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ABSTRACT

During inflammation and tissue damage, there are many circulating chemical 

mediators which contribute to  the inflammatory state. Some o f these, such as 

bradykinin, ATP, 5 -H T  and protons, directly activate sensory neurones by evoking a 

rise in [Ca^^],. Histamine is a potent inflammatory m ediator and is known to  activate 

sensory neurones to  produce the sensation of itch but little is known about its effects 

on [Ca^^]j in sensory neurones.

In this thesis, I have shown that histamine evokes a dose-dependent rise in 

[Ca^^]i in a sub-population of cultured sensory neurones. This [Ca^^Jj response is 

mediated by the activation of the H, receptor sub-type as it was blocked by the H, 

antagonist, mepyramine, but not by an H j o r an H 3 antagonist. This data suggests that 

the H| receptor in sensory neurones is coupled to the phospholipase C  (PLC) / 

inositol trisphosphate (IP3 ) pathway as histamine stimulated a rise in IP3 formation 

which was prevented by mepyramine. Furtherm ore, the [Ca^^]| response was abolished 

by the PLC inhibitor, U 7 3 I2 2 .

O th e r chemical mediators do not directly activate sensory neurones 

themselves but enhance the sensitivity of these neurones to  o ther inflammatory 

mediators. The prostanoids, in particular prostaglandin (PGE^), has been shown to  

sensitise sensory neurones to  bradykinin and is thought to  do so via a cyclic AMP  

(cAMP)-dependent mechanism. I have therefore investigated the interaction between 

PGEj and histamine in these neurones.

PGE,, I2  and Dj ,  but not PGFja, enhanced the sensitivity o f sensory neurones by 

increasing the percentage o f neurones that responded to  low  concentrations of 

histamine w ith a rise in [Ca^^],. Pre-treating the neurones w ith agents that elevate 

intracellular cAMP levels such as forskolin and 8 -brom o-cA M P produced a similar



increase in the number of cells responding to  histamine. The PGEj-induced 

sensitisation to  histamine was inhibited when adenylyl cyclase activity was blocked by 

tetrahydro-furyl-adenine (TH FA ). This data suggests that the prostanoid-induced 

sensitisation o f sensory neurones is mediated by a cAMP-dependent process.

The sensitised Ca^^ response obtained to  histamine appears to  be due to  

enhanced Ca^^ influx as removing extracellular Ca^^ o r blocking voltage gated Ca^^ 

channels w ith  lanthanum significantly reduced the percentage o f cells responding. 

W hen the cells w ere pre-treated w ith U73 122 in the absence of extracellular Ca^^, no 

cells responded to  histamine. Therefore, I propose that the [Ca^^], response obtained 

to  low concentrations of histamine alone is mediated by Ca^^ mobilisation from  

intracellular IP3 sensitive stores, whereas the sensitised Ca^^ response involves a Ca^" 

entry pathway.
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I. IN TR O D U C TIO N

Nociceptive afferent neurones transm it inform ation about noxious 

chemical, therm al and mechanical stimuli from  peripheral tissues, w here it is 

detected by th e ir peripheral nerve endings, to  their central nerve endings in the 

spinal cord, w here this information is subsequently processed. The ir cell bodies 

lie predom inantly in dorsal ro o t ganglia but they are also located in trigeminal 

and superior cervical ganglia. Sensory neurones also mediate a neurogenic 

effector function by releasing neuropeptides from  their peripheral nerve endings 

to  produce neurogenic inflammation (Holzer, 1988). Local chemical mediators, 

such as histamine, bradykinin and the prostanoids, play a central role in the 

generation of inflammatory responses either by directly exciting sensory afferent 

neurones o r by activating various intracellular signalling mechanisms (M eyer et al, 

1994), fo r  example, the entry of calcium ions (Ca^^) into the nerve terminal 

stimulates neuropeptide release producing mast cell degranulation and release of 

histamine which evokes vascular responses, such as vasodilatation and plasma 

extravasation (Lewis, 1927; Foreman et al, 1983; Ebertz et al, 1987).

The  activation of G -protein  receptors coupled to  adenylyl cyclase 

transduction pathways are thought to  enhance the sensitivity of sensory 

neurones to  produce a persistent inflammatory state known as primary 

hyperalgesia (Ferreira & Nakamura, 1979; Taiwo et al, 1989). The prostanoids are 

well known for sensitising sensory afferent neurones to  chemical, therm al and 

mechanical stimuli (Ferreira, 1972; Handwerker, 1976; Pateromichelakis & Rood, 

1982; M izim ura et al, 1987; Schiable & Schmidt, 1988; Nicol & Cui, 1994) and this 

sensitisation is thought to  be mediated by the activation of an intracellular cyclic 

AMP-dependent mechanism (Pitchford & Levine, 1991; Cui & Nicol, 1995).



I . I Properties of sensory neurones

There  are three types of sensory afferent fibre; large myelinated A p- 

fibres, small myelinated Aô-fibres and small unmyelinated C-fibres. O f  these, the 

afferents that are primarily involved in nociception are the unmyelinated C-fibres 

and to  a lesser extent, the small myelinated Aô-fibres (Burgess & Perl, 1967; 

Bessou & Perl, 1969). In this thesis, the unmyelinated C -fibre afferents are 

referred to  as C -fibre neurones and the myelinated AÔ-fibre afferents as Aô-fibre 

neurones. These nociceptive neurones have fine branching peripheral endings in 

the skin, muscle and viscera. They have high thresholds to  chemical, mechanical 

and therm al stimuli and are therefore activated only by a stimulus which is 

intense enough to  cause tissue damage and pain.

Nociceptive afferent neurones

C-fibre neurones have relatively small diameters (approx. l5-25|Lim ), their 

axons have low conduction velocities (<  I m/sec) and are unmyelinated. C-fibre  

neurones that are nociceptive are fairly non-specific in that they respond to a 

wide range of chemical, thermal and mechanical stimuli (Bessou & Perl, 1969; 

Torebjork, 1974) and because of this property, they are often referred to  as 

polymodal nociceptors. They are stimulated by high threshold mechanical stimuli 

(Schiable & Schmidt, 1988); temperatures above 40°C  especially when there is a 

rapid tem perature change (Kumazawa & Perl, 1977; Lynn & Carpenter, 1982); 

and the application of chemical irritants e.g. bradykinin, dilute acids and mustard 

oil (Bessou & Perl, 1969).

Aô-fibre neurones have small to  medium diameters (approx. l5 -35 |im ), 

their axons are myelinated and therefore conduct m ore rapidly than C-fibre
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neurones. However, differences in the conduction velocities between groups of 

Aô-fibre neurones has been observed. O ne group conducts between 2-IOm /s  

and the o ther between 25-30m /s (Lynn & Carpenter, 1982). The m ajority of 

nociceptive AÔ-fibre neurones are high threshold mechanoreceptors although a 

population o f polymodal nociceptors that also respond to  chemical and thermal 

stimuli similar to  C-fibre polymodal nociceptors has been identified (Adriaenson 

et al, 1983). It is thought that the afferent fibres w ith slower conduction 

velocities correspond to  polymodal nociceptors and the faster conducting fibres 

are mechanoreceptors.

C-fibre neurones, and to  some extent Aô-fibre neurones, contain specific 

neuropeptides, such as substance P and calcitonin gene-related peptide (CGRP; 

Gold et al, 1996), which are synthesised in the cell body and transported to  both 

peripheral and central nerve endings w here they are stored and subsequently 

released in response to noxious stimulation. The actions of these neuropeptides 

are discussed in m ore detail in section 1.4 (page 34).

Morphological classification o f sensory neurones

The cell bodies of sensory neurones found in the ganglia can be classified 

into one of tw o distinct groups according to  their cytochemistry (Lawson, 1979). 

Large light cells o r A-type neurones generally have a soma w ith  a large diameter 

and thick myelinated processes. They are characterised by a granular appearance 

due to  the existence of neurofilaments which is recognised by RT97, a 

monoclonal antibody used as a m arker fo r A -type cells (Anderton et al, 1982). 

Small dark cells o r B-type neurones are small diam eter cells w ith  unmyelinated 

or thinly myelinated processes. These cells lack the presence o f neurofilaments

11



and are thought to  correspond to  C -fibre and some AÔ-fibre neurones. It was 

initially thought that B-type cells may represent the polymodal nociceptors but it 

has been shown that some Aô-fibres w ith fast conduction velocities are B-type 

cells (H arper & Lawson, 1985).

Central neuronal pathways

The central endings of nociceptive afferents term inate in the superficial 

regions of the dorsal horn and innervate spinothalamic trac t neurones either 

directly o r indirectly via interneurones in the dorsal horn. These spinothalamic 

tract neurones relay information to  the thalamus w here it is processed (Rang et 

al, 1995) and are thought to  consist of subsets that are specific fo r noxious 

stimuli and non-specific for both noxious and itch stimuli (McMahon & 

Koltzenburg, 1992).

Capsaicin sensitivity

Capsaicin, the pungent ingredient in hot peppers, is used as a biological 

tool for the selective identification of nociceptive sensory neurones (for review  

see Fitzgerald, 1983). Sensitivity to  capsaicin cannot be directly correlated with  

any previously identified groups of sensory afferent neurones that have been 

classified according to  particular morphological, functional o r neurochemical 

characteristics. Capsaicin does, however, selectively activate almost all C -fibre  

polymodal and therm o- nociceptors and some Aô-fibre polymodal nociceptors 

(Heyman & Rang, 1985). These neurones are predominantly B-type neurones 

containing the neuropeptides substance P and CGRP (Lawson & Harper, 1984). 

In sensitive neurones, capsaicin produces excitatory, desensitising and neurotoxic

12



effects (H o lzer, 1991) through the activation of a specific ligand-gated ion 

channel-receptor complex which has recently been cloned (Caterina et al, 1997). 

The associated channel is a fairly nonselective cation channel and its activation 

produces an inward current due to  the influx of Ca^^ and sodium ions (Na^; 

W o o d  et ai, 1988). W h en  capsaicin is applied to  the skin, it produces a burning 

pain sensation w ith an associated wheal and flare reaction (C arpenter & Lynn, 

1981), due to  Ca^^ and Na^ influx which depolarises the nerve terminal and 

stimulates the local release of substance P and CGRP (Gamse et al, 1979; Del 

Bianco et al, 1991). The associated depolarisation o f the neuronal membrane 

generates action potentials which propagate and activate m ore distant regions of 

the nerve. This depolarisation induces the influx of Ca^^ via voltage-gated Câ "" 

channels thus stimulating substance P and CGRP release at sites m ore distal to  

the original site o f capsaicin application (Gamse et al, 1979; Del Bianco et al,

1991). The release of neuropeptides at these sites will produce neurogenic 

inflammation (H olzer, 1988; see section 1.4).

1.2 Intracellular Signalling

Noxious and inflammatory stimuli mediate their effects by activating the 

peripheral nerve terminals of sensory afferents which transm it this information  

via afferent impulses to  the dorsal horn. Their peripheral effects, such as 

neurogenic inflammation are mediated by the release of neuropeptides from  

their peripheral nerve endings. Sensory neurone excitability is modulated by a 

variety o f different mechanisms. Changes in membrane potential and agonist 

stimulation of receptors coupled directly o r indirectly via a G -pro te in  regulate

13



Ion channel activity. Also, agonist binding to  G -pro te in  coupled receptors 

activates various intracellular second messenger transduction pathways. The 

mechanisms altering the excitability of sensory neurones are summarised below.

Ligand-gated receptors

The excitation o f sensory neurones by chemical agents is mediated by the 

activation o f receptors that are either directly coupled to  ion channels (e.g. 5- 

H T 3 receptor and the A TP P2X receptor) o r to  G -proteins which modulate ion 

channel activity either directly (e.g. bradykinin Bj receptor) o r via second 

messenger transduction cascades (see Figure 1.2.1).

Figure 1.2.1 Typical receptor-effector mechanisms in sensory neurones

(R=receptor, G=G-protein, E=enzyme). A shows the direct coupling o f a receptor to an ion 

channel and 6  shows a G-protein receptor coupled to an ion channel and to second messenger 

transduction pathways. The G-protein can mediate both stimulatory and inhibitory effects on 

the receptor. Adapted from Rang et al (1995).

A. ligand-gated ion 
channel-receptor complex

B. G-protein coupled receptor: 
ion channel and second messengers

ions ions

— ►

changes in membrane excitability
second

messengersCa^" release

protein
phosphorylation other

CELLULAR EFFECTS
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G-protein coupled receptors

G -proteins have various membrane targets including ion channels and 

second messenger enzymes such as, phospholipase C  (PLC), phospholipase 

(PLAj) and adenylyl cyclase. Receptors which activate G -proteins associated with 

PLC and adenylyl cyclase are common to  sensory neurones therefore their 

respective second messenger pathways are described briefly.

PLC-lnositol trisphosphate pathway

The activation of G-proteins that are coupled to  the enzyme 

phospholipase C, stimulate the hydrolysis of the membrane phospholipid, 

phosphatidylinositol-4,5-bisphosphate (PIP;) to  liberate inositol-1,4,5- 

trisphosphate (IP 3 ) and diacylglycerol (D A G ; Berridge & Irvine, 1989). IP3 is 

released into the cytosol w here it mobilises Ca^^ from  intracellular IP3 ~sensitive 

stores and D A G  is retained within the membrane w here it e ither activates 

protein kinase C (PKC) and thus induces the phosphorylation of intracellular 

proteins, such as enzymes and ion channels (Cohen, 1992), o r stimulates 

arachidonic acid metabolism (Rittenhouse, 1982).

Adenylyl cyclase-cAMP transduction pathway

Stimulatory G-proteins (G j  activate adenylyl cyclase, a membrane bound 

enzyme which catalyses the conversion of adenosine trisphosphate (ATP) to  

cyclic 3 ’,5 ’-adenosine monophosphate (cAMP). cAMP subsequently activates 

cAMP-dependent protein kinase enzymes which, in turn, modulate the activity of 

a variety of ion channels and enzymes by inducing protein phosphorylation (for 

review, see McKnight, 1991). Receptors coupled to  inhibitory G-proteins (GJ

15



inhibit adenylyl cyclase activity therefore reducing cAMP form ation. Many agents 

produce th e ir effects by affecting adenylyl cyclase activity, such as forskolin, 

which directly activates the enzyme to  stimulate cAMP form ation (Seamon et al, 

1981).

Intracellular Calcium

Ca^^ is fundamental to  intracellular signalling in neurones as it controls a 

wide array of cellular processes including, excitability, neurotransm itter release, 

gene expression and cell death by regulating the activity o f enzymes, ion channels 

and other proteins (for review, see Berridge, 1998). Neuronal Ca^^ signalling can 

be generated from  tw o  sources, via Ca‘ '  influx across the plasma membrane and 

by Ca^* release from  intracellular stores associated w ith the endoplasmic 

reticulum. The excessive mobilisation or entry of Ca^" damages neurones 

therefore, the elevation of intracellular Ca^^ ([Ca^^]J in neurones is tightly 

regulated. [Ca^^]| does not undergo degradation o r metabolism like other  

signalling molecules therefore excess [Ca^^]j is sequestered by the action of 

specific binding proteins and is pumped out of the cytosol e ither across the 

plasma membrane or into the endoplasmic reticulum.

Extracellular calcium entry

Câ "̂  influx across the plasma membrane can occur via the activation of 

receptor operated Ca^^ channels (R O C C ) or voltage operated Ca^^ channels 

(V O C C ). Many of the chemical stimuli that activate sensory neurones operate  

through receptors coupled to  cation channels permeable to  C a^ \ such as A TP  

(Abbraccio & Burnstock, 1994), capsaicin (W o o d  et al, 1988) and protons (Bevan
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& Yeats, 1991). V O C C  observed in sensory neurones include L, N  and T-type  

channels. These channels display different activation properties; L and N -type  

channels have a high threshold fo r activation whereas T-type channels have a low  

threshold (Carbone & Lux, 1984). They also vary in their distribution in sensory 

neurones. N -type currents have been identified in all neurones whereas L-type 

are predominantly found in small diameter cells, thought to  be C -fibre neurones 

and T-type currents are most abundant in medium diam eter cells, presumed to  

be Aô-neurones (Scroggs & Fox, 1992). O th e r V O C C  have also been observed in 

sensory neurones including P,Q and R-type channels (Scott et al, 1991).

Intracellular calcium stores

The endoplasmic reticulum (ER) is a continuous membrane system 

extending into neuronal compartments including the soma, dendrites and 

synaptic terminals (Terasaki et ai, 1994). The ER is often referred to  as ‘a source 

and a sink’ for intracellular Ca^^ in that it can initiate Ca^^ signals and buffer 

cytosolic Ca^^ when it is elevated (Miller, 1991). The release o f Ca^^ into the 

cytosol is controlled by tw o  families of receptor-ion channel complex, the 

ryanodine receptor (RyR) and the inositol 1,4,5-trisphosphate receptor (IP3 R) 

named according to  their respective sensitivities to ryanodine and IP3 . Receptor 

distribution can vary in different cell types; skeletal muscle have only RyR (Henzi 

& M acD erm ott, 1991), xenopus oocytes have only IP3 R (Parys et ai, 1992) and 

neurones can have both (Kostyuk & Verkhratsky, 1994; M ironov, 1994). The IP3 R 

and RyR display a similar physiological sensitivity to  [Ca^^],, as both low  and high 

cytosolic Ca^^ concentrations inhibit the release of Ca^^ from  these stores (Finch 

et al, 19 9 1 ; Bezporzvanny et al, 1991).
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Ryanodine receptor-mediated calcium release

RyR are primarily located in axons and dendrites (Sharp et al, 1993; 

M artone et al, 1997) and are activated by an increase in [Ca^^]j mediated via Ca^^ 

influx (McPherson & Campbell, 1993), either across the plasma membrane or 

from  the stimulation of neighbouring RyRs. This mechanism of Ca^^ release is 

normally term ed Ca^^-induced Ca^^ release (C IC R ). In neurones, C IC R  is 

thought to  be activated by periods o f prolonged depolarisation (Kuba et al,

1992), however, a single action potential has also been shown to  trigger the 

release o f Ca^^ from  ryanodine-sensitive stores in nodose neurones (Cohen et al, 

1997). As well as activating RyRs, ryanodine, at higher concentrations (|J.M), 

inhibits channel opening thus preventing the release of Ca^^ into the cytosol 

(Shmigol et al, 1995).

IP3 receptor-mediated calcium release

The IP3 R is distributed throughout the ER (Sharp et al, 1993; Martone et 

al, 1997) and the release of Ca^^ from  IP^-sensitive stores is stimulated on binding 

of IP3 to  its receptor after the activation of G -protein  linked receptors coupled 

to  the PLC / IP3 transduction pathway (Berridge & Irvine, 1989). As well 

displaying the property of C ICR, the IP3R displays a biphasic sensitivity to IP3, 

where the greatest sensitivity occurs at 0 .5 -l.0 |iM  (Clapham, 1995).

Calcium buffering mechanisms

Intracellular Ca^" in resting cells is tightly regulated between lO-IOOnM  

primarily by the actions of high affinity cytosolic binding proteins and ATP- 

dependent Ca^^ pumps on the plasma and ER membranes (Pozzan et al, 1994).
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During excessive intracellular Ca^^ loads, low affinity mechanisms can also 

contribute to  the buffering capacity of the cell, including storage in the 

mitochondria (Pozzan et al, 1994) and the Na^/Ca^^ exchanger (Strehler, 1995).

There  are 2 types o f binding proteins; trigger proteins, such as 

calmodulin, which, on binding C a^ \ change their conform ation to  modulate the 

activity of enzymes and ion channels, and buffer proteins, such as calsequestrin, 

which bind Ca^^ as the concentration increases within the cytosol (Baimbridge et 

al, 1992). Binding proteins are generally found clustered near the plasma 

membrane in the vicinity o f the Ca^^ channel pore and, as well as buffering the 

high [Ca^^]j, they are thought to  be involved in mediating effects, such as 

exocytosis and muscle contraction (Clapham, 1995).

1.3 Chemosensitivity of sensory neurones

Peripheral nociceptive neurones are most commonly activated by 

chemical mediators especially during inflammation and tissue damage w here the 

local release of chemical mediators directly stimulate sensory endings or enhance 

their sensitivity to  o ther stimuli. There are many chemical agents which can 

activate these neurones including, bradykinin, ATP, 5 -H T , protons, histamine and 

the prostanoids. A  brief overview  of the principal chemical mediators involved in 

the induction of itch, pain and inflammation is provided below. As the w o rk  in 

this thesis concentrates on histamine and prostanoid actions in sensory 

neurones, these mediators are described in m ore detail.
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Bradykinin

Bradykinin is one of the most potent endogenous algogenic substances 

(Steranka et al, 1987; Steranka et al, 1988) that produces both pain and 

hyperalgesia by its excitatory and sensitising effects on nociceptive sensory 

neurones (D ray & Perkins, 1993). It is synthesised from  kininogen precursors 

following protease activation which is triggered by tissue damage and 

inflammation (Bhoola et al, 1992; Hargreaves et al, 1993). Bradykinin also 

mediates a wide range of local inflammatory actions including, vasodilatation and 

plasma extravasation via the release of substance P and CG R P from  capsaicin- 

sensitive sensory nerve endings (Manzini et al, 1989) and prostanoid formation  

via the metabolism of arachidonic acid (Kumazawa & Mizumura, 1980; Gammon 

et al, 1989; Allen et al, 1992; Bhoola et al, 1992; Farmer & Burch, 1992). These 

effects of bradykinin are thought to be mediated by the activation of the 

bradykinin B% receptor sub-type as antagonists for this receptor show anti

nociceptive and anti-inflammatory properties (W halley et al, 1987; Steranka ef al, 

1988). It is unlikely that the excitatory and immediate sensitising effects of 

bradykinin on sensory neurones occur via the activation of the B, receptor as, 

although B| receptor m R N A  has been detected in superior cervical ganglion 

neurones, agonists fo r this receptor lack a depolarising effect (Seabrook et al, 

1997). Furtherm ore, Davis et al, (1996), found no specific binding of B, agonists 

in primary cultures o f DRG neurones. However, B, receptors may be im portant 

in long term  sensitisation as receptor expression is upregulated in tissue 

undergoing inflammation (Dray & Perkins, 1993; Thompson et al, 1996).

Bi receptors are coupled to  a G -protein (M cG uirk & Dolphin, 1992) and, 

when stimulated, membrane-bound enzymes such as PLC and PLA% are activated
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(Hong & Deykin, 1982). PLC stimulates the generation o f IP3  and D A G  from  

membrane phospholipids. IP3 , in turn, mobilises Ca^^ from  intracellular stores to  

produce an increase in [Ca^^], (Thayer ef al, 1988) whereas D A G  induces ion 

channel phosphorylation producing an increase in membrane permeability to  

cations via the activation of PKC (Burgess ef al, 1989). This PKC-mediated effect 

is thought to  underlie the mechanism of the bradykinin-induced excitation of 

sensory neurones (D ray ef al, 1988). The resulting depolarisation also stimulates 

Ca^^ influx via voltage-gated Ca^^ channels (Burgess ef al, 1989) which stimulates 

the release of substance P and CGRP (N icol ef al, 1992; W h ite , 1996). The 

bradykinin-induced hyperalgesia is thought to  be due to  the mobilisation of 

arachidonic acid and subsequent form ation of prostanoids (Gam m on ef al, 1989), 

either directly through PLA% o r indirectly via the metabolism of D A G  (Burch & 

Axelrod, 1987). Although Cesare ef al, ( 1999) have shown that the bradykinin- 

induced sensitisation to  therm al stimuli in sensory neurones is due to  a direct 

action of PKC.

ATP

During tissue damage, many neuronal and non-neuronal cells, such as 

sympathetic neurones and tum our and muscle cells, release A TP  into the 

extracellular fluid bathing the sensory nerve endings to  produce a sharp but 

transient pain sensation (Burnstock, 1996) which is due to  the activation of 

sensory neurones (Bleehen, 1978). This excitatory action is due to  the activation 

of P2X purinoceptors (Robertson ef al, 1996) which are ligand-gated ion 

channels, permeant to  both monovalent and divalent cations (Abbraccio & 

Burnstock, 1994). The P2 X 3  purinoceptor is selectively expressed on small
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diameter sensory neurones (Chen et al, 1995) and it is thought that the increased 

excitability o f these neurones and subsequent pain sensation are mediated by the 

activation o f this sub-type.

5-HT

Platelets and mast cells both release 5 -H T  when activated by tissue 

damage and inflammatory stimuli (Johnson & Erdos, 1973; Fozard, 1984), which, 

when released increases the excitability of sensory neurones resulting in a 

transient pain sensation (Richardson et al, 1985). A t concentrations insufficient to  

produce pain, 5 -H T  can also enhance the sensitivity of sensory neurones, 

especially to  bradykinin (Rang et al, 1991). It is not known which 5 -H T  receptor 

sub-type produces these effects and it is possible that the excitatory and 

sensitising actions are mediated via the activation of different sub-types. There is 

some evidence that the 5 -H T ] sub-type is involved, particularly in the excitatory 

actions (Richardson et al, 1985), as it has been located on D R G  neurones where  

it is coupled to  a ligand-gated Na^ channel (Robertson & Bevan, 1991). 

Stimulation of this receptor produces a similar excitatory effect seen when 5 -H T  

is applied to  a blister base (Richardson et al, 1985). Furtherm ore, the excitation 

and pain sensation can be inhibited by tropisetron, a selective 5 -H T ] and S-HT^ 

antagonist (Richardson et al, 1985). A  G-protein coupled receptor, such as 5- 

HT 2 , has been implicated in the sensitising effects of 5 -H T  (Beck & Handwerker, 

1974; Pierce ef 0 /, 1995a).
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Protons

The accumulation o f protons in the fluid bathing sensory nerve endings is 

characteristic of tissue undergoing inflammation, ischaemia and anoxia (Stahl & 

Longhurst, 1992; V ictor et al, 1988). Acidic solutions have been shown to  directly 

activate sensory afferents (Steen et al, 1992) and it is therefore thought that pain 

associated with tissue damage may be partly due to  a reduction in the pH of the 

inflammatory exudate. In nociceptive neurones, acidic solutions produce an initial 

rapid but transient depolarisation which is followed by a m ore prolonged 

depolarisation (Bevan & Yeats, 1991). This prolonged depolarisation is associated 

w ith an increase in membrane permeability to  Na^ and Ca^^ and can be 

maintained for several minutes in the presence of low  extracellular pH (pHoi 

Bevan & Yeats, 1991). The ionic conductance activated by low  pH^ is thought to  

be identical to that activated by capsaicin (Bevan et al, 1993) and it has been 

suggested that protons may be an endogenous ligand for the capsaicin receptor. 

This is supported by the fact that almost all nociceptive sensory neurones that 

respond to low pHo also respond to  capsaicin (Bevan & Yeats, 1991; Bevan ef al, 

1993; Bevan & Richards, 2000) and the localisation of the changes in [Ca^^], are 

similar fo r both protons and capsaicin (Bevan & Richards, 2000). However, 

studies using capsazepine, the specific antagonist for the capsaicin receptor 

(Bevan et al, 1992), have yielded conflicting results. In some studies it produced 

an inhibition of the proton-induced inward current in trigeminal neurones (Fox 

et al, 1995) and afferent fibres (Lou & Lundberg, 1992) whereas Bevan et al 

(1992) found that capsazepine failed to  inhibit the proton-induced ion flux in 

cultured DRG neurones. The reason fo r this is unclear but it may indicate the 

existence of more than one capsaicin receptor sub-type, one which responds to
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capsaicin alone and one which responds to  both protons and capsaicin, o r in the 

mechanism of activation o f the current between cell types.

Histamine

Histamine, which is stored in mast cells and released after mast cell 

degranulation was first thought to  be involved in inflammatory reactions when a 

substance with the properties of histamine was released from  skin cells in 

response to  physical injury (Lewis, 1927). It is now known to  be an im portant 

mediator o f inflammation and allergy resulting in the contraction of airway 

smooth muscle, vasodilatation and increased vascular permeability. Histamine is 

also thought to  be the primary mediator of itch as intradermal injection 

produces a pure sensation of itch and the intensity of the sensation is related to  

the histamine concentration (Magerl et al, 1990; W ard  ef al, 1996).

Histamine also has non-inflammatory actions including stimulation of 

gastric acid secretion and is thought to  have a regulatory role for 

neurotransm itter release in the central nervous system (CNS).

