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ABSTRACT

The spinal cord is important in the relay of sensory information, in 
particular pain, and is a target for pharmacological modulation to produce 
analgesia. This thesis describes the use of electrophysiological techniques 
to investigate spinal opioid analgesia.

Extracellular recordings were made of single convergent neurones 
responding to both noxious (C fibre) and innocuous (A(3 fibre) cutaneous 
input in the intact halothane anaesthetized rat. The electrically-evoked C 
fibre response was dose-dependently inhibited by intrathecal 
administration of p, Ô and k  opioid agonists with a much lesser effect on 
Ap-evoked responses indicating a selective spinal antinociceptive action. 
The more prolonged nociceptive neuronal response to formalin was also 
depressed, with greater potency, by prior administration of selective 
opioid agonists. However opioid potency was considerably reduced if 
administered after initiation of the formalin response.

The separate and sole involvement of p and ô opioid receptors in the 
inhibitory action of p and ô opioid agonists respectively was confirmed by 
the use of selective antagonists. Inhibitions by k  opioid agonists, although 
opioid in nature, were not reduced by selective k  opioid antagonists in the 
adult rat but were antagonized in the 21 day old rat pup, indicating 
developmental changes in this opioid receptor.

Activation of spinal adrenoceptors also produced potent dose- 
dependent selective inhibitions of C fibre-evoked responses and 
potentiated p but not ô opioid spinal anti nociception. In contrast 
cholecystokinin and FLFQPQRFamide attenuated p but not ô opioid 
anti nociception and also reduced «2 adrenergic mediated inhibitions. 
CCKg antagonists potentiated opioid but not a2  adrenergic 
anti nociception.

The study demonstrates independent roles for p and ô opioid 
receptors in spinal antinociception but only the former were subject to the 
positive and negative modulatory mechanisms investigated, a 
differentiation which may be important in future understanding of pain 
mechanisms and treatment.
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INTRODUCTION
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1.1 INTRO DUCTIO N

As yet nothing supersedes the efficacy of opioids in the treatment of 
severe pain such as acute post operative pain or chronic cancer pain. 
However the side effects associated with opiates, in particular the 
development of tolerance, together with the difficulties in treating some 
pains which are insensitive to opiates has led to the search for improved 
drug therapy. The spinal cord is important in the transmission and 
modulation of sensory information and is also one site at which opioids 
act to produce analgesia. This thesis describes the use of 
electrophysiological techniques to explore the pharmacology of spinal 
analgesia, in particular the action of opioids, and discusses evidence for 
modulatory mechanisms influencing spinal nociception.

1.2 PAIN ■ A DEFINITION

A stimulus or injury expected to cause pain can occur without the 
subject actually experiencing the pain. Conversely pain can be 
experienced without the presence of external stimuli or tissue damage. 
Pain is always subjective involving the individual's experience of injury 
leading to the following definition which avoids a direct link between 
stimulus and response:

An unpleasant sensory and emotional experience associated with 
actual or potential tissue damage, or described in terms of such 
damage. (Merskey,1979).

Studies examining the physiology and pharmacology of pain in animals 
lack the emotional component of the above definition. Thus the words 
nociception and anti nociception are used in preference to pain and 
analgesia, to describe an aversive reaction in an animal or some other 
response (for instance neuronal activity) which specifically follows the 
application of a noxious stimulus i.e. a stimulus assumed to produce pain 
as opposed to a non-painful or innocuous stimulus.
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1.3 MECHANISMS OF NOCICEPTION

The sensation of a painful or noxious stimulus begins with the 
activation of nociceptors located in the periphery - the skin, the muscles, 
joints or the viscera. However the resulting message is subject to an 
overwhelming barrage of modulatory influences particularly at the level 
of the spinal cord which can dramatically upregulate or downregulate the 
final perception of pain.

1.3.1 Afferent nociceptive pathways
Generally high intensity cutaneous stimulation perceived to be 

painful in humans requires the recruitment of smaller myelinated Aô and 
unmjdinated C afferent fibres but not the larger myelinated Ap fibres 
which carry innocuous information. Most C fibres are activated by both 
mechanical, thermal and chemical noxious stimulation, hence their name 
polymodal nociceptors (Lynn and Carpenter, 1982; Besson and 
Chaouch,I987). In contrast Aô polymodal nociceptors are scarce and the 
majority of Aô nociceptors only respond to high threshold mechanical 
stimulation and heating above 5(P (Besson and Chaouch,1987) unless 
sensitized (Fitzgerald and Lynn, 1977; Campbell et al, 1979). Another 
type of nociceptor comprising possibly 20-40% of unmyelinated afferents 
in the skin is the so-called “silent afferent” which appears sensitive to high 
threshold stimulation only in the presence of inflammation (McMahon and 
Koltzenburg, 1990).

The mechanism underlying the direct activation of nociceptors to 
initiate action potentials in afferents is still unclear but an extensive range 
of chemicals released by strong nociceptive stimuli or inflammation can 
excite or sensitise the nociceptive endings. These include bradykinin, 
prostaglandins, serotonin, histamine and ATP, all of which have receptors 
on primary sensory endings (Rang et al, 1991). However measurement of 
the latency of nociceptor activation following non-tissue damaging 
stimulation indicate that a direct mechanism may be the primary event 
with chemicals more important in enhancing the stimulation as in 
hyperalgesia and inflammation (Besson and Chouch,1987).

The conduction velocity of Aô fibres (between 5.2 and 53 m/s) 
overlaps that of the faster A ap  fibres (Fitzgerald and Lynn,1977;
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Campbell et al,1979) making separation in terms of latency of arrival of 
action potentials (APs) in the spinal cord difficult. AÔ activation has been 
thought to underlie the fast, localised, intense sensation of pain. C fibre 
afferents can be clearly distinguished in terms of their slower velocity of 
conduction (0.5 -1.4 m/s) and have been associated with the more slow 
dull, diffuse component of a painful sensation. However this is likely to 
be an oversimplification.

Although the evidence points to a clear role of Aô and C fibres in 
nociception the fibre type alone does not distinguish a nociceptive input 
from innocuous input. Not all C and Aô fibres are nociceptive and 
conversely A ap  fibres can sometimes transmit nociceptive information 
(Besson and Chouch,1987; Campbell et al,1988). A characteristic of both 
AÔ and C fibre nociceptors is adaptation, a decline in firing during a 
prolonged stimulus. However this doesn't correlate with the perception of 
pain which increases with length of stimulation (Besson and Chouch,1987) 
indicating the contribution of central mechanisms to the differentiation 
and maintenance of a nociceptive input.

The nociceptors serving visceral, muscle and joints are less well- 
characterized, but appear to be similar to cutaneous polymodal 
nociceptors, responding to intense mechanical, thermal and chemical 
stimuli (see Besson and Chaouch,1987).

1.3.2 Afferent termination in the spinal cord.
The majority of C and Aô fibres enter the dorsal horn via the dorsal 

roots together with A ap  fibres and all three fibre types have their cell 
bodies located in the dorsal root ganglia. Whilst many A ap afferents 
ascend via the dorsal column to terminate in the dorsal column nuclei 
directly (Brown, 1973) collaterals extend into the grey matter of the 
dorsal horn. C and Aô afferent fibres also pass up and down the spinal 
cord in Lissauer's tract before entering the grey matter. Together with 
division of the dorsal roots also providing input over several segments 
each afferent nerve can influence spinal cells located in several segments 
(Besson and Chaouch,1987).

The grey matter of the dorsal horn has been divided into 10 laminae on 
a cytoarchitectonie basis (Rexed,1952; Molander,1984). The majority of 
collaterals of cutaneous AÔ and C fibres terminate in the superficial
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laminae I and II but some Aô terminals are also found deeper (lamina III 
-V). By contrast the collaterals of Ap fibres enter the dorsal horn more 
medioventrally than the fine afferents through lamina IV to terminate 
deeper in laminae II-III with arborisation extending to laminae V and VI 
(Fitzgerald, 1989).

1.3.3 Spinal nociceptive neurones
Activation of afferent Aô and C nociceptive fibres results in 

excitation of two distinct types of dorsal horn neurone; the class 3 
nociceptive-specific neurones located mainly in the superficial laminae 
and class 2 convergent neurones (forming the majority) found throughout 
the dorsal grey matter (Besson and Chouch,1987; Willis and 
Coggeshall,1991).

Nociceptive specific neurons are exclusively activated by mechanical 
and/or thermal nociceptive cutaneous stimulation to discrete receptive 
fields. Located at the origin of ascending tracts these neurons are 
probably important in the discrimination and relay of nociception to 
supraspinal sites (Besson and Chaouch,1987).

The nociceptive nonspecific convergent neurones are activated by a 
variety of innocuous and noxious stimuli and their responses depend on 
the intensity of stimulation, hence the alternative names polymodal or 
wide-dynamic range neurones. The receptive fields of convergent 
neurones can vary in size but all have a gradient in size with a central 
zone where responses to both innocuous and noxious stimuli occur and an 
outer zone which will only evoke potentials after noxious stimulation 
(Willis and Coggeshall,1991).

It is worth noting however that the separation of nociceptive 
neurones into the above categories depends on the state of the animal and 
can change in particular circumstances such as spinalization and/or 
general anaesthesia in which nociceptive specific cells can change to 
convergent or vice versa depending on the presence or absence of 
descending or segmental controls (Collins and Ren, 1987; Cook et al, 1987; 
Wall, 1989) and the presence of peripheral injury which can change a 
non-nociceptive neuroneto a convergent neurone (Campbell et al,1988ab).

In most cases the latencies of the response to A ap fibre activation is 
consistent with a monosynaptic input, compatible with the termination of
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A ap fibres in the deeper laminae of the dorsal horn where these cells 
occur. However it seems likely that the A ap  input to more superficial 
convergent neurones is relayed via dendritic arborisation of the neurones 
or interneurones. Because of their superficial terminations the 
connections between C and AÔ fibre terminals and deeper convergent cells 
are likely to be polysynaptic although there is evidence for the the 
dendrites of some of these cells extending up into superficial layers 
(Willis and Coggeshalf 1991).

1.3.4 Supraspinal nociception
Studies involving antidromic activation and HRP tracing indicate two 

main pathways by which nociceptive specific and convergent neurones 
project up the spinal cord - the spinothalamic tract and the spinoreticular 
tract, both of which cross at the level of the spinal cord to ascend to 
contralateral supraspinal structures. Characterization of neurones 
indicates nociceptive specific, convergent and innocuous neurones derived 
from deep and superficial laminae of the dorsal horn contribute to both

+rxtcA-
tracts. Neitherj^has any input from the intermediate zone the substantia 
gelatinosa. Other tracts implicated to a lessor extent in nociceptive 
transmission are the ipsilateral spinocervicothalamic tract and the 
postsynaptic dorsal column fibres (Willis, 1989).

Since axons of nonnociceptive and nociceptive neurones contribute to 
the same tracts it is difficult to attribute a unique function to a given tract. 
However the ascending spinothalamic tract terminates in the lateral 
ventrobasal thalamus where neurones have discrete receptive fields and 
display a stimulus-intensity related response to noxious stimulation which 
is abolished after section of the contralateral spinothalamic tract. 
Projecting to the somatosensory cortex where neurones also respond in a 
graded manner to nociceptive stimuli, this pathway is thought to be 
involved in the sensory-discrimative aspect of pain (Guilbaud et al, 1989).

Most spinoreticular neurones terminating in the reticular formation 
which can project to the medial thalamus appear part of a nonspecific 
arousal system. Reticular and central lateral or medial thalamic neurones 
respond to nociceptive stimulation with diffuse receptive fields, higher 
thresholds and no clear relationship between stimulus intensity and 
response (Guilbaud et al,1989). With widespread connections to striatal 
and cortical areas this pathway is implicated in the affective-motivational
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aspects of pain (Guilbaud et al, 1989).

1.4 PHARMACOLOGY OF SPINAL NOCICEPTIVE 
TRANSMISSION

Despite an ever-increasing wealth of knowledge about the 
morphology of the spinal cord it remains unclear as to which 
neurotransmitters released from primary afferents mediate nociceptive 
transmission in the dorsal horn. Candidates include the so-called "fast 
transmitters" such as the excitatory amino acids (EAAs) which produce 
rapid changes in membrane potentials via receptors linked to ion channels 
(Ivers en, 1984; Schneider and Perl, 1988; Yoshimura and Jessel,1989). In 
contrast the slower but prolonged postsynaptic membrane depolarisations 
are thought to involve peptides (Iversen,1984; Urban and Randic,1984).

1.4.1 Peptides
The tachykinin substance P (SP) was the first neuropeptide to be 

proposed as a candidate neurotransmitter in spinal nociception (Jessell and 
Iversen,1977). The presence of SP-like immunoreactivity in superficial 
terminals in the dorsal horn and in spinal ganglia and reduction in SP 
levels in the dorsal horn after dorsal rhizotomy (Hokfelt et al, 1976; Leah 
et al,1985) or capsaicin (Mantyh and Hunt, 1985; Helke et al,1986 and refs 
within) indicated a peripheral source of this peptide in nociceptive 
primary afferents. SP immunoreactivity is also found in intrinsic spinal 
neurones and in fibres descending from the brain stem (see Besson and 
Chaouch,1987). Recent studies using in situ hybridization techniques have 
provided more information about differential location of the different 
tachykinins found in the spinal cord (see Helke et al, 1990).
Preprotachykinin-mRNA coding for SP and neurokinin A (NKA) was 
found in lamina I  and sensory neurones and increased in DRG cells by 
nociceptive stimuli (Noguchi et al, 1988) whereas precursor mRNA for 
NKB was found deeper in laminalHand was not affected by dorsal 
rhizotomy or spinal transection (Helke et al, 1990).

Activation of Aô and C fibre afferent fibres results in increased SP 
release in vitro (Otsuka and Konishi,1976) and in vivo (Yaksh et
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al, 1980; Duggan et al, 1987; Go and Yaksh,1987) as does capsaicin 
(Lembeck and Donnerer,1985; Go and Yaksh,1987) and nociceptive 
stimulation (Kuraishi et al,1985b; Duggan et al,1987;1988; McCarson and 
Goldstein, 1991). The coexistence of NKA with SP in sensory neurones 
suggests that this peptide may also be coreleased with SP (Saria et al,1986; 
Helke et al, 1990). However in vivo studies using antibody microprobes 
have shown NKA release to be more diffuse than that of SP following 
noxious stimulation (Duggan et al, 1990).

Nociceptive dorsal horn neurones were excited by iontophoretic 
administration of SP (Henry, 1976; Randic and Miletic,1977; Sastry,
1979a; Henry et al,1980; Salt and Hill, 1983) which mediated a slow 
postsynaptic membrane depolarization similar to that seen after high 
frequency dorsal root stimulation (Urban and Randic, 1984). The 
mechanism of action of SP involves the mobilization of 2nd messengers 
which can result in a decrease of K+ currents or an increase in Câ "*" 
currents (Wilcox, 1991). However although selective enhancement and 
inhibition of C fibre-evoked but not Ap-evoked responses by SP and NKA 
respectively have been reported (see Kellstein et al, 1990; De 
Koninck,1991; Xu et al, 1991) others have demonstrated preferential 
inhibitions of non-nociceptive responses by SP (see Fleetwood-Walker et 
al, 1990). Biphasic neuronal effects of SP have also been reported (Davies 
and Dray, 1980; Willcockson et al, 1984).

In behavioural studies the role of tachykinins in nociception is less 
clear. Although intrathecal administration of SP elicits nociceptive 
responses (Piercey et al, 1981; Seybold et al, 1982; Hylden and 
Wilcox, 1983; Wiesenfeld-Hallin et al,1984) and hyperalgesia (Yasphal et 
al, 1982; Akerman et al, 1982; Matsumara et al,1985) whether this is a 
good model of nociception is disputed (Bossut et al,1988ab; Frenk et 
al,1988), Studies with antagonists have been equivocal (Couture et 
al, 1985; Post and Paulsson,1985; Wisenfeld-Hallin and Duranti, 1987b) 
complicated by motor effects (Piercey et al,1981) and spinal toxicity (Post 
and Paulsson,1985). However increased levels of SP occur in models of 
arthritic pain (Lembeck et al,1981; Schoenen et a l,1985) whereas 
decreased levels of SP are found in patients with reduced pain sensitivity 
(Pearson et al, 1982). Furthermore opioids decrease SP release in the 
dorsal horn (see later).

20



The identification of four SP receptor subtypes in binding studies and 
bioassays (Charlton and Helke, 1985; Ninkovic et al, 1985; Regoli et 
al, 1987; Quirion and Dam,1988) may underlie some conflicting actions of 
SP in nociception. NK-1, NK-2 and NK-3 receptors are all found in the 
superficial dorsal horn (Charlton and Helke, 1985; Helke et al, 1986) but 
recent evidence suggests that NK-1 receptor agonists including SP mediate 
nociceptive actions (Laneauville et al,1988; Papir-Kricheli et al,1987; 
1991; Yashpal et al,1993; but see Munro et al, 1993) whereas NK-3 
agonists including NKB are hyperalgesic (Laneauville et al, 1988; Papir- 
Kricheli et a l,1991). The NK-2 receptor may be particularly important in 
thermal nociception (Fleetwood-Walker, 1987; 1990; Dourish et al,1988).

SP is reported in only a third of cutaneous unmyelinated afferents 
(O’Brien et al, 1989) indicating an role in nociception for peptides other 
than SP. Somatostatin, CGRP, CCK, VIP and bombesin are also found in 
primary afferents where combinations of two or more are found to 
coexist in the same DRG cell (see Willis and Coggeshall,1991) and are 
therefore presumably coreleased suggesting a lack of relationship 
between the sensory function of the afferent neurone and peptide content 
(Leah et al,1985). Apart from individual actions in spinal sensory 
function (Hylden and Wilcox 1981; Seybold et al,1982; Wiesenfeld- 
Hallin,1985; Cridland and Henry, 1986,1988 and refs within; Xu et 
al, 1990) there is also evidence for positive and negative interactions 
between peptides (for example Wiesenfeld-Hallin et al, 1984; Woolf and 
Wiesenfeld-Hallin 1986; Cridland and Henry, 1989).

1.4.2 Excitatory amino acids
The excitatory amino acid L-glutamate was first reported to excite 

spinal cord neurons by Curtis et al in 1959 and subsequently by others 
(see Salt and Hill, 1983) but it has taken considerable research 
subsequently to establish whether glutamate and other EAAs, for instance 
aspartate, are CNS neurotransmitters and whether they play a particular 
role in spinal sensory neurotransmission since they are also involved in 
other events such as protein synthesis and as a precursor for GABA 
synthesis (see Headley and Grillner, 1991). Studies have been aided by 
the identification of ionotropic EAA receptor subtypes - 
AMPA/Quisqulate, kainate (regulating Na+ and K+ ion channel openings), 
NMDA (regulating divalent ion channels such as Ca^+ and Mg^+ as well
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as Na+ and K+) and the metabotropic receptors, (coupled to 
phospholipase C through G proteins) - and the development of selective

6km. Secu
antagonists (jpollingridge and Lester, 1989;^choepp and Conn, 1993).

Glutamate and aspartate immunoreactivity is localised both in large 
and small dorsal root ganglion cells (presumed to be nociceptive) and 
nerve terminals in lamina I  and H of the rat dorsal horn as well as in 
dorsal horn neurones (Willis and Coggeshall, 1991). Whilst spinal 
neurons, identified as responding to nociceptive stimulation respond to 
iontophoretic glutamate^EAAs also modulate non-nociceptive evoked 
responses (Willcockson et al,1984; Dougherty and Willis, 1992; Aanonsen 
et al, 1990). The release of glutamate and aspartate from the dorsal horn 
occurs after non-noxious as well as noxious stimulation (Skilling et 
al, 1988; Kangrga and Randic, 1991).

