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ABSTRACT

Bradykinin-induced formation of [^H]inositol-l,4,5 trisphosphate

in cultured

neonatal rat dorsal root ganglion neurones desensitised after brief exposure to
bradykinin. This was characterised by an increase in the EC50 value and a reduction in
the maximum response for bradykinin-induced

formation.

There was no

change in the affinity of the bradykinin receptor on the neurones for [^H]bradykinin but
desensitisation was accompanied by a reduction in the number of binding sites.
Mimicking bradykinin-induced elevation of cyclic GMP with dibutyryl cGMP and
activation of protein kinase C with phorbol 12,13-dibutyrate reduced bradykinininduced [^H]IP3 formation, but had no effect on [^HJbradykinin binding. Preventing
bradykinin-induced formation of cyclic GMP with the nitric oxide synthase inhibitor Nnitro-L-arginine reduced bradykinin-induced desensitisation.

Similarly, preventing

activation of protein kinase C with GF109203X also reduced bradykinin-induced
desensitisation. Simultaneous pretreatment with maximal concentrations of dibutyryl
cGMP and phorbol 12, 13-dibutyrate had a greater effect on the maximum response to
bradykinin than each agent alone, mimicking the effect of pretreatment with bradykinin,
implying that their mechanisms of action did not entirely overlap. Pretreatment with a
combination of dibutyryl cGMP and phorbol 12,13-dibutyrate had no effect on
[^HJbradykinin binding.

Pretreatment with neuropeptide Y, which also activates

phospholipase C, reduced bradykinin-induced [^HjlPg formation, and vice versa,
implying that both heterologous and homologous desensitisation were occurring. These
studies show that the sensitivity of dorsal root ganglion neurones to Bk is regulated by
cyclic GMP and protein kinase C through different sites, providing strong evidence for
a role for cyclic GMP in desensitisation and weaker evidence for a role for PKC. An
additional mechanism might be responsible for the loss of [^HJbradykinin binding sites
seen following bradykinin-induced desensitisation.

Resiniferatoxin

activates

sensory

neurones

via

the

capsaicin

receptor.

[^HJresiniferatoxin binding was detected in membranes (Kp) value of 1.8 ± 0.2 nM),
but not in the cytosolic fraction, of rat dorsal root ganglia . Resiniferatoxin caused
translocation of protein kinase C in cultures of neonatal rat dorsal root ganglion
neurones (EC50 value of 18 ± 3 nM). This response was greatly reduced, but not
abolished, in the absence of external calcium. Raising [Ca2+]j with ionomycin and
KCl also resulted in translocation of protein kinase C. These results suggested that the
effect of resiniferatoxin on translocation was indirect. Resiniferatoxin did, however,
cause direct activation of a Ca^+ and lipid-dependent kinase, or kinases, isolated from
the cytosol of adult rat dorsal root ganglia at concentrations higher (100 nM-10 mM)
than those required for [^H]resiniferatoxin binding and translocation of protein kinase
C in cultured neurones.
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SECTION 1:
BRADYKININ

20

CHAPTER 1 INTRODUCTION

21

1 -1

General introduction

The aim of this part of the thesis was to investigate the mechanism of bradykinin (Bk)induced desensitisation in cultured sensory neurones from neonatal rat dorsal root
ganglion (DRG).

The nonapeptide, Bk, is a potent pain producing substance. It is formed during tissue
damage and inflammation and interacts with specific receptors on sensory neurones
causing them to fire. This results in a signal being sent to the central nervous system
(CNS) which is perceived as pain. In sensory neurones the most important signal
transduction mechanism utilised by Bk appears to be activation of phospholipase C
(PLC). A number of studies in cultured sensory neurones from rat DRG have shown
that Bk causes the formation of the lipid derived messenger molecules, diacylglycerol
(DAG) (Burgess et a l, 1989a) and IP3 (Thayer et a l, 1988; Gammon et a l, 1989) and
the subsequent activation of protein kinase C (PKC) (Dray et a l, 1988; Burgess et al,
1989a; Rang and Ritchie, 1988) and guanylate cyclase (GC) (Burgess et a l, 1989b).
The elements of these signal transduction systems are reviewed in Appendix 4. A
detailed account of the mechanisms by which Bk is thought to activate sensory
neurones will be given in the following sections.

The response to Bk desensitises rapidly in sensory neurones (Burgess et a l, 1989b;
Dray et a l, 1992).

The purpose of this study was, therefore, to investigate the

mechanism of Bk-induced desensitisation in sensory neurones derived from rat DRG
and, in particular, to investigate the possibility that the sensitivity of these cells could
be regulated by second messenger molecules formed following PLC activation.

22

1-1-1

Discovery of bradykinin

Bk is a member of the kinin family which includes Bk and kallidin (Lys Bradykinin).
It was identified by Rocha E. Silva (1949) who found that incubation of blood with
trypsin released a slowly acting contractile agent of guinea pig ileum and so named it
"Bradykinin". The peptide sequence was not determined until 1960 by Boissonnas et
al. thereby enabling synthesis and further characterisation of its roles. These include
bronchoconstriction in asthma (Collier et al., 1960), vascular changes during migraine
(Sicuteri, 1970), myocardial infarction (Torstila, 1978), haemorrhagic and endotoxic
shock (Nies et a l, 1968), and induction of pain and inflammatory reactions (see Regoli
and Barabé, 1980, for review).

23

1-1-2

Formation and degradation of bradykinin

The formation of kinins involves activation of plasma prekallikrein by Hageman factor
(Factor XII), plasmin, neutrophil and macrophage lysosomal proteases or by dilution to
produce the trypsin-like serine protease, kalhkrein (see Fig. 1.1). Kallikrein itself is the
most potent known activator of Hageman factor. Kallikrein acts at specific sites on
kininogens to liberate kinins. Two forms of kininogen exist: high molecular weight
kininogen, confined to the blood due to its large size and low molecular weight
kininogen, which is able to cross the capillary filter. Tissue kallikrein acts on either
high or low molecular weight kininogen to Hberate LysBk (kallidin) and plasma
kallikrein acts on high molecular weight kininogen to liberate Bk. High molecular
weight kininogen consists of a light chain and a heavy chain, linked by a disulphide
bond and Bk is located between these, adjacent to a histidine-rich area. Kininogen also
has a binding site for prekallikrein and this high molecular weight kininogenprekallikrein complex may circulate awaiting initiation of the kinin system.

TISSUE

PLASMA

Prekallikrein + Hageman factor

Kallikrein

Kallikrein
Low molecular weight
kininogen

High molecular weight
kininogen

Bradykinin

Kallidin

Fig. 1.1

The kinin system and formation of Bk

24

Kinins are inactivated by either exopeptidases or endopeptidases.

Exopeptidases

(proline aminopeptidase, carboxypeptidases M & N, deamidase/cathepsin A,
angiotensin I converting enzyme (ACE)) generally remove one or two amino acids
from the N or C-terminus.

Endopeptidases (endopeptidase 24.15, meprin, prolyl

endopeptidase, postproline cleaving enzyme, neutral endopeptidase 24.11) cleave an
internal bond. These events are summarised in Fig. 1.2. All these enzymes qualify as
"potential kininases" but their role in inactivating kinins in vivo depends on localisation
and access to the kinin (some kininases are membrane bound and some are cytosohc)
(see Skidgel, 1992, for review).

Also shown in Fig. 1.2 is the formation of the active metabolite of Bk, desArg^Bk,
which is formed by the action of kininase I.
- Lys-Bradykinin —
Bradykinin----desArgQBradykinin

H2N-

Kininogen
Molecule

-Met-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-

Endopeptidase 24.15

Kininogen
Molecule

_ Carboxypeptidase N
(Kininase I)
ACE
(Kininase II)

Fig. 1.2

Enzymatic degradation of Bk
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-COOH

1-1-3

Bk receptors

Classification of Bk receptors into Bj and B2 type Bk receptors was first described by
Regoli and Barabé (1980). These authors showed that the receptors in rabbit aorta (Bj)
were different from those in rabbit jugular vein (B2 ) and dog carotid artery (B2 ), based
on the relative affinities for Bk and its metabolite desArg^Bk. LysBk was also active
at the Bj receptor suggesting that either removal of a positive charge (Arg^) at the Cterminus or addition of a similar charge at the N-terminus (Lys®) resulted in increased
affinity for the B% receptor. This initial finding lead to manipulation of chemical
structures to produce desArg^Leu^Bk, which inhibited the effects of desArg^Bk in B^
preparations but was inactive in B2 preparations.

Little is known about the B^ receptor, partly because it is not usually present in normal
tissue (see Dray and Perkins, 1993, for review). Expression of B% responses in smooth
muscle can be induced in a time-dependent manner, in vitro (Regoli et
Marceau et
al.y

al. y

1980; deBlois and Marceau, 1987; Bouthillier et

1989; deBlois et

al.y

al. y

al. y

1978;

1987; deBlois et

1991; Campos and Calixto, 1994), or following in vitro

treatment of smooth muscle with agents which stimulate the release of inflammatory
mediators, such as lipopolysaccharide (LPS), Triton X-100 or antigens (Regoli et

al. y

1981; Bouthillier et al.y 1987; Farmer et al.y 1991; deBlois et al.y 1989; deBlois et al.y
1991; Marceau et

al.y

1980) or with inflammatory mediators, such as cytokines

(particularly interleukins) (deBlois et

al.y

1991).

Similar effects were seen when

smooth muscle was treated in vitro with these agents (deBlois et al. y 1988; deBlois et
al.y

1989; Pruneau et al.y 1994). The induction of B j responses has been shown to be

inhibited by protein synthesis inhibitors suggesting that these responses were mediated
by de novo expression of Bj receptors (Marceau et al.y 1980; Bouthillier et
deBlois and Marceau., 1987; deBlois et
was demonstrated by Schneck et

al.

al.y

al.y

1987;

1991; Campos and Calixto, 1994). This

(1994) who showed that treatment of smooth

muscle cells in culture with epidermal growth factor (EGF) resulted in an increase in
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the number of B j receptors. The B% receptor appears to be encoded by messenger
ribosomal nucleic acid (mRNA) distinct from that encoding B2 receptors (Webb et a/.,
1994).

Although little is known about the signal transduction pathways operated by B%
receptors they do appear to activate PLC. This has been demonstrated in cultured
rabbit smooth muscle cells where an increase in [^H]inositol-4, phosphate ([^H]IP)
formation in response to desArg^Bk was seen (Tropea et a i, 1993).

Similarly,

mobilisation of intracellular stores of Ca^+ and formation of inositol phosphates in
response to desArg^Bk were demonstrated in the same cells (Levesque et a/., 1993).

The early B% Bk receptor antagonists, such as dihydrochlorprothixene and P-Phe hexyl
ester, were non-competitive antagonists (Regoli and Barabé, 1980) and it was not until
1985, 25 years after the structure of Bk had been determined, that Vavrek and Stewart
noted that substitution of the proline at position 7 on the Bk peptide with phenylalanine
produced a competitive B2 receptor antagonist. Since then, extensive structure activity
studies have been carried out resulting in development of the potent antagonist HOE140 (D-Arg [Hyp3, Thi 5, D-Tic^, Oic8]Bk) (Hock et a l, 1991; Wirth et al., 1991;
Lembeck et al.,, 1991).

B2 receptors have been cloned from rat uterus (McEachem et a l, 1991) and from the
human fibroblast cell line, CCD-16Lu, (Hess et a l, 1992). The amino acid sequences
are consistent with the receptor belonging to the family of guanine nucleotide binding
protein (G-protein)-coupled receptors, with seven transmembrane spanning regions.
McEachem et a l (1991) predicted a 366 amino acid sequence and a molecular weight
of 42 kDa. The molecular weight of the sequenced receptors was considerably lower
than the apparent molecular weight of the solubilised receptor from rat utems (81 kDa)
(Yaqoob and Snell, 1994). This could be explained by the presence of carbohydrate
side chains on the consensus sites for glycosylation (Yaqoob et al, 1994, in press).
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DesArg^Bk was unable to activate the functionally expressed B2 receptor cDNA in
Xenopus oocytes (McEachem et al.y 1991), suggesting it had no B^-like properties,
adding more weight to the theory that B% and B2 receptors are encoded by separate
genes (Webb et a l, 1994). B2 receptor mRNA was found in the uterus, vas deferens,
kidney, heart, lung, testis and brain which is consistent with the widespread action of
Bk.

The amino acid sequence of the B2 receptor cloned from the human fibroblast cell line,
CCD-16Lu, was 81% identical to that of the rat B2 receptor described by McEachem et
a l (1991) (Hess et a l, 1992). These authors identified phosphorylation sites for PKC
and cAMP-dependent kinase on serine and threonine residues at 170, 237 and 342 in
the third intracellular loop and the carboxyl terminal tail. These regions have been
shown to be involved in G-protein coupling in ^-adrenoceptors, and phosphorylation at
similar sites occurs during desensitisation of ^-adrenergic responses (see Strader et al,
1989, for review). The characteristics of the stmcture of a B2 receptor expressed from
human genomic deoxyribonucleic acid (DNA) were the same as those seen in cloned
receptors (Eggerickx et a l, 1992).

The region of the B2 receptor from rat responsible for ligand binding has been
investigated (Nardone and Hogan, 1994). Mutation of the amino acid sequence in the
sixth transmembrane region of the rat receptor, specifically substitution of Phe^^l with
Val and Thr^^^ with Ala, resulted in reduction in the affinity for Bk by 1600-fold and
700-fold, respectively. The affinity for Bk antagonists and the ability of the receptor to
couple to phosphatidylinositol (PI) tumover were unaffected by mutations at these
sites. These residues therefore appeared to be either directly involved in interaction of
Bk with the B2 receptor or to serve to stabilise the agonist-binding conformation of the
receptor.
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When the receptor was expressed in CHO cells it coupled to the phosphatidylinositol
pathway and this allowed functional characterisation of the receptor (Eggerickx et al,
1992). Phosphorylation sites for PKC were identified on amino acid residues that
correspond with those seen by Hess et a l (1992).

Mouse, rat and human Bk receptor clones have been isolated and compared in terms of
function and binding when expressed in Xenopus oocytes and COS-7 cells, respectively
(McIntyre et a l, 1993). These authors reported that the expressed human and rat
receptors showed B2 receptor properties in terms of both functional responses and
ligand binding.

However, the expressed mouse receptor appeared to possess

characteristics of both B% and B2 receptors. Binding isotherms for the expressed
mouse receptors showed two distinct sites, approximately 70% with B2 -type
pharmacology and the remaining 30% with Bj-type pharmacology. DesArg^Bk was
also able to evoke responses in oocytes expressing the mouse receptor. This data
suggested that, in contrast to the rat and human, in the mouse, both

and B2

receptors could be expressed from a single gene.

The cloned human and mouse Bk receptors have also been studied by Hess et al
(1994).

The cloned mouse receptor showed almost complete homology with that

described by McIntyre et al (1993), with one amino acid difference between the two
sequences. Despite replicating the conditions under which McIntyre et a l (1993)
demonstrated expression of both the B j and B2 phenotype from the same gene, Hess et
a l (1994) were unable to show any B j pharmacology. This is consistent with the
receptors being expressed from different mRNAs as seen by Webb et a l (1994). The
difference in the amino acid sequence in these two reports lies at Ala^^^ at the top of
the last extracellular domain and although the functional relevance is not known this
difference is close to the proposed ligand binding domain in the rat cloned receptor
(Nardone and Hogan, 1994). It is not clear, however, whether this could explain the
presence of B j and B2 pharmacology seen by McIntyre et a l (1993).
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The existence of a B3 receptor has also been proposed. This is based on apparently
anomolous potencies of

and B2 type receptor antagonists in guinea pig trachea

(Farmer et a l, 1989). In endothelium denuded trachaelis from the guinea pig the B 2
antagonists, D-Arg [Hyp^, D-Phe^] Bk (NFC 567) and D-Arg [Hyp^, Thi^>^, D-Phe^]
Bk (NPC 349) were weak inhibitors of Bk-induced bronchoconstriction in vivo and
were virtually inactive as antagonists of Bk-induced airway smooth muscle contraction.
Although, these studies, which used first generation Bk antagonists, have been
reproduced, the B2 antagonist, HOE-140, potently antagonised responses to Bk in the
same tissues (Field et a l, 1992), suggesting some anomolies exist.

Evidence for the existence of other subtypes of the B2 receptor has been discussed (see
Hall, 1992 for review). It has been suggested that such data may represent low and
high affinity states relating to whether the receptor is coupled to a G-protein.
Definition of possible subtypes depends on further advances in the molecular biology
of the Bk receptor. Differences in the pharmacology of peptide antagonists between
the cloned human and mouse receptor have been reported, suggesting that species
differences in the expressed B2 Bk receptors may explain some reports of subtypes of
B2 receptors (Hess et al, 1994).

In most cells B2 Bk receptors couple to the PLC signalling pathway, causing elevation
of the second messengers, IP3 and DAG, resulting in elevation of intracellular Ca^+
and activation of PKC (see Appendix 4 for detail). The breakdown of inositol lipids by
Bk was first demonstrated by Yano et a l (1984) in NG108-15 cells, resulting in a rapid
elevation of IP3 (Yano et a l, 1985; Higashida et a l, 1986; Francel and Dawson, 1986).
An early report in NG108-15 cells suggested that Bk-mediated responses in NG108-15
cells were pertussis toxin (PTX)-sensitive (Higashida et a l, 1986). Subsequent reports
in this cell line, however, showed Bk responses to be PTX-insensitive (Grandt et a l,
1986; Osugi et a l, 1987). It is now generally accepted that activation of PLC by B2
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receptors results from interaction with one or more of the PTX-insensitive Gq class of
proteins

(G q ,

G n , G 14 and

G 15)

(see Appendix 4 for detail). Recent studies have

demonstrated the involvement of the ctq-subunit of Gq in PLC activation by Bk using
an antiserum against a 12 amino acid sequence on the C-terminus of Gg^.

This

antiserum attenuated stimulation of phosphatidylinositol-4,5 bisphosphate (PIP2 )
hydrolysis by Bk in membranes from NG108-15 cells (Gutowski et a/., 1991).
However, in NG108-15 cells activation of PLC by Bk results in activation of a
potassium current (lK,Bk)

a voltage-dependent calcium current (Ica,v)- Both these

currents could be mimicked by GTPyS, but only lK,Bk was suppressed by blocking with
antibodies against Gg^ (Wilk-Blaszczack et al., 1994). This suggests that either the
two Bk-induced ion currents were mediated by different G-proteins or the py-subunit
of Gq was also involved in regulating Ica,v-

The G-protein that couples with the B2 receptor in sensory neurones has not been
investigated in detail, although responses to Bk in these cells have been shown to be
PTX-insensitive (Pemey and Miller, 1989; Burgess et a i, 1989a; 1989b; McGehee and
Oxford, 1991) (see Section 1-1-5 for details).

Bk, acting via B2 receptors, can also activate different second messenger pathways (see
Miller, 1987; Billah and Anthes, 1990 for review). These include phospholipase A2
(PLA2 ) (Hong and Deykin, 1982) and phospholipase D (PLD) (see Liscovitch, 1991
for review). Activation of PLA2 gives rise to arachidonic acid (AA) and its various
cycloxygenase and lipoxygenase products. Activation of PLD hydrolyses phosphatidyl
choline (PC) and causes elevation of phosphatidic acid (PA). PA can be converted to
DAG through action of PA phosphatase and this results in a delayed but prolonged
elevation of DAG.
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1-1-4

Role of bradykinin in inflammation and pain

The sensation of pain, termed nociception, is initiated through activation of sensory
receptors on sensory nerve fibres. The most common sensory receptor is the free nerve
ending, sensing pain, cold, warmth, crude touch and deep pressure. The neuronal
pathways from the free nerve endings interconnect extensively and occasionally
become confused resulting in transmission of only crude sensations. Specific functions
are left to less widespread but more specialised receptors (expanded tip, tactile hair,
pacinian corpuscle, Meissner's corpuscle, Krause's corpuscle, Ruffini's end-organ).
Proprioceptive information is also transmitted through sensory receptors (muscle
spindle and Golgi tendon apparatus). Activation of these sensory receptors by physical
deformation or chemical stimuli results in a local current flow at the site of excitation,
creating a generator potential which elicits a series of action potentials.

The action potential created through activation of these sensory receptors is transmitted
along fast (myehnated) A-fibres or slow (un-myelinated) C-fibres, the cell bodies of
which are located outside the spinal cord, in the DRG. The sensory (afferent) and
motor (efferent) neurones are bundled together in spinal nerves. When the spinal nerve
reaches the CNS the motor and sensory fibres separate. Sensory neurones feed into the
dorsal side of the spinal cord where they synapse with either intemeurones or motor
neurones in a simple reflex arc. Fibres from motor neurones emerge from the ventral
horn of the spinal cord and extend to the effector organs.

Simultaneously, sensory signals are transmitted to the brain through two principal
pathways:i)

the dorsal system

ii)

the spinothalamic system

In the dorsal system the signals are carried by large nerve fibres located mainly in the
dorsal columns of the spinal cord, whereas in the spinothalamic system the signals are
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carried by much smaller fibres located in the anterolateral columns of the cord. Both
pathways eventually terminate in the thalamus, where their signals are relayed to the
sensory cortex of the cerebral cortex.

The thalamus plays an important role in

determining the type of sensation that a person feels, whether it be pressure, touch,
heat, cold or pain. The sensory cortex determines the origin of the sensory input.

Nociception plays an important protective role in informing the CNS of tissue damage
and causing appropriate muscular action to remove the body from contact with the
damaging stimulus. Different types of damage to the tissues can cause pain, such as
trauma, ischaemia, intense heat, intense cold, irritation by noxious chemicals and
inflammation.

When tissue is injured an extensive repertoire of inflammatory responses is initiated,
including dilation of the blood vessels with increased blood flow (resulting in redness
and the sensation of heat), followed by slowing of the blood, increased vascular
permeability and exudation of plasma into the surrounding tissues, resulting in oedema.
Components of the coagulation system, the complement system and the kinin system
are found in this plasma and the products of these cascades, such as the cytokines
(interleukins), cause or augment the inflammatory response. The sensation of pain
during inflammation is caused either by the mechanical events accompanying
inflammation or by activation of hormone or neurotransmitter specific receptors on
sensory neurones by mediators of inflammation.

One such hormone is Bk, which is formed at sites of injury and inflammation through
activation of the kinin system, as discussed (see Section 1-1-2). Bk acts locally, on
both non-neuronal and neuronal cells, causing a wide range of effects, such as smooth
muscle contraction, glandular secretion, immune cell stimulation and activation of
sympathetic neurones, thereby initiating all the manifestations of early inflammation
(see Dray and Perkins, 1993 for review). The role of Bk in inflammation is further
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augmented by the release of other mediators of inflammation, such as substance P,
prostaglandins and other eicosanoids, histamine, cytokines, interleukins and oxygencontaining free-radicals from these non-neuronal and neuronal cells (see Dray and
Perkins, 1993 for review). Kallikrein, which causes release of Bk from kininogen, is
also chemotactic to white blood cells, bringing a host of other mediators of
inflammation to the injured tissue. Although Bk plays a central role in the initiation of
inflammatory responses it has a very short half-life (<20s) (McCarthy et a l, 1965).
The continued presence and effects of Bk in inflammatory processes may be explained
by the continuous activation of Hageman factor by kallikrein, thereby replacing Bk
which has been degraded.

Bk is a potent activator of sensory neurones and activation of these neurones results in
the sensation of pain that accompanies inflammation and tissue damage (see Dray and
Perkins, 1993 for review). Understanding of the molecular mechanism underlying Bkinduced inflammatory responses was initially restricted as many of the early studies
were performed on sensory nerve endings in vivo.

This resulted in technical

difficulties as these sensory neurones are not readily accessible for biochemical studies.
It was not until the use of cultures of neurones or hybridoma cells was developed that
the effects of Bk could be directly determined.

In autoradiographic studies [^H]Bk binding sites have been localised to the spinal cord
and sensory ganglia in both guinea pig and dog (Manning and Snyder, 1983). Sterenka
et a l (1988) have also shown the presence of [^H]Bk binding sites in the substantia
gelatinosa, dorsal root and in a subset of small cells in the DRG of the guinea pig. B2
receptors were first identified and characterised in neuronal cells by Snider and
Richelson (1984) using NIE-115 cells. These authors demonstrated [^H]Bk binding
comprising three affinity sites, with dissociation constants (Kp)s) of 0.83pM, l.OnM
and 4.9nM. It was postulated that the site associated with the functional response
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being measured, Bk-induced cyclic guanosine monophosphate (cGMP) elevation, was
the 1.0 nM site.

Although no binding studies have been carried out in DRG neurones the presence of
[^H]Bk receptors on sensory neurones, such DRG neurones, has been demonstrated
indirectly in a number of biochemical studies where Bk mediated PLC activation has
been measured. These will now be discussed in detail.
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1-1-5

Signal transduction pathways activated by Bk in sensory
neurones

Bk-induced formation of IP3 and DAG, in sensory neurones (Thayer
Burgess

e t a t.y

(Burgess

e t al.y

1989a; Gammon

e t al.y

e t al.y

1988;

1989) is mediated by activation of B2 receptors

1989a). Formation of IP3 in sensory neurones causes transient release

of Ca^+ from intracellular stores (Thayer

e t al.y

1988; Thayer and Miller, 1990).

Although the IP3 receptors, IP3 Rla, IP3 Rlb and IP3 R2 , have all been isolated form rat
brain (Mignery

e t al.y

1990; Sudhof e t

1991), the subtype of IP3 receptor activated

al.y

in sensory neurones has not been investigated.

Although Bk has been shown to cause translocation of PKC (see Appendix 4 for detail)
in a neuronal cell line (Fu

e t a l. y

1989), there is no direct evidence that PKC is

activated in DRG. Immunofluorescence studies have demonstrated the presence of a
least one subtype of PKC (PKCpi) in sensory neurones (Roivainen

e t a l. y

1990). The

involvement of PKC in the response to Bk in sensory neurones has, however, been
indirectly demonstrated in other ways. Bk-induced depolarisations recorded in an
vitro

in

rat spinal cord-tail preparation could be mimicked by phorbol 12, 13-dibutyrate

(PDBu) and inhibited by the kinase inhibitor, staurosporine. Staurosporine did not
affect depolarisations induced by other agonists such as KCl and capsaicin (Dray e t

al.y

1988). Furthermore PDBu mimicked Bk-induced depolarisation of fibres of the rat
vagus nerve (Rang and Ritchie, 1988). In these experiments replacement of Na+ with
an impermeant cation prevented the depolarisation induced by both Bk and PDBu,
suggesting that their effects were mediated by increased Na+ conductance. A similar
conductance change has been measured in rat DRG neurones in culture where both Bk
and PDBu-induced the activation of a fast inward current, termed Igj^, associated with
increased Na+ conductance (Burgess
activation of B% receptors (Burgess

e t al.y

e t al.y

1989b; McGehee

e t al.y

1992), through

1989b). In experiments by Burgess

e t a l.

(1989b) prolonged treatment of cells with PDBu, to down-regulate PKC, inhibited Ig^
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in response to both Bk and PDBu. This depolarisation of the sensory neurones may
cause activation of a voltage-dependent Ca^+ influx (IvOCC) (Burgess et a l, 1989a),
resulting in a prolonged elevation of intracellular Ca^+ (Carbone and Lux, 1984) (see
Tsien et a l, 1988 for review).

A net increase in the concentration of intracellular Ca^+ causes activation of nitric
oxide synthase (NOS) and formation of nitric oxide (NO) (see Appendix 4 for detail).
This small molecule may then diffuse to other cells or act within the originating cell to
activate soluble GC, and elevate cGMP levels. Bk-induced cGMP formation in DRG
neurones was shown to be dependent on extracellular Ca^+ and was mimicked by
raising intracellular Ca^+ (Burgess et a l, 1989b). These authors also demonstrated
that Bk-induced formation of cGMP was independent of phosphodiesterase inhibition
and independent of PLA2 activation and it was concluded that Bk caused elevation of
cGMP through elevation of intracellular Ca^+, and subsequent activation of GC. In
DRG neurones it has recently been shown that Bk causes Ca^+-dependent elevation of
cGMP (Bauer et a l, 1993). N^-monomethyl-L-arginine (L-NMMA), an inhibitor of
NOS (Mayer and Bohme, 1989), and methylene blue, which acts as a free radical
scavenger to prevent NO accumulation, inhibited Bk-induced elevation of cGMP,
suggesting the involvement of NOS in formation of cGMP (Bauer et a l, 1993).
Furthermore these authors showed that methylene blue and L-NMMA reduced basal
cGMP levels, suggesting that NOS was involved in tonic cGMP production (see
Appendix 4 for detail).

Since more details of the role of NO in mediating Bk-induced elevation of cGMP have
been elucidated, the possibility that NO/NOS might be involved in activation of
sensory neurones in vivo have been investigated. In dogs a response, designated the
"pain response", which was mediated by B2 type Bk receptors, was reduced by N ^nitro-L-arginine (LNNA), an inhibitor of NOS (Moore et a l, 1990; Gibson et al,
1990) and blocked by methylene blue, suggesting that Bk-induced activation of GC,
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through elevation of NO, was mediating the response (Corrado and Ballejo, 1992). A
role for NO in nociception in the rat has also been proposed (Haley et a/., 1992).
These reports suggest that cGMP production may be involved in mediating the
sensation of pain following activation of sensory neurones by Bk during inflammation.

