Duncan’s multiple-range test that is statistically significantly different from

the activity in the corresponding control cells, as indicated.
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Figure 5.14 Effects of PKC inhibition or activation on JNK activation in CHO-m3
cells.

CHO-m3 cells were incubated in freshly gassed KHB with carrier (DMSO), 10 pM Ro-
31-8220 or 10 uM bisindolylmaleimide (Bis) for 10 min prior to stimulation with 100
UM MCh for 30 min. Cleared lysates containing 400 pug protein were assayed for JNK
activity by GST-Jun phosphorylation as described in the Methods section. The lower
panel shows a representative autoradiogram of GST-Jun phosphorylation. Data represent
means + S.E.M. of 3-8 separate experiments. a vs ¢ and e are significantly different at P
< 0.05; b vs d and f are significantly different at P < 0.05 by Duncan’s multiple-range

test.

Finally, to confirm that Ro-31-8220 was not having a non-specific effect on the IP;
pathway, IP; mass assays were carried out in the CHO-m3 cells in the presence and
absence of Ro-31-8220 at 10 pM. The results obtained demonstrate (Figure 5.17) that

with a 100 uM MCh challenge, there was no effect on the IP; accumulation, therefore
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demonstrating that the results observed in the CHO-m3 cells by Ro-31-8220 were likely
to be caused by inhibition of PKC rather than due to a non-specific inhibition of the m3-

AChR-mediated signalling pathway such as might be predicted by muscarinic receptor

antagonism.
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Figure 5.15 Effect of PKC down-regulation on JNK activation in CHO-m3 cells.

CHO-m3 cells were incubated in medium with 1 uM PDBu for 18 hr prior to stimulation
with 100 uM MCh for 30 min. Cleared lysates containing 400 pg protein were assayed
for INK activity by GST-Jun phosphorylation as described in the Methods section. The
lower panel shows a representative autoradiogram of GST-Jun phosphorylation. Data
represent means + S.E.M. of four separate experiments. * indicates an increase in JNK
activation at P< 0.05, by Duncan’s multiple-range test that is statistically significantly
different from the activation by agonist in control cells. Under both conditions, the MCh
stimulation of JNK was statistically significantly different from the corresponding basal

JNK activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 5.16. Effect of brief PDBu pre-treatment on JNK activity in CHO-m3 cells.

CHO-m3 cells were incubated in KHB with 1 uM PDBu or carrier for 5 min prior to
stimulation with 100 uM MCh for 30 min. Cleared lysates containing 400 pg protein
were assayed for JNK activity by GST-Jun phosphorylation as described in the Methods
section. The lower panel shows a representative autoradiogram of GST-Jun
phosphorylation. Data represent means + S.E.M. of 3 separate experiments. * indicates
inhibition of agonist-induced JNK activation at P< 0.05, by Duncan’s multiple-range test
that is statistically significantly different from the activation by agonist in control cells.
Under both conditions, the MCh stimulation of JNK was statistically significantly
different from the corresponding basal JNK activation at P < 0.05, by Duncan’s multiple-

range test.
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Figure 5.17 Effect of Ro-31-8220 on MCh-stimulated IP; accumulation in CHO-m3
cells.

CHO-m3 were pre-treated with 10 pM Ro-31-8220 or carrier for 20 min. Cells were
then stimulated with 100 uM MCh for the indicated times. The reaction was terminated
by aspiration of the KHB/drug solution and the addition of 300 uM 0.5 M TCA. IP;
mass levels were the analysed as described in Methods. Data represent means + S.E.M.

of three separate experiments performed in duplicate.
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5.3 Role of PI3K in agonist-induced ERK and JNK activation in CHO-
m2 and CHO-m3 cells.

5.3.1 Role of PI3K in agonist-induced ERK activation.

To investigate the role of PI3K in the agonist-induced activation of the ERK and JNK
pathways, cells were pre-incubated with either 10 uM wortmannin or 5 uM LY-294002
for 10 min prior to agonist stimulation. The results in the CHO-m2 cells demonstrated
an inhibition of 60% in agonist stimulated ERK activation following treatment with 10
UM wortmannin, and a 50% inhibition with 5 uM LY-294002 (Figure 5.18), suggesting a
role of PI3K in the activation of ERK via the m2 receptor. In contrast, however, pre-
treatment of CHO-m3 cells with 10 pM wortmannin inhibited agonist-induced ERK
activation completely, compared with a 50% inhibition observed with LY-294002

(Figure 5.19).

The concentration of wortmannin used in this experiment may have effects beyond
PI3K inhibition. A concentration of 100 nM is probably sufficient to inhibit PI3K
completely, whereas a concentration of 10 uM will not only completely inhibit PI3K, but
may also reduce levels of PI4K (Carpenter and Cantley, 1996, Nakagawa et al., 1996).
To determine the effect of the concentration of the inhibitors on agonist-induced ERK
activatioﬁ, an inhibition curve for LY-294002 and wortmannin was performed. The
results of these experiments gave an ICso values for wortmannin of 2.8 uM [log ICso (M)
-5.55 £ 0.3] and 1.15 pM [log ICso (M) -5.94 £ 0.3] in CHO-m2 and CHO-m3 cells
respectively (Figure 5.20, Figure 5.21). This compared with ICso values with LY-294002
26 uM [log ICso (M) -4.58 £ 0.2] and 30 uM [log ICso (M) -4.53 £ 0.3] for CHO-m2 and

CHO-m3 cells respectively (Figure 5.22 and Figure 5.23).
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Figure 5.18 Effect of PI3K inhibitors on ERK activation in CHO-m2 cells.

CHO-m2 cells were incubated in freshly gassed KHB with carrier (DMSO), 10 uM
wortmannin or 5 uM LY-294002 for 10 min prior to stimulation with 100 uM MCh
(solid bars) or carrier (white bars) for 5 min. Cleared lysates containing 200 pug protein
were assayed for ERK activity by immunoprecipitation as described in the Methods
section. Data represent means + S.E.M. of 4-6 separate experiments. * indicates
inhibition of agonist-induced ERK activation at P< 0.05, by Duncan’s multiple-range test
that is statistically significantly different from the activation by agonist in control cells.
Under all conditions, the MCh stimulation of ERK was statistically significantly different
from the corresponding basal ERK activation at P < 0.05, by Duncan’s multiple-range

test.
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Figure 5.19 Effect of PI3K inhibitors on ERK activation in CHO-m3 cells.

CHO-m3 cells were incubated in freshly gassed KHB with carrier (DMSO), 10 uM
wortmannin or 5 uM LY-294002 for 10 min prior to stimulation with 100 uM MCh
(solid bars) or carrier (clear bars) for 5 min. Cleared lysates containing 200 g protein
were assayed for ERK activity by immunoprecipitation as described in the Methods
section. Data represent means + S.E.M. of 3-7 separate experiments. * indicates
inhibition of agonist-induced ERK activation at P< 0.05, by Duncan’s multiple-range test
that is statistically significantly different from the activation by agonist in control cells. In
control cells and those treated with 5 uM LY-294002 (but not 10 pM wortmannin), the
MCh stimulation of ERK was statistically significantly different from the corresponding

basal ERK activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 5.20 Concentration-dependent inhibition of agonist-stimulated ERK
activation by wortmannin in CHO-m2 cells.

CHO-m2 cells were pre-incubated for 10 min with various concentrations of
wortmannin or carrier (DMSQO) prior to stimulation with 100 uM MCh for 5 min. 200
ug of protein was assayed for ERK activity by immunoprecipitation (see Methods). Data

represent means + S.E.M. of three separate experiments.
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Figure 5.21 Concentration-dependent inhibition of agonist-stimulated ERK
activation by wortmannin in CHO-m3 cells.

CHO-m3 cells were pre-incubated for 10 min with various concentrations of
wortmannin or carrier (DMSQ) prior to stimulation with 100 uM MCh for 5 min. 200
ug of protein was assayed for ERK activity by immunoprecipitation (see Methods). Data

represent means + S.E.M. of three separate experiments.
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Figure 5.22 Concentration-dependent inhibition of agonist-stimulated ERK
activation by LY-294002 in CHO-m2 cells.

CHO-m2 cells were pre-incubated for 10 min with various concentrations of LY-294002

or carrier (DMSO) prior to stimulation with 100 pM MCh for 5 min. 200 ug of protein

was assayed for ERK activity by immunoprecipitation (see Methods). Data represent

means + S.E.M. of three separate experiments.
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Figure 5.23 Concentration-dependent inhibition of agonist-stimulated ERK
activation by LY-294002 in CHO-m3 cells.

CHO-m3 cells were pre-incubated for 10 min with various concentrations of LY-294002
or carrier (DMSO) prior to stimulation with 100 uM MCh for 5 min. 200 pg of protein
was assayed for ERK activity by immunoprecipitation (see Methods). Data represent

means + S.E.M. of three separate experiments.

The 7results of this experiment demonstrate that at the concentrations used in the study,
wortmannin does inhibit ERK activation. At the higher wortmannin concentration (10
puM), the inhibition of agonist-induced ERK activation was approximately 80 % in both
CHO-m2 and CHO-m3 cell lines. However, pre-incubation with 100 nM wortmannin
prior to agonist addition resulted in a significant inhibition of 30% on agonist-induced
ERK activation in CHO-m?2 cells, but there was no significant inhibition observed in the
CHO-m3 cells. Therefore, as 100 nM wortmannin is known to be sufficient to inhibit
PI3K, the results obtained from the results using this concentration can be used as a

measure to determine the role of PI3K in ERK activation. Together, these data suggest
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that there is a PI3K-dependent and PI3K-independent-component in the m2-AChR-
mediated activation of ERK, whereas there is not a PI3K dependent role in the m3-

AChR-mediated activation of ERK.
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Figure 5.24 Effect of wortmannin on agonist-induced ERK activation in CHO-m2
cells.

CHO-m2 cells were incubated in freshly gassed KHB with vehicle (0.1 % DMSO), and
either 100 nM or 10 uM wortmannin for 10 min prior to stimulation with 100 uM MCh
or carrier for 5 min. Cleared lysates containing 200 pg protein were assayed for ERK
activity by immunoprecipitation as described in the Methods section. Data represent
means + S.E.M. of 4-6 separate experiments. * indicates inhibition of agonist-induced
ERK activation at P< 0.05 by Duncan’s multiple-range test that is statistically
significantly different from the activation by agonist in control cells. Under all
conditions, the MCh stimulation of ERK was statistically significantly different from the

corresponding basal ERK activation at P < 0.05, by Duncan’s multiple-range test.
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Figure 5.25 Effect of wortmannin on agonist-induced ERK activation in CHO-m3
cells.

CHO-m3 cells were incubated in freshly gassed KHB with vehicle (0.1 % DMSO), and
either 100 nM or 10 uM wortmannin for 10 min prior to stimulation with 100 uM MCh
for 5 min. Cleared lysates containing 200 pg protein were assayed for ERK activity by
immunoprecipitation as described in the Methods section. Data represent means *
S.EM. of 5-6 separate experiments. * indicates inhibition of agonist-induced ERK
activation at P< 0.05 by Duncan’s multiple-range test that is statistically significantly
different from the activation by agonist in control cells. Under all conditions, the MCh
stimulation of ERK was statistically significantly different from the corresponding basal

ERK activation at P < 0.05, by Duncan’s multiple-range test.
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5.3.2 Role of PI3K in agonist-induced JNK activation

As was observed in the experiments investigating the effects of PKC inhibition
described previously in this Chapter, the determination of the effects of PI3K on JNK
activation was complicated by the fact that the inhibitors had a marked stimulatory effect
per se on JNK activation in both CHO-m2 and CHO-m3 cells. In the CHO-m2 cells
(Figure 5.26) the basal JNK activity rose to 1.7 fold-over-basal when cells were pre-
incubated with 10 uM wortmannin, which was a significant increase over control levels.
However, in the presence of MCh, there was no significant attenuation of agonist-
induced JNK activation, possibly due to the effect of wortmannin on basal JNK activity.
However, as previously noted due to the m2-AChR poorly coupling to the JNK pathway,
the degree of activation is very small, and this makes analysis of the data very difficult.
In CHO-m3 cells however, pre-incubation with 10 pM wortmannin in the absence of
MCh, caused an activation of JNK of 3-4 fold over control cells, representing a
significant increase, however, in the presence of MCh, there was no significant inhibition
or stimulation of agonist-induced JNK activation (Figure 5.27). Pre-treatment of CHO-
m3 cells with 5 uM LY-294002 did not increase basal JNK values in the absence of
agonist, however, in the presence of agonist, the JNK activation was attenuated by 55 %
when compared with control cells. Therefore, providing evidence of a PI3K component

in the activation of JNK by receptor stimulation in CHO-m3 cells.