Although the modality of sensory input to the dorsal horn does not 
appear to be determined by the particular EAA released, the type of EAA 
receptor does not clearly distinguish between non-nociceptive and 
nociceptive either. Postsynaptic non-NMDA receptors, possibly the 
AMPA receptor localised in the superficial dorsal horn (Greenamyre et 
al, 1985), appear to be activated by the afferent-evoked release of EAAs in 
primarily monosynaptic responses (Jahr and Jessell, 1985; Schneider and 
Perl, 1988, see Headley and Grillner, 1991) and are involved in non
nociceptive spinal transmission (Dickenson and Sullivan, 1990; Dougherty 
et al,1992; Chapman and Dickenson,1994). However activation of the 
AMPA receptor is also implicated in nociceptive transmission (Dougherty 
et al, 1992) although recent analysis of the regional distribution of AMPA 
receptor subunits suggests that the AMPA receptors underlying non
nociceptive and nociceptive transmission may be different (Furuyama et 
al, 1993).

In addition to a postsynaptic action, depolarization of peripheral C 
fibres by kainate and L-glutamate but not aspartate (Agrawal and 
Evans, 1986) and depression of the dorsal root potential by non-NMDA 
antagonists CNQX and kynurenate (Evans and Long, 1989) has been 
demonstrated. This presynaptic action of EAAs resulting in the blockade 
of conduction may be through the kainate EAA receptor located on 
primary afferents.

The voltage-dependent NMDA receptor, located throughout the
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dorsal horn (Greenamyre et al, 1985), requires the removal of a Mg^+ 
blockade of the associated ion channel involving membrane depolarization 
via another excitatory neurotransmitter (Headley and Grillner,1991; 
Wilcox, 1991). NMDA receptors have been implicated in polysynaptic 
rather than monosynaptic transmission and in spinal nociceptive pathways 
(Salt and Hill, 1983; Schouenborg and Sjolund,1986; see Headley and 
Grillner, 1991) and in particular the “windup” of dorsal horn neurones 
and facilitation of spinal reflexes (Davies and Lodge, 1987; Schouenborg 
and Dickenson, 1988; Dickenson and Sullivan, 1990; Woolf and 
Thompson, 1991). Whilst NMDA receptors do not appear to be so 
important in acute nociceptive spinal processing, for instance the NMDA 
antagonists AP5 and ketamine did not reduce C fibre-evoked dorsal horn 
responses (Headley et al,1987; Dickenson and Sullivan,1990; but see 
Dougherty et al, 1992) they do appear to mediate the development of more 
prolonged changes in the processing of nociceptive information in pain 
states such as hyperalgesia, inflammation and neuropathy (Haley et 
a l,1991; Coderre et a l,1993; Ren and Dubnar,1993). The role of the 
metabotropic glutamate receptors in the spinal cord is unknown (see 
Schoepp and Conn, 1993). However an agonist for these receptor^ 
potentiated the effects of NMDA and AMPA receptor activation in 
isolated rat spinal dorsal horn neurones (Bleakman et al, 1992).

SP and glutamate have been shown to coexist in many dorsal horn 
neurones and in small primary afferent cell bodies and terminals in the 
superficial dorsal horn (Battaglia and Rustioni,1988; DeBiasi and 
Rustioni,1988). SP and NKA appear to enhance both the release (Kangrga. 
et al,1990) and the actions of glutamate and NMDA on dorsal horn 
neurones (Randic et al, 1990; Dougherty and Willis, 1991, 1992; Rusin et 
al, 1993) and”/rt vivo behavioural tests (Mjellem-Joly et al, 1991).

Whilst it is likely that glutamate acting at non-NMDA receptors is 
responsible for the immediate transfer of afferent information into the 
dorsal horn, it appears increasingly probable that it is the relative 
contribution of NMDA and neurokinin receptor activation and their 
interaction which determine the processing of more prolonged input, the 
long depolarizations in deep dorsal horn neurones, prolonged facilitation 
of nociceptive responses and the development of hyperalgesia and more 
prolonged pain states (for example Xu et al, 1992; McMahon et al, 1993;
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Dougherty et al, 1993). Increasing knowledge of the role of other 
compounds such as nitric oxide in the plasticity of nociception (for review 
see Snyder, 1992) adds to the complexity of understanding the mechanisms 
underlying spinal nociception.

1.5 MODULATION OF SENSORY TRANSMISSION

1.5.1 Descending controls
Spontaneous multireceptive dorsal horn neurones are much less 

common in awake behaving cats than in either barbiturate anesthetized or 
spinal cord transected animals (Collins and Ren 1987; Collins 1984).
After interruption of spinal column transmission using cold block or 
lesions the nociceptive responses of dorsal horn neurones are enhanced 
(Wall,1967; Handwerker et al,1975; Necker and Hellon,1978; Duggan and 
Morton, 1988) and behavioural hyperalgesia is elicited (Duggan and 
Morton, 1988). Lesions of supraspinal regions including the nucleus raphe 
magnus (NRM) and periaquaductal gray (PAG) also decreased tail-flick 
latencies in behavioural studies (Proudfit and Anderson, 1975; Basbaum 
and Fields, 1984).

The above evidence suggesting the existence of a descending 
inhibitory pathway influencing spinal nociception was further supported 
by the demonstration of stimulation-producing analgesia (SPA). 
Stimulation of various brain regions, in particular the dorsal raphe 
nucleus of the PAG, the locus coeruleus and the raphe nuclei (primarily 
the NRM), inhibited nociceptive responses of dorsal horn neurones and 
produces analgesia in animals and humans (Besson and Chaouch, 1987).

DNIC (diffuse noxious inhibitory controls) also relies on activation 
of descending pathways, the mechanism by which noxious stimuli, applied 
to a peripheral receptive field distant to the neurone under study, inhibits 
the responses of the dorsal horn neurone (Le Bars and Villanueva, 1988). 
This has been proposed as one mechanism by which convergent neurones 
could code for a noxious input. Convergent neurones respond to both 
innocuous and noxious inputs, presumably sending general sensory 
information to supraspinal stiuctures. Evoking DNIC suppresses this 
general information in neurones not directly activated by the noxious 
stimulus and therefore is suggested to increase the contrast between
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background activity and the specific nociceptive response of the neurone 
directly activated by the stimulus which can then be perceived by higher 
centres as a nociceptive message.

Demonstration of serotonergic (5HT) and noradrenergic (NA) 
bulbospinal neurones originating in the PAG/NRM and locus coeruleus 
respectively by Dahlstrom and Fuxe (1964) has been followed by 
extensive studies examining the involvement of these 5HT and NA 
pathways in modulation of nociceptive afferent input in the cord 
(Basbaum and Fields, 1984; Fitzgerald, 1986; Roberts, 1988;
Proudfit;1988). Depletion of monoamines or intrathecal administration 
of antagonists reduces the antinociceptive actions of PAG and NRM 
stimulation (Barbaro et al, 1985; Roberts,1988; Proudfit;1988). 5HT 
mechanisms in particular are involved in mediating DNIC (Le Bars and 
Villanueva, 1988).

Both 5HT and NA receptors are found in the dorsal horn, intrathecal 
administration of agonists selective for either receptor produces 
behavioural anti nociception and depression of neuronal nociceptive 
responses (Roberts, 1988; Proudfit;1988). Whereas the role for 
descending noradrenergic modulation of spinal nociception is further 
clarified by the use of selective antagonists, discussed further in chapter 9, 
the role of 5HT becomes less so, due to the existence of several 5HT 
receptor subtypes with opposing actions in the dorsal horn. 5HT jb  
receptors are implicated in 5HT spinal antinociception whereas activation 
of 5HT1A receptors may underlie the excitatory effects of iontophoretic 
5HT on some nociceptive dorsal horn neurones. 5HTg receptors on 
primary afferents may also increase nociceptive transmission by terminal 
depolarization (Zemlan et al, 1988).

It is likely that peptides such as enkephalins, somatostatin and SP are 
also involved in descending controls, coexisting with 5HT or contained in 
non-serotonergic descending raphe-spinal fibres (Besson and 
Chouch,1987).

1.5.2 Segmental control
In the 1930s the first description of a slow potential change spreading 

in the dorsal roots - the dorsal root potential - was accompanied by the 
suggestion that these electrical changes in the grey matter might
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negatively influence afferent input in the dorsal horn (reviewed by 
Nathan,1976). This idea of a intrinsic spinal modulatory system was 
further developed into the "gate control theory" by Melzack and Wall 
(1965)(Wall, 1978). The theory proposed that dorsal horn cells 
responding to nociceptive afferent input could be influenced either pre- or 
postsynaptically by A ap  fibre stimulation. Furthermore it was suggested 
that excitatory and inhibitory intemeurones located in the substantia 
gelatinosa (SG) (laminae II of Rexed) were involved in this modulation 
(Wall, 1980).

Electrophysiological studies have clearly demonstrated that segmental 
cutaneous A fibre stimulation selectively inhibits C fibre and noxious 
evoked activity in dorsal horn neurones in animals and in man (see refs 
within Woolf, 1990) and this mechanism underlies the clinical treatment of 
pain known as transcutaneous electrical nerve stimulation (TENS). 
Stimulation of A fibres has been shown to produce primary afferent 
depolarization (PAD) - one presynaptic mechanism thought to produce 
inhibition via a reduction in neurotransmitter release (Nathan, 1976;
Wall, 1980). The proposed presynaptic facilitatory actions of AÔ and C 
fibre afferents on nociceptive transmission is less clear.

The SG is a dense region containing interneurones (stalked and islet 
cells) which can communicate between segments via the Lissaur tract and 
between the superficial and deep dorsal horn, from lamina I (terminals of 
stalked cells) to lamina III (dendrites of stalked cells). Unmyelinated 
fibres afferents also terminate in the SG as do descending fibres and the 
dendrites of deeper neurones extend up into this area (Wall, 1980). As 
well as a sound morphological basis for modulation of afferent input, the 
diverse pharmacology of the SG is also implicated (Wall,1980; Todd and 
Spike, 1993). GABAergic neurones make axoaxonic connections with 
afferent fibres which contain G ABA A and B receptors (Price et al,1984; 
Desarmenien et al, 1984; Magoul et al, 1987), and may be involved in PAD 
(Desarmenien et al,1984; see also Kangrga et al, 1991). Enkephalinergic 
neurones can hyperpolarise lamina I and V spinothalamic neurones onto 
which axoaxonic connections are made (Ruda et al, 1984). Until recently 
the anatomical evidence for presynaptic inhibition of afferents was 
lacking. Although opiate receptors are located on unmyelinated terminals 
presynaptic axoaxonic synapses are not common (Todd and Spike, 1993;
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Ribeiro-da-Silva et al,1991). However enkephalinergic neurones closely 
apposing primary afferent fibres and terminals labelled by 
immunofluorescence for the recently cloned Ô receptor have now been 
reported (Dado et al, 1993).

1.6 WHY RECORD SPINAL CONVERGENT NEURONES?

Both the nociceptive-specific and convergent cells respond to 
nociceptive inputs. However although both classes of cell appear to 
contribute to the spinothalamic and spinoreticular ascending tracts passing 
nociceptive information to supraspinal sites and to spinal reflex pathways, 
the majority of neurones in both tracts are convergent or nociceptive non
specific (Besson and Chouch,1987). Convergent cells show a good 
gradient of sensitivity to noxious stimulation and thus can code for 
intensity of a painful input whereas the discharge of a nociceptive-specific 
cell is only weakly related to the intensity of a painful stimulus 
(Handwerker et al,1975; Menetrey et al, 1977; Kenshalo et al,1979; 
Hoffman et al, 1981).

In contrast to the abrupt responses of nociceptive specific cells to 
noxious stimuli, the responses of convergent cells far exceeds the level of 
discharge of C polymodal nociceptors and continues beyond the stimulus 
(Handwerker et al, 1975). This prolonged response appears to fit better 
with human experience of pain (Besson and Chouch,1987). Convergent 
neurones also show the phenomenon of windup following noxious 
stimulation (Mendell,1966; Woolf and Wall, 1986a, Davies and 
Lodge, 1987) which has also been described in human studies (Price et 
al,1977). Furthermore the excitation of convergent neurones has been 
correlated with the sensation of pain in monkeys (Price and Mayer, 1975; 
Bushnell et al,1984) and humans (Mayer et al,1975, Coghill et al,1992).

The responses of convergent dorsal horn neurones are modulated by 
mechanisms which also produce anti nociception in behavioural studies and 
pain relief in humans such as the administration of morphine, SPA or 
DNIC (Besson and Chouch,1987; Talbot et a l,1987; Le Bars et al, 1992). 
In addition the facility for non-nociceptive inputs to be perceived as 
nociceptive in certain pain conditions requires the facility of convergence
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(Yaksh, 1989). Although it is still somewhat unclear exactly how 
convergent neurones, able to respond to both innocuous and noxious 
stimuli with similar discharge frequencies, specifically code for pain, 
theories include DNIC (Le Bars and Chitour,1983) and combined spatial 
and temporal integration (Coghill et al, 1993). However a correlation 
does appear to be present between the response of convergent neurones 
and the final perception of pain making these neurones a suitable target 
for the study of the pharmacology of spinal antinociception.

1.7 OPIOIDS

1.7.1 A history
The use of opium, the dried exudate from the unripe seed capsules of 

Papaver somniferum, was first recorded in the 4th century BC by the 
Babylonians. The desirable properties of opium - alleviation of pain and 
anxiety and induction of sedation were well known to the ancient Greeks, 
Romans and Egyptians and later around 1000 AD the anti-diarrheal 
properties were described by the Chinese.

In the Middle Ages opium juice was one of the constituents in a 
sleep-bringing sponge Spongia somnifera which was used to provide 
sedation and analgesia during operations. In the early 1500s preparations 
containing opium were held in such high esteem they were given the name 
laadanum - from the Latin laudare to praise. This was expanded in the late 
17th century to laudanum liquidum Sydenham to name a particular 
preparation of opium given as an alcoholic tincture, often in a whisky or 
rum base.

The principle active ingrediant of opium was isolated in early 1800s 
by a German pharmacist Serturner. He named it "Morphium" after 
Morpheus the Greek god of sleep. By the middle of the 19th century pure 
alkaloids were taking the place of preparations of opium in medicinal use. 
The development of the hyperdermic needle in the early 1900s 
precipitating intravenous administration has been suggested to underlie a 
rapid increase in opiate dependence.

In 1924 the molecular structure of morphine was elucidated by 
Gulland and Robinson, which provided the impetus for designing 
synthetic analogues. In addition the problem of addiction to opioids
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stimulated a search for potent analgesics that would be free of this si de
effect, leading to development of antagonists and mixed agonists such as 
nalorphine, naloxone and pentazocine. By 1967 researchers had 
concluded that the complex interactions among morphine-like drugs, 
antagonists and mixed agonists/antagonists were explained by the existence 
of multiple receptors for opioids (R^rfu^uLe^se^ 1^ 6 6 ^.

1.7.2 Multiple opiate receptors and endogenous ligands
The idea of multiple opioid receptors was first postulated in the mid- 

1960s (Portuguese, 1965; 1966) but it was a behavioural study performed 
on chronic spinal dogs by Martin which provided the first 
pharmacological evidence for multiple classes of opioid receptors 
C Gilbert and Martin; 1976). In a series of opioids three
different profiles of actions were identified which were postulated to 
represent three receptors - p (represented by the prototypic agonist 
morphine), k  (ketocy clazocine) and a  (SKF-10,047). Ketocy clazocine 
neither suppressed or precipitated abstinence in morphine-tolerant dogs 
and there was no cross-tolerance to morphine in ketocy clazocine- 
dependent dogs. Similar results were found using monkeys (Wood et 
al,1981).

The selective distribution of stereospecific opioid receptors in brain 
and peripheral tissue (Atweh and Kuhar,1977; Chang et al, 1979) and the 
demonstration of stimulation-producing analgesia (Liebeskind et al, 1973) 
led to the search for an endogenous morphine-like ligand and in 1975 
Hughes and colleagues extracted and purified a low molecular weight 
substance which produced naloxone-reversible contractions of the mouse 
vas deferens and guinea-pig myenteric plexus. Furthermore the 
distribution of the active extract roughly corresponded to opioid binding 
sites in the brain. Following the isolation and identification of these 
endogenous opioid-pentapeptides methione- and leucine-enkephalin 
(Hughes et al, 1975) a further opioid receptor subtype, Ô, was postulated 
on the basis of different orders of potencies of enkephalin analogues in the 
guinea-pig ileum and mouse vas deferens (Lord et al, 1977) and variations 
in the dissociation constant of the opioid antagonist naloxone against 
different agonists in the same tissue (Oka et al, 1982).

Following the elucidation of the structure of enkephalin (Hughes et
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al,1975) many other endogenous peptides were isolated in particular P- 
endorphin and dynorphin, the structure of each containing the peptide 
sequence Try-Gly-Gly-Phe-Met/Leu (Goldstein et al, 1981 ;)Akil, 1984). 
The relative high binding potency of p-endorphin in the rat vas deferens 
suggested a further of opioid receptor subtype E  (Schultz et al, 1981).

The use of multiple radioligands and multiple competing ligands in 
competitive displacement binding assays aided the differentiation of 
receptor subtypes. Biphasic Scatchard plots suggested the presence of 
separate high and low affinity opioid binding sites in brain homogenates 
(see Yaksh,1987). Comparison of relative affinities of ligands for 
labelled sites and selective protection assays with irreversible alkylating 
agents such as phenoxybenzamine, pCNA and pFNA confirmed the 
presence of a heterogeimus receptor population (Goldstein and 
James, 1984).

Evidence for multiple receptor sites has also derived from the 
regional variation in the binding of selective ligands for the different 
opioid receptors in the CNS (Chang et al,1979; Nincovic et al,1981; 
Atweh and Kuhar,1983; Quirion et al, 1983; Mansour et al,1987).

1.7.3 Supraspinal opioid analgesia
Whilst supraspinal sites are important in the action of systemic 

morphine one question researchers have sought to answer is the relative 
involvement of supraspinal compared to spinal structures in the action of 
morphine. Early studies suggested that opiates may act preferentially at 
supraspinal sites since higher doses of systemic morphine were required 
to produce analgesia following spinal lesioning (see Yaksh et al, 1988). A 
multiplicative interaction between supraspinal and spinal sites of opioid 
action has also been suggested (Yeung and Rudy, 1980).

Microinjection of opioids into the brain stem - in particular the PAG 
and rostral ventral medulla (RVM) - produces naloxone-reversible 
analgesia as does electrical stimulation of these areas (see Yaksh et 
al, 1988). Furthermore the antinociceptive action of systemic morphine 
was antagonised by the injection of naloxone into the RVM or lesions of 
the PAG or RVM (Dickenson et al,1979; Basbaum and Fields, 1984).

Electrophysiological studies have shown a clear depression of 
neuronal firing in the PAG by opioids which is thought to lead to the
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activation of descending serotonergic and noradrenergic pathways via the 
RVM since few PAG neurones project to the spinal cord directly. 
Destruction of spinal 5HT and NA terminals or spinal selective antagonists 
reduced the analgesic effect of morphine microinjected into the PAG or 
NRM (Yaksh et al,1988). RVM neuronal responses to opioids are less 
clear. Both excitation and inhibition of responses occurred leading to the 
suggestion that two types of cells in the RVM, on and off cells, are 
involved in opiate actions at this site (Fields et al,1988).