Although the Bk receptor from sensory neurones has not been cloned, there is no
reason to believe it is any different from the receptors cloned from fibroblasts and
uterus, in that it is a seven transmembrane spanning, G-protein coupled protein.
Experimental evidence that the Bk receptor in sensory neurones is G-protein coupled
has been provided by Pemey and Miller (1989) who showed that Bk-induced formation
of [^H]IF3 in cultured DRG neurones from rat was enhanced by GTPyS and inhibited
by GDPpS. In addition Bk-induced electrical responses (inward cation current (Ifik)
and inhibition of voltage-activated calcium currents (Icei)) in these cells were inhibited
by internal dialysis with GDPpS (McGehee and Oxford, 1991). These effects of Bk
were insensitive to PTX. Furthermore, Bk-induced formation of [^HjlPg (Burgess
a l.y

1989a; Pemey and Miller, 1989) and cGMP (Burgess

e t a l.y

et

1989b) in cultured

neonatal rat DRG neurones were not affected by pretreatment of the cells with PTX.
Therefore, although the type of G-protein involved in transduction of Bk responses in
sensory neurones has not been identified, it appears to involve a PTX-insensitive Gprotein, possibly a member of the Gq family as has been demonstrated for neuronal cell
lines (Gutowski e t

al.y

1991; Wilk-Blaszczack e t a l y 1994).

The mechanism by which Bk causes activation of sensory neurones is summarised in
Fig. 1.3.
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Sum m ary o f sign al tran sd u ction pathw ays activated by B k in sensory
neurones

Activation of sensory neurones also results in a rise in AA (Burgess et ai, 1989a), an
effect which was mediated by activation of PLA2 (Gammon et al., 1989). It appeared
that this effect of Bk was indirect, secondary to activation of PLC and the subsequent
rise in intracellular Ca^+, as Bk-induced AA formation was decreased in the presence
of Ca^+ channel blockers and mimicked by Ca^+ ionophores (Gammon et ai, 1989).

During initiation of inflammation, mediators released by Bk, such as the
prostaglandins, prostanoids and cytokines, appear to act to sensitise sensory neurones
to Bk, causing the phenomenon of peripheral hyperalgesia (see Dray and Perkins, 1993,
for review). A component of this sensitising effect of Bk may involve recruitment of
"silent nociceptors", usually insensitive to noxious stimuli but which appear to become
sensitised during an inflammatory event.
nociceptors" is unclear.
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The normal function of these "silent

The metabolite of Bk, desArg^Bk, is also hyperalgesic under some conditions (see
Dray and Perkins, 1993, for review).

Normal muscle tissue does not respond to

desArg^Bk and it is thought that B% receptors are not expressed in these tissues (see
Section 1-1-3). When this muscle tissue becomes damaged or inflamed, however, B%
receptors are expressed de novo. A similar phenomenon has been demonstrated in
models of chronic inflammatory hyperalgesia in vivo, where treatment of rats with
agents which induce a persistent inflammatory reaction, such as Freund’s adjuvant or
UV irradiation, results in the development of B^ mediated hyperalgesia (Perkins et al.,
1993; Perkins and Kelly, 1993). In addition, as in smooth muscle preparations in vitro,
injection of inflammatory mediators such as cytokines in vivo also results in induction
of this hyperalgesic response to B% agonists (deBlois et at., 1991). These experiments
suggest that the B \ receptor may have a role in persistent inflammatory hyperalgesia.
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1-2

DESENSITISATION OF Bk RESPONSES

One of the most striking features of Bk responses in many cell types is a profound,
rapid and long-lasting desensitisation following brief exposure to agonist.

This

decreased ability of cells to respond to repetitive stimulation by agonists is a common
phenomenon and has been extensively studied in the P-adrenergic receptor: AC system
where a number of receptor-related and post receptor mechanisms lead to a variety of
phosphorylation events, resulting in sequestration and down-regulation of receptors
(see Discussion for more detail).

Although many different receptors utilise the PLC signalling pathway, desensitisation
of this pathway is not always heterologous. Some agonists reduce the response to one
agonist but not to others.

For example, in NG108-15 cells endothelin caused

heterologous desensitisation of adenosine triphosphate (ATP) responses but had no
effect on Bk responsiveness.

However, Bk caused complete heterologous

desensitisation of the endothelin response (Chau et al., 1993). A combination of
homologous and heterologous desensitisation of Bk responses through activation of the
PLC signalling pathway has been demonstrated in NG108-15 cells (Imaizumi et at.,
1989).

The mechanism of Bk-induced desensitisation has been investigated in neuronal cells
(Francel et at., 1987; Burgess et a l, 1989b; Wolsing and Rosenblaum, 1991; McGehee
et a l, 1992; Dray et a l, 1992; Wolsing and Rosenblaum, 1993; Iredale et a l, 1993). It
has been suggested that second messengers activated in response to Bk may exert
feedback inhibition of subsequent responses, possibly through effects on components
of the pathway such as Bk receptors, G-proteins or PLC. This will now be discussed.
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1-2-1

Regulation of Bk receptors

The effect of Bk-induced desensitisation on the affinity of B2 receptors for Bk and on
the receptor number has been investigated in a number of cell types as a potential
mechanism for the loss of sensitivity to the agonist.

The effect of long-term treatment with Bk on B2 receptors was first described by
Roberts and Gullick (1990).

In cultured Rat 13 fibroblasts pretreatment with Bk

resulted in a decline in the number of high affinity binding sites for [^H]Bk (Kp) 2.1
nM), and a proportional increase in a low affinity binding site (Kp) 49 nM), over a
prolonged period of exposure (2.5-5.0h), suggesting a shift in affinity of the receptors.
As the effects of pretreatment with Bk on the receptor did not occur at 4®C or in Rat 13
fibroblast membranes it was suggested that feedback regulation by one or more cellular
messengers was involved.

Roscher et al. (1990) saw a different effect in human fibroblasts where, following
pretreatment with Bk, a reduction in the number of receptors was seen, with no effect
on the affinity, associated with a proportional increase in internalised receptor number.
This was supported in later work where desensitisation was specifically attributed to
sequestration through the involvement of coated pits, as desensitisation was prevented
by preventing formation or invagination of the pits (Roscher et al.y 1991). Consistent
with this hypothesis the effect of desensitisation on Bk-induced Ca^+ currents has been
related to a reduction in receptor number, with no effect on the receptor affinity, over
the same time course as desensitisation of Ca^+ responses (10 min) in calf pulmonary
endothelial cells. The loss of receptors at the cell surface was reflected by an increase
in internalised receptors (Weintraub et al.y 1992).

Internalisation of receptors has also been demonstrated in DDT iMF-2 smooth muscle
cells, with a maximum effect reached following 30-40 min treatment with Bk. This
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internalisation was shown to represent at least two intracellular degradative pathways:
a plasma membrane-enriched component with a high degradative capacity and a
microsomal component, with a relatively low degradative capacity (Munoz and LeebLundberg, 1992).

The sequestration of receptors was specific to Bk whereas

desensitisation of PI tumover was a non-specific effect as it could be mimicked by
pretreatment with norepinephrine (Munoz et a l, 1993).

The effects of Bk-induced desensitisation on B2 receptors in neuronal cells has also
been investigated. In NG108-15 cells desensitisation to Bk resulted in down-regulation
of high affinity binding sites with no effect on the affinity (0.3 nM). The low affinity
receptor site was unaffected. The time course of the loss of high affinity receptors
directly correlated with the time course of desensitisation of [^H]IP formation (5 min),
suggesting there was an uncoupling of the receptor: G-protein: PLC signalling pathway
(Wolsing and Rosenblaum, 1991). This signalling pathway in NG108-15 cells was
further scrutinised with respect to receptor events using PTX. Although Bk-induced IP
production was insensitive to PTX pretreatment, the receptor loss accompanying
desensitisation was attenuated following PTX pretreatment, suggesting the receptor can
couple to PTX-sensitive and PTX-insensitive G-proteins and functional desensitisation
and receptor loss were differentially regulated by these effectors (Wolsing and
Rosenblaum, 1993).
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1-2-2

Role of cGMP in regulation of sensitivity of cells to Bk

Levels of cGMP are elevated following activation of neuronal cells by Bk (see 1-1-5)
(Reiser et a/., 1984; Snider and Richelson, 1984; Burgess et al., 1989b) and the
involvement of this second messenger in feedback inhibition of the PLC signalling
pathway has been investigated.

The first report of the role of cGMP in regulation of Bk responses in sensory neurones
was described by Burgess et al. (1989b). Pretreatment of primary cultures of neonatal
rat DRG neurones with dibutyryl cGMP (dbcGMP), a stable analogue of cGMP, and
sodium nitroprusside (NP) resulted in attenuated PI tumover. Furthermore, dbcGMP
and NP caused inhibition of Bk-induced depolarisations of peripheral fibres of the rat
tail-cord preparation, a model of sensory neurones (Dray et a l, 1992).

This was supported by further work carried out in cultured DRG neurones (McGehee et
al., 1992) where the desensitisation of the inward cation current response to Bk (Ifik)
was potentiated by 8 -bromo-cGMP and NP. These authors observed that the inhibitory
effect of 8 -bromo-cGMP could only be achieved when the receptors were occupied by
Bk, unlike the effects of dbcGMP demonstrated by Burgess et al. (1989b). Inhibition
of desensitisation to Bk was demonstrated by the L-arginine analogues, L-NMMA or
LNNA, an effect which was reversible by the addition of excess L-arginine or 8 bromo-cGMP.

These data suggest that the NO-cGMP pathway was involved in

mediating Bk-induced desensitisation, although it does not exclude the involvement of
another mechanism.
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1-2-3

Role of PKC activation in regulation of sensitivity of cells to Bk

As PKC is activated following receptor stimulated PLC tumover this enzyme could
also be involved in the desensitisation process of agonists which activate PLC. This
has been studied in a wide variety of cell types for a number of agonists which activate
the PLC cascade, using phorbol esters as exogenous activators of PKC to mimic the
effects of endogenous activation by DAG. It should be noted that formation of DAG
through activation of the PLC signalling pathway is transient (<1 min), whereas
phorbol esters exert more prolonged activation of PKC, lasting the full duration of
treatment and the physiological relevance of data should therefore be interpreted with
caution.

In B-lymphocytes, the phorbol ester, PMA, inhibited PLC activity (Rosoff and Canley,
1985) and reduced ATP-induced formation of IP3 in HL60 human promyelocytic
leukaemia cells (Dubyak et a l, 1988). In rat hepatocytes phorbol ester pretreatment
inhibited a-adrenoceptor stimulated Ca^+ transients (Woods et al., 1987). PDBu was
shown to attenuate both cGMP production in guinea-pig lung and contraction of
guinea-pig jejunum in response to histamine in a non-specific manner as muscarinic
receptor mediated contraction of the guinea-pig ileum was also attenuated (Leurs et a i,
1991).

Pretreatment of permeabilised fibroblasts with PMA resulted in inhibition of guanine
triphosphate (GTP)-dependent Bk-induced Ca^+ uptake, with no effect on the
sensitivity of IPg-induced Ca^+ release from intracellular stores, suggesting that the
inhibitory effects of the phorbol ester were mediated through an effect on PLC or
earlier in the signal transduction pathway (Muldoon et at., 1987). Detailed work in
PC 12, CgBul and NIH 3T3 cells demonstrated that activation of PKC caused
phosphorylation of the serine residues at position 887 on PLCp (Ryu et a l, 1990).
However, this did not appear to affect enzyme activity and it was suggested that the
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phosphorylation of PLC might be interfering with upstream coupling between PLC and
G-proteins. In rat glomerulosa cells PKC-induced desensitisation of the PLC pathway
had no affect on NaF-induced activity of the enzyme, suggesting the mechanism of
negative feedback by PKC was again through interference in receptor: G-protein
coupling (Gallo-Payet e t

al.y

1991). This was in agreement with studies on Bk-induced

desensitisation of Ca^+ mobilisation in cultured endothelial cells which demonstrated
that cells desensitised to Bk maintained the ability to respond to NaF (Luckhoff e t

a t.,

1988). It should be noted, however, that NaF is a non-specific G-protein activator and
may be causing activation of PLC through G-proteins other than those activated by Bk.

The possibility that PKC might have a direct effect on the receptor has been
investigated in DDTjMF2 cells where Bk-induced desensitisation was shown to
involve a loss of receptors. This effect was not mediated through activation of PKC as
this sequestration of receptors was not mimicked by PMA pretreatment (Munoz e t

a t. y

1993). A similar effect was seen in NG108-15 cells. When PKC had been downregulated by long-term pretreatment with PMA, functional desensitisation was
attenuated, without affecting the loss of receptors seen during Bk-induced
desensitisation in these cells (Wolsing and Rosenblaum, 1991).

In the sensory neurone hybrid cell, F ll, PMA reduced Bk-induced IP3 formation by
80% (Francel

et

al.y

1987) and in NIB-115 neuroblastoma cells Bk-induced

intracellular calcium elevation was abolished by pretreatment with PDBu, an effect
which was reversed using the kinase inhibitor staurosporine (Iredale

e t al.y

1993).

These observations are consistent with a role for PKC in a negative feedback
mechanism on Bk evoked responses in neuronal cells.

It appears that Bk responses are under PKC mediated feedback control even under
resting conditions since down-regulation of PKC by prolonged exposure to phorbol
esters or pretreatment with PKC inhibitors results in enhanced Bk-responses (Fu e t
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al.y

1988; Boarder and Challis, 1992; Luo et a l, 1992; Lin and Chuang, 1992; Hepler et
a l, 1988).

Collectively, these data suggest that PKC is involved in regulation of the function of
the PLC signalling pathway, although the mechanism mediating this effect is complex.
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CHAPTER 2
METHODS
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2 -1

Culture of neonatal rat DRG neurones

DRG neurones from neonatal rat were prepared as described by Wood et al. (1988).
Using sterile technique, DRG from all spinal levels were removed and placed in culture
medium (Ham's F-14 medium (supplemented with 14mM NaHCOg, ImM Lr
glutamine, 50|ig/ml penicillin, 50 units/ml streptomycin and 4% synthetic serum)) at
37®C. The ganglia were treated with 0.125% collagenase in growth medium for 30min
followed by a further 30min treatment with 0.25% trypsin in growth medium with no
serum added at 37°C. The ganglia were dissociated into cells by gentle trituration
through a narrowed bore, siliconised pipette in the presence of 20% DNAse solution
(4% deoxyribonuclease 1, 11.25% trypsin inhibitor and 4.25mM magnessium
sulphate). The cells were plated onto P-om coated petri dishes for 1.5-2h. This
allowed the separation of neuronal and non-neuronal cells as the non-neuronal cells
remain firmly attached to the pre-plates and the neuronal cells can easily be washed off.
Where experiments were performed on non-neuronal cells the pre-plates, containing
only non-neuronal cells, were maintained in culture medium at 37®C for 7 days.

The neurone-rich suspension removed from the pre-plates was then spun and re
suspended in growth medium containing 50% culture medium, 50% conditioned
medium from C5 glioma cells, 5|ig/ml nerve growth factor (NGF), 10|xM cytosine
arabinoside (AraC). AraC was added to the growth medium to minimise the number of
non-neuronal Cells present in the culture through binding of the molecule to the DNA
of the cells, preventing replication.

As DRG neurones do not divide they were

unaffected by treatment with AraC. The cells were plated onto P-om and laminin
coated glass coverslips and kept in a 37°C, 3% CO2 incubator. After 3-4 days the non
neuronal cells had been largely eliminated by AraC (approximately 1-5% non
neuronals remaining) and the medium was changed to the above, omitting AraC. The
neurones were used 3-4 days later.
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2 -2

Measurement of

production

Neonatal rat DRG neurones, prepared as in Section 2-1, were plated onto P-om and
laminin coated 13mm glass coverslips (30,000 cells/coverslip) and loaded 20h prior to
the experiment with 50pCi/ml of [^H]inositol, made up in MEM (Eagles) with Earles
salts, without L-methionine and glutamine (low inositol medium). The cells were
maintained in the 5% CO2 , 37°C incubator overnight.

Measurement of inositol phosphate formation was performed as described by Burgess
et al. (1989a),

The coverslips were washed for 20s in 25mM HEPES buffered

Dulbecco's Modified Eagle Medium (DMEM) (pH 7,5) at 37°C to remove excess
[^HJinositol. The cells were exposed to agonist diluted in 25mM HEPES buffered
DMEM (pH 7,5) at 37®C for the appropriate times. In experiments where there was a
prolonged recovery period the cells were placed in the 5% CO2 , 37®C incubator. The
reaction was stopped by placing the coverslips cell-side down in a scintillation vial
containing 1ml of 4,5% perchloric acid with 1mg/ml phytic acid at 4^0, After 20min
the extracted inositol phosphates suspended in the acid mixture were removed and
placed in a tube along with a further 1ml of buffer that had been used to wash the vial
and coverslip. The solution was neutralised with IM KOH and 9mM Na2 B4 0 7 , The
tubes were maintained at 4°C until the inositol phosphates were separated.

The tubes were spun at lOOOxg for 5min to pellet the precipitate and applied to a 100200 mesh formate form Dowex column (1,4ml) to separate the inositol phosphates
(Berridge, 1983), The colunms were washed with 3 x 8 ml of double distilled H2 O, to
remove the free [^H]inositol, followed by 3 x 8ml of 0,4M ammonium formate in
0 , IM formic acid to elute a combination of IP and inositol bisphosphate (IP2 ). IP3 was

eluted by washing with 3 x 8 ml of 0,8M ammonium formate in 0,1 M formic acid. This
process did not separate the isomers of IP3 , ( 1,3 ,4 )I? 3 and ( 1,4 ,5 )I? 3 although 10s
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after exposure to Bk (l,3,4)IPg comprises, at most, 24% of the total

(Burgess

et a l, 1989a).

The [^HJphosphoinositide content was measured by counting the radioactivity
remaining in the cells after extraction of the water soluble counts with PCA. The
was expressed as a percentage of cellular [^HJphosphoinositides, the majority
of which (>90%) is [^H]PI in cells that had been labelled to quasi-equilibrium with
[^Hjinositol (Burgess et a l, 1989a). The amount radioactivity in these lipids did not
alter during the time-course of the experiments to be described (see Section 3-1-1). All
samples counted were suspended in an equal volume of high salt capacity scintillant.
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2 -3

Measurement of [^H]Bk binding

Neonatal rat DRG neurones were prepared as described in Section 2-1 and plated onto
P-om and laminin coated 13mm glass coverslips (40,000 cells/coverslip). The cells on
the coverslip were dipped in 25mM HEPES buffered DMEM (pH 7.5) at 37®C for 20s
to remove excess growth medium and placed in the appropriate dilutions of radioligand
(225|il) at 4®C in 24 well plates, which had been pre-coated with P-om. Non-specific
binding (NSB) was determined in the presence of lOOpM Bk. The assay buffer also
contained inhibitors to prevent degradation of [^H]Bk by ACE (l|iM captopril
(mercapto-2-methyl propionyl-L-proline)) (Hirano et a l, 1993) and carboxypeptidase
N (l|iM MOP (DL mercaptomethyl guanidinoethyl thiopropanoic acid)) (Plummer and
Ryan, 1981). Although the addition of these inhibitors was not investigated in this
study they had been shown to protect against degradation of Bk in other work in our
lab.

After incubation for 90min at 4°C the cells were washed by dipping the coverslips,
held by forceps, in 20ml assay buffer containing 0.2% bovine semm albumin (BSA)
for 45s, followed by two 20s washes in assay buffer without added BSA.

This

procedure was optimal for removal of excess [^H]ligand, maximising the ratio of
specific to non-specific [^H]ligand bound.

The coverslips were placed, cell-side up, in scintillation vials containing 200p,l IM
NaOH at room temperature to solubilise the protein and vortexed thoroughly. After
30min at room temperature 25pl aliquots were removed from each sample to assay for
protein concentration (see Section 2-6) and [^H]Bk in the remaining 175|xl determined
by liquid scintillation counting, using a high salt scintillant.

After the incubation

period lOOpl of the assay buffer was removed to assess the actual concentration of
[3H]Bk.

52

Where homologous displacement assays were carried out to characterise binding at
higher concentrations of ligand, a constant concentration of

was used

(approximately 30nM) and increasing concentrations of unlabelled Bk added. This
resulted in a lower specific activity of the [^H]Bk, and meant higher concentrations of
the ligand could be achieved.

Where cells were pre-treated with agonists this was done in 25mM HEPES buffered
DMEM (pH 7.5) at 37®C. The cells were washed in 25mM HEPES buffered DMEM
(pH 7.5) at 37®C for Imin and the binding assay carried out as above.

The conditions under which the binding assay was carried out were optimised by a
series of experiments, as described in Appendix 3.

The results were analysed using LIGAND (see Appendix 2).
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2 -4

Autoradîograhic studies of [l^^I]Tyr®Bk binding

Neonatal rat DRG neurones were prepared as described in Section 2-1 and plated onto
P-om and laminin coated 13mm glass coverslips (10,000 cells/coverslip). The binding
assay was carried out as described in Section 2-3, except that 0.5nM [^^^IJTyr^Bk was
used as the radioligand. NSB was determined using lOOjiM Bk. After the incubation
period and washing procedure, the cells were fixed by incubation at room temperature
for 20min in 4% paraformaldehyde and mounted onto slides.
developed after 3 weeks (see Winter et al. y 1993).
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The slides were

2 -5

Measurement of cGMP levels

2-5-1

cGMP assay

Neonatal rat DRG neurones were prepared as described in Section 2-1 and plated onto
13mm P-om and laminin coated glass coverslips (40,000 cells/coverslip) and
maintained at 37®C throughout the experiment.

The cells were washed twice with 1ml of 25mM HEPES buffered DMEM (pH 7.5) and
pretreated with rolipram (10|iM) for 30min to inhibit cGMP phosphodiesterases. The
cells were exposed to agonists diluted in 25mM HEPES buffered DMEM (pH 7.5) for
the appropriate periods. Where cells were exposed to agonist for prolonged periods
this was done in a 37°C, 5% CO2 incubator. The cells were immediately placed cellside down in a 5ml pot containing 1ml of 99:1 ethanohHCl (IM) for 30min at 4°C.
The ethanohHCl mixture, containing the extracted cGMP was removed and the solvent
removed under N%. The samples were maintained at 4°C until cGMP levels were
determined by enzyme immunoassay (EIA) (see Section 2-5-2).

The cells which remained on the coverslip were solubilised in 200|xl IM NaOH and the
protein concentration determined (see Section 2-6).
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2-5-2

Enzyme Immunoassay (EIA)

Cyclic GMP was measured using a commercially available EIA kit. The assay was
based on competition between free cGMP (assay samples or standard) and a constant
concentration of cGMP tracer (cGMP linked to an acetylcholinesterase molecule) for a
limited number of cGMP specific rabbit antiserum binding sites. The antiserum-cGMP
complex bound to a mouse monoclonal anti-rabbit antibody previously attached to
wells in the assay plate.

Thus, the amount of cGMP tracer (linked to

acetylcholinesterase) able to bind to the antiserum was inversely proportional to the
concentration of free cGMP in the well.

The free cGMP concentrations in the assay samples were measured against a cGMP
standard curve (23 fmol/ml to 3000 fmol/ml) made up in phosphate buffer (50mM
NaH2 P0 z$). As the amounts of cGMP in the assay samples was low the standards and
samples were acetylated to enable detection at lower concentrations of cGMP. This
was done by addition of 100|xl 4M KOH and 25|xl acetic anhydride followed by 15s
vortexing and addition of a further 25p,l 4M KOH.

The cGMP samples were

reconstituted in 250|il phosphate buffer. The EIA assay mixture consisted of 50|xl of
acetylated standard or sample, 50p.l cGMP acetylcholinesterase tracer in EIA buffer
(O.IM potassium phosphate (pH 7.4), 1.5mM sodium azide, 0.4M sodium chloride,
1.1 mM ethylenediaminetetraacetic acid (EDTA) and 0.1% BSA) and 50p,l cGMP
antiserum in EIA buffer. NSB wells (containing no cGMP antiserum), blank wells
(containing no cGMP antiserum and no cGMP anticholinesterase tracer) and maximum
binding (Bq) wells (containing no free cGMP) were set up. After incubation for 18h at
room temperature the plate was washed 5 times with wash buffer (lOmM potassium
phosphate (pH 7.4) and 0.05% v:v Tween 20) and 200p,l Ellman's Reagent (a
commercial luminescent substrate for acetylcholinesterase) added to each well. The
plate was developed for 60-90min at room temperature and read at 412nm on a PerkinElmer (Lambda 5 UV/VIS) spectrophotometer.
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The average reading in the blank wells and NSB wells was subtracted from all wells.
The results were analysed by a program written in-house on Microsoft Excel. The data
were expressed as %B/Bo (% sample or standard bound/maximum bound) and the
concentration of cGMP in the assay samples read from the standard curve.
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2 -6

Micro Lowry protein assay

The protein concentration of assay samples was measured by a method based on that of
Lowry et a l (1951), adjusted for low concentrations of protein.

Protein levels in assay samples was measured against a BSA standard curve (protein
concentrations from 0 to 0.2mg/ml in IM NaOH).

Appropriate dilutions of the

samples were made up and placed in microcuvettes (lOOpl).

Reagent A (0.04%

anhydrous Na2 COg, 0 .01 % CuS0 4 :5 H2 0 and 0 .02 % potassium sodium tartrate in
O.IM NaOH) was made up and 1ml added to each cuvette. After lOmin at room
temperature, 50pl of Folin's phenol reagent was added and samples mixed and
incubated at room temperature for 30min.
standards

at 750nm was

read on

The absorbance of the samples and

a Perkin-Elmer (Lambda

5

UVATES)

spectrophotometer. The protein concentration of the samples was calculated from the
standard curve and corrected for dilution factors.
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3 -1

CHARACTERISATION OF DESENSITISATION OF BKINDUCED [3h ]IP3 FORMATION IN SENSORY NEURONES

In many cells, including neuronal cell lines, Bk causes activation of PLC and formation
of IP3 and DAG, at the expense of PIP2 (Yano et al y 1985; Higashida et a l y 1986;
Francel and Dawson, 1986) and this has been shown to be mediated by 8 %receptors
(Bascands et a l y 1991). Bk has also been shown to activate PLC in sensory neurones
(Burgess et a l y 1989a; Gammon et al y 1989) and this effect is also mediated by B2
receptors (Burgess et a l y 1989a).

Bk-induced activation of PLC in sensory neurones undergoes rapid desensitisation
(Burgess et a l y 1989a; Dray et a l y 1992) and the object of this study was to investigate
the mechanisms underlying this phenomenon. Primary cultures of neonatal rat DRG
neurones were chosen as the experimental model. A photograph of a typical culture of
DRG neurones is shown in Plate 1. These cells were cultured for 7 days in vitro y the
number of days after which they were used in the experiments described in this thesis.
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Plate 1

Photograph of cultured neonatal rat DRG neurones
C ells were maintained in culture for 7 days.
m agnification o f xlO.

The photograph was taken at a

Although these cultures contained both neuronal and non-neuronal cells, the
preparation was set up to minimise the percentage of non-neuronal cells (< 10%) (see
Section 2-1). Primary cultures of neonatal rat DRG neurones normally exhibit a degree
of heterogeneity, with small, medium and large diameter neurones present (Bowie et
al, 1994). The small diameter neurones are thought to be C-type sensory neurones,
with the larger neurones representing Aô-type sensory neurones. In cultures of adult
rat DRG neurones these differences between the neurones are more pronounced
(Winter, personnel communication).
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The first experiments to be described were designed to characterise Bk-induced
formation in DRG neurones. ( 1,4 ,5 )IP3 is metabolised to ( 1,3 ,4 ,5 )IP4 and
( 1,4 )IP2 by ( 1,4 ,5 )IP3 3-kinase and ( 1,4 ,5 )IP3 5-phosphatase respectively (Berridge
and Irvine, 1989).

It is possible that the activity of the enzymes involved in

metabolism of ( 1,4 ,5 )IP3 could be modulated by Bk or by drugs used in this study.
Ideally mass analysis would have been carried out to measure absolute levels of
( 1,4 ,5 )IP3 , but as this process is both time consuming and expensive (Palmer et aly
1989), levels of [3 h]I ? 3 were measured by radiolabelling studies. In order to minimise
the possibility that IP3 was being metabolised, the levels of [^H]IF3 were measured
after very brief exposure to agonist (10s).

Total [^HJinositol phosphates were

measured in some experiments (data not shown), however, and Bk-induced formation
of total [^HJinositol phosphates was also reduced following treatment with Bk,
suggesting that the decrease in IP3 observed after treatment with Bk, dbcGMP and
PDBu (see Sections 3-1-2, 3-2-1 and 3-3-1) was not due to increased conversion of IP3
to ( 1,3 ,4 ,5 )IP4 or ( 1,4 )IP2 but due to decreased formation of IP3 .
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3-1-1

Activation of PIP2/PLC signalling pathway by Bk in DRG
neurones

When the DRG neurones were labelled with [^H] inositol for 20h prior to the
experiments to be described, the amount radioactivity in the [^H]phosphoinositides,
the majority of which is [^H]PI (Burgess et a l, 1989a) was 942,000 + 97,700
dpm/30,000 cells. These counts did not alter during the course of the experiments (for
example, 978,000 ± 95,000 dpm/30,0(X) cells at the start of the experiment, compared
to 1,095,000 ± 93,000 dpm/30,(XX) cells after 46min). The level of
therefore, be normalised to [^H]PI in each sample.

could,

The basal [^HjlPg counts in

control cells were 2,900 ± 90 dpm/30,000 cells which increased to 16,000 ± 1,2(X)
dpm/30,000 cells after 10s exposure to Bk (30nM), an increase from 0.3% to 1.7%
[^HjPI.