172



Chapter 5

14
- MCh
7L .+ MCh I
I
23’
z *
g B
< >
© 2
£5 -
o
&
1k .
0 , - .
DMSO Wortmannin Anisomycin

Figure 5.26 Effect of PI3K inhibition on JNK activation in CHO-m2 cells.
CHO-m2 cells were incubated in freshly gassed KHB with vehicle (0.1 % DMSO), 10

puM wortmannin for 10 min or 50 ng/ml Anisomycin for 10 min prior to stimulation with
100 uM MCh or carrier. Cleared lysates containing 400 ug protein were assayed for INK
activity by GST-Jun phosphorylation as described in the Methods section. Data represent
means + S.E.M. of 3 separate experiments. * indicates an increase in JNK activation at
P< 0.05, by Duncan’s multiple-range test that is statistically significantly different from

the activation in unstimulated control cells.
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Figure 5.27 Effect of PI3K inhibitors on JNK activation in CHO-m3 cells.
CHO-m3 cells were incubated in freshly gassed KHB with vehicle (0.1 % DMSO), 10

uM wortmannin or 5 uM LY-294002 for 10 min prior to stimulation with 100 uM MCh
(solid bars) or carrier (white bars) for 30 min. Cleared lysates containing 400 pg protein
were assayed for JNK activity by GST-Jun phosphorylation as described in the Methods
section. Data represent means + S.EM. of 3-7 separate experiments. * indicates
inhibition of agonist-induced JNK activation at P< 0.05 by Duncan’s multiple-range test
that is statistically significantly different from the activation by agonist in control cells.
** indicates an increase in basal JNK activation by 10 uM wortmannin at P< 0.05 by
Duncan’s multiple-range test that is statistically significantly different from the level of
activity in control cells in the absence of MCh. Under all conditions, the MCh
stimulation of JNK was statistically significantly different from the corresponding basal

JNK activation at P < 0.05, by Duncan’s multiple-range test.
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5.4 Role of PI3K in [3 H]-thymidine incorporation in CHO-m2 cells.

- The role of PI3K was investigated in DNA synthesis by using [*H]-thymidine
incorporation as a measure of DNA synthesis in CHO-m2 cells (CHO-m3 cells were not
investigated due to the lack of receptor-mediated [*H]-thymidine incorporation; see
Chapter 3). The results demonstrate that in control cells, there is an approximate 2 fold
stimulation over basal levels, and 10 % FCS gave a robust 3-4 fold activation. The
MEKI1 inhibitor PD-98059 reduced [BH]-thymidine incorporation in both stimulated and
unstimulated cells, which suggests that the ERK pathway has a stimulatory role in DNA
synthesis under both basal and MCh-stimulated conditions. The reason that the
unstimulated cells show an inhibition relative to the control cells is a probably a
reflection that as it is not possible to completely quesce the cells by serum-starvation, the
ERK pathway has a constitutive activation that is large enough to induce a high level of
DNA synthesis (Figure 5.28). Interestingly however, pre-incubation of cells with the
PI3K inhibitors wortmannin or LY-294002 gave similar results to that seen with PD-
98059. These results suggest that PI3K has an important role in ERK-mediated DNA
synthesis in CHO cells under normal culture conditions or when DNA synthesis is

stimulated by m2-mAChR activation.
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Figure 5.28. Role of PI3K on [*H]-thymidine incorporation in CHO-m2

Intact CHO-m2 cells were incubated for 30 min with 1uM PD-98059, 100nM
wortmannin (Wo) or 5 uM LY-294002 (LY) prior to incubating the cells for 20 hours
with 100 uM MCh or 10 % FCS only. For the final 2 hours, cells were incubated with 2
uCi of [’H]-thymidine and treated as described in the materials and methods section.
Data represent the means + S.E.M of 3-6 separate determinates in triplicate. * indicates
inhibition of agonist-induced [*H]-thymidine incorporation at P< 0.05 by Duncan’s
multiple-range test that is statistically significantly different from the activation by
agonist in control cells. ** indicates stimulation of [*H]-thymidine incorporation by MCh
or FCS at P< 0.05 by Duncan’s multiple-range test that is statistically significantly
different from the [3H]-thymidine incorporation in the absence of treatment in control

cells.
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5.5 Discussion

In this Chapter, the role of protein kinase C (PKC) and phosphoinositide 3-kinase
(PI3K) in the agonist-induced activation of ERK and JNK in CHO-m2 and CHO-m3
cells has been examined. Initial experiments determined which PKC isoforms were
present in both of the CHO cell lines. This was followed by confirming that phorbol
ester treatment of the CHO cells stimulated ERK activation, but not JNK activation. The
role of PKC in agonist-induced ERK activation was then investigated by the use of
inhibitors in both CHO-m2 and CHO-m3 cells lines. These results demonstrated that in
CHO-m2 cells there is a PKC-dependent component of the ERK activation response, but
it was not via a Ca®*- sensitive PKC (i.e. a cPKC), however, in the CHO-m3 cells, 50%
of the agonist-induced ERK activation was attenuated by inhibition of Ca®*- sensitive
PKCs, and by inhibiting total PKC activity, the ERK response by receptor stimulation
was totally attenuated. The role of PKC in agonist-induced JNK activation was also
investigated by the use of inhibitors in both CHO-m2 and CHO-m3 cell lines. These
results demonstrated that in CHO-m2 cells there is a potential PKC-dependent
component, but due to the small agonist-evoked JNK activation, clear results were not
established. In CHO-m3 cells, inhibition of PKC caused an induction of JNK activation,
independently of receptor stimulation. However, in the presence of agonist, JNK
activation was stimulated to a greater extent with PKC inhibition, compared with control
cells. An alternative method to determine the role on PKC in the activation of ERK and
JNK by inhibiting PKC by down-regulation with prolonged PKC activation by phorbol
ester was utilised. The results from these experiment confirmed the data obtained

previously with the PKC inhibitors.
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Following on from the studies investigating the role of PKC, the role of PI3K on
agonist-induced ERK and JNK activation was examined, by the use of PI3K inhibitors.
These data showed that there appeared to be a PI3K-dependent component in the
activation of ERK by stimulation of the m2-AChR, but there was no PI3K component in
ERK activation via the m3-AChR. The role of PI3K in agonist-induced JNK activation
was difficult to establish as the inhibitors used caused marked JNK activation
independent of receptor stimulation. Due to these non-specific effects of the inhibitors
on JNK activation in CHO-m3 cells, a definitive answer to the role of PI3K in JNK is
difficult to establish with the data presented. Therefore, this requires further

investigation such as determining the effect of lower concentrations of the inhibitors.

As previously described in both section 5.2.2 and also in the Introductory Chapter of
this Thesis, there are a number of PKC isoforms that are differentially inhibited by a
variety of commercially available inhibitors. Initial immunoblots showed that out of the
ten PKC isoforms blotted for, only PKCP and PKCO were not detected. PKCP is a
classical PKC (cPKC) (i.e. is a Ca*-sensitive PKC) which is expressed in high levels in
the brain and haematopoietic cells, and therefore may have been predicted to not have
been present in CHO cells. PKCO is a novel PKC (nPKC) that would have been
predicted to have been present as it is a widely expressed PKC isoform. However, as a
positive control lane (e.g. rat brain lysate) was not run there is no evidence that either the
antibody used was viable or that the western blot analysis was not sensitive enough to
detect those isoforms. Therefore, the results presented demonstrate that the two isoforms
could not be detected, but it does not confirm that the isoforms are not present in CHO

cells.
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In agreement with previous studies in Swiss 3T3 cells (Cobb and Goldsmith 1995;
Schonwasser, et al., 1998; Marais et al., 1998), it was demonstrated that treatment of
cells with phorbol ester (PDBu) activates ERK. Phorbol esters, such as PDBu, activate
PKC, by binciing to the DAG binding site of cPKCs and nPKC (for review see Newton,
1995). However, unlike DAG, phorbol esters are not metabolised and therefore
prolonged treatments constitutively activate PKC. The results presented have
demonstrated that in CHO-m2 and CHO-m3 cells, PDBu activates ERK either equally or
better than activation by stimulation of muscarinic receptors. It was also established that
a 30 min pre-incubation with 1 uM PDBu does not activate JNK, which was an expected
result, as JNK is activated by cellular stress, and has not been reported to be activated by

phorbol ester treatment (Kyriakis et al., 1995).

In order to establish which classes of PKC isoforms were involved in agonist-
mediated ERK activation, the effect of three PKC inhibitors were investigated in CHO-
m2 and CHO-m3 cells. Ro-31-8220 is a general PKC inhibitor that will inhibit all PKC
isoforms. Bisindolylmaleimide is a PKC inhibitor that inhibits cPKCs and nPKCs, but
has no effect on aPKCs (i.e. PKC{, PKCi, PKCA and PKCp). Finally, G6 6976 is a PKC

inhibitor that will inhibit only the Ca”*-sensitive cPKCs; PKCa and PKCB,.

Ro-31-8220 has been previously reported to be an antagonist at the muscarinic
receptor (Willars et al., 1996) although this appeared to be at low agonist concentrations.
In the data discussed later in this Chapter, Ro-31-8220 was used at 10 uM, which is a
high concentration, and if there was an antagonist effect, this may occur at these
concentrations.  Therefore experiments were carried out to determine if lower

concentrations of Ro-31-8220 had similar effects on ERK activation. Inhibition curves
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of Ro-31-8220 on ERK activation in both CHO-m2 and CHO-m3 showed that the ICso
was 0.2 uM in both cell lines. However, the data showed that a concentration of 1 uM
Ro-31-8220 had the same effects as 10 uM Ro-31-8220 in both cell lines. These
experiments have only investigated the effect on ERK activation, and it would be of

interest to determine the ICsq value of Ro-31-8220 on JNK activation in CHO-m3 cells.

As an alternative method of investigating if the concentrations of Ro-31-8220 used
had an antagonist effect on the muscarinic receptors, an IP; mass assay was carried out in
CHO-m3‘cells. The results demonstrated that in the presence of 10 uM Ro-31-8220,
there was no effect on IP; accumulation. In addition to this evidence, it has already been
shown that a pre-treatment of CHO-m3 cells with Ro-31-8220 results in an increase in
JNK activity both in the absence and presence of agonist. Therefore these data suggest
that under the conditions used, it would seem unlikely that Ro-31-8220 is acting as an

antagonist at the muscarinic receptor in this system.

Results in CHO-m2, demonstrated that G 6976 had no effect on either the agonist-
unstimulated ERK activity or the agonist-stimulated ERK activity, therefore, this
suggests that the PKCa isoform is not involved in the ERK activation. As PKCais Ca**
sensitive, these results are consistent with data presented in Chapter 3 where it was
shown that Ca®* had no effect on agonist-induced ERK activation. Bisindolylmaleimide
inhibition showed that there is a significant inhibition of agonist-induced ERK activation
compared with control values. Therefore, these data suggests that there is a nPKC

component in the activation of ERK, but not a cPKC component.