Whilst it is clear that the supraspinal action of opioid agonists leads 
to activation of descending pathways it is not at all clear how this relates 
to the inhibition of spinal nociceptive pathways. Not all studies report the 
depression of nociceptive neurones in the dorsal horn after morphine 
administered in the PAG and indeed in some studies excitations occurred 
(Dickenson, 1988; Fields et a l,1988). Morphine does depress the effects of 
DNIC on nociceptive neurones leading to the suggestion that supraspinal 
morphine might work by removing the contrast between nociceptive 
neurones responding to peripheral noxious input and others serving as 
background, thereby reducing the recognition of a nociceptive signal 
(Dickenson, 1988, Le Bars and Villanueva, 1988).

The receptor subtypes involved in the supraspinal actions of opioids 
remains to be elucidated. Activation of supraspinal k  receptors by 
selective agonists clearly produces analgesia (Millan,1990). However 
behavioural studies have suggested the sole involvement of the p receptor 
in supraspinal analgesia by p and ô opioid agonists after examination of 
pA2  values, rank order potencies and the use of selective p and ô opioid 
antagonists (Chaillet et al,1984; Cotton et al, 1984; Fournie-Zaluski et 
al,1984; Heyman et al,1986; Dauge et al,1987; Porreca et al,1987; Bodnar 
et a l,1988; Liu-Chen et al,1991; Mokhtari et al,1993). In contrast other 
studies have presented evidence for supraspinal ô opioid analgesia 
(Heyman et al,1987; Takemori and Portughese,1987; 1993; Jiang et 
al,1990; Miaskowski et al,1991; Sofuoglu et al,1991). Final conclusions 
may depend upon the relative contribution of recently proposed Ô opioid 
subtypes (Jiang et al, 1991). The identification of p receptor subtypes by 
the selective receptor p j antagonist naloxonazine has indicated the 
involvement of this receptor in supraspinal p opioid analgesia in contrast 
to the p2  site thought to be responsible for opioid-mediated respiratory 
depression (Pasternak and Wood, 1986, Heyman et al, 1988).
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1.7.4 Opioids in the spinal cord
Interest in the spinal action of opiates and in particular morphine 

took off in the mid-70s with several studies seeking to answer the question 
as to whether morphine has a direct spinal action or acts indirectly by 
strengthening descending controls. A definitive behavioural study which 
developed the technique for administration of drugs via an intrathecal 
cannula in an awake animal showed a spinal analgesic action of morphine 
rather than simply a block of spinal reflexes (Yaksh and Rudy,1976).
This action of morphine was antagonized by naloxone indicating a 
receptor-specific effect (Yaksh and Rudy, 1977). Administration of 
various opioids by the spinal route was introduced clinically in 1979 
(Wang et a l,1979; Behar et al,1979). However despite the well- 
documented spinal action of opioids little was known about the receptors 
involved in spinal opioid analgesia in the early to mid 1980s when the 
work for this thesis started.

All three main opioid receptor subtypes appear to be present in the 
spinal cord of several species including the rat (La Motte, 1976; Nincovic 
et al,1981; Attali et al, 1982; Traynor et al,1982, 1990; Gouarderes et 
al, 1985; Morris and Herz,1987; Zajac et al, 1989). Autoradiographical 
studies demonstrated binding localised to the dorsal horn, particularly the 
substantia gelatininosa (Atweh and Kuhar,1977; Slater and Patel,1983; 
Gouarderes et al, 1985; Morris and Herz,1987; Zajac et al, 1989; Traynor 
et al, 1990) where small primary afferents terminate.

The existence of opioid receptors on dorsal root ganglion cells 
(Nincovic et al, 1981), on primary afferents (Fields et al,1980, Dado et 
al, 1993) and the reduction of binding in the dorsal horn after dorsal 
rhizotomy (La Motte et al,1976; Nincovic et al,1981; Zajac et al,1989; 
Besse et al, 1992) or capsaicin (Gamse et al,1979) indicated a degree of 
localization on the presynaptic afferent terminals, including capsaicin- 
sensitive AÔ and C fibres. However the incomplete loss of opioid binding 
after degeneration of afferent input suggested a proportion of opioid 
receptors are located postsynaptically on dorsal horn neurones, 
presumably either nociceptive neurones or interneurones. This conclusion 
is supported by electrophysiological evidence for direct opioid effects on 
dorsal horn neurones (see later).

In the spinal cord significant levels of opioid peptides derived from
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the proenkephalin and prodynorphin precursors are found but no P- 
endorphin. Prominent levels of enkephalins and dynorphin were 
identified in dorsal horn neurones, particularly those in lamina I, lamina 
II and III intemeurones - islet and stalked cells and deeper in lam IV, V 
and X (Akil et al,1984; Yaksh, 1987; Todd and Spike, 1993). Within the 
substantia gelatinosa enkephalin levels were highest in the inner portion of 
lamina II (Hi). In the ventral horn levels are much lower and the peptides 
are not found in motor horn cells, although both enkephalins and 
dynorphins do appear in terminals surrounding these cells. Although the 
principle source of enkephalins appears to be in cells intrinsic to the cord, 
immunoreactivity has been found in cell bodies in the brain stem which 
project to the spinal cord and in dorsal root ganglion cells (Todd and 
Spike, 1993).

Whilst spontaneous release of enkephalin into the CSF appears to be 
low (but measurable) activation of AÔ and C but not Ap afferent inputs 
results in a prominent increase in the secretion of spinal met-enkephalin- 
like immunoreactivity and radioreceptor assayable levels of several 
extended enkephalin fragments (Yaksh and Elde, 1981; Nyberg et al, 1983, 
Yaksh et al, 1983). Noxious pressure and chemical stimulation also 
increase spinal enkephalin release (Cesselin et al, 1985) as does SP or 
capsaicin (Yaksh and El de, 1981; Tang et al,1983; ladorala et a l,1986).

The levels and release of dynorphin are not altered by acute noxious 
stimulation but are elevated in chronic pain models such as the arthritic 
rat and carrageenan inflammation in which enkephalin levels are also 
raised (Schaible and Grubb, 1993). This has led to the suggestion that 
dynorphin is particularly important in long-lasting nociception but 
whether it acts to increase or decrease the nociceptive message is not 
clear.

1.7.5 Electrophysiological studies on spinal opioid 
antinociception

Opioid agonists clearly reduced noxious-evoked spinal reflexes in 
conscious animals (Yaksh and Nouihed,1985). Electrophysiological 
studies, having previously shown the block of reflex pathways by 
morphine (see Duggan and North, 1984), started to examine opioid effects 
on individual neurones implicated in pain pathways, namely the dorsal
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horn neurones. In decerebrate spinal cats systemic morphine reduced the 
spontaneous firing of specific neurones located in lamina 1 and V of the 
dorsal horn (Kitahata et al,1974; Le Bars et al, 1975; Calvillo et al, 1979). 
However it was Le Bars and colleagues who first demonstrated that 
intravenous morphine inhibited neuronal responses specifically evoked by 
high threshold stimulation of Aô and C fibres rather than low threshold 
(Ap) responses in lamina V dorsal horn neurones in spinalized animals 
(Le Bars et al,1975; 1976). This spinal antinociceptive naloxone- 
reversible action of systemic morphine on deep neurones was 
subsequently confirmed by others (Einsphar and Piercey,1980; Woolf and 
Fitzgerald 1981) the latter also noting a lamina specificity since SG 
neurones were influenced differently. Confirmation that nociceptive 
transmission to supraspinal structures was similarly depressed by 
morphine was demonstrated by the inhibition by morphine of the activity 
in ascending axons evoked by C and Aô but not Ap afferent stimulation 
(Doi and Juma,1982).

Spinal morphine administered as an intrathecal injection (Homma et 
al, 1983) or direct microinjection or iontophoretic administration of 
morphine and enkephalins into the superficial dorsal horn (Duggan et 
al,1976; 1977; Davies and Dray, 1978; Randic and Miletic,1978; Sastry 
and Goh,1983; Willcockson et al,1984) also selectively depressed the 
nociceptive responses of neurones in the deep dorsal horn rather than 
those located in the SG. However the inhibitions of the deep dorsal horn 
neurones were often absent after iontophoretic morphine was injected 
close to the cell body or were unselective for noxious rather than 
innocuous responses.

This evidence together with the selectivity of opioids for noxious 
evoked responses of neurones and opioid-induced changes in membrane 
excitability of afferents, their neuronal bodies located in the DRG and 
their terminals, (Carsten et al,1979; Mudge et al,1979; Sastiy, 1979b; 
Werz et al, 1983) indicated a presynaptic site of action on nociceptive 
primary afferents terminating in the superficial dorsal horn. However 
neuronal excitation by spinal administration of glutamate was also 
depressed by morphine (Zieglgansberger and Tolloch,1979; Willcockson 
et al, 1984) and in vitro opioid-mediated hyperpolarizations of dorsal 
horn neurones occurred in Ca^+ free solution (Murase et al, 1982, Miletic
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and Randic, 1982; Yoshimura and North, 1983) indicating a postysnaptic 
site of action as well .

1.8 AIMS OF THE STUDY

A spinal antinociceptive action of opioid agonists has been clearly 
demonstrated (see above). However with considerable evidence for the 
presence of multiple opioid receptors in the dorsal horn the question 
arises as to the individual contribution of each subtype in spinal 
antinociception. Although the importance of the \i opioid receptor in the 
spinal cord has been recognized for some time, establishing the existence 
of a similar role for the ô  and k  opioid receptor in spinal antinociception 
has taken longer, mainly due to the absence of sufficiently selective 
agonists and antagonists.

The work presented in the following chapters examined the dose- 
response relationship for the inhibition of spinal neuronal responses by 
morphine and other p , Ô and k  opioid agonists. Using selective opioid 
agonists and antagonists a significant role for the Ô opioid receptor in 
spinal analgesia in addition to the p  receptor was established whilst k  

receptors appeared subject to ontological changes.
The potency of opioid agonists was also studied in a more prolonged 

model of nociception - the formalin response - which, involving a 
chemical stimulus rather than direct electrical activation of afferents, may 
be more relevant to clinical pain. Changes in opioid potency occurred 
when drugs were administered during the nociceptive response to 
formalin compared with administration before the response was initiated.

In the light of many reports of positive and negative interactions of 
opioids with other spinal pharmacological systems the modulation of 
selective p and Ô opioid agonists by « 2  adrenergic agonists and the two 
peptides cholecystokinin and FLFQPQRFamide was investigated. Whilst 
p opioid and « 2  agonists appeared to share a positive interaction in the 
dorsal horn and were similarly inhibited by cholecystokinin and 
FLFQPQRFamide, the evidence suggested that the ô opioid receptor 
remains independent.

The work for this thesis extends from early work accomplished when 
I started at University College London in 1984 to the present time.
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Therefore an attempt has been made in the introduction of each chapter to 
review the field as it stood prior to the studies presented whilst the 
discussion hopefully updates to the present day.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 A N IM A LS

In the majority of the experiments adult Sprague-Dawley rats(mode^ 
between 200 and 250 g (2-3 months old) were used, supplied by the 
Animal House at University College. For the developmental studies on 
opioid anti nociception (chapter 8 ) immature^male Sprague-Dawley rats 
between 18 and 22 days old, weighing between 45 and 60g, were obtained 
from the same source.

2.2 ANAESTHETIC ADMINISTRATION

2.2.1 A dults
The volatile anaesthetic halothane in a gaseous mixture of 6 6 % N2 O, 

33% O2  was administered to the animal throughout the experiment. The 
closed system incorporated flowmeters for each gas (N2 O: 300 cm^min" 

02:150 cm^min"^) and a halothane dispenser (Fluotec Mark 3).
The animal was placed in a perspex box which was connected to the 

gas flow containing 3% halothane. Once asleep the animal was removed 
from the box and delivery of anaesthetic continued by means of a nose 
cone placed over the rat’s head. After confirming the absence of any 
nociceptive flexion reflex the trachea was exposed and cannulated and 
connected securely to the anaesthetic flow. The halothane concentration 
was then reduced to 2 % for subsequent surgery.

During the experiments the halothane concentration was maintained 
at between 0.8 and 1.5% depending on the individual animal. This level 
of anaesthetic was sufficient to maintain complete areflexia and full 
surgical anaesthesia whilst maintaining the animal in good physiological 
condition (peripheral circulation, respiration rate). Previous studies have 
shown that arterial blood pressure and end expiratory carbon dioxide 
levels remain within normal limits whilst EEG recordings showed no 
disturbances after noxious stimuli at this level of halothane anaesthesia 
(Dickenson and LeBars, 1987).

At the end of the experiment the level of anaesthesia was increased 
to 4% halothane which stopped respiration and heartbeat within a few 
minutes.
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2.2.2 Pups
The gaseous system used for the adult rats was considered 

impractical for the much smaller rat pups which were anaesthetized with a 
single injection of urethane (1.75 g/kg i.p.). This produced good 
anaesthesia, judged by the absence of the comeal and nociceptive 
withdrawal reflexes, for the duration of the experiment. The experiment 
was terminated by administering an overdose of i.p. urethane to the pup.

2.3 CHOICE OF ANAESTHETIC

The choice of anaesthetic was dictated by the need for satisfactory 
long-term anesthesia (hours rather than minutes) combined with minimal 
interference with the dorsal horn neurones and spinal pharmacological 
systems under study. Both these criteria were fulfilled by the use of 
halothane delivered in a mixture of oxygen and nitrous oxide, an 
anaesthetic combination used extensively in clinical practice.

The continuous administration of a volatile anaesthetic such as 
halothane avoided the need for periodic bolus injections as required with a 
barbiturate which would result in a fluctuating level of anesthesia. 
Barbiturates are also unsuitable since the levels required for adequate 
anaesthesia modify dorsal horn neuronal responses to noxious stimuli 
(Wall 1967; Kitahata et al, 1975; Hori et al, 1984; Collins and Ren, 1987) 
and prevent the development of hyperalgesia (Cleland et al, 1994).
Another injectable anaesthetic, ketamine, is a non-competitive antagonist 
of NMDA receptors, implicated in nociceptive processing, at 
subanaesthetic doses (Anis et al, 1983; Lodge and Johnson, 1990) and 
clearly inhibits responses of dorsal horn neurones to noxious stimulation 
(Davies and Lodge 1987).

Urethane, although depressive in the spinal cord (Shapovalov, 1965) 
was used in the rat pups in the absence of a more suitable injectable 
anaesthetic. A study using an identical adult rat preparation but under 
urethane rather than halothane anaesthesia showed no difference in the 
activity of convergent dorsal horn neurones or in their response to 
morphine (Smallman et al, 1989).

Both halothane and nitrous oxide have been shown to inhibit the
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nociceptive responses of dorsal horn neurones in the decerebrate, 
spinalized cat (Kitahata et al, 1975 and refs within). Furthermore fewer 
wide dynamic range neurones were found in the intact unanaesthetized cat 
compared to those under barbiturate anesthesia (Collins and Ren, 1987). 
However the response profile of dorsal horn neurones in the rat appears 
very similar in halothane/nitrous oxide-anaesthetized and unanaesthetized 
decerebrate-spinalised rats (Le Bars et a l,1980; Le Bars and 
Chitour,1983).

Halothane does not alter opioid receptor ligand binding in rat brain 
membrane preparations (Inoki et al, 1983). An interaction between 
subanaesthetic doses of N2 O and endogenous opioid systems has been 
suggested (Gillman,1986 and refs within). However the magnitude of 
inhibition of dorsal horn neuronal responses by systemic morphine was 
very similar in halothane/nitrous oxide-anaesthetized and unanaesthetized 
decerebrate-spinalised rats (Le Bars et al,1976) suggesting the presence of 
the anaesthetic did not interfere with the action of exogenous opiates.

Decerebration and spinalization is one alternative to anaesthesia when 
studying nociceptive processing in the spinal cord. However apart from 
the problems associated with the trauma of surgery and subsequent 
maintenance of the animal, the lack of ascending and descending pathways 
may influence the experimental outcome.

Whilst it is likely that minimal interference with the systems under 
study occurs with halothane (see above) it is essential to compare the 
results obtained in this preparation with behavioural studies to obtain a 
comprehensive picture. This helps to confirm the validity of any result 
from an anaesthetized preparation and lends support to the supposition 
that the anaesthetic is not altering the experimental outcome.

2.4 SURGICAL PROCEDURES

Once anaesthetized the animal was placed in a stereotaxic frame, the 
head held in place by nose and ear bars. Following a longitudinal 
incision of about 6 - 8  cm the spinal vertebrae were exposed and clamped 
securely to the stereotaxic frame rostral to the lumbar region.

A laminectomy was performed exposing approximately a 10 mm
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length of the lumbar region of the spinal cord LI to L3. Surgical 
rongeurs were used to remove part of the vertebrae immediately above 
the white matter exposing approximately 1 mm width of cord either side 
of the central blood vessel. Limiting the dissection and not exposing the 
whole width of the cord but leaving bone covering the lateral sides greatly 
improved the stability of the cord. Care was also taken to leave intact the 
muscle and other tissue covering the remaining parts of the vertebrae so 
forming a well in which the drug solution was held in contact with the 
surface of the cord. Any remaining durai membrane was carefully 
removed with fine forceps.

The intact vertebrae caudal to the laminectomy were then clamped 
to the frame, both sets of clamps stabilizing the preparation but also 
allowing the animal to be raised slightly off the frame base facilitating 
respiration. With the rat pups the immature bone was too delicate to use 
clamps directly. The vertebrae were held in place by forceps which in 
turn were clamped to the stereotaxic frame.

2.4.1 Core temperature regulation
Throughout experiments the animal’s body temperature was 

monitored. Rectal temperature was recorded by a thermal probe and 
maintained within normal limits (36.5-37 ^C) by automatic feedback 
control of the heating current to the animal heating pad (Animal Blanket 
Control Unit, Harvard)

2.4.2 Venous cannulation
A  cannula was inserted into the jugular vein immediately after 

cannulation of the trachea before the animal was placed in the stereotaxic 
frame. The venous cannula was connected to a three-way tap allowing 
administration of a drug in a volume of 0.1 to 0.25 ml from a syringe 
followed by a saline flush (0.05 ml)(rr\a.xîwxo-i voluume exc^^dirxg
I rrvl om e^  our»ifMO-L ^ ,

2.4.3 Arterial cannulation
A cannula was inserted into the carotid artery before the animal was 

placed in the stereotaxic frame and connected to a pressure transducer and 
mercury manometer. After calibration using the mercury manometer 
measurement of the arterial blood pressure was recorded on a chart- 
recorder (JJ Instruments).
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2.5 NEURONAL RECORDINGS

Extracellular recordings of dorsal horn neuronal action potentials 
were made using glass- or parylene-coated tungsten microelectrodes. The 
electrode was inserted into a holder (a customised hyperdermic needle 
fitted with a gold pin connector) and directly coupled to the A terminal of 
the recording headstage. This was mounted onto a stereotaxic frame 
micromanipulator which was connected to a SCAT microdrive 
(Digitimer) system allowing the electrode to be moved vertically in 2 or 
1 0  pm steps.