All the data above were obtained from a random sample of three

representative experiments.

When primary cultures of neonatal rat DRG neurones were preloaded with
[^HJinositol, an increase in the levels of cellular [^HjlPg was observed in response to
Bk (30nM). The response to Bk (30nM) was rapid, reaching a maximum by 5s then
declining rapidly, and was just above baseline at 60s (1.8 times baseline) (Fig. 3.1.1).
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Fig 3.1.1

Time-course of Bk-induced
formation
Primary cultures of neonatal rat DRG neurones were exposed to Bk (30nM) in
25mM HEPES buffered DMEM (pH 7.5) at 37®C, for the times indicated.
Levels of [^H]I?3 were expressed as a percentage of total [^H]PI. Data
represents means ± S.E.s of three independent experiments.

The log-concentration response relationship for Bk-induced [^HjlPg formation in these
cells, obtained by non-linear least squares fit (as described in Appendix 2), is shown in
Fig. 3.1.2. The EC50 value for Bk-induced [^HjlPg formation was 7.6 ± 0.6 nM.
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Fig. 3.1.2

Log concentration-response relationship of Bk-induced

formation

DRG neurones were exposed to increasing concentrations of Bk in 25mM
HEPES buffered DMEM (pH 7.5) at 37®C for 10s. Levels of [^HjlPg were
expressed as a percentage of maximum response attained. Data represents
means ± S.E.s of three independent experiments. Curve fitted by MicroCal
ORIGIN (as described in Appendix 2).

Although the primary cultures of DRG neurones used in these experiments were pre
plated to remove the majority of non-neuronal cells and then treated with Ara-C to
suppress dividing cells (see Section 2-1) a small proportion (<10%) of the cells in the
cultures were non-neuronal.

In order to confirm that the increase in [^HjlPg in

response to Bk was occurring in the neuronal cells, cultures of non-neuronal cells were
made, as described in 2-1, and the ability of Bk to increase [^HjlPg formation was
investigated.

Table 3.1.1 shows that Bk (30nM, 10s) did not cause formation of [^HjlPg in non
neuronal cells. This is in agreement with Burgess et al. (1989a) who showed that Bk
caused activation of AC in non-neuronal cells from DRG and had no effect on [^HjlPg
levels.
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I

Treatment

[3h ]IP3
(%[3h ]PI)

Table 3.1.1

Control

0.76

3GnMBk

0.78

Effect of Bk on

formation in non-neuronal cells

Non-neuronal cells from neonatal rat of DRG were maintained in culture for 7
days. The cells were exposed Bk (30nM) in 25mM HEPES buffered DMEM
(pH 7.5) at 37°C for 10s. Levels of [^HjlPg were expressed as a percentage of
total [^H]PL Data represents triplicate determinations.
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3-1-2

Desensitisation of Bk-induced

formation

One of the most striking features of Bk responses is a rapid, profound and long-lasting
desensitisation of subsequent responses to the agonist. Bk-induced desensitisation of
[^H]IPg formation has previously been demonstrated in primary cultures of neonatal
rat DRG neurones (Burgess et a l, 1989b). In the present studies a protocol was
developed which allowed the degree of desensitisation to be evaluated. In order to
compare the sensitivity to Bk in control and desensitised cells, Bk-induced [^HjlPg
formation was measured in response to a sub-maximal concentration of Bk (30nM,
10s) (see Fig. 3.1.2). The cells were treated with a desensitising challenge of Bk or
control buffer and allowed to recover for the times indicated before application of the
test challenge of Bk (30nM, 10s).

When primary cultures of neonatal rat DRG neurones were pretreated with Bk for
Imin, dose-dependent inhibition of the response to a test challenge of Bk (30nM, 10s),
measured after a 15min recovery period, was observed.

The IC50 value for this

inhibitory effect was 31.9 ± 3.1 nM, obtained by non-linear least squares fit (as
described in Appendix 2) (Fig. 3.1.3).
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Log concentration-response relationship for Bk-induced desensitisation of
[^H]IP3 formation

Cells were pretreated with increasing concentrations of Bk in 25mM HEPES
buffered DMEM (pH 7.5) for Imin at 37°C. The formation of [^HjlPg in
response to a test challenge of Bk (30nM, 10s) was measured following a 15min
recovery period and expressed as a percentage of the maximum response
attained. Data represents means ± S.E.s of three independent experiments.
Curve fitted by MicroCal ORIGIN (as described in Appendix 2).

The ability of the neurones to respond to Bk at various times after the desensitising
challenge was investigated to establish whether they regained sensitivity to Bk.
Primary cultures of neonatal rat DRG neurones were pretreated with IjxM Bk for Imin.
Fig. 3.1.4 shows the effect of recovery periods from 10 to 60min on basal [^HjlPg
levels and formation of [^HjlPg in response to a test challenge with Bk (30nM, 10s).
Although the responses at 60min appeared to be slightly greater than after lOmin this
trend towards recovery of sensitivity did not achieve significance (p>0 .8 , compared to
the response in cells pretreated with Bk).
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lOmin

30min

60min

Effect of increasing recovery times following desensitisation on Bk-induced
formation
C ells were pretreated with either Bk (l|iM ) in 25mM HEPES buffered DMEM
(pH 7.5) or buffer alone (control cells) for Imin at 37°C . The formation o f
[^H]I?3 in response to a test challenge o f Bk (30nM , 10s), follow ing the
recovery times indicated, was measured and expressed as a percentage o f total
[^H]PI. Data represents means ± S.E.s o f three independent experiments.

Similar findings were obtained when the concentration of the desensitising challenge
was reduced to 30nM (Fig. 3.1,5). Although there appeared to be a trend towards
recovery, again there was no significant difference between Bk-induced [^H]IPg
formation following recovery periods of 10 and 60min (p>0.9), indicating that the cells
had not regained sensitivity to Bk Ih after the desensitising treatment.

Linear

regression analysis of the increases in Bk-induced [^HjlPg formation over time,
however, showed that the slope was greater than zero (p<0.05), indicating that there
might be a trend towards recovery. This is consistent with other work carried out in the
laboratory where recovery of the ability of sensory neurones to respond to Bk with a
increase in [^H]IPg formation has been seen after Ih. Data in these experiments had
been normalised to control responses after the appropriate recovery times (after 5min:
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19 ± 3 % control response; after 30min: 42 ± 11 % control response; after 60mln: 96 ±
8 % of control response).

Bk pretreated ceDs
30nM, Imin

Control ceDs

I

IControl
Bk test

Recoveiy period

Fig. 3.1.5

lOrrdn

30min

60min

Effect of increasing recovery times following desensitisation on Bk-induced
[^H]IP3 formation
C ells were pretreated with either Bk (30nM ) in 25mM HEPES buffered DMEM
(pH 7.5) or buffer alone (control cells) for Imin at 37°C . The formation o f
P H ]I ?3 in response to a test challenge o f Bk (30nM , 10s), follow ing the
recovery times indicated, was measured and expressed as a percentage o f total
[^H]PI. Data represents means + S.E.s o f three independent experiments.
There was no significant difference between the response to Bk after 10 and
60m in recovery period (p> 0 .2 ).

In light of these findings the following protocol was adopted in experiments to
investigate the mechanism of desensitisation. The DRG neurones were treated with a
near maximal concentration of Bk (lOOnM) for Imin to induce desensitisation. The
cells were then allowed to recover for 15min and the response to a test challenge with
Bk (30nM, 10s) was measured.

Fig. 3.1.6 shows that with this protocol the Bk

pretreated cells failed to respond to the test challenge with Bk, although control levels
of [^H]IP3 had returned to baseline.

70

0 .5-1

0 .4 -

S
^

Control cells

He pretreated cells

I I Control
B ktest

■
0.3 -

s
0 . 1-

0.0

Fig. 3.1.6

Protocol for measuring desensitisation of Bk-induced

formation

C ells were pretreated with either Bk (lOOnM) in 25mM HEPES buffered
DM EM (pH 7.5) or buffer alone (control cells) for Imin at 37®C. The
formation o f [^HjlPg in response to a test challenge o f Bk (30nM , 10s) was
measured, follow ing a 15min recovery period and expressed as a percentage of
total [^H]PI. Data represents means ± S.E.s o f four independent experiments.

When cells were pretreated with Bk (lOOnM, Imin), using the protocol described
above, the log concentration-response curve for Bk-induced [^H]IPg formation was
shifted to the right. The EC50 value increased from 7.6 ± 0.6 nM to 64.3 ± 8.3 nM
(both obtained by non-linear least squares fit as described in Appendix 2) and the
maximum response attained in the desensitised cells was reduced to 44.6 ± 1.9% of the
maximum response in the control cells (Fig. 3.1.7).
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Fig. 3.1.7

Effect of pretreatment with Bk on the log concentration-response
relationship for Bk-induced
formation

Cells were pretreated with either Bk (lOOnM) (filled triangles) in 25mM
HEPES buffered DMEM (pH 7.5) or buffer alone (filled squares) for Imin at
37°C. The cells were allowed to recover for 15min then challenged with
increasing concentrations of Bk for 10s. [^H]IPg was expressed as a percentage
of the maximum response. Data represents means ± S.E.s of three independent
experiments. Curves fitted by MicroCal ORIGIN (as described in Appendix 2).
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3-1-3

Effect of pretreatment with Bk on [^H]Bk binding

Long-term treatment of a variety of cell types with Bk leads to sequestration (grouping
in the plasma membrane), internalisation (removal from the cell surface) or downregulation (proteolytic degradation) of receptors (Roberts and Gullick, 1990; Roscher
eta l, 1990; Wolsing and Rosenblaum, 1991, 1993; Weintraub e ta l, 1992; Munoz and
Leeb-Lundberg, 1992; Munoz et a l, 1993). These effects are seen after treatment
times of 5min to 5h, whereas functional desensitisation can be seen after exposure to
Bk for a few seconds. We have, therefore, investigated whether the Imin exposure of
DRG neurones to Bk, which has such a profound effect on subsequent Bk-induced
[^H]IPg formation, would have any effect on either receptor number or affinity. This
was done by measuring the specific binding of [^H]Bk to the cultures of DRG
neurones.

The autoradiograph in Plate 1.2 shows that displacable [^^^QTyr^k binding could be
detected in these cultures, indicating the presence of Bk receptors. The grains seen on
the autoradiograph represent [^^^IjTyiAsk binding sites and can be seen on both the
cell bodies of the neuronal cells and the neurites. In other experiments (plates not
shown) [ 12^ I]T y i^ k binding was seen on the non-neuronal cells, which is as expected
as it has been reported that non-neuronal cells respond to Bk with an increase in
cAMP production (Burgess et a l, 1989a).
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Plate 1.2

Autoradiograph of [l^^I]Tyr®Bk binding in neonatal rat DRG neurones
The binding assay was carried out as described, using [l^^IjTyr^Bk as the
radioligand. C ells were then fixed and developed. A ) Control cells incubated
with 0.5nM [l^SijTyrÛBk. B) C ells incubated with 0.5nM [125i]TyrOBk in the
presence o f lOOpM Bk.
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The pharmacology of these receptors was investigated using [^H]Bk as the ligand (see
Appendix 3 for development of method). Displacement of [^HJBk specific binding by
the B \ agonist, desArg^Bk (Regoli and Barabé, 1980) and the B2 antagonist, HOE-140
(Lembeck et al.y 1991; Hock et a l, 1991; Wirth et a l, 1991) was measured. Table
3.1.2 shows that the B% agonist, desArg^Bk applied at lp,M was ineffective in
displacing [^H]Bk binding. The B2 antagonist HOE-140 (lOOnM) displaced 93% of
the specific [^H]Bk binding, suggesting that [^H]Bk was binding mainly to B2
receptors in cultures of DRG neurones.

Table 3.1.2

Displacing ligand

Displacement of specific
binding
(%)

lOOnM HOE-140

93.6 ±0.5

l|iM desArg^Bk

10.9 ±6.5

Investigation of the pharmacology of [^H]Bk binding

Cells were incubated in lOnM [^H]Bk in binding buffer, containing the
displacing ligands, at 4°C for 90min and [^H]Bk binding determined as
described in Methods. Data has been expressed as percentage of [^H]Bk
specific binding, defmed in the presence of lOOpM Bk. Data represents means
and S.E.S of three independent experiments.

Fig. 3.1.8 shows that in control, untreated cells [^H]Bk bound to its receptor with a Kp)
of 0.35 ±0.18 nM and a B ^ax of 282 ± 65 fmol/mg protein. Because [^H]Bk stuck to
the plastic culture dishes (as described in Appendix 3) the actual concentration of
[^H]Bk in the incubation medium was calculated for each data point and the free
ligand concentration obtained for a given added [^H]Bk differed from experiment to
experiment. The combined data are, therefore, presented as a scatter graph. The data
were calculated and fitted to a one site model by LIGAND (as described in Appendix
2). A two site model did not show a significant statistical improvement over a one site
model, suggesting the presence of a single Bk receptor population on the DRG
neurones.
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When cells were pre-incubated with lOOnM Bk for Imin, a treatment which caused a
large reduction in subsequent Bk-induced

formation (see Fig. 3.1.3), there was

no significant change in the affinity of the receptor for [^H]Bk (Kp) 0.25 ±0.12 nM,
p=1.00). The number of binding sites was, however, reduced dramatically from 282 ±
65 to 62 ± 18 fmol/mg protein (P<0.0001, compared to the B ^ax

control cells) (Fig.

3.1.8). Again a two site model did not show a significant statistical improvement over
a one site model for the data obtained after treatment with Bk.
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Fig. 3.1.8

Effect of pretreatment with Bk on [^H]Bk binding in primary cultures of
neonatal rat DRG neurones
Cells were pretreated with Bk (lOOnM, Imin) (open circles) in 25mM HEPES
buffered DMEM (pH 7.5) or buffer alone (filled squares) at 37°C, followed by
a Imin wash in 25mM HEPES buffered DMEM (pH 7.5) at 37°C. The cells
were exposed to [^H]Bk diluted in Binding buffer and incubated for 90min at
4°C. NSB was determined in the presence of lOOpM Bk. The concentration of
free [^H]Bk was measured in lOOpl samples of the incubation buffer. The
[^H]Bk specific binding at each concentration of free ligand was calculated by
LIGAND and expressed as fmol [^H]Bk specific binding/mg protein. The data
fitted to a one site model (as described in Appendix 2). A two site model did
not show a significant statistical improvement over a one site model for this
data. Each data point represents triplicate determinations at calculated
concentrations of ligand. Data represents six (Control cells) or three (Bk
pretreated) independent experiments.
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3 -2

INVESTIGATION OF THE MECHANISM UNDERLYING
DESENSITISATION TO BK IN SENSORY NEURONES

In order to investigate the mechanisms underlying Bk-induced desensitisation the
possibility that one or more of the second messengers formed following exposure to Bk
might have a negative feedback effect on the sensitivity of the cells to Bk was
examined. Cyclic GMP is formed in response to Bk through activation of GC in
neuronal cells (Reiser et al., 1984; Snider and Richelson, 1984) and in sensory
neurones (Burgess et a l, 1989b) and has been shown to play a role in reducing the
sensitivity of sensory neurones to Bk (Burgess et a l, 1989b; Dray et a l, 1992;
McGehee et a l, 1992). The involvement of cGMP in the mechanism underlying Bkinduced desensitisation in sensory neurones was, therefore, investigated.

Activation of PLC by Bk also causes formation of DAG (Burgess et a l, 1989a), the
endogenous activator of PKC (Kishimoto et a l, 1980; Mori et a l, 1982; Ganong et a l,
1986; Go et a l, 1987). As PKC has been implicated in regulation of Bk-responses in
other cells (Francel et a l, 1987; Wolsing and Rosenblaum, 1991; Iredale et a l, 1993;
Munoz et a l, 1993) and has been shown to phosphorylate PLC, thereby preventing
coupling of the enzyme with the G-protein (Ryu et a l, 1990), the possibility that PKC
might regulate the sensitivity of sensory neurones to Bk was also investigated.
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3-2-1

Effect of mimicking Bk-induced elevation of cGMP and
activation of PKC on Bk-induced

formation

B k -in d u ced e le v a tio n o f cG M P w a s m im ick ed by pretreating the c e lls w ith the stable
a n alogu e o f c G M P , d bcG M P . Pretreatm ent o f the c e lls w ith Im M d b cG M P for 2m in
reduced the in crea se in [^HJIPg se e n in resp on se to the test ch a lle n g e o f B k (30n M ,
1 0s) (F ig. 3 .2 .1 ). In th ese ex p erim en ts the effe c t o f dbcG M P w a s not as pronounced as
that in d u ced b y pretreatm ent w ith lOOnM B k.

Increasing the pretreatm ent tim e to

5 m in or in crea sin g the con centration o f db cG M P to lO m M ca u sed no further in hibition
o f [3H ]IP 3 form ation in resp on se to B k.
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5irin

dbcGM»
lOmM
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Effect of increasing the concentration of dbcGMP and the pretreatment
time on Bk-induced [^HjlPg formation
C ells were pretreated with either dbcGMP (Im M or lOmM) in 25mM HEPES
buffered DM EM (pH 7.5) or buffer alone for 2min or 5min at 37®C. The
formation o f [^HJIPg in response to a test challenge o f Bk (30nM , 10s) was
measured and expressed as a percentage o f total [^H]PI. Data represents means
± S.E.s o f between three and seven independent experiments. The asterisk (*)
indicates that the response to Bk in this data set was significantly different from
the response in cells pretreated with Bk (p<0.05). There was no significant
difference between any o f the treatments with dbcGMP (p>0.9).
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Pretreatment with dbcGMP did not have any effect on the resting level of [^HjlPg
(0.19 ± 0.02%, compared to 0.20 ± 0.02% [^H]PI in control cells).

Fig. 3.2.2 shows that pretreatment of the cells with ImM dbcGMP for 2min, a
maximally effective concentration and pretreatment time (see Fig 3.2.1) caused a
reduction in the maximum response to Bk (to 67.3 ± 5.3% of the maximum response in
control cells). Pretreatment with dbcGMP had no significant effect on the EC50 value
for Bk-induced [^HjlPg formation (7.6 ± 0.6 nM in control cells, compared to 9.7 ±
3.0 nM in cells pretreated with dbcGMP, obtained by non-linear least squares fit, as
described in Appendix 2).
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Fig. 3.2.2

Effect of dbcGMP on the log concentration-response relationship for Bkinduced [^H]IP3 formation
Cells were pretreated with either dbcGMP (ImM) (filled triangles) in 25mM
HEPES buffered DMEM (pH 7.5) or buffer alone (filled squares) for 2min at
37°C. The formation of [^HjlPg in response to increasing concentrations of Bk
(10s) was measured and expressed as a percentage of the maximum response
attained. Data represents means ± S E.s of three independent experiments.
Curves fitted by MicroCal ORIGIN (as described in Appendix 2).
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In summary, the effect of pretreating the cells with dbcGMP was not as pronounced as
the effect of Bk-induced desensitisation; the maximum response was not reduced to the
same extent and there was no increase in the EC50 value for Bk-induced
formation.

Purified PKC from rat brain can be activated by exogenous application of phorbol
esters (Castagna et a l, 1982) through the DAG binding site (Blumberg et a l, 1984). In
this study the phorbol ester chosen as the exogenous activator of PKC was PDBu.

Pretreatment of the cells with l|iM PDBu for 2min reduced the response to a test
challenge with Bk (30nM, 10s) by 45%. Increasing the pretreatment time to 5min or
increasing the concentration of PDBu to lOpM did not result in a further reduction in
the response to Bk (Fig. 3.2.3).
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Effect of increasing the concentration of PDBu and the pretreatment time
on Bk-induced
formation
C ells were pretreated with either PDBu (Ip M or lOjiM) in 25mM HEPES
buffered DM EM (pH 7.5) for 2min or 5min or buffer alone for 2min at 37°C .
The formation o f [^H]IPg in response to a test challenge o f Bk (30nM , 10s) was
measured and expressed as a percentage o f total [^H]PI. Data represents means
± S.E.s o f between three and seven independent experiments. * - significantly
different from response in cells pretreated with Bk (p<0.05). There was no
significant difference between the effects o f any o f the treatments with PDBu
(p>0.7).

Pretreatm ent o f D R G n euron es w ith P D B u ( l |i M , 2 m in ) had n o e ffe c t on the resting
le v e l o f [^H ]IPg (0 .1 8 ± 0.0 2 % , com p ared to 0 .2 0 ± 0.02% [^H ]PI in control c e lls).

T h e e ffe c t o f pretreatm ent w ith a m a x im a lly e ffe c tiv e con cen tration o f P D B u (IjiM ,
2m in )

on

the

lo g -co n cen tra tio n

form ation is sh o w n in F ig. 3 .2 .4 .

resp on se

relation sh ip

for

B k -in d u ced

[^H ]IPg

T he reduction in B k -in d u ced [^ H ]IP ] form ation

fo llo w in g pretreatm ent w ith P D B u (l|x M , 2m in ) w a s characterised by a rightw ard shift
o f the d o se -r e sp o n se curve (E C 50 16.6 ± 6.6 nM , ob tain ed by n on -lin ear least squares
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fit) and a reduction in the maximum response to Bk (to 55.4 + 4.1% of the maximum
response in control cells).
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Fig. 3.2.4

Effect of PDBu on the concentration-response relationship of Bk-induced
formation
Cells were pretreated with either PDBu (IpM) (filled triangles) in 25mM
HEPES buffered DMEM (pH 7.5) or buffer alone (filled squares) for 2min at
37®C. The formation of [^H]IPg in response to increasing concentrations of Bk
(30nM, 10s) was measured and expressed as a percentage of the maximum
response attained. Data represents means ± S.E.s of three independent
experiments. Curves fitted by MicroCal ORIGIN (as described in Appendix
2).

The effect of pretreatment with PDBu on the EC50 for Bk-induced [^HjlPg formation
or the maximum response was not as pronounced as that seen after pretreatment with
Bk.
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3-2-2

Effect of inhibiting Bk-induced elevation of cGMP and activation
o f PKC on Bk-induced

formation

The data presented in the previous section suggested that elevation of cGMP and
activation of PKC may be involved in regulating the sensitivity of sensory neurones to
Bk. The effect of inhibiting elevation of cGMP and activation of PKC induced by Bk
was investigated in order to determine whether these agents were involved in Bkinduced desensitisation.

It has been suggested that activation of GC and formation of cGMP is mediated by
formation of NO (Busse et al.y 1985; Ignarro et a/., 1986; Mulsch et a/., 1987; Martin
et al.y 1988; Schmidt et a/., 1989; Bauer et a/., 1993; Yu et al., 1993). In this thesis the
role of NO/cGMP in regulating the sensitivity of sensory neurones to Bk has been
investigated using the L-arginine analogue, LNNA (Moore et al. y 1990; Gibson et a l,
1990). LNNA competes with L-arginine, the endogenous substrate for NOS, and this
prevents the synthesis of NO.

In control cells the basal level of cGMP was 1.4 ± 0.6 pmol/mg protein cGMP (n=3)
and this increased to 5.4 ± 1 .7 pmol/mg protein cGMP (n=3) after exposure to Bk
(30nM) for 30s. In experiments designed to investigate the effect of LNNA on cGMP
formation, exposure of the DRG neurones to Bk (30nM, 30s) resulted in a 4.30 ± 1.17fold increase in cGMP formation. When neurones were pretreated for 30min with
300|xM LNNA, a concentration which was shown to inhibit Bk-induced cGMP
formation in sensory neurones in a previous study (McGehee et a l, 1992), the ability
of Bk to elevate cGMP was lost (Table 3.2.1). This provides evidence that stimulation
of NOS and the production of NO is responsible for Bk-induced cGMP formation , and
provides a tool for examining the role of cGMP in desensitisation.
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cGMP formation
Pretreatment

(fold increase above basal)

30nM Bk

None

4.30 ±1.17

30nMBk

300llMLNNA

1.05 ±0.37

Treatment

Table 3.2.1

Effect of LNNA on Bk-induced cGMP formation
Cells were pretreated with either 300|iM LNNA in 25mM HEPES buffered
DMEM (pH 7.5) or buffer alone at 37®C for 30min and exposed to Bk (30nM)
for 30s. cGMP was extracted and measured, using enzyme immunoassay, and
expressed as a fold increase above the basal level. Data represents mean and
S.E.s of four independent experiments.

In the experiments shown in Fig. 3.2.5 pretreatment with Bk (lOOnM, Imin) abolished
the increase in [^HjlPg formation in response to the test challenge with Bk (30nM,
10s).

Pretreatment of the cells with LNNA (300iiM) for 30min prevented this

desensitisation of Bk-induced [^H]IP^ formation.

LNNA had no effect on either

resting levels of [^HjlP^ or Bk-induced [^HJIPg formation in control cells (Fig. 3.2.5).
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Effect of LNNA on desensitisation of Bk-induced

formation

C ells were pretreated with either 300p.M L N N A in 25mM HEPES buffered
DM EM (pH 7.5) or buffer alone at 37°C for 30min, follow ed by treatment with
either Bk (lOOnM, Imin) in 25mM HEPES buffered DM EM (pH 7.5) or buffer
alone at 37°C for Imin. The response to a test challenge o f Bk (30nM , 10s)
was measured after a 15min recovery period in the presence o f LN N A . Data
have been expressed as [^HjlPg produced as a percentage o f total [^H]PI. Data
represents mean and S.E.s o f eight independent experiments. * - significantly
different from response to the equivalent treatment in control cells (p<0.05).

T h e inhibitory e ffe c ts o f L N N A on N O S fu n ction can be fu lly reversed by the
p ro v isio n o f e x c e s s L -arginin e (M o o re

al , 1 9 9 2 ).

et al, 1990; G ib so n et a l, 1990; M c G e h e e et

In order to determ in e w hether the e ffe c t o f L N N A on B k -in d u ced

d e se n sitisa tio n w a s m ed iated through in h ib ition o f N O S , the ability o f e x c e s s La rgin in e to reverse the e ffe c t o f L N N A w as in vestigated .

In th e ex p erim en t sh o w n in F ig.

3 .2 .6 , L N N A

(SOOfiM, 3 0 m in ) p reven ted the

d e se n sitisa tio n w h ic h occurred fo llo w in g treatm ent w ith B k (lOOnM , Im in ) (p > 0 .9 ,
com p a red to the resp o n se to the test c h a lle n g e o f B k in con trol c e lls ) (F ig. 3 .2 .6 ). T h is
e ffe c t w a s reversed w h en c e lls w ere co -in cu b ated w ith L -argin in e (3 m M ) for 3 0 m in , at
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the sa m e tim e as L N N A (3 0 0 |iM ).

T here w a s no sig n ifica n t d ifferen ce b etw een

[^H ]IP 3 form ation in resp o n se to a test ch a llen g e o f B k (3 0 n M , 10s) in c e lls treated
w ith B k and c e lls treated w ith B k fo llo w in g pretreatm ent w ith L N N A p lus L -arginine
(p > 0 .8 , com p ared to the resp o n se to the test ch a llen g e o f B k in c e lls pretreated w ith
B k).
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Fig. 3.2.6

Reversal by L-arginine of the effects of LNNA on Bk-induced
desensitisation of [^H]IPg formation
Primary cultures o f neonatal rat DRG neurones were pretreated with either
buffer alone, 300pM L N N A in 25mM HEPES buffered DMEM (pH 7.5) or
300pM LN N A plus 3mM L-arginine in 25mM HEPES buffered DM EM (pH
7.5) at 37°C for 30min. The cells were then exposed to either a desensitising
treatment with Bk (lOOnM, Imin) or buffer alone and the response to a test
challenge o f Bk (30nM , 10s) measured after a 15min recovery period in the
presence o f either buffer, L N N A or LN N A plus L-arginine. Data have been
expressed as [^HllPg as a fold increase above basal level after normalisation to
[^H]PI. Data represents means and S.E.s o f three independent experiments.

L -arg in in e had n o e ffe c t on the le v e l o f [^HJIPg in con trol c e lls and did not a ffe ct the
r e sp o n se o f the c e lls to a test c h a lle n g e w ith B k (3 0 n M , IDs) (T ab le 3 .2 .2 ).
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Treatment

[3h ]IP3

Pretreatment

(%[3h ]PI)

Table 3.2.2

Control

None

0.80 + 0.27

30nM Bk

None

3.18 + 0.71

Control

3mM L-arginine

0.98 ±0.24

30nM Bk

3mM L-arginine

2.51 ±0.81

Effect of L-arginine on [^H]IPg formation
Primary cultures of neonatal rat DRG neurones were pretreated with buffer
alone or 3mM L-arginine in 25mM HEPES buffered DMEM (pH 7.5) at 37°C
for 30min. The response to a test challenge of Bk (30nM, 10s) was then
measured. Data have been expressed as [^HjlPg produced as a percentage of
total [^H]PI. Data represents mean and S.E.s of tiiree independent experiments.