Histamine is synthesised and stored principally in mast cells of almost all 

peripheral mammalian tissues especially the skin, lung and gastric mucosa (Riley & 

W est, 1966). It is stored in intracellular secretory granules loosely bound to  a 

heparin-protein complex (Metcalfe et al, 1997) and the concentration of 

histamine in these granules is thought to  be in the molar range (Garrison & Rail,

1990). Physical injury, inflammatory and chemical stimuli trigger the release of 

histamine from  mast cells by producing a rise in [Ca^^], and thus activating a Ca^^- 

dependent exocytotic mechanism (Lagunoff et al, 1983). Local to  its site of 

release, the concentration of histamine may be as high as 10'"̂  o r lO'^M (Garrison
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& Rail, 1990), however, these concentrations will decline w ith  distance from  its 

site of release and w ith tim e as histamine is rapidly metabolised by enzymes such 

as histaminase and methyl transferase (Kahlson & Rosengren, 1968).

Mechanism o f action

Histamine exerts its effects by acting through specific receptors which 

have been defined as H |, and H 3  according to  the developm ent of specific 

agonists and antagonists fo r each subtype (Hill, 1990). Both H, and H^ sub-type 

but not H 3 sub-types have been cloned (Fujimoto et al, 1993; Gantz et al, 1991) 

and they are all thought to be G-protein coupled receptors which operate  

through different second messenger systems. H| receptors are positively coupled 

to the PLC /  IP3  pathway to  bring about an increase in [Ca^"]|, while H% receptors 

are coupled to  the stimulation of the adenylyl cyclase/cAMP pathway. The second 

messenger system of the H 3 receptor is less certain, how ever it is thought to be 

negatively coupled to  PLC / IP3 resulting in a decrease in [Ca^"]|.

Histamine produces its inflammatory effects and elicits itch sensations via 

the activation of the H, receptor sub-type as sensory afferent neurones can be 

stimulated by exposure to  histamine which is blocked by H, antagonists (Tani et 

ai, 1990). Also, most of the histamine receptors located in the periphery are of 

the H| sub-type (Ganellin & Parsons, 1982).

The pharmacological properties and signal transduction pathways o f each 

receptor is summarised in Table 1.3.1.
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H i receptors

This sub-type was first described by Ash & Schild (1966) when it was 

discovered that the main inflammatory actions of histamine, including bronchial 

sm ooth muscle contraction, vasodilatation and increased vascular permeability, 

w ere  sensitive to  inhibition by the classical ‘antihistamines’ such as mepyramine.

Table 1.3.1 Histamine receptor classification and signal transduction pathways

Receptor Agonist Antagonist Transduction
mechanism

Main actions

H i 2-methylhistamine mepyramine
(Ko=0.8nM)

T [Ca'Ti via 
PLC/IP3

smooth muscle 
contraction e.g. airway; 
vasodilatation; 
increased vascular 
permeability; excitation 
of sensory neurones

Hz dimaprit cimetidine
(Ko=800nM)

+ AC/cAMP stimulation of gastric 
acid secretion; smooth 
muscle relaxation e.g. 
airway and vascular

H] immepip thioperamide
(Ko=4.3nM)

i  [Ca'Ti via 
inhibition of

vocc

auto-regulation of
neurotransm itter
release

First described in 1944, mepyramine is still one of the most potent and 

effective H| receptor antagonists (Hill, 1987). A part from  the periphery, H| 

receptors are also located throughout the mammalian brain, w here histamine is 

thought to  play a role in central functions such as, wakefulness, cardiovascular 

regulation, and in m em ory formation (Schwartz et al, 1991).

The discovery of a good selective H| agonist has so far proved 

disappointing. Some of the most commonly used agents include 2- 

methylhistamine and 2 -pyridylethylamine and although they act as full agonists in
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guinea pig ileum (Ganellin & Parsons, 1982), they only exhibit partial agonist 

activity in the cerebral cortex (Donaldson & Hill, 1987). Also, their selectivity for 

H| receptors is only 3 to  4 times greater than fo r H ] receptors (Hill, 1987).

Second messenger pathway

It is thought that the activated H| receptor interacts w ith a pertussis 

toxin-insensitive G -protein  (Nakahata et al, 1986) coupled to  the PLC /  IP3  

transduction pathway to  stimulate the mobilisation of [Ca^^], from  intracellular 

IP]-sensitive stores. The stimulation of a wide range of H| receptors produces an 

increase in [Ca^^], (Matsum oto et ai, 1986; Kotlikoff ef al, 1987; Pollock et al,

1988) and histamine has been shown to  stimulate the breakdown of inositol 

phospholipids in rat brain (Friedel & Schanberg, 1975) and in a number of 

peripheral tissues (Jafferji & Michell, 1976; Grandordy ef al, 1987). Also, the 

regional distribution of the inositol phosphate response m irrors the distribution 

of HI receptors (Daum ef al, 1983) and is selectively inhibited by mepyramine 

(Daum ef al, 1984).

There is some evidence that, as well as inducing the breakdown of 

inositol phospholipids, H| receptor activation also stimulates Ca^^ entry across 

the plasma membrane. The histamine-induced contractile response in guinea pig 

smooth muscle is partly dependent on extracellular Ca^^ (Bolton ef al, 1979) and 

is partly sensitive to  inhibition by dihydropyridine antagonists, such as nifedipine 

(M orel ef al, 1987), suggesting that Ca^^ entry via voltage-gated Ca^^ channels is 

involved in the [Ca "̂ ]̂j response. It has been proposed that histamine activates 

these channels by first inducing Ca^^ release from  IP3  sensitive intracellular stores 

(Oakes ef al, 1988). However, in a short communication, it has also been shown
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that the rise in [Ca ]j via H, receptor activation in cultured nodose ganglion cells 

is mediated entirely by a Ca^^ entry pathway (Tani et al, 1990).

H 2  receptors

It was known that the classical H, antagonists failed to  inhibit all 

histamine-induced responses such as, the stimulation of gastric acid secretion. 

The discovery of effective antagonists in blocking these effects led to  the 

identification o f the H 2  receptor sub-type (Black et ai, 1972). Activation of this 

receptor sub-type also mediates cardiac effects, such as, the positive 

chronotropic response of the guinea pig right atrium (Levi et al, 1982).

The first effective antagonist at receptors to  be discovered was 

cimetidine and is still widely used in the treatm ent of conditions involving gastric 

acid secretion in man, such as peptic ulcer.

Second messenger pathway

Histamine stimulates the form ation of cAMP in many cells including 

gastric mucosal parietal cells (C hew  et al, 1980), cardiac myocytes (W arbanow  & 

W ollenberger, 1982), vascular smooth muscle (Reinhardt & Ritter, 1979) and 

basophils (Lichtenstein & Gillespie, 1975). It is thought that this effect is mediated 

via the activation of H 2  receptors as it has been shown that histamine directly 

stimulates adenylyl cyclase activity in guinea pig cardiac muscle by its actions on 

H 2  receptors (Klein & Levey, 1971). The stimulation of intracellular cAMP  

produces smooth muscle relaxation (Reinhardt & Ritter, 1979) but it also 

enhances Ca^^ currents in ventricular myocytes through a cAMP-dependent 

phosphorylation of voltage gated Ca^^ channels (Levi & Alloatti, 1988).

28



Hs receptors

A third receptor sub-type was proposed to  describe the regulatory role  

of histamine fo r neurotransm itter release from  rat cerebral cortical slices 

(Arrang ef al, 1983) which was later confirmed after the discovery of selective 

ligands (Arrang ef al, 1987). H 3  receptors are located on presynaptic nerve 

terminals and activation of this sub-type is thought to  inhibit histamine release 

from  the nerve terminal in the cerebral cortex, striatum, hippocampus and 

hypothalamus of the rat (Arrang ef al, 1985). It is thought that the physiological 

role of this sub-type is to mediate a tonic inhibition in the CNS, as selective H 3  

antagonists, such as thioperamide, produce an increase in histamine synthesis and 

release (Arrang ef al, 1983; Arrang ef al, 1985). H 3 receptors are generally 

located in the CNS, including cerebral cortex, striatum, hippocampus and 

olfactory nuclei. They have also been detected in the periphery e.g. in guinea pig 

lung parenchyma (Arrang ef al, 1987) but the role of these peripheral H 3 

receptors is not known.

Second messenger pathway

The mechanisms underlying the H 3  receptor-m ediated effects are not 

clear. The receptor has been shown to be coupled to  a pertussis toxin-sensitive 

G -protein (C lark & Hill, 1996) and its activation may produce an inhibition of 

voltage gated Ca^^ channels therefore preventing the entry o f Ca^" that is 

required fo r histamine release (Poli ef al, 1994; Endou ef al, 1994). There  is also 

some evidence that the receptor may be negatively coupled to  the PLC / IP3 

transduction pathway (Cherifi ef al, 1992).
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Prostanoids

The prostanoids elicit a wide variety o f responses in many different cell 

types including: contraction and relaxation of smooth muscle o f different types 

such as vascular, tracheal, uterine and gastro-intestinal; stimulation and inhibition 

o f platelet aggregation; non-acid secretion from  epithelial cells: inhibition of 

w ater reabsorption in the kidney: luteolysis and sensory afferent neurone 

sensitisation. They produce these effects by acting through specific receptors 

which have been identified for each of the naturally occurring prostanoids and 

named EP receptors fo r prostaglandin (PG) E%, IP for PGI], DP fo r PGD%, FP for 

PGp2 a and TP for throm boxane (T X ) A% (Coleman et ai, 1994). Each prostanoid 

has a potency of at least one order of magnitude greater for the ir respective 

receptor than any of the other prostanoids.

EP receptor activation produces a range of biological activities and can 

mediate opposing effects on the same tissue, such as, contraction and relaxation 

of smooth muscle. This is due to the existence o f different EP receptor sub-types 

and, to  date, four EP receptor sub-types have been identified and classified EP|, 

EP%, EP] and EP4  (Pierce ef al, 1995b). It is now clear that alternative m R N A  

splicing of the EP3 receptor results in different isoforms and activation of these 

receptors can evoke both stimulatory and inhibitory actions due to  coupling to  

different second messenger transduction mechanisms (Pierce et ai, 1995b). The 

properties of each receptor sub-type including nomenclature, pharmacological 

agents and receptor transduction pathways is summarised in Table 1.3.2.
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Table 1.3.2 Prostanoid receptor classification and signal transduction pathways

Prostanoid Receptor Agonist Antagonist Transduction
mechanism

Main actions

PGE2 EPi lloprost SC-19220 
AH6809

t  [Ca2-]i 
via non-IP] 
mechanism

smooth muscle
contraction
e.g. trachea, Gl tract

EP2 butaprost none + AC/cAM P smooth muscle 
relaxation; non-acid 
secretion in epithelial 
cells; sensory afferent 
sensitisation

EP] enprostii none T [Ca:+]i 
via PLC/IP]

- AC/cAM P

stimulatory - smooth 
muscle contraction

inhibitory - prevents 
water reabsorption in 
kidney

EP4 none AH23848 + AC/cAMP smooth muscle 
relaxation
e.g. vascular, trachea, 
etc

PGI2 IP cicaprost none + AC/cAM P inhibit platelet 
aggregation; vascular 
smooth muscle 
relaxation; sensory 
afferent sensitisation

PGD2 DP BW  245 C BW A868C + AC/cAM P inhibit platelet 
aggregation; vascular 
smooth muscle 
relaxation

PGp2a FP fluprostenol none T [Ca2+]i
via PLC/IP]

luteolysis; smooth 
muscle contraction e.g. 
myometrium, iris 
sphincter

T X A i TP U44069 AH23848 
vapiprost 

BAY u3405

T [Ca2+]i
via PLC/IP] o r 

non-IP] 
mechanism

stimulate platelet 
aggregation; vascular 
smooth muscle 
contraction
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Transduction pathways

All o f the prostanoid receptors have been cloned and they belong to  the 

family of G -protein  coupled receptors, consisting of a single sub-unit structure of 

seven transmembrane domains, an extracellular amino terminus and an intracellular 

carboxyl terminus (Pierce et al, 1995b). These G -protein  coupled receptors 

operate through second messenger pathways to  alter either [Ca^^Jj o r intracellular 

cAMP ([cAMPJii see Table 1.3.2). Stimulation of EP,, EP3, FP and TP  receptors 

evokes a rise in [Ca^^], however, the [Ca^^], signal is mediated via different 

mechanisms. The Ca^^ response associated with EP3 and FP receptor activation is 

thought to arise from  Ca^^ release from  IP3 sensitive intracellular stores (Kitanaka 

et ai, 1994; Raymond ef al, 1983). The mechanism of the response after EP, and TP  

receptor stimulation is less clear. Some studies have shown that the EP, response is 

entirely dependent on extracellular Ca^^ (Creese & Denborourgh, 1981) whereas 

others found it to  be mediated, at least in part, by Ca^^ mobilisation from  IP3- 

insensltive intracellular stores (W atabe ef al, 1993).

The rise in [Ca^^], obtained after TP receptor activation is thought to  be 

mediated either by Ca^^ mobilisation from  IP3 sensitive intracellular stores (Shenker 

ef al, 1991; Yamagishi ef al, 1992), o r from  a non-IP 3 source such as IP3 -insensitive 

store release or a Ca^^ entry pathway (Arita ef al, 1989). The activation of EP ,̂ EP4, 

IP and DP receptors are coupled to  the stimulation of the adenylyl cyclase / cAMP 

pathway (Honda ef al, 1993; Boie ef al, 1994; Gorman ef al, 1977; Hashimoto ef al, 

1990; Simon ef al, 1980) whereas EP3 receptor stimulation produces an inhibition of 

adenylyl cyclase activity and subsequent decrease in cAMP form ation (Negishi ef al, 

1989; Sonnenburg ef 0 /, 1990).
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Receptor Pharm acology

To date, the developm ent o f specific agonists and antagonists fo r each of the 

prostanoid receptors has been disappointing (see Table 1.3.2). There  have been no 

selective agonists identified fo r EP4  receptors and no selective antagonists for EPj, 

EP3, IP and FP receptors. Many of the agents that show some efficacy fo r one 

receptor sub-type often have activity at another e.g. iloprost is relatively selective 

for EP, but it also a potent IP receptor agonist (Sheldrick ef al, 1988) and TP 

antagonists have been shown to  be selective fo r EP4  receptors although they have a 

relatively low  potency (Colem an ef al, 1994).

Biosynthesis o f prostanoids

The prostanoids are not stored pre-form ed in tissues, instead, they are 

synthesised de novo at the ir site of action from  the metabolism of arachidonic acid. 

W hen cells are stimulated by chemical, electrical or o ther injurious stimuli, 

arachidonic acid is liberated from  membrane phospholipids by the actions of Ca^ - 

dependent phospholipases, such as PLA% (for review see Shimuzu & W o lfe , 1990). 

Arachidonic acid can then undergo metabolism by several pathways, catalysed 

either by cyclo-oxygenase (C O X ) enzymes to  form  prostanoids o r  lipoxygenase 

(L O X ) enzymes to form  leukotrienes and lipoxins.

Metabolism o f arachidonic acid by cyclo-oxygenase

The C O X -2  isoform is thought to  catalyse the conversion o f arachidonic 

acid to  the prostanoids during inflammatory conditions as increased levels of C O X -  

2 have been detected in experimentally induced arthritis (Dubois ef al, 1998). The 

first step in the biosynthetic pathway is the production of the cyclic endoperoxides



PGG] and PGH]. These unstable intermediates are rapidly converted either 

enzymatically to  TXA% and PGI% by their respective synthases o r  non-enzymatically 

to  PGE%, P G D 2  and PGF]^. Both T X A 2  and PGI2  are unstable at physiological pH 

and tem perature and therefore undergo hydrolysis to  T X B 2  and 6 -keto-PGF|a  

respectively.

Metabolism o f arachidonic acid by lipoxygenase

Arachidonic acid can also be metabolised by a group of lipoxygenase (L O X )  

enzymes, 5 -L O X , 12-LO X and 15-LO X, which are located in the cytosol o f cells 

found predominantly in the lung and also in platelets, white blood cells and mast 

cells. 5 -L O X  is the principal L O X  enzyme, converting arachidonic acid to a 

hydroperoxy derivative, 5-hydroperoxy-6,8,1 1, 14-eicosatetraenoic acid (5-HPETE) 

which is subsequently converted to  leukotriene A 4  (LTA 4 ). LTA 4  is then 

metabolised to  LTB4  and LTC 4 . LTC 4  and it’s metabolic products L T D 4  and LTE4  

have been shown to have potent bronchoconstrictor activity (Dahlen ef al, 1980; 

Smedegard ef al, 1982) and are thought to  be constituents o f the ‘slow-reacting 

substance of anaphylaxis’ (SRS-A) released during immediate hypersensitivity 

reactions, such as asthma (Samuelsson, 1983).

1.4 Mechanisms of Inflammation, itch and pain

Injurious chemical stimuli initiate a range of peripheral inflammatory 

responses by activating sensory afferent neurones directly o r by increasing their 

sensitivity to  other stimuli. Neurogenic inflammation results from  the stimulation of 

sensory neurones and release of neuropeptides from  their peripheral nerve endings
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to produce cutaneous inflammatory responses, including vasodilatation and plasma 

extravasation. Chemical mediators can elicit the sensations o f itch and pain by 

directly activating sensory afferents and may enhance the sensitivity of sensory 

neurones to  both noxious and innocuous stimuli thereby resulting in hyperalgesia. 

These inflammatory responses are described below.

Neurogenic inflammation

Chemical mediators such as bradykinin and histamine are thought to  evoke 

neurogenic inflammation by stimulating the release of the neuropeptide substance P 

from  the peripheral nerve endings of nociceptive neurones. Substance P is located 

in small diam eter primary afferent neurones (H okfelt et al, 1975) and its release 

from  these peripheral afferent terminals is directly stimulated by noxious stimuli, 

such as bradykinin (Manzini ef al, 1989), histamine (Bileviciute ef al, 1997) and 

capsaicin (Del Bianco ef al, 1991). Substance P is thought to  produce neurogenic 

inflammation both by producing vasodilatation and plasma extravasation (Foreman  

ef al, 1983), and by inducing mast cell degranulation (Ebertz ef al, 1987) thereby  

stimulating the release of histamine and other inflammatory mediators. Antidrom ic  

vasodilatation and neurogenic plasma extravasation is inhibited by substance P 

antagonists (Lembeck ef al, 1982; C outure & Cuello, 1984).

M ast cell histamine produces neurogenic inflammation

W hen histamine is administered by intradermal injection, it produces a 

characteristic 'triple' inflammatory response of vasodilatation, flare and wheal 

(Lewis, 1927). Histamine stimulates the release of local vasodilator substances such 

as nitric oxide (N O ) and PGI2  from  endothelial cells (Garrison & Rail, 1990) to



produce the initial vasodilatation, which manifests as a localised red spot around the 

site o f injection. The surrounding flare develops m ore slowly as a result o f a 

spreading vasodilatation induced by the stimulation o f axon reflexes in sensory 

neurones. The wheal then develops after a few mins and occupies the same area as 

the initial red spot. This oedema is due to  increased permeability to  plasma 

proteins and fluid as a result o f the direct effect o f histamine on postcapillary 

venules.

It is thought that substance P produces its inflammatory effects, at least in 

part, by producing mast cell degranulation and subsequent release o f histamine. 

Substance P can directly stimulate the release of histamine from  rat mast cells 

(Johnson et al, 1973; Fewtrell et ai, 1982) and H, antagonists have been shown to  

inhibit the flare and reduce the wheal response induced by substance P (Coutts & 

Greaves, 1982; Foreman ef al, 1983). This is further supported by the existence of a 

functional relationship between histamine-containing mast cells and C -fibre nerve 

terminals. They are found in close apposition in the periphery (Alving ef al, 1991) 

and dura m ater (Dim itriadou ef al, 1997) and there is some evidence that mast cells 

form neuro-effector junctions with substance P-containing fibres around blood 

vessels (Newson ef al, 1983; Skofitsch ef al, 1985).

The spreading flare that is associated with neurogenic inflammation may 

result from  a positive feedback mechanism between histamine and substance P. 

Histamine can elevate [Ca^^], in a sub-population o f sensory neurones that contain 

substance P (Tani ef al, 1990) and peripheral sensory terminals have been shown to  

release substance P in response to  a stimulus which produces a rise in [Ca^^], in the 

nerve term inal (Kane ef al, 1987; Nicol ef al, 1992; W h ite , 1996). Histamine could 

therefore stimulate the release of substance P which could then induce mast cell
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degranulation and histamine liberation from  mast cells (Ebertz et al, 1987; A rock et 

al, 1989) which could then act back on the same o r a closely associated nerve 

terminal to  fu rther stimulate the release of substance P. Indeed, histamine has been 

shown to  stimulate substance P release from  peripheral nerve terminals (Tani et al, 

1990; Bileviciute et al, 1997). This mechanism could therefo re  amplify the 

inflammatory response by activating nerve terminals m ore distant to  the site of the 

original stimulus.

O ther mediators in neurogenic inflammation

It has been shown that antagonists of the inflammatory actions of histamine, 

such as mepyramine, are relatively ineffective when tested in human models of 

inflammation and allergy (W allengren & Hakanson, 1992). This is due to the fact 

that histamine is not the sole mediator of inflammation. As well as histamine, mast 

cells also contain 5 -H T  and bradykinin precursor enzymes (G a rre tt et al, 1982) and 

it is thought that the release of all of these mediators, rather than just one alone, 

contributes to  the inflammatory state.

O th e r neuropeptides are known to exist in peripheral afferent neurones, 

such as CG RP (Ju ef al, 1987) and neurokinin A  (N K A ; Nawa ef al, 1984), and these 

are also thought to  mediate neurogenic inflammation. CGRP has been shown to co

exist with substance P in almost all substance P-containing neurones (Louis ef al,

1989) and its release evokes a vasodilatation response (Brain ef al, 1985). It does 

not, however, produce extravasation although it potently potentiates the plasma 

extravasation obtained to  substance P (Gamse & Saria, 1985; Louis ef al, 1989) and 

bradykinin (Brain & Williams, 1985). N K A  also has inflammatory effects, producing
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a vasodilatation and broncoconstriction and increasing vascular permeability (Hua et 

al, I 984).

Itch and pain sensations

The sensation o f itch is associated w ith the desire to  scratch and, in 

common w ith the sensation of pain, it can be induced by chemical, thermal, 

mechanical and electrical stimuli (Shelley & Arthur, 1957; A rth u r & Shelley, 1959; 

Tuckett, 1982). Chemical mediators have a central role in the generation o f itch 

and, in particular, the release of mast cell histamine is thought to  be im portant as it 

has been shown that iontophoretic injection of histamine into the skin produces a 

pure sensation of itch (Magerl et ai, 1990; W ard  et al, 1996).

Neurophysiological mechanisms o f itch and pain

It is well documented that noxious chemical stimuli activate sensory 

afferents to  produce the sensation of pain (for review, see Rang et al, 1991), 

however, the mechanism by which itch is evoked is poorly understood. There is 

evidence to  suggest that stimuli that produce itch do so by exciting sub-populations 

of small myelinated and unmyelinated sensory afferents. Itch can be induced by 

electrical stimulation of unmyelinated C-fibres (Toreb jork  & Ochoa, 1980) and can 

be reduced o r inhibited by prior topical application of capsaicin (Toth-Kasa et al, 

1986; Simone & Ochoa, 1991). Also, concentrations of histamine which produce 

the sensation of itch have been shown to excite unmyelinated afferent fibres 

(Fjallbrant & Iggo, 1961; Tuckett & W ei, 1987). Stimuli that produce the sensation 

of itch are thought to  be transmitted by the same central spinal pathways that 

evoke pain as both are prevented by anterolateral cordotom y (Nathan, 1990).
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Although it appears that itch and pain producing substances exert their 

effects by activating sensory afferents, these sensations are mediated by different 

mechanisms. Pain can arise from  both deep and superficial tissues whereas itch is 

only evoked in superficial layers of the skin and mucosa (Shelley & A rthur, 1957) 

therefore suggesting that a smaller sub-population o f sensory afferent neurones 

respond to  itch stimuli. Both sensations are not usually experienced simultaneously 

in the same skin region. Mildly painful noxious counterstimuli sufficient to  activate 

cutaneous afferents can often prevent the sensation itch (K oppert ef al, 1993; W ard  

ef al, I 996) but have no effect on chemically-induced pain (W ard  ef al, 1996).

There are several theories describing the mechanisms of itch and pain 

sensations (fo r review, see McMahon & Koltzenburg, 1992), but as yet, no single 

theory adequately encompasses all the similarities and differences observed with 

these tw o  sensations.

The Specificity Theory states that stimuli which produce itch and pain are 

transmitted by separate and exclusive neuronal pathways (see Figure 1.3.1 A). 

Although this provides a simple explanation, such individual populations of 

neurones have not been identified. Most afferent fibres can respond to  both itch 

and pain-producing stimuli (Tuckett & W ei, 1987; H andw erker ef al, 1991). Also, it 

is thought that itch and pain are transmitted by the same spinal pathways (Nathan,

1990).

The Intensity Theory suggests that itch may be a ‘subliminal’ form  of pain in 

that low levels of activity in nociceptive fibres signal itch whereas higher levels of 

activity in the same fibres signal pain (see Figure 1.3 .1 B). Although itch and pain 

stimuli are thought to  excite similar populations of sensory afferents, increasing the 

frequency of an electrical stimulus that previously produced an itch response.
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intensifies the sensation rather than producing pain (Toreb jo rk  & Ochoa, 1980; 

Tuckett, 1982). Also, moderate itch o r noxious stimuli evoke similar firing patterns 

in peripheral nociceptive afferents (Handw erker et al, 1991).

The Selectivity Theory accounts for the absence o f an exclusive sub

population o f peripheral and central itch processing neurones. It suggests that 

within the population of nociceptive afferents, a subset of afferent neurones exists 

that respond to  itch stimuli. This sub-population are thought to  signal to  different 

central neurones to  those that are activated by painful stimuli (see Figure 1.3 .1C). A  

noxious stimulus would therefore activate both this subset of itch sensitive fibres as 

well as o ther nociceptive afferents. This widespread activation o f nociceptive 

afferents would prevent the stimulation of itch processing pathways and thereby 

provides an explanation fo r the inhibition of itch by noxious stimuli.

Finally, the Pattern Theory suggests that both peripheral and central 

neurones are non-specific in that they are able to respond to  a wide variety of both 

itch and pain producing stimuli. W h e th e r an itch or pain sensation is transm itted is 

dependent on the discharge patterns of these neurones, however, the discharge 

pattern that would result in either itch o r pain sensations is not specified. One  

possible pattern is that both itch and pain-producing stimuli are encoded by an 

overlapping sub-population of neurones (see Figure 1.3.ID ). There is, however, no 

evidence that these separate sensations are encoded by distinct discharge patterns.
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Figure 1.3.1 Schematic representation o f the theoretical neuronal pathways for the 

transmission o f itch and pain-producing stimuli.

A represents the Specificity Theory; B, Intensity Theory; C, Selectivity Theory and D, Pattern Theory. 

In D, open circles represent non-activated neurones whereas filled circles are stim ulated neurones. 

Adapted from M cM ahon  &  Koltzenburg (1992).
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Hyperalgesia
During inflammation and tissue injury, the phenomenon of hyperalgesia may 

occur, whereby pain is experienced when the inflamed site is touched o r moved. 

This tenderness, known as primary hyperalgesia, is thought to  arise from  the 

sensitisation o f nociceptors and is characterised by either, a decreased threshold 

for a response to  a previously non-noxious stimulus o r an increased response to  a 

known noxious stimulus (M eyer et al, 1994). It has been shown that high levels of 

circulating mediators such as bradykinin and the prostanoids are present in the fluid 

of injured and inflamed tissue (Meimon et ai, 1967; Willis, 1969) and it is thought 

that mediators such as these contribute to  nociceptor sensitisation.

Bradykinin activates sensory neurones itself (D ray et ai, 1988) but it can also 

increase the sensitivity of these neurones to thermal (Kumazawa et ai, 1991; Cesare 

et al, 1999) and mechanical stimuli (Birrell et al, 1993). A t concentrations which are 

present in inflammatory exudates, the prostanoids are not thought to have any 

excitatory effect (Ferreira, 1972; Mizumura et al, 1991; Rueff & Dray, 1993, 

although see Chahl & Iggo, 1977), instead, they enhance the response to  thermal 

(Handwerker, 1976; Mizumura et al, 1991), mechanical (Pateromichelakis & Rood, 

1982; Schaible & Schmidt, 1988) and chemical stimuli, such as bradykinin (Ferreira, 

1972; Mizimura et al, 1987; Nicol & Cui, 1994).

Prostanoid-induced sensitisation

There are numerous studies reporting the sensitising effects of PGE2  (e.g. 