The electrode was manually lowered until the tip was just touching 
the surface of the cord. The Neurolog recording system was switched on 
(see appendix) and as the electrode was lowered further the transition 
from the outside of the cord to the inside was marked by a change in the 
signal (increase in noise). In case the cord had dimpled as the electrode 
entered the electrode was moved back up to the point of signal change and 
then the microdrive set to zero.

Searching for a single neurone consisted of moving the electrode 
vertically down through the dorsal horn by means of the microdrive 
whilst tapping the ipsilateral hindpaw of the animal. Out of a 
multineuronal response to stimulation of the receptive field on the paw 
which could be heard (loudspeaker) and seen (oscilloscope) individual 
neurones emerged with distinct action potentials or spikes of greater 
amplitude than the background noise. If a particular neurone then also 
responded to noxious stimulation - usually pinch - of the receptive field 
fine movement of the electrode as close to the cell as possible produced 
the optimal action potential amplitude for subsequent recording of the 
neuronal responses.

2.5.1 Transcutaneous electrical stimulation
Once a cell had been chosen for prolonged recording, having a good 

signal to noise ratio (greater than 5:1) and responding to both noxious and 
innocuous natural stimulation a pair of small stimulating needles were 
inserted subdermally in the centre of the receptive field. Single pulses of 
electricity (2 ms wide square wave pulse) were delivered at a frequency of 
0.5 Hz, since the conduction of impulses along C fibres is known to fail at
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Windup refers to the ability of a single neurone to increase its C fibre 
response to individual pulses of constant repetitive electrical stimulation as 
the stimulation continues. If no windup occurs the C fibre response 
(number of APs) to each electrical pulse remains similar during the 
period of 16 pulses, representing a constant response to a constant input.
If windup occurs the number of APs evoked by subsequent pulses will 
increase, often more than 3 fold, indicating the neuronal response is 
progressively facilitated as the constant stimulation continues. Windup in 
individual neurones was measured by counting the number of APs 
occurring 90-800msec after each stimulus over the train of 16.



high frequency stimulation. This transcutaneous electrical stimulation 
allowed prolonged activation of the neurone without producing tissue 
damage in the receptive field which can alter the responses of dorsal horn 
neurones.

The threshold for stimulation of the C fibres was established as the 
lowest electrical current required to evoke a reliable neuronal response

Çrojt£^ O- S -  3
with a latency between 90 and 300 ms. Subsequently the threshold for the 
Ap evoked response, latency 0 -2 0 ms, was measured which was usually

0 -0 » -  I mA")
about 10 times lower than the C fibre threshold. Once the thresholds 
were established the neuronal response to a test stimulus comprising 16 
electrical stimuli, 3 times C fibre threshold, was evoked The C fibre 
component of the response was distinguished by latency and could either 
be measured by means of the Neurolog latch counters or from the post 
stimulus histogram (PSTH) constructed through the MRATE programme 
(Cambridge Electronic Design) on the computer (fig. 2.1). In some 
experiments the neuronal activity occurring after the main C fibre-evoked 
response was also measured. This band of activity between 300 and 800 
ms latency was termed the post-discharge. The Ap-evoked response was 
measured separately following a test stimulus at 3 times Ap threshold.

Prior to drug administration control responses were measured at 5 
minute intervals to establish a stable baseline. The experiment was only 
continued if control C fibre responses showed less than 10% variation.
The response to C fibre strength stimulation and then Ap fibre stimulation 
was recorded at regular time intervals following ig administration, 
usually 5, 10 and subsequently every 10 minutes for periods up to 3 
hours.

2,5.2 Formalin into the receptive field
In experiments using formalin as the nociceptive stimulus the cell 

was first characterized with transcutaneous electrical stimulation as above. 
The stimulating needles were then removed. Subsequently neuronal 
activity was recorded and displayed continuously as rate of firing versus 
time through the MRATE computer programme and a baseline showing 
the level of spontaneous activity was established. Most neurones showed 
little or no such activity and any cell with spontaneous firing greater than 
20 spikes/min was not used in formalin experiments. A 50 pi
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Figure 2.1 : Simplified diagram showing the processing and visual display 
o f the response o f a single convergent neurone recorded from the dorsal 
horn o f the rat to a train o f 16 electrical stimuli at 3 times C fibre 
threshold (for details see text).
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subcutaneous injection of 5% formalin was administered into the receptive 
field using a Hamilton syringe. The rate recording was marked at the 
point at which the needle was withdrawn immediately after injecting 
formalin and neuronal activity was then measured continuously for 60 
minUteS/ APs o  Ounot lO

VkAeS mjC-c^i-oSo j o l v ^ o i  A P s  o ^c ju u n rin ^

2.6 DRUGS

Drugs were administered intrathecally (i.t.) in a 50 pi volume from a 
Hamilton syringe, applied directly onto the surface of the cord, 
intravenously (i.v.) via an implanted cannula into the jugular vein (see 
above) or through a subcutaneous injection via a 1 ml syringe into the 
neck region (s.c.) or an intraperitoneal injection (i.p.). All drugs were 
dissolved in 0.9% saline unless otherwise stated below. The following 
drugs were used in the study and are listed with their accepted

, , . . .  j  • • '35oSiV\o rOLkAoed. & 0  -  4 0  rrwr»s fb»“abbreviations and origin. lo — w».»» okv>dbckaorv\̂ v&i'Hmâ
‘p ô v u x d s  nr»ogcimoJJ <af .

Opioid receptor ligands:
Morphine sulphate (Evans MedicafUK); Tyr-D-Ala-Gly-MePhe- 

Gly-ol (DAMGO)(Peninsula Laboratories Europe Ltd); Tyr-D- 
Ser(otbu)-Gly-Phe-Leu-Thr (DSTBULET), D-Pen2-D-Pen5-enkephalin 
(DPDPE) and Tyr-D-Thr-Gly-Phe-Leu-Thr (DTLET) (all kindly 
donated by Prof. B.P. Roques, Université René Descartes); naloxone 
hydrochloride (Sigma); ICI174864 (Cambridge Research Biochemicals); 
naltrindole (Research Biochemicals Inc.); U50488H, U69593 (Upjohn 
Co., Kalamazoo, MI); p-funaltrexamine (PENA) and 
norbinaltorphamine (norBNI) (both kindly donated by Prof. 
P.S.Portoghese)

Adrenoceptor ligands:
Clonidine hydrochloride (Sigma); yohimbine HCl (Sigma); 

rauwolscine HCl (Carl Roth, Germany); dexmedetomidine and 
atipamezole (kindly donated by Farmos Group Orion (Finland)
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CCK receptor ligands:
cholecystokinin (sulphated CCK-8 ) (Sigma); IM9/11 (Boc- 

Tyr(S03H)Nle-Gly-Trp-Orn(z)-Asp-Phe-NH2), L364,718 (devazepide) 
and L365,260 (Merck, Sharpe and Dohme)(dissolved in 20% DMSO, 
80% propylene glycol); PD135138 (Research Biochemicals Inc)

Enkephalinase inhibitors
kelatorphan; RBlOl (dissolved in cremophor/ethanol/H20; 

10/10/80)( both kindly donated donated by Prof. B.P. Roques, Université 
René Descartes)

Others:
F8Fa (F-peptide/FLFQPQRF-amide/Phe-Leu-Phe-Gln-Pro-Gln- 

Arg-Phe-NH2; donated by Guy Simonet); formalin (BDH); Lignocaine 
hydrochloride (Phoenix Pharmaceuticals).

2.7 ANALYSIS OF RESULTS

The C fibre-evoked response, Ap fibre response (and postdischarge 
when measured) were expressed as a percentage of their respective pre
drug controls. The significance in the difference between responses 
before and after drug administration was tested with the Student’s t test or 
the Mann-Whitney test where appropriate, using the TNSTAT’ statistics 
program for the Macintosh computer. uajUce*a» ujwre. ô ^ ir r .c ^ d

^TCfrr\- o*a "fhÆ. cx g o n i^ + '

m cx x  ouP i’r> Kt \ 4 1 oV-%
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CHAPTER 3

MU AND DELTA OPIOID AGONISTS
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3.1 INTRODUCTION

3.1.1 Electrophysiology o f spinal opioids
In this chapter the actions of both selective p and ô opioid agonists on 

convergent dorsal horn neurones, known to be of major importance in the 
processing of sensory information in the dorsal horn, are examined. 
Whilst a spinal antinociceptive action of opioid agonists has been clearly 
demonstrated the majority of studies involved the iontophoretic 
administration or microinjection of drugs into the cord (see introduction). 
The response of individual neurones to these localised injections may be 
different to the more diffuse administration of drug on the surface of the 
cord as in behavioural experiments where an intrathecal injection is 
administered. Other studies have involved the intravenous administration 
of morphine in spinal and decrebrate rats, where the lack of descending 
influences may alter the outcome of drug effects on the recorded dorsal 
horn neurone (for example Le Bars et al, 1980).

Prior to the present work only two electrophysiological studies on 
the action of intrathecal opioids had been reported. In anaesthetised cats 
intrathecal morphine inhibited the responses of convergent dorsal horn 
neurones to noxious heat (Homma et al, 1983). In decerebrated spinalised 
rats C-fibre electrically-evoked activity in ascending axons recorded in 
the thoracic cord was also inhibited by intrathecal morphine (Doi and 
Jurna, 1982). The present work extends these initial observations to 
examine the dose-response relationship for the inhibition of spinal 
neuronal responses by morphine and other selective \i and Ô opioid 
agonists.

3.1.2 Mu and delta opioid receptors in spinal antinociception
Despite the similarity of location of \i and ô opioid receptors in the

superficial dorsal horn of several species including man (Maurer et 
al,1983; Quirion et al,1983; Gourderes et al,1985; Waksman et al,1986; 
Morris and Herz, 1987; Zajac et al, 1989) the ô receptor appears distinct 
from the p receptor. Only a very low percentage of p and ô receptors 
are colocalised in dorsal root ganglion cells (Werz et al, 1987) and 
although a supraspinal p/0 complex has been suggested (see Rothman and 
Wastfall,1982; Schoffelmeer et al,1988) there is no evidence for a spinal
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equivalent.
Whilst examination of pA% values indicated that the receptor 

morphine was acting on was similar to that involved in morphine’s 
supraspinal actions (Yaksh and Noueihed, 1985), this indirect evidence 
required confirmation. Early indications that morphine may interact with 
a site different from that acted upon by the enkephalins came from studies 
by Duggan and colleagues (1976,77). lontophoretic administration of 
enkephalins close to the cell body as well as into the SG produced 
inhibitions of noxious-evoked neuronal responses unlike morphine which 
was only selectively antinociceptive when administered in the SG.

Whilst the spinal administration of 0-opioid receptor agonists such as 
naturally-occurring peptides [Met] and [Leu]enkephalin or the synthetic 
stable peptide D-Ala^,D-Leu^ enkephalin (DAOLE) produced 
antinociception in electrophysiological studies on dorsal horn neurones the 
degree of receptor-selectivity of these compounds was not sufficient to 
confirm actions at the ô rather than p opioid subtype and lack of selective 
antagonists hampered further investigation (Duggan et al, 1976; 1977; 
Randic and Miletic,1978; Satoh et al, 1979; Zieglgansberger and 
Tulloch,1979; Sastry and Goh,1983; Willcockson et al,1984; Fleetwood- 
Walker et al, 1985). [Met] and [Leu]enkephalin are only 10 fold more 
selective for ô- than for p-binding sites (Kosterlitz and Paterson, 1985). 
and are also subject to rapid inactivation reducing their potency 
(Bourgoin et al, 1988).

Behavioural studies also indicated antinociceptive effects of ô opioid 
agonists (Tung and Yaksh, 1982; Hylden and Wilcox, 1983; Yaksh, 1983; 
Porreca et al,1984; Schmauss and Yaksh, 1984; Kuraishi et al,1985a; 
Rodriguez et al, 1986; Heyman et al, 1987) but these studies suffered from 
the same drawbacks as the electrophysiological studies. However a 
further indication of the involvement of more than one receptor subtype 
was the continued efficacy of the weakly-selective 0 -opioid agonist 
DADLE in p-opioid tolerent animals (Tung and Yaksh, 1982) and 
separation of p and ô mediated effects by stimulus modality (Schmauss 
and Yaksh,1984; Kuraishi et al, 1985a).

Modification of the enkephalin structure has led to the development 
of more selective 0 -ligands which are resistant to degradation such as 
Tyr-D-Thr-Gly-Phe-Leu-Thr (DTLET), commonly used in binding
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studies, which has good affinity for the ô-receptor but does show residual 
p receptor cross-reactivity (Zajac et al, 1983). Conformational restriction 
of the basic peptide structure improved receptor selectivity, as 
exemplified by the two cyclic enkephalin analogues Tyr-D-Pen-Gly-Phe- 
D-Pen (DPDPE) and Tyr-D-Pen-Gly-Phe-L-Pen (DPLPE) (Mosberg et 
al, 1983) but this involved a significant loss of affinity and potency 
(Delay-Goyet et al, 1985). The introduction of t-butyl groups as 
conformational restraints into the linear hexapeptides has led to the 
development of Tyr-D-Ser(Otbu)-Gly-Phe-Leu-Thr (DSTBULET) which 
is as selective as DPDPE but has 3 to 4 times higher affinity (Delay-Goyet 
et al, 1987). All these peptide agonists are unable to cross the blood-brain 
barrier and thus intrathecal administration is anideal route by which the 
spinal antinociceptive actions of these compounds can be examined.
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3.2 RESULTS

3.2.1 Control neuronal responses
Extracellular recordings were made of convergent neurones 

throughout the dorsal horn but were predominantly from neurones 
located either superficially (0-250 pm) or deep (550-1000 pm) rather 
than those found in the intermediate zone (250-550 pm). Neurones 
responded to both natural non-nociceptive stimulation of the receptive 
field such as brush but also to noxious stimulation such as pinch or 
heating, confirming their multireceptive characteristics (fig. 3.1).

Electrical stimulation of the receptive field above the nociceptive 
threshold for a particular neurone produced a typical biphasic pattern of 
firing comprising a short latency abrupt burst lasting about 1 0  msec 
originating from activation of Ap fibres and a later separate more diffuse 
firing lasting up to 1 second or more which resulted from C fibre 
stimulation (fig 3.1). The threshold for stimulation of Ap and C fibre 
afferents was similar in both superficial (0.07 ± 0.02 and 0.64 ± 0.05 mA 
respectively, n=89) and deep neurones (0.07 ± 0.01 and 0.56 ± 0.03 mA 
respectively, n=219) and the size of the Ap response similar in both 
groups (superficial: 70 ± 4 action potentials (APs); deep: 11 ± 1  APs).

In deep neurones the nociceptive response evoked by C fibre 
stimulation was generally larger (276 ± 1 0  APs) and tended to last longer 
than in the superfidal cells (201 ±11 APs) which had a more abrupt 
response. The larger C fibre response in these cells appeared to be partly 
due to the facility of deep neurones to windup, giving increased responses 
to repeated constant stimuli and increasing the postdischarge of the cell. 
However no difference was found in the inhibition of the response of 
superficial compared to deep neurones by any agonist tested so results 
consist of pooled data from both groups. Further discussion about the 
different response characteristics of superficial and deep neurones occurs 
in chapter 8  in which neuronal responses in the adult rat are compared to 
those in the rat pup.

51



A.
HEAT

PINCH

H 50
BRUSH

TIME (SEC)

B.

L_ 0

C.
800

—  800
TIME (MSEC)

Figure 3.1 : The response o f a single neurone to (A) natural stimulation 
brush, pinch and noxious heat (46^C); (B) electrical stimulation at three 
times threshold for activation o f Ap fibres; (C) electrical stimulation at 
three times threshold for activation o f C fibres.
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3.2.2 Modulation of evoked neuronal responses by p opioid 
agonists

Both morphine and DAGOL produced inhibitions of C fibre-evoked 
responses of superficial and deep convergent neurones in the dorsal horn. 
Since no difference in opioid modulation was found between superficial 
and deep neurones the results from both groups were combined. An 
example of the inhibition of the electrically evoked response of a single 
neurone by morphine is shown in figure 3.2. Inhibitions were dose- 
dependent and at suitable doses both agonists produced near 1 0 0 % 
maximal inhibitions of the nociceptive C fibre response (fig. 3.3). At this 
point neuronal responses to natural nociceptive stimulation such as pinch 
and noxious heat were also profoundly inhibited or absent. In a sample of 
10 neurones the neuronal response to 10 seconds noxious radiant heat (35- 
5 1 ^ 0  pulse was inhibited by 45 ± 8 % after 7.5 \ig morphine and 77 ±
7% after 30 [ig morphine, a similar degree of inhibition to that of the 
electrically-evoked C fibre response.

Ap fibre-evoked responses were not as susceptible to inhibition 
compared to the C fibre-evoked responses. As figure 3.3 shows, 
significant inhibition of Ap responses did not occur until relatively high 
doses of DAGOL or morphine were administered and the degree of 
inhibition at these doses (<50%) was considerably lower than for the C 
fibre-evoked responses (> 85%).

The lowest doses of both \x opioid agonists consistantly produced 
enhancement of C fibre evoked responses rather than inhibitions. In some 
cells these excitations were sustained and in others responses returned to 
control levels by 40 minutes. There was no parallel elevation of Ap fibre- 
evoked responses. Subsequent administration of a higher dose of the 
agonist always converted the excitation to inhibition.

The relative potency of the \i opioid agonists tested on C fibre 
evoked responses was estimated from the dose-response curves. If the 
doses required to produce a 50% inhibition of C fibre evoked response 
were compared DAGOL (0.35nmol/0.18pg) was 40 times more potent 
than morphine (14 nmol/5.5pg)

53



CONTROL ■ MORPHINE (2.5m g)

III nil I I  I I I  mi.

MORPHINE (25ng)

1 _ J .

NALOXONE (5ng)

800ms
k

B.
M ORPHINE (2.5Mg) M O R PH IN E (25)ig) N A LO X  (5lig)

1 2 0 1

w 1 0 0 -
s
2  8 0 -  

I
s
B 40: 
p
^  2 0 -S'

20 40 60 80 100 120 140-20 0

C FIBRES 
A  FIBRES

TIME (M IN)

Figure 3.2: (A) Inhibition by intrathecal morphine o f the electrically- 
evoked (3 x  C fibre threshold) responses o f a single neurone and 
recovery after intrathecal naloxone.
(B) Time-course showing the inhibition o f C fibre and Afi fibre 
electrically evoked responses by morphine in the same neurone.
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Figure 3.3. Dose response curve showing the inhibition o f C fibre (0-  
0) and A p fibre (0 -0 )  evoked responses by intrathecal DAGOLS^-h--Z)
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Figure 3.4: Dose response curve showing the inhibition o f C fibre (0- 
0) and A p fibre (0 -0 )  evoked responses by intrathecal morphine
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3.2.3 Modulation of evoked neuronal responses by ô opioid 
agonists

As previously shown with \i opioid agonists, agonists selective for the 
Ô opioid receptor also produced selective inhibitions of C fibre-evoked 
responses with a much smaller effect on Ap evoked responses. At a 
sufficient dose DSTBULET could mediate maximal 100% inhibitions of 
nociceptive responses whereas Ap evoked non-nociceptive responses were 
maximally inhibited to only 33 ± 6 % after the highest dose (fig. 3.5). 
From the dose-response curve the ED5 0  for inhibition of C fibre-evoked 
responses by DSTBULET was 9 pg (13.5 nmol). The inactive isomer of 
DSTBULET (Tyr-L-Ser(Otbu)-Gly-Phe-Leu-Thr) produced no effect on 
neuronal responses (n=6 ).