The effect of LNNA on dbcGMP-induced inhibition of Bk-mediated [^HjlPg
formation was also examined. The data shown in Fig. 3.2.7 were different from
previous experiments in that dbcGMP caused a much greater (although not complete,
p<0.02, compared to baseline) inhibition of the response to Bk. This may reflect
variability in the sensitivity of the cultures to dbcGMP. Nevertheless, the data show
that the inhibitory effect of cGMP was not reversed by pretreatment with LNNA
(p>0.8, compared to the response in control cells pretreated with dbcGMP), indicating
that the effect of LNNA was upstream of cGMP production.
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E ffect o f LN N A on d bcG M P -induced in hibition o f
form ation
C ells were pretreated with either 300|iM LN N A in 25mM HEPES buffered
DM EM (pH 7.5) or buffer alone at 37°C for 30min and exposed to either
dbcGM P (Im M ) in 2 5 mM HEPES buffered DM EM (pH 7.5) or buffer alone at
37®C for 2min. The response to a subsequent test challenge o f Bk (30nM , 10s)
w as measured. Data have been expressed as [^HjlPg produced as a percentage
o f total [^H]PI.
Data represents means and S.E.s o f three independent
experiments.

T h e ab ility o f L N N A to prevent d esen sitisa tio n and o f L -arginine to reverse the effe cts
o f L N N A p ro v id e a direct link b etw een cG M P and B k -in d u ced d esen sitisa tio n and
p oin ts to a m ajor role o f cG M P in this p rocess.

In order to in v e stig a te w h ether there m igh t a lso b e a direct lin k b etw een B k -in d u ced
d e se n sitisa tio n and a ctivation o f PK C in primary cultures o f neonatal rat D R G
n eu ro n es, the e ffe c t o f an inhibitor o f P K C on B k -in d u ced d esen sitisa tio n in th ese c e lls
w a s in v estig a ted . T h e inhibitor c h o se n w a s the staurosporine d erivative, G F 1 0 9 2 0 3 X .
S tau rosporine its e lf is a fairly n o n -se le c tiv e k in ase inhibitor, w h ereas it has b een
reported that the se le c tiv ity o f G F 1 0 9 2 0 3 X for PK C o v er other k in a ses is h igh in S w iss
3 T 3 fib rob lasts and hum an p la telets (T o u llec
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et aL, 1991).

When cells were pretreated with lOOnM Bk for Imin the increase in

formation

in response to Bk (30nM, 10s) in control cells was abolished (Fig. 3.2.8). Pretreatment
of the cells with lOpM GF109203X, a concentration which maximally inhibited PKCmediated effects (Toullec et aL, 1991), for 30min had no effect on the resting level of
[^H]IPg in control cells or on the response of control cells to a test challenge with Bk
(30nM, 10s) (p>0.6, compared to levels of [^HjlPg in cells which had not been
pretreated with GF109203X).

GF109203X pretreatment did, however, reduce the

degree of desensitisation seen after treatment of the cells with Bk (lOOnM, Imin)
(p<0.002, compared to the response to the test challenge of Bk in control cells
pretreated with Bk).
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CF109203X-treated cells

Control cells
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Pretreatment

Fig. 3.2.8

lOOnMBk
(Inin)

lOOnMBk
(Inin)

Effect of GF109203X on Bk-induced desensitisation of

formation

C ells were pretreated with either lOp-M G F109203X in 25mM HEPES buffered
DM EM (pH 7.5) or buffer alone at 37°C for 30min, follow ed by treatment with
either Bk (lOOnM, Imin) in 25mM HEPES buffered DM EM (pH 7.5) or buffer
alone at 37°C for Imin. The response to a test challenge o f Bk (30nM , 10s)
was measured after a 15min recovery period in the presence o f G F109203X .
Data have been expressed as [^H]I?3 produced, as a fold increase above basal
level after normalisation to [^H]PI . Data represents mean and S.E.s o f three
independent experiments. * - greater than response to the equivalent treatment
in control cells (p< 0 .002 ).

The ability of GF109203X to provide partial protection of the neurones from the
desensitising effect of pretreatment with Bk suggests that, like cGMP, PKC may
regulate of the sensitivity of sensory neurones to Bk. The fact that the protection
afforded by GF109203X was not complete, along with the fact that the effect of PDBu
on [^H]IPg formation was significantly less than the effect of pretreating with a
desensitising dose of Bk and the evidence of a major role for cGMP, suggest that PKC
is not the only factor involved in controlling the sensitivity of sensory neurones to Bk.
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3-2-3

Effect of mimicking Bk-induced elevation of cGMP and
activation of PKC on [^H]Bk binding

Having shown that cGMP and PKC were able to regulate the sensitivity of DRG
neurones to Bk, the possibility that they might alter [^H]Bk binding was investigated.

Pretreatment of primary cultures of neonatal rat DRG neurones with ImM dbcGMP for
2min, which was maximally effective in inhibiting Bk-induced [^HjlPg formation, had
no significant effect on [^H]Bk binding (Fig. 3.2.9). The Kp) value in cells pretreated
with dbcGMP (0.59 ± 0 .1 7 nM) was not significantly different from the value in
control cells (0.35 ±0.18 nM) (p=1.00 calculated by LIGAND). In addition dbcGMP
had no significant effect on the number of binding sites for [^H]Bk (215 ± 56 fmol/mg
in dbcGMP pretreated cells compared to 282 ± 65 fmol/mg in control cells, p>0.55
calculated by LIGAND).

A two site model did not show a significant statistical

improvement over a one site model for data obtained after treatment of the cells with
dbcGMP.
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Fig. 3.2.9

Effect of dbcGMP on [^H]Bk binding
Cells were pretreated with dbcGMP (ImM, 2min) (open circles) in 25mM
HEPES buffered DMEM (pH 7.5) or buffer alone (filled squares) at 37°C and
exposed to [^H]Bk diluted in binding buffer for 90min at 4°C. NSB was
determined in the presence of lOOpM Bk. The concentration of free ligand was
measured in lOOpl samples of the incubation buffer. The [^H]Bk specific
binding at each concentration of free ligand was calculated by LIGAND and
expressed as fmol specific binding/mg protein. The data was fitted to a one site
model (as described in Appendix 2). Each data point represents triplicate
determinations at calculated concentrations of ligand. Data represents six
(Control cells) or five (dbcGMP pretreated) independent experiments.

Similarly, pretreatment of rat DRG neurones with PDBu (lOjiM, 2min) had no
significant effect on the binding of [^H]Bk to its receptor (Fig. 3.2.10). The affinity of
Bk for its receptor was unchanged (0.55 + 0.31 nM compared to 0.35 ± 0.18 nM in
control cells, p=1.00 calculated by LIGAND) and there was no significant effect on the
number of binding sites for [^H]Bk after treatment with PDBu (350 ± 161 fmol/mg
compared to 282 ± 65 fmol/mg in control cells, p>0.09 calculated by LIGAND). A
two site model did not show a significant statistical improvement over a one site model
for either data set.
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Fig. 3.2.10

Effect of PDBu on [^H]Bk binding in DRG neurones
Cells were pretreated with PDBu (IpM, 2min) (open circles) in 25mM HEPES
buffered DMEM (pH 7.5) or buffer alone (filled squares) at 37®C and exposed
to radioligand diluted in Binding buffer for 90min at 4°C. NSB was determined
in the presence of lOOpM Bk. The concentration of free ligand was measured
in lOOp.1 samples of the incubation buffer. The [^H]Bk specific binding at each
concentration of free ligand was calculated by LIGAND and expressed as fmol
[^H]Bk specific binding/mg protein. The data was fitted to a one site model (as
described in Appendix 2). Each data point represents triplicate determinations
at calculated concentrations of ligand. Data represents six (Control cells) or
three (PDBu pretreated) independent experiments.

Table 3.2.3 compares the effect of pretreatment with dbcGMP, PDBu or Bk on [^H]Bk
binding in DRG neurones.
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Kd

®max

(nM)

(fmol/mg protein)

0.35 ±0.18

282 ±65

lOOnMBk

0.25 ± 0.12 (NS)

62±18(**)

ImM dbcGMP

0.59 ±0.17 (NS)

215 ± 56 (NS)

l|xM PDBu

0.55 ± 0.13 (NS)

350±161(NS)

Pretreatment
Control

Table 3.2.3

Comparison of the effect of dbcGMP, PDBu and Bk on [^H]Bk binding
See legend in Fig. 3.3.3 for details. Data represents means ± S.E.s as calculated
by LIGAND (as described in Appendix 2). Comparisons with the control value
are shown: ** - p<0.0001; NS - p>0.05.

In conclusion, although dbcGMP and PDBu inhibited Bk-induced [^HjlPg formation
they did not affect [^H]Bk binding. This is in contrast to pretreatment with Bk which
resulted in a reduction in the B^ax ^^r [^H]Bk binding, although it had no effect on
the Kp) value, as well as inhibiting Bk-induced [^HjlPg formation.
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3-3

EFFECT OF SIMULTANEOUS TREATMENT WITH PDBu
AND dbcGMP ON THE

SENSITIVITY

OF SENSORY

NEURONES TO Bk

Elevation of cGMP and activation of PKC both appeared to regulate the sensitivity of
primary cultures of neonatal rat DRG neurones to Bk. In most experiments neither
dbcGMP nor PDBu were as effective as Bk in inhibiting Bk-induced [^H]IPg
formation. In order to determine whether their effects might be mediated through
different sites primary cultures of neonatal rat DRG neurones were treated with both
agents simultaneously and the effect on the sensitivity to Bk measured.
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3-3-1

Effect of simultaneous pretreatment with dbcGMP and PDBu on
Bk-induced [^H]IPg formation

In experiments shown in Fig. 3.3.1 Bk caused an increase in

formation and

this was completely abolished when cells were pretreated with Bk (lOOnM, Imin).
When cells were pretreated with a maximally effective concentration of either dbcGMP
(ImM) or PDBu (l|iM ) for 2min (see Section 3-2-1) the responses to test challenges of
Bk were reduced by 30% and 41%, respectively, but were still significantly greater
than in Bk pretreated cells (p<0.05) (Fig. 3.3.1). However, when cells were pretreated
with both dbcGMP and PDBu simultaneously the response to Bk was completely
abolished. Simultaneous pretreatment of the cells with dbcGMP and PDBu had no
effect on the resting levels of [^H]IPg in the cells (0.18 ± 0 .01 %, compared to 0.20 ±
0.02% [^H]PI in control cells).
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lOOnM Bk
(60sec)
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(2min)

Effect of simultaneous pretreatment with dbcGMP and PDBu on Bkinduced [^H]IPg formation
C ells were pretreated with dbcGMP (Im M ), PDBu ( l|iM ) or both agents in
2 5 mM HEPES buffered DM EM (pH 7.5) or buffer alone for 2min at 37°C . The
formation o f [^H]IPg in response to a test challenge o f Bk (30nM , 10s) was
measured and expressed as a percentage o f total [^H]PI. Data represents means ±
S.E.s o f four independent experiments.
* - greater than response in cells
pretreated with Bk (p<0.05).

The effect of simultaneous pretreatment of DRG neurones with dbcGMP and PDBu on
the log concentration-response curve for Bk-induced [^H]IPg formation was
investigated. Fig. 3.3.2 shows that pretreatment of the cells with ImM dbcGMP and
l|iM PDBu for 2min reduced the maximum response to Bk (to 41.4 + 5.3% of the
maximum response). In these experiments the EC50 value for Bk-induced [^H]IP]
formation in the control cells was somewhat higher than in the previous experiments
(25.9 ± 5.7 nM compared to 7.6 ± 0.6nM, see Fig. 3.1.2).

The combination of

dbcGMP and PDBu caused the EC50 value to increase to 50.8 ± 14.8 nM. Although
this is very close to the EC50 value for cells pretreated with Bk in Fig 3.1.7 (64.3 ±
8.3nM) it is only a 2 fold shift to the right and, as such, equivalent to the 2 fold shift
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produced by PDBu alone (see Fig 3.2.4). The shift in the EC50 value produced by the
combination of dbcGMP and PDBu was less than the 8 fold shift produced by
pretreatment with Bk.
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[Bk]nM
Fig. 3.3.2

Effect of dbcGMP and PDBu on the log concentration-response
relationship of Bk-induced [^H]IPg formation

Cells were pretreated with either dbcGMP (ImM) and PDBu (IpM) (filled
triangles) in 25mM HEPES buffered DMEM (pH 7.5) or buffer alone (filled
squares) for 2min at 37°C. The formation of [^HllPg in response to increasing
concentrations of Bk (10s) was measured and expressed as a percentage of the
maximum response attained. Data represents means ± S.E.s of three
independent experiments. Curves fitted by MicroCal ORIGIN (as described in
Appendix 2).

The fact that simultaneous treatment of the cells with maximally effective
concentrations of dbcGMP and PDBu produced a greater inhibition of the Bk-induced
response than did each alone, suggests that cGMP and PKC control the sensitivity of
the DRG neurones to Bk by different mechanisms.
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3-3-2

Effect of simultaneous pretreatment with cGMP and PDBu on
[^H]Bk binding

Neither pretreatment of DRG neurones with dbcGMP nor PDBu had any significant
effect on [^H]Bk binding, although both were capable of inhibiting the ability of Bk to
activate PLC. When the cells were exposed to maximally effective concentrations of
each agent simultaneously their inhibitory effect on Bk-induced activation of PLC was
greater than the effect of each alone. The possibility that dbcGMP and PDBu applied
together would have an effect on [^H]Bk binding was investigated.

Simultaneous pretreatment of primary cultures of neonatal rat DRG neurones with
dbcGMP (ImM) and PDBu (l|iM ) for 2min had no significant effect on the binding of
[^H]Bk. Fig. 3.3.3 shows that the affinity of the receptors for Bk was unchanged (Kp)
value 0.35 ± 0.14 nM, compared to Kp) value 0.35 ±0.18 nM, p=1.00 calculated by
LIGAND). Furthermore, there was no significant change in receptor number (321 + 99
fmol/mg, compared to 282 ± 65 fmol/mg protein, p=1.00 calculated by LIGAND). A
two site model did not show a significant statistical improvement over a one site model
for the treated cells.
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Fig. 3.3.3

Effect of simultaneous pretreatment with dbcGMP and PDBu on [^H]Bk
binding

Cells were pretreated with a combination of dbcGMP (ImM) and PDBu (IpM)
(open circles) in 25mM HEPES buffered DMEM (pH 7.5) or buffer alone
(filled squares) at 37°C for 2min and exposed to [^H]Bk diluted in binding
buffer for 90min at 4®C. NSB was determined in the presence of lOOpM Bk.
The concentration of free ligand was measured in lOOpl samples of the
incubation buffer. The [^H]Bk specific binding at each concentration of free
ligand was calculated by LIGAND and then expressed as fmol [^H]Bk specific
binding/mg protein. The data fitted to a one site model (as described in
Appendix 2). Each data point represents triplicate determinations at
individually calculated concentrations of ligand. Data represents six (Control
cells) or four (dbcGMP and PDBu pretreated) independent experiments.

Table 3.3.1 compares the effect of pretreatment with dbcGMP and PDBu
simultaneously or Bk on [^H]Bk binding.
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Kd

®max

(nM)

(fmol/mg protein)

0.35 ±0.18

282 ± 65

lOOnMBk

0.25 ± 0.12 (NS)

62± 18(**)

ImM dbcGMP + lp,M PDBu

0.35 + 0.14 (NS)

321 ± 99 (NS)

Pretreatment
Control

Table 3.3.1

Comparison of the effect of dbcGMP and PDBu or Bk on [^H]Bk binding
See legend in Fig. 3.3.3 for details. Data represents means ± S.E.s as calculated
by LIGAND (as described in Appendix 2). Comparisons with the control value
are shown: ** - p<0.0001; NS - p>0.05.

In conclusion, although the effect of simultaneous treatment with dbcGMP and PDBu
on Bk-induced [^HjlPg formation was greater than each applied alone it did not result
in a reduction in the number of [^H]Bk binding sites seen after pretreatment with Bk.
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3-4

EFFECT OF ACTIVATION OF PLC BY OTHER AGONISTS
ON THE SENSITIVITY OF SENSORY NEURONES TO BK

The ability of dbcGMP and PDBu to regulate the sensitivity of DRG neurones to Bk
suggests that other agonists that activate PLC, and thereby increase cGMP and activate
PKC, may result in down-regulation of the response to Bk.

A number of other

receptors on sensory neurones are able to activate PLC and the possibility that
heterologous desensitisation could occur was investigated.
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3 - 4-1

Investigation of activation of PLC by various agonists

Initially a number of agonists were tested in order to determine which might be able to
activate PLC in DRG neurones. Table 3.4.1 shows the effects of a 10s treatment with
these agonists on

levels. The a-adrenoceptor agonists, noradrenaline and

clonidine, substance P and neurotensin (NT) caused less than a 2-fold increase in the
levels of [^HjlPg. However, both acetylcholine and neuropeptide Y (NPY) caused a
more substantial elevation in the level of [^HjlPg in the DRG neurones.

Agonist

[^H]IP3 formation
(fold increase above
control)

Table 3.4.1

30nMBk

3.53 ±0.34

lOOnM NPY

2.46 ±0.30

50nM substance P

1.56 ±0.11

lOOnMNT

1.98 ±0.18

lOnM clonidine

1.63 ±0.56

3|xM noradrenaline

1.13±0.18

l|iM acetylcholine

2.36 ±0.51

Activation of PLC in DRG neurones by various agonists
Cells were exposed to agonists at the concentrations indicated for 10s at 37®C.
Levels of [^H]IPg were measured and expressed as a fold increase above
control. Data represents means and S.E.s of triplicate determinations.

NPY and Bk receptors have previously been shown to be colocalised on DRG neurones
in culture through measurement of the electrophysiological response to these agonists
(Hosli et a l, 1992) and by autoradiography (Hosli and Hosli, 1993). We decided,
therefore, to use NPY to investigate whether activation of PLC by another agonist
would influence the sensitivity of sensory neurones to Bk.
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Initially the log concentration-response relationship for NPY-induced
formation was investigated to ensure that concentrations of Bk and NPY were used to
achieve equivalent PLC activation. Table 3.4.2 shows the effect of increasing the
concentration of NPY on formation of [^H]IPg following a 10s challenge.

[3h ]IP3

Treatment

S.E.

(fold increase)
lOnM NPY

1.55

0.31

lOOnM NPY

3.62

0.37

IpMNPY

2.21

0.32

Table 3.4.2 Effect of NPY on [^H]IPg formation
Cells were exposed to NPY at the concentrations indicated for 10s at 37°C.
Levels of [^H]IPg were measured and expressed as a percentage of [^H]PI, as a
fold increase above basal levels. Data represents means and S.E.s of triplicate
determinations.

A 3.6 fold increase in [^H]IPg formation was seen following treatment of the cells with
lOOnM NPY, which was similar to the 3-4 fold increase produced by Bk.

This

concentration was, therefore, chosen as the test challenge in subsequent experiments.
In order to study the possibility that cross-desensitisation could occur between Bk and
NPY a higher concentration of NPY (IpM) was used in order to maximise the
possibility of the cells becoming desensitised.
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3-4-2

Effect of pretreatment with NPY on Bk-induced IP3 formation

F ig. 3.4 .1 s h o w s that the in crease in form ation o f [^H ]IPg in resp on se to a test
c h a lle n g e w ith B k (3 0 n M , 10s) w a s ab olish ed by pretreatm ent o f the c e lls w ith B k
(lO OnM ) for Im in .

W h en c e lls w ere pretreated w ith N P Y (l|x M ) for Im in , the

resp o n se to a su b seq u en t c h a lle n g e w ith B k w as reduced (by 48% ) but not ab olish ed
(F ig. 3 .4 .1 ).
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IfrMNPY

Effect of pretreatment with NPY on Bk-induced [^HjlP^ formation
C ells were pretreated with either Bk (lOOnM) or NPY (Ip M ) in 25mM HEPES
buffered DM EM (pH 7.5) for Imin at 37®C. The formation o f [^HjlPg in
response to a test challenge o f Bk (30nM , 10s) was measured follow ing a 15min
recovery period and expressed as a percentage o f the total cellular [^H]PI. Data
represents means ± S.E.s o f between three and ten independent experiments. * significantly greater than the response to Bk in cells pretreated with Bk
(p<0.001).
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Effect of pretreatment with Bk on NPY-induced IP3 formation

3-4-3

The effect of pretreatment of DRG neurones with Bk on NPY-induced
formation was also investigated.

The response to NPY was abolished following pretreatment of the cells with NPY
(IpM, Imin) (Fig. 3.4.2) and pretreatment with Bk (lOOnM, Imin) reduced the
response to NPY (lOOnM, 10s) by 56% (p<0.05).

Statistical analysis showed,

however, that there was no significant difference in the responses to a test challenge
with NPY after pretreatment with NPY (IjiM, Imin) or Bk (lOOnM, Imin) (p>0.1).
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NPY test

l^iMNPY

Pretreatment

Fig. 3.4.2

lOOnMBk

Effect of pretreatment with Bk on NPY-induced [^HjlP^ formation
C ells were pretreated with either NPY (l|xM ) or Bk (lOOnM) in 25mM HEPES
buffered DM EM (pH 7.5) for Imin at 37°C . The formation o f [^HllPg in
response to a test challenge o f NPY (lOOnM, 10s) was measured follow ing a
15min recovery period and expressed as a percentage o f the total cellular
[^H]PI. Data represents means ± S.E.s o f between three and ten independent
experiments. * - significantly less than the response to Bk in untreated cells
(p<0.05).
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CHAPTER 4 DISCUSSION
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4 -1

Bk-induced desensitisation in neuronal cells

The primary cultures of rat DRG neurones used in the present study consisted of an
heterogeneous population of cells, with approximately 10% of the total cell population
of non-neuronal origin. The neuronal cells consist of different phenotypes, with small,
medium and large diameter cells present (Bowie et a l, 1994). The small diameter cells
are thought to be C-fibres and the larger cells are thought to be a mixture of Aô-fibres,
mechanoceptors and other sensory fibres. Autoradiography showed that displaceable
[l^^QTyr^^Bk binding could be detected in these cultures. Binding appeared to be
present on the cell bodies of the neurones and neuronal outgrowths. There may also
have been some binding to non-neuronal cells present in the culture. This is not
surprising as Bk has been shown to activate non-neuronal cells, resulting in elevation
of cAMP levels (Burgess et a/., 1989a).

Consistent with previous studies in neuronal cells (Yano et a l, 1985; Higashida et a l,
1986) and in sensory neurones (Thayer et a l, 1988; Burgess et a l, 1989a; Gammon et
a l, 1989), exposure of primary cultures of neonatal rat DRG neurones to Bk resulted in
rapid elevation of

Bk-induced

formation appeared to be generated in

the neuronal cells in the DRG cultures as non-neuronal cells, cultured under similar
conditions, failed to respond to Bk with an increase in

Bk also elevated

cGMP in the DRG neurones with an EC50 value equivalent to that seen for formation
of [^H]IP3 (Burgess et a l, 1989b; Bauer et a l, 1993). Previous work has shown that
these responses in DRG neurones are mediated through the B2 subtype (Burgess et a l,
1989a; b; Bauer et a l, 1993). The data presented here showed that the subtype of Bk
receptor to which the [^H]Bk was binding in DRG neurones was the B2 rather than the
subtype and as such is consistent with the latter pharmacological study.

Repeated application of Bk to the DRG neurones resulted in reduced [^HjlPg
formation with respect to the response in control cells indicating that the cells had
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become desensitised. This effect was seen after exposure to Bk for as little as Imin
and the cells did not regain sensitivity to Bk for up to 60min after the desensitising
challenge. Desensitisation of Bk-induced

formation was dose-dependent. The

IC50 value for Bk-induced desensitisation was 4 fold higher than the EC50 value for
Bk-induced

formation.

There are two possible explanations for this

difference. Firstly, the degree of desensitisation of Bk-induced

formation may

be dependent on the level of activation of the cells. For example, if only responses
greater than 50% of the maximal response could produce desensitisation, then the
EC50 value for desensitisation would be higher. Secondly, an additional mechanism,
distinct from PLC activation, may be involved in regulation of the sensitivity of
sensory neurones to Bk. If the EC50 value for this effect were higher than the EC50
value for Bk-induced

formation then the EC50 value for desensitisation would

also be higher. In contrast to data presented here, the IC50 values for desensitisation of
H i receptor-induced [^H]inositol phosphate production (Bristow and Zamani, 1993)
and cGMP production (Leurs et al., 1991) are no different from the EC50 values for
functional responses. Similar findings have been reported for acetylcholine-induced
responses in CHO cells transfected with human Ml receptors (Mullaney et a l, 1993).
The difference between these reports and data presented here may reflect different
mechanisms underlying the desensitisation process.

Desensitisation was characterised by an increase in the EC50 value for Bk-induced
[3 h]I ? 3 formation and a reduction in the maximum response. A similar effect of
desensitisation on M l receptor-mediated [^HJinositol phosphate production has been
demonstrated in CHO cells where pretreatment with carbachol results in a reduction in
the maximum response of the dose-response curve, with an apparent increase in the
EC50 value (Mullaney et a l, 1993).

Desensitisation of histamine-induced cGMP

production results in a similar change in the EC50 value (Leurs et a l, 1991). In
contrast, however, there is no change in the EC50 value for histamine-induced [^HJIPn
production in HeLa cells (Bristow and Zamani, 1993) and P-adrenoceptor-mediated
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cAMP accumulation in rat hepatocytes (Garcia-Saintz and Michel, 1987), despite a
reduction in the maximum response being seen. These differences further suggest that
different mechanisms are involved in desensitisation of different receptors, although
there may be some similarities between these mechanisms.

The possibility that this desensitisation was mediated by an effect at the B2 receptor
was studied. Following a Imin exposure to Bk, a profound loss of [^H]Bk binding
sites was seen, with no change in the affinity for [^H]Bk binding. This could represent
either sequestration (the grouping of activated receptors in coated pits, which prevents
them from being activated) or internalisation (formation of an intracellular vesicle from
the coated pits) of the Bk receptors. Similar effects on [^H]Bk binding have been
described in other cell types. In human fibroblasts prolonged pretreatment with Bk
results in a loss of [^H]Bk binding sites with no loss of affinity and this has been
shown to be due to sequestration and internalisation (Roscher et a l, 1991).
Internalisation of the B2 receptor has also been reported following a lOmin treatment
of calf pulmonary endothelial cells with Bk, again with no change in the binding
affinity (Weintraub et a l, 1992). In NO 108-15 cells, Bk-induced desensitisation has
been shown to involve loss of B2 receptors from the cell surface with no change in the
affinity (Wolsing and Rosenblaum, 1993) and this occurs over the same time-course
(approximately 5min) as functional desensitisation (Wolsing and Rosenblaum, 1991).

All these reports differ from the present study in that they involve fairly prolonged
treatment with Bk, compared to treatment for 60s as used in the present study. Rapid
effects at the receptor have been demonstrated for other G-protein coupled receptors,
notably the AC-coupled p-adrenoceptor.

Following exposure to agonists, P-

adrenoceptors undergo sequestration within a matter of minutes (see Strader et a l,
1989 for review). The time-course of sequestration correlates well with functional
desensitisation, occurring over l-2min. Phosphorylation of Ser/Thr residues on the
third intracellular loop or the carboxyl terminal region of the receptor by a p111

adrenoceptor specific kinase (pARK) occurs within a similar period, suggesting that
phosphorylation of the receptor is involved in sequestration, functional desensitisation
and uncoupling of the P-adrenoceptor and the G-protein effector system. Furthermore,
deletion mutations of these regions results in loss of agonist-induced sequestration and
loss of coupling to G-proteins (see Strader et a l, 1989 for review). The process of
down-regulation (enzymatic degradation of receptor proteins within intracellular
compartments) takes several hours (Waldo et a i, 1983) and is paralleled by a slowly
developing loss of affinity of the p-adrenoceptor (Toews and Perkins, 1984; Toews et
a l, 1983).

A number of receptors linked to PLC, e.g. pancreatic cholecystokinin receptors
(Klueppelberg et a l, 1991) and M3-muscarinic receptors (Tobin and Nahorski, 1993)
are also phosphorylated during desensitisation. In DDTiMF2 smooth muscle cells,
desensitisation of a 1-adrenoceptor-mediated PLC activation, loss of receptors from the
cell surface and receptor phosphorylation have been correlated, all occurring within 12min of exposure to the agonist, with no change in the affinity (Leeb-Lundberg et a l,
1985; 1987). A similar situation appeared to exist with respect to the B2 receptor in
DRG neurones. Loss of [^H]Bk binding sites and reduced B2 receptor-mediated PLC
activation occurred rapidly, with no change in the affinity of [^H]Bk for the receptor.
It is possible, therefore, that these similarities between the B2 receptor and the a ladrenoceptor might extend to the receptor becoming phosphorylated during
desensitisation and it would be interesting to pursue this line of investigation. The
sequence data for both rat and human B2 receptors indicated that there are, in fact,
consensus sequences for Ser/Thr phosphorylation (Hess et a l, 1992; Eggerickx et a l,
1992). Furthermore, studies in a human cell line suggest that the B2 receptor can
become phosphorylated (Jong et a l, 1993), although this has not been specifically
correlated with desensitisation.
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A reduction in the number of binding sites for [^H]Bk need not necessarily result in
reduced sensitivity to Bk if there are spare receptors and desensitisation could be
mediated by the effects on other elements of the signal transduction pathway, possibly
the G-protein or PLC itself. For example, histamine-induced desensitisation of HeLa
cells results in attenuation of PI turnover in response to direct activation of the Gprotein by NaF, suggesting that the mechanism underlying desensitisation is either at
the G-protein or at a site distal to G-protein activation (Bristow and Zamani, 1993).
Furthermore, agonist induced down-regulation of Gq has been shown which
accompanies loss of the human Ml muscarinic receptor, transfected into CHO cells.
This effect, however, requires prolonged treatment with agonist (half maximal effect
after 3h) (Mullaney et a l, 1993).