Ferreira, 1972; W illiams & Morely, 1973; Baccaglini & Hogan, 1983) and although 

other prostanoids almost certainly play a part in the sensitisation process, the 

extent of the ir involvement remains unclear. PGI2  has been shown to  enhance

42



nociceptor sensitivity (Mizumura et al, 1987; Birrell et ai, 1991; Pitchford & Levine,

1991) but the sensitisation is generally less pronounced and shorter lasting than 

that obtained to  PGE% (Mizumura et ai, 1991, Schepelmann et al, 1992). The 

sensitising effects o f PGp2 a and PGD% are less certain. There is some evidence that 

PGp2 a can enhance the sensitivity of afferent fibres to  chemical and therm al stimuli 

(Rueff & Dray, 1993) although others have found it lacked a sensitising effect to  

chemical (W illiams & Morley, 1973) and mechanical stimuli (Taiw o & Levine, 1990). 

Similar results have been obtained for P G D 2 , in some cases it has been shown to  

sensitise sensory neurones (Andreeva & Rang, 1993), whereas in others, it did not 

produce a sensitisation (Rueff & Dray, 1993).

The prostanoids are not the only mediators that produce nociceptor 

sensitisation. LTB4  and 8 (R), 15(S)-dihydroxyicosa-(5E-9,1 1, 13Z)-tetraenoic acid 

( 8 (R), I S(S)-diHETE), both lipoxygenase products of arachidonic acid metabolism, as 

well as bradykinin and noradrenaline also enhance the sensitivity of prim ary afferent 

fibres to  other chemical stimuli, such as bradykinin, (Beck & Handw erker, 1974; 

Levine ef al, 1986a) and to  mechanical stimuli (Levine ef al, 1986b; Martin ef al 

1987). How ever, the mechanism by which these mediators produce the 

sensitisation, differs. The prostanoids and 8 (R), 15(S)-diHETE are thought to act 

directly whereas bradykinin, noradrenaline and LTB 4  are thought to  interact with  

other cellular elements to  stimulate the release of mediators which then act to  

enhance the sensitivity of sensory neurones.

Indirect mechanism o f sensitisation

The inflammatory mediators, bradykinin and noradrenaline, are thought to  

act by stimulating the production of cyclo-oxygenase products of arachidonic acid
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metabolism from  sympathetic postganglionic neurones which, when released, act 

on sensory neurones to  produce the sensitisation. The hyperalgesic effects of 

bradykinin and noradrenaline are blocked by sympathectomy (Levine et o/, 1986a) 

and these mediators have been shown to  stimulate the production of prostanoids in 

vitro (Lembeck ef al, 1976; Taiwo & Levine, 1988). Also, indomethacin, a potent 

inhibitor o f prostanoid synthesis (Ferreira ef al, 1971) prevents the sensitisation to  

both bradykinin and noradrenaline (Lembeck et al, 1976; Levine et al, 1986a).

The hyperalgesia produced by LTB 4  is not inhibited by indomethacin (Levine 

ef al, 1986b) and is therefore thought to  occur via a different mechanism. It is 

thought that LTB 4 , a potent leukocyte chemotactic factor, stimulates the release of 

8 (R), 15(S)-diHETE from polymorphonuclear leukocytes. Depletion o f these cells 

prevents the LTB^-induced hyperalgesia (Levine et al, 1986b) and 8 (R), 15(S)-diHETE 

has been shown to act directly on sensory neurones to produce a sensitisation 

(Taiwo ef al, 1987).

Direct mechanism o f sensitisation

The prostanoids and 8 (R), 15(S)-diHETE are thought to  sensitise sensory 

neurones directly as the onset o f hyperalgesia has a significantly shorter latency 

than that produced by bradykinin, noradrenaline and LTB 4  (Taiw o ef al, 1987; 

Khasar ef al, 1994). Eliminating all possible interactions with indirect hyperalgesic 

mechanisms, by inducing sympathectomy and depleting leukocytes in the presence 

of indomethacin, had no effect on the sensitisation associated w ith PGEj and PGIj 

(Taiwo & Levine, 1989a; Khasar ef al, 1994). Furtherm ore, prostanoids can sensitise 

sensory neurones in culture to  capsaicin in the absence of any o ther neuronal and 

non-neuronal cells (Pitchford & Levine, 1991).
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Intracellular mechanism o f the prostanoid^induced sensitisation

The sensitising effects of the prostanoids are thought to  be mediated, at 

least in part, by the activation of the intracellular adenylyl cyclase /  cAMP  

transduction cascade. Agents that elevate intracellular cAMP have been shown to  

mimic the sensitising effects of PGE% in the rat hind paw (Ferreira & Nakamura, 

1979), in primary afferent fibres (Taiwo et al, 1989), and in cultured sensory 

neurones (Pitchford & Levine, 1991; Cui & Nicol, 1995). This prostanoid-induced 

sensitisation can be enhanced in the presence of a phosphodiesterase inhibitor, 

which prevents the breakdown of cAMP (Taiwo & Levine, 1989b; Pitchford & 

Levine, 1991) o r by increasing the activity of Gj, the stimulatory G -protein  that 

couples the activated prostanoid receptor with adenylyl cyclase (Taiw o & Levine, 

1989b; W ang ef al, 1996). Furtherm ore, decreasing G^ or adenylyl cyclase activity 

produces an inhibition of the PGE2 -mediated sensitisation. (Taiwo ef al, 1989; Cui & 

Nicol, 1995; W ang ef o/, 1996).

The mechanism of the sensitisation may involve enhanced protein  

phosphorylation as okadaic acid, a phosphatase inhibitor, has been shown to  

sensitise sensory neurones in culture to  bradykinin (Hingtgen & Vasko, 1994). This 

phosphorylation may occur by the actions of a cAMP dependent protein kinase on 

membrane receptors o r ion channels as cAMP dependent protein kinase inhibitors 

have been shown to block the PGE2 -mediated sensitisation in cultured sensory 

neurones (Cui & Nicol, 1995) and primary afferent fibres (W ang ef al, 1996). 

However, Ingram & W illiams (1996) have shown that PGEj modulates a 

hyperpolarisation-activated current in primary afferent neurones via a direct action 

of cAMP.
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1.5 Aims of the study

The principal aim of this thesis is to  describe the modulation o f intracellular 

Ca^^ by histamine in cultured sensory neurones. Also, as there is some evidence 

that the sensitising agent PGEj can enhance the sensation o f itch produced by 

histamine in vivo (Ferreira, 1972; Lovell e( al, 1976), the effects of PGEj on the 

histamine response in cultured sensory neurones was therefore  investigated.
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2. METHODS

The sources o f all labo ra to ry  chemicals are listed in A ppend ix  6.1.

2.1. Preparation of cultured dorsal root ganglion neurones

A d u lt male Sprague-Dawley rats (220-280g) w ere  killed by exposure to  a 

rising concen tra tion  o f carbon d ioxide (C O ;) fo llow ed  by cervical dislocation 

(schedule I p rocedure). The ve rteb ra l colum n was rem oved fro m  the animal and a 

3-4mm strip  o f bone was cut fro m  the dorsal ro o f along the length o f the column. 

This exposes the spinal cord  and the recessed bony cavities which contain the 

ganglia (see Figure 2 .1. 1 ).

Figure 2.1.1 Schemat ic  representat ion o f  the D R C  dissection procedure

The vertebral column is exposed and removed from the ra t and a strip o f  bone is cut away from  

the dorsal surface o f  the column in A. The DRG are freed from their cavities by cutting the dorsal 

and ventral roots in 6 and the remaining root stumps are trim m ed from the ganglia in C. Adapted  

from Lindsay et al, ( I 991 )

B
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Ganglia from  all spinal cord levels w ere carefully rem oved and placed in 

Ham ’s F I4 medium (for composition see Appendix 6.1.2) containing 4% USG 

(U ltroser-G  serum supplement). A fter all the ganglia w ere dissected, the dorsal and 

ventral ro o t stumps w ere trim m ed and the ‘cleaned’ ganglia w ere  transferred into 

medium containing collagenase (type IV; approx. 463U /m g) and placed in an 

incubator fo r 3-4 hrs (37°C; 3% C O j).

Isolation o f DRG neurones

A fter incubation in collagenase, the ganglia w ere washed tw ice in Ham ’s F I4 

& USG to rem ove enzyme and then resuspended in Ham ’s F I4  medium. Ganglia 

w ere gently triturated through a flame-polished short-bore Pasteur pipette approx. 

10 times until a cloudy cell suspension was obtained. A fter the ganglia w ere allowed 

to  settle, the supernatant was removed and retained in a centrifuge tube. The 

remaining undissociated ganglia w ere resuspended in Ham ’s F I4 medium and the 

trituration step was repeated (normally 6 - 8  times) until the cell to  debris ratio in 

the suspension was low. Removing the cell suspension obtained after each step 

ensured that those cells already dissociated did not undergo mechanical damage 

during subsequent trituration steps.

Each cell suspension that was collected was combined and spun through 

15% bovine serum albumin (BSA) in Ham ’s F 14 medium at 1200-1300 rpm for 5 

mins. A fter centrifugation, the supernatant was removed and the remaining cell 

pellet was resuspended in Ham ’s F I4  & USG supplemented w ith nerve growth  

factor (NGF; 0.2|_ig/ml).

Neurones w ere maintained in medium containing N G F  as they depend on it 

for their growth and survival (Johnson et al, 1980; Levi-Montalcini, 1987). The

48



synthesis of neuropeptide transm itters appears to  be dependent on N G F. Adult 

D R G  neurones grown in culture in the absence of N G F in the culture medium  

contain low levels of substance P and CGRP which are restored to  normal when 

N G F is added back to  the media (Lindsay & Harm er, 1989; Lindsay ef al, 1989). 

Also, the sensitivity of sensory neurones to  some chemical mediators is regulated 

by N G F e.g. the capsaicin and proton stimulation fades when cultured DRG  

neurones are maintained in N G F-free medium (Bevan & W in te r, 1995).

For fluorescence imaging experiments, cells w ere plated on to  16mm glass 

coverslips coated with poly-DL-ornithine (500|ag/ml) and laminin (5|ig/m l) at a 

density of approx. 0. IxlO^ cells/coverslip. For measurem ent o f inositol 

trisphosphate and cAMP formation, cells w ere plated on to  13mm glass coverslips 

at a density of approx. 0.2x10* cells/coverslip.

M aintenance o f cultured DRG neurones

D RG  neurones w ere maintained in Ham ’s F I4  & USG supplemented with 

N G F (0.2|ag/ml) for up to  7 days. If neurones w ere maintained fo r m ore than 5 

days, the mitotic inhibitor cytosine arabinoside (IO|aM) was included in the medium  

after 3 days in culture to  reduce the growth and subsequent over-crowding by non- 

neuronal cells. The culture medium was replaced every 2-3 days.

2.2 Intracellular calcium imaging

Intracellular Ca^^ measurements in response to  agonist stimulation w ere  

obtained from  cultured DRG neurones that had been loaded w ith the fluorescent 

raticm etric Ca^^ dye, Fura-2. Neuronal Ca^^ changes w ere estimated by exciting the
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dye at its tw o  wavelengths and the intensity o f fluorescence emission is collected 

via a cooled charge-coupled device (C C D ) camera system.

Principles o f fluorescence

Most compounds, when exposed to  light o f a particular wavelength, absorb 

photons which prom ote the transition of electrons into a higher energy state. 

W hen the electron relaxes back into its ground state, light energy is emitted as 

fluorescence. The energy of light emitted is always low er than that o f the energy of 

absorbed light, therefore, fluorescence emission will always have a longer 

wavelength than the light absorbed. The range of light energies that are absorbed 

and emitted by a compound are known as its excitation and emission spectra, and 

these spectra may be altered, fo r example when an ion-sensitive dye binds to  its 

constituent ion. It is on these fundamental principles that fluorescent dyes have 

been developed to  detect and measure changes in a wide range of intracellular ions 

including C a‘", Na^, and Cl .

Fluorescent Ca^* indicators

Indicators used to  measure [Ca^^ ], may be either single o r dual wavelength 

dyes. The change in fluorescence intensity emitted from  a single wavelength dye, 

such as Fluo-3, on binding Ca^^ is directly proportional to  [Ca^^],. Although this 

gives an indication of changes in [Ca^^]j, the intensity of fluorescence emission also 

depends on the original concentration of the dye, therefore [Ca^^], cannot be 

directly measured from  fluorescence intensity.

Dual wavelength dyes such as Fura-2 and Indo-I have the advantage that 

changes in [Ca^^ ], manifest as a shift in the excitation o r emission spectra rather
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than a shift in the fluorescence intensity. W hen Fura-2. a dual excitation dye, binds 

Ca^^ there is an increase in fluorescence emission at 340nm  (bound form  of 

indicator), while fluorescence emission at 380nm decreases (free form  of indicator). 

In o ther words, when there is an increase in [Ca^^],, fluorescence intensity will 

increase at 340nm and decrease at 380nm (see Figure 2.2.1).

Fluorescent Ca^^ indicators, such as Fura-2, cannot readily perm eate the cell 

membrane, therefore the acetoxymethyl (AM ) ester form  of the dye was used as it 

can cross the cell membrane. Once inside the cell, the A M  ester is hydrolysed by 

non-selective esterases liberating the free acid Fura-2 which is hydrophilic and 

therefore leaks out of the cell m ore slowly than the A M  ester form . This technique 

of passive loading increases the chances of cell viability when compared to  invasive 

loading of dyes by micro-injection.

The ratio of the tw o  wavelengths therefore gives an indication of [Ca^*]| 

that is independent of light intensity, concentration of dye within the cell, cell 

thickness and the effects of dye loss through bleaching or leakage across the cell 

membrane. It is this property of ratio metric dyes that makes them ideally suited for 

intracellular ion imaging.

Dual excitation dyes are widely used as they require only one detector 

which measure fluorescence emission whereas dual emission dyes e.g. Indo-I 

require tw o  detectors precisely aligned to  measure both emission wavelengths.

Detection o f intracellular Ca^* signals

The neurones w ere visualised and fluorescence measurements were  

obtained using an inverted N ikon Diaphot microscope w ith a range o f fluorescence 

objectives (x40, x20 and xIO; see Figure 2.2.2).
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Figure 2,2,1 Excitation spectra of the intracellular Ca^* dye, Fura-2,

Excitation spectra o f  Fura-2 are shown for a range o f increasing [C a^*]i (O-IOOjuM). Emission is 

measured at 5 1 Onm. Adapted from Moreton (1991).
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A xenon arc lamp (7 5 W ) lamp, which emits a continuous stream of light 

through the ultra-violet (U V) and visible ranges, was used as the source of 

excitation. The neurones w ere exposed to wavelengths of light at 340nm and 

380nm via a rotating wheel (Sutter Instruments) alternating between filters of the 

appropriate wavelength. The tim e taken to  switch between alternate filters reduces 

the tem poral resolution and therefore represents a limitation fo r the acquisition of 

fluorescence signals. As absorbed light can generate oxygen free radicals and 

produce photodynamic cell damage, neurones w ere  exposed to  light only during 

the experimental run and light intensity was kept to  a minimum with neutral density 

filters whilst ensuring an adequate signal. All experiments w ere  perform ed in the 

dark to  minimise signal contamination by ambient light.
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Figure 2.2.2 Schematic representation of experimental apparatus for fluorescence 

measurements.

DRG neurones plated on 16mm glass coverslips and loaded with Fura-2 were mounted on the 

stage o f an inverted epi-fluorescent microscope. A xenon arc lamp provided the light source and a 

filter wheel switched alternately between 340 and 380nm exciting the Fura-2. Fluorescence 

emission above 420nm was colleaed via a cooled CCD camera.
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A dichroic m irro r sits in the light path in o rder to  separate excitation and 

emission wavelengths. The wavelength of the dichroic m irro r therefore lies 

between the excitation and emission wavelengths to  ensure that 340 and 380nm  

wavelengths (Fura-2 excitation) are reflected and light at 5 I Onm (Fura-2 emission) is 

transm itted. The optimum cut-off wavelength of the m irro r should be 20nm longer 

than the excitation wavelength, therefore, for Fura-2, the dichroic m irro r used has 

a 400nm wavelength. A  barrier filter of a longer wavelength (420nm ) further
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prevented the contamination due to  light scatter from  the excitation wavelengths. 

Fluorescence emission was captured by a cooled C C D  camera (Digital Pixel, 

Brighton). The camera and filter wheel w ere controlled by an Intel Pentium 

com puter which allowed rapid data acquisition and storage using software supplied 

by Kinetic Imaging (Liverpool).

Expérimenta! protocol

[Ca^^]i measurements w ere obtained from  DRG  neurones that had been 

maintained in culture fo r up to 7 days. Ham ’s F I4  medium was washed and replaced 

with H C O /  (ISm M )-buffered Na^-Locke solution (see Appendix 6.1.2 for 

composition) containing Fura-2 A M  (lO^iM) and the cells w ere incubated fo r 20-30  

mins in a humidified atmosphere (37°C, 3% CO^). A fter this loading period, the cells 

w ere washed with H C O / -Locke and replaced in the incubator fo r a further 15 

mins to  rem ove any excess dye. The coverslip was then mounted in the 

experimental chamber, secured by a teflon ring and incubated in Na^-Locke 

buffered w ith 15mM HEPES (see Appendix 6.1.2 fo r composition) at room  

tem perature (20-26°C ) fo r the duration of the experim ent (see Figure 2.2.2). The 

neurones w ere examined under a fluorescence objective (xIO , x20 o r x40  

magnification) and a suitable field of cells was selected. A  phase contrast picture of 

the field was taken, followed by a tw o  frame ‘grab’ (where a ‘grab’ consists of a pair 

of fluorescence images, one image taken after excitation at 340nm and the other at 

380nm. The collection times for 340nm excitation was three times that fo r 380nm  

(600ms versus 200ms) with an interval o f 5s between images). The fluorescence 

intensity o f both the 340nm and 380nm images was observed to  establish if the 

signal within the neurones was near saturation, o r too  dark. In e ither case, the
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intensity o f the light source was altered using neutral density filters (IO%-80%  

transmission) to  obtain an optimum cell signal to  background intensity ratio of 

greater than 3:1. Dividing the images obtained at 340nm by those at 380nm  

provided an estimation of the resting Ca^^ ratio o f the neurones. Neurones with a 

340:380 ratio in the range 0.8-1.5 w ere  considered healthy, therefore  if the ratio of 

the m ajority of cells in the field was not within this range, a different field was 

selected and the above process was repeated.

W h en  satisfied w ith the field o f cells and the intensity of the intracellular 

signal, a tw o -p art experimental protocol was run. The first part of the experim ent 

involved agonist stimulation and in the second part, neurones w ere  exposed to  

capsaicin and then to a high solution (SOmM). Exposure to  agonist was achieved 

by application of agonist containing medium of an equal volume to  the fluid in the 

bath. This ensured the desired final agonist concentration was uniform and was 

achieved rapidly. Agonist was washed by draining and replacing the fluid in the bath 

with HEPES-buffered Na"’-Locke. The pH of all experimental solutions was adjusted 

to  pH7.35.

A typical experimental protocol is shown in Figure 2.2.3A. W hen  exposure 

to  agonist was performed in the presence of an antagonist o r a sensitising stimulus, 

the neurones w ere pre-treated with the agent for a period of e ither 45s within the 

same ‘grab’ o r for 5mins in a separate ‘grab’ (see Figure 2 .2 .3B and C).

A fte r the initial part of the experiment, cells w ere washed fo r 5mins, 

followed by a 40-fram e ‘grab’. Capsaicin (500nM ) was applied at 45s and high K^- 

Na^-Locke (see Appendix 6.1.2 for composition) at 145s. This allowed classification 

of the DR G  neurones as capsaicin sensitive o r capsaicin insensitive.



Figure 2.2.3 Typical experimental protocol for agonist stimulation in the presence 

and absence of a sensitising stimulus.

The agonist in this example is histamine ( I OO^M) and the sensitising stimuli are PGEz ( I jliN\) and 

forskolin (lO juM ). A shows the duration o f exposure to histamine alone (145s) in a 60-fram e  

grab'. In 6, neurones were pre-treated with PGEi for 45s before histamine was applied in an 80 - 

frame 'grab'. Both were washed o ff at 295s. In C, before histamine was applied, the cells were 

pre-treated with forskolin for 5mins in a 30-fram e 'grab' (i) to allow it to gain access to the cell 

and activate adenylyl cyclase. There was a rest period o f 15s before histamine was applied in a 

60-fram e 'grab' (ii).

The interval between images in each 'grab' was 5s except for the forskolin experiment, in C, 

where the interval in the 30-fram e 'grab' was prolonged to I Os in order to reduce file size.
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It also gave an indication of neuronal health, as cells which did not respond to  

either capsaicin o r a high w ere  considered unhealthy and measurements from  

such cells w ere  not included in this study.

A t the end of the experiment, the chamber was drained and cells w ere lysed 

with 0.1-1.0%  triton  to  discharge the cytosolic dye. A  five frame ‘grab’ was then 

taken to  give an estimation o f the background signal that was due to  light scatter, 

autofluorescence and dye bound to  intracellular constituents.

Each grab' was stored as a single experimental sequence on a magneto-optical disk 

for subsequent analysis.

Analysis o f data

The acquired experimental images w ere analysed using software supplied by 

Kinetic Imaging (Lucida v3 .5 l). Briefly, both the experimental sequence and the 5- 

frame background ‘grab’ w ere separated into the signals obtained at 340nm and 

380nm wavelengths. The background signal of equivalent wavelength was subtracted 

from  the experimental sequence and the resulting 340nm image was ‘thresholded’ 

to  ensure cellular measurements w ere obtained from  areas of true signal and to  

minimise background noise. This ‘thresholded’ image was then divided by the 

380nm image and the sequence of ratio values obtained indicated the neuronal 

[Ca^^]i responses. The ratio values from  specific cellular regions fo r the 

experimental sequence w ere highlighted, then imported and analysed in Microsoft 

Excel (v7.0) and plotted in Microcal Origin (v3.5). Individual responses from  

identical protocols w ere  pooled and a mean ratio value +  the standard e rro r  of the 

mean (s.e.m.) for the experimental sequence was determined. A  significant 

difference between mean ratio values was determined using an unpaired two-tailed
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t - te s t W h en  comparing the percentage o f cells responding to  one treatm ent 

compared to  another treatm ent, the number of cells responding was pooled and 

expressed as a percentage o f the total number o f cells tested fo r that specific 

treatm ent. A  statistical difference in the number o f cells responding was 

determ ined using Fisher’s Exact Test.

The diam eter o f the neurones w ere measured using a calibrated stage 

graticule up to  2-3 days in culture as growth of non-neuronal cells was minimal.

Calibrations

[C a‘ *]jWas estimated from  the ratio of the fluorescent intensities at the tw o  

excitation wavelengths as described by Grynkiewicz et ai, (1985). Briefly, the 

maximum ratio value was obtained by permeabilising the neurones w ith the

Ca^^-selective ionophore, 4-brom o A 2 3 I8 7  (5|j.M) and discharging intracellular Ca^  ̂

stores w ith thapsigargin (Ip iM ) in buffer containing SOmM KCI and 2m M  CaCU. The 

cells w ere  then washed several times with buffer of a similar composition to  the 

above but w ithout CaCI^ and containing lOmM EG TA. This provided the minimum  

ratio Using this protocol, the constants R ĵ„ and R,^^ w ere  0.88 +  0.047 and

4.23 +  0.279, respectively (n = l2 ) . The [Ca^^Jj for intermediate values w ere then 

calculated from  the following equation (Grynkiewicz et ai, 1985);

=  K, [ ( R - R J I ( R ^ - R ) ] [ ( W ]

W h e re  R is the ratio recorded under appropriate physiological conditions, 

is the signal at 380nm  in Ca^^ free buffer, 5 ^ 2  is the signal in the presence of 

excess Ca'". The ratio of was 3.12 ±  0.39 (n = l2 ) .  Ky is the apparent

dissociation constant fo r the indicator (usually 224nM for Fura-2).
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The average basal ratio in a sample of DRG  neurones was 1.26 +  0.019 

which, according to  the above equation, corresponded to  a basal [Ca^^Jj of 96 +  

5nM  (n = l9 2 ). In this study, however, changes in [Ca^^]j are presented as a ratio  

change rather than an absolute value as [Ca^^], is difficult to  calibrate (see, for 

example, Tsien et al, 1985). The value fo r R̂ ĵ  obtained here was 0.88 +  0.047, 

however, some of the neurones had similar resting [Ca^^], ratios suggesting that this 

value was not a true minimum ratio.

2.3 Detection of intracellular inositol phosphate formation

Intracellular [^H]-inositol trisphosphate ([^Hj-IP^) form ation was measured 

in response to  agonist stimulation in neurones that had been incubated with [^H]- 

inositol. [^Hj-IPj was separated from  its metabolites, [^H]-inositol mono and 

bisphosphate, using anion-exchange chromatography and subsequently detected by 

a scintillation counter as described previously (Berridge ef al, 1983; Burgess ef al, 

1985).

Ion-exchange chromatography

Ion-exchange chromatography allows the separation and identification of 

molecules by charge on the principle that ions have an affinity fo r opposite charge. 

The anion-exchange chromatography used in this study separates the f  H]-inositol 

phosphates on the basis of the size of charge carried by the test ion. [^H]-inositol 

mono and bisphosphates have a small negative charge and are eluted w ith a 0.4M  

ammonium formate solution containing 0 .1M formic acid, whereas [^H]-inositol 

trisphosphate has a larger negative charge and remains tightly bound to  the resin.
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The f  H]-inositol trisphosphate is subsequently eluted w ith a stronger ammonium  

form ate solution (0.8M  in 0 .1 M form ic acid).

Experimental protocol

DR G  neuronal cultures (2-3 days) w ere incubated overnight at 37°C  in MEM  

containing m yo-2 -f H]-inositol (75|iC i/m l). The radioactive medium was removed  

and cells w ere  washed and incubated in 25m M  HEPES-buffered DM EM  at 37°C for 

the duration of the experiment. The cells w ere exposed to  agonist by placing the 

coverslip into agonist-containing DM EM  for periods o f up to  Smins. In individual 

experiments, each agonist exposure was repeated at least three times. The pH of 

all agonist-containing solutions was adjusted to  pH7.35.

The reactions w ere term inated by placing the coverslip face-down into a 

scintillation vial containing ice-cold 4.5% perchloric acid (PCA; I ml) w ith I mg/ml 

phytic acid. The [^H]-inositol phosphates w ere extracted into acid for 30mins, the 

extract was removed and the coverslips w ere washed with I ml of ice-cold DMEM. 

The DM EM  wash was combined w ith the PGA extract and neutralised w ith K O H  

(I M) containing sodium tetraborate (9m M ) using phenol red in the DM EM  as a pH 

indicator. In order to  determ ine the total lipid radioactivity, which was almost all 

associated w ith phosphatidylinositol ([^H]-PI), the coverslip was retained in the 

scintillation vial and scintillant (Beckman Ready Gel) was added.

The D M EM -PC A  extracts w ere then spun at 2500rpm  fo r Smins to  remove 

the potassium perchlorate precipitate. The resulting supernatant was passed 

through chromatography columns containing the strongly anionic resin, A G -1, to  

separate the [^H]-inositol phosphates.
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Initially, the columns w ere washed three times with distilled H^O to  rem ove  

any [^H]-inositol that was not incorporated into the cellular phospholipids, f  H ]- 

inositol mono and bisphosphates w ere extracted w ith three washes o f 0.4M  

ammonium form ate in 0 . 1 M formic acid and then fH J -IP j was eluted with three  

washes of 0.8M  ammonium form ate in 0.1 N  formic acid. Each wash was collected in 

a scintillation vial and scintillant was added to  all vials. The f  HJ-IPj samples and the 

total lipid radioactivity from  each coverslip w ere counted on a W allac 1409 

Scintillation Counter.

Determination o f intracellular inositol trisphosphate concentration

The radioactive counts, expressed as disintegrations per minute (d.p.m.), 

obtained from  the three [^HJ-lPj samples were added together to  give a total [^H]- 

IP3 for each agonist stimulation. As the density of neurones varied between  

coverslips, [^Hj-IP^ was expressed as a percentage of total lipid radioactivity 

counted from  the corresponding coverslip. Each set of experiments was performed  

in triplicate and the data for each agonist was pooled (n=9) and plotted as a mean 

value ±  s.e.m. Statistical analysis was performed using unpaired tw o-tailed t-test.

2.4 Measurement of intracellular cAMP concentration

Intracellular cAMP form ation in DRG neurones in response to  agonist 

stimulation was detected using a competitive acetylcholinesterase (ACE) enzyme 

immunoassay kit (Cayman Chemicals, USA). The principle of this assay is based on 

both free cAMP (cAMP produced in response to  agonist stimulation) and a fixed 

concentration of cAMP tracer (cAMP linked to  an ACE molecule) competing for a



limited number o f cAMP binding sites (Pradelles & Grassi, 1989). The cAMP tracer, 

cAMP antiserum and standard o r unknown cAMP sample is added to  the assay plate 

and the cAMP antiserum binds either free cAMP o r cAMP tracer (see Figure 2.4.1). 