DPDPE produced maximal inhibitions of C fibre-evoked responses 
of only 60%, probably a consequence of a low receptor affinity, whereas 
DTLET did produce near 100% inhibition of C fibre evoked responses 
but with a biphasic dose-response curve

(fig. 3.6). Ap fibre 
responses were maximally inhibited by 54±18% (n=7) and 14 ± 9% (n=8 ) 
by DTLET and DPDPE respectively.

However unlike the p opioids agonists, Ô opioid agonists did not 
produce facilitations at the lower end of the dose response.
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-20
100 1000.01 10
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Figure 3,5: Dose-response curve for the inhibition o f C fibre  (# -# )  and 
Ap fibre (0 -0 )  evoked responses by DSTBULET. = 5 - / 0 )
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Figure 3.6: Comparison o f the dose-dependent inhibition o fC  fibre- 
evoked responses by 0-opioid agonists DSTBULET y DPDPE and 
DTLET. n= 5 to 10.

57



3.2.4 Opioid inhibition of the postdischarge
The post-discharge of neurones was inhibited to a greater extent than 

the C fibre response. In a sample of deep neurones which had a control 
postdischarge greater than 30 spikes the inhibition by selected doses of 
morphine, DAGOL and DSTBULET are compared with the inhibition of 
the C fibre response by the same doses in the table below.

Table 3.1: Opioid-inhibition (max. % ± S.E.) o f neuronal responses

DRUG DOSE POSTDISCHARGE C FIBRE RESPONSE

DAGOL 0.05 pg (n=4) 35 ± 6 20 ± 3
0.5 pg (n=8 ) 97 ± 1 77 ± 8

Morphine 2.5 pg (n=5) 32 ± 9 17 ± 5
25 pg (n=7) 95 ± 2 65 ± 2

DSTBULET 1 pg (n=8 ) 42 ± 7 15 ± 7
5 pg (n=8 ) 89 ± 10 45 ± 7
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3.2.5 Windup
Windup did not occur in all neurones examined and was not 

quantified. However in those cells exhibiting wind-up, an increasing C 
fibre-evoked response to a constant repetit ive stimulus, the windup in 
response was delayed but not abolished by \i and Ô opioid agonists. 
Examples are shown in figure 3.7. The initial input as measured by the 
response to the first stimulus could be profoundly reduced by morphine, 
DAGOL, or DSTBULET but wind-up was still apparent even when the 
overall response was considerably inhibited.

MORPHINE

CONTROL

B. DSTBULET

l â n  ' I ' I ' I ' I r-r-i , 1 I"

2 4 6 8 101214161820
STIMULUS NUMBER

14 1

1 2 -

CONTROL1 0 -

0 2 4 6 8 101214161820
STIMULUS NUM BER

Figure 3.7: Windup responses o f individual neurones to repeated 
electrical stimulation^ 0.5 Hz, at 3 times C fibre threshold before (0 -0 )  
and the peak effect after opioid administration (morphine, 40 minutes; 
DSTBULET, 30 minutes) (0-0).
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3.2.6 Substantia gelatinosa neurones
A population of neurones located between 250 and 500jur\ in the 

dorsal horn responded in a completely different way to intrathecal 
opiates. Both the \i agonists morphine and DAGOL, and the ô agonist 
DSTBULET produced consistent facilitations of C fibre-evoked responses 
instead of inhibitions. The sample was too small to determine any dose- 
response relationship overall and individual cells varied considerably in 
the degree of excitation. However for a single dose of morphine and 
DSTBULET, a comparison of the responses of a group of cells located 
outside the SG with those located in the SG clearly showed the 
considerable facilitation of nociceptive response of SG neurones (fig. 3.8). 
In some neurones a very high dose of agonist converted the excitation into 
an inhibition whereas in other neurones higher doses increased the 
facilitation of the C fibre-evoked response.

-100

M ORPHINE (5 Jig) 
DSTBULET (5 îg)

SG DEEP/SUPERFICIAL

Figure 3.8: Comparison o f the changes in C fibre-evoked response o f SG 
neurones compared to the response o f deep and superficial neurones 
after intrathecal morphine and DSTBULET. (n=5 to 11).
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3.3 DISCUSSIO N

3.3A The antinociceptive actions o f p. and Ô opioid agonists
Both \i and ô opioid agonists inhibited the C fibre-evoked responses 

of superficial and deep dorsal horn neurones in a dose-dependent manner 
and, apart from DPDPE, abolished responses completely at sufficient 
doses. The ED5 0  for inhibition of the C fibre-response by the agonists 
was similar or slightly greater than those found in behavioural studies, for 
example the ED5 Q of intrathecal morphine and DAGOL in thermal tests 
of behavioural antinociception in the rat was 1 to 7 nmol and 0.5 nmol 
respectively (Schmauss et al, 1985; Mjanger and Yaksh, 1991; Kalso et 
al,1992), and for DSTBULET, 0.4 nmol (Kalso et al,1992). The slightly 
lower potency of the agonists in the present study may be due to the 
greater stimulus applied, three times threshold for C fibre activation, 
whereas in the behavioural studies the threshold response was measured. 
Notwithstanding the slight differences in potencies between behavioural 
and electrophysiological studies the results do suggest that the inhibition 
of noxious-evoked responses of dorsal horn neurones is directly relevant 
to the spinal antinociceptive action of these opioid agonists.

DAGOL was considerably more potent in inhibiting C fibre evoked 
responses than morphine despite having similar affinities for the p opioid 
receptor (Paterson et al, 1983; Delay-Goyet et al,1985). Pharmacokinetics 
may provide one explanation since studies with other selective p agonists 
indicated that potency following intrathecal administration was inversely 
correlated with liposolubility so that the more liposoluble compounds 
were less potent; a direct converse of the situation following systemic 
administration (McQuay et al, 1989).

Possible reasons for this could be increased uptake of the more 
liposoluble drugs after intrathecal administration into the lipid layer 
covering the dorsal horn, or increased redistribution into the circulation 
via the spinal blood vessels, both of which would reduce access of the 
drug to the opioid receptors in the dorsal horn. As a peptide DAGOL is 
considerably less liposoluble than morphine and this may explain its 
higher potency to morphine after intrathecal administration. In addition 
DAGOL also appears to have a greater receptor efficacy compared to 
morphine. Yaksh and colleagues suggested the peptide has to occupy a
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considerably lower proportion of spinal opioid receptors in order to 
initiate postreceptor mechanisms to produce its antinociceptive effect than 
morphine (Mjanger and Yaksh,1991).

The dose-response curve for DTLET appeared biphasic indicating 
the possible involvement of another receptor at the higher end of the dose

telccftiwe oov>ctui«>ar>s cocn ^  mcxdic-’
range.;^ Although having good affinity for the Ô opioid receptor the 
selectivity of DTLET for ô over p (Ki ratio 0/p = 0.68) compared with 
DSTBULET and DPDPE is lower (Delay-Goyet et al, 1988). so the higher 
doses of this agonist tested are probably activating both the Ô and p 
receptor. The shallow dose-response curve for DPDPE paralleled that of 
the lower part of the curve for DTLET but failed to produce complete 
inhibition of C fibre-evoked responses at high doses, presumably because 
despite good receptor selectivity (Ki ratio ô/p < 0.03), the affinity and 
potency of DPDPE is considerably lower than the other Ô opioid agonists 
(Delay-Goyet et al, 1988).

DSTBULET, with both good affinity and selectivity for the ô opioid 
receptor (Ki ratio ô/p = 0.012) (Delay-Goyet et al, 1987) produced 
complete inhibition of C fibre evoked responses. Remarkably 
DSTBULET was as potent as the p agonist morphine in producing 
antinociceptive effects despite the considerably lower proportion of ô 
binding sites (7-20%) compared to p (70-90%) in the superficial dorsal 
horn (Besse et al,1991; Stevens et al,1991). However this potency is not 
due to activation of p receptors by DSTBULET as the following chapter 
confirms and again may be due to an increased efficacy of this peptide 
agonist over morphine.

3.3.2 Site o f action for opioids
The selectivity of opioid action on C fibre-evoked responses seen 

here has also been demonstrated in iontophoretic studies where opioids, 
ejected into the substantia gelatinosa, inhibit the noxiously evoked 
responses of deep dorsal horn neurones without affecting the responses to 
non-noxious stimuli (Duggan et a l,1976; 1977; Davies and Dray,1978; 
Fleetwood-Walker et al, 1988). However when ejected close to the cell 
bodies opioids generally either had no effect or mediated a non-selective 
inhibition of both noxious and non-noxious evoked responses (Duggan et 
a l,1976; 1977; Zieglgansberger and Toi loch, 1979; Fleetwood-Walker et
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al, 1988). The extent to which intrathecal opiates penetrated into the 
dorsal horn was not investigated in the present study. However it is likely 
that the site of action of opiates to inhibit the C fibre responses of both 
superficial and deep neurones is in laminae I and II where C fibres 
terminals are found and where opiate receptor binding predominates 
(Atweh and Kuhar, 1977; Gouarderes et al, 1985; Lamotte et al,1976; 
Morris and Herz,1987, Zajac et al,1989; Besse et al, 1990) rather than in 
deeper laminae.

The partial loss of pi and ô opioid binding sites after dorsal root 
rhizotomy (Nincovic et al,1981; Zajac et al,1989, Besse et al,1990, 1992) 
indicates the presence of presynaptic receptors on the primary afferent 
terminals, estimated to be 76% and 61% of total pi and ô binding sites 
respectively in the superficial dorsal horn (Besse et al, 1990, 1992). The 
remaining binding sites representjpost^m ^tic receptors, presumably 
located on intrinsic neurones and on the dendrites and soma of convergent 
output cells (see Besson and Chaouch,1987).

It is interesting to note that inhibition of Ap fibre-evoked responses 
did occur at higher doses of opioids. Possibly this represents the 
penetration of the drug to deeper opiate receptors postsynaptic to both Ap 
and C fibre terminals and therefore results in inhibition of all types of 
response of the cell. It is also possible that the inhibition of Aô fibre- 
evoked activity contributes to effects of higher doses of opioids on the 
short latency response since it is often difficult to separate Ap- and Aô- 
evoked responses in terms of latency in the rat.

3.3.3 Ion ic m echanism  o f  action o f  opioids
Consistent with the location of opioid receptors on primary afferent 

terminals and also on postsynaptic dorsal horn neurones, opioid agonists 
have been shown to act presynaptically to inhibit the release of excitatory 
neurotransmitters and peptides from primary afferent terminals and also 
act postsynaptically, directly reducing the excitability of dorsal horn 
neurones by hyperpolarising the neuronal membrane (reviewed by 
McFadzean, 1988).

Many studies have clearly showed the suppression by p and Ô opioids 
of the release of SP from primary sensory neurones and trigeminal 
nucleus in slices (Jessell and Iversen,1977, Pang and Vasco, 1986,
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Mau borgne et al ,1987; Suarez and Maixner, 1992ab) in culture (Mudge et 
al,1979) and from spinal cord in vivo (Yaksh et al, 1980; Hirota et 
al,1985; Lembeck and Donnerer,1985; Go and Yaksh,1987; Aimone and 
Yaksh,1989; Chang et al,1989; Pohl et al, 1989; Collin et al, 1992). 
Additionally morphine may also enhance the release of inhibitory 
transmitters, for example adenosine (Sweeney et al, 1987).

However in some more recent studies the noxious-evoked release of 
SP and other excitatory peptides contained in afferents such as neurokinin, 
somatostatin and CGRP were unaffected by opioids (Morton et al, 1990; 
Vas ko et al, 1990; Lang et al, 1991) or showed complex multiphasic 
patterns (Pohl et al,1989; Suarez and Maixner, 1992a; Collin et al, 1993). 
Opioids do appear to inhibit the C fibre-evoked release of the EAA 
transmitters glutamate and aspartate from rat spinal cord in vitro 
(Kangrga and Randic, 1991) via a presynaptic action (Hori et a l,1992)

The blockade of voltage gated Ca^+ channels in the afferent terminal 
leading to the inhibition of transmitter release could be indirect, resulting 
from membrane hyperpolarization following the activation of G-protein 
linked potassium conductances linked to \i and Ô opioid receptors 
(McFadzean, 1988). K+ channel activation also appears to underlie the 
postsynaptic membrane hyperpolarization by opioids in locus coeruleus 
neurones and SG neurones (Williams and North, 1982; Yoshimura and 
North, 1983; Williams et al, 1988; Miyake et al, 1989). The opening of 
neuronal K+ channels does appear to have functional implications since 
the antinociception elicited by morphine is increased by an ATP- 
dependent K+ channel stimulant (Vergoni et al, 1992) and antagonised by 

the specific K+^xP channel blocker glibenclamide suggesting a K + atp  
channel is involved in morphine’s action (Ocana et al,1990; Wild et 
al, 1991). It is possible that the K+ channels involved in the pre- and post
synaptic action of opioids may be different (see Hori et al, 1992).

Alternatively Ca^+ conductance in presynaptic nerve terminals may 
be directly blocked by opioids. Generally the inhibition of voltage 
dependent Ca^+ channels is considered the mechanism of action for 
agonists acting at the k  opioid receptor (McFadzean,1988) but recently 
Schroeder et al (1991) have demonstrated the suppression of transient- 
type Ca^+ channel currents in sensory neurones in culture by activation of 
p-opioid receptors.
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The activation of intracellular second messengers may also be 
involved in opioid actions (MacDonald and Werz,1986; Hescheler et 
al, 1987). A G-protein link between opioid receptors and adenylate cyclase 
leading to a reduction in the intracellular levels of cAMP has been 
demonstrated (Andrade and Aghajanian 1985; Hescheler et al, 1987). 
Opioid receptors may also be coupled to phosphotidyl inositol hydrolysis, 
inhibiting the production of IP3 and in a single cloned rat p receptor 
coupling via a G-protein to both 2nd messenger systems to reduce cAMP 
and IP3 levels occurred (Johnson et al,1994)

3.3.5 Low do se-facilitations
An ionic mechanism has also been suggested for the facilitation of C 

fibre-evoked responses which occurred at the lower end of the dose- 
response curve for both p opioid agonists but not with the ô opioid 
agonists (Crain and Shen,1990). Mu-opioid mediated biphasic actions 
have also been observed on the nociceptive flexion reflex in the rat 
(Wiesenfeld-Hallin and Duranti, 1987a), on glutamate-evoked reponses of 
primate spinothalamic tract neurones (Willcockson et al, 1986) and on 
action potentials in primary afferent neurones in vitro (Higashi et 
al, 1982; Crain and Shen, 1988; 1990).

The enhanced potassium- or capsaicin-evoked release of SP-like 
immunoreactivity in the rat spinal cord slice by p opioid receptor 
activation (Mauborgne et al,1987; Pohl et al,1989) could be one 
mechanism by which facilitations occur, through the activation of 
excitatory Gs coupled opioid receptors leading to stimulation of adenylate 
cyclase and inactivation of voltage-sensitive K+ channels (Shen and Crain 
1990, Shen et al,1991. Fan et a l,1991; Gintzler and Xu,1991; Cruciani et 
al, 1993). The facilitation of the flexor reflex was partially blocked by the 
tachykinin antagonist spantide II indicating the involvment of SP and 
possibly other neuropeptides in this excitatory effect of morphine 
(Wiesenfeld-Hallin et al, 1991b). However although reduction rather than 
enhancement of SP like-immunoreactivity occurs with ô ligands DPDPE, 
DTLET, DADLE , [Met]- and ô-enkephalin (Hirota et al,1985; Go and 
Yaksh, 1987; Mauborgne et al, 1987) no such difference is seen between p 
and Ô opioid agonists in mediating the excitatory ionic changes described 
above (Crain and Shen, 1988; Fan et al, 1991).

65



Another possible explanation for the facilitations is the presynaptic 
autoinhibition of [Met]enkephalin release from dorsal horn interneurones 
which would lead to disinhibition of neuronal responses (Ueda et al, 1986). 
The lack of low-dose facilitation by DSTBULET implies that this putative 
autoreceptor might be the p-opioid receptor subtype, activated by high 
and therefore unselective levels of endogenous enkephalin. However 
[Met] enkephalin release in vitro and in vivo was decreased by a 
presynaptic action of both p and ô opioid agonists (Bourgoin et al,1991; 
Xu et al, 1989). Thus the differentiation of p and ô opioid effects in the 
present study appears unresolved.

3.3.5 Opioid effects on substantia gelatinosa neurones
In contrast to their inhibitory effect on the C fibre-evoked responses 

of superficial and deep neurones both DAGOL and DSTBULET tended to 
increase the responses of neurones located between these two groups. An 
excitatory effect on substantia gelatinosa (SG) neurones by systemic 
morphine and iontophoretic [Met] enkephamide has been previously 
demonstrated in electrophysiological studies in vivo (Woolf and 
Fitzgerald, 1981; Sastry and Goh,1983). In the present study the exact 
anatomical location of the recorded neurones in the intermediate zone was 
not examined and therfore they could not be confirmed as SG neurones. 
However excitation of neuronal responses by opioid agonists have also 
been recorded in the isolated spinal cord slice (Dickenson and Magnuson, 
1991) where the cells were clearly located in the translucent zone of the 
dorsal horn generally accepted to be the SG (Brown, 1981).

The SG has been implicated in segmental control of nociceptive 
transmission via inhibitory interneurones releasing enkephalins and X- 
aminobutyric acid (GABA) (seeJDitroduction). It seems probable that the 
mechanism of excitation of the intermediate cells in this study is indirect 
and is in fact the consequence of the blockade by opioids of a tonic 
interneuronal inhibition of these cells.

The EAA antagonist AP5 produced a similar excitatory effect on 
intermediate neurones in the same preparation in contrast to inhibition of 
deep and superfical dosai horn neuronal responses (Dickenson and 
Sullivan, 1987). The common consequence of either activating an 
inhibitory or inhibiting an excitatory mechanism emphasises the 
involvement of a disinhibitory link rather than any direct excitatory effect
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of opioids on the intermediate neurones themselves. A similar 
mechanism occurs in the hippocampus where opioid-induced excitation is 
mediated by inhibition of inhibitory interneurones (Zieglgansberger et 
al,1970; Neumaier et al,1988).

3.3.6 W indup
The phenomenon of windup was first described by Mendell in 1966 

and appears to be a mechanism by which the excitability of the neurone is 
increased as the nociceptive input continues beyond a brief stimulus. 
Windup is defined as an increasing response to a repeated standard

n o 4 "  o r A u  ' I
stimulus and has-been reported in electrophysiological studies where 
single neurones were recorded (Schouenborg and Sjoland,1986; 
Dickenson and Sullivan, 1987; Woolf and King,1987) but also in humans 
(Price et al,1977).

Both morphine and DSTBULET could reduce the input onto the 
neurone but failed to affect the windup of individual neurones which still 
occurred even when the overall nociceptive response was reduced. This 
was in contrast to antagonists at the NMDA receptor or associated 
strychnine-insensitive glycine binding site or blockers of the magnesium 
channel associated with the NMDA receptor which prevented the windup 
of neurones without having much effect on the input (Dickenson and 
Sullivan, 1987, 1990; Davies and Lodge, 1987, Haley et al, 1990; 
Dickenson and Aydar, 1991). The initiation of windup is thought to 
require sufficient membrane depolarization to remove the Mg^+ blockade 
of the associated ion channel before the NMDA receptor complex, 
situated in the SG postsynaptic to the nociceptive primary afferents, can 
operate (see chapter 1). Presumably the presynaptic inhibition of 
nociceptive input by opioid agonists would, by reducing the release of 
excitatory neurotransmitters from afferent terminals, reduce postsynaptic 
membrane depolarization and therefore delay the subsequent activation of 
the NMDA receptor complex. However continued nociceptive afferent 
input, even though depressed by opioid agonists, eventually produces 
sufficient depolarization of the NMDA complex to allow activation of the 
windup response.