Pre-incubation with Ro-31-8220 prior to agonist addition, gave no effect on

unstimulated ERK activation, there was however, a significant inhibition of 75% on
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agonist-stimulated ERK activation. This result was unexpected, as the m2-AChR is
coupled to G; G-proteins, but is not generally coupled to PLC and therefore DAG
generation to give PKC activation. However, in the Chapter 3 it was demonstrated that
stimulation of the m2-AChR was able to mobilise some Ca** which might be consistent
with PLC activation via By subunits, therefore providing a potential route for PKC
activation. An interesting point to note is that there was significantly more attenuation of
ERK by Ro-31-8220 than bisindolylmaleimide. Therefore, this suggests that there is also
an aPKC. component involved in ERK activation via stimulation of the m2-AChR.
Therefore in summary, in the activation of ERK via the m2-AChR, cPKCs are probably

not involved, whereas nPKCs and aPKCs are involved.

CHO-m3 cells pre-incubated with PKC inhibitors prior to receptor stimulation
demonstrated that there was no effect on the unstimulated ERK activity with G6 6976 but
there was a significant attenuation of 50% with agonist challenge. As G6 6976 inhibits
PKCa and PKC@, but as previously discussed, the PKCf isoform was not detected in
these CHO cells, this implies that the PKCo isoform may be the major component in
ERK activation. These data are somewhat surprising as it contradicts data presented in
Chapter 4 where it was shown that Ca** had no effect on agonist-induced ERK activation
in CHO-m3 cells (Figure 4.7). This is surprising, as the PKCa isoform is a Ca**-
sensitive isoform, and therefore if Ca®* was not a requirement for ERK activation, a
Ca**-sensitive PKC isoform would not predicted to be required for ERK activation. A
possible explanation for this, is that in the experiments presented in Chapter 4 (i.e. Figure
4.8) there were three separate Ca**-containing buffers in which the assays were carried
out. Under conditions where Ca®*; and Ca”*. had been depleted, there was still enough

Ca®* present to activate Ca’*-binding PKC isoforms. Data that demonstrates this can be
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seen in Figure 4.3. The level of cytosolic Ca’®* can be seen to be constantly at
approximately 15 nM once the intracellular Ca** stores had been completely depleted.
This low concentration of Ca’* may be adequate for the activation of Ca*-sensitive PKC
isoforms (Sheu et al., 1989), and this provides the most likely reason for the apparent

contradiction in the data.

Pre-incubation with bisindolylmaleimide in CHO-m3 cells showed that there was a
significant inhibition of agonist-induced ERK activation compared with control values.
Therefore these data suggest in conjunction with the G6 6976 data that there is a cPKC
component in the agonist-induced activation of ERK. However, there was no statistical
difference between the attenuation of ERK activation by Go6 6976 and
bisindolylmaleimide, leaving the issue of nPKC open to question. Pre-incubation with
Ro0-31-8220 completely inhibited agonist-induced ERK activation in CHO-m3 cells. As
bisindolylmaleimide did not completely inhibit the agonist-induced ERK activation and
has no effect on aPKC isoforms, the data suggest that there may also may be an aPKC

component involved.

These data all require the assumption that the PKC inhibitors are maximally effective
at inhibiting PKC at the concentrations used, although this was not tested, it would be
useful in future experiments to determine the ICso values for the inhibitors used to the

PKC isoforms in these cells.

An alternative method of investigating the role of PKC other than by the use of
inhibitors is by a prolonged pre-treatment with phorbol ester as previously described. In
CHO-m2 cells, down-regulation of PKC with 1 uM PDBu had no effect on ERK

activation in the absence of agonist, however, in the presence of agonist, the ERK
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activation was decreased by 50 % (from approximately 20 fold to 10 fold over basal).
Therefore these data further suggest a role for PKC in the agonist-induced activation of
ERK via the m2-AChR. Also, the degree of inhibition observed in control cells was
similar to that observed in the inhibitor studies, whereby cells were treated with
bisindolylmaleimide, which inhibits the same classes of PKC as prolonged phorbol ester
treatment. Therefore both sets of data imply that nPKC and aPKC isoforms are involved
in agonist-mediated ERK activation. In CHO-m3 cells, there was a 50% attenuation of
the agonist-induced ERK activation, with a PDBu pre-incubation which also
corresponded with the bisindolylmaleimide data. Therefore these data together strongly

suggest that cPKCs and nPKCs are important in ERK activation via the m3-AChR.

Schonwasser et al., (1998) demonstrated that in Cos-7 cells, all three groups of the
PKC family were involved in ERK activation by constructing constitutively activated
PKC mutants. In further experiments, they also showed that these mutants activated the
upstream ERK activator, MEK1. However, although these experiments demonstrated
that PKCs can activate ERK they were conducted in the absence of receptor stimulation.
However, van Biersen et al., (1996) demonstrated in CHO cells expressing the m1-AChR
(that are generally thought to couple exclusively to Gy), that they are also able to couple
to G, to activate ERK via a PKC-mechanism. In these experiments PKC was down-
regulated by prolonged phorbol ester treatment. In addition to this, the Gyo-coupled
human dopamine D3 receptor has been shown to couple to ERK activity via an aPKC
isoform (Cussac et al., 1999) which compares to the Gy, m2-AChR data presented here.
They also demonstrated a PI3K component via stimulation of the D3-receptor (for further

discussion see later).
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In 1999, Wang et al., demonstrated that the m2-AChR can activate PI3Ky via Ggy
subunits (see later discussion for PI3K), PIP; and activation of an atypical PKC isoform.
They investigated the coupling of the m2-AChR to membrane ion channels, and found
that PKCC was involved. They concluded that stimulation of PKC{ was required and
also sufficient to open chloride channels following m2-AChR activation. Although this
is not evidence for activation of the ERK pathway via an m2-AChR-PKC-dependent
pathway, it does provide evidence that the m2-AChR can activate aPKCs, and thus
supports data presented in this Chapter. Further evidence for the role of PKC via G;-
coupled receptors is the demonstration that PKC{ can be activated by PI3Ky via
activation of MEK and ERK in a Ras-independent manner in CHO cells (Takeda ef al.,
1999). Therefore, these demonstrate a role for PKC in ERK activation via stimulation of

receptors that are coupled to Gy.

Studies into the signalling of bradykinin in SW-480 cells (a human colon carcinoma
cell line) showed that PKCe was implicated in the activation of ERK via PI3Kf (GraneS8,
et al., 1998). In addition to this, ERK activation via the m1-AChR has been previously
shown to act via a PKC-dependent pathway via the a—subunit activating PKC to activate
Raf (Kolch et al., 1993; Troppmair et al., 1994). Here we have shown that the m3-AChR
can couple to cPKC isoforms, and there is data in the literature demonstrating that the
m3-AChR can couple to cPKCs (Strassheim et al, 1999). They demonstrated that
stimulation of the m3-AChR induced the phosphorylation of myosin light chains in CHO
cells via cPKC isoforms. However, they also showed that all three PKC isoform families
were activated with receptor stimulation by using PKC translocation studies, in contrast
to the data presented in this Thesis. It would be of interest to repeat those PKC

translocation experiments here to try and characterise further, the role of the individual
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PKC isoforms in ERK activation. Therefore, these data demonstrate a role of PKC in

Ggy1-stimulated activation of ERK.

The investigation into the role of PKC in the agonist-induced activation of JNK is
impaired by agonist-independent effect of the inhibitors on JNK activation. As the JNK
activation by receptor stimulation of the m2-AChR is poor (approx. 2 fold over basal),
only the effect of Ro-31-8220 was investigated. Ro-31-8220 significantly stimulated
JNK by up to 3 fold in both the absence and presence of agonist, suggesting that this

increase is independent of receptor stimulation.

In the absence of inhibitors in CHO-m3 cells, stimulation with a maximal MCh
concentration gave a robust JNK activation. CHO-m3 cells pre-incubated with Ro-31-
8220 in the absence of MCh, gave a large JNK activation. However, in the presence of
agonist, the level of JNK activation was significantly greater than in the presence of
agonist alone. These data suggest that PKC inhibits activation of JNK in CHO-m3 cells.
Further experiments to dissect the role of the three PKC classes were then undertaken in
CHO-m3 cells. Bisindolylmaleimide resulted in receptor-independent JNK activation, (5
fold activation over basal), however it also resulted in a greater and significant increase
in agonist-induced JNK activation. As the JNK activation in the presence of agonist with
Ro-31-8220 or bisindolylmaleimide were not significantly different, these data suggest
that aPKCs are not involved in agonist-induced JNK activation. The latter contrasts to
the ERK data, where aPKCs have been implicated to be involved in agonist-induced
ERK activation. However, it could be argued that the marked increase in JNK activation
shown here is due to the combined effects of receptor-independent effects of the

inhibitors and the receptor-dependent effects of the agonist.
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To investigate this further, experiments to down-regulate PKC by prolonged treatment
with phorbol ester were carried out. The data presented show that in the absence of
PDBu pre-treatment, MCh stimulates a 10 fold over basal JNK activation, and in the
presence of prolonged PDBu incubation, there is no effect on JNK activation in the
absence of agonist. However, with PKC down-regulation in the presence of agonist,
there is a significant (2 fold) increase over JNK activation with agonist alone. Therefore,
these data support the inhibitor data, and demonstrate that the increase in JNK activation
with the inhibitors is not an additive phenomenon. As a result, these data further suggest
that PKC has an inhibitory role in agonist-induced JNK activation, which contrasts to the
ERK data, whereby PKC has a stimulatory effect on ERK activation. As a final
experiment to determine the inhibitory role of PKC on JNK activation, PKC was
activated by briefly stimulating the cells with PDBu prior to MCh stimulation. The
results show that in the presence of PDBu the agonist-induced JNK activation decreased
significantly compared with control values. Therefore, these combined data suggest that
activation of PKC tends to oppose agonist-induced JNK activation, and therefore upon

inhibition of PKC, JNK activation is increased above control levels.

There have been few studies investigating the role of PKC in JNK activation,
however, Beltman et al. (1996) used Ro-31-8220 to investigate the role of PKC in JNK-
1 activation by growth factors. They reported that Ro-31-8220 could activate JNK1 via a
PKC-independent mechanism. Rat-1 fibroblasts were trcated for 48 hours with PMA and
cells subsequently incubated with 5 pM Ro-31-8220, down-regulation of PKC had no
effect on Ro-31-8220 activation of JNK1, although they admit that Ro-31-8220 could act
via an aPKC mechanism, as down-regulation experiments do not affect aPKC isoforms.

However, they conclude that this is unlikely, as PKC down regulation and
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bisindolylmaleimide had similar effects. These data agree with the data presented in this
Chapter, that experiments with bisindolylmaleimide, Ro-31-8220 and PKC-down-
regulation give similar levels of JNK activation. Therefore, Beltman et al. conclude that
Ro-31-8220 may have effects other than those on PKC. However, the conclusions
presented in this Thesis are not dependent entirely on experiments using Ro-31-8220,
and so therefore it is unlikely that the Ro-31-8220 results are due to some other effects in

this system.

There are a number of reports to show that PKC is important in JNK activation. We
have shown that PKC appears to have a inhibitory effect in JNK activation. These data
are in agreement with a study in Rat-1 fibroblasts, where inhibition of PKC was shown to
potentiate JNK activation by endothelian-1, (Cadwaller et al., 1996). In addition to this
Zohn et al, (1995) have shown that PKC inhibits JNK activation by angiotensin II in
GN4 epithelial cells. However, there is also evidence in NIH3T3 cells, that PKC does
not have a role in JNK activation by stimulation of the m1-AChR (Coso et al., 1995) in

contrast to data in this Thesis.