This antiserum -cAM P complex then binds to  mouse monoclonal antibody attached 

to  the well. The plate is washed to  remove all unbound agents and developed with  

Ellman’s Reagent which consists of acetylthiocholine and 5 ,5 ’-dithio-bis-(2- 

nitrobenzoic acid). ACE catalyses the hydrolysis of acetylthiocholine to  produce 

thiocholine which, in turn, reacts with 5,5’-dithio-bis-(2-nitrobenzoic acid) liberating 

5-th io-2-nitrobenzoic acid which has an intense yellow colour and absorbs at 

4 l2 n m . The intensity o f the yellow colour is proportional to  the am ount of bound 

cAMP tracer and inversely proportional to  the am ount of free cAMP bound to  the 

well. Therefore, a decrease in absorbance compared to control, obtained in a 

neuronal sample after agonist stimulation, represents a rise in cAMP form ation.

Assays based on ACE as a means of detecting intracellular cAMP are 

advantageous as the enzyme does not auto-inactivate, is highly stable, is active over 

a pH range of pH5.0-pH 10.0 and is not inactivated by common buffer salts.

Experimental protocol

D R G  neuronal cultures maintained in Ham ’s F 14 medium w ere  washed after 

2-3 days in culture and the medium was replaced with 25m M  HEPES-buffered 

DM EM . The cells w ere  pre-incubated (Smins) with the phosphodiesterase inhibitor 

rolipram (IO|uM) in D M EM , to prevent the breakdown of intracellular cAMP, at 

37°C  fo r the duration o f the experiment. Exposure to  agonist was achieved by 

placing the coverslips into agonist-containing medium fo r periods of up to  Smins.
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Figure 2.4.1 Schematic representation o f the ACE enzyme immunoassay

A shows the assay plate pre-coated with mouse monoclonal an ti-rabbit antibody. The tracer, 

antiserum and either standard or unknown sample is added in 6, and the cAMP (either free or 

linked to ACE) binds to the antibody in C. The plates are washed to remove all unbound agents in 

C and developed with EJIman’s Reagent in D.

A B

Y o' ^
Y Y Y Y Y Y Y Y Y Y

X

^  m ouse m onoclonal antibody

O free cAM P

acety lcho lineste rase  linked 
to cAM P (tracer)

D -  specific  antiserum  to cAM P

The pH o f all experim enta l solutions was adjusted to  pH7.35 and each 

agonist exposure was perfo rm ed  at least th ree  times in a separate experim ent.

The reactions w ere  te rm ina ted  by plunging the coverslips in to  ice-cold 

ethanol containing 1% 0 .1M MCI. A fte r  30mins o f e x tra c tio n  on ice, the 

ethanol/cAM P samples w ere rem oved and dried down under a stream  o f n itrogen 

and resuspended in 500,ul o f 0 .1 M phosphate buffer. The samples w e re  then diluted
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1:10 to  ensure that the cAMP concentration obtained was on the linear portion of 

the standard curve. To  determ ine if cells w ere healthy and able to  produce a cAMP  

response, a control cAMP response to  forskolin was included in each experiment.

T o  increase the sensitivity of the assay, all samples and standards were  

acetylated in precisely the same way; IOO|liI of 4M  K O H  and 25|j,l of acetic 

anhydride w ere  added in quick succession, vortexed fo r 15s, then 25 |il of 4M  K O H  

added and vortexed. The samples w ere then assayed according to  the instructions 

in the A C E enzyme immunoassay kit.

cAMP assay plate design

Included in the assay plate design are parameters that allow the cAMP 

concentration to be calculated, correcting for background absorbance of the 

Ellman’s Reagent (B=blank wells) and for non-specific binding o f the tracer enzyme 

to  the well (NSB=non-specific binding). The absorbance obtained from  the 

maximum binding (Bg) of tracer to antibody in the absence of free cAMP was 

determ ined in order to calculate the cAMP concentration in each sample. The total 

activity (T A ) well is included as a control as it indicates the total enzymatic activity 

o f the tracer. In each plate, individual known and unknown cAMP sample were  

assayed in duplicate in o rder to obtain an average of the tw o  absorbance readings. 

A typical assay plate design is shown in Figure 2.4.2.
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Figure 2.4.2 Typical cAMP assay plate design

(B=blank, So=maximum binding, NSB=non-specific binding, TA=total activity, S i-S8=cAM P  

standards o f known concentrations, U l-U  3 6=cAMP samples o f unknown concentration).

B SI S5 U l US U9 U I3 U I7 U2I U2S U29 U33

B SI S5 U l US U9 U I3 U I7 U2I U2S U29 U33

NSB S2 S6 U2 U6 UlO U I4 U I8 U22 U26 U30 U34

NSB S2 S6 U2 U6 UlO U I4 U I8 U22 U26 U30 U34

Bo S3 S7 U3 U7 U l 1 U lS U I9 U23 U27 U3I U3S

Bo S3 S7 U3 U7 U l 1 U lS U I9 U23 U27 U3I U3S

Bo S4 S8 U4 U8 U I2 U I6 U20 U24 U28 U32 U36

TA S4 S8 U4 U8 U I2 U I6 U20 U24 U28 U32 U36

cAMP assay procedure

The plate was initially washed five times with wash buffer and removal of the 

buffer was ensured by inverting the plate and shaking the last drops out. Acetylated 

phosphate buffer (SO^il) was added to  the NSB and Bq wells and EIA buffer (50p.l) 

added to the NSB wells. For each of the known standards and unknown samples, 

50|il was added to  the appropriate numbered well. cAMP acetylcholinesterase 

tracer (SOul) was added to  each well except T A  and B wells and cAM P antiserum  

was added to all but TA , NSB and B wells. The plate was then covered and left 

overnight at room  tem perature ( I9 -2 2 °C ) to  allow both tracer linked and free 

cAMP to  bind to  the antibody.

The plate was washed five times with wash buffer, Ellman’s Reagent (200|liI) 

was added to  each well and 5|j.l of tracer added to  the T A  well. The plate was then
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covered and development was optimised by placing the plate on an orbital shaker in 

the dark fo r 90-150 mins. The absorbance o f the samples w ere  read on a 

Labsystems iEMS Reader MF, at a wavelength of 420nm, when the absorbance 

reading from  the Bq wells ranged between 0.3-0.5 A.U.

Using Genesis software (v3.04) supplied by Life Sciences (U K ) Ltd, the 

cAMP concentration o f the known standards w ere  calculated and plotted as a 

standard curve (see Figure 2.4.3) and the corresponding concentrations of the 

unknown samples w ere read.

Figure 2.4.3 cAAAP standards curve

Example o f  a typical standards curve th a t was obtained fo r a series o f  samples o f  cAMP with 

known concentrations (for preparation o f  cAMP standards see A ppendix 6 .2 .1).

0.5 -1

0.4 -

<uu

0 . 2 -

0.0
0.01 1 00.1

log [cAMP] pm ol/m l
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Protein assay procedure

The plating density of neurones varied between individual coverslips, 

therefore to  correct for this, the total protein content o f the corresponding 

coverslip o f neurones that was tested was also determined.

The total protein content was determined using a Biorad detergent 

compatible protein assay after the ethanol solution containing the cAMP extracts 

was removed (see above experimental protocol). This is a colorim etric assay based 

on the reaction between protein and copper in an alkaline medium, and the 

subsequent reduction of Folin’s Reagent by the copper-treated protein. This 

produces a characteristic blue appearance which absorbs maximally at 750nm.

The neurones w ere solubilised by placing the remaining coverslip in a well 

containing 0 .1 M N a O H  (200p.l) fo r a period of 30-45 mins. A  series of standard 

protein samples with concentrations of gamma globulin ranging from  0.00-0.25 

w ere prepared as indicated in Appendix 6.2.2. Each of the standards was assayed in 

triplicate and the unknown samples in duplicate. A typical assay plate form at is 

shown in Figure 2.4.4.

T o  each well was added: 50^1 of standard or unknown sample, 25p.l of 

Reagent A  (an alkaline copper tartrate  solution) containing Reagent S (20|Lil/ml; 

Sodium Dodecyl Sulfate) and 200jj.l of Reagent B (dilute Folin’s Reagent). The plate 

was left fo r Smins to  develop and the absorbances w ere read at 690nm on the 

same spectrophotom eter. The absorbance readings obtained fo r the standard 

protein concentrations was plotted as a standard curve (see Figure 2.4.5) and the 

concentration of the unknown samples w ere determined.
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Figure 2.4.4 Typical protein assay plate format

(Sf-S8=protein standards o f known concentrations, U I-U 36=pro te in  samples o f unknown 

concentrations).

SI SI SI S2 S2 S2 S3 S3 S3 S4 S4 S4

S5 S5 S5 S6 S6 S6 S7 S7 S7 S8 S8 S8

Ul Ul U2 U2 U3 U3 U4 U4 US US U 6 U 6

U7 U7 U 8 U 8 U9 U9 UlO UlO U l 1 U l 1 U I2 U I2

U I3 U I3 U I4 U I4 U I5 U I5 U I 6 U I 6 U I7 U I7 U I 8 U I 8

U I9 U I9 U20 U20 U2I U2I U22 U22 U23 U23 U24 U24

U25 U25 U26 U26 U27 U27 U28 U28 U29 U29 U30 U30

U3I U3I U32 U32 U33 U33 U34 U34 U35 U3S U36 U36

The concentration of cAMP obtained in response to  agonist stimulation was 

then calculated as a proportion of the total neuronal protein content of the 

coverslip which was tested and expressed as [cAMP] pmol/mg protein. This 

eliminated the uncharacteristically high or low cAMP concentrations that w ere  

obtained as a result of differences in cell densities between individual coverslips.

Analysis o f data

Each set of experiments was performed in triplicate and the data obtained 

fo r each agonist was pooled (n =9) and an average response ±  s.e.m. was plotted. 

Statistical analysis was perform ed using unpaired two-tailed t-test.
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Figure 2,4.5 Protein standards curve

Example o f a typical standards curve that was obtained for a series o f protein samples with 

known concentrations (see Appendix 6.2.2 for preparation o f protein standards)
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0 .30 -

5  0 .25 -
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^  0.20- 

_o

0.05 -

0.250.200.05 0.10 0.150.00
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3. RESULTS

3.1 Characteristic properties of cultured DRG neurones

The cultured cells w ere identified as neurones according to  their 

morphology and sensitivity to  capsaicin o r depolarisation to  a high stimulus 

(W o o d  et al, 1988). The cell isolation and culture technique used resulted in a high 

yield of small diam eter DR G  neurones (l5-25|Lim). Most of the neurones from  

which measurements w ere obtained w ere therefore probably AS- and C-fibre

neurones.

Morphology o f cultured DRG neurones

A typical field of DRG  neurones at day 2 in culture is shown in Figure 3.1.1. 

Under phase contrast optics, healthy, viable neurones have a characteristic phase 

dark appearance and are surrounded by a bright halo (W o o d  ef al, 1988). Figure 

3 .1.1A shows the field of cells at xlOO magnification. There are many DRG  

neurones in this field but they have been plated at a relatively low density to  

minimise the clustering of groups of neurones and therefore to  allow easy 

identification. To  show individual DRG neurones m ore clearly, the same field of 

cells is shown at higher magnification x200 in B and x400 in C. The scale bar in A  

represents lOO^m, B, SOjam and in C, 25|im , therefore most o f the D R G  neurones 

in this field have diameter of less than 30p.m. The non-neuronal cells appear phase 

dark, generally have a smaller diam eter than D RG  neurones (approx. IGp.m) and 

can be identified m ore easily in Figure 3 .1. 1 B and C.

[Ca‘~]i measurements w ere  generally obtained after 2  days in culture as 

most of the neurones appeared healthy, there was little neurite outgrow th and
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Figure 3.1.1 Cultured DRG neurones

Phase contrast images o f DRG neurones at day 2 in culture. A shows the field o f cells at xlOO  

magnification. B shows the same fe ld  at x20 0  and C at x400. The same two neurones are 

indicated by arrows in each field o f view. The scale bar in A represents I OOjum, in 6  SOjum and in 

C 25///TJ.
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there was no over-crowding of non-neuronal cells. Imaging experiments w ere  

generally perform ed at xlOO magnification as measurements could be obtained 

from  a large number of neurones (approx. 15-25 cells) in one field whilst still being 

able to  identify them  morphologically as DRG  neurones. If there was any doubt as 

to  w hether a cell was a neurone, the cell was discarded and the response was not 

included in this study.

Capsaicin sensitivity o f cultured DRG neurones

W hen [Ca^^]j measurements w ere obtained, a cell was identified as a healthy 

DRG  neurone, only if a rise in [Ca '̂^Jj was evoked in response to  capsaicin (500nM ) 

o r a high K" (50m M ) depolarising stimulus. Cells that responded to capsaicin were  

classified as capsaicin sensitive neurones and cells that did not respond were  

considered as capsaicin insensitive neurones. The sensitivity of D R G  neurones to  

capsaicin and high over time in culture was measured (see Figure 3.1.2). The 

number of cells responding to  either capsaicin or high was expressed as a 

percentage of the total number tested on the respective day in culture. Sensitivity 

to  capsaicin was greatest when cells w ere maintained in culture fo r a short time. 

71% (n = l3 5  / 191) of neurones tested responded at day I and 67% (n = l6 3  /  243) 

responded at day 2 in culture (see Figure 3 .1.2A). Maintaining the cells in culture for 

longer than 2  days resulted in a significant decrease in the percentage o f cells 

responding to  capsaicin when compared to  the number responding at day I. The 

percentage responding at day 3 was reduced to  48% (n=57 /  119, p<O.OOOI), at day 

5 to  45% (n =48  /  107, p<0.0001 ) and at day 7 to  41% (n=48  / I  17, p<0.0001 ).

In o rder to  identify those neurones that w ere capsaicin insensitive, cells 

w ere exposed to  a high stimulus after capsaicin stimulation. If a [Ca^^], response



80  -

capsaicin sensitive cells70 -
0 0

%u
txoc

c
O
Q_in
0 )

60 -

5 0 -

4 0 -

30 -

2 3 4 5 6 7

B
time in culture (days)

so -

capsaicin insensitive cells7 0 -

60 -

5 0 -

Q.in 4 0 -

30 -

time in culture (days)

Figure 3.1.2 The effect of time in culture on the sensitivity of neurones to capsaicin 

and a depolarising K* stimulus

All neurones were tested initially for their sensitivity to capsaicin which was followed by a 

subsequent exposure to a high K* stimulus. A shows the percentage o f cells responding to 

capsaicin (SOOnM) at each day in culture over a period o f 7 days and 6  shows the percentage o f 

capsaicin insensitive neurones responding to high K* (50mM) tested over the same time period. A 

cross indicates a significant decrease in the percentage o f cells responding at day I in A and an 

asterisk represents an increase in the percentage o f cells responding in B when compared to the 

number responding at day I to the equivalent stimulus.
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was evoked after stimulation with high K \  the neurones w ere  considered 

caspasicin insensitive. The percentage of capsaicin insensitive cells increased over 

time in culture (see Figure 3 .I.2B ). The percentage at day I was 29% (n =56  /  191) 

which increased significantly after day 3 in culture to  52% (n = 62  /  119, p<O.OOOI) 

and to  57% (n = 70  /  122, p<O.OOOI) responding at day 6 . This increase in the 

num ber o f capsaicin insensitive neurones demonstrates that a loss of capsaicin 

sensitivity does not indicate a reduction in the number of viable neurones.

Diam eter o f neurones responding to capsaicin and high /C

Neuronal diam eter of the cultured cells ranged from  10-62.5,um in a sample 

of both capsaicin sensitive and capsaicin insensitive neurones (n=873; see Figure 

3 .1.3A). The majority of the neurones had a diameter in the range l5-24.9|j.m  (59%, 

n = 5 l7  / 873) and the mean diameter was 22.84 ±  0.32p.m. For capsaicin sensitive 

cells, the mean diam eter was 20.57 +  0.23pm  and only a small number had 

diameters greater than 30pm (8 %. n=42 / 517; see Figure 3 .I.3B ). The mean 

diam eter of capsaicin insensitive neurones was 26.13 ±  0.53)am (see Figure 3.1.3(3). 

The distribution of the range of neuronal diameters fo r both capsaicin sensitive and 

capsaicin insensitive cells is shown in detail in Figure 3.1.3.

The time course o f the [Ca^*], responses to capsaicin and a high tC stimulus

The magnitude o f the [Ca^^], response obtained to  both capsaicin (500nM ) 

and to  a depolarising (50m M ) stimulus declined with tim e in culture (see Figure 

3.1.4). The maximal [Ca^^]j response to capsaicin was obtained at day I in culture 

(see Figure 3 .I.4A ). Longer periods of tim e in culture resulted in a progressive 

decline in the magnitude of the [Ca^^], response to  capsaicin.
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Figure 3.1.3 Diameter of capsaicin sensitive and capsaicin insensitive neurones

The distribution o f neurone diameter for all neurones is shown in A and is the combined data for 

both capsaicin sensitive and capsaicin insensitive neurones. B shows the diameter distribution for 

capsaicin sensitive neurones (IO-42.Sjum) and C for capsaicin insensitive neurones (IO -65jum ). It 

must be noted that the diameter o f all neurones in this study were not measured and that this 

data reflects a sample o f the total number o f neurones that [Ca '̂^Ji measured were obtained from 

( n = 5 l 7  / 873 for capsaicin sensitive neurones; n = 3 5 6  / 873 for capsaicin insensitive neurones).
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The plateau phase at day I was significantly greater than the plateau 

obtained at both days 3 (p=0.0038) and 6  (p<O.OOOI; comparisons obtained for 

ratio values at 105s). The pattern of the [Ca^^]j response, however, was similar 

irrespective o f tim e spent in culture. A  peak [Ca^^], response was reached after 40s 

which remained elevated fo r the duration o f the exposure (see Figure 3 .I.4A ). 

Stimulating these cells with high K^, sometimes resulted in a small further increase 

in the [Ca^^]j response.

W hen  high was applied to  capsaicin insensitive neurones, it evoked a rise 

in [Ca^^Ji that was immediate in onset, reaching a peak within 10 -15s and remained 

elevated fo r the duration of the exposure (see Figure 3 .I.4B ). The maximal [Ca^^]i 

response was obtained at day I in culture (see Figure 3 .1.4B). Like the response 

obtained to  capsaicin, the magnitude of the [Ca^^], response decreased the longer 

the cells w ere maintained in culture. The plateau values obtained at day 6  were  

significantly smaller than those obtained at day I (p=0.0085; comparison obtained 

at 160s).
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Figure 3.1.4 The [Ca^*]i response to  capsaicin and a depolarising K* stimulus in DRG  

neurones maintained in culture for up to  6 days

The response to capsaicin (SOOnM) in capsaicin sensitive cells is shown in A and the

response to a high K* stimulus in capsaicin insensitive cells in B. Data are plotted as the mean 

normalised 340:380 ratio values ±  the standard error o f the mean (s.e.m.) A rise in [Ca^^Ji is 

represented as an increased change in the 340:380 ratio. In both A and 6, the [Ca '̂^Ji response 

obtained at day I in culture is plotted in black, day 3 in culture in blue and day 6 in pink. 

Capsaicin was applied at 45s and SOmM K* at 145s, both were washed at 195s.
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3.2 Chemosensitivity of DRG neurones

[Ca^*]f responses to chemical mediators

The chemical inflammatory mediators, ATP, bradykinin and 5 -H T  evoked a 

rise in [Ca^^], in a sub-population of capsaicin sensitive cells (see Figure 3.2.1). The  

percentage o f cells responding to  the chemical mediators differed, 44% (n = 2 0  / 45) 

responded to  A TP (IOp.M), 20% (n = l2  /  60) responded to  bradykinin (SOOnM) and 

24% (n = l3  / 54) responded to  5 -H T  (IOO|j,M; see Figure 3 .2 .1 A). The [Ca^^], 

response to  all of the mediators was immediate in onset. The peak [Ca^^], response 

to  both A TP  and bradykinin was reached within 15s and the response to  5 -H T  

within 5s. (see Figure 3 .2 .IB, C  and D). The magnitude of the mean [Ca^^], 

responses to  A TP and bradykinin w ere similar (p = 0 .1208; comparison made at 55s) 

and w ere greater than the peak magnitude of the response to  5 -H T  (p =0 .028 l for 

A TP and p=0.0086 for 5-H T; comparisons obtained at 55s). The duration of the 

[Ca^' ĵi response to each of these mediators also differed. A fte r the initial peak rise, 

the response to  both ATP and 5 -H T  started to  decline towards baseline and basal 

[Ca^^]i was reached after 5 mins (not shown, see Figure 3 .2 .1B and D ). The 

response to  bradykinin reached a peak after 15s, declined and reached a plateau 

after 75s. [Ca^^]j remained elevated even after bradykinin was washed off 

(p=0.0057; comparison of ratio values obtained at 175s to  resting ratio values) 

although [Ca^^]j did return to  near resting levels after a 5 mins wash period (see 

Figure 3.2.1C). Capsaicin insensitive cells did not respond to  either 5 -H T  or  

bradykinin.
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Figure 3.2.1 The effect of ATP, bradykinin and 5-HT on capsaicin sensitive DRG 

neurones

A shows the percentage o f capsaicin sensitive cells responding to ATP (lO/uM; 44%, n = 2 0  /  45) in 

red, to bradykinin (BK, SOOnM; 20%, n = l 2  /  60) in green and to 5 -H T  (IOO/jM; 24%, n = l 3  /  

54) shown in blue. The [Ca^*]i response obtained to ATP is plotted in B, to BK in C and to 5 -H T  

in D  and is plotted as mean ±  s.e.m values for responding cells only. The chemical mediator in 

each experiment was applied at 45s and washed at 145s as indicated in each plot by the 

appropriate bar.
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Capsaicin sensitive and capsaicin insensitive ceils respond to ATP

A TP  ( 10|iM ) evoked a rise in [Ca^^], in both capsaicin sensitive and capsaicin 

insensitive D R G  neurones (see Figure 3.2.2). 44% (n =20  /  45) o f capsaicin sensitive 

cells responded, which was significantly low er than the percentage of capsaicin 

insensitive cells that responded (87%, n=9 /  45; p<O.OOOI). The percentage of the 

total num ber o f cells responding to  ATP was 6 6 % (n=59 / 90; see Figure 3.2.2A). 

The [Ca^^Ji response in both capsaicin sensitive and insensitive cells was similar. 

A fter the initial peak rise, which was reached within 15s, [Ca^^Jj started to  decline 

towards resting levels (see Figure 3.2.2B and C). The magnitude of the peak [Ca^^j 

response was greater in capsaicin insensitive cells than in capsaicin sensitive cells 

(p=0.0004; comparison made for ratio values at 55s).

PGE; enhanced the sensitivity o f capsaicin sensitive neurones to bradykinin

Pre-treating the neurones with PGEj (l|.iM , 45s) produced a significant 

increase in the number of capsaicin sensitive cells that responded to  bradykinin 

(500nM; see Figure 3.2.3A). The percentage responding to  bradykinin was 

significantly increased from  20% (n = l2  /  60) before PGEj to  62% (n = 8  / 13, 

p=0.0048) after PGEj. The [Ca^^], response obtained to  bradykinin before PGE? 

pre-treatm ent was similar to the response obtained after (see Figure 3.2.5B). The 

initial rise in [Ca^^]j peaked after 15s then decayed to  a plateau. [Ca^^], declined to  

basal levels after 5 mins (trace not shown). Bradykinin did not elicit a [Ca^^], 

response in capsaicin insensitive neurones even in the presence of PGEj.

pH  sensitivity o f capsaicin sensitive DRG neurones

[Ca"~]| measurements w ere obtained from  neurones that w ere  exposed to
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Figure 3.2.2 The effect o f ATP on capsaicin sensitive and capsaicin insensitive DRG 

neurones

The percentage o f cells that responded to ATP (IO /jM )  and were sensitive to capsaicin is plotted 

in red in A (44%, n = 2 0  /  45) and the percentage that were insensitive to capsaicin is plotted in 

blue (87%, n = 3 9  / 45). The total number o f capsaicin sensitive and insensitive cells responding to 

ATP is combined and plotted turquoise (66%, n = 5 9  /  90). The mean [Ca^+], response ±  s.e.m. in 

ATP responsive cells that were capsaicin sensitive is shown in 6 and that were capsaicin insensitive 

cells is shown in C. ATP was applied at 45s and washed at 145s as indicated in B and C by the 

black bar.

84



capsaicin
sensitive

capsaicin
insensitive

all cells

B

o
"wro
&_

O
00
ro
OTT
ro

3-

2 -

I -

capsaicin sensitive 
neurones

/Ili.T T iT

50 1 0 0  

tim e  (s)

ISO 200

g
rdi-

O
00
ro
O
TT
ro

3-

2 -

I -

capsaicin insensitive 
neurones

SO 100 ISO

tim e  (s)

200

85



B

RJ
L .

O
00
ro
O
ro

3.0

2.5

2.0

1.5 

1.0 

0.5 

0.0

contro l PGE,

50 1 0 0 150 200

tim e (s)

Figure 3.2.3 The effect o f PCEi pre-treatment on the bradykinin response in 

capsaicin sensitive neurones

The percentage of capsaicin sensitive ceils responding to bradykinin (SOOnM; 20%, n = l2  I 60) 

alone is shown in A as the control and after PGE2 pre-treatment ( I jliM , 45s; 62%, n=8 I 13) is 

shown in blue. An asterisk indicates a significant increase in the percentage o f cells responding 

when compared to control. The mean response ±  s.e.m. in bradykinin responsive cells

before and after PCEz pre-treatment is shown in 6. The response to bradykinin alone is plotted in 

green and after PGEz pre-treatment in blue. The duration o f the bradykinin exposure is indicated 

by the black bar (45-200s).

86



changes in extracellular pH (p H J . pH^ was altered by changing the bath solution 

from  physiological pH7.4 to  the test pH solution ranging from  acidic (pH4.9 - 

pH6-9) through to  alkaline (pH7.9 - 9.9). Removing the pH 7.4 buffer solution from  

the bath and replacing with the same buffer did not alter [Ca^^]j in any of the 

neurones tested (n = 0  /  15), therefore it can be assumed that the [Ca^^Jj responses 

obtained to  changing pH^ w ere  in response to  the pH^ change rather than the 

mechanical changing of the solution. The mean [Ca^^], response obtained in 

capsaicin sensitive cells after changing pH^ was different to  acidic and alkaline pH^ 

changes (see Figure 3.2.4). The smallest step reduction in pH^, from  pH7.4 to  

pH6.9, evoked a rise in [Ca^^jj in 32% (n = 6  /  19) of neurones. The [Ca^^]j response 

was rapid in onset, reaching a peak after 3s, and then declined back to  baseline (see 

Figure 3.2.4A). The magnitude of the [Ca^^]j response obtained to  larger step 

reductions in pH„, e.g. to  pH5.9, was greater than that obtained to  small reductions 

in pH„, e.g. to  pH6.9 (p=0.0003; comparison of ratio values at 35s). The [Ca^^]j 

response obtained to  a large reduction in pH^ was rapid in onset, at pH5.9, reaching 

its peak within 18s (see Figure 3.2.4B) and the [Ca^^]j response to  pH4.9 reached a 

peak within 12s (see Figure 3.2.4C). [Ca^^], generally remained elevated for the 

duration of the acid exposure, although the response to  pH5.9 started to decline 

after the initial peak, and the response reversed on washing (no t shown). The 

[Ca^^]j response obtained to  alkaline pH^ challenges e.g. pH8.9, was m ore gradual in 

onset and did not reach a plateau during the exposure (see Figure 3.2.4D ). The 

magnitude o f the change of [Ca^^], was low er when compared to  the response 

obtained to  acidic pH^ changes, such as pH5.9 (p=0.00456; comparison obtained at 

75s; see Figure 3.2.4B and D ). [Ca^"]j returned to  resting levels after pH8.9 was 

washed (5 mins; not shown).
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Figure 3.2.4 The [Ca^*]i response obtained to changes in pHo in capsaicin sensitive 

neurones

The mean response in p H  responsive cells to p H 6 . 9  is plotted in turquoise in A  (n=6 / 1 9), 

to p H S . 9  in blue in B (n = l2  / 33), to p H 4 . 9  in red in C (n=8 / 1 6 )  and to p H 8 . 9  in pink in D 

(n -1  / 1 7). In all graphs, the [Cô +J/ response to p H 7 . 4  is plotted in black as the control. p H o  was 

altered by draining the bathing fluid at 45s and replacing with the appropriate test p H  solution. 