The consequences of this inability of opioids to block windup are 
important. The prolongation of a nociceptive input beyond a brief
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stimulus thus appears to activate mechanisms which are relatively 
insensitive to opioid inhibition and may contribute to pain which is less 
sensitive to opioid inhibition, (see Dickenson, 1994). Treating pain early 
on before NMDA-mediated facilitations occur might be expected to 
improve the outcome of opioid analgesia. This is further explored in 
chapter 7. Furthermore combining opioid agonists and NMDA 
antagonists may be particularly efficacious and preliminary studies have 
shown this to be the case (Chapman and Dickenson, 1992a).

In summary the results show that the administration of either p or ô 
opioid agonists onto the spinal cord results in the selective reduction of 
noxious-evoked responses of dorsal horn neurones thought to be involved 
in the relay of nociceptive information to supraspinal structures and to the 
ventral horn.
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CHAPTER 4

THE EFFECTS OF SELECTIVE OPIOID 
ANTAGONISTS
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4.1 INTRODUCTION

4.1.1 Mu and ô receptor characterization
In Chapter 3 the spinal antinociceptive actions of selective p, and ô 

opioid agonists were demonstrated indicating a role for both opioid 
receptors in spinal anti nociception. Confirmation of their separate 
identity requires the use of selective antagonists which were unavailable 
until relatively recently. Prior to the present studies further evidence for 
the individual roles of p and ô receptors in the dorsal horn had previously 
been mostly indirect, involving the calculation of pA2  values, or cross
tolerance studies.

Naloxone is the classic non-selective opioid antagonist used to 
confirm the involvement of an opioid receptor with an approximate 1 0  

fold greater affinity for the p compared to the ô type (Kosterlitz and 
Paterson, 1985). Schild analysis involving estimates of pA% (a measure of 
the affinity of the antagonist for the receptor acted upon by the agonist) 
can be used to distinguish receptor subtypes. Different pA2  values fo^orct- 
agonist with âujÿ&rervt agonisfeindicates subpopulations of receptors at 
which the antagonist has different affinities. In vivo comparison of pA2  

values against a series of p and weakly selective ô opioid agonists after 
intrathecal administration indicated the involvement of two separate 
populations of opioid receptors in their spinal antinociceptive effects in 
some studies (Tung and Yaksh, 1982; Schmauss and Yaksh, 1984) but 
inconclusive in another (Heyman et al, 1986).

Evidence for separate spinal receptor populations has also been 
obtained from behavioural studies in which chronic spinal administration 
of a p opioid such as morphine has produced tolerance to the p opioid but 
not to the spinal administration of b opioid agonists DADLE and DPDPE 
(Yaksh and Reddy, 1981; Tung et a l,1982; Tseng, 1983; Yaksh, 1983;
Russell et al, 1987b). However the interpretation of some of these studies 
W03 complicated by the development of some cross-tolerance between the 
p and Ô agonists (Tseng, 1983; Russell et al,1987b; Porreca et al,1984). 
Explanations for this finding included residual binding to ô receptors by 
morphine, which does occur in p receptor deficient mice (Vaught et 
al, 1988) or in bFNA treated mice (Heyman et al, 1987), or the existence of 
a p-ô complex. But in addition the relatively low potency (DPDPE) or
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selectivity (DADLE) of the Ô agonists available probably also contributed 
to masking a clear result.

4.1.2 Selective n and ô opioid antagonists
The definitive approach to characterization of the receptor subtype 

involves the use of selective antagonists. In the present study the selective 
[X antagonist p-funaltrexamine (Portoghese et al, 1980; Ward et al,1982) 
and the ô antagonist ICI 174,864 (Cotton et al,1984) were initially used to 
distinguish antinociceptive actions through p, and 6  receptors. In 
behavioural studies the antinociceptive actions of DPDPE in the tail-flick 
test were antagonized by intrathecal ICl 174,864 but not by intrathecal 
pFNA (Heyman et al,1987; Russell et al,1987b). Subsequently a new ô 
opioid antagonist naltrindole became available with improved affinity for 
the Ô compared to p opioid receptor (ratio l:>200)(Portoghese et al,1988) 
compared to ICl 174,864 (affinity ratio l:100)(Kosterlitz and 
Paterson, 1985) and was also tested.

71



4.2 RESULTS

Inhibitions of the C fibre-evoked response mediated by any p or Ô 
opioid agonist could be reversed by appropriate doses of naloxone 
confirming the opioid nature of the antinociceptive effect (figs. 4.1; 4.2; 
4.3).

4.2.1 Administration of the selective p opioid antagonist 
PFNA

Intrathecal |3FNA was applied 60 minutes or more prior to 
administration of the agonist. Since pFNA was irreversible, agonists 
were applied sequentially where appropriate and therefore for some 
neurones the administration of pFNA was 6 hours before the agonist.
The differences in the time for antagonist pretreatment however did not 
influence the success or otherwise of agonist reversal by pFNA. This was 
variable - in 13 neurones 0.02*0.05pg PFNA failed to antagonise DAGOL 
so DSTBULET was not subseqently tested. However in a further 6 cells 
in which the action of 0.5pg DAGOL was completely blocked by O.OSpg 
PFNA 50pg DSTBULET still produced maximal inhibitions which were

I

100

80

60

40

20

0

I T

11
1
II
1

m CONTROL 
B  POST BFNA  

m POST NALOXONE

DAGOL DSTBULET

Figure 4.1: Inhibition o f both DAGOL (0.5 pg) and DSTBULET (50 
pg) by naloxone (5 and 25 pg respectively) but only DAGOL by 0.05 pg 
pFNA. n=6 to 10. *p < O.OI; **/? < O.OOL unpaired Student's t test.
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not significantly different from the effects of that dose of DSTBULET 
alone (Figure 4.1). A higher dose of 0.1 jxg pPNA antagonized both 
DAGOL and DSTBULET (n=3).

4.2.2 Administration o f the selective ô opioid antagonists ICI
174,864 and naltrindole

ICI 174,864 (125pig) was administered when the maximum effect had 
occurred after administration of the agonist. The antagonist completely 
reversed the inhibitory effects of DSTBULET (50|ig) in 3 out of 11 cells 
and partially antagonized the agonist in the remaining 8 cells. Overall the 
responses of all 11 cells were antagonized to 72 ± 5% of control. In 
contrast the inhibition of C fibre responses by 0.5 pg DAGOL (n=4) or
7.5 pg morphine (n=8) was not antagonised by application of ICI 
174,864, the agonists' effects remaining unchanged over 1 hour (fig. 4.2). 
Subsequent application of naloxone (l-5pg) rapidly antagonised both 
DAGOL- and morphine-mediated inhibitions back to control levels.
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Figure 4.2: ICI 174^864 mediated reversal o f C fibre-inhibitions by 
DSTBULET (50 pg) but not DAGOL (0.5 pg) and morphine (7.5 pg). 
n-4-11. */? < 0.01 **/? < O.OOL unpaired Student's ttest.
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Pretreatment with intrathecal naltrindole (20(^g) for 40-60 minutes 
prevented the inhibitory effects of 5 pg DSTBULET (n=5) on C fibre- 
evoked responses but had no effect on inhibitions mediated by morphine 
(5pg, n=8 and 25pg, n= 5) which were subsequently reversed by naloxone 

(5pg)

1001 -I-

I
8  CONTROL

B  POST
NALTRINDOLE

DSTBULET M ORPHINE (5M ORPHINE (25)

Figure 4.3: The antagonism o f DSTBULET (5 jugj but not morphine 
(5pg and 25 pg) by intrathecal naltrindole (20 pg). n=5-8. **/? < 0.001 y 
unpaired Student's t test.

4.2.3 The effects o f the antagonists alone
Intrathecal naloxone (1 ,5 , 15, 250 pg) alone produced little 

significant change in neuronal responses in deep neurones. Taking the 
mean maximum change in C fibre-evoked response as a percentage of the 
control response the results were 120 ±11%  (n=8), 119 ± 6% (n=10) 
(p=0.021, unpaired Students t-test), 126 ± 19 (n=13) and 104 ± 6% 
(n=10) respectively. However individual neurones did show some 
variability in response. For instance following 250 pig naloxone the 
responses of 5 neurones increased to a mean 133.4 ± 9%, whereas in a 
further 4 responses were decreased to 66 ± 10% of control.

In 6 cells where the effects of ppNA were examined alone without
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subsequent administration of agonists over a 60 minutes period the C fibre 
response of 1 neurone went down but the responses of the other 5 went up 
to 134 ± 9% of control. This change in C fibre response was not 
accompanied by a similar alteration in Ap response which remained 
stable. The increase occurred rapidly and was then maintained over the 
time period measured. Interestingly the inhibited neurone was located at 
450 |im whereas the 5 in which responses went up were located from 
530-900 fim.

Only a small sample of neurones were tested with ICI 174-,864 alone. 
Out of 4 cells studied the response of one was decreased to 57% of control 
and the other 3 went up to mean maximal 152±30% of control.

Out of twenty-one cells tested with 20 pg intrathecal naltrindole, 8 
were maximally inhibited to a mean 45 ± 8% of control. The remainder 
showed increased C fibre evoked responses to a mean maximum 135 ±
7% of control (n=IO) or little change (n=3). All cells examined had 
depths greater than 500 pm so the results could not be differentiated in 
this way. A lower dose of 5 pg naltrindole also showed the same mixed 
effects (4/7 cells C fibre evoked responses down, 50 ± 7% of control; 3/7 
up or unchanged; 118 ± 16% control.
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Figure 4.4: Time-course showing the heterogenous response o f a 
population o f dorsal horn neurones to intrathecal naltrindole (20 p,g) 
administered at time 0.
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4.3 D ISCUSSIO N

4.3.1 Antagonism of ju and à opioid antinociception
The selectivity of the \i antagonist pFNA and the Ô antagonists ICI

174,864 and naltrindole in preventing the inhibitions by [i and ô agonists 
respectively provides clear evidence for independent antinociceptive 
actions mediated by either p, or ô receptors in the spinal cord. This 
electrophysiological evidence is confirmed by behavioural studies in 
which intrathecal ICI 174,864 (Heyman et al, 1987) antagonised the 
antinociceptive actions of DPDPE and intrathecal naltrindole antagonised 
the antinociceptive actions of DPDPE and DSTBULET (Drower et 
al, 1991 and refs within, Kalso et al, 1992) but not morphine or DAGOL in 
the tail-flick and hot-plate tests. In addition a recent study in the same 
electrophysiological model has shown no cross-tolerance to the inhibition 
of C fibre-evoked responses by DSTBULET in morphine tolerant rats and 
vice-versa further emphasising the independence of these two opioid 
receptors in the spinal cord (Kalso et al, 1992).

Although antagonism of DSTBULET by ICI 174,864 or naltrindole 
was often incomplete, pretreatment with pFNA, at doses which blocked 
p-mediated effects on the same neurone, did not reduce the inhibitory 
action of DSTBULET. Therefore it can be concluded that even at the 
highest doses tested DSTBULET is likely to be acting solely on the Ô- 
receptor opioid subtype. The marked but incomplete antagonism of 
DSTBULET by ICI 174,864 may result from the relatively low affinity 
of this antagonist for the ô-opioid receptor (Kosterlitz and 
Patterson, 1985). This explanation cannot be extended to the incomplete 
antagonism by naltrindole which has a very good 0-receptor affinity 
(Zajac et al, 1989). Although found to be very potent and selective in 
vitro (Portoghese et al, 1988), in the present in vivo study higher doses 
of naltrindole which may have been necessary to produce complete 
antagonism were found tc^nselective. This finding is mirrored in an

examination of the selectivity of naltrindole on opiate binding 
in rat brain which was much lower (l:57)(Zajac,1989) than originally 
quoted (Portoghese et al, 1988).

The existence of multiple ô receptors have been postulated by both 
Sofuglu et al,(1991) and Jiang et al,(1991) using naltriben (NTB) andnabtnndaU
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5’-isothiocyanate. The ô% receptor was characterized as the site at which 
the agonist DPDPE acts preferentially, antagonised by DALCE. The 0% 
site appears to be the preferential binding site for agonists DELT ([d- 
Ala^,Glu4]deltorphin) and DSLET and antagonists NTI 5 ’-isothiocyanate 
and NTB. Both ô opioid receptors appear to mediate spinal 
antinociception (Stewart and Hammond, 1993). Whilst naltrindole is not 
as good as NTB at distinguishing 6% sites it does appear to preferentially 
antagonise DSLET over DPDPE (Sofuoglu et al, 1991). It is the 6% site 
which may be coupled to the p receptor rather than the site (Malmberg 
and Yaksh,1992; Stewart and Hammond, 1993). Whether the incomplete 
antagonisms of DSTBULET by ô antagonists results from a residual 
action on the 6% subtype or a consequence of a p-ô coupled receptor 
remains to be clarified in future studies.

Classically morphine has been considered a selective p opioid 
receptor agonist although its selectivity for this receptor subtype over the 
Ô subtype is not as good as DAGOL (Delay-Goyet et al, 1988). Residual 
binding of morphine to Ô receptors occurred in p receptor deficient mice 
(Vaught et al,1988) or in pFNA treated mice (Heyman et al,1987). Some 
behavoural studies, showing morphine more susceptible to antagonism by 
naltrindole than DAGOL and differences between the spinal and 
supraspinal multiplicative action of morphine and DAGOL have suggested 
that the spinal analgesic action of morphine is mediated through spinal ô 
opioid receptors (Takemori and Portoghese, 1987; Roerig and 
Fujimoto,1989; Yaksh, 1991; Tiseo and Yaksh,1993). The present results 
would refute this and support the findings of other behavioural studies 
which, using both selective p and Ô opioid antagonists, also reaffirm the 
sole involvement of the p receptor in morphine’s spinal action (Heyman et 
al, 1987; Drower et al, 1991; Malmberg and Yaksh, 1992).

4.3.2 The effects o f the antagonists alone on evoked 
responses - facilitations

All the antagonists tested produced some changes in the C fibre- 
evoked response when administered alone and the predominant effect of 
naloxone (1 to 15 pg) and the selective p antagonist pFNA was a slight 
facilitation of this nociceptive response. In contrast the ô antagonists ICI 
17^,864 and naltrindole produced dramatic decreases in the responses of
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some individual cells as well as increases in responses of others.
Spinal hyperalgesic and analgesic effects of naloxone have previously 

been shown in both behavioural and electrophysiological studies (Bell and 
Martin,1977; Dickenson et al,1981; Roques and FoumieZaluski, 1986; 
Duggan et al, 1985; Taiwo et al, 1989) together with a general facilitation 
of A and C fibre-evoked spinal reflexes (Clarke and Ford, 1987; Duggan 
et al, 1985). Where biphasic effects of naloxone have occurred analgesia 
is associated with low doses of the antagonist and hyperalgesia with higher 
doses, a pattern which was not seen in the present study over the range of 
doses of naloxone studied.

However evidence for roles of endogenous opioids which tonically 
modulate nociceptive input suggested by the studies mentioned above 
remains inconclusive. Other studies have shown no changes in nociceptive 
response after naloxone (Collins, 1987) or require the development of 
specific prolonged pain states such as inflammation (Kayser et al,1988; 
Stanfa et al, 1992) or neuropathy (Attal et al, 1989) to see a clear effect. In 
an electrophysiological study studying C fibre responses in the 
unanaesthetized decerebrate arthritic rat systemic naloxone (1 mg/kg) 
facilitated the responses of the majority of convergent neurons whilst 
inhibiting the responses of 20% (Lombard and Besson,1989).

An increase in the C fibre-evoked response after an opioid antagonist 
would suggest the presence of endogenous opioids exerting a inhibition on 
spinal nociceptive processing and indeed the spontaneous or noxious- 
evoked release of enkephalins from the spinal cord does occur in vivo 
(Yaksh and Elde,1981; Yaksh et al, 1983; Jhamandas et al,1984;Cesselin et 
a l,1985; Bourgoin et al,1986; Collin et al, 1989). Interestingly naltrindole 
but not a p-selective concentration of naloxone increased the spontaneous 
release of SP although not that of CGRP (Collin et al, 1993) suggesting 
that endogenous opioids may act at Ô receptors to inhibit SP release and 
reduce nociceptive transmission but not necessarily from primary 
afferents (Collin et al, 1991). However in vitro neither naloxone or ICI 
17^,864 altered the K+ evoked release of SP (Mauborgne et al, 1987).

In the present study facilitations occurred after naloxone, pFNA, ICI
174,864 and naltrindole suggesting that the endogenous opioids 
antagonized by these ligands are acting at both p and Ô opioid receptors. 
The principle endogenous ligand for the p receptor, p endorphin, is not
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present in the adult spinal cord (Haynes et al, 1982). However the 
enkephalins are only 10 times more selective for Ô compared to p 
receptors and studies involving the i.c.v. administration of peptidase 
inhibitors to enhance the antinociceptive actions of endogenous 
enkephalins suggest they can mediate their supraspinal actions through 
both opioid receptors (Chaillet et al, 1984; Noble et al, 1992). The spinal 
antinociceptive action of kelatorphan and RBlOl, which inhibit the 
breakdown of enkephalins, are antagonised by selective Ô opioid 
antagonists (see chapter 6), suggesting the enkephalins are producing 
spinal antinociception through the Ô receptor. However since selective p 
antagonists were not tested this does not preclude a residual action at 
spinal p receptors.

4.3.3 The effects of the antagonists alone on evoked 
responses - inhibitions

The inhibitions mediated by naltrindole and to a lesser extent ICI
174,864 are harder to explain. Biphasic effects of naloxone have been 
reported widely but the inhibitions are associated with very low doses 
which are therefore presumably not mediated by ô receptors (Taiwo et 
al,1989; Dickenson et al,1981; Kayser and Guilbaud, 1981; Ueda et 
al, 1986). Furthermore no overall low dose inhibitions by intrathecal 
naloxone were seen in this electrophysiological model by Stanfa et al, 
(1992) even in the presence of inflammation and this paradoxical 
analgesia seems to occur mainly after systemic administration in models 
of inflammatory pain (Kayser and Guilbaudl981; Kayser et al,1988; 
Kayser and Guilbaud, 1990).

Systemic naloxone was shown to facilitate neuronal responses in the 
superficial laminae of the intact rat whilst depressing deep dorsal horn 
neuronal responses (Fitzgerald and Woolf, 1980). However all the 
neurones examined in the present study were located deep in the dorsal 
horn. Interestingly i.c.v. naltrindole did produce behavioural 
anti nociception in the mouse which was antagonised by i.c.v. ICI 174,864 
but not pFNA or the k  antagonist norBNI (Stapelfeld et al, 1992). In 
contrast a high dose of naloxone produced analgesia in the hot-plate test 
in rats which was reversed by the k  opioid receptor antagonist MR 1452 
(Bianchi and Panerai, 1993)

One explanation for inhibitory effects of naloxone is an action at a
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presynaptic autoreceptor which controls the release of endogenous opioids 
(Starke 1981; Giros et al, 1983; Ueda et al, 1986; Bourgion et al,1991; 
Scoffelmeer 1991). Perhaps the mixed effects of naltrindole result from 
actions at this autoreceptor but also actions at the postsynaptic cells 
influenced by the enkephalin released. However it is likely the 
autoreceptor, if it exists, is p since only low doses of naloxone work and 
the effects cannot be reversed by naltrindole (Cattaneo et al, 1993 but see 
Taiwo et al 1989). An alternative suggestion is an uncharacterized 
interaction of enkephalins via ô receptors to potentiate the effects of 
endogenous peptides acting at the p receptor.