The role of PI3K in phosphorylating inositol phospholipids has been well documented
(for review see Duronio et al., 1998). The role of PI3K in ERK activation has been
controversial, with some groups reporting that when pl10a PI3K is activated this
stimulates the ERK pathway (Hu ez al., 1995) while others report there is no role
(Klippel et al., 1996; Kauffmann-Zeh ez al., 1997). However, these discrepancies are
probably due to cell specific regulation, as more recently PI3K has been shown to be
involved in ERK activation via Gi-coupled G-proteins (Hawes et al., 1996; Cussac et al.,

1999). Also, Lopez-llasca et al., (1997) demonstrated the role of the Ggy subunit
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activating ERK in COS-7 cells via PI3Ky. Recently in CHO-ASOS cells, PI3Ky was
shown to activate ERK in a Ras-independent manner via LPA (Takeda et al., 1999).
Also, PI3K has been suggested to mediate JNK activation via stimulation of the m2-
AChR in Cos-7 cells (Lopez-llasaca et al., 1998). More recently, the Gi-coupled D;
receptor expressed in CHO cells has been shown to have a PI3K component in ERK
activation (Cussac et al., 1999). Pre-incubation with 1 UM wortmannin for 30 min prior
to agonist stimulation significantly reduced ERK activation, and 10 uM wortmannin did
not completely inhibit ERK activation. These results show a role of PI3K for G;-coupled
receptors, however, the effect of PI3K inhibition via stimulation of the m2-AChR wés
not as marked. Therefore as a role for PI3K in the activation of ERK and JNK has been
previously demonstrated, it was of interest to examine whether there was a role via

activation of the m2-AChR or m3-AChR.

Two PI3K inhibitors were used to investigate the role of PI3K in the ERK and JNK
pathways. Firstly, wortmannin, a highly specific PI3K inhibitor (Nakanishi ez al., 1995;),
and secondly, LY-294002, which is also highly selective inhibitor of PI3K (Vlahos et al.,
1994) of which the mode of inhibition for each agent is to block the ATP-binding site of
PI3K. In initial experiments to determine the effect of wortmannin on agonist-induced
ERK activation, 10 pM wortmannin was used (which is in excess of that required to
inhibit PI3K). In the initial studies, 10 pM wortmannin and 5 uM LY-294002 partially
inhibited agonist-induced ERK in CHO-m?2 cells. In CHO-m3 cells, 10 puM wortmannin
completely inhibited agonist-induced ERK activation. However, LY-294002 inhibited
ERK activation by 50%, similar to that seen in the CHO-m2 cells. With these results, it

was concluded that in CHO-m3 cells, inhibition of PKC completely inhibited ERK
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activation, but also inhibition of PI3K, also completely attenuated the ERK activation.
Clearly ERK activation could not be entirely dependent on PKC and PI3K, so the
conclusion was that at the concentrations used, wortmannin was having a non-specific
inhibitory effect. Indeed, high concentrations of wortmannin have been previously
demonstrated to have many non-specific effects, e.g. inhibiting PI4K (Nakanishi et al.,
1995). From the literature, 100 nM wortmannin has been shown to inhibit PI3K (Arcaro
and Wymann, 1993) and from this, the experiments were repeated using this

concentration.

Results show that in CHO-m2 cells, pre-incubation with wortmannin moderately
inhibits agonist-induced ERK activation, suggesting that there is a minor PI3K
component in m2-AChR-mediated ERK activation. Previous studies have also
demonstrated the role of PI3K in m2-mediated ERK activation, (Lopez-Ilasaca, 1997)
and also the ability of m2-AChRs to coﬁple to PI3K, but not the Gj,-linked m4-AChRs
(Wang et al., 1999). A point of interest is that Ro-31-8220 inhibited ERK activation by
75 %, and it would be of interest to inhibit PKC and PI3K at the same time, to determine
if this completely inhibits total ERK activation. In addition to these results, GraneB et
al., (1998) demonstrated a role for PI3KP activation in bradykinin stimulation of the
ERK pathway in the SW-480 cell line via a pertussis toxin insensitive G-protein of the
Gg11 family (and subsequent activation of PKCe downstream from PI3Kf). In CHO-m3
cells, 100 nM wortmannin has no effect on agonist ERK activation, which as Ro-31-8220
completely inhibited ERK activation agrees with the hypothesis that the m3-AChR is
entirely dependent on PKC activation only. In agreement with these results, the m1-
AChR has been demonstrated to act via PKC, independently of Ras and PI3K (Héwes et

al., 1995). Therefore, the data presented suggest that there may be a PI3K component to
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m2-AChR-mediated ERK activation, but there is no PI3K component in m3-AChR-

mediated ERK activation.

The role of PI3K on JNK activation was then investigated in CHO-m2 and CHO-m3
cells. The interpretation of the data in both cell lines was made difficult due to the fact
that 10 WM wortmannin has a significant stimulatory effect on JNK activation
independently of the receptor. However, as previously discussed, 10 puM wortmannin is
too high a concentration to inhibit PI3K alone, and therefore an experiment of interest is
to repeatv these studies in the presence of 100 nM wortmannin and also generate an
inhibition curve for JNK activation similar to those previously described for ERK
activation. However, 5 pM LY-294002 significantly inhibited agonist-induced JNK
activation in CHO-m3 cells by approximately 50 %, but importantly had no effect on
basal JNK activation in the absence of agonist. Therefore, these data suggest that there
may be a PI3K component in the agonist-mediated activation of JNK in CHO-m3 cells.
PI3K has been previously shown to have a role in JNK activation. A potential PI3K
isoform for this is PI3Ky, which has been demonstrated to mediate Gg,-dependent
activation of JNK in Cos7 cells (Lopez-Ilasaca et al., 1998) via activation of the m2-

AChR.

Finally, the role of PKC and PI3K in DNA synthesis was investigated by using the
inhibitors already described. However, the inhibitors in the protocol used were present
for 20 hours and this caused cytotoxicity problems. Ro-31-8220, Go6 6976 and
bisindolylmaleimide all caused the cells to die and therefore there were no meaningful

results obtained for PKC involvement in [*H]-thymidine incorporation. However, the
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PI3K inhibitors did not seem to exhibit the same degree of cytotoxicity and the results

suggest that PI3K may have a stimulatory role in DNA synthesis.

The interesting result is that the unstimulated cells in the presence of PD-98059 or the
PI3K inhibitors showed a [3H]-thymjdine incorporation inhibition relative to the control
cells. This fits in with results discussed in Chapter 3 from results by Dr. R. Patel who
found that the serum starvation of the cells did not growth arrest the cells, and a large
degree of DNA synthesis was occurring. Therefore this allows for the possibility of the
ERK pathway being constitutively activated to some degree, which is enough to induce a
high level of DNA synthesis. Therefore, inhibition of the ERK pathway by either PD-
98059 or the PI3K inhibitors could be predicted to attenuate unstimulated receptor-

mediated DNA synthesis.

As it can be seen from the text, the evidence currently available in the literature to
dissect the role of PKC and PI3K in the regulation of ERK and JNK is very
contradictory. It appears that the specificity of the activation of the pathways are entirely
dependent on the receptor subtypes being investigated, in addition to which cell lines the

receptors are expressed.
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Chapter 6

SUMMARY

In this Thesis, CHO cells stably expressing the m2- or m3- muscarinic acetylcholine
receptors have been used as a model system to examine the regulation of ERK and JNK
activities by G-protein coupled receptors. The study demonstrates that stimulation of
both the recombinant m3-AChRs and m2-AChRs are able to activate ERK1/2 pathways,
however, only stimulation of the m3-AChR activated JNK. It has been demonstrated that
there are distinct time course characteristics between the ERK1/2 and JNK pathways in
both m2-AChR and m3-AChR cells. The activation of the ERK pathway was rapid and
robust in both cell lines, whereas only the m3-AChR caused significant activation of the
JNK pathway which was more sustained than that observed for ERK activation.
Although to date there has not been a study to investigate the methacholine dose-
dependence for activation of ERK and JNK, the study shows that the ECso values for
both activities are similar and in the low micromolar range in both cell types. Further
" characterisation has demonstrated that only stimulation of the m2-AChR appears to
induce DNA synthesis, although there is the possibility that due to the inability of the
CHO cells to fully serum starve, DNA synthesis is only modestly stimulated in CHO-m2
cells and activation by the m3-AChR may be obscured by constitutive action of the cell
cycle. In addition to this, PTX pre-treatment prior to stimulation by agonist has shown to
totally inhibit m2-AChR-mediated ERK activation consistent with its known coupling to

G; proteins (Caulfield er al., 1993; Dell’Acqua et al., 1993). However, PTX-pre-
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treatment of CHO-m3 cells also partially attenuated agonist-induced ERK and JNK
activation, possibly due to high receptor expression allowing for the receptor to
promiscuously couple to Gi/G, proteins (Askenazi et al., 1987; Peralta et al., 1988;

Richards et al., 1991; Burford et al., 1995).

In experiments to determine the ability of the stimulated receptors to mobilise Ca* | it
has been demonstrated that in agreement with other studies (Tobin er al., 1995)
stimulation of the m3-AChR mobilises Ca** but stimulation of the m2-AChR also
mobilised Ca®*, albeit to a much lesser extent. It has been shown that there appears to be
no role for Ca®* in the activation of the ERK pathway by either receptor, in agreement
with some studies (Mitchell et al., 1995) and in disagreement with others (Finkbeiner
and Greenberg 1996). However, there does appear to be a role for Ca®* in receptor-
mediated JNK activation via the m3-AChR receptor as has been reported previously by

others (Mitchell et al., 1995; Zohn et al., 1995).

Following on from this work, it has been demonstrated using inhibitor studies that
ERK activation by the m3-AChR, contains a PKC component, probably via cPKC
(potentially PKCo) and aPKC isoforms. However, ERK activation by m2-AChR is
probably via nPKC and aPKC isoforms in agreement with other studies (Ueda ez al.,
1996; Clerk et al., 1994; Corbit et al., 1999; Grane8 et al., 1998) though further work
is required to confirm these observations. It would also be of interest to investigate the
role of PKCC in ERK activation, as it has been previously demonstrated to have effects in
other systems (Liao et al., 1997; Schonwasser et al., 1998, Wang et al, 1999).
Investigation into the effect of PKC on JNK activation in the CHO-m3 cells was found to

be difficult, due to the effect of the inhibitors on JNK activation. However, the JNK data
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presented suggest that cPKCs and nPKCs have an inhibitory role in agonist-induced JNK
activation in agreement with Beltman et al, 1996, who demonstrated Ro-31-8220
activated JNK1 via a PKC-dependent mechanism. Therefore different PKC family
members may provide divergent routes for the m3-AChR to activate the ERK and JNK

pathways.

Investigations into the role of PI3K demonstrated that PI3K has a permissive role in
ERK activation via of the m2-AChR, but not via the m3-AChR. These data suggest that
By subunits derived from G; proteins that couple to the m2-AChR are capable of
activating PI3K (Hawes et al., 1996; Lopez-Ilasca et al., 1997). This mechanism may
also account for the involvement of PKC in this pathway, as it is known that the PIP3-
dependent kinase, PDK1 is involved in activating PKC enzymes (Parker et al., 1999).
However, experiments to investigate the role of PI3K in m3-AChR agonist-mediated
JNK activation were impaired due to marked effects of the inhibitors on basal JNK
activity. Therefore, it will be of interest to further investigate the role of PI3K in JNK-
activation by using different concentrations of the inhibitors, different PI3K inhibitors or
by using dominant-negative interfering mutants of the PI3K enzymes. Similar studies
could also be designed to identify the different PKC isoforms involved in ERK and JNK

regulation by m2- and/or m3-acetylcholine receptors.
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Regulation of extracellular-signal regulated kinase and c-Jun N-terminal
kinase by G-protein-linked muscarinic acetylcholine receptors

Paui G. WYLIE, R. A. John CHALLISS and Jonathan L. BLANK*

Department of Cell Physiology and Pharmacology, University of Leicester School of Medicine, P.0. Box 138, Medical Sciences Building, University Road,

Leicester LE1 9HN, UK.