There are a number of possibilities for kinases which might phosphorylate the receptor
or other components of the signal transduction pathway, including PKC and cGMPdependent kinase. In addition it is possible that there is a kinase similar to pARK for
the B 2 receptor. These possibilities are discussed below.

Previous work has suggests that cGMP might be involved in regulating the sensitivity
of sensory neurones to Bk (Burgess et a l, 1989b; Dray et a l, 1992; McGehee et a l,
1992). In the present study it was shown that cGMP was formed sufficiently rapidly in
response to Bk to be responsible for mediating Bk-induced desensitisation.
Furthermore, mimicking Bk-induced cGMP formation in DRG neurones by
pretreatment with the cGMP analogue, dbcGMP, resulted in inhibition of Bk-induced
[^H]IP3 formation. The inhibitory effect of dbcGMP on the sensitivity of sensory
neurones to Bk was not as pronounced as that seen when cells were pretreated with Bk
and it is possible that the local concentration of cGMP was higher following receptor
activation thereby resulting in greater inhibition of Bk-induced [^HjlPg formation than
could be achieved with the cGMP analogue. Consistent with this suggestion the Larginine analogue, LNNA (Moore et a l, 1990; Gibson et al, 1990), was able to
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prevent Bk-induced desensitisation, implying cGMP was solely responsible for Bkinduced desensitisation. Pretreatment of DRG neurones with LNNA abolished Bkinduced cGMP formation, confirming that the effect of LNNA was mediated through
inhibition of NO formation and subsequent activation of GC. LNNA did not have any
effect on dbcGMP-induced inhibition of Bk-induced [^HjlPg formation, suggesting it
had no non-specific effects on the Bk responses. Furthermore, the effects of LNNA
pretreatment on Bk-induced desensitisation were reversed by co-incubation with excess
L-arginine.

The effect of LNNA on desensitisation of Bk-induced [^H]IPg formation shown here
was not in complete agreement with the results of McGehee et al. (1992), even though
the experimental conditions were similar. The latter authors show that LNNA causes
only a partial reversal of Bk-induced desensitisation of

The reasons for this

discrepancy are not clear. The functional responses being measured in the two studies
are different and it is possible that another mechanism, for example PKC or a pARKlike kinase has a role in desensitisation of Igj^, thereby accounting for the partial
reversal by LNNA. In addition McGehee et al. (1992) were measuring the effects of
LNNA in a single cell preparation, whereas in experiments described here the response
of a large population of neurones was being measured. If the rate of uptake of LNNA
or the sensitivity to LNNA varied between cells this would be reflected in single cell
experiments, and would not necessarily be seen in measurements from large
populations.

A further discrepancy between the data presented here and that of McGehee et al.
(1992) was that the cGMP analogue, 8 -bromo-cGMP caused inhibition of a Bkinduced inward current (Ifik) only in the presence of a low concentration of Bk,
whereas in our studies dbcGMP alone was sufficient to cause desensitisation of Bkinduced [^H]IPg formation. Again the reason for the apparent discrepancy between the
data here and that of McGehee et al. (1992) is not clear. Different analogues of cGMP
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were used in the two studies and it is possible that dbcGMP is more effective than 8 bromo-cGMP. Again, different functional responses were being measured and it is
possible, therefore, that the mechanisms mediating desensitisation of these responses
were not identical.

A requirement for receptor occupancy has been observed for phosphorylation of the
a 1-adrenoceptor by PKC (Bouvier et al. y 1987). These authors suggested that receptor
occupancy may result in a structural change which exposes the phosphorylation site
within the protein. This may serve to target phosphorylation to one receptor, resulting
in homologous desensitisation. Although there are phosphorylation sites on the B2
receptor in the third cytoplasmic loop and carboxy terminal tail (Hess et at. y 1992;
Eggerickx et al. y 1992) there is no data available to suggest whether the configuration
of the receptor in vivo would support this hypothesis.

Although the effect of cGMP on the phosphorylation state of the receptor was not
investigated here, data presented in this study showed that cGMP had no effect on
either the affinity of the receptor for [^HJBk or on the number of [^H]Bk binding sites.
These data imply that the inhibitory effect of cGMP on Bk-induced [^HjlPg formation
was not mediated through a loss of B 2 receptors or a reduction in its affinity for Bk.

The mechanism by which cGMP reduced the sensitivity of sensory neurones to Bk is
unclear although activation of cGMP-dependent kinase is thought to be involved.
Investigation of the effect of a cGMP-dependent kinase inhibitor on Bk-induced
desensitisation would provide more information concerning the mechanism of the
cGMP-induced inhibition of the sensitivity of sensory neurones to Bk. There is little
information about the action of cGMP-dependent kinase on PLC signalling, although it
has been suggested in other cell types that cGMP-dependent kinase may phosphorylate
one or more components of the signal transduction pathway, reducing PI breakdown.
This has been demonstrated by Hirata et al. (1989) who show that pretreatment of
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bovine aortic smooth muscle membranes with cGMP inhibits AVP-induced
formation. This effect is mediated by an effect at the G-protein as cGMP also inhibits
GTPyS-induced

formation. The dependence of this effect on added ATP

suggested that a phosphorylation event is responsible for the inhibition of PLC
signalling. Furthermore, activation of cGMP-dependent kinase, transfected into CHO
cells, results in a reduction of thrombin-induced Ca^+ transients, through interfering
with IP3 formation (Ruth et a/., 1993). The effect of dbcGMP on GTP-induced
activation of PLC in DRG was not tested in this study but it is possible that the
inhibition caused by the cGMP analogue was mediated through an effect at the Gprotein.

Although LNNA completely prevented Bk-induced desensitisation in this study, the
fact that dbcGMP caused only partial inhibition of Bk-induced [^HJIPg formation,
together with results from other reports (Burgess et a l y 1989b; Dray et a l, 1992;
McGehee et a/., 1992) implied that there might be another mechanism involved in Bkinduced desensitisation in DRG neurones.

This was supported by the fact that

dbcGMP did not have such a pronounced effect on the maximum response of the doseresponse curve as Bk pretreatment and had no effect on the EC50 value for Bk-induced
[3 R]IP3 formation. In addition, treatment of primary cultures of DRG neurones with
dbcGMP did not affect [^H]Bk binding, whereas Bk-induced desensitisation caused a
profound loss of accessible binding sites from the cell surface. Therefore although
these data provided direct evidence for a major role of cGMP in regulating the
sensitivity of DRG neurones to Bk, an additional mechanism appeared to be involved.

Bk-induced elevation of cGMP also appears to be involved in transduction of the pain
response following activation of sensory neurones by Bk, as well as regulating the
sensitivity to Bk. This has been demonstrated in dogs by Corrado and Ballejo (1992)
and in rats (Haley et a l y 1992). It therefore appears that cGMP has a dual role of
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initially mediating the painful response to Bk and subsequently preventing further
activation of the neurones.

The possibility that PKC could be involved in regulation of the sensitivity of sensory
neurones to Bk was considered. DAG, which activates PKC is formed rapidly in DRG
neurones (Burgess et a l, 1989a) and therefore PKC would be activated sufficiently
rapidly to be involved in mediating Bk-induced desensitisation. This is supported by
the observations in NCB-20 neuroblastoma hybrid cells (Fu et a l, 1989) and in
osteoblasts (Ljunggren et a l, 1993) where translocation of PKC occurs within 2min of
exposure to Bk.

Data presented in this report provide evidence for a role for PKC as a regulator of the
sensitivity of sensory neurones to Bk. Treatment of primary cultures of neonatal rat
DRG neurones with the phorbol ester, PDBu, resulted in attenuation of Bk-induced
[^HjlPg formation. This effect was characterised by a rightward shift in the logconcentration response curve and a reduction in the maximum response to Bk.
Elevation of DAG in response to Bk is transient (Burgess et a l, 1989b) and would
result in transient activation of PKC, whereas treatment with phorbol esters results in
long-lasting activation of the enzyme which may not be physiologically relevant. More
direct evidence for the role of PKC as a regulator of the sensitivity of DRG neurones to
Bk was provided by the ability of GF109203X, a relatively selective inhibitor of PKC
in Swiss 3T3 fibroblasts and human platelets (Toullec et a l, 1991), to reduce Bkinduced desensitisation. GF109203X is an analogue of staurosporine and although
staurosporine is a non-specific kinase inhibitor, GF109203X has been shown to
selectively inhibit PKC-mediated effects, such as phosphorylation of an 80 kDa
protein, a 47kDa protein and neurotransmitter release, through the ATP binding site.
The specificity of GF109203X as an inhibitor of purified protein kinases in vitro has
not been investigated, but the structurally related bisindolylmaleimide, Ro-31-8220,
has been shown to inhibit PKC with 150 fold and 1000 fold selectivity over cAMP117

dependent kinase and Ca^+Zcalmodulin dependent kinase, respectively (Davis et ah y
1989).

Because of their structural similarity the same selectivity profile for

GF109203X may apply as for Ro-31-8220. The effect of these compounds on cGMPdependent kinase has not, however, been investigated and it is possible that some
proportion of the inhibition of Bk-induced desensitisation induced by GF109203X may
represent inhibition of other kinases, such as cGMP-dependent kinase. Experiments to
investigate the effect of GF109203X on the inhibitory effect of dbcGMP on responses
to Bk would clarify this issue.

There are several reports that PKC is involved in regulation of the sensitivity of other
cells to PLC-activating agonists. In PC12 cells a short treatment (Imin) with phorbol
esters attenuates muscarinic receptor-induced PI hydrolysis (Vincenti et al. y 1985).
Similar effects have been seen on angiotensin Il-induced PLC activation in cultured
vascular smooth muscle cells (Brock et a l y 1985). The role of PKC in regulating the
responsiveness of neuronal cells to Bk has also been demonstrated (Wolsing and
Rosenblaum, 1991).

The mechanism by which PKC might reduce the sensitivity of DRG neurones to Bk
was investigated in the present study. The possibility that the enzyme was acting at the
level of the B2 receptor was examined by investigating the effect of PDBu on [^HjBk
binding. Unlike Bk, PDBu had no effect on either the affinity of the receptor for
[^H]Bk or on the number of [^H]Bk binding sites, implying that the inhibition induced
by activation of PKC was not mediated at the level of interaction of Bk with its
receptors. Similar effects were seen in NG108-15 cells (Wolsing and Rosenblaum,
1991) and DDTiMF2 cells (Munoz et a l y 1993) where phorbol ester pretreatment
attenuated Bk-induced [^HjlPg formation but did not mimic the loss of [^H]Bk
binding sites seen following Bk pretreatment.
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PKC has been shown to exert a negative feedback effect on the sensitivity of the a ladrenoceptor (Bouvier et a l, 1987) and the

receptor (Raymond, 1991) to their

agonists through phosphorylation of the receptor.

Activation of pancreatic

cholecystokinin receptors (Klueppelberg et a l, 1991) and M3-muscarinic receptors
(Tobin and Nahorski, 1993) for brief periods (l-2min) also leads to phosphorylation of
the receptor and this can be mimicked by treatment of the cell with phorbol esters. In
these latter studies the effect of phosphorylation of these receptors on the affinity for
agonist was not investigated. As discussed previously it is possible that PKC may
phosphorylate the B2 receptor in sensory neurones.

If this were the case then it

occurred without any effect on the number of Bk receptors or the affinity of the
receptors for Bk.

Evidence has been provided in other cells (Yokohama et a l, 1988; Gallo-Payet et a l,
1991) indicating that the mechanism by which PKC inhibits PLC activity is through
interference in the coupling of the signal transduction components. In bovine adrenal
chromaffin cells phorbol esters reduce prostaglandin B2 (PGE2 )-induced PI
metabolism but have no affect on PI metabolism as a result of direct activation of the
G-protein by AICI3 and NaF (Yokohama et a l, 1988). Similar effects of phorbol
esters have been seen in vasopressin-induced IP accumulation in rat glomerulosa
(Gallo-Payet et al, 1991). In both these cases PKC appears to be affecting coupling
between the receptor and the G-protein but not the coupling between the G-protein and
PLC or PLC itself.

The possibility that the G-protein itself might be affected during desensitisation and
might also be a target for PKC was considered in astrocytoma cells (Nakahata et a l,
1989). A 32 kDa GTP binding protein is lost from the cell membrane in astrocytoma
cell following treatment with Bk for 15min and this is accompanied by a reduction in
accumulation of inositol phosphates in response to the GTP analogue, GTPyS
(Nakahata et al, 1989).

This G-protein may be the same as a 32 kDa protein
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phosphorylated following treatment of coronary endothelial cells with either Bk or
phorbol ester (Hartmann et a l, 1991).

Finally, it has also been reported that phorbol esters can phosphorylate PLCP in bovine
brain (Ryu et a l, 1990). Although there is no effect on the activity of the enzyme, the
phosphorylation appears to prevent interaction of PLCp with G-proteins.

In addition to the actions of PKC on the main components of the PLC signalling
pathway, it may exert negative feedback control of receptor-induced activation of PLC
through phosphorylation of other substrates.

1)

A substrate for PKC has been purified from rat brain, termed B-50. This protein
has also been described in other cells and has been named F-1, GAP-43, GAP48, protein-4, y5 or pp46, and is thought to be important for cell division and
growth.

Phosphorylation

phosphatidylinositol

of

4-phosphate

this

protein

kinase

(PI

inhibits

the

activity

kinase),

which

of

converts

phosphatidylinositol 4-phosphate (PIP) to phosphatidylinositol-4,5 bisphosphate
(PIP2 ) (Van Dongen et a l, 1985), the substrate for PLC (see Rhee and Choi,
1992 for review). This results in reduced formation of PIP2 and reduced agonistinduced IP3 formation. Phosphorylation of this protein occurs within Imin of
exposure to purified PKC (Chan et a l, 1986). Inhibition of the function of PI
kinase has been demonstrated during desensitisation of smooth muscle cells to
vasopressin and thrombin and occurs after exposure to the agonist for 3min
(Grier et a l, 1989). PKC-induced inhibition of this enzyme may represent a
mechanism by which rapid heterologous desensitisation is mediated.

2)

A 43-67 kDa substrate for PKC has been identified in human platelets (Kawahara
et a l, 1980; Takai et a l, 1981; 1982). This protein has been shown to be inositol
1,4,5-trisphosphate 5-phosphomonoesterase, a phosphatase which hydrolyses
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IP3 . Phosphorylation of this protein by PKC activates its phosphatase activity
and this results in decreased IP3 accumulation in response to agonist (Connolly et
a l, 1986). However, phosphorylation of this protein by PKC in platelets can be
inhibited by cGMP (Takai et a/., 1981; 1982), suggesting that activation of these
two cellular messengers would have opposing effects. This was not the case in
the present study where both agents reduced the sensitivity of primary cultures of
neonatal rat DRG neurones to Bk, where the effect of dbcGMP and PDBu were
greater than the effect of either alone.

Although data presented here provides evidence that PKC can regulate the sensitivity
of sensory neurones to Bk, it cannot be the only mechanism involved in desensitisation
as pretreatment with a maximal concentration of PDBu did not cause the same degree
of inhibition of [3R]IP3 formation as seen following pretreatment with Bk.
Furthermore, inhibition of PKC activity in the DRG neurones with the PKC selective
inhibitor GF109203X, reduced but did not completely prevent Bk-induced
desensitisation. In addition, a major role for cGMP in mediating desensitisation has
been established in sensory neurones (see above). Finally, neither PDBu nor dbcGMP
had any affect on [^H]Bk binding whereas there was a profound loss of [^H]Bk
binding sites during Bk-induced desensitisation. This is similar to reports of other
PLC-linked receptors where the response to agonists are reduced by activation of PKC
but not abolished (Vincenti et a l, 1985; Brock et a/., 1985; Sugiya et a l, 1988;
Yokohama et a l, 1988; Crouch and Lapentina, 1989; Gallo-Payet et a l, 1991),
implying that multiple mechanisms for desensitisation exist.

The results discussed in the preceding sections show that although dbcGMP and
activation of PKC both reduced the sensitivity of the DRG neurones to Bk neither
could entirely account for all the effects seen after desensitisation. It was possible,
therefore, that simultaneous activation of PKC and elevation of cGMP was required to
mimic Bk-induced desensitisation.
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When primary cultures of neonatal rat DRG neurones were pretreated with maximally
effective concentrations of dbcGMP and PDBu simultaneously, they had a greater
effect on inhibition of Bk-induced [^HjlPg formation than of each agent alone,
although these effects were not completely additive at low or high concentrations of
Bk. These data suggested that these agents were acting, at least in part, through
different mechanisms. This was supported by the effect of simultaneous pretreatment
of DRG neurones with both dbcGMP and PDBu on the log concentration-response
curve for Bk-induced [^HjlPg formation. The reduction in the maximum response was
equivalent to that seen in cells desensitised to Bk (44.6 + 1.9% of the maximum
response in desensitised cells compared to 40.3 ± 3.8%, in cells pretreated with
dbcGMP and PDBu). However, the increase in the EC50 value in cells pretreated with
both dbcGMP and PDBu was no greater than the effect of pretreatment with PDBu
alone. The EC50 for Bk-induced [^HjlPg formation was increased 8 fold in cells
pretreated with Bk whereas the shift in the EC50 was only 2 fold in cells pretreated
with dbcGMP and PDBu. It should be noted, however, that the control EC50 value in
experiments where PDBu and dbcGMP were added simultaneously was higher than
usual and that the EC50 value after PDBu and dbcGMP treatment was the same as the
value obtained after pretreatment with Bk.

These data suggested that although elevation of cGMP and activation of PKC were
involved in regulating the sensitivity of these cells to Bk, there was a component of
desensitisation which was not regulated by these agents. The shift in the EC50 for Bkinduced [^HjlPg formation could, at least in part, be due to the effect of loss of [^H]Bk
binding sites, as neither were affected by the combination of dbcGMP and PDBu. This
loss of [^H]Bk binding sites must be mediated by another mechanism.
Phosphorylation of the P-adrenoceptor by PARK results in a loss of binding sites and a
similar mechanism may be occurring in desensitisation of Bk responses.
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4 -2

Heterologous desensitisation in DRG neurones

The ability of dbcGMP and PDBu to regulate the sensitivity of sensory neurones to Bk
suggested that the products of PLC activation could regulate the sensitivity of sensory
neurones to Bk. Although Bk was able to reduce the number of [^H]Bk binding sites,
neither dbcGMP nor PDBu had any effect on [^H]Bk binding. This suggested that
their effects were occurring downstream of the receptor, perhaps at the level of
coupling of the G-protein and PLC.

It might be expected, therefore, that other

activators of PLC would down-regulate the sensitivity of the cells to Bk and vice versa.

NPY also activates PLC in DRG neurones (Pemey and Miller, 1989) and it has been
shown that NPY and Bk are co-localised on sensory neurones (Pemey and Miller,
1989; Hosli et al., 1992; Hosli and Hosli, 1993). When DRG neurones were pretreated
with Bk the formation of [^H]IPg in response to NPY was reduced. Pretreatment with
NPY attenuated the response to Bk, suggesting an agonist-specific component of Bkinduced desensitisation was present. A combination of homologous and heterologous
desensitisation has been reported in NG108-15 cells where Bk pretreatment abolishes
ATP-induced elevation of cytosolic Ca^+, while pretreatment with ATP reduces but
does not abolish Bk responses (Reetz and Reiser, 1994). Furthermore, endothelin-1induced increase in cytosolic Ca^+ in NG108-15 cells is abolished by pretreatment
with Bk, whereas endothelin-1 pretreatment has no effect on Bk responses (Chau et al.,
1993).

A possible explanation for the lack of complete cross-desensitisation between Bk and
NPY may be that the second messengers formed in response to these agonists are
compartmentalised. Evidence for this has been reported in MDCK cells (Luo et at.,
1992). When these cells are grown on porous filters desensitisation to Bk is seen only
when the desensitising challenge is applied to the same side of the filter as the test
challenge.
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The agonist-specific component of Bk-induced desensitisation may relate to an effect
at the receptor, as seen in DDT jMF-2 smooth muscle cells. Pretreatment of the cells
with noradrenaline resulted in a reduction in Bk-induced PI turnover, but had no effect
on [^H]Bk binding, whereas pretreatment with Bk resulted in loss of receptors (Munoz
et a l, 1993). As mentioned earlier, a requirement for receptor occupancy for cGMPmediated inhibition of

has been reported (McGehee et a l, 1992) and may provide

a mechanism for targeting desensitisation of specific receptors. Receptor occupancy
has also been shown to be required for heterologous desensitisation between carbachol
and Bk in MDCK cells (Luo et a l, 1992). In the present study the effect of receptor
occupancy on the ability of NPY and Bk to cross-desensitise responses was not
investigated.
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CHAPTER 5 CONCLUSION
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Data presented in this study has demonstrated that the sensitivity of primary cultures of
neonatal rat DRG neurones can be regulated by elevation of cGMP and activation of
PKC through distinct mechanisms. Evidence in other cells, including neuronal cells,
implies that these agents may phosphorylate one or more components of the PLC
signalling pathway. The effect of cGMP-dependent kinase in other cells appears to be
mediated through a site distal to the G-protein. The mechanism by which PKC is
acting is less clear. Reports in other cell types indicate that PKC may act at either the
receptor or coupling of the receptor and G-protein. There is also evidence that PKC
can phosphorylate PLC.

Desensitisation of Bk-induced [^HjlPg formation in DRG neurones appears to
comprise both agonist specific and non-specific components.

The non-specific

component may be mediated by cGMP or PKC and could reflect an action at a Gprotein shared by other agonists, or at PLC itself. It could also be caused by an effect
of inhibition of PIP kinase by PKC, reducing the cellular PIP2 pool. The agonistspecific component might be mediated by a receptor specific kinase, such as has been
demonstrated for the ^-adrenoceptor. This is implied by the loss of [^HJBk binding
sites from the cell surface that occurs following pretreatment with Bk. This effect
appears to be mediated by a mechanism distinct from elevation of cGMP and
activation of PKC. This loss of binding sites may be partly responsible for the increase
in the EC50 value for Bk-induced [^H]IPg formation seen following desensitisation of
the neurones to Bk and which cannot be mimicked by pretreatment with dbcGMP and
PDBu. Bk-induced elevation of cGMP or activation of PKC could also be responsible
for the agonist-specific component of desensitisation if the receptor itself is targeted by
occupation by the agonist.
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SECTION 2;
RESINIFERATOXIN
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CHAPTER 6 INTRODUCTION
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6 -1

Resîniferatoxin

In the second part of this thesis the second messengers involved in activation of
sensory neurones by the daphnane derivative resiniferatoxin (RTX) were investigated.
RTX is a potent irritant and inflammatory agent found in some plants of the Euphorbia
genus (Hergenhahn et al, 1974; 1975).

It shares some structural features with

capsaicin (Fig. 6.1) a sensory neurone-specific excitotoxin. The 4-hydroxy, 3-methoxy
phenylacetic acid moiety at carbon 20 is an important determinant of RTX activity
(Williamson et al, 1980) and is also present in the structure of capsaicin.
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Fig. 6.1

Structural relationship of RTX, capsaicin and PDBu
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6 -2

Capsaicin-induced activation of sensory neurones

Capsaicin, 8 -methyl-N-vanillyl-6 -noneneaniide, is the irritant component of peppers of
the Capsicum genus and has been used to flavour food since 700 BC. The irritant
effects of capsaicin were initially reported in the seventies by Jancso (Jancso and
Kiraly, 1977). Following the initial pain sensation, sensory neurones are insensitive to
any noxious stimuli, an effect which may be accompanied by degeneration of the
neurones (Jancso and Kiraly, 1977).

Capsaicin selectively activates polymodal

nociceptors and warm thermoceptors (Baccaglini and Hogan, 1983; Fitzgerald, 1983;
Buck and Burks, 1986; Bevan et al, 1987; Szolcsànyi, 1989) through depolarisation of
the neurones (Hayes et al, 1984) and an increase in membrane permeability to cations.
This cation conductance is selective for Na+ and Ca^+ (Marsh et al, 1987; Wood et
al, 1988; Akerman and Gronblad, 1992). A secondary K+ efflux has been described,
although this is a Ca^+-activated conductance. Chick DRG neurones appear to be
insensitive to capsaicin (Wood et al, 1988), thereby enabling birds to eat chile peppers
without difficulty.

The cation channel activated by capsaicin is insensitive to conventional calcium and
sodium channel blockers such as the dihydropyridines, co-conotoxin and tetrodotoxin
(Wood et al, 1988) or nifedipine and cadmium (Dray et al, 1990b). The channel has
been further characterised using the polyvalent cationic dye ruthenium red (RR) (Rossi
et al, 1973). Capsaicin-induced calcium accumulation was prevented by RR (Wood et
al, 1988; Dray et al, 1990c) through specific block of the capsaicin activated calcium
channel (Bleakman et a l, 1990; Franco-Cereda et a l, 1991) as a non-competitive
antagonist (Maggi et a l, 1993).

Furthermore RR has been shown to specifically

prevent in vivo effects of capsaicin such as bronchospasm in the guinea-pig (Ballati et
a l, 1992).
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Several lines of evidence suggest that capsaicin activates specific receptors on sensory
neurones:
1. The cellular specificity of action of capsaicin implies that there is a unique cellular
component involved in the interaction with capsaicin (Bevan et a l, 1987; Winter et
a l, 1988; Szolcsànyi, 1989)
2. The activation of single channels in isolated neuronal membrane patches suggests
that capsaicin interacts directly with a membrane protein (Marsh et a l, 1987).
3. The regulation of the expression of responsiveness to capsaicin by NGF implies
that the capsaicin-sensitivity of neuronal cells requires receptor synthesis (Winter et
a l, 1988).
4. Structure-activity studies have revealed that small changes in agonist structure can
have profound effects on activity (Szolcsànyi and Jancsô-Gabor, 1975).
5. Photoaffinity probes based on capsaicin evoke long-lasting agonism in rat DRG
neurones (James e ta l, 1988).
6. Radioligand binding studies have demonstrated specific capsaicin receptors on
neurones (Szebeni e ta l, 1978).
7. A selective competitive antagonist for capsaicin-induced responses has been
developed (Bevan et a l, 1991; 1992; Perkins and Campbell, 1992; Dickenson et
a l, 1992).

Capsaicin receptors are thought to be directly linked to calcium channels. It has been
suggested that receptor and channel are part of the same protein, with no second
messengers involved in its activation. It has been shown that forskolin, dbcAMP, NP,
dbcGMP, PDBu, trifiuoperazine, indomethacin, staurosporine and mepacrine have no
effect on capsaicin-induced activation of sensory neurones in the rat (Dray et al,
1990b). Capsaicin has been shown to cause elevation of second messengers but these
events are thought to be secondary to the increase in intracellular Ca^+ (Wood et a l,
1989).
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Sensory neurones can also be activated by low pH, a well known sensory irritant in
pathological conditions such as inflammation and it has been suggested that the
endogenous activator of the capsaicin receptor in sensory neurones may be low pH
(Bevan and Yeats, 1991). In support of this theory, activation of airway sensory
neurones by low pH can be inhibited by capsazepine (Lou and Leeb-Lundberg, 1992),
although pH-induced opening of the capsaicin channel could not be blocked by
capsazepine (Santicioli etaly 1993).
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6 -3

RTX-induced activation of sensory neurones through the
capsaicin receptor

The effects of RTX were identified through its extremely potent activity in the mouse
ear erythema assay (Hergenhahn et al, 1975). It has been shown to be an ultrapotent
analogue of capsaicin, exciting polymodal nociceptor neurones in the dorsal root, with
at least 100 times greater potency than capsaicin (Szallasi and Blumberg, 1989). This
has also been demonstrated in mice, where RTX mimicked the thermogenic effects of
capsaicin with 1000 times greater potency than capsaicin (de Vries and Blumberg,
1989). RTX has been shown to mimic capsaicin-induced 45ca uptake and ^^Rb and
[l^C] guanidinium efflux in rat DRG neurones and was 100 times more potent than
capsaicin (Winter et a l, 1990). Electrophysiological recordings from the spinal ventral
root following activation of the peripheral fibres showed that low concentrations of
RTX initiated transient irregular depolarisations followed by desensitisation to further
applications of the agonist.

Responses to capsaicin were also attenuated by

pretreatment with RTX, although responses to other noxious stimuli remained intact.
This implied that cross-reactivity could occur between RTX and capsaicin (Dray et al,
1990a). This selectivity of cross-desensitisation has also been seen in the lungs of cats
and rats (Szolcsànyi et a l, 1990).

The effect of RTX on sensory neurones is thought to be mediated through specific
binding to the capsaicin receptor.

It has been shown that capsaicin can displace

[^H]RTX binding in the particulate fraction of DRG neurones (Szallasi and Blumberg,
1990; Szallasi et a l, 1991; 1993; Winter et a l, 1993). The molecular size of the RTX
binding site was estimated to be 270 ± 25 kDa by high energy radiation inactivation
analysis, consistent with the molecular weights of other receptor-channel complexes
(Szallasi and Blumberg, 1991).
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RTX-induced activation of PKC

In spite of the structural similarities between RTX and the phorbol esters (Evans and
Schmidt, 1979) which exert their effects by activating cellular PKC (Castagna et al y
1982) (see Appendix 4, for more detail), many of the major effects of RTX on sensory
neurones are not mediated by PKC. In the rat prolonged administration of PDBu, in an
effort to down-regulate PKC, had no effect on RTX-induced depolarisations recorded
in the spinal ventral root (Dray et al y 1990a). This was also demonstrated in cultured
rat DRG neurones where PDBu pretreatment had no effect on RTX -induced ^^Ca
uptake (Winter et a/., 1990).