High doses of both naltrindole and ICI 174-,864 can produce 
flaccidity and paralysis after intrathecal administration in behavioural 
studies. But if this is indicative of some toxic effect of both antagonists 
one would expect all cells to be affected irreversibly and this did not 
happen. In the writhing test in mice ICI 174,864 produced an 
antinociceptive effect which was blocked by ppNA or morphine tolerance 
suggesting the involvement of the p receptor (Leander et al, 1988; Cowan 
et al,1985). Degradation of ICI 174,864 by carboxypeptidase A to an 
active peptide shown to be a potent p agonist may underlie the 
antinociceptive actions of ICI 174,864 (Cohen et al, 1986) but this does not 
explain the similar actions of the non-peptide ô antagonist naltrindole.

Despite the mixed effects of naltrindole seen here, no such results are 
found following behavioural studies on naltrindole antagonism of spinal 
anti nociception by DSTBULET (Kalso et al, 1992). This may be due to a 
relative insensitivity of latency measurements used in behavioural tests to 
small changes in nociception. Equally it may be the consequence of the 
integrated output of the dorsal horn which presumably includes both 
facilitated and inhibited neurones and thus shows no overall change.

To conclude, the intrathecal administration of selective antagonists 
clearly differentiated between the spinal antinociceptive actions of 
morphine and DAGOL acting at the p receptor and those of DSTBULET 
involving the Ô opioid receptor.
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CHAPTER 5

KAPPA OPIOIDS
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5.1 INTRODUCTION

5.1.1 The K opioid receptor in spinal antinociception
Despite the original classification of multiple opioid receptor

subtypes including k  in spinal nociception by Martin (1976) the 
physiological role of the k  opioid receptor in the spinal cord has not been 
resolved. Early behavioural studies suggesting the involvement of the k  

opioid receptor in spinal anti nociception relied on agonists with poor 
selectivity for this receptor subtype (Martin et al, 1976; Wood et al,
1981). Dynorphin, the proposed endogenous ligand for the k receptor 
apparently produced clear spinal antinociceptive effects in behavioural 
tests (Han and Xie,1982; Piercey et al,1982b; Przewlocki et al,1983; 
Hermann and Goldstein, 1985; Spampinato and Candelleti,1985). However 
closer examination showed intrathecal dynorphin produced flaccid 
paralysis (Faden and Jacobs, 1983; Przewlocki et al, 1983; Hermann and 
Goldstein, 1985; Stevens and Yaksh,1986; Schmauss,1987) and an 
irreversible neurotoxicity (Caudle and Isaac, 1987; Stewart and 
Isaac, 1989) masking any specific spinal antinociceptive action.

Even after the development of selective k  agonists such as U50488H 
(Vonvoigtlander et al,1983), U69593 (Lahti et a l,1985) and PDl 17302 
(Leighton et al, 1987) conflicting results have been reported in both 
behavioural and electrophysiological studies. The species of animal may 
contribute to the experimental outcome; after intrathecal administration 
K-mediated behavioural antinociception has been recorded in the mouse 
(Piercey et al, 1982a; Porreca et al,1987; Takemori et al, 1988; Piercey 
and Einspahr, 1989) but reported absent in the rat (Tung and Yaksh,
1982; Leighton et al, 1988b, Piercey and Einspahr, 1989; Hylden et 
al, 1991) and the guinea-pig (Leighton et al,1988a). Where spinal 
antinociception in the rat has been shown the potency of k  agonists was 
dependent on stimulus modality (Schmauss and Yaksh,1984; Schmauss, 
1987), or stimulus intensity (Millan, 1989).

Stimulus specificity is not apparent in in vivo electrophysiological 
studies where administration of k  agonists selectively depressed both 
dorsal and ventral horn neuronal responses to a variety of acute noxious 
stimuli (Headley et al,1984; Fleetwood-Walker et al, 1988; Parsons and 
Headley, 1989ab; Hernandez et al, 1990). However other reports have
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disputed any clear spinal antinociceptive action of k  agonists on noxious- 
evoked dorsal horn neuronal responses (Willcockson et al, 1986; Knox and 
Dickenson, 1987; Piercey and Einspahr, 1989; Hylden et al, 1990). and 
enhancement rather than inhibition of spinal reflexes (Clarke and 
Ford, 1987). In contrast to the somewhat confusing role of k  opioid 
agonists in acute spinal anti nociception it is worth noting however that 
after the development of inflammation k  opioid activity appears more 
significant with the elevation of immunoreactive dynorphin and 
dynorphin mRNA in dorsal horn neurones (ladorala et al, 1988; Ruda et 
al, 1988) and clear analgesic actions by k  opioid agonists acting both 
spinally (Hylden et al,1991) and peripherally (Stein et a l,1989).

In contrast to early studies showing k , \i and ô opioid binding in the 
rat spinal cord (T ray nor et al,1982; Slater and Patel, 1983; Gouarderes et 
al, 1985), more recent studies suggest that there are very few if any spinal 
K receptors in the normal adult rat (Lahti et al, 1985; Morris and 
Herz,1987; Allerton et al, 1989; Wood et al, 1989; Besse et al, 1990) which 
contributes to the conflicting evidence for a spinal antinociceptive action 
of K opioid agonists. The present study used the selective k  opioid 
antagonist norbinaltorphimine (norBNI)(Portoghese et al, 1987) to 
discover whether the antinociceptive action of intrathecally administered 
K agonists is mediated by a specific action at a spinal k receptor. In 
receptor binding studies norBNI has more than 100 times greater 
selectivity for its receptor subtype compared to p and Ô opioid subtypes in 
guinea-pig membranes (Takemori et al, 1988). In behavioural nociceptive 
studies intrathecal and i.c.v. norBNI antagonized subcutanous U50488H 
but in vivo activity against agonists acting at other opioid receptor 
subtypes was not tested (Takemori et al, 1988).
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5.2 R ESU LTS

5.2.1 Intrathecal U50488H and U69593
Both U50488H and U69593 showed mixed effects on neuronal 

responses at the lower doses tested. With the lowest dose of U69593 (50 
|ig) the responses of 4/5 neurones were considerably enhanced (fig. 5.1). 
This increase of the C fibre evoked response by U69593 was similar in 
magnitude to excitations seen previously when low doses of U50488H 
were tested (Knox and Dickenson, 1987). These doses of U50488H were 
not repeated in this study, however even after 250 pg U50488H the 
response of 3/5 neurones were excited, the remainder showing inhibitions 
(fig. 5.2). The enhancement of the C fibre responses seen after k  agonists 
appeared dissimilar to that after p (see chapter 3). Whereas the p- 
mediated low-dose facilitations were slight but consistent in the population 
of neurones tested, at the lower end of the dose range the K-mediated 
facilitations reached over 200% of control in some neurones whereas 
other cells showed significant inhibitions.

Increasing the dose of either k  agonist overcame excitatory effects 
and a clear inhibition of C fibre-evoked neuronal responses was seen 
which was dose-dependent (figs. 5.1 and 5.2). Ap fibre-evoked responses 
were also inhibited by U50488H or U69593 but to a lesser extent 
compared with inhibitions of C fibre responses (figs. 5.1 and 5.2). 
Estimating the ED5 0  from the dose-response curves the intrathecal 
potency for inhibition of C fibre evoked responses of U69593 (ED5 0  : 
250pg) was 1.7 times greater than U50488H (ED5 0  : 420pg).
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Figure 5.1: Dose-response curve showing the inhibition o f C fibre- 
evoked (0-0) and Ap-fibre evoked (0 -0 )  neuronal responses by 
U69593. n=5-J0
^ p  <0.05, ** /? <0.07, unpaired Student's t test.
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Figure 5.2: Dose-response curve showing the inhibition o f C fibre- 
evoked (0-0)  and Ap-fibre evoked (0 -0 )  neuronal responses by 
U50488H. n=5-9
* p  < 0.05, ** /? < 0.07, unpaired Student's t test.
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5.2.2 Antagonism  by naloxone and norB N I
Intrathecal administration of 25 jiig of norBNI, a selective k  opioid 

antagonist, failed to reverse the inhibitory effects of either U50488H or 
U69593. Pretreatment with norBNI also did not selectively antagonize 
U50488H or U69593. When a higher dose of 100 pg norBNI was used 
antagonism of the p agonist DAGOL always occurred in addition to 
reversal of the effects of U50488H or U69593. However the non- 
selective opioid antagonist naloxone (250 pg) did partially reverse the 
effects of the highest doses of U50488H and U69593 back to 50.3 ± 10 % 
(n=9) and 77.6 ± 10 % (n=7) of control respectively. This dose of 
naloxone produced no significant change in neuronal response when 
administered alone (see chapter 4).
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Figure 5 3 : The antagonism o f U50488H and U69593-mediated 
inhibitions o f C fibre-evoked responses by 250 pg intrathecal naloxone 
but not by 25 pg intrathecal norBNI. n=5-9, ** /? < 0.01 *** p  < 0.005 
unpaired Student's t-test.
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5.2.3 Systemic U50488H administration
It was possible that both k  agonists were unable to reach spinal k  

sites after intrathecal administration. Therefore a systemic route was also 
used to bypass the white matter covering the dorsal horn which reduces 
the access of more lipid-soluble compounds (McQuay et al, 1989). 
Systemic administration of U50488H (4 mg/kg i.v.) produced substantial 
inhibition of C fibre-evoked responses with a much smaller reduction in 
the Ap fibre evoked response. The peak effect of U50488H occurred 
rapidly and a maximal 61 ± 3% inhibition (n=5) was recorded 5 minutes 
following the injection (fig, 5.4). The effects of U50488H declined over 
the next half-hour with no significant difference from controls at 40 
minutes.

Intrathecal administration of 25 pg norBNI 30 minutes prior to the 
systemic administration of the agonist failed to prevent the inhibitions 
mediated by U50488H (n=6 ). However a 30 minute pretreatment with 10 
pg intrathecal naloxone did antagonize the effect of systemic U50488H 
which now only produced a maximal 18 ± 5% inhibition (n=5) of C 
fibre-evoked responses at 5 minutes.
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Figure 5.4. Time-course showing the inhibition (mean ± S.E.) o fC  
fibre-evoked responses by systemic U50488H alone (4mgfkg) which was 
substantially reduced by pretreatment with 10 tig intrathecal naloxone 
but not by pretreatment with 25 pg intrathecal norBNI, n=5-6. Effect 
at 5 minutes tested for significance, ** /? < 0.001 unpaired Student* s t- 
test.
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5.3 D ISCU SSIO N

5.3.1 Antinociceptive effects of k  opioid agonists
The present results demonstrate a clear selective antinociceptive 

action of k agonists U50488H and U69593 on the responses of dorsal horn 
neurones in the adult rat. Both U50488H (as reported previously; Knox 
and Dickenson, 1987) and U69593 produced mixed inhibitions and 
excitation of neuronal responses at lower doses. However increasing the 
dose of either agonist could profoundly inhibit the C fibre-evoked 
response with a much lesser reduction in the Ap response, confirming 
similar in vivo electrophysiological studies where k  opioid agonists 
depressed both dorsal and ventral horn nociceptive neuronal responses 
following systemic administration in spinalized rats (Headley et al, 1984; 
Parsons and Headley, 1989ab), intrathecal administration (Hylden et 
al, 1990) and iontophoresis (Fleetwood-Walker et al, 1988). However the 
results are in contrast to those of Dong et al, (1991) which failed to 
demonstrate any selectivity of systemic U50488H for noxious over non- 
noxious evoked convergent neuronal responses in spinalized rats.

The intrathecal potency of both agonists was considerably lower than 
that found for the majority of p and ô opioid agonists tested in the same 
model. However the potency ratio relative to intrathecal morphine of 
0.017 is not dissimilar to that found in behavioural studies where direct 
comparison of U50488H with morphine yielded ratios of 0.01 
(Schmauss,1987) and 0.013 (Millan et al, 1989). The low potency of 
intrathecal U50488H and U69593 may explain the negative results 
reported in some behavioural antinociceptive studies (Leighton et 
al,1988ab; Allerton et al,1989, Piercey and Einspahr, 1989; Hylden et 
al, 1991) and possibly reflects poor access of the agonists to receptor sites 
in the dorsal horn following intrathecal administration. The dorsal horn 
of the adult spinal cord is covered with a substantial layer of lipid formed 
by the extensive fibre tracts travelling up, down and into the cord. This 
limits accessibility of more lipophilic drugs and an inverse relationship 
between lipophilicity and spinal antinociceptive potency of p opioid 
agonists has been shown in this model (McQuay et al, 1989) and in 
behavioural tests (Yaksh et al, 1986).

After systemic administration the antinociceptive potency of
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U50488H on dorsal horn nociceptive neuronal responses compared to the 
p agonist morphine (systemic ED5 0  for inhibition of C fibre evoked 
responses = 6 . 6  mg/kg)(Le Bars et al, 1980) was increased suggesting that 
lipophilicity may indeed be a factor. A smaller potency ratio compared to 
morphine has also been reported following systemic U50488H on motor 
neurones in the spinalized cat (Parsons and Headley, 1989b) and in 
systemic behavioural studies (Piercey et al, 1982a; Vonvoigtlander et 
al, 1983, Hayes et al,1987; Hylden et a l,1991) although in the latter the 
contribution of supraspinal actions cannot be discounted.

5.3.2 Is a spinal k  receptor involved in the actions of 
U50488H and U69593?

The low intrathecal potency of U50488H and U69593 may be 
determined by the low density of k  receptors reported in the adult rat 
dorsal horn and the possibility that the action of U50488H and U69593 
are mediated through an alternative receptor subtype. Previous studies 
had not used a selective K-opioid antagonist to confirm the involvement of 
this receptor subtype in the spinal actions of k  agonists (Schmauss 
andYaksh,1984; Millan et al, 1989; Parson and Headley, 1989ab) although 
intrathecal norBNI has recently been used in behavioural studies to 
demonstrate K-mediated spinal analgesia after foot-shock (Watkins et al, 
1992) and in the analgesic actions of dynorphin and an analogue 
(Nakazawa et a l,1991; Song and Takemori, 1991). In the present study no 
reversal of the inhibitions of C-fibre evoked responses by U50488H and 
U69593 was seen after intrathecal norBNI. However the partial reversal 
of the K opioid agonists by the non-selective opioid antagonist naloxone 
indicates that their effects were opiate in nature. The dose of naloxone 
may have been insufficient to produce a complete antagonism. Systemic 
U50488H was almost completely antagonized by a low dose of intrathecal 
naloxone also supporting an opioid-mediated action.

The existence of more than one type of k  receptor has been proposed 
following binding studies in brain and spinal cord (Attali et al,1982;
Su, 1985; Nock et al,1988; Zukin et al,1988). A low affinity U69593- 
insensitive k2  site predominated over a high affinity U69593-sensitive site 
(Kl) in rat brain homogenates and K% but not K% sites were found in the 
spinal tract of the trigeminal nerve (Zukin, 1988). If this distribution is
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also reflected in the spinal cord it may explain the relatively low potency 
of U50488H and U69593 and lack of effect of norBNI assuming the 
antagonist also exhibits low affinity for the K% site.

An alternative explanation for the ineffectiveness of norBNI is 
simply pharmacokinetics, the lipid layer covering the dorsal horn 
preventing access of this antagonist to the dorsal horn. But when higher 
doses of norBNI were tested a non-selective block of both \i and k  

agonists occurred so it seems unlikely that the antagonist was failing to 
reach receptor sites. A low selectivity (< 10-fold) between k  and p  

antagonism by intrathecal norBNI in the rat has also been noted in other 
in vivo studies (Birch et al, 1987; Millan et al, 1989; Millan, 1989) in 
contrast to its high selectivity in vitro (Takemori et al, 1988).

5.3.3 Low-dose biphasic effects o f k  opioid agonists
The mechanism for the mixed effects at lower doses is unclear but 

enhancement of C fibre-evoked responses also occurs after low doses of p 
opioid agonists in the adult rat (chapter 3). However, whereas the p- 
mediated low-dose facilitations were slight but consistent, K-mediated 
facilitations could be very large in some neurones but were paralleled by 
significant inhibitions in other cells. Interestingly mixed effects of 
U50488H and dynorphin on nociceptive responses of superficial cells in 
vivo have been reported elsewhere (Hylden et al,1990) and were also 
associated with biphasic changes in receptive field size. Facilitatory 
effects of low doses of k  agonists are also seen in vitro, on ventral root 
noxious-evoked responses in the neonatal cord preparation (James et 
al, 1990) and on action potentials in mouse ganglion spinal cord explants 
(Shen and Crain, 1989). A correlation may exist in behavioural studies 
since hyperalgesia after intrathecal U69593 has been reported in the 
guinea-pig although no subsequent anti nociception occurred with higher 
doses (Leighton et al, 1988a).

Both the excitatory and inhibitory actions of U50488H in vitro 

involved changes in voltage-sensitive Ca^"^ conductances, possibly via 
different k  opioid receptor subtypes, and may underlie the mixed effects 
of K agonists in vivo (Cherubini and North, 1985; Shen and Crain, 1989). 
Unlike p opioid agonists, k  agonists have generally not been shown to 
inhibit evoked-SP release (Go and Yaksh,1987; Pohl et al,1989; but see
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Chang et al J989), one mechanism by which opioid agonists might 
produce spinal anti nociception. However recently in rat trigeminal slices 
an increased K+-evoked SP release by U50488H, antagonized by norBNI, 
has been demonstrated (Suarez-Roca and Maixner, 1993). Thus 
excitatory k  opioid receptors on presynaptic afferents or dorsal horn 
neurones (Besse et al, 1991) might directly mediate neuronal facilitations 
by increasing the release of SP and other excitatory neurotransmitters 
from C fibre terminals and central neurones. Conversely inhibitory k  

opioid receptors could indirectly mediate neuronal facilitations by 
disinhibition of other inhibitory neurones.

Interactions between exogenous k  agonists and endogenous opioids 
might also occur since intrathecal k  opioid agonists have been reported to 
antagonize p,-opioid mediated anti nociception in electrophysiological 
(Dickenson and Knox,1987) and behavioural studies (Schmauss and 
Herz,1987). Another potential mechanism for K-mediated facilitations is 
the involvement of non-opioid excitatory pathways in the dorsal horn.
The potentiation and subsequent neurotoxic effect of dynorphin on 
behavioural nociceptive reflexes was prevented by intrathecal EAA 
antagonists (Caudle and Isaac, 1988). The NMDA receptor subtype, 
implicated in the dynorphin-mediated neurotoxicity, and of major 
importance in excitatory pathways in the spinal cord (see chapter 1) may 
also be involved in mediating the k  opioid-evoked facilitations of C fibre 
evoked responses seen in the present study.

Interestingly the K-opioid mediated excitations of C fibre evoked 
responses are absent in a model of prolonged peripheral inflammation 
induced by carrageenan and the potency of intrathecal U69593 was 
increased 3 fold (Stanfa et al, 1992). Thus in inflammation the absence of 
excitatory or hyperalgesic effects of k  opioid agonists may unmask their 
analgesic actions so contributing to their increased effectiveness in 
inflammatory as opposed to acute types of nociception.