Extracellular signal-regulated kinases (ERKs) and c¢-Jun N-
terminal kinases (JNKs, or stress-activated protein kinases) are
activated by diverse extracellular signals and mediate a variety of
cellular responses, including mitogenesis, differentiation, hyper-
trophy, inflammatory reactions and apoptosis. We have examined
the involvement of Ca?* and protein kinase C (PKC) in
ERK and JNK activation by the human G-protein-coupled
m2 and m3 muscarinic acetylcholine receptors (mnAChR) ex-
pressed in Chinese hamster ovary (CHO) cells. We show that the
Ca®-mobilizing m3 AChR is efficiently coupled to JNK and
ERK activation, whereas the m2 AChR activates ERK but not
INK. Activation of JNK in CHO-m3 cells by the agonist
methacholine (MCh) was delayed in onset and more sustained
relative to that of ERK in either CHO-m2 or CHO-m3 cells. The
EC,;, values for MCh-induced ERK activation in both cell types
were essentially identical and similar to that for JNK activation
in CHO-m3 cells, suggesting little amplification of the response.
Agonist-stimulated Ins(1,4,5)P, accumulation in CHO-m3 cells
was insensitive to pertussis toxin (PTX), consistent with a

G, /phosphoinositide-specific phospholipase C-# mediated path-
way, whereas a significant component of ERK and JNK ac-
tivation in CHO-m3 cells was PTX-sensitive, indicating G,
involvement. Using manipulations that prevent receptor-medi-
ated extracellular Ca®* influx and intracellular Ca?*-store release,
we also show that ERK activation by m2 and m3 receptors is
Ca®*-independent. In contrast, a significant component (> 50 %)
of JNK activation mediated by the m3 AChR was dependent on
Ca?, mainly derived from extracellular influx. PKC inhibition
and down-regulation studies suggested that JNK activation was
negatively regulated by PKC. Conversely, ERK activation by
both m2 and m3 AChRs required PKC, suggesting a novel
mechanism for PKC activation by PTX-sensitive m2 AChRs. In
summary, mAChRs activate JNK and ERK via divergent
mechanisms involving either Ca®** or PKC respectively.

Key words: calcium, G-protein-coupled receptor, mitogen-acti-
vated protein kinase, protein kinase C, stress-activated protein
kinase.

INTRODUCTION

Mitogen-activated protein kinases (MAPKSs) are activated by a
diverse array of extracellular stimuli and regulate a variety of
cellular responses (for reviews see [1-4]). MAPK family members
include the extracellular signal-regulated kinases (ERKs) {1,2],
the c-Jun N-terminal kinases (JNKs) and p38 kinases [3-6].
MAPKs are activated by parallel sequential protein kinase
_cascades, comprising the MAPK (e.g. ERK1), a MAPK kinase
(e.g. MEK 1), and a MAPK kinase kinase (e.g. Raf-1) [2-4]. The

ERK pathway is activated by receptor tyrosine kinases and G-

protein-coupled receptors (GPCRs) that promote mitogenesis,
differentiation or hypertrophy. ERKs mediate these effects by
phosphorylating various substrates, including cytoplasmic en-
zymes (e.g. phospholipase A,, p90 ribosomal protein S6 kinase)
and nuclear transcription factors (e.g. ELK-1) [1,2]. JNKs and
p38 kinases are activated by cellular stress (e.g. UV- and -
radiation, osmotic and heat shock, protein synthesis inhibitors)
and inflammatory cytokines (e.g. tumour necrosis factor-,
interleukin-1), but also weakly by growth factors (e.g. epidermal
growth factor) [3—6]. JNK activation has been implicated in the

immune response, oncogenic transformation and apoptosis.
Current evidence suggests that JNKs mediate these effects by
increasing gene expression; transcription factors activated by
JNK include c-Jun, activating transcription factor 2 and ELK-1
[3-6].

MAPK regulation by GPCRs appears to be a widespread
phenomenon and is likely to mediate the proliferative and
hypertrophic responses of cells to various hormones, neuro-
transmitters and local mediators that act at this class of receptors
[7]. Receptors involved include those linked to phosphoinositide-
specific phospholipase C (PLC) activation via pertussis toxin
(PTX)-insensitive G -proteins and those preferentially coupled
to inhibition of adenylyl cyclase via PTX-sensitive G,-proteins.
In most cases, ERK activation by PTX-sensitive G-proteins is
independent of protein kinase C (PKC), which is consistent with
a lack of involvement of receptor-mediated phosphoinositide
hydrolysis [7-9]. Transient expression studies of «, adrenergic
and m2 muscarinic acetylcholine receptors (nAChRs) in COS-7
cells suggest that By subunits liberated from PTX-sensitive G-
proteins couple these receptors to ERK activation via a pathway
requiring the monomeric G-protein Ras [7-12]. Indeed, ex-

Abbreviations used: [CaZ*], intracellular calcium ion concentration; CHO, Chinese hamster ovary; ERK, extracellular signal-regulated protein
kinase: fura-2/AM, fura-2 acetoxymethy! ester; GPCR, G-protein-coupled receptor; GST, glutathione S-transferase; INK, c-Jun N-terminal kinase; KH
buffer, Krebs—Henseleit buffer; mAChR, muscarinic acetylcholine receptor; MCh, methacholine; MAPK, mitogen-activated protein kinase; MEK,
MAPK/ERK kinase; MAPKKK, MAPK kinase kinase; MEKK, MAPK/ERK kinase kinase; [BHINMS, N-[*H]methylscopolamine; PDBu, phorbol dibutyrate;
PI-3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phosphoinositide-specific phospholipase C; PTX, pertussis toxin.
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pression of free 8y, subunits in COS-7 cells, but not mutationally
activated a,,, is sufficient to activate ERK1 [9,11] and ERK2 [8]
in a Ras-dependent manner [8,9]. In contrast, activated a,can
transform Rat-1 fibroblasts [12] and activate ERK2 [11], and
may contribute to Ras-dependent ERK activation by the m2
AChHR in these cells [13].

Heterogeneity also exists in the mechanisms by which PTX-
resistant Ca®*-mobilizing receptors activate ERK, and both Ras-
dependent and -independent pathways have been implicated [7].
PKC appears to be important, as its down-regulation or in-
hibition can partly attenuate or fully inhibit ERK activation by
receptors coupled to PLC [7-9]. Consistent with this, acute
treatment of cells with tumour-promoting phorbol esters, or
overexpression of conventional or novel PKC isoenzymes, causes
ERK activation [2,14,15]. Persistent activation of m1, m3 or m$5
receptors [7], or expression of mutationally activated «, [16,17],
can induce proliferation and neoplastic transformation of
NIH3TS3 cells, although expression of activated o, alone causes
modest [11] or no [8] activation of ERK in COS-7 cells. However,
manipulations to sequester By subunits have provided evidence
for both «, and gy subunit involvement in ERK activation
mediated by the G -coupled m1 AChR [8], «,,-adrenoceptor
[9,18] and bombesin receptor [11]in COS-7 cells. The mechanisms
by which gy subunits activate the ERK pathway may include
Ras guanine nucleotide exchange factors [19] and cytoplasmic
tyrosine kinases [18,20-22].

Recently, JNK activation has also been demonstrated for
several GPCRs, including m1 and m2 ACh [23-25], angiotensin
11 [26], «, adrenergic [27], thrombin [28] and endothelin-1 [28,29]
receptors. For example, the ml AChR has been shown to
activate both JNK and ERK pathways in NIH3T3 cells and
cause expression of immediate early genes involved in cell growth
(c-Jun, Jun D, c-Fos, Fos B) [23]. In COS-7 cells, the m1 and m2
AChRs stimulate JNK by a mechanism involving By subunits
acting via Ras and Racl1 [25]. Consistent with this, overexpression
of 8.y, is sufficient to activate JNK in COS-7 cells, whereas
constitutively active «;, is without effect [25]. &, has also been
reported to activate JNK in COS-1 [30] and PC-12 [31] cells, but
does not appear to do so in COS-7 cells [26]. Phorbol esters have
little effect on JNK activity [5), indicating that PKC stimulation
alone is insufficient to activate JNK. Some studies support a role
for Ca?* in receptor-mediated JNK activation [24,26], and the
Ca**-dependent tyrosine kinase Pyk2 has been implicated in

_JNK activation by cellular stress in PC12 cells but not in COS or
HEK?293 cells [32]. Finally, mutationally active a,, and a,, are
also able to activate JNK, but not ERK, via Ras [30] and Racl
[33] or Cdc42 [34]. Although the effectors for a,, and a,; have not
been defined, this pathway may account for thrombin-induced
APl-dependent gene expression and/or mitogenesis [35,36].

Five distinct mAChRs show preferential coupling to at least
two classes of G-protein [37]. Thus, the m1, m3 and m5 AChRs
are primarily linked to PLC activation via PTX-resistant G-
proteins. Subsequent hydrolysis of PtdIns(4,5)P, provides the
second messengers Ins(1,4,5)P, and 1,2-diacylglycerol, which
mobilize intracellular calcium and activate certain PKC isozymes
respectively [38,39}. Conversely, m2 and m4 AChRs are coupled
to the activation of potassium channels and to the inhibition of
adenylyl cyclase via PTX-sensitive G,-proteins, thereby lowering
cAMP levels [37]. Clearly, MAPK regulation by GPCRs may be
downstream or independent of second messenger generation
mediated by individual G-protein subunits. We have examined
the role of Ca?* and PKC in the regulation of JNK and ERK by
human m2 and m3 AChRs expressed in Chinese hamster ovary
(CHO) cells. We find that the m3 AChR is coupled to JNK and
ERK activation in these cells, whereas the m2 receptor only
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activates ERK. We demonstrate that Ca%*, mainly derived from
extracellular influx, contributes to m3-mediated JNK activation,
whereas ERK activation by both receptors is Ca?*-independent.
We also demonstrate that PKC is necessary for ERK activation
by both m2 and m3 receptors, suggesting a novel mechanism for
PKC activation by PTX-sensitive m2 AChRs.

MATERIALS AND METHODS
Cell culture

Chinese hamster ovary (CHO-K1) cells stably expressing either
the recombinant human m2 or m3 AChR [40] were maintained
in minimal essential medium-a (Gibco-BRL) at 37°C in a 5%,
CO,/95% air mixture. The medium was supplemented with
109 (v/v) newborn calf serum, 50 units/ml penicillin, 50 x#g/ml
streptomycin and 2.5 ug/ml amphotericin B (Gibco-BRL).
Before agonist addition, cells were incubated in a Krebs-
Henseleit (KH) buffer (pre-equilibrated with 5% CO,/95%
O, and containing 5SmM Hepes, pH 7.4/10 mM glucose/
25mM NaHCO,/1.2mM K,HPO,/118 mM NaCl/4.7 mM
KCl/1.2mM MgSO,/1.3mM CaCl,) for 30min at 37°C
under 5% CO,/959% air.

ERK immunoprecipitation and assay

ERK proteins were isolated by immunoprecipitation from CHO
cell lysates and assayed for activity according to the following
procedure. Cells were solubilized with lysis buffer containing
20 mM Tris/HCI (pH 8.0)/0.59%, Nonidet P40/250 mM NaCl/
3mM EDTA/3mM EGTA/2mM Na,VO,/1 mM dithio-
threitol/1 mM PMSF/20 pug/ml aprotinin/5 ug/ml leupeptin.
Insoluble material was removed by centrifugation at 14000 g
for 10 min at 4 °C. Lysates were incubated for 90 min at 4 °C
with a 1:100 dilution of a rabbit polyclonal antiserum
(200 ug/ml) directed against ERK1 or ERK2 [C16: s5¢c-93 or
C14: sc-94 respectively (Santa Cruz)]. Immune complexes were
incubated for a further 90 min at 4 °C with 70 ul of a 159, (v/v)
slurry of Protein A—Sepharose (Pharmacia-LKB) and collected
by centrifugation. Immunoprecipitates were washed twice in
200 ul of lysis buffer and twice in 200 ul of kinase buffer
containing 20 mM Hepes, pH 7.2/20 mM p-glycerophosphate/
10 mM MgCl,/1 mM dithiothreitol/50 uM Na,VO,. Immune
complex ERK assays were initiated by addition of 40 xl of kinase
buffer containing 20 M [y-**P]ATP (2.5 #Ci/nmol) and 200 xM
of a synthetic peptide substrate corresponding to amino acids
662-681 of the epidermal growth factor receptor [41]. Reactions
were incubated for 20 min at 30 °C and terminated by addition
of 10 ul of 259% (w/v) trichloroacetic acid. Mixtures were
centrifuged at 14000 g for 2 min and spotted onto P81 cation-
exchange paper (Whatman). Papers were washed as described
[41] and counted by liquid-scintillation counting.