Furthermore, in non-neuronal tissue, RTX did not

displace phorbol ester binding in particulate fractions from chick embryo fibroblasts
(Drieder and Blumberg, 1980) and phorbol esters were unable to displace [^HJRTX
binding in membrane preparations of DRG neurones from the rat and guinea pig
(Szallasi and Blumberg, 1990).

Nevertheless RTX is a weak activator of PKC partially purified from rat, rabbit and
bovine brain (Ellis et al, 1987). A peak of kinase activity from human mononuclear
cells was activated by RTX in a Ca^+-independent, but lipid-dependent manner and
RTX was more potent in this respect than PMA (Ryves et al, 1989). RTX has also
been shown to activate bovine brain PKCpl and, to a lesser extent PKCy, at high
(lOjiM) concentrations (Ryves e ta l, 1991).

In this study the possibility that RTX is able to bind and activate PKC or a PKC-like
kinase in rat DRG has been investigated.
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7 -1

Preparation of homogenous fractions from adult rat DRG

DRG from adult rats were removed from all spinal levels and homogenous
preparations of membrane and cytosol prepared as described by Winter et al. (1993).
The DRG were collected in homogenisation buffer (25mM Tris/HCl, lOmM EDTA,
2mM ethylene glycol-bis(beta-aminoethylether)N,N,N',N'-tetraacetic acid (EGTA),
240mM sucrose, 4|ig/ml trypsin inhibitor, 4pg/ml leupeptin, 0.1% mercaptoethanol
(pH 7.5)) at 4°C, homogenised with a polytron homogeniser and spun at 1,800 g for
lOmin. The supernatant fraction was spun at 38,000 g for 60min at 4®C.

The supernatant (cytosolic fraction) was made up to the required volume in 20mM Tris
(pH 7.5) containing 5mM MgAcetate and stored at 4®C until use.

The pellet

(membranes) was resuspended in 20mM Tris (pH 7.4) containing 0.4% fatty-acid free
BSA and stored at 4°C until used.
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7 -2

Radioligand binding

7-2-1

[^H]RTX binding in adult rat DRG.

[^H]RTX binding to membranes from adult rat DRG was carried out following a
protocol based on that of Winter et al. (1993). The assay buffer contained 20mM Tris
HCl (pH 7.5) and 0.4% fatty-acid free BSA (to reduce NSB), 200)11 membrane
suspension (300)Xg protein/ml) and 2.5pl of either DMSO or the displacing ligand
(final assay volume 250jil). The assay was started by the addition of 2.5|il [^HJRTX.
NSB was determined in the presence of 10|iM unlabelled RTX. The concentration of
[^H]RTX in displacement experiments was lOnM.

[3R]RTX binding to the cytosolic fraction from adult rat DRG wasset up tooptimise
the possibility of detecting binding to PKC (see Parker et a l, 1984).The assay buffer
was 20mM Tris (pH 7.5), 5mM MgAcetate, 0.25mM EDTA, 0.5mM CaCl2 , 40pg/ml
phosphatidyl serine (PS) and 0.5mg/ml BSA to which 50|Xl of the cytosolic fraction
(400)Xg protein/ml) and 2.5pl of either the displacing ligand or DMSO were added
(final volume of 250|il). The assay was started by the addition of 2.5pl of [^H]RTX.
NSB was determined in the presence of 10p,M unlabelled RTX.

After addition of the [^H]RTX, the samples were incubated at room temperature for
Ih. The membrane samples were filtered through single thickness Whatman GF/C
filters and washed 3 times with 4ml of 20mM Tris (pH 7.5) containing 0.4% BSA.
The cytosolic samples were filtered through double thickness Whatman GF/C filters
that had previously been soaked in polyethylenimine (PEI) (12mg/ml) then washed
three times with 4ml 20mM Tris (pH 7.5) using a Brandell Harvester.
radioactivity retained on the filters was determined by scintillation counting.
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The

7-2-2

[^H]PDBu binding in adult rat DRG.

[^H]PDBu binding studies were carried out on the membrane and cytosolic
preparations from adult rat DRG as described for the [^H]RTX binding experiments.
The assay buffers were identical except that lOnM [^H]PDBu was used in
displacement studies and NSB was determined with 10|iM unlabelled PDBu.
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Culture of neonatal rat DRG neurones.

DRG neurones from neonatal rat were prepared as described in Section 2-1.
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7 -4

Translocation of PKC in DRG neurones.

Neonatal rat DRG neurones were prepared as described in Section 2-1 and plated onto
P-om and laminin coated 22nun glass coverslips (>75,000 cells/coverslip).

The

coverslips were dipped for 10s in Hank's Balanced Salt Solution (HESS) then exposed
to either RTX or other agonist, made up in HESS, for 20min at 37®C.

Where

translocation was measured in the absence of extracellular calcium, Ca^+-ffee HESS
containing 5(X)|xM EGTA was used (calculated concentration of extracellular calcium
l-2nM, using REACT). The reaction was terminated by placing the cells in ice-cold
HESS. The cells were then scraped off the coverslips into homogenisation buffer
(20mM Tris HCl (pH 7.5), 2mM EDTA, lOmM EGTA, 4p,g/ml trypsin inhibitor,
4|ig/ml leupeptin, 4|xg/ml phenylmethylsulphonyl fluoride (PMSF) and 0.1% pmercaptoethanol) and homogenised in a hand-held glass homogeniser. The suspension
was spun at 120,000xg for Ih at 4°C.

The membrane and cytosolic fractions were made up to a volume of 500pl in 20mM
Tris HCl (pH 7.5) containing 5mM MgAcetate (approximately 300|ig protein/ml in the
membrane fraction and 400|ig protein/ml in the cytosolic fraction) and stored at 4°C
until used. Translocation of PKC (a measure of activation of the enzyme) was assessed
by comparing [^H]PDEu binding in both the membrane and cytosolic fractions in
control and stimulated samples (Wolf et al, 1984) and the data expressed as a
percentage of the total cellular specific binding ([^H]PDEu binding in the membranes
plus cytosol). [^H]PDEu binding was determined as described in Section 7-2-2, except
that the concentration of [^H]PDEu was 20nM. The assay was started by the addition
of the [^H]PDEu and the samples were incubated for 30min at room temperature
followed by a further 30min on ice.

The samples were filtered through double

thickness, PEI soaked Wallac 102x258nun filters and washed with 5 x 5ml of 20mM
Tris HCl (pH 7.5) using a 96 well Skatron Harvester. The filters were counted on a
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Wallac Beta plate counter, using Meltilex as the scintillant. Protein concentrations
were determined as described in Section 2-6.
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7 -5

Measurement of

production.

The formation of [^H]IP3 in response to agonists was carried out as described in
Section 2-2. Where cells were incubated in the absence of extracellular calcium,
Ca2+-free 25mM HEPES buffered DMEM, containing 500|iM EGTA was used.
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7 -6

Assay of RTX-activated kinases in adult rat DRG.

The method used was based on that used by Wolf et al (1984) andKikkawa et al
(1983). Adult rat DRG were removed from all spinal levels as described in Section 71.

The cytosolic fraction (supernatant) was removed and applied to a lOcm^ DEAEsepharose column at 4®C that had been equilibrated overnight with Buffer A (20mM
Tris, 0.5mM EDTA, 0.5mM EGTA, ImM DL-dithiothreitol (DTT), pH 7.5) at
approximately lOml/h. The buffers and DEAE-sepharose were de-gassed prior to
loading the column.

The column was washed with Buffer A until the absorbance of

the eluate at 280nm had stabilised at a low level, indicating that unbound protein had
been washed off the column. The material on the column was then eluted with a linear
NaCl gradient (0 to 200mM NaCl in Buffer A applied at lOml/h).

Fractions (3ml) collected from the column were assayed for PKC-like activity as
described by Parker et al (1984) using 0.5mg/ml histone IBs as the substrate. The
assay mixture (final volume 250pl) contained 50pl of colunm eluate and 20mM Tris
containing 5mM MgAcetate (pH 7.5), 0.5mM CaCl2 , 5|Xg/ml PS and either lp,g/ml
DAG or RTX (concentrations as indicated). When the Ca^+-dependence of activation
was tested, Ca^+ was omitted from the assay mixture and 500fxM EGTA added. When
PS dependence was tested, PS was omitted and replaced with 20mM Tris (pH 7.5)
containing 5mM MgAcetate. The samples were incubated at 30®C for 5min before the
addition of [^^P]ATP (0.33|iM, approximately 15,000cpm/pmol). After an incubation
period of 3min, the reaction was stopped by the addition of lOOp.1 ice-cold 50% TCA
solution. The samples were placed on ice for 15min and then filtered through double
thickness filters that had been pre-soaked for 5s with 2% TCA containing 0.2M KCl
using a 96 well Skatron Harvester. The filters were washed with 5 x 5ml of 2% TCA
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containing 0.2M KCl and counted on a Wallac Betaplate counter, using Meltilex as the
scintillant.
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RESULTS
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[^H]RTX binding in rat DRG

8-1

RTX is thought to exert its effects on sensory neurones through interaction with the
capsaicin receptor in the membrane of these cells (Szallasi and Blumberg, 1989;
Szallasi et a l, 1991; 1993; Winter et a l, 1993). PKC is found predominantly in the
cytosolic fraction of resting cells. RTX is capable of activating PKC isolated from the
cytosol of rat brain (Ellis et a l, 1987) and human mononuclear cells (Ryves et al,
1989; 1991).

The subcellular localisation of [^H]RTX binding was, therefore,

investigated in adult rat DRG.

Saturable [^H]RTX binding was found in the

membrane fraction but not in the cytosolic fraction (Table 8.1.1).

[3h ]RTX bound
(dpm)

Total binding

Cytosol

Membranes

1291 ±227

585 ±71

1515 ±235

305 ± 30

Total binding +
10|iMRTX(NSB)

Table 8.1.1

Binding of [^H]RTX to adult rat DRG membranes and cytosol

Membranes and cytosolic fractions from adult rat DRG were incubated with
InM [^H]RTX in assay buffer (20mM Tris (pH 7.5) containing 0.4% BSA) at
room temperature for Ih. NSB was determined in the presence of lOpM RTX.
The results were expressed as dpm. Data represent means ± S.E.s of three
independent experiments.

[3R]RTX bound to the membrane fraction obtained from the adult rat DRG with a Kp)
of 1.8 ± 0.5nM, obtained by non-linear least-squares fit (as described in Appendix 2)
(Fig. 8.1.1).
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Fig. 8.1.1

Binding of [^H]RTX to adult rat DRG membranes

Membranes from adult rat DRG were incubated with [^H]RTX in assay buffer
(20mM Tris (pH 7.5) containing 0.4% BSA) at room temperature for Ih. NSB
was determined with 10|xM RTX. The results were expressed as percentage of
maximum [^H]RTX specific binding. The actual concentration of [^H]RTX in
the incubation medium varied between experiments and therefore each data
point represents triplicate determinations at calculated concentrations of ligand.
Line fitted to a one site model using MicroCal ORIGIN (as described in
Appendix 2).

The lack of saturable [^HjRTX specific binding in the cytoplasm of rat DRG implied
that [^HjRTX was not binding PKC, although it is possible that it was masked by the
high level of non-specific binding detected in both fractions (as can be seen in Table
8.1.1). The ability of RTX to displace [^HjPDBu binding was also investigated and
this allowed the possibility that RTX was able to bind PKC to be explored further.
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Saturable [^ H ]P D B u b ind ing co u ld b e detected in both m em brane and cy to so lic
fraction s from adult rat D R G .

T he m ajority o f [^ H jP D B u b in d in g (7 3 ±

4%) w as

lo ca ted in the c y to so l. T h is [^ H ]P D B u binding w as not d isp la ced by R T X (lO jiM ) in
eith er fraction (F ig. 8 .1 .2 ). In other ex p erim en ts (data not sh o w n ) R T X , up to 150|xM ,
did not d isp la c e [^ H jP D B u b ind ing in either fraction. P D B u ( l |i M ) fa iled to d isp lace
the saturable [^ H jR T X b in d in g to the m em brane fraction (F ig. 8 .1 .2 ) and in other
ex p erim en ts (data not sh o w n ) P D B u , up to 100|xM , did not d isp la ce this binding.
T h e se resu lts im p lied that R T X did not interact w ith the P D B u b in d in g site on PK C .
T h e high le v e l o f n o n -sp e c ific [^ H ]R T X binding (53% ) can a lso b e se en in F ig . 8 .1 .2 .

Displacing Kgard:
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-

□

lOgM RTX

g

IgM PD B u

X

i

?80-

i

20 0

rH JR T X

rH]PDBu
mennbranes

Fig. 8.1.2

cytosol

membranes

Displacement of [^H]RTX and [^H]FDBu binding in rat DRG fractions
Membranes from adult rat DRG were incubated in either [^H]RTX (lOnM ) or
[^H]PDBu (lOnM ) in assay buffer (20mM Tris (pH 7.5) containing 0.4% BSA )
at room temperature for Ih. Unlabelled RTX (lO pM ) or PDBu (l|xM ) were
added to displace the [^H]ligand, as indicated. The results were expressed as
percentage o f total [^H]ligand binding. Data represent means ± S.E.s o f three
independent experiments.
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The IC50 value for displacement of [^H]RTX binding in membranes by cold RTX was
5.9 ± 0.8nM, obtained by non-linear least squares fit (as described in Appendix 2) (Fig.
8.1.3).
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Displacement of [^H]RTX binding in adult rat DRG membranes

Membranes from adult rat DRG were incubated with [^H]RTX in assay buffer
(20mM Tris (pH 7.5) containing 0.4% BSA) in the presence of cold RTX at
room temperature for Ih. The results were expressed as percentage of
maximum [^H]RTX specific binding. Data represents means + S.E.s of three
experiments. Curve fitted by MicroCal ORIGIN (as described in Appendix 2).
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Fig. 8.2.2

Log concentration-response curve for RTX-induced translocation of
[^H]PDBu binding

Cells were incubated with RTX in HBSS at 37°C for 20min. Following the
incubation period, the cells were homogenised and [^H]PDBu binding
determined in the cellular fractions. Specific binding in the membranes has
been expressed as a percentage of specific binding in the membrane plus the
cytosolic fraction, as an increase above basal levels i The data represents means
± S.E.S of between three and eight independent observations. Curve fitted by
MicroCal ORIGIN, weighted according to the standard deviation (as described
in Appendix 2).
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8 -3

Mechanism of RTX-induced translocation of PKC

RTX caused translocation of PKC but did not appear to recognise the binding site for
PDBu on PKC (see Fig. 8.1.2) so other means by which RTX could induce
translocation of PKC were investigated. As RTX and capsaicin have many common
actions, the ability of capsaicin to mimic RTX-induced translocation of PKC was
examined.

Treatment of DRG neurones with a concentration of capsaicin (l|lM ) that is maximally
effective in activating sensory neurones (Wood et a l, 1988; Winter et al, 1990; Dray et
al, 1990b), caused a similar increase in the amount of specific [^H]PDBu binding in
the membrane fraction as a maximal concentration of RTX (Fig. 8.3.1).

The excitatory effects of both RTX and capsaicin on sensory neurones are thought to
be mediated by the opening of a non-selective cation channel which allows influx of
ions including Ca^+ into the cells (Bevan et a l, 1987; Marsh et a l, 1987; Wood et al,
1988) and increasing cytosolic [Ca^+] (Dray et a l, 1990b). In order to determine
whether RTX- and capsaicin-induced Ca^+ entry was necessary for translocation of
PKC, experiments were carried out in medium without added calcium, containing
500|iM EOTA (estimated Ca^+ concentration l-2nM).

Although the reduction in

extracellular Ca^+ resulted in a dramatic decrease in RTX and capsaicin-induced
translocation of PKC, both agonists still caused a small but significant (p<0.01, p<0.02
respectively) movement of PKC to the membrane fraction in the Ca^+-free medium
(Fig. 8.3.1). Removal of extracellular Ca^+ had no effect on the translocation induced
by PDBu.
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Effect of calcium on translocation of PKC
Cells were exposed to RTX (l|iM ), capsaicin (l|iM ), ionom ycin (2|iM ) or KCl
(50m M ), either in the presence or absence o f extracellular Ca2+ at 37°C for
20min. Specific binding in the membranes has been expressed as a percentage
o f total cellular specific binding (see Section 7-4), above control.
Data
represents means ± S.E.s o f five independent observations. ** - greater than
level o f PKC found in the membrane fraction under resting conditions (p<0.01);
* - greater than level o f PKC found in the membrane fraction under resting
conditions (p<0.02).

Fig. 8.3.1 also shows that both KCl, which depolarises the neurones, inducing influx of
Ca^+ through voltage-gated ion channels, and the calcium ionophore, ionomycin,
increased the amount of [^H]PDBu binding in the membrane fraction, suggesting that
influx of Ca^+ alone was capable of causing translocation of PKC. There was no
significant increase in [^H]PDBu binding in the membrane fraction following
treatment of the cells with KCl and ionomycin in the absence of extracellular Ca^+
(p>0.99).
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8 -4

Activation of PLC by RTX and capsaicin

Although the majority of translocation induced by RTX and capsaicin was dependent
on Ca^+ entry, a small component of the response was resistant to the reduction of
extracellular Ca^+. One explanation for this may be that RTX and capsaicin, but not
ionomycin or KCl increased cellular levels of DAG, the endogenous activator of PKC.
One mechanism by which DAG can be generated is via activation of PLC. PLC
activity was investigated by measuring the level of [^HjlPg in primary cultures of rat
DRG neurones following treatment with RTX, capsaicin and ionomycin.

RTX (l|xM, 15s), capsaicin

15s) and ionomycin (2pM, 15s) caused an increase

in [^HjlPg production in the DRG neurones (Fig. 8.4.1). The EC50 value of RTXinduced [^HjlPg accumulation was around 20nM, which was equivalent to the value
for translocation of PKC. However, in Ca^+-ffee medium, containing 500|iM EGTA,
the increases in [^HjlPg induced by RTX and capsaicin and ionomycin were
completely abolished (Fig. 8.4.1) implying that DAG from this source was not
responsible for the translocation of PKC induced by RTX and capsaicin in the absence
of extracellular Ca^+.

156

2.0 n
.2+

P* 1.5 -

(+500^1 M EGTA)

Cu
E

I

&

s

0.5^

0.0

Fig. 8.4.1

Control

RTX

capsaicin

ionomycin

Effect of RTX, capsaicin and ionomycin on PLC activity
DRG neurones were treated with RTX (IfiM ), capsaicin (l|lM ) or ionomycin
(2pM ) for 15s in 25mM HEPES buffered DMEM (pH 7.5). The effect o f
removal o f extracellular Ca^"^ was assessed in 25mM HEPES buffered DMEM
(pH 7.5) without Ca^"^ and containing 500pM EGTA. L evels o f [^HjlPg have
been expressed as a percentage o f [^H]PI. Data represents means ± S.E.s of
three independent experiments.

Although these data demonstrate that RTX and capsaicin did not cause elevation of
DAG through activation of PLC they may activate other enzymes which cause
formation of DAG, such as PLD or PA phosphatase (see Haeffner, 1993 for review).
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Activation of a kinase activity in rat DRG by RTX

The small component of RTX-induced translocation of PKC which was Ca^+independent may represent a direct effect of RTX on PKC or a PKC-like kinase which
is able to bind [^HJPDBu (see Section 6-4). The effect of RTX on kinases from rat
DRG was investigated by measuring the ability of RTX to phosphorylate histone added
to fractions obtained from DEAE-sepharose chromatography of the cytosolic fractions.

RTX was active in fractions eluted from a DEAE-sepharose colunm by 120-140mM
NaCl. Fig 8.5.1 represents the elution profile of a rat DRG preparation showing that,
in this experiment, the peak RTX activity was eluted around 120mM NaCl. DAG and
PDBu-induced phosphorylation of histone could be detected in the same fraction.
Similar concentrations of NaCl elute PKCs from rat brain homogenates (Shearman et
fl/., 1989).
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RTX-induced translocation of PKC

Upon activation, PKC translocates from the cytoplasm to the membrane where the
enzyme interacts with other cofactors and becomes fiilly activated (Kraft and
Anderson, 1983; Nishizuka, 1984).

The ability of RTX to activate PKC was

investigated by measuring its ability to translocate PKC. The cellular localisation of
PKC was followed by measuring [^HjPDBu binding (Kikkawa et a l, 1983).

In primary cultures of neonatal rat DRG neurones, 73 ± 4% of the total cellular
[^H]PDBu specific binding was found in the cytosolic fraction of control cells. When
DRG neurones were pretreated with PDBu (10|iM), this [^HJPDBu specific binding
was translocated to the membranes (Fig. 8.2.1) suggesting that PKC was activated.
Figure 8.2.1 also shows that treatment of the cells with RTX also increased the level of
[^H]PDBu specific binding in the membranes, suggesting that PKC had been activated
by RTX. A high concentration of RTX (IjiM) did not cause the same degree of
translocation of PKC as a high concentration of PDBu (lOpM).
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PDBu- and RTX-induced translocation of PKC
Cells were incubated with either RTX (IpM), PDBu (10|lM) or buffer (HBSS)
at 37°C for 20min. The cells were then homogenised and [^H]PDBu binding
determined in the cellular fractions. Specific binding in the membranes has
been expressed as a percentage of specific binding in the membrane plus the
cytosolic fraction. The data represents means ± S.E.s of between three and
eight independent observations.

The log-concentration response curve for RTX-induced translocation is shown in Fig.
8 .2 .2 . The EC50 value for this effect was 19.1 ± 1 1.9nM, obtained by non-linear least-

squares fit, weighted according to the variance of points (as described in Appendix 2).
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Example of the elution profile of RTX activity in rat DRG
Fractions from adult rat DRG, eluted with NaCl from a DEAE sepharose
column, were incubated with RTX (lOpM) in the presence of Ca^+ and PS at
30°C for 5min. The results have been expressed as dpm of [^^P], above basal
activity seen in the presence of Ca^+ and PS, Each data point is the mean of
triplicate determinations.

Activation of the kinase by RTX in this fraction was dependent on the presence of
Ca^+ and PS (Fig. 8.5.2) and in this respect the RTX-induced activation was similar to
the activation induced by DAG.
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Ca^+ and PS dependence of RTX-induced kinase activity in rat DRG
The active fraction from adult rat DRG (eluted between 120-140mM NaCl) was
incubated with RTX (10|xM) in the presence or absence of Ca^+ and PS, as
indicated, at 30°C for 5mm. The results have been expressed as percentage of
the response to DAG (Ijig/ml), above basal activity seen in the presence of
Ca2+ and PS. Data represents means ± S.E.s of three experiments, except
where the PS-dependence of RTX-induced kinase activity was determined
(n=2).

The log concentration-response curve for activation of this fraction is shown in Fig.
8.5.3. Significant activation was seen at concentrations above lOOnM, It was not
possible to complete the log concentration-response curve for RTX because of the
amount of tissue required, but if it is assumed that the maximal response to RTX would
be similar to that obtained by PDBu then the EC50 value would be about 3|xM. Fig.
8.5.3 also shows the log concentration-response curve for PDBu in this fraction. It was
more potent than RTX with an EC50 value of 10.5 ± 4.1nM, obtained by non-linear
least-squares fit (as described in Appendix 2). No activation was seen with capsaicin
up to a concentration of 10|xM.
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Log concentration-response curve for RTX, capsaicin and PDBu-induced
kinase activity in rat DRG

The active fraction from adult rat DRG (eluted between 120-140mM NaCl) was
incubated with RTX, capsaicin or PDBu, in the presence of Ca^"^ and PS at
30°C for 5min, as described in Methods. The results have been expressed as
percentage of the response to DAG (Ipg/ml), above basal activity seen in the
presence of Ca^+ and PS. Data represents means ± S.E.s of three or four
experiments. Curve fitted by MicroCal ORIGIN (as described in Appendix 2).
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The aim of this study was to investigate whether RTX, which causes excitation of
sensory neurones by opening the capsaicin ion channel (Bevan et al. y 1987; Marsh et
al. y 1987; Wood et al., 1988), could also activate PKC in these cells. While RTX did
cause translocation of PKC, a measure of its activation, the majority of the observed
effect was indirect, mediated by RTX-induced Ca^+ entry. Capsaicin, which is a less
potent sensory neurone excitotoxin, also induced translocation of PKC to the
membrane fraction in a Ca^+-dependent manner. Relatively high concentrations of
RTX can activate a PKC-hke kinase in broken cell preparations (Ellis et al. y 1987;
Ryves et al. y 1989; Ryves et al. y 1991). Similar findings are reported in this thesis with
partially purified PKC from adult rat DRG. It is possible that a proportion of PKC
activation by RTX in DRG is direct and not mediated by Ca^+ entry.
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9 -1

[^H]RTX does not bind to the same site as [^H]PDBu

An high affinity, saturable [^H]RTX binding site was found in the membrane fraction
of rat DRG that had a similar Kj) to that seen in adult rat DRG neurones (Winter et al.,
1993). This binding was not displaced by PDBu, nor could it be detected in the
cytosolic fraction where the majority of PKC in unstimulated DRG neurones was
found. This suggests that [^H]RTX does not bind to PKC. As it has been shown that
capsaicin and the capsaicin receptor antagonist, capsazepine can displace [^HJRTX
binding (Szallasi and Blumberg 1990; 1991; Winter gr al., 1993), it is likely that the
binding site for [^HJRTX is the capsaicin receptor/ion channel complex. [^HJPDBu
binding, which could be detected in both the membrane and the cytosolic fractions
from the DRG, could not be displaced by RTX or by capsaicin. Together these results
suggested that the two radioligands bound at separate sites.
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9 -2

RTX and capsaicin-induced translocation of PKC in DRG
neurones

Although it appeared that neither RTX nor capsaicin were able to interact with the
binding site for PDBu on PKC, both were able to mimic the ability of PDBu to induce
translocation of the enzyme from the cytosol to the membranes of DRG neurones. The
responses to RTX and capsaicin differed from the effect of PDBu in that they were
largely dependent on the presence of extracellular Ca^+. As one stimulus for the
translocation of PKC is raised levels of [Ca^+Jj (Wolf et al, 1985) and as RTX and
capsaicin both cause Ca^+ entry by opening the capsaicin-gated cation channels it
seemed likely that the translocation was largely mediated by Ca+ entry. This was
supported by experiments in which raising [Ca^+]j by other means, for example
ionomycin or KCl, also induced translocation of PKC. Ca^+-induced translocation of
PKC has also been reported in response to glutamate in the rat cerebral cortex and
neostriatum (Vaccarino et al, 1987; Vaccarino et al, 1991) and in response to changes
in extracellular Ca^+ concentration in mast cells (Izushi and Tasaka, 1992). Although
the majority of the translocation induced by RTX was abolished by removal of
extracellular Ca^+, a small but significant effect was observed in Ca^+-free medium.
The dose-dependence of this effect was not measured but it is possible that it might be
similar to that of RTX-induced phosphorylation in the cytosolic fraction of the DRG.
This Ca^+-independent RTX-induced translocation was unlikely to have been
mediated by DAG generated from PLC mediated polyphosphoinositide breakdown as
RTX- and capsaicin-induced increases in [^HjlPg were abolished in Ca^+-ffee
medium. This does not, however, rule out the possibility that RTX might generate
DAG by another Ca^+-independent route such as activation of PLD or through
generation of PA (see Haeffner, 1993 for review).

The residual translocation of

[3R]PDBu binding seen in the absence of extracellular Ca^+ may represent a direct
effect of RTX on a PKC-like kinase. If this latter explanation is correct then RTX and
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PDBu must bind at separate sites on this kinase as RTX did not displace [^H]FDBu
binding.
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9 -3

RTX-induced kinase activation

It has been shown that DRG neurones contain at least one isoform of PKC, namely
PKCp (Roivainen et a/., 1990). It has been reported (Ryves et a/., 1989) that relatively
high concentrations of RTX (greater than IjiM) can activate a PKC-like kinase in
human mononuclear cells, that does not cross-react with antibodies to the a, P, or y
forms of PKC. These authors also demonstrated that RTX could activate the pi and y
isoforms of PKC isolated from bovine brain. Therefore, the possibility that RTX might
be able to activate subtypes of PKC or PKC-like kinases in DRG neurones was
investigated. RTX did increase kinase activity in the cytosolic fraction of rat DRG at
concentrations above lOOnM.

The Ca^+ and PS dependency of this activation

suggested that a PKC-like kinase was involved.

However, unlike the kinase in

mononuclear cells (Ryves et a/., 1989) the kinase or kinases activated in DRG by RTX
were also activated by low concentrations of PDBu. Additionally the activity in DRG
was dependent on the presence of Ca^+ whereas in mononuclear cells the RTXinduced activity was inhibited by Ca^+.

Although data presented here demonstrated that RTX activated a kinase from DRG, the
lack of cross-displacement in binding studies suggested that [^H]RTX did not bind
PKC. Possible explanations for this anomaly include:

1)

RTX and PDBu may cause activation of the same isoform of PKC but through
different binding sites on the enzyme. If this explanation is correct then the
kinase could be responsible for the Ca^+-independent translocation of [^H]PDBu
binding induced by RTX.