The test p H o  solution was washed at 80s.
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3.3 Sensitivity of DRG neurones to histamine

Histamine evoked a [Ca^*]j response

Histamine produced a concentration dependent rise in [Ca^^Jj in a sub

population o f D R G  neurones (see Figure 3 .3 .1 A). The lowest concentration of 

histamine tested, I did not elicit a [Ca^^]j response in any of the neurones (n=0  

/ 54), lOpiM evoked a [Ca^^Jj response in only I neurone (1%; n= 1/77). Raising the 

histamine concentration to  100p.M evoked a rise in [Ca^^]j in 15% of neurones 

( n = l 6  /  103). Increasing the concentration further resulted in a larger proportion  

of neurones responding, 24% (n = l9  /  80) responded to  Im M  and 35% (n =37  / 107) 

responded to  lOmM histamine. The length of tim e the neurones w ere  maintained in 

culture did not appear to  affect their sensitivity to  histamine (see Figure 3 .3 .IB). 

A fte r one day in culture, 15% ( n = l 6  / 108) of the cells responded to  IOOp.M 

histamine. The proportion o f cells responding was similar up to  the fifth day in 

culture (13% at day 2; 15% at day 3; 18% at day 4; and 16% at day 5). The 

percentage o f cells responding after six days in culture increased to  2 1 %, however 

this increase was not significant when compared to  the number responding at day I 

(p=0.2477) o r at day 5 (p=0.5365).

The pattern o f the [Ca^*]j response to histamine varies between neurones

D ifferent [Ca^^], responses w ere obtained in individual cells and Figure 3.3.2 

illustrates some of the individual [Ca^^], responses obtained in response to  lOmM 

histamine. Panel A  shows the phase contrast image of a typical field of DRG  

neurones that was tested. There are several neurones in this field and four are 

numbered to  show their [Ca^^], responses which are plotted in B. W h en  histamine
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Figure 3.3.1 Sensitivity of DRG neurones to histamine

The number o f cells responding to a range o f histamine concentrations (10-^ to ICh^M) with a rise 

in [W + ji are presented in A as a percentage of the total number o f cells tested for each 

concentration. B shows the percentage o f cells responding to lOOjuM histamine from the total 

number tested over time spent in culture (0-7 days). The percentage responding at days 6 and 7 

are combined and plotted as >6 days in culture.
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was applied at 45s, it evoked a rise [Ca^^Jj in neurones 1, 2 and 3 but had no effect 

on neurone 4. The response in cells I and 3 was immediate in onset and [Ca^^Jj 

remained elevated in cell I but declined to  baseline in cell 3. Cell 2 also responded 

with a rise in [Ca^^]j but the response was slightly delayed in onset Panels C, D  and 

E are pseudocolour images of the same field of cells in A, and are taken at the tim e  

points of the experim ent as indicated in B. Therefore C  is taken at Os and illustrates 

that, at rest, most of the cells appear dark blue, indicating basal [Ca^^Jj levels which 

would give a 340:380 ratio value of approximately 1.00. This ratio value would 

equate to  a resting [Ca^^]j concentration in the region of 10 to  SOnM as indicated in 

F. Panel D  illustrates that 15s after histamine was applied, the neurones that 

respond move towards a yellow and red colour, indicating a rise in [Ca^^]j, 

therefore neurones I, 2 and 3. A fter histamine was washed in E, m ost of the cells 

recovered to  baseline [Ca^^]j levels except neurone I w here [Ca '̂^Jj remained 

elevated.

The mean [Ca^"]| response varied with different histamine concentrations 

(see Figure 3.3.3). In A, the [Ca^^]j response to  IOO|aM was rapid in onset, reaching 

a peak within 15s, decaying to  a plateau after 50s of exposure (p=0.0034; 

comparison of ratio values at 175s with resting values) and then started to  decline 

to  baseline after washing. Several minutes after washing, [Ca^^Jj had returned to  

resting levels (data not shown). There was no plateau phase in the response to  

I mM, [C a*']j reached its peak after 40s and then started to  decline towards  

baseline (see Figure 3.3.38). Again, there was no plateau phase in the response to  

lOmM (see Figure 3.3.3(C). A fter the initial peak rise, [Ca^^]; declined and reached 

near basal levels after 1 0 0 s.
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Figure 3.3.2 Individual [Ca^*], responses to histamine in DRG neurones

A shows a phase contrast image (xlOO magnification) o f the field o f cells that was tested. Four o f  

the neurones in A are numbered and their individual responses are plotted in B. Histamine 

(lO m M ) was applied at 45s and washed at 205s as indicated in B. The response to

neurone I is plotted in red, 2 in green, 3 in turquoise and 4 in blue. Panels C, D  and E are 

pseudocolour images o f the same field o f cells shown in A taken at the time points o f the 

experiment indicated in B (C at Os, D at 70s and E at 270s). The estimated concentration 

corresponding to the appropriate colour change in D and E is shown in F.
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Figure 3.3.3 Mean [Ca^*]i responses to histamine in DRG neurones

A shows the mean response in histamine sensitive cells to lOO/uM histamine (n = l6  /  103), B to 

ImM histamine (n = l9  / 80) and C to lOmM histamine (n=37 / 107). For all concentrations, 

histamine was applied at 45s and washed at 205s as indicated in each plot.
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Capsaicin sensitive and capsaicin insensitive cells respond to histamine

A fte r exposure to  histamine, cells w ere tested fo r their sensitivity to  

capsaicin (SOOnM). Both a sub-population of capsaicin sensitive and capsaicin 

insensitive neurones responded to  stimulation by histamine (see Figure 3.3.4). The  

percentage o f capsaicin sensitive cells that responded to  histamine was significantly 

low er than the percentage of capsaicin insensitive cells responding; 8 % (n = 6  / 80) of 

capsaicin sensitive cells responded whereas 43% (n = IO  /  23, p=0.0002) o f capsaicin 

insensitive cells responded (see Figure 3.3.4A). The tim e course of the [Ca^^], 

response obtained to  histamine appeared to  be different in capsaicin sensitive and 

capsaicin insensitive cells (see Figure 3.3.4B and C). The onset of the [Ca^^], 

response in capsaicin sensitive neurones was slow and gradual, reaching its peak 

after 45s (see Figure 3.3.4B). [Ca^^], then started to  decline towards basal levels. 

The onset o f the response in capsaicin insensitive cells was immediate, reaching its 

peak within I Os (see Figure 3.3.4C). [Ca^"]j decayed to  plateau after 45s and after 5 

mins of washing, had returned to  resting levels.

Small diameter DRG neurones responded to histamine

Histamine evoked a [Ca^^], response in both capsaicin sensitive and capsaicin 

insensitive neurones w ith small neuronal diameters that ranged from  I l.25-30|am  

(n=72; see Figure 3.3.5). A lm ost all of the histamine sensitive neurones had a 

diameter in the range I l.25-24.9p.m (90%, n=65 /  72) and the mean diameter was 

17.75 ±  0 .52|im . For capsaicin sensitive cells, 79% (n=23 / 29) o f neurones had 

diameters which fell within the l5 -24 .9um  range and only a small number had 

diameters outside this range (20%, n= 6  /  29; see Figure 3.3.5B). The mean diameter
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Figure 3.3.4 The effect of histamine on capsaicin sensitive and capsaicin insensitive 

DRC neurones

A shows the percentage o f capsaicin sensitive cells (8%, n=6 / 80) and capsaicin insensitive cells 

(43%, n=IO  I 23) responding to histamine (lOO/^M). The mean [Câ -*-], response obtained in 

histamine responsive cells are plotted in 6  for capsaicin sensitive neurones and in C for capsaicin 

insensitive neurones. The duration o f the histamine exposure is indicated by the black bar (45-95s 

in 6  and C and 45-145s in D).
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Figure 3.3,5 Diameter of neurones responding to histamine

The distribution o f neurone diameter for a sample o f histamine-sensitive neurones is shown in A 

and is the combined data for both capsaicin sensitive and capsaicin insensitive neurones (n=72). 

6  shows the distribution o f neurone diameter for capsaicin sensitive neurones (12.5-30jum; n=29  

/ 72) and C for capsaicin insensitive neurones ( I i.25-30jum; n=43 / 72).
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was 19.70 ±  0.75|j,m with a range from  l2.5-30|j,m . The m ajority o f capsaicin 

insensitive neurones had a diameter between I I.25 -I9 .9 |am  (80%, n =34  /  43; see 

Figure 3.3.5C). A  very small proportion of neurones had diameters greater than 

25|j.m (4%, n=2 /  43). The mean diameter o f capsaicin insensitive neurones was 

16.44 +  0.64|j.m with a range between I 1.25-30pm.

Repeated exposure to histamine

Neurones w ere repeatedly stimulated with low concentrations of histamine 

in order to  determine w hether histamine was able to  evoke repeated [Ca^^]j 

responses. The cells w ere exposed to a low concentration of histamine (lOOpiM, 

45s), the agonist was washed for periods of 5, 30 and 60 min and the same field of 

cells w ere exposed to  a second histamine application (IOO|aM, 45s). It should be 

noted that due to  small sample sizes, the data obtained from  histamine-responding 

cells was pooled, irrespective of the duration of the wash period. During the first 

application, histamine evoked a [C a‘ ]̂| response in 11% (n =9  / 84) of the neurones 

tested. O f the cells that responded, almost all did not respond to  the second 

histamine application (n=8/9; see Figure 3.3.6A). The [Ca^^], response obtained to  

the first histamine exposure was similar to  that shown previously, that is, a rapid 

rise in [C a‘"]| that decayed to a plateau and started to  decline to  baseline after 

washing (see Figure 3.3.6A, left hand panel). A fter the second exposure, one of the 

neurones that responded to  the first histamine application (n = l /  9) also responded 

to  the second (see Figure 3.3.6B).

In the cell that responded to both exposures, the magnitude of the first 

[Ca^^]i peak appeared to  be greater than the peak [Ca^^]j response obtained in 

neurones that did not respond to  the second application (see Figure 3.3.6A and B).
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Figure 3,3,6 The [Ca^*]i response to repeated histamine applications in DRC  

neurones

A shows the mean [Ca^*], response ±  s.e.m. obtained in cells that responded to the first histamine 

( I 00/liN\) application only (n=8 / 84). The left hand panel shows the [Ca^*]i response during the 

first exposure and the right hand panel shows I during the second exposure. Neurones

were exposed to the second application o f histamine after a defined wash period (5, 30 and 60 

min). 6  shows the [Ca^*]-, responses o f the only cell that responded to both the first and second 

histamine applications (n= l / 84). The left hand panel shows the response during the first 

exposure and the right hand panel shows the response during the second exposure. The wash 

period between exposures wos 60 min. Both the first and second exposure to histamine was for 

45s as indicated by the black bar in all plots.
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The profile o f the [Ca^^]j response obtained to  the second histamine 

application appeared to  be different to the response obtained to  the first. The 

magnitude of the second [Ca^^]j peak appeared to  be smaller and there was no 

plateau phase in the second response, instead, [Ca^^]j declined back to  baseline (see 

Figure 3.3.6B).

In those cells that failed to  respond to  the first histamine application, there  

w ere none that responded to  the second application.

3.4 H| receptor activation is involved in the [Ca^^], response to 

histamine in DRG neurones

To determine which receptor sub-type was involved in the [Ca^^]j response, 

histamine was applied in the presence of maximal concentrations o f a selective 

antagonist for each receptor sub-type. Mepyramine (l^ iM ) was used to  antagonise 

H| receptors, cimetidine (50p.M) fo r and thioperamide ( I p.M) fo r H 3 (see Figure 

3.4.1), In A  and B, IOO|liM and Im M  histamine applied in the presence of the 

competitive antagonist mepyramine failed to  elicit a [Ca^^]j response in any of the 

neurones tested (n=0  / 72, p<O.OOOI; n =0  / 37, p=0.0007; respectively). The 

percentage of cells responding to  lOmM histamine was significantly reduced from  

35% (n=37 / 107) to 16% (n=9  / 58, p = 0 .0 l0 7 ; see Figure 3.4.1C). Cimetidine had 

no significant effect on the number of cells responding to  lOOfiM histamine (n = l5  /  

79, p=0.4293; see Figure 3 .4 .1 A). The percentage of cells responding to  Im M  

histamine was increased from  24% (n = l9  /  80) to  34% ( n = l 6  / 47; see Figure
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Figure 3.4.1 The effect of mepyramine, cimetidine and thioperamide on the 

response to histamine

The percentage o f cells responding to 100juN\ histamine is shown in A, I m M  histamine in 6 and 

I OmM histamine in C and is plotted in red as the control column in each graph. Neurones were 

pre-treated with a selective H i antagonist mepyramine (mep; ljuM), a selective Hz antagonist 

cimetidine (cmt; 5 0 ^ M ) or a selective Hz antagonist thioperamide (thio; IjuM ) for a period o f  

45s. A cross indicates a significant decrease in the percentage o f cells responding to the 

equivalent concentration o f histamine.
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3.4. IB) and the percentage responding to  I OmM histamine was reduced from  35% 

(n=37 /  107) to  26% (n = l7  /  6 6 ; see Figure 3.4.1C). H ow ever, the differences in the 

number of responding cells w ere not statistically significant (p=0 .2237  fo r I mM and 

p = 0 .2 4 l7  fo r I OmM histamine).

W hen  histamine was applied in the presence of thioperamide, there was no 

significant difference in the number of cells responding to  any o f the concentrations 

of histamine tested (see Figure 3.4.1). For IOO|iM, 17% ( n = l 6  /  92; p=0.6956) 

responded, 30% (n = IO  /  33; p=0.4847) responded to  Im M  and 42% (n =30  /  72; 

p=0.3492) responded to  I OmM histamine.

Histamine stimulated inositol trisphosphate production in DRG neurones

The increase in [Ca^^]j brought about by the activation of the H, receptor 

sub-type is thought to be due to  the stimulation of the PLC/IP3 pathway, therefore  

the form ation of IP3 in response to  a range of histamine concentrations was 

measured. As I OmM histamine evoked a rise in [Ca^^Jj in the largest proportion of 

cells, IP3 measurements w ere initially obtained to  this concentration over time (0 - 

2 0 s) to  get an indication at which time point would produce the greatest 

measurable IP3 response (see Figure 3.4.2A). The form ation of IP3 is expressed as a 

percentage of the total lipid radioactivity (% [^ H ]-P I)  detected in D R G  neurones. 

A fter exposure to  I OmM histamine for 5s, IP3 levels w ere  significantly increased 

from  0.16 +  0.01 % f H ] - P I  to  0.22 ±  0.02 % f H ] - P I  (p=0.04202). Increasing the 

exposure tim e to  I Os, produced a further rise in the form ation o f IP3 to  0.29 +  

0.03 % [^ H ]-P I (p=0.0007). A fte r 20s, IP3 formation had declined to  levels similar to  

control (0.19 +  0.02 % [^ H ]-P I; p =0 .1835). As a I Os exposure tim e produced the 

greatest increase in IP3 levels when compared to control, IP3 form ation was
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Figure 3,4.2 The formation of IPs in response to histamine

IP3 formation is expressed as a percentage o f the total lipid radioactivity measured ±  s.e.m. 

Resting IP3 levels in non-stimulated cells are represented in A and B in black as the control. The 

development o f the IP 3 response to histamine ( I  OmM) over time is shown in red in A and the 

formation oflP3 in response to a range o f histamine concentrations (10-^ - IQ-^mM) is shown in 

red in 6. An asterisk indicates a significant increase in IP3 formation when compared to the 

equivalent control.

The effect o f I/uM  mepyramine (mep) on the histamine-stimulated increase in IP3 formation is 

plotted in C. An asterisk indicates a significant increase in IP3 formation when compared to control 

and a cross represents a significant decrease in IP3 formation when compared to the histamine- 

induced increase.
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measured at this tim e point fo r a range of histamine concentrations (see Figure 

3.4.2B). Formation o f IP3 in response to  lOpM histamine was not significantly 

different when compared to  control IP3 levels (0.13 +  0.01 % f  H]-PI compared to  

0.13 ±  0.02 % fH ]-P I;  p=0.45064). lOOfiM histamine produced an increase in IP3 

levels (0.18 +  0.02 % fH ] -P I)  but was not quite statistically significant when 

compared to  control (p=0.0643). Both Im M  and I OmM histamine produced a 

significant increase in IP3 form ation (0 .2 1 ±  0.02 % [^H]-PI, p=O.OI533; 0.20 +  0.02 

% [^H]-PI, p = 0 .02 l6 3 ; respectively). The effect of pre-treating the cells with  

mepyramine ( If iM ; 45s) on the IP3 response to  I OmM histamine was studied (see 

Figure 3.4.2C). Histamine produced a significant increase in IP3 form ation when 

compared to  control (0 .2 1 ±  0.02 % [^H]-PI compared to  0.13 ±  0.01 % [^H]-PI; 

p=0.003 I I). Mepyramine alone had no significant effect on IP3 levels (0 .10 ±  0 .0 1 % 

[^H]-PI, p=0.0769) but significantly decreased the form ation of IP3 in response to  

I OmM histamine (0 .13 ±  0.02 % [^H]-PI, p = 0 .004 0 l).

The response to histamine was inhibited by a PLC inhibitor

T o  further determine if the [Ca^^]j response was mediated by Ca^" 

mobilisation from  intracellular IP3 -sensitive stores, the neurones w ere  pre-treated  

with the membrane permeable PLC inhibitor, U 7 3 I2 2  (see Figure 3.4.3). U 7 3 I2 2  

(IO|j,M, 5 mins) abolished the [Ca^^], response to  IOO|j.M histamine (n = 0  /  100, 

p < 0 .0 0 0 l; see Figure 3.4.3A), and significantly reduced the num ber of cells 

responding to  I OmM histamine from  35% (n=37 / 107) to  9% (n=5 /  55, p=0.0003; 

see Figure 3.4.3B). Removing extracellular Ca^^ ([Ca^^o) o r inhibiting voltage gated 

Ca^^ channels with the non-specific blocker lanthanum (50p.M) had no effect on the
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Figure 3.4.3 The effect o f inhibiting Ca^* release from  /P a  sensitive stores and 

inhibiting Ca^* entry on the percentage o f cells responding to histamine.

The percentage of cells responding to IOO/jM histamine in A and I OmM histamine in 6 is shown 

in red as the control column. Formation o f IP3 was inhibited with U 7 3 I2 2  (lOjuM), and 

entry was blocked with lanthanum (La^f SOjiiM) or by removing extracellular (OCo^+j. A 

cross indicates a significant decrease in the percentage o f cells responding to histamine when 

compared to control.
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percentage o f cells responding to  IOOjliM histamine. 13% (n = IO  /  79, p = 0 .6 7 l6 )  

responded in the absence o f [Ca^^j^ and 15% (n = 8  /  54, p=  1.00) responded after 

lanthanum pre-treatm ent compared to  15% ( n = l 6  /  103) o f cells that responded to  

histamine alone (see Figure 3.4.3A). The number o f cells responding to  I OmM 

histamine applied in the absence of was significantly reduced to  15% ( n = l 2  /

79, p=0.004). Lanthanum also significantly reduced the percentage o f cells 

responding to  I OmM histamine to  18% (n = l I / 60, p=0.0323). W h en  the cells were  

pre-treated w ith U 7 3 I2 2  in the absence of [Ca^^o» no cells responded to  I OmM 

histamine (see Figure 3.4.3B).

The effect o f U 73I22 , La^* and on the time course o f the [Ca^*],

response to histamine

Although blocking the entry of Ca^^ across the plasma membrane had no 

effect on the percentage of cells responding to  lOO^iM histamine, it affected the 

profile of the [Ca^+Ji response (see Figure 3.4.4). The peak [Ca^^]j response was the 

same in the absence o f [Ca^^]^ (p=0.69059; see Figure 3.4.4A), but was reduced in 

the presence of lanthanum (p = 0 .0 2 145, comparison of peak ratio values at 65s; see 

Figure 3.4.4B). The development of the plateau phase of the [Ca^^]j response was 

however prevented by both [Ca^^]„ and lanthanum (p=0.0098, p=0.007, 

comparison at 195s respectively, see Figure 3.4.4A and B). It should be noted that 

both lanthanum and removal of [Ca '̂^]  ̂ alone had no effect on basal [Ca^^], levels. 

As U 7 3 I2 2 , La^  ̂ and removal of [Ca*"]^ reduced the percentage of cells responding 

to  I OmM histamine, the effect of these on the tim e course of the [Ca^^], response 

obtained to  those responding to histamine is shown in Figure 3.4.5. It should be 

noted that the mean [Ca^^], response to  histamine after U73 122, lanthanum and
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Figure 3.4.4 The [Ca^*]i response obtained to a low concentration o f histamine in 

the absence o f [Ca^*]o and in the presence o f lanthanum

The mean [Ca -̂ ]̂, response in histamine (IOO/.iM) responsive cells in the absence of [Ca^^Jo (+  

IOOjLiM  ECTA) is plotted in turquoise in A (n= 10 / 79) and the mean [Ca^*], response in pink in 

B was obtained in histamine responsive cells in the presence o f lanthanum (SOjliM, 45 s; n=8  / 

54). The mean [Ca -̂ Ĵi response obtained in histamine responsive cells (lOOjuM; n = l6  I 103) is 

plotted in red in A, and B and the duration o f the histamine exposure ( 145s) is indicated by the 

black bar.
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[Ca^^]o w ere obtained from  a smaller population o f neurones than that responding 

to  histamine alone. The [Ca^^Jj response to  histamine in the presence of U 7 3 I2 2  

(IO |iM , Smins) was similar to  that obtained to  histamine alone (see Figure 3.4.5A), 

in that [Ca^^]j reached a peak after 20s then declined towards baseline. W hen  

histamine was applied in the absence of (+ I0 0 fj,M  EGTA), the magnitude of

the peak [Ca^^]| response was greater than that obtained to  histamine alone 

(p=0.0032; comparison of ratio values at 60s; see Figure 3.4.5B). The [Ca^^], 

response to  histamine in the presence of La^  ̂ (50p.M) was similar to  that obtained 

to  histamine alone (see Figure 3 .4 .5B). A  similar peak magnitude was reached at 20s 

(p = 0 .7 9 8 l), then [Ca^^Jj declined towards baseline, however, [Ca^^]j remained 

slightly elevated in the presence of lanthanum (p=0.0049; comparison of ratio  

values obtained at 185s).

The IP3 response to histamine was reduced in the presence o f U 7 3 I2 2

The effect of pre-treating the cells with U 7 3 I2 2  on IP3 form ation in 

response to  I OmM histamine was also investigated (see Figure 3.4.6). U 7 3 I2 2  

(lOpiM, 5mins) alone had no effect on resting IP3 levels (0.09 +  0.02 % [^H]-PI 

compared to  0.10 ±  0.01 % [^H]-PI after U 73 I22 ; p=0.6675) but significantly 

reduced the histamine-stimulated increase in IP3 form ation from  0.19 +  0.02 % 

['H ]-P I to 0.1 I ±  0.01 % ['H ]-P I (p=0.0003; see Figure 3.4.6).

Ryanodine had no effect on the histamine response

To determine if ryanodine sensitive intracellular Ca^^ stores w ere  involved 

in the histamine response, cells w ere pre-treated with ryanodine (50p.M, 5mins) 

before stimulating with histamine (IOm M ; see Figure 3.4.7). The percentage of cells
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Figure 3.4.5 The [Ca^*]i response obtained to I OmM histamine when Ca^* release 

from IPs-sensitive stores was prevented or when Ca^* entry was blocked

The response obtained to histamine (IO m M ) when neurones were pre-treated with

U 7 3 I2 2  (lOjuM , Smins) is plotted in green in A (n=5  / 55). 6 shows the [Ca^*], response 

obtained to histamine in the absence o f (+ iOOjuM EGTA; n = l2  I  79) in turquoise and 

the [Ca^*]i response in pink in C was obtained to histamine in die presence o f lanthanum (SOjuM, 

45s; n = l I /  60). The [Ca^*]i response to histamine (IO m M ; n = 37  / 107) alone is plotted in red 

in A, 6 and C and the duration o f the histamine exposure ( 145s) is indicated by the black bar. 

M ean responses are plotted only for those cells that responded to histamine ( I OmM) and

the number responding after pre-treatment with U 7 3 I2 2 , [Ca '̂^Jo and lanthanum was lower than 

that responding to histamine alone.
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Figure 3 .4 .6  The effect o f  in h ib itin g  PLC on th e  fo rm a tio n  o f  IPs in response to  

histam ine.

The formation o f  IPs in response to I OmM histamine after inhibiting release from IPj 

sensitive stores with U 73122 in shown in A. An asterisk indicates a significant increase in IPs levels 

when compared to control and a cross indicates a significant decrease when compared to the 

histamine-induced increase in IPs formation.
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responding to  histamine in the presence o f ryanodine was not significantly different 

when compared to  the percentage responding to  histamine alone, 35% (n=37  /  

107) responded before and 28% (n=27  /  98, p=0.2946; see Figure 3.4.7A) 

responded after. Ryanodine failed to  evoke a [Ca^^], response in any of the 

neurones tested (n=0  /  98; see Figure 3.4.7B). The [Ca^^], response obtained to  

histamine in the presence o f ryanodine was similar to  that obtained before (see 

Figure 3.4.7C), that is, a peak response observed at 20s which declined towards and 

reached basal levels after 120s. The magnitude of the peak [Ca^^], response 

obtained to  histamine in the presence of ryanodine was similar to  the peak 

response to  histamine alone (p=0.06; comparison o f mean ratio values at 60s).

The effect o f S -H T antagonists on the histamine response

The effect of the 5 -H T  antagonists methiothepin, specific for the S-HT, and 

S-HT; receptor sub-types, and Y 2 5 I3 0 , specific for the S-HT^ sub-type, on the 

response to  histamine was studied to  determine if the higher concentrations used 

in this study had a non-specific effect on the activation of 5 -H T  receptors (see 

Figure 3.4.8). Histamine was applied in the presence o f methiothepin (Ip-M ) and 

Y 2 5 I3 0  (2uM ), and the percentage of cells responding to  I OOpM is shown in Figure 

3.4.8A and to  I OmM in Figure 3.4.8B. The 5 -H T  antagonists had no significant effect 

on the percentage of cells responding to  either concentration of histamine. The  

percentage responding to  IOOfj.M histamine in the presence of the antagonists was 

19% (n = l4  / 74) compared to  15% ( n = l 6  / 103, p=0.5508) responding before. 24% 

(n = l9  / 79) responded to  I OmM histamine after compared to  35% (n =37  /  107, 

p = 0 .1463) responding before pre-treating with the antagonists. T o  show that 

methiothepin and Y25 130 exerted their antagonistic effects at 5 -H T  receptors, 5-
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Figure 3.4,7 The percentage o f cells responding to histamine In the presence of 

ryanodine

The percentage o f cells responding to histamine (IOmM; 35%, n=37  /  107) alone is plotted in 

red as the control and the percentage responding to the same concentration o f histamine after 

pre-treating with ryanodine (SOjuM, 5 mins; 28%. n -1 7  /  98) is shown in green. The mean [Ca^*], 

response obtained to ryanodine is plotted in 6  (n=98) and the mean response in histamine 

responsive cells ( I OmM) before (red) and after ryanodine (green) is shown in C The green bar in 

6  indicates the duration o f the ryanodine exposure (200s) and the black bar in C represents 

histamine application ( 155s).
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Figure 3,4,8 The response to histamine and 5-HT in the presence of the 5-HT 

antagonists methiothepin and Y25I30

The percentage o f cells responding to I OOfitA histamine is shown in A and for I OmM in 6  in red 

as the control. The green column in both plots represents the percentage o f cells responding to 

the equivalent concentration o f histamine after pre-treating with methiothepin ( InM , 45s) and 

Y25I30 {2/uM, 45s). C shows the percentage o f cells responding to 5-HT (lOO/iM) alone in blue 

and after pre-treating with methiothepin and Y25I30 in green. The effect o f a combination o f 

mepyramine (mep, l^iM), cimetidine (cmt, 50iuM) and thioperamide (thio, ljUM) on the 

percentage o f cells responding to 5-HT is shown in pink. A cross indicates a significant decrease in 

the percentage o f cells responding when compared to control.
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H T  ( 100|j,M) was applied in the presence of these antagonists (see Figure 3.4.8C). 

The percentage responding to  5 -H T  was significantly reduced from  2 1 % (n=  1 5 /7 1 )  

to  4%  (n=3 /  67, p=0.0046). 5 -H T  was applied in the presence o f a combination of 

mepyramine ( If iM ) , cimetidine (50(j,M) and thioperamide ( l | iM )  to  show that 5 -H T  

did not exe rt its actions by activating H ,, H j o r H 3 receptors. 21% (n = l5  /  71) 

responded before and 21% (n = l I /  53, p= 1.00) responded after pre-treating with  

the histamine antagonists.