JINK assay

JNK activity was assessed using a recombinant protein fragment
of c-Jun as an affinity ligand and substrate {glutathione S-
transferase (GST)—c-Jun [1-79]} [6]. Cleared cell lysates were
prepared exactly as described above and incubated for 60 min at
4 °C with 20 ul of a 259, (v/v) slurry of glutathione-Sepharose
(Pharmacia-LKB), pre-coupled to GST—c-Jun (5 ug of protein).
Beads were collected by centrifugation and washed twice
in 200l of lysis buffer and twice in 200 xl of kinase
buffer. Reactions were initiated by addition of 40 ul of kinase buffer
containing 20 uM [y-3?P]JATP (2.5 #Ci/nmol). After incubation
for 20 min at 30 °C, reactions were terminated by addition of
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40 ul of Laemmli sample buffer and boiling. Phosphorylated
proteins were resolved by PAGE through 12 %, acrylamide in the
presence of 0.1, SDS, stained with Coomassie Blue R250 and
visualized by autoradiography. Radioactivity incorporated into
GST—c-Jun was quantified by liquid-scintillation counting of the
excised bands.

Measurement of intracellular calcium

The concentration of intracellular calcium, [Ca?*],, was estimated
as described previously [42], with some modifications. Confluent
cells from a 175cm?® flask were collected in 5ml of buffer
containing 10 mM Hepes, pH 7.4, 154 mM NaCl and 0.54 mM
EDTA, and then washed and resuspended in 3.5 ml of KH
buffer. A 0.5 ml aliquot of this suspension was diluted to 2 ml in
KH buffer to measure cellular autofluorescence. To the re-
mainder, fura-2 acetoxymethyl ester (fura-2/AM) was added to
a final concentration of 2 4M. After incubation for 45 min at
room temperature, 0.5 ml aliquots of the cell suspension were
centrifuged at 4000 g for 1 min and the cell pellet was resuspended
for analysis in 1.5 ml of KH buffer at room temperature. To
make the intracellular and extracellular Ca?* concentrations
approximately equivalent, some cells were resuspended in KH
buffer which lacked added CaCl, but contained 100 4M EGTA.
Routinely, 100 xuM methacholine (MCh) was added and the
340/380 nm excitation ratio was recorded at 509 nm every second
using a luminescence spectrometer (Perkin-Elmer). After data
collection, maximal and minimal 340/380 nm ratios were re-
corded in the presence 2 mM CaCl,/0.19% Triton X-100 and
80 mM EGTA respectively. [Ca®'], was determined using the
equation described by Grynkiewicz et al. [43].

Ins(1,4,5)P, mass assay

Ins(1,4,5)P, mass was determined using a radioligand-receptor
competition assay [44], with slight modifications. Briefly, incu-
bations of cells were terminated in 300 il of 0.5 M trichloroacetic
acid and subsequently processed by addition of 75 ul of 10 mM
EDTA and extraction with 600 xl of tri-n-octylamine/1,1,2-
trichlorotrifluoroethane (1:1, v/v). To 200 xl of the upper
aqueous phase was added 50 ul of 10 mM NaHCO, and the
mixture was stored overnight at 4 °C for subsequent mass
measurement of Ins(1,4,5)P, using 30 xl of this mixture as
described [44].

Measurement of N-[*H]methyiscopolamine ([*H]NMS) binding

Total mAChR number was determined by [P HJNMS saturation-
binding to cell membrane preparations [45). Confluent cells from
a 175 cm? flask were collected in buffer containing 10 mM Hepes,
pH 7.4, 154 mM NaCl and 0.54 mM EDTA, resuspended in
buffer A (10 mM Hepes, pH 7.4/10 mM EDTA) at 4 °C and
homogenized using a Polytron tissue disrupter. The particulate
fraction was obtained by centrifugation at 30000 g for 15 min at
4 °C and resuspended in buffer B (10 mM Hepes, pH 7.4/0.1 mM
EDTA) at 4°C using the Polytron homogenizer. The cell
membrane preparation was resuspended in buffer B following
centrifugation to a final concentration of 1 mg of protein/ml and
stored at — 80 °C. Radioligand binding was performed for 1 h at
37°C in a final volume of 200 xl of buffer C (10 mM Hepes,
pH 7.4/100 mM NaCl/10 mM MgCl,) containing 20 ug of mem-
brane protein and various concentrations of [PH]NMS (0.03-3
nM). For each concentration, non-specific binding was de-
termined in the presence of 1 #uM atropine and was less than
10% of total [FHJNMS binding. Bound and free ligand were
separated by rapid filtration through GF/B paper (Whatman).

Filters were washed in buffer C and then dried and counted by
liquid-scintillation counting. Maximum binding capacity (B,,,,)
and equilibrium dissociation constant (K,) values were deter-
mined by saturation analysis using the Prism program (GraphPad
Software, San Diego, CA, U.S.A.).

Western blot analysis

Analysis was performed either on cleared cell lysates or on
proteins isolated from CHO-m3 cells that specifically bound to
GST—c-Jun using the incubation and washing procedure de-
scribed in the JNK assay section. Proteins were separated by
SDS/129%-PAGE and transferred onto a nitrocellulose mem-
brane for 30 min at 12 V in transfer buffer (48 mM Tris/HCl/
39 mM glycine/1.3 mM SDS/20 9%, methanol) using a semi-dry
transfer apparatus (Bio-Rad). Membranes were blocked for 1 h
at room temperature with 5% non-fat milk powder in TTBS
[50 mM Tris/HCI (pH 8.0)/0.1 %, Tween-20/150mM NaCl] and
incubated overnight at 4 °C with primary antibody [anti-ERK
(C16: sc-93), 1:1000; anti-ERK2 (C14: sc-94), 1:1000; anti-
JNK1 (C17: sc-474), 1:500; (Santa Cruz)] in TTBS. After
washing in TTBS, blots were incubated for 1h at room tem-
perature with a 1:1000 dilution in TTBS of anti-rabbit IgG
coupled to peroxidase (Sigma). Immunoblots were developed by
enhanced chemiluminescence (Amersham International).

Fusion protein expression

The construct for bacterial expression of c-Jun (amino acids
1-79) fused to GST was a gift from Dr. Roger J. Davis {6]. The
GST—c-Jun protein was isolated on a glutathione-Sepharose
affinity matrix (Pharmacia-LKB). Purified protein was resolved
by SDS/PAGE through 12 %, polyacrylamide and quantified by
comparative Coomassie Blue R250 staining using BSA as a
standard. In all other cases, protein concentrations were de-
termined by a modified Bradford procedure [46].

Statistical analysis

The statistical differences between data sets was assessed by one-
way analysis of variance for multiple comparisons, followed by
Duncan’s multiple-range test at P < 0.05 using SPSS version 6.1
software (Chicago, IL, U.S.A)).

RESULTS

Time- and conceniration-dependence of agonist-stimulated ERK
and JNK activities in CHO-m2 and CHO-m3 cells

CHO cells separately expressing recombinant human m2 and m3
AChRs at comparable levels of 1.5+0.1 pmol/mg and 2.2+
0.2 pmol/mg (mean+S.E.M., n = 6) were stimulated with the
muscarinic agonist MCh. ERK was isolated using an antiserum
to ERK1 and assayed using a synthetic peptide substrate [41].
Stimulation of either m2 or m3 AChRs with 100 xM MCh
caused dramatic ERK activation (Figure 1A). ERK activation
by both m2 and m3 AChRs was observed 2 min after agonist
addition and was maximal by 5 min. In CHO-m2 cells, ERK
activity returned to basal by 20 min of MCh stimulation, whereas
ERK activation in CHO-m3 cells was more sustained. The MCh
concentration dependence for ERK activation was similar in
both cell types (Figure 1B). Mean EC;, values for the m2- and
m3-mediated responses were 4 4uM MCh [log EC,, (M) —5.4+
0.1] and 5uM MCh [log EC,, (M) —5.310.1] respectively
(mean+ S.E.M., n = 3-9), where the M in parentheses refers to
molarity.

© 1999 The Biochemical Society
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Time- and concentration-dependence of agonist-stimulated ERK and JNK activities in cells expressing human m2 and m3 AChRs

(A) CHO cells expressing either the m2 or m3 AChR were stimulated with 100 /iM MCh for the times indicated. ERK activity was isolated using anti-ERK1 and assayed as described in the Materials
and methods section. Basal ERK activity in CHO-m2 and CHO-m3 cells was 149+38 and 186 £30 fmol *min-1 *mg-1 respectively. (B) Cells were incubated with various concentrations of MCh
for S min and assayed for ERK activity. Basal ERK activity in CH0-m2 and CH0-m3 cells was 102 +35 and 18788 fmol-min-1 -mg-1re spectively. (C) p44-ERKI, p42-ERK2 and INKI were
detected in CHO-m2 (m2) and CHO-m3 (m3) lysates (10 fig of protein) by Western blot analysis using selective antisera. The lower portion of panel (C) shows immunoblot analysis using anti-
INKI antiserum of GST-c-Jun affinity captured proteins isolated from lysis buffer as a control (lane 2), from unstimulated CHO-m3 cells (50 fig of protein, lane 3) and from CHO-m3 cells stimulated
for 30 min with MCh (50 fig of protein, lane 4.). Immunoblot analysis was also performed on CHO-m3 cell lysate (10 fig of protein) using the same antiserum (lane 1). The relative position of
the 45 kDa ovalbumin marker is indicated by an arrow. (D) Cells were stimulated with 100 /iM MCh for the times indicated and JNK activity was assessed by GST-Jun phosphorylation. Basal
INK activity in CHO0-m2 and CHO-m3 cells was 18736 and 161 +43 fmol-min-1 *mg-1re spectively. (E) CH0-m2 and CHO-m3 cells were stimulated for either 10 min or 30 min respectively
with the indicated concentrations of MCh and assayed for JNK activity. Basal INK activity in CH0-m3 cells was 101 £ 10 fmol-min-1 -mg-1. The lower portions of panels (D) and (E) show
representative autoradiograms of GST-Jun phosphorylation. Activities represent the means +S.E.M. for 3-7 separate determinations.

Immunoblot analysis indicated that the level of ERK proteins
in the two cell types was similar (Figure 1C). The ERKI
antiserum recognized both p44 ERK1 and p42 ERK2, whereas
an antiserum directed to the C-terminal sequence of ERK2 was
specific for this isoenzyme (Figure 1C). Immune complex assays
of kinases isolated by each antibody, either alone or in com-
bination, suggested that the ERK1 antiserum measured both
ERK1 and ERK2 activities, whereas the ERK2 antiserum was
more selective (results not shown). Thus, results obtained using
the ERK1 antiserum are likely to represent the combined activity
of both ERK1 and ERK2.