2)

Isolation of the kinase was carried out using a NaCl gradient, which does not
separate isoforms of PKC (Shearman et a l, 1989). The kinase activated by RTX
may, therefore, represent a kinase distinct from PKC isoforms which is not
167

recognised by PDBu but elutes at the same NaCl concentration. A phorbol ester
insensitive isoform of PKC has been reported (PKC-Ç) (Ono et a l, 1989a;
Liyanage et a l, 1992; Ways et al, 1992). However, if this were true, RTXinduced translocation of this kinase would not be detected by [^H]PDBu binding.

Capsaicin, up to lOjxM, did not cause phosphorylation of histone in fractions from rat
DRG, indicating that it had no direct effect on PKC. Capsaicin did, however, cause a
small degree of translocation of [^H]PDBu binding to the membrane fraction in the
absence of extracellular Ca^+.

This may be because the in vitro conditions for

determining capsaicin and RTX-induced phosphorylation were not optimal but it could
also mean that a mechanism other than opening of Ca^+ channels was being activated
by the agonist. This effect was unlikely to be mediated by PLC-induced formation of
DAG but may be mediated by production from a different source (see Haeffner, 1993
for review).
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Although RTX causes translocation of PKC in DRG neurones, this effect is largely
secondary to opening of the capsaicin-gated cation channel. The small component of
RTX-induced translocation of PKC which is independent of extracellular Ca^+ may
reflect a direct activation of PKC or a PKC-like kinase as high concentrations of RTX
increase kinase activity in the cytosol of rat DRG.
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APPENDIX 1 MATERIALS
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1.

Animals

Male Sprague Dawley adult rats (200-300g) and rat pups (<10g) were maintained on a
12h light-dark cycle and fed and watered ad libitum.

2.

Radiochemicals

The following radiochemicals were obtained from Amersham International pic
(Aylesbury, BUCKS):[32p]ATP (specific activity - 3 Ci/mmol)
[^H]Bk (specific activity - 65 Ci/mmol)
[^HJinositol (specific activity -16.6 Ci/mmol)
[3h ]PDBu (specific activity - 21 Ci/mmol)
[^H]RTX (specific activity - 32 Ci/mmol)

[l^^I]Tyr%k (specific activity - 2000 Ci/mmol) was iodinated in house by M.
Yaqoob.

3.

Biochemicals

General laboratory chemicals were purchased as analytical grade from commercial
sources (BDH Chemicals Ltd., SIGMA Chemical Co.).

The following specialised biochemicals were obtained from the sources indicated in
parentheses
bovine serum albumin (essentially fatty acid free) (SIGMA Chemical Co.)
bradykinin (Sandoz Chemistry Dept.)
captopril (SIGMA Chemical Co.)
cytosine arabinoside (SIGMA Chemical Co.)
n2

2^-0-dibutyryl guanosine 3':5'-cyclic monophosphate (SIGMA Chemical Co.)

cGMP EIA assay kit (Cayman Chemicals Co.)
DEAE sepharose (SIGMA Chemical Co.)
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desArg^Bk (Bachem AG, Switzerland)
diacylglycerol (Avanti Polar Lipids)
histone IBs (SIGMA Chemical Co.)
HOE-140 (made in house by Dr. A. Hallett)
meltilex solid scintillant (Wallac)
nerve growth factor (Promega)
neuropeptide Y (Penninsula Laboratories Europe Ltd.)
N®-Nitro-L-arginine (SIGMA Chemical Co.)
phorbol 12,13-dibutyrate (LC Services)
phosphatidyl serine (Lipid Products)
resiniferatoxin (LC Services)
rolipram (a generous gift from Schering)
scintillation fluid (Beckman)
sodium nitroprusside (SIGMA Chemical Co.)

4.

Tissue culture products

General tissue culture products were obtained from GIBCO. F14 was purchased from
Imperial Laboratories and tissue culture plates were purchased from Nunc.

5.

Disposable equipment

The following items of disposable equipment were obtained from the sources in
parentheses:glass coverslips (BDH)
Dowex ion-exchange colunms and ion-exchange resin (BIO-RAD).
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APPENDIX 2 DATA ANALYSIS
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1.

LIGAND

LIGAND is a program designed to analyse ligand binding data (Munson and Rodbard,
1980). The theory behind the program is based on the mass-action binding equation:

[HRab]
= Kab

[Ha][Rb]
which models the chemical equation

Ha + Rb = HRab
where:
[H] = the free ligand concentration
[R] = the free receptor concentration
a indexes the ligand
b indexes the receptor
Kab = the dissociation constant

The program enables the user to assess the best model for a data set by using the F-test
criterion on residual variances. Firstly the data is fitted to a simple model (with few
free parameters) and the "goodness-of-fit" of the second model assessed in comparison.

Specifically:

F = rSSa-SSbVrdfa-dfb^
(SSb/dfb)
where:
SSa = residual sum of squares for model A
SSb = residual sum of squares for model B
dfa = degrees of freedom for model A
dfb = degrees of freedom for model B
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Therefore if the F value is greater than the critical value for the F-statistic with (dfa dfb) and dfb degrees of freedom, at the p = 0.05 level, it can be said that the second,
more complex fit provides a better fit to the data set.

In this way it has been possible to compare one-site to two-site fits in individual sets of
data. Kp) and B ^ax values from independent sets of data were compared by assessing
whether there was a significant difference (a greater F-statistic) between the individual
parameters in the first and second sets of data.

2.

Statistical testing of data sets

Statistical testing of data (other than binding data) was done by hypothesis testing
using the COMPARE command in RSI. RSI is capable of deciding which statistical
test is appropriate for the data set using the decision tree below:
COMPARE
Test for normality

PARAMETRIC
normal
distribution

Onesample
t-test

Un
paired
t-test

Paired
t-test

Pooled
variance
t-test

NONPARAMETRIC
abnormal
distribution

F-test
for
equality
of
variance

Onesample
Wilcoxon
Signed
Rank Test

Unpooled
variance t-test
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Un-paired
sample
MannWhitney
U-test

Paired
sample
Wilcoxon
Signed
Rank Test

AnsariBradley
Test for
Equality of
Dispersions

The branch of the decision tree used depends on;
1. The underlying distribution:
When the samples are normally distributed RS1 chooses parametric
(Classical) analysis, a comparison of the means of the data sets, and when
the data set contains outliers a nonparametric (Robust) analysis is chosen and
the medians of the data sets are compared.
2. The number of samples tested.
3. The relationship between the samples:
The user tells RSI whether the data is paired or unpaired.

This procedure enables comparison of the means (Classical analysis) or medians
(Robust analysis) of paired or unpaired sets of data and the significance of differences
between the data sets to be evaluated.

3.

Curve fitting

Fitting of curves to data sets was done using Marquardt-Levenberg non-linear leastsquares curve fitting algorithm in ORIGIN (Version 3.0), from MicroCal Software, Inc.
by successively modifying the parameters in the selected fitting function. This is an
iterative process to achieve the line of best fit.

A hyperbolic function was used to fit association curves to data sets, weighting the data
according to l/a^, allowing the parameters to vary:

Plx
y = ------P2 + X
where:
y

= response
X
= [agonist]
PI = maximum response
P2 = half maximal response
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The P 2 value was then used as an estimate of the EC50 value.

A sigmoidal function was used to fit dissociation curves to data sets, weighting the data
according to l/a^, allowing the parameters to vary:

y=

A 1-A 2
:----- — +A2

1 + e ( X 'X 0 ) /d x

where:
y
X
xo
dx
A1
A2

= response
= [agonist]
= half maximal inhibition
= width of data set
= maximum response
= minimum response

The xo value was then used as an estimate of the IC50 value.
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APPENDIX 3 OPTIMISATION OF CONDITIONS FOR MEASURING [^HJBK BINDING IN
PRIMARY CULTURES OF NEONATAL RAT DRG NEURONES
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1.

Protocol for measuring radioligand binding

In order to measure binding of radioligand to the 8% receptor in DRG neurones a
method had to be developed.

Neonatal rat DRG neurones were prepared as described in 2-1 and plated onto P-om
and laminin coated 13mm glass coverslips (40,000 cells/coverslip). After 7 days in
culture the coverslips were dipped in 20ml 25mM HEPES buffered DMEM (pH 7.5) at
37®C for 20s to remove excess growth medium and placed in 225iil of buffer (see
below) containing the appropriate dilution of radioligand in 24 well plates at the
temperatures indicated.

After the appropriate incubation period, the cells were washed by dipping the
coverslips (held by forceps) in 20ml assay buffer (see below), containing 0.2% BSA for
45s, followed by two 20s washes in the assay buffer without ESA. The coverslips
were then placed, cell-side up, in scintillation vials containing 200pl IM NaOH and
vortexed thoroughly. After 30min at room temperature 25|il aliquots were removed
from each sample to assay for protein concentration (see 2-6) and the amount of
radiohgand in the remaining 175pl determined by liquid scintillation counting, using a
high salt scintillant. After the incubation period lOOjil of the assay buffer was removed
from the 24 well plate to measure the actual concentration of radioligand present
during the experiment.

First, binding of the y-emitter, [l^^]Tyr%k, was compared to the p-emitter, [^H]Bk,
in DRG neurones. Table A shows that it was possible to detect more counts using
[l^^jTyr^^Bk, even using a lower concentration of radioligand. The percentage of non
specific binding was, however, higher (47%, compared to 37% using [^H]Bk) and the
number of specific counts using [^H]Bk could easily be detected.

As the use of

[125]Xyi-0Bk would have involved routine iodination of T y r^ k , a potentially
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hazardous process, it was decided that [^H]Bk would be used to characterise the Bk
receptor in the DRG neurones.
DMEM
(cpm/ml
solubilised
protein)

Radioligand

[125i]TyrOBk

[3H]Bk

Table A

T

6865

NSB

3240

T
NSB

2250
840

%NSB
SB

3625

47

1410

37

Comparison of [^^^IjTyr^^Bk and [^H]Bk binding
Cells were incubated with either [^^^I]Tyr%k (O.lnM) or [^H]Bk (lOnM) in
25mM HEPES buffered DMEM, containing 0.2% BSA, (pH 7.5) at 37®C for
90min. Non-specific binding was determined in the presence of lOpM cold Bk.
Data represents triplicate determinations.
T = total binding; NSB = non-specific binding; SB = specific binding

The time-course for [^H]Bk binding to DRG neurones was compared at 4°C and 21®C
(Fig. A).

Although the specific binding of [^H]Bk approached equilibrium more

rapidly at 21®C, approximately the same level of binding was obtained at times
between 90-120min at both temperatures.

In subsequent experiments, therefore, the cells were incubated with [^H]Bk for 90min
at 4°C. It was hoped that incubation at 4®C would minimise the possibility of the
receptors converting from one state to another during the incubation with radioligand.
A similar protocol was used by Munoz and Leeb-Lundberg (1992), who showed that
incubation of DDT %MF-2 cells with [^H]Bk at 4®C resulted in no loss of receptors
from the cell surface.
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Fig. A

Time-course of [^H]Bk specific binding at 4^C and 21^C

Cells were incubated for the times and temperatures indicated with InM [^H]Bk
in 25mM HEPES buffered DMEM (pH 7.5). Non-specific binding was
determined in the presence of lOpM Bk. Data represents means and S.E.s of
between three and four experiments.

The functional assays in the DRG neurones described in this thesis were performed in
25mM HEPES buffered DMEM (pH 7.5). It was felt that the use of this buffer to
measure [^H]Bk binding would enable a direct comparison between binding and
functional assay but it has previously been shown that high salt concentrations reduce
[^H]Bk binding in membrane preparations (Innis et al. y 1981). In order to establish
whether the sodium in the DMEM was affecting [^H]Bk binding to DRG neurones, the
effect of removing NaCl was investigated.

The ionic strength of the buffer was

maintained by the addition of choline chloride

Table B shows that reduction or

removal of NaCl did not greatly increase the level of specific [^H]Bk binding detected.
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pH ]B k binding
(fmol/mg protein)

Buffer

SB
DMEM (llOmM NaCl)
DMEM (60mM NaCl)
DMEM (OmM NaCl)

Table B

T
NSB

57.9
14.3

43.6

T
NSB

75.6
17.1

58.5

T
NSB

72.2
15.5

56.7

Effect of sodium on specific [^H]Bk binding to DRG neurones
Cells were incubated at 4°C in the presence of InM [^H]Bk for 90min in 25mM
HEPES buffered DMEM (pH 7.5) containing either llOmM Na"*", 60mM Na"*"
or no added Na+. Where Na"*" was reduced choline chloride was added to
maintain an equivalent ionic strength. Non-specific binding was determined in
the presence of lOpM Bk. Data represents triplicate determinations.
T = total binding; NSB = non-specific binding; SB = specific binding

The inhibitory effect of Na+ on [^H]Bk binding (Innis et ai, 1981) was observed in a
membrane preparation and is thought to be mediated through interference between the
receptor and G-protein coupling (Costa et a l, 1990). This may explain the lack of
effect of Na+ in whole cells where there would be no access to the G-protein.

The effect of addition of BSA to the assay buffer on the amount of non-specific
binding was tested. Table C shows that non-specific binding was reduced by the
addition of 0.2% BSA to 25mM HEPES buffered DMEM (pH 7.5) (from >70% to
<35%).
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Actual cone.
[3H]Bk
(nM)

Buffer

[^H]Bk binding
(fmol/mg protein)

% NSB
SB

DMEM

3

DMEM 4- BSA

Table C

4

T
NSB

201
141

60

70

T
NSB

159
51

107

32

Effect of BSA on non-specific [^H]Bk binding
Cells were incubated in the presence of [^H]Bk in 25mM HEPES buffered
DMEM (pH 7.5), with or without 0.2% BSA at 4°C for 90min. Non-specific
binding was determined in the presence of lOpM Bk. Aliquots were taken from
the incubation medium and the actual concentrations of ligand calculated. Data
represents triplicate determinations.
T = total binding; NSB = non-specific binding; SB = specific binding

Therefore, because of its ability to reduce non-specific binding BSA was included in
the assay buffer in all subsequent experiments. The effect of ions, other than Na+, and
of pH on [^H]Bk binding was also investigated by comparing of the level of specific
binding in 25mM HEPES buffered DMEM (pH 7.5) containing 0.2% BSA with a
buffer devoid of ions and buffered to pH 6 .8 , the optimum pH for detection of [^H]Bk
binding to rat brain cells in culture (Lewis et a/., 1985). This buffer consisted of
25mM KH2 PO4 , 240mM sucrose and 0.2% BSA (pH 6 .8 ). Table D shows that the
percentage of non-specific binding measured in this binding buffer was lower than in
25mM HEPES buffered DMEM (pH 7.5) containing 0.2% BSA.
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pH ]B k binding
(fmol/mg protein)

Actual cone.
[% ]B k
(nM)

Buffer

%NSB
SB

DMEM + BSA
Binding buffer

Table D

4
1

T
NSB

159
51

107

32

T
NSB

104
21

83

20

Effect of the presence of ions on specific [^H]Bk binding
Cells were incubated in the presence of [^H]Bk in 25mM HEPES buffered
DMEM (pH 7.5) containing 0.2% BSA or in binding buffer at 4°C for 90min.
Non-specific binding was determined in the presence of 10|iM Bk. Aliquots
were taken from the incubation medium and the actual concentrations of ligand
calculated. Data represents triplicate determinations.
T = total binding; NSB = non-specific binding; SB = specific binding

The combination of BSA, low ionic strength and pH 6.8 appeared to provide a net
benefit with respect to the ratio of specific to non-specific [^H]Bk binding. For these
reasons, although it would have been ideal to measure binding in the same medium as
was used in the functional assays, it was decided that the binding buffer described
overleaf would be used for the binding studies in DRG neurones.

Throughout the experiments described above a loss of radioligand from the incubation
medium in the 24 well plates was seen, even when no cells or coverslip were present.
This radioactivity could be recovered from the plastic of the wells by washing with
scintillant. In an effort to prevent the [^H]Bk sticking to the plastic the effect of
coating the wells with P-om, poly-D-lysine (P-lysine) or silicone on the free ligand
concentration in the wells in the absence of cells and coverslips was investigated.
Table E shows the reduction in the concentration of [^H]Bk in the medium due to
binding of the radioligand to the plastic. Coating the wells with either P-om, P-lysine
or silicone reduced this effect.
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Coating of wells

Table E

Concentration [^H]Bk in
incubation medium
(nM)
(actual conc. added, InM)
60min
lOmin

None

0.44

0.35

P-om

0.58

0.55

P-lysine

0.58

0.53

Silicone

0.50

0.46

Effect of coating assay wells on the amount of [^H]Bk sticking to the plastic

Assay wells were coated with P-om, poly-lysine or silicone overnight and
incubated at 4®C with InM [^H] Bk in the absence of cells or coverslips. At
the times indicated aliquots were taken from the wells to enable calculation of
the concentration of free [^H]Bk. Data represents triplicate determinations.

As P-om was marginally more effective in preventing the sticking of [^H]Bk to the
plastic at 60min the wells were coated with this agent prior to the incubation period in
the subsequent binding studies.
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2.

Evaluation of washing technique following Bk pretreatment

One of the aims of the binding studies described in this thesis was to measure the effect
of desensitisation on the ability of the receptor to bind the agonist. It was important to
ensure that, following the desensitising challenge with Bk, all the unlabelled ligand had
been removed to prevent interference with the subsequent [^H]Bk binding assay. In
order to ensure that this had been achieved by the washing protocol, described in the
previous section, the desensitising treatment was mimicked by incubating the cells with
lOOnM [^H]Bk. The amount of radioligand bound to the cultures was then measured
following either a Imin wash or a 2min wash. Table F shows that after a Imin wash in
25mM HEPES buffered DMEM (pH 7.5) the majority of [^H]Bk (>99.9% of the free
ligand concentration) had been removed. The concentration of [^H]Bk remaining
(52pM) was 8-fold lower than the K%) (350 ± 180pM) and therefore unlikely to cause
significant displacement of [^H]Bk during the binding experiments.

[^H]Bk pretreatment

Wash

(min)

(min)

Mean bound
(pM)

(% total added
dpm)

Table F

Imin

Imin

52

0.079

Imin

2min

40

0.061

Evaluation of washing technique following incubation with [^H]Bk

Cells were pretreated with lOOnM [^H]Bk in 25mM HEPES buffered DMEM
(pH 7.5) at 37°C for Imin, equivalent to a desensitising challenge, followed by
either a Imin or a 2min wash in 25mM HEPES buffered DMEM (pH 7.5). The
amount of radioligand was determined and expressed as a percentage of total
free ligand. Data represents triplicate determinations.
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APPENDIX 4 REVIEW OF SIGNAL TRANSDUCTION MECHANISMS ASSOCIATED
WITH PLC ACTIVATION
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1.

G-proteins associated with PLC activation

G-proteins are heterotrimeric structures consisting of a, p and y-subunits which couple
receptors to effector proteins and signal transduction cascades. Receptor activation
causes dissociation of the a-subunits from the p/y complex and the receptor. The asubunits are largely localised in the membrane while the p/y complex is exclusively
localised in the plasma membrane due to its highly hydrophobic interaction with the
lipid bilayer (see Spiegel et a l, 1991, for review). Both the a-subunits and the p/y
complex can modulate effector activity, either synergistically or independently.

Interaction of an agonist with a G-protein coupled receptor results in transition of the
G-protein through three conformational states: GDP-bound (inactive), 'empty'
(transient) and GTP-bound (active) (see Bourne et a l, 1990, for review). The role of
G-proteins in signal transduction is transient as the intrinsic GTPase activity of GTPbound a-subunit of the G-protein (G^J returns the protein to the GDP-bound, inactive
state. The dissociated py-subunit complex was thought to act only as a regulator of Gprotein function, maintaining the G-protein in the heterotrimeric, inactive form.
However, renewed interest in the Gpy complex has revealed a number of functional
and structural properties relating to G-protein mediated signal transduction (see
Iniguez-Lluhi et a l, 1993, for review).

Camps et a l (1992) observed that Gpy,

purified from bovine retinal transducin and bovine brain stimulates PLC in HL-60 cells
and human and bovine neutrophils. PLC from HL-60 cells exists as two forms, only
one of which was sensitive to stimulation by py subunits. A similar effect has been
seen in bovine liver where a PLC activity was stimulated by Gpy and was insensitive to
activation by G(^ subunits (Blank et a l, 1992). The isozymes of PLC activated by Gpy
have been investigated and show a different order of activation of the PLC isozymes
than a-subunits (Park et a l, 1993; Smrcka and Stemweis, 1993). Gpy subunits are
much less diverse and may represent a common pool for complexing with the
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heterogeneous a-subunits of G-proteins. It is possible that py-subunits liberated by Gproteins, whose a-subunits are incapable of activating PLC, may activate PLC.

Studies of G-protein involvement in signal transduction often involve the use of stable
analogues of GTP (GTPyS, guanyl-5'-yl-imidodiphospate (GppNHp)) to maintain the
G-protein in the activated state, or analogues of GDP (GDPPS) to maintain it in the
inactive form.

Originally the classification of G-proteins was based on their

susceptibility to ADP libosylation by bacterial toxins. The activity of Gq and Gj were
inhibited by PTX and Gg was activated by cholera toxin (CTX). The classification of
types of G-protein involved in functional responses can also be based on the prevention
of the expression of individual subtypes of G-protein by nuclear microinjection of short
selective antisense oligonucleotides which selectively hybridise with the respective
mRNA (Kleuss et al., 1991).

The family of G-proteins consists of a large number of subtypes, but are generally
grouped into Gj, Gq, Gg and Gq subfamilies. Generally, the a-subunits of the Gg
family activate AC and the a-subunits of Gj inhibit AC. The Gq family (consisting of
Gq, G ji, G i 4 and Gjg) has recently been identified and is insensitive to CTX and
PTX. Gq lacks the site that is modified by PTX (a cysteine at position four in the Cterminus) (Strathman and Simon, 1990). The a-subunits of the Gq family appear to
regulate the activation of the PLC family (see Section 2, Appendix 4).

Pang and Stemweis (1990) have purified G-protein a-subunits from rat brain with
apparent molecular weights of 42 kDa, whose primary sequences were identical to one
or more of the a-subunits of the Gq family identified by Strathman et al. (1989).
Studies using specific antisera to these a-subunits showed that they were widely
distributed at low levels in different tissues of the rat (pancreas, spleen, liver, testes,
atria, red blood cells, kidney) but more concentrated in the brain and lung. Using an
antipeptide antiserum directed against the predicted C-terminal sequence of G^xq and
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Goti I (a member of the Gq family) Mailleux et al. (1992) measured immunoreactivity
in the rat brain and the dorsal horn of the spinal cord. These localisations match those
of PLC and the IP3 receptor. Similar findings have been obtained by Milligan (1993)
in rat brain.

It therefore appears that activation of PLC is mediated through activation of members
of the Gq family of G-proteins.

225

2.

Activation of PLC

Activation of PLC causes hydrolysis of PI, PIP and PIP2 , with PIP and PIP2 the
preferred substrates (see Rhee an Choi, 1992, for review). The first PLC isozyme
purified to homogeneity was from rat liver (Takenawa and Nagai, 1981) and
subsequently many PLC activities have been described in numerous tissues.
Purification of PLC enzymes from sheep seminal vesicles, which showed the same
specificity for the phosphatidylinositols, but did not exhibit immunological cross
reactivity provided the first definitive proof of the presence of different isoforms of the
enzyme (Hofmann and Majerus, 1982).

To date four types of PLC enzymes have been identified (Ryu et al. y 1986; Rebecchi
and Rosen, 1987; Katan and Parker, 1987; Lee et al. y 1987; Homma et al. y 1988;
Banno et al. y 1988) and these have been classified in terms of their amino acid
sequences, molecular weights and immunological cross-reactivity into PLCa, PLCp,
PLCy and PLCÔ. Subsequently, however, PLCa isolated from guinea pig uterus was
found to show no sequence homology to other PLCs and so was rejected as a member
of the PLC family (Bennett et al. y 1988). Eight subtypes of PLC have been identified
(see Fig. B).
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Comparison of the structure of PLC isozymes

A lth o u g h the o v era ll am ino acid se q u en ce h o m o lo g y is lo w , tw o r eg io n s sh o w higher
h o m o lo g y b e tw e e n the three c la s se s o f iso z y m e s, d esig n a ted X (ap p roxim ately 170
a m in o a cid s) and Y (ap proxim ately 2 6 0 am ino acid s).

T h e se areas are thought to be

a sso cia ted w ith the catalytic p roperties o f the e n z y m e (su ch as reco g n itio n o f in o sito l
p h o sp h a tes or C a^ +) (R h ee and C h o i, 1992). It w a s th ou gh t that the carb oxyl term inal
h a lf o f the Y reg io n con tain s the C a 2 + b inding site as it co n ta in s am in o acid seq u en ces
h o m o lo g o u s to the C a 2 + b in ding d o m a in s in PK C and P L A 2 (C lark

et aL, 1 9 91). T he

3 0 0 am in o acid am in o term inal region found in all su b typ es is not thought to be
im portant for ca ta ly sis.

T h e am in o acid s b e tw e e n the X and Y region s are im portant for the fu n ction o f the
PL C iso z y m e . T h e P L C p and P L C 6 c la sse s h ave short se q u e n c es ( 5 0 -7 0 am ino acids)
separating X and Y .
w h ic h co n ta in s a

P L C y has a lo n g seq u en ce o f ap p roxim ately 4(X) am ino acid s,

src - h o m o lo g y region (S H 2 and S H 3 d o m a in s) in v o lv e d in
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association of PLCy with tyrosine kinase-linked receptors. SH2 domains are thought to
recognise phosphotyrosine residues on tyrosine kinase receptors and SH3 domains are
thought to play a role in association with cytoskeletal proteins. Activation of PLCy is
caused by phosphorylation of at least 3 tyrosine residues (771, 783 and 1254) causing
tight association with the receptor.

Phosphorylation of Tyr^^^ appears to be

responsible for activation of PLCy as shown by mutation analysis in N1H-3T3 cells,
although this did not affect the catalytic activity or association with the receptors (Kim
et al., 1990). Overall sequence homology between PLCyl and PLCy2 was about 50%,
particularly high in the X and Y regions, the amino and carboxyl terminal regions and
the SH2 and SH3 domains. The PLCy isozymes were not activated by G-proteins
(Hepler et a l, 1993) and do not possess the P and G box domains in the amino
terminal thought to be responsible for G-protein interaction (Wu et a l, 1993).

Little is known about the mode of activation of the PLC6 subtypes. These enzymes
were not activated by G-proteins (Hepler et a i, 1993) and do not contain the long
amino acid sequence at the carboxyl terminus (approximately 450 amino acids) present
in PLCp isozymes, thought to interact with G-proteins (Wu et a l, 1993). PLCÔl and
PLCÔ2 show about 50% similarity in amino acid sequence (Bairoch and Cox, 1990).

PLCp is activated by the Gq class of G-proteins (Taylor et a l, 1991). These authors
have shown that a Gq-like G-protein isolated from bovine liver activated PLCpi and
not PLC51 or PLCyl from bovine brain in a reconstituted system. This was supported
by inhibition of this PLC activity by pretreatment with antibodies to Gq. Consistent
with these observations, combination of a 150 kDa PLC from turkey erythrocytes with
phosphoinositide-substrate containing phospholipid vesicles prepared from a cholate
extract of the plasma membrane conferred AIF4 " sensitivity to PLC. The G-protein
activated by AIF^" was purified and found to be a 43 kDa protein which strongly
reacted with antiserum against a 12 amino acid sequence found at the carboxyl
terminus of Gq and G ji (Waldo et a l, 1991). Furthermore, co-transfection of Cos-7
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cells with cDNA encoding Gotq and

and cDNA encoding PLCpl resulted in a

10-fold increase in formation of [^HJinositol phosphates (Wu e ta l, 1992).

PLCp2 has been isolated from a human cell line (HL-60) by Park et al. (1993). The
enzyme showed an overall 48% amino acid sequence homology with PLCpi, with the
least similarity in the 450 amino acid residues at the carboxyl terminal which contains
the P box and the G box, thought to be responsible for G-protein recognition (Wu et
a l, 1993). The PLCP2 isozyme isolated by Park et al. (1993) was not activated by aq
subunits from bovine brain, whereas PLCpl was activated. This was supported by Lee
et al. (1992) who showed that the PLCpi and PLCp2 isozymes exhibit marked
selectivity for the different a subunits of the Gq family of G-proteins. Although Gg^q,
G^ti 1, G(x14 and G^^ig were all able to activate PLCpl, Gg^ and G(xi i were the most
efficient. Gg^i^ ”^ost effectively activates PLCP2 whereas G(^q, G^^i \ and G(xi4 were
hardly active.

PLCP3 has been identified in 1993 (Jhon et a l, 1993) from rat brain particulate
fraction and found to have a 56% sequence homology to PLCpl. Again the least
homology was in the 450 amino acid carboxyl terminal region.

The apparent

molecular weight was 152 kDa, compared to 150 kDa for PLCpi and 140 kDa for
PLCp2. This isozyme was activated by the a subunits of Gq class of G-proteins, ttq,
QL\ I and a i 6 >although to a lesser degree than PLCpi.