3.5 Inflammatory prostanoids enhance the sensitivity of DRG 

neurones to histamine

PGE2 increased the percentage o f neurones responding to histamine

Pre-treating D R G  neurones with PGEj is known to  sensitise these cells to  

other inflammatory mediators, such as, bradykinin (Ferreira, 1972; Nicol & Cui, 

1994; Smith et al, 2000), therefore, the effects of PGE2  on the percentage of cells 

responding to  histamine was investigated. Initially, neurones w ere  pre-treated with  

a range of PGEj concentrations for a period of 45s to  determ ine if a sensitisation of 

the response to  lOO^M histamine was produced (see Figure 3 .5 .1 A). In M  PGE^ had 

no effect on the number of cells responding to  histamine (14%, n = IO  /  74, p=I.OO) 

and lOnM PGEj did not produce a significant increase in the num ber o f cells 

responding (18%, n = l 6  /  90, p = 0 .5 6 l8 ). Raising the PGEj concentration produced a 

significant increase in the number of cells responding to  histamine, 27% (n=28  / 

102; p=0.04) responded after pre-treating with lOOnM and 38% responded after 

I j iM  (n =50  /  133; p=0.0002). Although IO|j,M PGEj increased the percentage of
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cells responding (25%, n = l 6  /  63, p = 0 .103), this increase proved to  be not quite 

significant when compared to  the number responding to  histamine alone.

As I PGEj produced the maximum sensitisation o f the response to  

lOOfiM histamine, the effect of this concentration on the percentage o f cells 

responding to  a range o f histamine concentrations was investigated (see Figure 

3 .5 .IB). PGE2  did not sensitise the neurones to  l|iM  histamine (1%, n = l /  76; 

p=I.OO), but produced a significant increase in the number o f cells responding to  1 0  

and 100|iM. For 10|iM, the number increased from  I % (n=  I /  77) to  24% (n=  16 / 

6 6 , p<O.OOOI) and fo r lOOfiM histamine, from  15% ( n = l 6  /  103) to  38% (n =50  / 

133, p=0.0002). The number responding to  Im M  histamine was increased from  

24% (n= 19 /  80) to  37% (n=35 /  95) but this increase was not quite significant 

(p = 0 .0 7 l8 ). A t the highest concentration of histamine tested, lOmM, PGE? had no 

significant effect on the number of responding cells (27%, n = l7  /  62, p=0.3937).

The sensitising effect o f PGEj on the response to  histamine was affected by 

the tim e that the neurones w ere maintained in culture (see Figure 3.5.1C). PGEj 

produced an increase in the percentage o f cells responding to  lOOfiM histamine to  

27% (n=22 /  83) after one day in culture but this increase was not quite significant 

when compared to  control ( n = l 6  /  108, p=0.0666). The sensitisation of the 

histamine response was seen at culture days 2, 3 and 4, and the percentage 

responding was similar fo r these days (day 2, 36%, p<O.OOOI; day 3, 39%, p = 0.0042; 

day 4, 41%, p=0.0069). A fte r 5 days in culture, the sensitising actions o f PGE^ 

declined.
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Figure 3.5J  The percentage of cells responding to histamine after PGEi pre-

treatment

In A  the percentage o f cells responding to I QQfj.Ni histamine after pre-treating with a range o f 

PCEz concentrations (lO ^ - lO^/Æ . 45s) is plotted in blue and the percentage responding to 

100/Æ  histamine alone is plotted in red as the control. The percentage o f cells responding to a 

range o f histamine concentrations (10^ - 10-^M) is plotted in B as the red line and the percentage 

responding to histamine after pre-treatment with PGEz ( I f M ,  45s) is plotted in blue. C shows the 

effect o f time in culture on the percentage o f cells responding to 1 0 0 ^  histamine alone plotted 

in red, and after PGEz ( I/uM, 45s) pre-treatment plotted in blue. An asterisk indicates a significant 

increase in the percentage o f cells responding to histamine after PGEz pre-treatment when 

compared to the number responding to the equivalent histamine concentration before PGEz pre

treatment.
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The time course o f the [Ca^*]i response obtained to histamine after PGEj 

pre-treatm ent

Individual [Ca^^], responses to  IOO|iM histamine after pre-treating w ith  IjiM  

PGEj fo r a period o f 45s are shown in Figure 3.5.2. A  shows the phase contrast 

image o f the field o f cells that was tested and four neurones are numbered to  

illustrate the ir [Ca^^], responses. These responses are plotted in B and show that 

cells I and 2 both responded to  histamine whereas cells 3 and 4 did not. The [Ca^^], 

response in cell I had a slight delay in onset o f 15s, and then reached its peak 

within 5s. Cell 2 also responded with a rise in [Ca^^], which was immediate in onset 

and reached its peak within I Os. A fter the initial peak rise, the [Ca^^]j response in 

both cells declined to  a plateau just above baseline. Panels C, D  and E are 

pseudocolour images of the field of cells and are taken at the tim e points o f the 

experim ent. Os, 125s and 275s respectively. A t rest, cells appear blue indicating low  

resting [Ca^^]j, giving a 340:380 ratio of approximately 1.00 (see Figure 3.5.2C). 

A fte r histamine was applied, those cells responding with a rise in [Ca^^], appear 

yellow and red, as indicated in F, therefore cells I and 2 (see Figure 3.5.2D ). E 

shows that [Ca^^], returns to  near resting levels.

PGE; had no effect on the profile o f the [Ca^*]/ response to histamine

PGE; pre-treatm ent did not alter the profile of the [Ca^^Jj response to  

histamine (see Figure 3.5.3). Data in A  shows the mean [Ca^^], response obtained to  

IOO|iM histamine alone. Histamine evoked a rise in [Ca^^J which was rapid in onset 

and reached its peak within I Os. A fter the peak rise, [Ca^^], started to  decline and 

reached a plateau at 30s. This plateau was maintained until histamine was washed
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Figure 3.5.2 individual [Ca^*]i responses to histamine after PGE: pre-treatm ent in 

DRG neurones

The phase contrast image o f the field o f cells that was tested is shown in A (xIO  magnification). 

Four neurones in the field are numbered and their [Ca^*]i responses are plotted in B. Cell I is 

plotted in red. 2 in green, 3 in turquoise and 4 in blue. PGEi ( I /uNi) was applied at 45s and 

histamine (lOOjuM) at 90s and both were washed at 260s. Panels C D and E are pseudocolour 

images o f the field o f cells and represent the time points o f the experiment as shown in B, 

therefore C is taken at Os. D at 115s and E at 280s. The estimated [Ca^*], concentration 

corresponding to the colour changes in D and E is shown in F.
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whereupon [Ca^^i started to  decay back to  baseline. A fte r washing, [Ca^^], 

returned to  near basal levels. The [Ca^^j response obtained to  histamine after PGEj 

pre-treatm ent was similar to  that obtained w ithout pre-treatm ent, that is, a rapid 

rise in [Ca^^]„ reaching its peak after 15s and declined to  a plateau after 65s (see 

Figure 3 .5 .3B). C  compares the normalised 340:380 ratio fo r the histamine 

response displayed in A  and B and shows that the mean responses obtained to  

histamine both with and w ithout PGE^ pre-treatm ent are similar (p=0.4458, 

p=0.691 ; comparison o f ratio values at 45s and 130s respectively).

PGE; enhanced the sensitivity to histamine in small diameter neurones

The sensitivity to  histamine was enhanced by PGE; fo r both capsaicin 

sensitive and capsaicin insensitive neurones w ith small neuronal diameters (see 

Figure 3.5.4). For the combined group, neuronal diam eter ranged from  10.5- 

27.75|im  w ith  a mean diameter o f 18.12 ±  0.38|am (n=  123; see Figure 3.5.4A). 

Alm ost all o f the neurones had a diameter in the range 10.5-24.9|_im (93%, n=  I 14 / 

123) w ith a very small proportion within the range 25-29.9 (7%, n =9  /  123). For 

capsaicin sensitive cells, the majority o f neurones had diameters between 15- 

24.9fj.m (83%, n=33 /  40; see Figure 3.5.4B). The mean diam eter was 20.30 ±  

0.55fj,m w ith  a range from  l2.5-27|nm. Most o f the capsaicin insensitive neurones 

had diameters between l0.50-24.9|j.m  (95%, n =79  /  83; see Figure 3.5.4C). A  very 

small proportion of neurones had diameters greater than 25|j.m (5%, n = 4  /  83). The 

mean diam eter of capsaicin insensitive neurones was 17.06 ±  0 .45fim  with a range 

between 10.50-27.75|am.
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Figure 3,5,3 Mean [Ca^*]i responses obtained to  histamine with and without PGEz 

pre-treatment,

A shows the mean [Ca^*]i response in histamine responsive cells (IOO//M; n = l6  /  103) before 

PGEz pre-treatment whereas B shows the mean [Ca^*]i response in histamine responsive cells to 

the same concentration o f histamine after PGEz pre-treatment (IfiN I, 45s; n=5  /  133). The 

normalised ratio values for the histamine response before and after PGEz pre-treatment are 

plotted in C (mean ±  s.e.m.). The response to histamine alone is plotted in red and after pre

treating with PGEz is plotted in blue. The responses in A, 6  and C are plotted on different time 

scales.
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Figure 3.5,4 Diameter o f neurones responding to histamine after PGEi pre-treatment

The distribution o f diameters for a sample o f both capsaicin sensitive and capsaicin insensitive 

neurones that responded to histamine after PGEz pre-treatment (n= l23 ) is combined and shown 

in A. The distribution o f neurone diameter for capsaicin sensitive neurones alone (12.5-27/zm; 

n -4 0  / 123) is shown in 6  and for capsaicin insensitive neurones only (10.5-27.75jum; n=83 /  

123) is shown in C.
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PGEj increased the number o f both capsaicin sensitive and capsaicin 

insensitive neurones that responded to histamine

Cells that responded to  histamine after pre-treating w ith  PGE2  w ere  tested 

fo r their sensitivity to  capsaicin (SOOnM) and a depolarising (SOmM) stimulus 

(see Figure 3.5.5). PGEj ( l | iM ,  45s) produced a significant increase in the percentage 

of capsaicin sensitive cells that responded to  histamine (lOOfiM ) from  8 % (n = 6  /  80) 

to  20% ( n = l 6  /  80, p=0.03; see Figure 3.5.5A). Although PGEj increased the 

percentage o f capsaicin insensitive cells responding to  histamine from  43% (n = IO  /  

23) to  64% (n = 34  /  53), this increase proved not to  be significant (p = 0 .1298; see 

Figure 3.5.5B). How ever, when both populations o f cells, capsaicin sensitive and 

capsaicin insensitive, w ere  combined and neurones w ere classified according to  

histamine sensitivity, PGE; produced a significant increase in the percentage of cells 

responding from  15% ( n = l 6  /  103) to  38% (n =50  /  133, p=0.0002; see Figure 

3.5.5C). The [Ca^^], response obtained to  histamine in the presence o f PGE; in 

capsaicin sensitive cells was similar to that obtained in capsaicin insensitive cells 

(p=0.2946, p= 0.2761; comparison of ratio values at 105s and 185s respectively; see 

Figure 3.5.5D ). A fte r the initial peak [Ca^^i rise, which was reached within 15s, 

[Ca^^]j decayed to  a plateau and remained elevated fo r the duration of the 

histamine exposure.

A second application o f histamine was unable to elicit a subsequent [Ca^*], 

response in neurones sensitised by PGE;

To determ ine if histamine was able to  evoke a subsequent [Ca^^], response 

in sensitised neurones, cells that had been pre-treated with PGE; w ere  repeatedly 

stimulated w ith low  concentrations of histamine. T w o  different protocols w ere
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Figure 3.5,5 The effect o f PGEi on the response to histamine in capsaicin sensitive 

and capsaicin insensitive DRG neurones

A and B show the percentage o f ceils responding to histamine ( I 00/jM) alone plotted in red as 

the control and the percentage responding after pre-treating with PCEz ( IjuM, 45s) plotted in 

blue. A shows the data obtained for capsaicin sensitive cells and B for capsaicin insensitive cells. In 

C the mean [Ca^*], response obtained in histamine responsive cells after pre-treating with PCEz in 

capsaicin sensitive cells is plotted in the filled blue circles (n= 1 6 / 8 0 )  and in capsaicin insensitive 

cells the hollow blue circles (n=34 !  S3).
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perform ed. In the first, neurones w ere exposed to  histamine (lOOfiM, 45s), the 

agonist was washed and after a defined wash period (5, 30 and 60 min), the same 

field o f cells was pre-treated w ith PGEj ( If iM , 45s) and subsequently exposed to  a 

second histamine application ( I OOfxM, 45s; see Figure 3.5.6A). O f  all the neurones 

tested in this protocol, 15% (n = l3  /  85) responded to  the first histamine 

application and no cells (n = 0  /  85) responded to  the second histamine application. 

In the second protocol, neurones w ere initially pre-treated w ith PGE] (l|J.M, 45s) 

before the first histamine application (IOO|iM , 45s).

Histamine alone was washed for a defined period (5, 30 and 60min) and the 

same field o f cells w ere  exposed to  a second histamine application ( I OOpM, 45s) in 

the continuing presence of PGE]. O f  the cells that responded to  the first histamine 

application (n =28  /  79), almost all did not respond to  the second histamine 

application (n=26  /  28). However, histamine did evoke a [Ca^^Jj response to  both 

applications in a small proportion of the neurones (n=2 / 79; see Figure 3.5.6 C). 

The magnitude of the first [Ca^^], peak was greater in cells that responded to  both 

applications than the [Ca^^], peak obtained in neurones that responded only to  the 

first application (p=0.00227, comparison o f ratio values at I 15s; see Figure 3.5.6 B 

and C, left hand panels). In those cells that responded to  both histamine 

applications, the first [Ca^^], peak was greater than the second [Ca^^], peak 

(p=0.0009, comparison of ratio values at I 15s and 70s; see Figure 3.5.6 C).

In both experiments, those cells that failed to  respond to  the first histamine 

application did not respond to  the second application.
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Figure 3,5,6 The [Ca^*]i response to  repeated applications of histamine in DRG 

neurones pre-treated with PGEi

The [Ca^*]i response obtained to the first histamine (\00/uM, 45s) exposure is shown in the left 

hand panel in A. [Ca^*]i during a second histamine application after pre-treating with PGE2 ( I/jM , 

45s) is shown in the right hand panel (n= 13 / 85). In 6  and C cells were pre-treated with PCEz 

before the first histamine application and PGEz was present in the bath solution until the second 

histamine application was washed. B shows the mean [Ca^*]i response to those cells that 

responded to the first histamine application only (n=26 /  79) and C shows the response to those 

cells that responded to both histamine applications (n=2 /  79). The wash period between 

histamine applications ranged from 5 to 60 min and data shown in A, 6  and C are mean data 

sets that were combined irrespective o f wash period. The duration o f each histamine application is 

indicated by the red bar (45s) and exposure to PGEz is represented by the blue bar.
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Sensitivity to histamine is augmented by other inflam m atory prostanoids

D R G  neurones w ere  pre-treated w ith a range o f prostanoids to  determine  

if they also enhanced the sensitivity o f these cells to  histamine. Cells w ere  pre

treated w ith l|j,M o f the test prostanoid, PGI^, P G D j o r PGFja fo r a period of 45s 

and the percentage responding to  histamine after p re-treatm ent was compared to  

the percentage of cells responding to  histamine alone (see Figure 3.5.7A). Both PGI; 

and P G D j produced a significant increase in the number o f cells responding to  

histamine. 33% ( n = l 8  /  53, p=O.O I32) responded after PGIj and 29% (n = 24  /  81, 

p = 0 .0 3 0 l) responded after PG Dj. Pre-treating w ith PGF^a had no significant effect 

on the number o f cells responding to  histamine (n =7  /  56; p=0.6465).

Inflam m atory prostanoids increase intracellular cAtAP levels in DRG neurones

The intracellular cAMP concentration in response to  stimulation by the 

prostanoids, PGEj, PGI^, P G D j and PGFja was measured to  determ ine if cAMP 

linked receptors fo r these prostanoids w ere present in D R G  neurones. 

Intracellular cAMP concentration is expressed as a proportion of the total protein  

content in D R G  neurones ([cAMP] pmol/mg protein; see Figure 3.5.7B). Cells were  

pre-treated w ith I|liM o f the test prostanoid for 45s. PGE; and PG D ; produced a 

significant increase in cAMP levels when compared to  control (11.24 ±  1.62 

pmol/mg protein). PGE; increased the cAMP concentration to  24.90 +  2.01 

pmol/mg protein (p = 0 .0 0 4 l6 ) and PG D; increased the levels to  22.72 +  2.79 

pmol/mg protein (p=O.OOI 17). cAMP concentration was not significantly altered 

when the cells w ere pre-treated w ith either PGI; (15.06 ±  1.62 pmol/mg protein; 

p=O .1107) o r  PGF;a (14.73 +  1.27 pmol/mg protein; p=0.05546).
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Figure 3.5.7 The effect o f prostanoids on the histamine response and cAMP 

concentration in DRG neurones

The percentage o f  cells responding to /0 0 //M  histamine before (15%, n = l 6  /  103) and after a 

4Ss pre-treatm ent with I / /M  o f PGEz (38%, n= 50  I  133), PGh (33%, n = l 8  / 53), PGDz (29%, 

n= 2 4  I  81) and PG Fza(l 1%. n= 7  /  56) is p lotted in A. An asterisk indicates a significant increase 

in the percentage o f  cells responding to histamine when compared to the num ber responding to 

histamine alone shown in red as the control.

The e ffea  o f PGEz PGIz, PGDz and PGFza on [cAMP], is shown in 6. cAMP concentration is 

expressed as a proportion o f  the to ta l protein content ±  s.e.m. A significant increase in [cAMP], 

compared to control is indicated by an asterisk.
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Hîstçmine had no effect on intracellular cAMP

To  determ ine if histamine itself modulated cAMP, intracellular levels in 

response to  histamine w ere  measured (see Figure 3.5.8). The [cAMP], levels 

obtained to  histamine alone was not significantly increased when compared to  

control levels ( I 1.76 +  1.51 pmol/mg protein compared to  12.17 +  2.01 pmol/mg 

protein; p=0.278). PGE^ alone produced a significant increase in [cAMP], when 

compared to  control (29.02 ±  4.44 pmol/mg protein, p=0.009). W h en  PGEj and 

histamine w ere  co-applied, there was a significant increase when compared to  

control (26.68 +  2.37 pmol/mg protein, p=0.0009) but not when compared to  the 

[cAMP]i levels obtained in response to  PGE; alone (p=0.638).

The effect o f histamine antagonists on the sensitised response to histamine

To  determine which receptor sub-type was involved in the sensitised [Ca^^]j 

response to  histamine, mepyramine (Ip .M ), cimetidine (50pM ) and thioperamide  

(l|j.M ) was applied before cells w ere pre-treated w ith PGE; (Im-M) and then tested 

fo r their sensitivity to  histamine (IOO|j,M). In the presence o f mepyramine, 

histamine failed to  elicit a [Ca^^], response in any of the neurones tested (n = 0  /  35; 

p<O.OOOI; see Figure 3.5.9A). W hen  cells w ere pre-treated w ith cimetidine, the 

percentage responding was significantly reduced from  38% (n = 5 0  /  133) to  17% 

(n =  14 /  83, p=O.OOI2). The percentage responding in the presence o f thioperamide 

was not significantly different compared to  control (27%, n =9  /  33 compared to  

38%, n=50 /  133, p = 0 .3 l3 8 ). The sensitised [Ca^^i response obtained to  histamine 

in the presence and absence o f cimetidine is shown in Figure 3.5.9B. The magnitude 

of both responses reached a similar peak at 2 0 s but the sensitised response to  

histamine alone decayed to  a plateau whereas, there was no clear plateau phase in
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This shows the effect o f histamine (lOOuN\) alone and after PCE2 ( I / jM, 45s) pre-treatment on 

the cAMP concentration in DRG neurones. A significant increase in cAMP concentration when 

compared to control is represented by an asterisk
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Figure 3.5,9 The effect o f mepyramine, a selective Hi antagonist, cimetidine, a 

selective Hz antagonist and thioperamide, a selective Hi antagonist on the histamine 

response in PGEz pre~treated neurones

A shows the percentage o f  cells responding to histamine (IOO /jA>̂ ) after PGEz pre-treatment 

{l^ tA , 45s; 38%, n = 5 0  /  133) plotted In blue as the control. The percentage responding after 

mepyramine (mep, ljuM; 0%, n = 0  /  35), cimetidine (cmt, 5 0 f M ;  17%. n = l 4  /  S3) and 

thioperamide (thIo, ////VI; 27%, n = 9  / 33 ) Is also shown. A cross Indicates a significant decrease In 

the percentage o f  cells responding after PGEz pre-treatment when compared to control. In B, the 

sensitised mean [Ca^*], response In histamine responsive cells Is shown In blue as the control and 

the same response obtained In the presence o f cmt Is plotted In turquoise. The black bar 

represents the duration o f  the histamine application ( 105s). C shows the effects o f cmt on the 

cAMP concentration before and after pre-treating with PGEz ( I ///VI, 45s). An asterisk Indicates a 

significant increase In cAMP concentration when compared to control.
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the response obtained in the presence o f cimetidine. Instead, [Ca^^, appeared to  

decline towards baseline (p = 0 .0 0 4 l3 , comparison of ratio values at 130s). T o  

determ ine if cimetidine altered [cAMP], levels in D R G  neurones, [cAMP], was 

measured after stimulation w ith cimetidine and PGEj (see Figure 3.5.9C). 

Cimetidine alone had no significant effect on cAMP levels when compared to  

control (16.32 ±  2.85 pmol/mg protein compared to  13.86 ±  1.00 pmol/mg  

protein; p=0.03). The levels o f cAMP measured after co-application o f cimetidine 

and PGEj w ere  not significantly different when compared to  those obtained to  

PGE] (27.94 ±  2.02 pmol/mg protein, p=0.225).

3.6 The prostanoid-induced sensitisation to histamine is 

mediated via a cAMP-dependent mechanism

increasing intracellular cAMP enhanced the sensitivity to histamine

To  determine if the prostanoid-induced sensitisation was produced via the 

activation o f cAMP, the effects o f increasing intracellular adenylyl cyclase activity 

and raising cAMP on the percentage of cells responding to  histamine was 

investigated. Intracellular cAMP was raised by pre-treating the neurones w ith  the 

membrane permeable analogue o f cAMP, 8 -brom o-cAM P (lO O jiM ) fo r a period of 5 

mins. Adenylyl cyclase activity was increased by pre-treating w ith forskolin (IO|j,M) 

fo r 5 mins. 8 -brom o-cAM P produced a significant increase in the num ber o f cells 

responding to  both 10 and IGO|iM histamine (see Figure 3 .6 .1A and B). The number 

responding to  lO^M histamine increased from  1% (n = l /  77) to  13% (n = 9  /  70, 

p=0.0068) and for lOOjiM, from  15% ( n = l 6  /  103) to  43% (n = 24  /  55, p=0.0002).
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Figure 3 .6 .1 The effect o f raising intracellular cAMP on the histamine response in 

DRG neurones

A shows the effect o f raising [cAMP], on the percentage o f cells responding to I OfJA histamine 

and 8  shows the effea on the percentage responding to IOO/jM histamine. The red control 

column in both A and 8  represents the percentage responding to the equivalent concentration o f  

histamine alone. Cells were pre-treated with PGE2 ( ///M , 45s), 8-bromo<AMP (8-br-cAMP; 

lOOfitA, 5 mins) or forskolin (FK; 1 0 ^ ,  5 mins). An asterisk indicates a significant increase in 

the percentage o f cells responding when compared to the equivalent control. C and D show the 

effect o f forskolin on [cAMPJi in DRG neurones. C shows the [cAMP], concentration that was 

measured after a 45s pre-treatment and D shows the [cAMPJi concentration after a 5 min pre

treatment. A significant increase in [cAMPJi when compared to control is indicated by an asterisk.
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Forskolin sensitised the neurones to  IO |iM  histamine, the percentage responding 

increased to  12% (n = 8  /  67, p=O.OI24). Pre-treating the neurones w ith forskolin 

increased the number responding to  IOO|iM histamine to  23% (n = 38  /  165) but this 

proved to  be not quite significant when compared to  control (15%, n = l 6  /  103, 

p=O .I599).

To  show that forskolin increased intracellular cAMP in D R G  neurones, 

intracellular cAMP levels w ere measured after pre-treating the cells w ith  forskolin 

for 45s and 5 mins (see Figure 3 .6 .1C and D).

Both exposure times significantly increased intracellular cAM P levels. A fter 

45s the cAMP concentration was increased from  12.19 +  0.96 pmol/mg protein to  

100.12 ±  6.57 pmol/mg protein (p<O.OOOI; see Figure 3.6.1C), and after 5 mins, 

from  13.86 ±  0.99 pmol/mg protein to  53 1.12 ±  61.63 pmol/mg protein (p<O.OOOI; 

see Figure 3 .6 .1D).

The effect o f raising intracellular cAMP on the [Ca^*]j response to histamine

The [Ca^^]i response obtained to  histamine (lOjuM) after pre-treating with  

PGEj ( l | iM )  was compared to  that obtained after pre-treating w ith 8 -brom o-cA M P  

(lOOjaM) and forskolin (lO jiM ; see Figure 3.6.2). The response obtained to  

histamine after PGEj reached a peak after 15s, [Ca^^], then declined and reached a 

plateau after 120s (plotted in blue in Figure 3.6.2A and B). The [Ca^^], responses 

obtained to  histamine after 8 -brom o-cA M P (see Figure 3.6.2A) and after forskolin 

(see Figure 3.6.2B) w ere  essentially similar in that [Ca^^], reached a peak and then 

decayed to  a plateau. How ever, the magnitude of the peak response in the 

presence o f 8 -brom o-cAM P was not as great as that obtained after PGEj pre

treatm ent (p=O.OI51, comparison o f peak ratio values at 65s).
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F ig u r e  3.6.2 The [Ca^*], response obtained to histamine after raising intracellular 

cAfAP levels

A shows the response obtained to histamine ( I OjUM) in the presence o f 8-bromo-cAMP

(lOOuM, Smins; n=9 / 70) plotted in green and the response to histamine after pre

treating with forskolin (IO/./M, Smins; n=8 I 67) is plotted in turquoise in B. The sensitised [Ca '̂^ji 

response to histamine (lO uM ; n - ! 6  ! 66) is shown in blue as the control in both A and B and 

the black bar represents the duration o f the exposure to histamine (205s).
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Inhibiting cAMP blocked the PGEj-induced sensitisation to histamine

Cells w ere  pre-treated w ith the adenylyl cyclase inhibitor tetra-hydro-furyl- 

adenine (T H F A ) fo r a period o f 5 mins to  prevent the form ation o f cAM P after 

stimulating w ith  PGEj. Sensitivity to  lOfiM histamine is shown in Figure 3.6.3A and 

to  lOOfiM histamine in Figure 3.6.3B. IOO|iM T H F A  did not significantly reduce the 

number o f cells responding to  IOp.M histamine after PGEj p re-treatm ent (18%, 

n= 27  /  ISO, p=G.35S) when compared to  the number o f neurones responding that 

w ere not treated  w ith TH FA  (24%, n = l 6  /  6 6 ). W hen  exposed to  Im M  TH FA , the  

response to  IOp.M histamine was inhibited in cells pre-treated w ith PGEj (n = 0  /  54, 

p<0.000; see Figure 3.6.3A). Both ICOfiM and Im M  T H F A  significantly reduced the 

PGEj-induced sensitisation of the response to  IGG|aM histamine (see Figure 3.6.3B). 

A fter IGG|j.M THFA, the percentage o f responding cells was reduced from  38% 

(n=5G /  133) to  23% (n=22 /  94, p=G.G297), and after Im M , the percentage 

responding was reduced to  2G% (n =24  /  122, p=G.G23; see Figure 3.6.3B). This data 

is consistent w ith previous findings w here a Im M  concentration o f T H F A  was 

adequate to  block the PGE^-induced sensitisation of the bradykinin response in 

cultured D R G  neurones (Cui & Nicol, 1995).

Intracellular cAMP levels w ere  measured after stimulation w ith PGEj in cells 

that had been pre-treated w ith Im M  T H FA  (see Figure 3.6.3C). T H F A  alone had no 

effect on intracellular cAMP ( I I . I G  ±  1.38 pmol/mg protein, p=G .I38G 5) when 

compared to  control (IG .97  ±  1.32 pmol/mg protein), but significantly reduced the 

PGE^-induced increase in cAMP levels from  24.9G +  2.GI pmol/mg protein to  14.74 

±  1.23 pm ol/m g protein (p=G.GGI 16).