JNK1, JNK2 and JNK3 are indistinguishable based on their
ability to bind and phosphorylate the N-terminal domain of c-

© 1999 The Biochemical Society

Jun [¢]. Therefore, JNK activity was measured using a re-
combinant fragment of c-Jun (amino acids 1-79) fused to GST
as an affinity ligand and substrate. Immunoblot analysis using an
antiserum to JNK 1 showed the presence of similar amounts of
the 46 kDa enzyme in CHO-m2 and CHO-m3 cells (Figure 1C).
This analysis also showed that the affinity ligand, GST-c-Jun,
bound equal quantities of the 46 kDa JNKI1 protein from
unstimulated and MCh-stimulated CHO-m3 cells (Figure 1C).
As shown in Figure 1(D), MCh induced a marked and sustained
JNK activation in CHO-m3 cells that was delayed in onset
relative to ERK activation (Figure 1A). In contrast, the m2
receptor failed to activate JNK greatly, giving a maximal
stimulation of 2-fold. JNK was activated in CHO-m3 cells with
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Figure 2  Calcium-dependence of agonist-stimulated ERK and JNK activities
in CHO-m3 cells

(A) Cytosolic Ca2+ concentration was measured in fura-2/AM-loaded CHO0-m3 cells stimulated
with 100 /tM MCh in the presence of 1.3 mM CaClI2 (control, solid line) or under calcium-
depleted conditions [ie. -C a2+e/ + EGTA (100 /iM) broken lines]. The inset shows the effect
of 2 fiM thapsigargin under calcium-depleted conditions. (B) and (C) CHO-m3 cells were
prepared in the presence of 1.3 mM CaCl2(control) or under conditions to prevent Ca+ entry
[—Caly + EGTA (100yrM)] and intracellular Ca2+ release [ie. - C a 2+¢/ + EGTA (100 /iM)
+ thapsigargin (2 yoM)]. ERK and INK activities were assayed at 5 min and 30 min
respectively after addition of 100 /iM MCh (solid bars) or carrier (open bars). Non-stimulated
activities for each condition were assigned a fold activity of 1. A representative autoradiogram
of INK activity is shown below (C). Results are means + S.EM. of 3-6 separate determinations.
'P < 0.05 by Duncan’s multiple-range test.
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Figure 3  Calcium-dependence of agonist-stimulated ERK and JNK activities
in CHO-m2 cells

(A) Fura-2/AM-loaded CHO-m2 cells were analysed for agonist-induced intracellular Ca2+
elevation as described in the legend to Figure 2. (B, C) MCh-induced ERK and INK activities in
CHO-m2 cells were measured under the conditions described in the legend to Figure 2, except
that INK activity was measured at 10 min after addition of 100 fiM MCh (solid bars) or carrier
(open bars). A representative autoradiogram of INK activity is shown below (C). Results are
means £S.E.M. of 4-8 separate determinations. 'P < 0.05 by Duncan's multiple-range test.

an ECso value of 2*M MCh [log ECso (M) -5.8 +£0.2; mean=+
S.EM., n = 3-9] (Figure IE). An equivalent ECso value could
not be determined in CHO-m2 cells. MCh-stimulated ERK and
JNK activities in both cell types were abolished by the antagonist
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Figure 4  Effect of thapsigargin-mediated intracellular calcium elevation on
ERK and JNK activities

(A) The effect of 2 /M thapsigargin on [Cal+]i was measured in fura-2/AM-loaded CHO-
m3 cells in the presence of 1.3 mM CaCl2 (control, solid line) or under Ca2+-depleted conditions
[ie. —Ca2+e/ + EGTA (100 /imp, broken line], (B) and (C) ERK and INK activities were
measured in the absence (O ) and presence (#) of 1.3 mM CaClI2, after addition of 2 /tM
thapsigargin. ERK and JNK activities were also determined after 5 and 30 min of 100 /tM MCh
stimulation in the presence of 1.3 mM CaCl2(sol id bars). An autoradiogram of INK activity is
shown below (C). Results are means of four separate determinations. ‘Indicates JNK activation
(+) at P< 0.05 by Duncan's multiple-range test.

atropine (results not shown), confirming that the responses were
muscarinic receptor-mediated. Immunoblot analysis also showed
that the amounts of ERK and JNK were unchanged by MCh
(results not shown).
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Figure 5 PTX sensitivity of agonist-stimulated ERK and JNK activities in

CHO-m3 cells

(A) InsO/t"Pjmas s was determined in either untreated (O) or PTX-treated (75 ng/ml, #)
CHO-m3 cells after stimulation with 100 /iM MCh for the times indicated. Values represent the
means £ S.E.M. of four separate assay points and were essentially identical with those obtained
in a similar experiment. (B) and (C) ERK and INK activities were measured in untreated and
PTX-treated cells at 5 min and 30 min respectively after addition of 100 /M MCh (white bars)
or carrier (solid bars). *P< 0.05 by Duncan’s multiple-range test. Basal ERK and INK activities
in non-PTX-treated cells were 159+34 and 81 +3 9 fmol-min"lmmg-1 respectively. A
representative autoradiogram of JNK activity is shown below (C). Values represent the
means + S.EM. of 4-9 separate determinations. *P < (.05 by Duncan's multiple-range test.

Calcium dependence of agonist-stimulated ERK and JNK activities
in CH0-m3 and CHO0-m2 cells

Since ml, m3 and m5 AChRs are Ca2+mobilizing receptors
coupled to PLC [37], we determined the contribution of Ca2t+to
ERK and JNK activation in CHO-m3 cells. [Ca2t]j was measured
using the Ca2t+sensitive dye fura-2 and, for comparative pur-
poses, CHO-m2 cells were analysed similarly. MCh (100/"M)
induced a rapid elevation of [Ca2ft in CHO-m3 cells that was
maximal within 10 s of agonist addition (Figure 2A). Removal of
the Ca2t+ gradient across the plasma membrane using 100/"M
EGTA in the extracellular buffer indicated that Ca2+ influx
contributed the major component to the agonist-induced rise in
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Figure 6 Role of PKC in agonist-stimulated ERK and JNK activities in CHO-
m2 and CHO-m3 cells

[Ca2Hr Furthermore, treatment of cells under Ca2+depleted
conditions with thapsigargin, an inhibitor of the endoplasmic
reticulum Cax+ATPase, caused a small transient increase in
[Ca2#jt but, importantly, abolished that induced by MCh (Figure
2A). These manipulations show that ERK activation by the m3
receptor is Ca2~independent (Figure 2B). In contrast, agonist-
induced JNK activity in CHO-m3 cells was reduced by greater
than 50 % in the absence of intracellular Ca2televation (Figure
20).

The Gj -coupled m2 AChR also caused a small increase in
[Ca2t in CHO cells that was abolished by thapsigargin (Figure
3A). Surprisingly, the Ca2t+ elevation induced by MCh was
reproducibly enhanced when extracellular Ca2t+ was chelated
(Figure 3A). ERK activation was not affected by these conditions
or when Ca2+mobilization was abolished by thapsigargin (Figure
3B), whereas JNK activation was attenuated (Figure 3C). Thus,
ERK activation by m2 and m3 AChRs appears to be independent
of Ca2televation in CHO cells, whereas a significant component
of the JNK response to these receptors is Cazt-dependent.

Effect of agonist-independent calcium elevation on ERK and JNK
activities

Under Ca2-depleted conditions, thapsigargin causes a small
transient rise in [Ca2ft that can be dramatically enhanced by the
presence of external Ca2+(Figure 4A). These manipulations were
used to assess the effect of [Ca2ft elevation, independently of
agonist, and showed that ERK was not significantly activated by
Ca2t+ (Figure 4B). However, activation of JNK by thapsigargin
could be observed, although the effect was less than that induced
by agonist (Figure 4C). Furthermore, this activation was abol-
ished by depletion of external Ca2t+ (Figure 4C), confirming
specificity of the Ca2t effect. Essentially identical results were
obtained in CHO-m2 cells (results not shown). Thus elevation of
[Ca2H( alone is not sufficient to activate JNK maximally, sup-
porting a role for both Ca2+dependent and Ca2+independent
components in JNK activation by the m3 AChR.

PTX sensitivity of mAChR-mediated responses

PTX catalyses the ADP-ribosylation ofa subunits of G, and GQ
uncoupling them from activated receptors [47], Although the ml
AChR can be considered a prototypic GPCR linked to PTX-
insensitive Ggproteins, ERK activation by this receptor may be
mediated by Go in CHO cells [48]. In CHO-m3 cells, MCh
stimulated a rapid Ins( 1,4,5)P3accumulation which was maximal
at 15 s and which was unaffected by PTX (Figure 5A). Similarly,
the ECso for MCh-induced Ins(1,4,5)P3 accumulation was unaf-
fected by PTX [log ECso (M) -5.6+0.2 and -6.040.1 in the
absence and presence of PTX; results not shown]. Thus coupling
of the m3-AChR to PLC probably involves Gq. In contrast, a
large component of ERK activation by the m3 AChR was PTX-

Cells were pre-treated for 10 min with 10 /iM Ro-31-8220 (Ro), 10 /*M wortmannin (Wo) or
the carrier DMSO before agonist addition. (A) and (B) ERK activity was measured in CH0-m3
and CH0-m2 at 5 min after addition of 100 /*M MCh (white bars) or carrier (solid bars). Cells
were separately treated for 10 min with | PDBu. Basal ERK activities in CH0-m3 and CHO-
m2 cells were 157+ 80 and 118+ 106 fmol-min'l*mg-1 respectively. (C) and (D) INK
activity was measured in CH0-m3 and CHO-m2 at 30 min and 10 min respectively after addition
of 100 fiM MCh (white bars) or carrier (solid bars). Cells were separately treated for 10 min
with 1 /iM PDBu (C) or for 15 min with 50 ng/ml anisomycin (D). Basal INK activities in CH0-
m3 and CHO-m2 cells were 148+30 and 71 + 6 fmol-min-1 -mg-1. Representative
autoradiograms of JNK activity are shown (C and D). Values represent the means +S.E.M . of
3-9 separate experiments. 'Indicates significant effects of Ro-31-8220 or wortmannin on basal
and agonist-stimulated activities at P < 0.05 by Duncan's multiple-range test.
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Figure 7  Effect of PKC down-regulation on m3 receptor-mediated activation

of ERK and JNK

CHO-m3 cells were pre-treated for 18 h with 1 jiM PDBu (+ PDBu) or the carrier DMSO
(— PDBu) before agonist addition. (A) and (B) ERK and INK activities were measured at 5 min
and 30 min respectively after addition of 100 fiM MCh (white bars) or carrier (solid bars). Basal
ERK and INK activities were 385+ 108 and 171+55fmol-min-1 *mg-1 respectively. A
representative autoradiogram of JNK activity is shown in below (B). Values represent the
means+ S.EM. of 3-5 separate experiments. 'P < 0.05 by Duncan's multiple-range test.

sensitive (Figure 5B), indicating that distinct G-proteins couple
the m3 receptor to Ins(1,4,5)P3 formation and ERK activation.
JNK activation by the m3 receptor was also partly PTX-sensitive
(Figure 5C), indicating that the JNK pathway also involves a
Gt/Go component. PTX treatment had no effect on ERK or
JNK expression by Western blotting (results not shown). As
expected, PTX abolished MCh-induced ERK and JNK ac-
tivation in CHO-m2 cells (results not shown).

Inhibition of PKC and phosphoinositide 3-kinase (PI-3K)
demonstrates divergent mechanisms for ERK and JNK activation
by mAChRs

In agreement with previous reports [2,14,15], PKC stimulation
with phorbol ester activates ERK (Figure ¢ A and ¢ B). Inhibition
of either PKC by 10/*M Ro-31-8220 or PI-3K by 10/"M
wortmannin essentially abolished ERK activation induced by
MCh in CHO-m3 cells (Figure ¢A). Interestingly, Ro-31-8220
also dramatically reduced m2-mediated ERK activation, impli-
cating PKC in the pathway by which PTX-sensitive G-proteins
activate ERK (Figure ¢ B). Whereas JNK can be activated by
cellular stress, such as that induced by the protein synthesis
inhibitor anisomycin (Figure ¢ D), phorbol ester had little effect
on JNK (Figure ¢ C), which is consistent with previous work [5].
Furthermore, elevation of [Ca2Ht by thapsigargin concurrent
with activation of PKC by phorbol dibutyrate (PDBu) had less
than an additive effect on JNK activity (results not shown).