The distribution of the PLCp isozymes has been demonstrated in membranes from
various tissues and cell lines (Smrcka and Stemweis, 1993). PLCpi was located
primarily in the brain of rat and to a lesser extent in Swiss 3T3 cells (a mouse
fibroblast cell line). PLCP3 was much more widely distributed in various cell lines, rat
testes and lung. Neither isozyme was seen in kidney, heart, skeletal muscle, spleen or
liver. PLCp2 was found in the cytosol of HL-60 cells only. Specific ttq/n-subunits
from bovine brain activated the isozymes of PLC in the order PLCP3>PLCpl, with
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hardly any activity detected for PLCP2. Activation of PLCpi and PLCPS by otq/nsubunits has also been demonstrated by Hepler et al. (1993) using recombinant a
subunits expressed in Sf9 cells. PLCP2 was stimulated by these a-subunits, but to a
10-fold lesser extent.

Py-subunits purified from bovine brain also stimulated all three isozymes of PLCP but
to a lesser extent than a-subunits of the Gq class of G-proteins. a-subunits of other Gproteins were unable to activate PLCp isozymes (Hepler et a l, 1993). Activation of
PLC by py-subunits has been shown elsewhere (Camps et a l, 1992; Blank et a l, 1992;
Park et a l, 1993). Wu et a l (1993) investigated the site of G-protein recognition on
the PLCp2 isozymes. Using deletion mutants and chimeras the amino-terminal region
extending to the Y region was found to be required for Gpy activation.

230

3.

Regulation of intracellular Ca^+ concentration by IP3

Activation of PLCP isozymes results in preferential hydrolysis of PIP2 (Ryu et al,
1987) generating the cyclic inositol phosphate, IP3 , and DAG.

The important role of phosphoinositides as the source of messenger molecules was first
described by Hokin and Hokin (1953). Subsequently, accelerated phosphoinositide
metabolism in response to various agonists was observed (Michell et a i, 1975) and
linked to cellular processes involving Ca^+ mobilisation (Michell et a l, 1981).

IP 3 r e le a s e s C a ^ + fr o m a n o n -m ito c h o n d r ia l p o o l (B u r g e ss

et a l, 1984)

w h ic h w a s

s h o w n to b e th e e n d o p la s m ic r e tic u lu m (E R ) in acin ar c e lls o f th e rat p a n crea s (S treb

a l, 1984).

et

It w a s p r o p o se d that in ord er to r e le a se C a ^ + , IP 3 m u st b in d to recep to rs

lin k e d to C a ^ + c h a n n e ls in th e IP 3 - s e n s itiv e p o o ls . In G H 3 c e lls an d S w is s 3 T 3 c e lls
D -IP 3 a n d n o t th e L -IP 3 e n a n tio m e r in d u c e d C a ^ + r e le a se (S tru p ish

et a l, 1988).

The

s te r e o s p e c ific ity

o f th is

r e sp o n se

w as

et a l, 1988; T a y lo r

c o n s is te n t w ith

th e

in v o lv e m e n t o f a s p e c if ic recep tor.

A family of IP3 receptors has now been identified (see Fig. C). The first IP3R was
isolated from cerebellar Purkinje neurones (Supattapone et a l, 1988a) which was
further characterised as a 250 kDa protein, localised to the dendrites, axons and cell
bodies of the cells (Furuichi et a l, 1989) on both rough and smooth ER (Ross et a l,
1989). This IP3 RI receptor from rat brain was subdivided into I? 3 R la or I? 3 Rlb
based on the presence or absence of a 45 amino acid sequence in the amino-terminal
third of the protein (Mignery et a l, 1990). A novel IP3 receptor (IP3 R2 ) has been
isolated from rat brain with 69% homology to IP3 RI (Sudhof et a l, 1991). Partial
sequences of a further two IP3 RS (IP3 R3 and IP3 R4 ) have been identified from mouse
placenta with high homology to IP3 RI (71% and 75% respectively) (Ross et a l, 1992).
Both forms were distributed throughout various tissues.
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T he h ig h est d eg ree o f h o m o lo g y b etw een the IP 3 receptors is in the am ino-term inal
region .

T h is region w a s sh o w n to con tain the IP 3 b in d in g site by e x p r e ssio n o f

truncated receptors (M ign ery and S u d h of, 1990) and ex p r essio n o f the am ino-term inal
1078 am ino a cid s (S u d h o f

et al, 199 1).

T h is b in d in g site is separated from the

putative ch a n n el-fo rm in g transm em brane region s by > 1 4 0 0 am in o a cid s (M ign ery and
S u d h o f, 1 9 9 0 ).

T h e se m em brane spanning d om ain s lie at the carb oxy 1-term inus and

anchor the p rotein in the m em branes. T he large, b u lb ou s am in o-term in u s, con tain in g
the IP 3 b in d in g site, projects into the cytop lasm .

IP 3 receptors sh o w co n sid era b le structural and fu n ction al h o m o lo g y w ith the ryanodine
receptors (R yR ) w h ic h w ere a lso lo ca ted on the E R . A lth o u g h the tw o receptors m ay
interact to varying d eg rees th ey h a v e largely d istin ct ro les (Sharp

et al., 1 9 9 3 ) and

agon ists and an tag o n ists for the tw o receptors d o not cross-react (se e T sien and T sien ,
1990, for r e v ie w ).

M o lecu la r c lo n in g o f the tw o receptors in d icate that there w ere

structural sim ila rities and d iffe r e n c e s, w ith the m em brane sp an n in g reg io n s and the
b u lb ou s cy to p la sm ic a m in o-term in u s b ein g c o m m o n to b oth receptors (se e B erridge,
1993, for re v ie w ).

232

Interaction of IP3 with its receptors on the ER results in release of intracellular stores
of Ca^+. These stores possess three major features: pumps to sequester Ca^+, binding
proteins to store Ca^+ and the IP3 receptor to release Ca^+ (see Berridge and Irvine,
1984 for review) through channels formed by the quaternary complex of IP3 receptors.

Activation of receptors by IP3 caused an increase in open frequency of the channel
with a mean open time of 10ms (Ehrlich and Watras, 1988) with four conductance
states, each of 20 pS (Watras et a l, 1991). There was evidence of cooperativity of
binding (Hill coefficient > 3) suggesting that channel opening depends on binding of
four IP3 molecules (Meyer et a l, 1988; 1990). Each binding step may result in partial
opening of the channel, explaining the four conductance states.

However, this

cooperativity of the interaction of IP3 with its receptors could not be repeated (Finch et
a l, 1991).

Two theories have been suggested for the mechanism underlying I? 3 -induced Ca^+
release, "non-quantal release" and "quantal release" (see Irvine, 1990 for review). Nonquantal release results in a graded release of Ca^+ in response to IP3 (Reynard-Rooney
et a l, 1993) whereas during quantal release a fixed proportion of the stored Ca^+ is
released as the concentration of IP3 rises (Ferris et a l, 1992; Short et a l, 1993). In rat
hepatocytes the IP3 -induced release mechanism appeared to depend on the method
used to permeabilise the cells (Reynard-Rooney et a l, 1993). Where cells were both
permeabilised and treated with IP3 in suspension, quantal release of Ca^+ was
measured, whereas if the cells had been attached to coverslips prior to permeabilisation
and treatment with IP3 non-quantal release of Ca^+ was seen. It was also suggested
that the apparent quantal behaviour of cells in suspension may in fact reflect
differential sensitivity of cells to IP3 , with individual cells responding in a non-quantal
manner. As most reports demonstrating quantal release have measured I? 3 -induced
release of Ca^+ in permeabilised cells in suspension the physiological importance of
quantal release is unclear.
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The mechanism underlying quantal release of Ca^+ may be caused by a differential
sensitivity of the stores to IP3 (Missiaen et a l, 1991) which may be regulated by the
concentration of Ca^+ within the store (Missiaen et a l, 1992). Another proposal is
that receptor heterogeneity regulates the sensitivity of the channels to IP3 , through the
presence of different gene products, either from alternative splicing or posttranslational

modification

such

as

phosphorylation

or

autophosphorylation.

Differential effects of phosphorylation on the unspliced neuronal IP3 receptor and the
peripheral IP3 receptor (Supattapone et a l, 1988b) have been noted. As individual
cells can express different IP3 receptors, the variation in sensitivity of the quaternary
complex may represent variations in the contribution of different subunits to the
channel.

The most striking feature was sensitivity to Ca^+ in a positive feedback process. This
may be reflected in the "all-or-none" release of Ca^+ seen with gradual increases in IP3
concentration. Small hot spots of IP3 -induced Ca^+ release can be seen when cells
were visualised by confocal microscopy (which may represent the phenomenon of local
quantal release). Above a certain threshold the hot spots suddenly become an all-ornothing response. This has been shown to initially involve a positive feedback control
by Ca^+, followed by a negative feedback effect through the accumulation of Ca^+
(Finch et a l, 1991; lino and Endo, 1992). This positive regulation of the sensitivity of
the store to IP3 was responsible for synergism between PLC and adenylylcyclaselinked hormones in the liver (Burgess et a l, 1991). This may also represent alternative
switching of the receptor through low affinity and high affinity states.

A further explanation for this negative feedback control of I? 3 -induced Ca^+ release
may be through desensitisation of the IP3 receptor. This has been demonstrated in
NG108-15 cells (Robbins, 1993). Membrane currents evoked by Bk or intracellular
IP3 desensitised rapidly. The mechanism underlying this effect was not through Ca^+
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released by IP3 as intracellular injection of Ca^+ did not mimic these inhibitory effects.
Desensitisation of the IPg-induced Ca^+ release may be mediated by phosphorylation
of the receptor. Solubilised IP3 receptors from rat cerebella were phosphorylated by
cAMP-dependent kinase, resulting in a reduction in IP3 -induced release of Ca^+, with
no affect on [3 H]I? 3 binding characteristics (Supattapone et a/., 1988b). This was
supported in rat frontocortical neurones where pretreatment of cells with dibutyryl
cAMP or forskolin reduced transient release of stored Ca^+ with no effect on IP3
generation (Shimizu et a l, 1993). Phosphorylation of purified IP3 receptors from rat
cerebellum at serine 1755 by both cAMP- and cGMP-dependent kinases has been
demonstrated (Komalavilas and Lincoln, 1994), although the functional relevance of
this phosphorylation was not investigated.

With early development of direct measurement of cytosolic Ca^+ came the observation
that the changes in intracellular Ca^+ concentration consisted of two components,
Ca^+ mobilisation, through activation of IP3 receptors and Ca^+ influx (Tsien et a l,
1982; Pozzan et a l, 1982). In 1986, Putney proposed that these two effects involved a
pathway which physically linked the plasma membrane and the intracellular stores,
known as the "capacitative model". Initially it was proposed that the intracellular
stores were filled directly from the extracellular medium, without extracellular Ca^+
passing through the cytosolic compartment.

This model was refined when better

methods were developed for measuring cytosolic Ca^+ and Ca^+-influx was seen
(Putney, 1990). This effect has recently been addressed in mast cells where depletion
of intracellular stores of Ca^+ using IP3 , ionomycin or excess Ca^+ buffer (EGTA)
resulted in sustained activation of a Ca^+ influx, termed "Ic r ac " (Ca^+ release
activated Ca^+ current) (Hoth and Penner, 1992). The cation permeability showed the
following order of selectivity: Ca^+ > Ba^+ > Sr^+ > » Na+ and at physiological
conditions this selectivity was equal to or greater than that of voltage-operated Ca^+
channels (Hoth and Penner, 1993). Although Ic ra c was independent of membrane
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voltage there was a strong dependence on the driving force exerted by the membrane
potential.

The mechanism by which Ic ra c couples to the plasma membrane channel has not been
established.

Putney (1990) suggested the existence of an intracellular messenger

released from the stores upon depletion. Evidence for the presence of a diffusable
cytosolic activator of Ic ra c

Xenopus oocytes has been presented by Parekh et al.

(1993). Fasolato et al. (1993) recently reported inhibition of Ic ra c by GTPyS in rat
basophillic leukaemia cells, suggesting the involvement of a small G-protein in the
process. Similar findings were reported by Bird and Putney (1993) in mouse lacrimal
acinar cells (see Fasolato et al., 1994 for review).

Recently a small (<500 Da) phosphate-containing anion, termed Ca^+-influx factor
(GIF) has been identified and was suggested to be the intracellular messenger linking
store depletion and Ca^+-influx (Randriamampita and Tsien, 1993).

Control of Ca^+-influx by intracellular store depletion has been linked to generation of
cGMP, through activation of the NOS signalling pathway. Prevention of agonistinduced cGMP elevation in intact or permeabilised rat pancreatic acinar cells inhibited
agonist- or store depletion-induced Ca^+ entry, suggesting that elevation of cGMP was
responsible for Ca^+ entry. At high concentrations of cGMP, however, cGMP caused
inhibition of Ca^+ entry, suggesting a possible negative feedback mechanism,
preventing Ca^+ entry when cytosolic Ca^+ concentrations were high (Xu et al.,
1994).

Hoth and Penner (1993) have demonstrated inhibition of Ic ra c

concentrations of intracellular Ca^+.

high

This mechanism would thereby enable

curtailment of store depletion-induced influx of Ca^+.
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4.

Activation of NOS and elevation of cGMP

Ca^^-dependent formation of NO has recently been reported and has been studied
extensively (see Busse et al. y 1993, for review).

NO has been of interest for many years as a substance released from endothelial cells
following activation by agonists that cause relaxation of blood vessels.

It was,

therefore, named Endothelial Derived Relaxing Factor (EDRF). It was only relatively
recently that this small, dializable molecule was identified as NO (Palmer et a/., 1987).
NO was also identified as a signalling molecule in the nervous system where the
soluble fraction from rat brain synaptosomes was shown to contain a low molecular
weight activating factor of soluble GC, an effect which was inhibited by haemoglobin
which has a high affinity for oxygen-containing radicals (Deguchi, 1977).

The

precursor of this endogenous activating factor was later identified as L-arginine (the
precursor of NO) (Deguchi and Yoshioka, 1982). Independently, NO had been shown
to activate mouse cerebral GC (Miki et a/., 1977). The actual involvement of NO in
neural signalling pathways was not realised until EDRF was identified.

NO was formed at the expense of L-arginine by NOS with N^-hydroxy L-arginine as
an intermediary (Stuehr et aly 1991), using molecular oxygen as a co-substrate. The
enzyme was specific for the L-arginine enantiomer as shown in porcine aortic
endothelial cells where NO release stimulated by Bk and a Ca^+ ionophore was
enhanced by L-arginine but not by D-arginine (Palmer et al.y 1988).

There is increasing evidence for multiple forms of NOS. Macrophages can express an
NOS following induction by cytokines which is not further regulated and probably
generates NO until cell death (Knowles et

al.y

1990).

Within the CNS there is

evidence for a constitutive form and an inducible form of NOS. The later form is
independent of Ca^+ and was induced by endotoxin and cytokines. Importantly, the
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inducible form has been localised to glia (Forstermann et a l, 1991) whereas the
constitutive form of NOS was localised to neurones (Bredt et a l, 1990; Bredt et al,
1991; Forstermann et a l, 1991). Ohshima et a l (1992) showed that antibodies to
bovine brain NOS reacted with NOS in various bovine and rat organs but did not react
with NOS from macrophages.

Neuronal NOS was strictly dependent on

Ca^+Zcalmodulin (rat forebrain, Knowles et a l, 1989; rat cerebellum, Bredt and
Snyder, 1990; porcine cerebellum, Mayer et a l, 1990; human cerebellum, Schmidt et
a l, 1991; Schmidt and Murad, 1991; rat brain, Ohshima 1992; human cerebellum,
Klatt et a l, 1992). Both purified enzymes require NADPH, tetrahydrobiopterin and
flavins (FAD/FMN) for activity (Bredt and Snyder, 1990; Mayer et a l, 1990; 1991)
suggesting a highly regulated enzyme.

Purified NOS was shown to exist as a 150 kDa monomer (rat cerebellum, Bredt and
Snyder, 1990; rat cerebellum, Schmidt and Murad, 1991; Ohshima et a l, 1992) and the
cDNA has been cloned and the primary structure deduced (Fig. D) (Bredt et a l, 1991).
The closest amino acid sequence homology of this enzyme was to cytochrome P-450
reductase (Fig. D) with 32% identity and 58% close homology. Furthermore, White
and Marietta (1992) have demonstrated that macrophage NOS has the same reduced
carbon monoxide binding spectrum as cytochrome P-450 reductase. There were also
phosphorylation sites for cAMP-dependent kinase, PKC and Ca^+Zcalmodulin
dependent protein kinase. This was in agreement with reports by Nakane et a l (1991)
illustrating both negative and positive regulation of rat brain NOS through
phosphorylation by protein kinase II and PKC respectively.
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Comparison of the structures of NOS and cytochrome P450 reductase

The role of NO in cellular responses has made use of the high specificity of NOS for Larginine, using analogues of L-arginine to inhibit formation of NO through competition
with endogenous L-arginine. Examples of these compounds include L-NAME (Rees et
al, 1990), L-NMMA (Mayer and Bohme, 1989) and the more potent analogue LNNA
(Moore et a l, 1990; Gibson et al, 1990). The inhibitory effects of these agents were
reversed by addition of excess L-arginine. None of these inhibitors effect the responses
to NP which stimulates GC directly to increase cytosolic cGMP (Gerzer et al, 1988).
Recently an even more potent analogue has been described, 7-nitro indazole (7NI)
which inhibited isolated mouse cerebellar NOS in vitro (IC50 0.47|iM).

It also

inhibited late phase nociception in mice but did not affect blood pressure suggesting it
was more selective for brain NOS than peripheral NOS (Moore et al, 1993). This also
provides evidence for distinct isoforms of NOS.

GC is a haemoprotein (Gerzer et a l, 1981) and interaction of NO with the haem
moiety is the proposed mechanism of enzyme activation, resulting in elevation of
cyclic GMP (cGMP).

The absolute concentration of cGMP in cells following

activation of guinea pig ileum, in a Ca^+-dependent manner, by Bk was 10 nM (Wei
and Wei, 1992).

The enzyme consists of two subunits (a and p) with apparent

molecular weights of 73 and 70 kDa respectively which have been cloned and
sequenced (Koesling et a l, 1988; 1990; Nakane et a l, 1988; 1990). The subunits
show low sequence homology in the amino-terminal region but high homology in the
central and carboxyl-terminal regions. These soluble GC subunits also show homology
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with the carboxyl-terminal regions of membrane-bound GC and therefore may
represent the catalytic domains. Both subunits were required to form a catalytically
active enzyme (Harteneck et a l, 1990; Buechler et a l, 1991). Two further subunits
(tt2 and P2 ) have been identified (Yuen et a l, 1990) which show some homology with
a \ and P%.

Although in the CNS NO was thought to exert its effects through activation of GC
some reports have demonstrated that NO-induced cGMP accumulation was inhibited at
concentrations of Ca^+ required to activate NOS (crude synaptosomal cytosol from rat
forebrain:

Knowles et a l, 1989; adrenal glands:

Palacios et a l, 1989).

It was

suggested that either a novel Ca^+-inhibited GC existed in rat forebrain and adrenal
glands or there was a Ca^+-activated protein which served to attenuate cGMP
accumulation in cytosolic fractions of crude rat brain synaptosomes (Mayer et al,
1992).

This was indicated in adrenal glands where cGMP formation induced by

addition of L-arginine was inhibited at concentrations of Ca^+ (lOjxM and above).
This was not a result of inhibition of NOS activity as levels of L-citrulline (the
biproduct of NO formation) were not inhibited at high Ca^+ concentrations (Palacios
et a l, 1989).

It was concluded that rat brain contained a highly active

Ca^+Zcalmodulin stimulated phosphodiesterase with a pronounced selectivity for
cGMP. As NO was a small molecule capable of diffusion relatively large distances it
has been postulated that NO does not have any effect in activated cells but diffuses
instead to non-activated cells, activating GC. Although this was recently demonstrated
in the neural cell line NlE-115 cells there was a degree of elevation of cGMP in the
NO donor cells, suggesting that NO can have direct effects on GC (Hu and ElFakahany, 1993). Some reports have demonstrated that GC from bovine lung was
independent of Ca^+ (Mulsch et a l, 1989; Mayer and Bohme, 1989; 1990; Mayer et
a l, 1989). The exact mechanism by which NO interacts with GC is therefore still
under discussion.
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5.

Activation of PKC

Activation of the bifurcating PLC pathway also results in formation of DAG, the
endogenous activator of PKC. Activation of PKC by DAG involves at least three
points of contact, forming hydrogen bonds between the two molecules. The specificity
of the interaction between DAG and PKC has been demonstrated in neuronal cells (rat
brain, Kishimoto et al., 1980; Mori et a l, 1982; Ganong et a l, 1986: bovine brain. Go
et a l, 1987) and was consistent with the second messenger role of DAG. Activation of
PKC by alkyl-linked diglycerides, formed from phosphatidylcholine (PC) hydrolysis
has also been demonstrated (Daniel et a l, 1988; Ford et a l, 1989) (see Pelech and
Vance, 1989; Exton, 1990; Billah and Anthes, 1990; Liscovitch, 1991, for review).
This was consistent with recent work in human fibroblasts which demonstrated a
biphasic elevation of DAG, where the more prolonged elevation of DAG was due to
PC hydrolysis (Etscheid et a l, 1991). The two phases showed different requirements
for Ca^+ suggesting the possible involvement of different isoforms of PKC.

PKC was first identified in 1977 as a proteolytically activated cyclic nucleotideindependent protein kinase found in many tissues (Inoue et a l, 1977; Takai et al,
1977), later shown to be a Ca^+-activated PS-dependent enzyme found primarily in the
cytosol (Kikkawa et a l, 1982; Blumberg et a l, 1984) (see Nishizuka, 1984, for
review). Twelve members of the PKC family have since been discovered (Parker et
a l, 1984; Coussens et a l, 1986; Knopf et a l, 1986; Makowske et a l, 1986; Ono et a l,
1986; Huang et a l, 1986; Jaken and Kiley, 1987; Kikkawa et a l, 1987; Ono et al,
1987; Ohno et a l, 1987; Housey et a l, 1987; Sekiguchi et a l, 1988; Marais and
Parker, 1989; Shearman et a l, 1989; Bums et a l, 1990). These members were isolated
providing the first members of the PKC family as shown in Table G.
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Molecular
weight
(kDa)

pi
PII
Y

Amino
acid
residu
es
672
671
673
697

76,799
76,790
76,933
78,366

Universal
Some tissues
Many tissues
Brain only

Ô

673

77,517

e

737

83,474

îl(L)

683

77,972

0

707
?

81,571
?

Leibersperger et al. (1990)
Ogita. etal. (1992)
Liyanage et al. (1992)
Brain and others Schaap and Parker (1990)
Liyanage et al. (1992)
Saido etal. (1992)
Koide et al. (1992)
Lung, skin, heart Osâda. etal. (1990)
Bachtr etal. (1991)
Liyanage et al. (1992)
Skeletal muscle Osadaetal. (1992)
?

;

592

67,740

Universal

X
I

586
?

67,200
?

Ovary, testis
?

Subspecies

a

Table G

Tissue
expression

References

Bell and Bums (1991)
Bell and Bums (1991)
Bell and Bums (1991)
Bell and Bums (1991)

Universal

Ono et al. (1989a)
Liyanage et al. (1992)
Ways etal. (1992)
Akimoto et al. (1994)

Definition of subtypes of PKC

The PKC isozymes have been classified into 3 distinct groups (Fig. E). Group A
consists of four classical PKCs (cPKC): a, pi, PU and y. Group B consists of four new
PKCs (nPKC): 5, e, r|(L), 0 and |X and group C consists of three atypical PKCs
(aPKC): Ç, X, and i (see Stabel and Parker, 1991; Bell and Bums, 1991; Nishizuka,
1992 for review). Although there was some overlap in the distribution of the PKCs the
individual isozymes were specifically distributed in various tissues (see Table G)
(Wetsel etal.y 1992; Hug and Sarre, 1993).
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The structures of the different isoforms of PKC are shown in Fig. E.

Phorbol

cPKC

Ca2+

ATP

Substrate

a

pi

nPKC

pn

Cys

Cys

y

Cys

Cys

Ô

Cys

Cys

n(L)

Cys

Cys

0

[ICys^ Cÿs

aPKC
Cys

Fig.E

Comparison of the structures of PKC isozymes

Comparison of the primary structures of the PKCs revealed four conserved regions
(C1-C4), although some of these regions are absent from the aPKCs and nPKCs and
five variable regions (VI-V5). The V1-C2 region represents the regulatory domain and
the C3-V5 region represents the catalytic domain. The Cl region contains one or two
cysteine-rich zinc finger-like structures and is the putative membrane binding domain
(Ono et al., 1989b) and contains the DAG and phorbol ester binding sites. The C2
region appears to confer Ca^+-dependence on the isozyme as this is absent from the
Ca^+-independent isozymes ô, £, ti(L), 0, Ç and X. Also contained in the regulatory
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domain is the pseudosubstrate site (an amino acid sequence which resembles PKC
substrates but contains an alanine replacement for the serine/threonine residue present
in PKC substrates) which maintains the enzyme in the C-shaped, inactive form at rest.
Upon

activation

the

enzyme

undergoes

conformational

change

through

phosphorylation in the V3 ("hinge") region, opening the enzyme up, revealing the
catalytic site in C3. The C4 region appears necessary for recognition of the substrate.

The 3 and e subspecies are present in phosphorylated forms (Ogita et a l, 1992; Koide
et a l, 1992) and it was thought that these nPKCs may link protein cascades initiated by
growth hormone receptors, through tyrosine phosphorylation, to regulation of nuclear
events (Rossomando e ta l, 1992).

The aPKC enzymes have only one cysteine-rich zinc finger-like sequence, unlike other
PKCs which have two (Nishizuka, 1988; Ono et a l, 1989b; Liyanage et a l, 1992;
Ways e ta l, 1992).

cPKCs are potently activated by phorbol esters. Phorbol esters have similar structures
to DAG and activate the enzyme through the DAG site (Blumberg et a l, 1984). Like
DAG, phorbol esters increase the affinity of the enzyme for Ca^+ resulting in full
activation of the enzyme (Castagna et a l, 1982; Yamanishi et a l, 1983). Furthermore,
the phorbol ester, PDBu appears to stabilise the membrane-enzyme association through
the reduction of the apparent affinity for Ca^+ (Wolf et a l, 1985). PDBu was shown
to bind and activate PKC from rat brain dose-dependently, in the presence of Ca^+ and
PS and it was suggested that a quaternary complex of enzyme, PDBu, Ca^+ and PS
were required (Kikkawa et a l, 1983). Hannun and Bell (1986) demonstrated that 4
molecules of PS were required for [^HJPDBu binding and the requirement for
phospholipid was highly specific for PS. Prolonged treatment with phorbol esters
results in down-regulation of PKC (Liscovitch et a l, 1987), through increased
proteolysis. The mechanism underlying this down-regulation is unclear, although some
244

reports have suggested that autophosphorylation may occur. Association of PKC with
the cytoskeleton and nucleus has been reported, suggesting that sequestration of PKC
may be involved in the down-regulation process (see Stabel and Parker, 1991, for
review).

PKC inhibitors have been widely used to investigate the role of the enzyme in various
processes. Many PKC inhibitors have been described although the potencies of theses
compounds were low: calphostin (IC50 value; 0.05|iM); sphingostine (IC50 value;
10|iM); sangivamycin (IC50 value; 1IpM). The most potent inhibitor of PKC activity
described was the microbial alkaloid, staurosporine, (IC50 value; lOnM) although this
compound shows a complete lack of selectivity for PKC (Meyer et a l, 1989; Ruegg
and Burgess, 1989), causing problems where selective blockade of PKC-dependent cell
signalling pathways was required. More recently a series of compounds has been
developed, based on the structure of staurosporine, to identify specific, highly potent
inhibitors of PKC. The most potent of these was the aminoalkyl bisindolylmaleimide
GF 109203X which was shown to inhibit PKC-dependent phosphorylation, with no
effect on PKC-independent processes in two cell types (Toullec et a/., 1991).
Staurosporine, however, inhibited PKC-independent phosphorylation of several
proteins (p20 , vimentin) in the same cell models.

Activation of PKC by PDBu involves translocation of the enzyme from the cytosol to
the membranes (Kraft and Anderson, 1983). Receptors for activated PKC (RACKs)
have been identified (Mochly-Rosen et al., 1991) and it was proposed that following
activation in the presence of Ca^+, PS and DAG PKC binds to RACKs by direct
protein-protein interaction, through a site distinct from the substrate and lipid binding
sites.

Upon activation of PKC the catalytic site is exposed through movement of the
pseudosubstrate site.

There was still a certain degree of interaction between the
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pseudosubstrate and the catalytic site in the presence of saturating concentrations of
cofactors, such that the efficiency of phosphorylation is dependent on the ability of the
substrate to compete for the substrate binding pocket (Dekker et ah, 1993a; 1993b;
1994).

Substrates for PKC are poorly defined. Growth-associated protein (GAP-43, GAP-48,
protein 4, B-50, F-1, pp46) has been implicated in neural development, axonal
regeneration and modulation of synaptic plasticity (Chan et a l , 1986) and is thought to
be involved in long-term potentiation (Routtenberg et al.y 1985). GAP-43 from rat
brain exists as a tetramer of four identical subunits (Benovitz et al.y 1987).
Phosphorylation of this protein by PKC inhibits PI kinase activity (Van Dongen et al.y
1985), thereby regulating PI signalling.

In platelets a 40 kDa substrate for PKC has been identified which is phosphorylated on
activation of the platelets by thrombin and inhibited by PKC inhibitors (Kawahara et
al.y 1980; Takai et a l, 1981; 1982). The sites on this enzyme that are phosphorylated

following platelet activation appear to be identical to those phosphorylated by PKC in a
purified cell-free system (Sano et a/., 1983).
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