The profile of the mean [Ca^^], response obtained to  histamine (both I G and 

I GG|iM) in the presence o f both PGE^ and T H FA  ( I m M ) was similar to  that
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Figure 3.6.3 The effect of inhibiting adenylyl cyclase on the PCEi-induced 

sensitisation to histamine

A and 6  show the effect o f inhibiting adenylyl cyclase with tetra-hydro-furyl-adenine (THFA;

I OOjliM and I mM, 5 mins) on the percentage o f cells responding to histamine ( I O/uM in A and 

I OOjliM in B) after pre-treating with PGE2 ( I jiM , 45s). A significant increase in the percentage o f 

cells when compared to the control is indicated by an asterisk. A cross indicates a significant 

decrease in the percentage o f cells responding to histamine after pre-treating with PGE2. The 

effea o f THFA (ImM , 5 mins) on the PGEz-induced increase in cAMP formabon is shown in C. An 

asterisk indicates a significant increase in cAMP formation when compared to control and a cross 

represents a significant decrease in the PGEz-induced increase in cAMP.
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obtained in the presence o f PGEj alone in that the [Ca^^], response consisted of a 

peak and plateau phase (data not shown).

The sensitisation was not prevented by pre-treating with inhibitors o f  cAMP- 

dependent protein kinase

Neurones w ere  pre-treated with the membrane permeable, selective 

inhibitors o f cAMP-dependent protein kinase, protein kinase A  inhibitor (PKI) and 

H 89 to  determ ine if the prostanoid-induced sensitisation to  I OOjliM histamine was 

due to  the effect of cAMP acting indirectly via the action o f a cAMP-dependent 

protein kinase (see Figure 3.6.4). Both these inhibitors, used at similar 

concentrations, have been previously shown to  prevent the PGE2 -induced 

sensitisation o f the bradykinin response (Cui & Nicol, 1995; Smith et al, 2000). Pre

treating the cells with PKI (SOOnM) for a period of 5 min o r 30 min did not affect 

the PGEj-induced sensitisation to  histamine (lOOjaM). 38% (n = 5 0  /  133) of cells 

responded to  histamine before the inhibitor and 37% (n = l9  /  51, p=I.OO) 

responded after a 5 min pre-treatm ent and 30% (n=3 I /  103, p=0.2692) responded 

after a 30 min pre-treatm ent (see Figure 3.6.4A). H 89 also had no significant effect, 

the percentage of cells responding after pre-treating w ith H 89 (300nM , 5min) was 

28% (n = l7  /  61) compared to  38% (n=50 /  133, p = 0 .1979) responding before. PKI 

(500nM , 5 min) had no effect on the forskolin-induced sensitisation to  lOjiM  

histamine (see Figure 3.6.5B), 12% (n = 8  /  67) responded before and 15% (n = l3  /  

87, p=0.6427) responded after pre-treating with the inhibitor.
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Figure 3.6.4 The effect o f inhibiting cAMP-dependent protein kinase on the 

sensitised response to histamine

In A, the percentage of cells responding to histamine (IOO/./M) after pre-treating with PGEz (l/.iM , 

45s) is shown in blue as the control. The percentage o f cells responding to histamine after PGEz 

pre-treatment was then measured when in the presence o f the protein kinase inhibitors (PKI; 

SOOnM, S-SOmins) and (H89; SOOnM, 5 mins). 6 shows the effea o f PKI (SOOnM, S mins) on 

the percentage o f cells responding to histamine ( lOO/tM) after pre-treating with forskolin (lO /jM , 

S mins). The percentage responding to histamine after forskolin pre-treatment is shown in 

turquoise as the control.
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The effect o f inhibiting cAMP~dependent protein kinase on the [Ca^*], 

response to histamine

The [Ca^^Ji response obtained to  histamine (IO O |iM ) in PGEj ( I j iM )  pre

treated neurones in the absence and presence o f the inhibitors o f cAMP-dependent 

protein kinase, PKI (SOOnM, 30mins) and H 89 (300nM , 5 mins) is shown in Figure 

3.6.5. The sensitised [Ca^^], response obtained to  histamine after pre-treating with  

both PKI and H 89 was similar to  that obtained before (see Figure 3.6.5A  and B). 

The magnitude of the peak was similar (p = 0 .1957, p = 0 .1513; comparison o f ratio  

values at 60s fo r PKI and H 89 respectively) and also the magnitude o f the plateau 

was similar (p=0.0724, p = 0 .4 0 l8 , comparison o f ratio values at 135s fo r PKI and 

H 89 respectively).
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Figure 3.6,5 The [Ca^*]i response to histamine after pre-treating with  PGEz in the 

presence o f cAMP-dependent protein kinase inhibitors

A shows the mean sensitised [Ca '̂^Ji response in histamine responsive cells (IOO/jM; n = 50  / 133) 

before (plotted in blue) and after pre-treating with protein kinase A inhibitor (SOOnM, 30mins; 

n = 3 l / 103) in red. 6 shows the control response plotted in blue and the [Ca^*], response in 

histamine responsive cells obtained in the presence o fH 8 9  (300nM , Smins; n = l 7  /  61) in green. 

In A and B, the black bar indicates when histamine was applied (40 -14Ss).
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3.7 The [Ca^^i response in sensitised DRG neurones consists of 

a store sensitive and a store insensitive component

PGEj did not affect the histamine-induced increase in IP3  formation

IP3 levels in response to  IOO|o,M histamine before and after PGEj pre

treatm ent w ere  measured to  determ ine if the increased num ber o f cells responding 

with a rise in [Ca^^], was mediated by an increase in IP3 tu rnover (see Figure 

3 .7 .1 A). PGEj alone had no effect on IP3 formation (0.17 ±  0.01 % pH]-PI, 

p=0.85492) when compared to  control (0.16 +  0.01 % fH ]-P I) .  Histamine 

stimulation produced a significant increase in IP3 form ation (0.24 ±  0.03 % f  H]-PI, 

p = 0 .0 l0 2 ) when compared to  control. Pre-treating the neurones w ith PGEj did not 

alter the IP3 response that was obtained to  histamine (0.24 ±  0.02 % fH ]-P I, 

p=0.92703).

The [Ca^*]i response in sensitised neurones is mediated, in part, by a Ca2+ 

entry pathway

T o  get an indication of how the [Ca^^], response to  histamine was mediated 

after PGE^ pre-treatm ent, IP3 formation was inhibited by pre-treating w ith U 7 3 I2 2  

( 10|j,M) and Ca^^ entry was blocked with lanthanum (50p.M) o r by removing  

(see Figure 3.7.2A). U 7 3 I2 2  produced a significant decrease in the percentage of 

cells responding to  lOOjiM histamine from  38% (n =50  /  133) to  19% (n =20  /  106, 

p=O.OOI7) but didn’t  completely inhibit the response. W h en  [Ca '̂^J  ̂ was removed  

or lanthanum was present, the percentage of cells was significantly reduced. 17% 

(n = l2  /  69, p=0.0036) responded to  histamine in the absence [Ca^^J^ and 13% 

(n = IO  /  75, p=0.0002) responded when voltage gated Ca^^ channels w ere  blocked
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Figure 3.7.1 The formation o f IP 3  in response to histamine in sensitised DRG  

neurones

This shows the effect o f pre-treating the neurones with PGEz 45s) on the histamine-

stimulated increase in IP3 formation. An asterisk indicates a significant increase in IP3 formation 

when compared to resting levels shown in black as the control.
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Figure 3.7.2 The effect of inhibiting Ca^* release from IPs sensitive stores or 

inhibiting Ca^* entry on the sensitised response to histamine

A shows the percentage o f cells responding to histamine ( 100/JA) after pre-treating with PGEz 

(ljuM, 45s) as the control and in the presence o f U73 122 ( 1 0 ^ ,  5 mins), La^* (50/zM, 45s) 

and in the absence o f  fCô +Jo. A cross indicates a significant decrease in the percentage o f  cells 

responding when compared to control. 6 , C and D show the mean [Cô +J/ responses obtained in 

histamine responsive cells after pre-treating with PGEz in the presence o f U73122 in green in 6  

(n=20 / 106), the absence o f [Ca^*]o in turquoise in C (n = l2  /  69) and in the presence o f La^* in 

pink in D (n=IO  / 75). The sensitised [Ca^*], response in histamine responsive cells is plotted in B, 

C and D in blue as the control (n=50 / 133). The black bar represents the duration o f the 

histamine exposure ( 105s).
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w ith lanthanum. Pre-treating the neurones w ith U 7 3 I2 2  in the absence o f [Ca^^o» 

abolished the [Ca^^, response in all neurones tested (n = 0  /  50, p<O.OOOI).

The [Ca^^i response obtained to  histamine after pre-treating w ith PGEj was 

compared to  the response obtained in the presence o f U 7 3 I2 2 , in the absence 

[Ca^^]o ( + 100|_iM EGTA) and in the presence o f La^  ̂ (see Figure 3.7.2B, C  and D  

respectively). U 73122 had no effect on the tim e taken to  reach o r  the magnitude of 

the peak [Ca^^j response (p = 0 .5 4 l7 , comparison o f ratio values at 60s; see Figure 

3.7.2B). H ow ever, there was no plateau phase in the [Ca^^], response in U 7 3 I2 2  

treated neurones (p=0.00024, comparison at 135s). W hen  [Ca^^]^ was removed, 

the magnitude of the peak [Ca^^], response was greater than that in control cells 

(p=O.OI376, comparison at 60s; see Figure 3.7.2C). The magnitude o f the plateau 

phase was similar when compared to  control cells (p =  0.18312, comparison at 

135s). The [Ca^^Jj response obtained in the presence o f La^  ̂ was slower to  reach 

its peak (20s compared to  15s), and the magnitude was not as great when 

compared to  control (p=0.0027, comparison at 60s; see Figure 3.7.2D ). [Ca^^], 

remained elevated at a plateau that was similar to  control (p =  0.6972, comparison 

of ratio values at 135s).

Ryanodine had no effect on the sensitised histamine response

To  determine if ryanodine sensitive intracellular Ca^^ stores w ere  involved 

in the sensitised histamine response, cells w ere  pre-treated w ith PGE^ ( I j iM ,  45s) in 

the presence of ryanodine (5|aM, 5mins) before stimulating w ith  histamine (lOOjiM; 

see Figure 3.7.3). Ryanodine had no significant effect on the percentage o f cells 

responding to  histamine, 38% (n = 50  / 133) responded before and 39% (n = 38  /  97, 

p=0.8908) responded after (see Figure 3.7.3A). Ryanodine alone did no t elicit a
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Figure 3.7.3 The effect o f ryanodine on the PCEz-induced sensitisation to histamine

The percentage o f cells responding to histamine ( I OO^M) after PGEz pre-treatment ( I /iM , 45s) is 

shown in A in blue as the control (38%, n=50  /  133) and the percentage responding in the 

presence o f ryanodine (SjuM, 5 mins; 39%, n=38  /  97) is plotted in turquoise. B shows the [Ca^*]i 

response obtained when the cells were exposed to ryanodine (200s) as indicated by the turquoise 

bar (n-91). The effect o f ryanodine on the mean sensitised [Ca^*]i response in histamine sensitive 

cells is plotted in C in turquoise and before ryanodine in blue as the control. Exposure to 

histamine ( 105s) is indicated by the black bar.
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[Ca^^j response in any o f the neurones tested (n = 0  /  97; see Figure 3.7.3B). The  

sensitised [Ca^^], response obtained to  histamine in the presence o f ryanodine was 

the same as that obtained before (see Figure 3.7.3C). [Ca^^, peaked at 15s and then 

declined and reached a plateau after 65s.
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4. DISCUSSION

The data presented in this thesis demonstrates that D R G  neurones in 

culture are a reliable preparation fo r studying the effects o f inflammatory mediators 

on sensory neurones. It also provides the first detailed account o f the d irect effects 

of histamine on the intracellular signalling mechanisms in sensory neurones and the 

sensitising effects o f the prostanoids on this histamine response.

4 .1 A sub-population of cultured DRG neurones display 

characteristics of nociceptive afferent neurones

The sensory endings of nociceptive afferent neurones are activated by 

noxious chemical, thermal and electrical stimuli in vivo (Bessou & Perl, 1969; 

Kumazawa & Perl, 1977; Schiable & Schmidt, 1988). W h ile  these studies have 

provided invaluable information regarding the chemosensitivity o f these neurones, 

they do not provide information concerning the intracellular signalling mechanisms 

that are activated by these chemical mediators. The cell bodies of a sub-population 

of cultured sensory neurones have been shown to  express properties that are also 

common to  nociceptive neurones in vivo and are therefore used as a model to  

study the properties o f nociceptive afferent terminals (Baccaglini & Hogan, 1983; 

Gold et ai, 1996). These properties include: a small cell body diameter; sensitivity to  

capsaicin and endogenous algogenic substances such as bradykinin; substance P-like 

immunoreactivity; an enhanced sensitivity of the neurones to  depolarising stimuli by 

PGEj, and a shoulder on the falling phase o f the somal action potential. W hen  one 

of these properties is present in any given neurone, the o ther properties are likely 

to  be present and these neurones can therefore be identified as putative 

nociceptors. How ever, the expression o f these properties only gives an indication

168



that the neurone may be nociceptive as not all nociceptive neurones display these 

properties.

In o rder to  identify the cultured DR G  neurones as possessing the 

characteristics o f nociceptive neurones, several o f the above properties w ere  

assessed including: cell body diameter; sensitivity to  capsaicin and o th er chemical 

mediators such as bradykinin, ATP, 5 -H T  and protons, and an enhanced sensitivity 

of the neurones to  bradykinin by PGEj.

Capsaicin sensitivity

Capsaicin evoked a rise in [Ca^^]j in a sub-population o f D R G  neurones, 

which was immediate in onset, rapidly reaching a peak and remained elevated for 

the duration o f the exposure. This [Ca^^Jj response is likely to  be due to  Ca^^ influx 

via the activation of a specific ligand-gated ion channel-receptor complex (W o o d  et 

ol, 1988). The majority of the cultured DRG  neurones in this study w ere  capsaicin 

sensitive (60%) and almost all of these had small diameters ( 15-25p.m). This data is 

consistent w ith previous reports that demonstrate capsaicin selectively activates 

small diam eter sensory neurones by (Baccaglini & Hogan, 1983; Gold et al, 1996). 

These capsaicin sensitive neurones probably correspond to  the cell bodies of 

nociceptive afferents as capsaicin has been shown to  activate almost all nociceptive 

C-fibre polymodal and therm o- receptors and some nociceptive Aô-fibre polymodal 

receptors (Heyman & Rang, 1985).

W h e re  capsaicin had no effect on [Ca^^], and a depolarising stimulus 

evoked a rise in [Ca^^Jj, the neurones w ere classified as capsaicin insensitive. Those 

cells that failed to  respond to  capsaicin o r high w ere  excluded from  this study. 

The capsaicin insensitive neurones had diameters ranging from  IO-65|j,m. The
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m ajority o f these cells had somas w ith small diameters ( l5 -2 0 |im ). The neurones 

from  which measurements w ere  obtained probably belong to  the A 5- and C-fibre  

groups o f sensory neurones.

Capsaicin sensitivity progressively declined over tim e in culture, which was 

manifest both as a decrease in the magnitude o f the [Ca^^], signal and as a decrease 

in the proportion o f cells that responded. This decline in capsaicin sensitivity is 

unlikely to  reflect the death of capsaicin sensitive neurones as there was not a 

similar decrease in the number of small diameter neurones. M oreover, the number 

of cells that responded to  a depolarising stimulus increased over tim e in culture. 

The outgrowth o f neurites from  the cell body is apparent after tw o  to  three days in 

culture (Lindsay et al, 1991) and there is some evidence that capsaicin receptors 

migrate down these processes (Bevan, Bolsover, Silver & W in te r, unpublished 

observations) therefore the decline in capsaicin sensitivity may be due to  the 

migration of capsaicin receptors away from  the soma w here measurements were  

made. The decrease in capsaicin sensitive neurones may, however, be due to  the 

selective loss over tim e in culture o f a sub-population of sensory neurones that are 

not regulated by NGF. It has been shown that the DRG contains a second group of 

nociceptive neurones that are also capsaicin sensitive but instead are regulated by 

glial cell line derived grow th factor (G D N F; Ogun-Muyiwa et cl, 1999).

As the magnitude o f the [Ca^^Jj response to  high stimulus decreased 

after day 6, all measurements w ere  obtained from  neuronal cultures that w ere  tw o  

to  three days old unless otherwise stated, when capsaicin sensitivity was high and 

the majority o f cells responded strongly to  depolarising stimuli.
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Sensitivity to chemical mediators

The chemical mediators ATP, bradykinin, and 5 -H T  evoked a [Ca^^], 

response in a sub-population o f DR G  neurones. Both bradykinin and 5 -H T  

selectively activated neurones that w ere  sensitive to  capsaicin which has been 

shown previously (D ray & Perkins, 1993; Richardson et al, 1985). The [Ca^^j 

response to  5 -H T  was inhibited by a combination o f 5 -H T ,, 5 -H T ; and 5 -H T 3 

receptor antagonists, however, the individual receptor sub-type that was involved 

in the [Ca^^], response to  5 -H T  was not investigated fu rther in this study but 

previous w o rk  suggests that 5 -H T 2  and 5 -H T ] receptor sub-types are involved 

(Richardson et al, 1985; Beck & Handwerker, 1974; Pierce et al, 1995a). A TP  evoked 

a [Ca^^]j response in both capsaicin sensitive and capsaicin insensitive neurones. 

ATP has been shown to  activate sensory afferent neurones (Bleehen, 1978) and 

there is some evidence that it has a non-selective effect on nociceptive and non

nociceptive neurones (Bowie et al, 1994). It should be noted that [Ca^^], 

measurements in these neurones in response to  ATP, 5 -H T  and bradykinin were  

obtained only to  characterise the DRG  neurones and to  dem onstrate the reliability 

of the preparation and experimental techniques. The responses w ere, therefore, 

not explored further as there is already extensive literature describing the effects 

of these chemical mediators on nociceptive neurones (Richardson et al, 1985; Dray  

& Perkins, 1993; Burnstock & W o o d , 1996)

Altering the pH of the extracellular bath solution in both acidic and alkaline 

ranges also produced a [Ca^^], response in a sub-population o f both capsaicin 

sensitive and capsaicin insensitive neurones. The [Ca^^], response obtained to  low  

pHq was immediate in onset, rapidly reaching a peak and remained elevated fo r the
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duration o f the exposure, which is consistent w ith previous reports that the 

proton-induced depolarisation was maintained fo r several minutes when pH^ was 

reduced (Bevan & Yeats, 1991). The proportion o f capsaicin sensitive cells 

responding increased as pH^ was decreased, reaching a maximal response at pH5.4  

and the magnitude o f the [Ca^^Jj response also increased as pH^ was reduced, 

reaching a peak change at pH5.9.

It has been suggested that protons may be an endogenous ligand fo r the 

capsaicin receptor as almost all nociceptive sensory neurones that respond to  low  

pH„ also respond to  capsaicin (Bevan & Yeats, 1991; Bevan et al, 1993; Bevan & 

Richards, 2000). H ow ever in one report, low pH^ did not activate the cloned 

vanilloid VR, receptor (Caterina et ai, 1997) but, m ore recently, the VR, receptor 

has been shown to  display sensitivity to  low  pH^ (Tominaga et ai, 1998). Conflicting 

results have also been obtained with capsazepine the specific antagonist fo r the 

capsaicin receptor. It has been shown to  have either no effect (Bevan et ai, 1992) or 

an inhibitory effect (Fox et ai, 1995; Lou & Lundberg, 1992) on the proton-induced  

current. [Ca^^Jj responses to  low pH^ w ere also obtained in capsaicin insensitive 

neurones. Rapid changes in pH^ from  7.4-7.0 have been shown to  activate capsaicin 

insensitive neurones (Bevan & Yeats, 1991), however, in this study, only dramatic 

reductions (7.4-6.4) w ere  sufficient to  produce an activation. This data may suggest 

the existence o f different receptor sub-types, one which responds to  capsaicin 

alone, one which responds to  low  pH^ alone and one which responds to  both 

stimuli. H ow ever, these dramatic pH^ changes may reflect a non-selective activation 

of these cells and it should also be noted that the sample sizes fo r the capsaicin 

insensitive population are small, therefore care should be taken when drawing 

conclusions from  these results.
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Raising pH ,̂ in the alkaline direction also produced a [Ca^^], response in 

capsaicin sensitive and capsaicin insensitive neurones, how ever this response was 

different from  that obtained to  low  pH^ in that it had a slow onset and [Ca^^i 

gradually increased during the exposure. It is known that the administration o f i.v. 

injections in alkaline solutions can produce a painful sensation (K lem ent & Arndt, 

1991), therefore  suggesting that alkaline solutions may produce pain by activating a 

sub-population o f nociceptive neurones.

PGEj-induced sensitisation to bradykinin

In this study, PGEj sensitised DRG neurones to  bradykinin by increasing the 

number o f cells that responded to  bradykinin. The sensitising effects o f PGEj on the 

bradykinin response have been previously reported in both sensory afferents and 

cultured sensory neurones (fo r example Ferreira, 1972; N icol & Cui, 1994; Smith et 

al, 2 0 0 0 ).

4.2 A  sub-population of cultured DRG neurones respond to 

histamine

Histamine evoked a rise in [Ca^^], in a sub-population o f DR G  neurones. 

The [Ca^^]j response was dose-dependent in that the number of cells that 

responded increased on raising the histamine concentration. Increasing the 

histamine concentration, however, did not produce an increase in the magnitude of 

the [Ca^^]j response therefore suggesting that the [Ca^^]j response was an all-or- 

nothing event. A  response to  histamine was obtained in neurones after one day in 

culture and the proportion of cells responding was similar over tim e in culture (up 

to  7 days).
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Desensitisation o f the histamine response

The profile o f the [Ca^^j response obtained to  histamine varied both with  

histamine concentration and between individual neurones. In the m ajority of 

neurones that responded to  high concentrations o f histamine (lO '^-IO ^M), after the 

initial peak, [Ca^^j declined towards baseline. The profile o f the mean [Ca^^], 

response obtained to  low  concentrations of histamine (lO'^M) consisted o f an initial 

[Ca^^Jj peak which declined to  a plateau and remained elevated until histamine was 

washed off. It is likely that the absence o f a plateau phase and decline of the [Ca^^], 

response obtained to  higher concentrations is due to  histamine-induced 

desensitisation at the level of the histamine receptor. In smooth muscle cells, the 

[Ca^^Ji response obtained in response to  histamine receptor stimulation has been 

shown to subside on subsequent exposure to  histamine o r  exposure to  other 

agents that mobilise Ca^^ from  the same intracellular pool (Hishinuma & Uchida, 

1988). Further evidence fo r a histamine-induced receptor desensitisation was 

demonstrated when a second application of histamine failed to  evoke a subsequent 

[Ca^^]i response in the neurones. In all of the neurones tested, only one cell 

showed a [Ca^^], response to  a second application of histamine, despite the wash 

period between the tw o  exposures lasting up to  60mins. In the cell that did 

respond to  both histamine applications, the first [Ca^^Jj response was large and 

remained elevated whereas the magnitude of the second response was smaller than 

the first and declined to  baseline. Reducing the exposure tim e o f the histamine 

application by perfusing the agonist in short ‘puffs’ may reduce the problem of 

histamine receptor desensitisation.

The mechanism of the desensitisation was not explored, however, it is 

thought that in smooth muscle cells, the activation o f PKC produces the

174



desensitisation at the level o f the H; receptor as mobilisation o f [Ca^^, by an initial 

exposure to  histamine is prevented by phorbol esters which activate PKC  

(Mitsuhashi & Payan, 1988). How ever, others have shown that the histamine 

receptor desensitisation in a neuroblastoma cell line may be mediated by both 

PKC-dependent and PKC-independent mechanisms (Zamani et al, 1995).

Histamine-responsive neurones may correspond to itch-sensing afferents

The sub-population o f histamine-sensitive neurones may correspond to  

those afferent neurones that are activated to  produce the sensation o f itch. 

Intradermal injection o f histamine produces a pure sensation o f itch (Magerl ef al, 

1990; W a rd  et ai, 1996) and histamine has been shown to  excite unmyelinated 

afferent fibres (Fjallbrant & Iggo, 1961; Tuckett & W ei, 1987). A  sub-population 

responded to  both histamine and capsaicin which is consistent w ith previous 

reports which demonstrated that afferent neurones are activated by itch- and pain- 

producing stimuli (Tuckett & W e i, 1987; Handwerker et ai, 1991). Both capsaicin 

sensitive and capsaicin insensitive neurones responded to  histamine and the 

majority of neurones that responded had small diam eter somas (IO-25|j,m ) which 

therefore suggests the existence of overlapping neuronal sub-populations that 

respond to  both itch- and pain-producing stimuli. The proportion o f neurones 

responding to  capsaicin was greater than that responding to  histamine which may 

suggest that noxious counterstimuli could mask the activation o f itch-sensing 

neurones and prevent the sensation o f itch as has been reported previously 

(Koppert et ai, 1993; W ard  et al, 1996).
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4.3 The receptor-mediated [Ca^^, response to histamine

Histamine activates the H , receptor sub-type

Histamine has previously been shown to  activate sensory afferents via the  

stimulation o f H, receptors (Mizumara & Kumazawa, 1996) and evoke an H, 

receptor-m ediated rise in [Ca^^], in cultured trigeminal ganglion neurones (Tani et 

al, 1990). The [Ca^^], response obtained to  histamine in cultured D R G  neurones in 

this study also appears to  be mediated by the activation of the H, receptor sub- 

type. The selective and specific H, antagonist, mepyramine, abolished the [Ca^^j 

response to  IO'^-IO"*M histamine, and produced a significant reduction in the  

number o f cells responding to  lO'^M histamine. Selective antagonists o f both H j and 

H 3 sub-types had no significant effect on the number of cells responding to  any of 

the concentrations tested.

Although a maximal concentration of mepyramine was used, a small 

proportion o f DRG  neurones w ere still able to  respond to  the highest 

concentration of histamine. Mepyramine is a reversible and com petitive antagonist, 

therefore very high histamine concentrations may just be able to  displace it and so 

activate the receptor. How ever, to  test the possibility that the mepyramine- 

insensitive com ponent of the response may have been due to  a non-selective action 

on other monoamine receptors, such as 5 -H T ; and 5 -H T j receptors, which have 

been identified in sensory neurones (Richardson et ai, 1985; Pierce et al, 1993a), 

antagonists o f these sub-types w ere  applied but they did not decrease the number 

of cells responding to  histamine.
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The role o f the P L C I I P 3  pathw ay in the histamine-induced [Ca^*], response

D irec t measurement showed that the form ation o f IP3 was increased after 

stimulation w ith histamine. This rise was completely inhibited by prior treatm ent of 

the neurones w ith mepyramine and w ith the membrane permeable inhibitor of 

PLC, U 7 3 I2 2 . This data is therefore  consistent w ith previous reports that H, 

receptor activation stimulates the PLC /  IP3 second messenger pathway (Daum  et al, 

1983; Daum et ai, 1984; Grandordy et ai, 1987). Histamine alone had no effect on 

cAMP form ation therefore suggesting that in this preparation, the neurones did not 

express the H j receptor sub-type as these receptors have been shown to  be 

coupled to  the adenylyl cyclase /  cAMP transduction cascade (Klein & Levey, 1971).

Although this data suggests that histamine produces the [Ca^^Jj response via 

the mobilisation o f Ca^^ from  IP3 -sensitive intracellular stores, there is some 

evidence in o ther cell types that the response may also result from  Ca^^ influx 

across the plasma membrane. In guinea-pig smooth muscle the H, receptor- 

mediated contractile response was shown to  be partly dependent on extracellular 

Ca^^ (Bolton et ai, 1979; M orel et ai, 1987) and Tani et ai, (1990) found the H, 

receptor-activated [Ca^^], response in trigeminal ganglion neurones to  be mediated 

entirely by a Ca^^ entry pathway.

The [Ca^^]i response obtained to  histamine in this study appears to  involve 

both mobilisation from  IP3 -sensitive intracellular stores and Ca^^ entry via the 

plasma membrane, however, it is clear that the responses obtained to  low and high 

concentrations w ere mediated by different mechanisms.