© 1999 The Biochemical Society

Experiments to determine the involvement of PKC and PI-3K in
activation of INK by mAChRs were confused by the marked
stimulatory effects Ro-31-8220 and wortmannin had on basal
INK activity (Figures ¢ C and ¢ D). However, PI-3K inhibition
had no effect on the level of INK activity in the presence of MCh
in either CHO-m3 (Figure ¢C) or CHO-m2 (Figure ¢ D) cells,
whereas a marked enhancement of JNK activity by Ro-31-8220
was apparent in CHO-m3 cells stimulated with MCh (Figure
6 C). As the stimulatory effect on INK of Ro-31-8220 may not be
mediated by PKC inhibition, CHO-m3 cells were alternatively
treated for 18 h with 1/jM PDBu to down-regulate PKC. Under
these conditions, ERK activation induced by MCh was signifi-
cantly attenuated, confirming a stimulatory role for PKC in this
pathway (Figure 7A). In contrast, JNK activation was enhanced
by MCh after chronic PDBu treatment (Figure 7B), further
suggesting that PKC is a negative regulator of the JNK pathway.

DISCUSSION

Evidence to date points to considerable heterogeneity in the
mechanisms by which MAPK signalling pathways are regulated
by GPCRs [7], This heterogeneity can be attributed in part to the
nature of the heterotrimeric G-proteins to which individual
receptors couple, and also to cell-type-specific differences in the
complement of intracellular molecules that participate in the
signalling cascades. The current study has used CHO cells as a
model to examine the regulation of two distinct subfamilies of
MAPK by recombinant human m2 and m3 AChRs that preferen-
tially couple to inhibition of adenylyl cyclase and activation of
PLC respectively [37]. We found that the Ca2tmobilizing m3
ACHR is efficiently coupled to both ERK and JNK activation in
CHO cells, whereas the m2 AChR activates ERK to a comparable
level yet fails to activate JNK significantly. The ECso values for
MCh-induced ERK activation in CHO-m2 and CHO-m3 cells
were essentially identical (4/<M and 5/*M respectively), and
similar to that for JNK activation in CHO-m3 cells (2 fim).
Agonist displacement studies of NMS binding in membranes
derived from CHO-m2 and CHO-m3 cells have provided agonist
occupation curves with K Dvalues of 1/*M and 40 /<M carbachol
respectively [40]. In addition, the ECso values for carbachol-
stimulated early- and late-phase Ins(1,4,5)P3 production in intact
CHO-m3 cells are approx. 5fiM carbachol [42], whereas this
agonist is more potent at elevating intracellular Ca2+by at least
one order of magnitude [42], These observations suggest that the
potential for second-messenger-mediated amplification of ERK
or JNK activities may be limited by additional factors, such as
the stoichiometry of intracellular proteins that are required for
activation of these pathways.

We also find that JNK activation by the m3 AChR is delayed
in onset and more sustained relative to ERK activation induced
by either the m3 or m2 AChR subtype. In Rati cells, the ml
AChR activates JNK with a similar time-course as described
here, although in these cells ERK is not activated [13,24],
However, in NIH3T3 cells where m1 AChR activates both JNK
and ERK, a similar temporal pattern of rapid ERK activation
with delayed JNK activation has been reported [23], Although
the Gj-coupled m2 AChR can cause a modest (3-fold) activation
of JNK in Rati [24] and COS-7 [25] cells, receptors that cause
significant JNK activation are primarily coupled to PtdIns(4,5)P2
hydrolysis, including angiotensin II [26], ax adrenergic [27],
thrombin [28] and endothelin-1 [28,29] receptors, and induce
JNK activity with a similar time-course to that observed here
[23-27]. Interestingly, maximal activation of JNK mediated by
the m3 receptor requires constant receptor occupation by agonist
(P. G. Wylie, R. A.J. Challiss and J. L. Blank, unpublished
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work), suggesting that JNK activation is not solely dependent on
an early signalling event such as rapid second messenger gen-
eration. Indeed maximal JNK activation occurred at times when
a significant proportion of m3 receptors would be predicted to be
desensitized, raising the possibility that JNK activation may be
partly dependent on receptor internalization. In this regard,
Daaka et al. [49] have recently provided evidence that receptor
endocytosis is required for ERK activation mediated by the g,-
adrenoceptor and lysophosphatidic acid receptor in HEK 293
cells. Although ERK and JNK activation pathways involve
distinct intracellular components, it will be of interest to examine
the role of m3 receptor internalization in JNK activation in the
light of these observations.

Ca** plays a key role in ERK activation in neuronal cells via
pathways requiring the monomeric G-protein Ras, and mechan-
isms involving tyrosine kinase activation and activation of
guanine nucleotide exchange factors for Ras have been proposed
{50,51]. In addition, T-lymphocytes have an apparently unique
mechanism to allow Ca?'-dependent activation of JNK when
PKC is co-activated [52], and JNK activation in B-lymphocytes
appears to be dependent on the size and duration of the Ca?*
transient [53]. Since the m3 AChR activates PLC, we have also
examined the role of Ca?* and PKC in the regulation or ERK
and JNK by this receptor. In CHO-m3 cells, MCh can release
Ca** from a thapsigargin-sensitive internal store and activate a
large extracellular Ca** entry pathway. Depletion of internal
Ca?* and/or removal of extracellular Ca?* demonstrated that m3
AChR-mediated JNK activation involved both a Ca?*-dependent
and a Ca**-independent component, whereas muscarinic receptor
activation of ERK did not require Ca?*. Similar manipulations
that should abolish Ca?* mobilization by angiotensin II in GN4
rat liver epithelial cells have also provided evidence for a Ca?*-
dependent and a Ca?*-independent mechanism of INK activation
[26], whereas JNK activation by the m1 and m2 AChR has been
reported to be entirely Ca®*-dependent in Rat 1 cells [24]. Our
observation that increasing [Ca®*], independently of agonist can
cause significant JNK activation, yet negligible ERK activation,
relative to that induced by agonist, supports a differential role for
Ca®" in activation of these two MAPK pathways by the m3
AChR. In COS-7 cells, the m1 and m2 AChRs stimulate JNK
through G-protein By subunits acting via Ras and Racl1 [25], and
such a mechanism may account for the Ca**-independent com-
ponent of the m2- and m3-mediated signal in CHO cells.

-Activating mutants of «, have also been reported to activate
JNK in COS-1 {30] and PC-12 [31] cells, presumably by stimu-
lating B isoenzymes of PLC with consequent elevation of [Ca®*],.
The Ca®*-activated protein tyrosine kinase Pyk2 can be activated
by GPCRs for bradykinin, lysophosphatidic acid and carbachol
in PC12 cells [22], and by angiotensin II in GN4 cells [54], and
can mediate ERK [22] and JNK [32] activation. We have yet to
establish whether activation of JNK in CHO-m3 cells requires a
Ca?*-dependent tyrosine kinase or whether a Ca®*/calmodulin-
dependent protein kinase may be involved [55].

As demonstrated here, agonist-stimulated Ins(1,4,5)P, form-
ation in CHO-m3 cells is resistant to PTX, consistent with
G,/PLC-g involvement, whereas a significant component of
ERK and JNK response was toxin sensitive. Measurements of
agonist-stimulated guanosine 5’-[y-thio]triphosphate (GTP[S])
binding in CHO-m1 and CHO-m3 cells membranes following
PTX treatment has indicated that these G -coupled receptors are
also linked to G, and/or G [4 0]. Interestingly, G is not widely
expressed outside the nervous system [56] but is present in CHO
cells where it has been implicated in coupling the m1 AChR to
ERK activation [48). These observations indicate that both the
m1 and m3 receptor can couple to at least two distinct classes of

G-protein to mediate activation of separate but overlapping
signalling pathways.

As evidence exists for the involvement of PI-3K in ERK
activation by GPCRs [57], we examined the effect of the PI-3K
inhibitor wortmannin on muscarinic regulation of ERK and
JNK. Our results suggest that ERK activation by m2 and m3
AChRs is dependent on the activity of PI-3K, which is consistent
with the notion that specific isoforms of PI-3K link G-protein gy
subunits to activation of the ERK pathway [57]. Very recently,
PI-3K has also been proposed to mediate JNK activation by the
m2 AChR in COS-7 cells {58] and can apparently form a complex
with JNK in y-irradiated U937 myeloid leukaemia cells [59]. Our
studies examining PI-3K involvement in JNK activation by
muscarinic receptors were inconclusive due to the marked
stimulatory effects of wortmannin on JNK as reported previously
[59].

Finally, we have also examined the involvement of PKC in
muscarinic activation of the ERK and JNK pathways by using
the PKC inhibitor Ro-31-8220 or by prolonged phorbol ester
treatment to deplete the protein. These experiments indicate that
ERK activation by the m3 AChR is mainly mediated via a PKC-
dependent pathway and are consistent with work demonstrating
that PKC activation by phorbol ester or overexpression of the
novel or conventional isoforms of PKC is sufficient alone to
activate ERK [2,14,15]. Surprisingly, we also found that ERK
activation by the m2 AChR required PKC, despite operating
exclusively through a PTX-sensitive pathway. Our observation
that MCh could increase intracellular Ca®* in CHO-m2 cells is
consistent with PLC activation being mediated by gy subunits
derived from PTX-sensitive G-proteins, thereby providing a
mechanism to account for this PKC-dependence. In support of
our observations, the PTX-sensitive G, protein has been shown
to couple the m1 AChR and platelet-activating factor receptor to
ERK activation via PKC in CHO cells [48].

In NIH3T3 cells, JNK activation by the m1 AChR does not
require PKC [23]. However, we find that PKC inhibition by Ro-
31-8220 or by chronic phorbol ester treatment results in enhanced
JNK activity in CHO-m3 cells stimulated with MCh, suggesting
that PKC contributes an inhibitory component to this pathway.
In CHO-m3 cells that were pretreated with PDBu for 5 min to
activate PKC, stimulation of JNK by MCh was attenuated by
approx. 50% (P. G. Wylie, R. A.J. Challiss and J. L. Blank,
unpublished work), whick is consistent with an inhibitory effect
of PKC on JNK. In accord with our observations, other studies
have shown that PKC inhibition can potentiate JNK activation
by endothelin-1 in Rat 1 fibroblasts [60] and angiotensin II in
GN4 epithelial cells [26]. Although Ro-31-8220 may also have an
effect on JNK activity that is independent of PK C inhibition [61],
these results suggest that PKC plays opposing roles in the
regulation of JNK and ERK by m3 AChRs in CHO cells.

Biochemical and molecular biological studies have identified
several intracellular protein kinase cascades that provide the
potential for parallel regulation of the ERK, JNK and p38
subgroups of MAPKSs in response to extracellular stimuli and
various forms of cellular stress [1-4,7]. Whereas the role of PKC
and Ca®** in ERK regulation via pathways involving Ras and the
Raf family of MAPKKKs have been examined extensively, the
upstream elements involved in JNK and p38 regulation by
GPCRs remain to be determined. Recent evidence has established
that Racl and Cdc42, two members of the Rho family of
monomeric G-proteins, are key intracellular regulators of JINK
and p38 [3,4,7]. In addition, a family of MAPK/ERK-activating
kinase kinases (MEKKs) have been identified as MAPKKKs
that preferentially regulate JNK and p38 [2-4,7]. This dis-
tinguishes MEKKSs from Raf, which activates ERK but not JNK

© 1999 The Biochemical Society
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or p38 [4]. Importantly, Rho family G-proteins have also been
implicated in muscarinic receptor signalling [7,25,62] and in
the regulation of MEKKs [63,64] and functionally related
MAPKKKs [3,4]. Future studies will examine the involvement of
MEKKSs and of Rho family G-proteins in JNK regulation by
muscarinic receptors in CHO cells and address the mechanisms
by which Ca?** and PKC may influence this pathway.
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