The [Ca^^]i signal obtained in response to  low er concentrations of histamine 

(IO"*M) was abolished by pre-treating the neurones w ith U 7 3 I2 2 . Removing [Ca^^o 

and inhibiting Ca^^ entry w ith the broad spectrum Ca^^ channel blocker, lanthanum.
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did not affect the number o f cells responding to  histamine but prevented the 

plateau phase o f the [Ca^^, response. This suggests that the peak [Ca^^, response 

was generated by Ca^^ release from  intracellular IP^-sensitive stores and the 

subsequent activation o f a Ca^^ entry pathway contributed to  the plateau response. 

In mast cells, the depletion o f Ca^^ from  intracellular IP^-sensitive stores has been 

shown to  stimulate the entry o f Ca^^ across the plasma membrane (H oth  & Penner, 

1993). A  similar pattern o f Ca^^ entry has been demonstrated after agonist 

stimulation o f IP^-linked receptors in cortical neurones and the plateau phase of the 

response is mediated by voltage-insensitive channels which may reflect the activity 

of store-operated channels (Prothero  et al, 1998). It is therefo re  possible that the 

activation o f the IP^-linked H, receptor by histamine may activate a similar Ca^^ 

entry pathway.

The [Ca^^]j response to  the highest concentration of histamine (IO'^M) also 

consisted of a store release and an entry pathway. The number o f cells responding 

was significantly reduced by pre-treating the neurones w ith U 7 3 I2 2 , but unlike the 

response to  low concentrations, lanthanum o r removal o f [Ca^^]^ also reduced the 

number o f responding cells. I have proposed that low concentrations of histamine 

may activate a store depletion entry pathway, however, a similar mechanism is 

unlikely to  account fo r the response to  high concentrations. Firstly, the plateau 

phase of the [Ca^^]j response to  histamine alone is absent, presumably due to  

histamine-induced receptor desensitisation and secondly, U 7 3 I2 2  did not 

completely prevent the [Ca^^i response. The profile o f the [Ca^^]j response was 

unaffected by U 7 3 I2 2  pre-treatm ent therefore suggesting that histamine is able to  

generate a [Ca^^], signal by activating a Ca^^ entry pathway that is independent of 

Ca^^ mobilisation from  intracellular IP^-sensitive stores. The effect o f lanthanum and
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of removing on the profile of the [Ca^^], response are not clear. How ever,

it should be noted that the mean [Ca^^j response in the presence o f lanthanum and 

in the absence o f [Ca^^J^ was obtained from  a significantly smaller proportion of 

responding cells compared to  that responding to  histamine alone which may reflect 

the differences in the tim e course obtained.

Ryanodine-sensitive intracellular Ca^^ stores have also been detected in 

isolated D R G  neurones (Kostyuk & Verkhratsky, 1994) and there is some evidence 

that these stores can interact w ith IP^-sensitive stores to  generate [Ca^^], signals in 

cerebellar granular neurones (Irving et al, 1992). The [Ca^^]j response obtained to  

histamine, however, does not appear to  involve Ca^^ release from  ryanodine 

sensitive stores as extracellular concentrations of ryanodine that would normally 

prevent Ca^^ release from  ryanodine-sensitive stores (Shmigol et ai, 1995) had no 

significant effect on either the number of cells that responded to  histamine or on 

the tim e course of the [Ca^^Jj response.

4.4 The sensitivity of DRG neurones to histamine is enhanced 

by the inflammatory prostanoids

During tissue damage, arachidonic acid is liberated from  membrane 

phospholipids and its subsequent metabolism by cyclo-oxygenase results in the 

formation o f the prostanoids, which have been implicated in the generation of 

nociceptor sensitisation. There are numerous reports o f the sensitising effects of 

PGEj to  therm al (Handwerker, 1976; Mizumura et al, 1991), mechanical 

(Pateromichelakis & Rood, 1982; Schiable & Schmidt, 1988) and chemical stimuli, 

such as bradykinin (Ferreira, 1972; Nicol & Cui, 1994; Smith et al, 2000). There is
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some evidence that PGEj enhances the cutaneous effects o f histamine, such as the 

wheal and flare response (Ferreira, 1972), however, little is known about its effects 

on the intracellular actions o f histamine in sensory neurones.

The data presented here demonstrates that PGE^ is capable o f sensitising a 

sub-population o f cultured D R G  neurones to  low  concentrations o f histamine (10  ̂

- 1 O^M) resulting in an increase in the number o f cells that responded w ith a rise in 

[Ca^^Jj. As PGE; had no effect on the [Ca^^], response obtained to  histamine but 

increased the proportion o f cells responding, it appears that PGEj produces the 

sensitisation by recruiting a sub-population of sensory neurones that w ere  

previously unresponsive to  histamine. The mechanism by which PGE^ lowers the 

threshold fo r a response in this sub-population of neurones is discussed in section 

4.5 (page 190). A  similar study on the PGE^-induced sensitisation o f the bradykinin 

response also reported an increase in the proportion o f D R G  neurones that 

responded and it was suggested that the increase in the number of activated 

neurones could contribute to  hyperalgesia by spatial summation (Stucky et al, 

1996).

The concentrations of PGE^ that produced the sensitisation w ere  within the 

range present in inflammatory exudates (Willis, 1969) and are consistent with  

previous studies reporting the sensitisation of the bradykinin response in cultured 

DRG  neurones (N icol & Cui, 1994; Smith et ai, 2000).

The number o f cells responding to  higher concentrations o f histamine was 

not increased by PGE^ therefore suggesting that the proportion of neurones 

responding before pre-treatm ent was maximal and that no fu rther receptor 

activation was possible. Therefore, from  now on, the sensitised histamine response 

will refer to  that obtained to  low  concentrations of histamine.
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PGEj enhanced the sensitivity o f  itch~sensing afferents

PGEj alone had no effect on [Ca^^i in D RG  neurones which is consistent 

with previous reports that at concentrations which produce the sensitisation, PGEj 

does not directly activate sensory fibres (Chahl & Iggo, 1977; Mizumura et al, 1991; 

Rueff & Dray, 1993). H ow ever, Smith et al, (2000), have reported  a direct effect of 

PGEj on [Ca^^]j in sensory neurones but these experiments w ere  perform ed on 

cultured D R G  neurones isolated from  neonates.

PGEj also had no effect on the profile o f the [Ca^^J; response obtained to  

histamine. This is unlike the PGEj-induced sensitisation o f the bradykinin response 

w here PGEj enhanced the [Ca^^Jj response obtained to  bradykinin (N icol & Cui, 

1994; Smith et al, 2000). As these mediators evoke distinct sensations, that is, 

bradykinin elicits pain and histamine generally only elicits the sensation o f itch, the 

effects o f PGEj on the [Ca^^]j response suggests that different intracellular 

mechanisms may be activated during the processing o f these sensations.

PGEj increased the number o f both capsaicin sensitive and capsaicin 

insensitive neurones that responded to  histamine and almost all of the neurones 

that w ere sensitised had cell bodies w ith small diameters (<25p.m ). This sensitised 

sub-population had diameters similar to  those neurones that responded to  

histamine alone and therefore may also correspond to  the subset of sensory 

neurones that are sensitive to  itch stimuli. It therefore appears that PGE^ sensitises 

the response to  histamine by increasing the number of activated itch-sensing 

afferents, indeed the prostanoids have been shown to  enhance the sensation of itch 

obtained to  histamine (Ferreira, 1972; Lovell et al, 1976).

In this study, o ther prostanoids which are elevated during inflammation, 

such as PGIj and P G D j produced a sensitisation o f the histamine response that was
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similar to  that observed to  PGEj. In contrast, PGFja did not enhance the sensitivity 

of the neurones to  histamine. This data is consistent w ith  previous studies 

reporting the sensitising effects o f PGIj both in vivo and in vitro to  o ther chemical 

mediators such as capsaicin and bradykinin (M izumura et al, 1987; Pitchford & 

Levine, 1991) and of P G D j to  electrical stimuli (Andreeva & Rang, 1993). Also in 

vivo studies have demonstrated the lack of a sensitising effect o f PGFja to  

mechanical stimuli (W illiams & Morely, 1973; Taiwo & Levine, 1990).

4.5 The mechanism of the prostanoid-induced sensitisation

The sensitisation is mediated by the activation o f intracellular cAMP

The prostanoids are thought to  sensitise nociceptors directly (Taiwo & 

Levine, 1989; Pitchford & Levine, 1991) by acting through specific receptors that 

are coupled to  the intracellular adenylyl cyclase /  cAMP transduction pathway 

(Ferreira & Nakamura, 1979; Taiwo et al, 1989; Cui & Nicol, 1995).

In this study, both PGEj and PGD^ increased the form ation o f intracellular 

cAMP in cultured DRG  neurones whereas PGIj and PGFja had no significant effect. 

This data suggests that the DP receptor and EPj receptor sub-type are expressed in 

sensory neurones as both have been shown to  be positively coupled to  the adenylyl 

cyclase /  cAMP transduction pathway (Honda et al, 1993; Simon, 1980). It is 

surprising that PGI^ had no effect on intracellular cAMP as it also enhanced the 

sensitivity o f neurones to  histamine and the IP receptor is coupled to  the adenylyl 

cyclase transduction cascade (Gorm an et al, 1977; Hashimoto et al, 1990). There is 

no evidence to  date to  suggest the existence of IP receptor sub-types, therefore it
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is unlikely that PGIj is acting at a different receptor sub-type to  produce its 

sensitising effects. PGI^ is, however, unstable at physiological pH and tem perature  

and is rapidly hydrolysed to  6 -keto-PGF,a, therefore the lack o f effect on cAMP  

production may reflect degradation of PGIj under the experim ental conditions of 

the cAMP assay. The lack o f effect o f PGFja on intracellular cAM P is no t surprising, 

however as FP receptors are not thought to  be coupled to  the adenylyl cyclase 

pathway, instead they are coupled to  the PLC /  IP3 intracellular pathway to  bring 

about an increase in [Ca^^],. PGFja had no effect on [Ca^^], in any o f the DRG  

neurones thereby suggesting that, in this preparation, the neurones do not express 

FP receptors.

Agents which elevate intracellular cAMP, such as 8 -brom o-cA M P and 

forskolin also produced a sensitisation of the histamine response. This sensitisation 

shared similar features to  that obtained to  PGEj in that the num ber o f cells 

responding to  histamine was increased with no significant effect on the profile of 

the [Ca^^Ji response. The PGEj-induced sensitisation was prevented by inhibiting 

the form ation o f cAMP in the neurones w ith the membrane permeable inhibitor of 

adenylyl cyclase activity, THFA. This data suggests that the sensitising effects of the 

prostanoids are mediated via a cAMP-dependent mechanism and are consistent 

with previous studies that demonstrate that agents which either increase or 

decrease intracellular cAMP mediate o r inhibit the sensitisation to  bradykinin, 

respectively (Pitchford & Levine, 1991; Cui & Nicol, 1995; W ang et al, 1996).

The H, antagonist, mepyramine, produced an inhibition o f the prostanoid- 

induced sensitisation therefore suggesting that the sensitised [Ca^^], response was 

mediated by the activation of H, receptors. Surprisingly, the H 2  antagonist, 

cimetidine, also appeared to  prevent the prostanoid-induced sensitisation of the
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histamine response. The mechanism by which it produced this effect is not clear, 

however, there  are several possible explanations: I)  Histamine may be able to  

enhance the response to  itself via an H ; receptor-m ediated rise in intracellular 

cAMP, however, histamine alone had no effect on cAMP; 2) Cimetidine may be 

interfering at the level o f the prostanoid receptor and its ability to  activate adenylyl 

cyclase but cimetidine had no effect on the prostanoid-evoked increase in cAMP; 3) 

There is some evidence that the activation o f H j receptors can evoke a rise in 

[Ca^^]i (Chew, 1986; Delvalle et al, 1992), therefore, cimetidine may inhibit an H j 

receptor-m ediated rise in [Ca^^Jj. This is also unlikely as cimetidine had no effect on 

the [Ca^^j response obtained to  histamine alone. It is m ore likely that the high 

concentration of cimetidine used had a non-selective action on other, as yet 

undefined systems which, in turn, had an inhibitory effect on the prostanoid- 

induced sensitisation.

The role o f cAMP-dependent protein kinase in the sensitisation

The prostanoid-induced increase in intracellular cAMP form ation may have 

various cellular effects, such as the activation o f cAMP-dependent protein kinases. 

These enzymes induce the phosphorylation of membrane proteins and it is thought 

that enhanced protein phosphorylation may underlie the prostanoid-induced 

sensitisation o f bradykinin-evoked peptide release (Hingtgen & Vas ko, 1994). The  

effect of tw o  different membrane permeable inhibitors o f cAMP-dependent protein  

kinase w ere  used in this study and both failed to  prevent the prostanoid- and the 

forskoiin-induced sensitisation. This suggests that the sensitisation may be produced 

by a direct effect o f cAMP on the H, receptor rather than via activation o f a cAMP- 

dependent protein kinase. This data is inconsistent w ith previous studies which
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found the prostanoid-induced sensitisation to  both bradykinin and mechanical 

stimuli was mediated via the activation o f a cAMP-dependent protein kinase (Cui & 

Nicol, 1995; W ang ef al, 1996). Nevertheless, it is possible that, in this study, the 

protein kinase inhibitors did not gain access to  the intracellular environm ent In 

previous studies, both inhibitors applied extracellularly, have been shown to  inhibit 

the intracellular effects o f cAMP-dependent kinase (Cui & N icol, 1995; Smith et al, 

2000). For this reason, it seems unlikely that a cAMP-dependent protein kinase 

mediates the prostanoid-induced sensitisation o f the histamine response. To  

resolve this issue, it will be necessary to  either apply the inhibitors directly into the 

cell o r to  examine the effect o f these inhibitors on the levels o f intracellular protein 

phosphorylation, particularly that o f the H, receptor itself.

The sensitised [Ca^*]i response

PGEj was able to  increase the proportion of neurones that responded to  

histamine w ith  a rise in [Ca^^],, however, it did not affect the profile of the [Ca^^], 

response obtained to  histamine. Therefore, it appears that the sensitising effects 

w ere due to  a reduction in the threshold for a response rather than an 

enhancement of the [Ca^^Jj response. This is unlike the PGEj-induced sensitisation 

to bradykinin obtained in cultured DRG  neurones w here both the number of cells 

responding was increased and the bradykinin-evoked [Ca^^]j response was enhanced 

(Stucky ef al, 1996; Smith ef al, 2000). As mentioned earlier, these mediators evoke 

distinct sensations and the differing effects of PGEj on the [Ca^^]j response may 

indicate that the intracellular mechanisms activated by itch and pain stimuli are 

affected in different ways.
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The sensitised response did not appear to  involve a ryanodine-

sensitive com ponent as a concentration o f ryanodine sufficient to  block Ca^^ 

release from  ryanodine-sensitive stores had no effect on e ither the proportion o f 

cells that responded o r on the profile o f the [Ca^^, response obtained to  histamine.

To  test the proposition that the prostanoid-induced reduction in the  

threshold fo r a histamine-evoked [Ca^^], response may have been mediated at the  

level of the H, receptor to  increase IP3 turnover, the effect o f PGEj on IP3 

form ation was examined. The data presented here demonstrates that PGEj had no 

effect on the histamine-induced increase in IP3 formation, therefore  suggesting that 

the sensitising effect did not occur at the level of the H, receptor o r  its ability to  

activate the PLC /  IP3 transduction pathway. Thus, PGE^ must be acting at a site 

downstream in the histamine signal transduction cascade. In hepatocytes, hormones 

which elevate cAMP have been shown to  enhance the response to  Ca^^ mobilising 

hormones by modulating either the IP3 receptor o r the IP]-gated channel via the 

activation of a cAMP-dependent protein kinase (Burgess et al, 1991). Therefore, a 

similar mechanism may be responsible for the PGEj-induced sensitisation of the 

histamine response (see Figure 4 .5 .1 pathway no.3). However, this is unlikely as the  

sensitised [Ca^^], response was reduced after preventing Ca^^ influx across the 

plasma membrane and was unaffected by inhibitors of cAMP-dependent protein  

kinase.

Like the [Ca^^]j response to  histamine alone, the sensitised response also 

appears to  involve both IP3 mediated store release and a Ca^^ entry pathway. 

How ever, it is clear that the activated Ca^^ entry pathway is different between  

sensitised and non-sensitised neurones. Data presented here demonstrates that the  

number o f sensitised neurones responding to  histamine is reduced w ith U 7 3 I2 2 ,
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lanthanum o r by removing [Ca^^o vvhereas the number responding to  histamine 

alone was reduced only by U 7 3 I2 2 . Also, pre-treating w ith  lanthanum and 

removing [Ca^^]^ had no effect on the plateau phase o f the sensitised [Ca^^], 

response but prevented the [Ca^^j plateau to  histamine alone. It is therefore  

unlikely that the influx com ponent o f the sensitised [Ca^^j signal was due to  entry 

via a store depletion activated channel.

A t this stage, it is not known which neuronal channel is affected o r how it is 

modulated to  bring about the sensitised [Ca^^Jj response to  histamine but there are 

several possible mechanisms that may account fo r the response. How ever, it should 

be noted that this is entirely speculative and there is little evidence to  support any 

of the theories. I)  PGEj itself has been shown to  modulate Ca^^ channels in DRG  

neurones (N icol et al, 1992; Dolphin, 1996), however, in this study, the prostanoids 

had no effect on [Ca^^],. This, together with the fact that the sensitised [Ca^^], 

response was completely abolished by mepyramine suggests that H, receptor 

activation is essential fo r the sensitised [Ca^^], signal to  occur. 2 ) Ca^^ influx may 

have occurred via an entirely independent Ca^^ channel that is modulated by both 

H| receptor activation and cAMP (see Figure 4.5.1 pathway n o .I). 3) It is also 

possible that the H, receptor, as well as being coupled to  the PLC /  IP3 transduction 

pathway, is associated w ith an ion channel, which is activated by both cAMP and on 

histamine binding (see Figure 4 .5 .1 pathway no.2). 4) A no ther possible explanation 

is that sub-types of the H, receptor exist, one that is coupled to  PLC /  IP3 pathway 

and one that is coupled to  an ion channel. The sub-type coupled to  IP3 may be 

activated by low  histamine concentrations to  produce a [Ca^^jj response whereas 

the sub-type coupled to  an ion channel may have a high threshold fo r activation, 

and this concentration of histamine may be insufficient to  cause activation. PGEj,
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however, may reduce the threshold of the sub-type coupled to  an ion channel to  

allow a further [Ca^^i signal.

Figure 4.S.I Schematic diagram of the possible mechanisms o f the prostanoid- 

induced sensitisation to histamine in DRG neurones,

(AC=adenyiyl cyclase; G=G-protein; PLC=phospholipase C; IP3=inositol-l,4.S- trisphosphate). The 

prostanoid-induced sensitised [Ca^*]i response to histamine may involve enhanced Ca^* influx via 

an independent channel (I), or a Ca^* channel associated with the histamine H i receptor (2), or 

by enhancing Ca^* release from IPj-sensitive channels present on intracellular stores (3).

Ca2+ Ca2+

prostanoid receptor q
9 histarriine 9 • receptor ■

cAMP
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4.6 Summary

Histamine evoked a concentration-dependent rise in [Ca^^J in a sub

population o f cultured DRG  neurones. The cells that responded w ere  neurones 

with small diameters and are therefore probably the cell bodies o f sensory 

neurones giving rise to  small unmyelinated C-fibres o r  small myelinated Aô-fibres. It 

is likely, therefore, that the histamine-sensitive sub-population o f D R G  neurones 

correspond to  the itch-responsive afferent neurones. The [Ca^^], response was 

mediated by the activation o f the H ,-recep to r sub-type. For low  concentrations, 

this [Ca^^Jj response appeared to  be mediated by the mobilisation o f Ca^^ from  IP3 

sensitive intracellular stores, whereas the [Ca^^], response to  higher concentrations 

may involve both IPj-mediated store release and a Ca^^ entry pathway.

The inflammatory prostanoids enhanced the sensitivity o f D R G  neurones to  

low concentrations of histamine by increasing the proportion of small diameter 

cells that responded w ith a rise in [Ca^^],. This sensitised sub-population may also 

correspond to  those sensory neurones that are sensitive to  itch stimuli and 

therefore suggests that as well as sensitising sensory neurones to  enhance the 

sensation o f pain, the prostanoids can also enhance the itch sensation.

The prostanoid-induced sensitisation is mediated by an increase in 

intracellular cAMP which may have a direct effect on a Ca^^ channel to  stimulate an 

entry pathway. The nature of this Ca^^ channel is not known although it may be a 

high threshold channel associated w ith the H, receptor.
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4.7 Future research proposals

The data in this thesis provides an account o f the intracellular signalling 

mechanisms that are activated by histamine and how the prostanoids interact with  

these to  produce the sensitisation. The next step would be to  identify the nature of 

the Ca^^ channel that is activated to  produce the sensitised [Ca^^], response, to  

determ ine w hether the H, receptor is associated w ith a high-threshold ion channel 

or w hether sub-types o f the H, receptor exist, one that is coupled to  PLC /  IP3 

pathway and one that is coupled to  a high-threshold ion channel. It would also be 

interesting to  identify the channel that is activated by high histamine concentrations 

as it may be similar to  the channel that contributes to  the sensitised [Ca^^, 

response.

A t this stage, it cannot be definitely ascertained that the prostanoid-induced 

sensitisation was not mediated by the activation of a cAMP-dependent protein  

kinase. The effects of the inhibitors of cAMP-dependent protein kinase used in this 

study, on intracellular protein phosphorylation would indicate w hether they were  

able to  perm eate the plasma membrane. If they did not gain intracellular access, 

then the involvement o f the kinase in the sensitisation could be clarified by injecting 

a specific inhibitor directly into the cell and subsequently monitoring the 

prostanoid-induced sensitisation.

Also the role of substance P in the sensitisation mechanism should be 

determined. If substance P produced the sensitisation by activating the adenylyl 

cyclase intracellular transduction pathway, this would be indicated by measuring 

intracellular cAMP levels after stimulation by substance P. If the prostanoid-induced 

sensitisation was mediated indirectly by enhancing neuropeptide release, substance 

P antagonists would be expected to  prevent the sensitisation.
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6. APPENDIX  

6.1 DRUGS AN D  SOLUTIONS

6.1.1 Drugs

Unless otherwise stated all laboratory drugs and chemicals w ere  obtained from  

Sigma-Aldrich Company Ltd. (The O ld Brickyard, N e w  Road, Gillingham, D orset 

SP8  4X T ).

Alomone Laboratories (Shatner Centre 3, PO Box 4287, Jerusalem 91042, Israel) 

Mouse nerve growth factor (m N G F  2.5s) Grade I.

Amersham International (Amersham Place, Little Chalfont, Bucks, HP? 9NA) 

myo-2-[^H]-inositol

B D H  (M erck Ltd, H unter Boulevard, Magna Park, Lutterworth, Leicester, LE 17 4XN ) 

ammonium formate; form ic acid; hydrochloric acid (HC I); perchloric acid (PGA); 

phytic acid; sodium hydroxide (N a O H ); sodium tetraborate.

Beckman Coulter (U.K.) Ltd. (Oakley Court, Kingsmead Business Park, High 

Wycombe, Bucks, HP 11 lJU)

Ready Gel (high salt capacity scintillation fluid)

Bio-Rad Laboratories Ltd (Bio-Rad House, Maylands Avenue, Hem el Hem pstead  

Herts, HP2 7TD)

Agents used in the detergent compatible protein assay - Reagent A  (alkaline copper 

tartra te  solution). Reagent B (dilute Folin reagent), Reagent S (SDS- sodium dodecyl 

sulfate) and the protein standard (bovine gamma globulin).

Calbiochem Novabiochem (Freepost, Beeston, Nottingham, NG9 IBR) 

forskolin (7p-Acetoxy-8, l3 -ep o xy-la ,6 (3 ,9a -trih yd ro xy -lab d -l4 -en -l I-one; Coleus 

forskohlii); H89 dihydrochloride (N -[2-((p-B rom ocinnam yl)am ino)ethyl]-5- 

isoquinolinesulfonamide, HCI); U 7 3 I2 2  (l-[6 -((l7 p -3 -M e th o x y e s tra -l,3 ,5 (IO )-tr ie n -
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l7-y l)am ino)hexyl]-IH -pyrro le-2 ,5-d ione); PKI (protein kinase A  inhibitor 14-22 

amide, cell-permeable, myristoylated).

Cayman Chemicals (1 180 East Ellsworth Road, Ann Arbor, M l 48108, USA)

All agents used in the A CE enzyme immunoassay including: acetic anhydride, cAMP  

acetycholinesterase (a covalent conjugate o f cAMP and electric eel 

acetylcholinesterase), cAMP antiserum (anti-cAMP rabbit IgG), cAM P standard, 

Ellman’s reagent, phosphate buffer, potassium hydroxide (K O H , 4M ) and wash 

buffer.

Gibco-BRL (Life Technologies Ltd., PO Box 35, 3 Fountain Drive, Inchinnan Park, Paisley, 

PA4 9RF)

Dulbecco's Modified Eagle Medium (DM EM ); Minimum Essential Medium (MEM, 

with Earle’s salts and sodium bicarbonate and w ithout L-methionine o r L-glutamine; 

Ultroser G.

Imperial Laboratories (W est Portway, Andover, Hants, SPIO 3LF)

Ham ’s F 14 culture medium (with L-Glutamine, w ithout bicarbonate).

Lome Laboratories (Worthington, 7 Tavistock Estate, Ruscmbe Business Park, 

Ruscombe Lane, Twyford, Reading Berks, RCIO 9NJ)

Collagenase, type IV

M olecular Probes (Poortgebouw, Rinjsburgerweg 10, 2333 AA Leiden, Netherlands) 

Fura-2 acetoxymethyl ester

Schering AG (D-13342, Berlin, Germany) 

rolipram

Tocris Cookson (Northpoint, Fourthway, Avonmouth, Bristol, B S I I  8 1 A)

mepyramine maleate, methiothepin maleate, thioperam ide maleate, Y 2 5 3 I0

hydrchloride
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6 .1.2 Solutions 

Culture media

T o  each 500m l bottle o f Ham ’s F I4 was added: 588mg N a H C O j, Im M  L- 

Glutamine, Smis pencillin-streptomycin (5000 lU /m l penicillin and 5000|ig/m l 

streptomycin) and 20mls USG (to  give 4%).

Buffer solutions

HEPES buffered Na-Locke; l40m M  NaCI, 5m M  KCI, Im M  MgClj, 2m M  CaCI^, 

l5m M  HEPES and 5.5m M glucose. The pH of the buffer was adjusted to  

physiological pH7.35 with IM  N a O H . W h en  varying extracellular pH, the following 

w ere used as buffers:

o p e ra t in g  p H  ra n g e B u ffe r

4.9 - 5.9 MES

6 . 0  - 8 . 0 HEPES

8.3 - 9.9 AM PSO

H C O 3 buffered Na-Locke; l40m M  NaCI, 5M  KCI, Im M  MgCI^, 2m M  CaClj, l5m M  

H C O 3 and 5.5M  glucose. The pH of the buffer was adjusted to  physiological pH7.35 

with IM  N a O H .

High HEPES buffered Na-Locke; 50m M  NaCI, 95m M  KCI, Im M  MgClj, 2mM  

CaClj, l5m M  HEPES and 5.5m M  glucose. The pH of the buffer was adjusted to  

physiological pH7,35 with IM  N a O H .
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6.2 PREPARATION OF STANDARD SOLUTIONS

6.2.1 cAMP standards

In o rder to  calculate the concentration o f cAMP In the unknown samples, a series 

of standard solutions o f known cAMP concentrations (S I-S 8 ) was prepared as 

follows: SI =3 .000  pmol/ml; S2= 1.500 pmol/ml; 53=0 .750  pmol/ml; 54=0.375  

pmol/ml; 55=0.188 pmol/ml; 56=0 .094  pmol/ml; 57=0 .047  pmol/ml; 58=0.023  

pmol/ml. Each standard solution was assayed in duplicate and the absorbance was 

read at 420nm. The absorbance readings fo r each standard was averaged and a 

standard curve plotted (see Figure 2.4.3 page 7 1 ).

6.2.2 Protein standards

A  series o f samples o f known protein concentrations (51-58) w ere  assayed in 

triplicate and their absorbances read at 690nm. The mean absorbance for each 

standard was calculated and plotted as a curve (see Figure 2.4.5 page 73). The total 

protein concentration o f unknown samples from  the same assay plate could then 

be determined by reading the concentration from  the corresponding absorbance 

value. The standard samples had the following concentrations o f gamma globulin: 

5 1 =0.000m g/m l, 52=0.010 mg/ml, 53=0.250 mg/ml, 54=0 .050  mg/ml, 55=0.075  

mg/ml, 56=0.100 mg/ml, 57=0.125 mg/ml, 58=0.250 mg/ml.
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