In conclusion it is clear that at sufficient doses the k  agonists U69593 
and U50488H do produce spinal antinociceptive effects on the C fibre- 
evoked responses of dorsal horn neurones. However the lack of 
antagonism by norBNI would suggest that U50488H and U69593 are 
producing their inhibitory effects via a norBNl-insensitive k  opiate 
receptor or a different opioid receptor altogether. The mixed effects
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including considerable enhancement of neuronal responses mediated by 
lower doses of both agonists may reflect better the complex role of the k 
opioid receptor in acute spinal nociception.
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CHAPTER 6

ENKEPHALINASE INHIBITORS
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6.1 INTRODUCTION

6.1.1 Endogenous opioids
In the spinal cord significant levels of the peptides leu- and met- 

enkephalin have been identified in mainly intrinsic dorsal horn neurones, 
particularly in the substantia gelatinosa (Miller and Seybold,1987;
Yaksh, 1987; Todd and Spike, 1993). The enkephalins are likely to be the 
endogenous opioid ligands for p and ô opioid receptors located both 
presynatically on small primary afferent terminals and postsynaptically on 
dorsal horn neurones (Zajac et al,1989; Besse et al,1992; Dado et al,1993) 
and may be involved in the tonic control of spinal nociception.

Noxious stimuli activating AÔ and C but not Ap afferent inputs 
resulted in a significant increase in spinal enkephalin-like 
immunoreactivity in CSF (Yaksh and Elde,1981; Nyberg et al,1983; Tang 
et al, 1983; Yaksh et al, 1983; Cesselin et al, 1985; ladorala et al, 1986; Le 
Bars et al, 1987). However exogenous administration of enkephalins 
produced little effect in behavioural antinociception, since they are 
rapidly degraded by peptidases (Craves et al, 1978). Furthermore a role 
for endogenous opioid peptides in modulating spinal nociceptive 
processing as revealed by the administration of the opioid antagonist 
naloxone remains inconclusive (see chapter 4). Behavioural hyperalgesia 
and facilitation of spinal nociceptive neuronal responses have been 
reported in many (Bell and Martin, 1977; Jacob and Ramabadran 1978; 
Fitzgerald and Woolf, 1980; Dickenson et a l,1981; Duggan et al,1985; 
Roques and FournieZlauski,1986; Clarke and Ford, 1987; Taiwo et al, 
1989) but not all studies (Collins, 1987; Stanfa et al, 1992).

6.1.2 Enkephalinase inhibitors
Considerable interest has focused on the development of enzyme 

inhibitors, compounds able to prevent the normally rapid breakdown of 
endogenous enkephalins by peptidases, in particular neutral endopeptidase 
or enkephalinase (EC 3.4.24.11) and aminopeptidase N (EC 3.4.11.2), 
thereby increasing levels of enkephalins and enhancing their putative 
analgesic action. All these enzymes are metallopeptidases, able to cleave 
various peptide bonds in the enkephalin structure to produce inactive 
fragments, and contain a zinc atom which is the target for inhibitors
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which interact with the metal and prevent the enzymes working (Roques 
and Fournie-Zaluski,1986). Peptidase inhibitors bestatin and thiorphan, 
selective inhibitors for only one enzyme (aminopeptidase N and 
enkephalinase respectively) did not produce clear spinal antinociceptive 
actions in behavioural or electrophysiological studies (Waksman et 
al, 1985; Dickenson et al, 1987). Thus interest has focused on the 
development of mixed inhibitors such as kelatorphan, able to prevent the 
action of both enkephalinase and aminopeptidase.

The regional distribution of enkephalinase overlaps that of 
enkephalin rich areas of the spinal cord (Waksman et al, 1986; Miller and 
Seybold,1987, Pollard et al, 1989) and the mixed peptidase inhibitor 
kelatorphan increased levels of enkephalins in the spinal cord (Waksman 
et a l,1985; Bourgoin et al,1986). Furthermore kelatorphan not only 
enhanced the spinal effects of exogenous met-enkephalin (Morton et 
al, 1987) but also produced behavioural antinociception after i.c.v. 
administration in mice (Foumie-Zaluski et al, 1984).

Recently the first systemically-active mixed peptidase inhibitor 
RBlOl has been developed. RBlOl consists of two mixed inhibitor 
molecules linked by a disulfide bond to form a prodrug in which 
hydrophobicity is increased thus facilitating passage across the blood brain 
barrier (Noble et al, 1992). After both i.c.v. and systemic administration 
in mice and rats, RBlOl increased latency of response to thermal stimuli 
and was inhibitory in the mouse writhing test (Noble et al, 1992). The 
following study examined and compared the actions of kelatorphan, 
administered directly onto the spinal cord, and RBlOl, given systemically, 
on dorsal horn neuronal responses.
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6.2 R ESU LTS

6.2.1 Kelatorphan
After intrathecal administration kelatorphan selectively inhibited C 

fibre responses in a dose-dependent manner with a maximal 46 ± 12 % 
inhibition of the response after 50 pg (n=12) (fig. 6.1). Ap fibre evoked 
responses were only significantly altered by the highest dose of 
kelatorphan (50 pg) leading to a 21 ± 5%  inhibition.

The effects of kelatorphan could be reversed by 5 pg intrathecal 
naloxone or antagonised by pretreatment with 100 pg intrathecal ICI 
174,864 (fig. 6.2).
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Figure 6.1 : Dose-response curve for the inhibition o f electrically-evoked 
C fibre  (# -# )  and Ap fibre (0 -0 )  responses by kelatorphan, n=4-12. 
*/?< 0.05, **/?< 0.01, ***/?< 0.005, unpaired Student’s t test.
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6.2.2 RBlOl
RBlOl produced peak inhibitions of C fibre-evoked responses at 

around 10-15 minutes following i.v. administration which generally 
returned to control levels over the following 50 minutes. Only the higher 
dose of 20 mg/kg significantly inhibited neurones, by a mean 62 ± 8% 
(n=7) compared to control responses (fig. 6.3). At this dose Ap fibre- 
evoked responses were also significantly reduced by RBlOl. Intravenous 
administration of the vehicle alone had no effect on neuronal responses (5 
± 11 % of control, n=3). Limitations in solubility prevented the testing of 
higher doses of RBlOl in this model.

Pretreatment with 20 pg intrathecal naltrindole, a selective ô opioid 
antagonist , 40 minutes prior to administration of 20 mg/kg RBlOl almost 
completely abolished the inhibitory effect of the peptidase inhibitor on C 
fibre-evoked responses which were now not significantly different from 
control responses (fig 6.3)..
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Figure 6 3 : Inhibition o f Afi and C fibre evoked responses by i.v.
RBlOly n=7-12 "^p<0.05, **, **/?<0.07, ***/?<(?.005 unpaired Students t 
test, tested against control responses. Pretreatment with naltrindole 
significantly reduced RBlOl-mediated inhibitions, + p<0.05, unpaired 
Students t test.

98



6.3 D ISC U SSIO N

6.3.1 Spinal antinociception by kelatorphan and RBIOI
The results indicate that endogenous enkephalins released in the cord 

can selectively depress the nociceptive responses of dorsal horn neurones 
if protected from degradation by the peptidase inhibitors kelatorphan or 
RBIOI. In vitro, peptidase inhibitors may alter the breakdown of other 
peptides, for instance SP or CCK (Turner et al, 1985; Mauborgne et 
al, 1987). In vivo experiments have shown enkephalinase inhibitors to 
have only minor effects on brain levels of SP and CCK in contrast to a 
considerable increase in enkephalin levels (Yaksh et a l,1991). However 
kelatorphan did increase immunoreactive SP detected by antibody 
microprobes in the dorsal horn (Duggan et al,1992). But the reversal of 
kelatorphan and RBlOl by opioid antagonists ICI 174,864 and naltrindole 
in the present study indicated the involvement of an opioid peptide acting 
at the Ô opioid receptor subtype and the enkephalins are therefore likely 
candidates.

The inhibitions of C fibre-evoked responses in the rat dorsal horn by 
systemic RBlOl confirmed previous findings showing that systemic 
RBlOl enters the CNS before being converted to the active peptidase 
inhibitors enkephalinase and ami nopeptidase N which then mediate 
antinociception through the inhibition of enkephalin degradation (Noble et 
al, 1992). The results also demonstrated that, in addition to mediating 
behavioural analgesia via a supraspinal action (Noble et al, 1992) 
following i.v. administration, RBlOl acted spinally to significantly inhibit 
nociceptive transmission in the dorsal horn and was antagonized by an 
intrathecal opioid antagonist.

A similar spinal site of action was demonstrated for other 
systemically active peptidase inhibitors such as SCH32615 (Oshita et 
al, 1990) and compounds active after central administration such as 
RB38A (Scmidt et al, 1991) and kelatorphan in the present study. 
Administration of these inhibitors elevated enkephalin-like 
immunoreactivity in spinal perfusates (Bourgoin et al, 1986; Yaksh and 
Chipkin,1989), inhibited the noxious-evoked responses of deep dorsal 
horn neurones after microelectrophoretic administration (Morton et 
al, 1987) and suppressed the expression of the immediate early gene c-Fos,
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a marker for activation of spinal nociceptive pathways, in the dorsal horn, 
(Tolle et al, 1994). In awake animals increased response latencies in a 
variety of behavioural nociceptive tests occurred after the intrathecal 
adminstration of kelatorphan and SCH32615 (Kayser et al, 1989, Oshita et 
al, 1990).

The involvement of the ô opioid receptor in the spinal actions of 
kelatorphan and RBlOl contrasts with studies involving i.c.v. 
administration of peptidase inhibitors which suggest enkephalins can 
mediate their supraspinal analgesic action through both the \x and ô opioid 
receptor (Al-Rodham et al,1990, Noble et al, 1992, Chaillet et al, 1984 ). 
Mu opioid receptors have also been implicated in the actions of exogenous 
enkephalins on excitatory synaptic transmission in the isolated spinal cord 
(Jeftinija,1988). However the present results suggests that in the dorsal 
horn the endogenous opioids protected by either enkephalinase inhibitor 
are mediating their effects through the ô opioid receptor. This was also 
suggested by the antagonism of RB I01-induced behavioural analgesia by 
naltrindole in the rat tail-flick test (Noble et al,1992). A recent study 
extends these observations further to specify the Ô2 -opioid receptor in the 
spinal analgesic action of enkephalin in the mouse tail flick test (Takemori 
and Portuguese, 1993).

Intrathecal administration of kelatorphan only inhibited C fibre- 
evoked responses by a maximal 46%, although this dose was sufficient to 
abolish neuronal responses to injection of formalin, a more prolonged 
nociceptive stimulus (chapter 7). A plateau of effect has also been 
reported for kelatorphan (Kayser et al, 1989) and SCH 32615 (Oshita et 
a l,1990) in behavioural tests of analgesia (Kayser et al, 1989) and in the 
reduction of c-Fos expression in the dorsal horn (Tolle et al, 1994) 
presumably resulting from saturation of enzymes and/or maximal release 
of enkephalins.

We were unable to establish the top end of the dose-response curve 
for RBlOl but in the behavioural study on RBlOl no plateau of effect was 
reported (Noble et al, 1992). From previous studies with other spinal 
analgesics in this electrophysiological model the level of C fibre inhibition 
obtained by 20 mg/kg RBlOl would be expected to represent a good 
analgesic response in the awake animal and in fact only slightly higher 
doses of RBlOl were required to produce analgesia in the rat tail-flick
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and electrically-evoked vocalization behavioural tests (Noble et al, 1992).
To conclude, protecting the breakdown of enkephalins in the spinal 

cord by the intrathecal or systemic administration of enkephalinase 
inhibitors produced a certain degree of antinociception which was 
antagonised by Ô opioid antagonists suggesting the involvement of this 
receptor in endogenous opioid antinociception in addition to its activation 
by exogenous ligands.
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CHAPTER 7

OPIOIDS AND THE FORMALIN RESPONSE
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7.1 INTRODUCTION

7.1.1 Why formalin?
Acute behavioural nociceptive tests such as the hot plate, tail flick 

and paw pressure are valuable in investigating mechanisms of nociception 
and screening potential analgesic compounds. These tests also limit trauma 
to the animal, which removes itself from the stimulus immediately it is 
perceived as noxious i.e. the tests measure the threshold of nociception. 
However the transient nature of the noxious stimulus does not reflect the 
experience of clinical pain which tends to be an ongoing tonic nociception 
and is likely to involve additional mechanisms both in maintenance and 
pharmacological modulation.

As already discussed in the previous chapters a continuing input onto 
dorsal horn neurones elicits a variety of changes, including wind-up and 
wind-down, hetero- and homosegmental facilitations and inhibitions of 
both dorsal (afferent terminals, convergent neurones) and ventral 
(motoneurones, flexion reflex) nociceptive pathways and changes in 
receptive field size. Pharmacological changes in the spinal cord during 
noxious stimulation such as increases in peptide synthesis (Hollt et al, 1987; 
ladorola et a l,1988; Ruda et al,1988; Noguchi et al,1988, 1989; Draisci et 
al, 1989; Minami et al, 1989; Nahin et al, 1989) and release (Yaksh et 
al, 1982; Cesselin et al, 1985; Kantner et al, 1985; Duggan et al,1988, 1990; 
Kuraishi et al, 1989; Morton and Hutchinson, 1989; Bourgoin et al, 1990; 
Holland and Goldstein, 1990; Hope et al,1990) and prccW^a-L of cfos (Hunt 
et a l,1987; La Gai et al,1988; Draisci et a l,1989; Menetrey et al, 1989, 
1990; Bullit,1990, Bullit et al, 1992) may underlie alterations in neuronal 
events.

There is evidence for the involvement of different spinal-supraspinal 
neural pathways in prolonged compared to transient nociception. Dorsal 
raphe stimulation produces analgesia in phasic pain (Fardin et al,1984) but 
hyperalgesia in chronic pain (Souteyrand and Sarkis,1985). Lesioning 
descending serotonergic pathways produced hyperalgesia in the acute 
nociceptive behavioural tail-flick test but analgesia in the more prolonged 
nociceptive test, the formalin response (Fasmer et al, 1985). Peripheral 
changes also occur in more prolonged injury with the sensitization of 
peripheral nociceptors and inflammatory mechanisms contributing to the 
nociceptive input and spread of hyperalgesia (Levine et al, 1993).

Models of more prolonged nociception include deafferentation and
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induced arthritis. Although having merit, all these models involve 
prolonged trauma to the animal lasting weeks or involve decerebration. 
The administration of a thermal, mechanical or chemical injury which 
would provide a noxious input lasting at the most a couple of hours was 
considered appropriate to our electrophysiological model since the injury 
would be induced when the rat was already under full anaesthesia and the 
time course of the resulting neuronal activation could be followed in a 
single experiment.

Preliminary experiments found that thermal injury or the application 
of mustard oil or acetic acid did not provide a consistent input either in 
the degree or duration of the neuronal excitation evoked. However the 
subcutaneous injection of formalin was successful in producing a 
substantial excitation of convergent dorsal horn neurones with a well- 
defined duration of action. The lack of a prolonged nociceptive response 
to chemical irritants other than formalin agrees with a recent behavioural 
study comparing a variety of noxious chemicals which concluded that s.c. 
formalin was the best agent for producing a prolonged nociceptive 
response (Wheeler-Aceto et al, 1990).

An additional advantage to using this particular chemical is the well- 
established behavioural correlate which supported the use of formalin as a 
prolonged noxious stimulus. In conscious unrestrained animals (rats, 
mice, cats, monkeys) a subcutaneous injection of 5% formalin into the 
paw evokes a typical behavioural response indicative of nociception 
(Dubuisson and Dennis, 1977; Alreja et al, 1984; Hunskaar et al, 1985).
The nociceptive aspect is supported by one study in humans (Dubuisson 
and Dennis, 1977)! By scoring intensity of pain as the degree to which the 
animal favours the injected paw and/or licks it a characteristic biphasic 
response is seen. An immediate intense response to the formalin injection 
dies down by about ten minutes and is often followed by a period where 
little behavioural nociception is observed, particularly in rodents. A 
second more prolonged but less intense nociceptive response then develops 
which lasts about one hour.

7.1.2 Opioids and prolonged nociception
In studies on behavioural models of prolonged nociception such as 

the arthritic rat and the formalin response opioids were administered 
systemically so separation of the central and peripheral components of an 
antinociceptive effectué difficult. There is evidence for a peripheral
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action of opioids during prolonged behavioural inflammation (Stein et 
al, 1989) and a supraspinal opioid action in the formalin behavioural 
response (Calcagnetti et al,1988) but no reports of spinal opioid actions in 
these behavioural models prior to the present study.

As with the acute nociceptive behavioural tests the formalin response 
was inhibited by pretreatment with systemic opiates (Dennis et al, 1980a; 
Abbot et al,1981; 1982a; Dubuisson and Dennis,1977; Hunskaar and 
Hole, 1987). However the formalin test was more sensitive to opiates 
(Dennis et al, 1980a) and showed less tolerance than the tail-flick test to 
prolonged opioid administration (Abbott et al, 1981; 1982a).
Furthermore there was a differential effect of lesions in descending 5HT 
pathways (Ryan et al,1985) and NRM lesions (Abbott et al, 1982a; Abbott 
and Melzack,1983) on opioid analgesia in both tests, indicating different 
supraspinal mechanisms in opioid analgesia depending on the nociceptive 
test involved.

Prior to the present work only one electrophysiological study on 
spinal neuronal responses to formalin had been reported. In decerebrate, 
unanaesthetized cats a prolonged response of convergent dorsal horn 
neurones to subcutaneous formalin was seen, inhibited by systemic 
morphine or stimulation of the median raphe nucleus although the effects 
were not quantified (Banna et al,1986). In the present study the aims 
were to investigate the modulation of formalin-evoked nociception in 
dorsal horn neurones by spinal opioids and compare the results to those 
obtained with more acute noxious stimulation in the same model.
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7.2 RESULTS : FORMALIN ALONE

7.2.1 Pattern of neuronal response to formalin
The response of cells to a s.c. injection of 5% formalin into the 

receptive field was immediate, a vigorous neuronal firing which lasted 
between 5 and 15 minutes, although usually declining in frequency after 
the first few minutes. The initial burst of activity was followed by a quiet 
period with the majority of neurones ceasing to fire altogether. In most 
cells a second period of neuronal firing started between 20 and 35 minutes 
(before or after this time period in a minority of cells) after the formalin 
injection and continued to the end of the 60 minute recording period (fig.
7.1).

The peak frequency of firing was variable during the first and 
second phases of the response, ranging from less than 20 Hz to over 100 
Hz in a population of 38 control cells. Because of this variability in 
frequency of firing and the variability of the duration of the first and 
second peaks and the onset of the second peak total counts in the first and 
second peaks were considered a more constant and reproducible 
measurement of the formalin response than taking average counts of the 
response during smaller time periods. Calculating activity in the first 
peak as firing between 0 and 10 minutes after formalin, total counts were 
4528 ± 670 and the second peak (10 -60 minutes) 18183 ± 3248 (n=38)

No correlation between depth, control Ap, C fibre, post-discharge 
responses or Ap threshold versus size of either the first or second peak 
was found. However there was a positive relationship between C fibre 
input versus size of the formalin response (C input vs 1st pk: r=0.4322 
p=0.0085; C input vs 2nd pk: r=0.4573 p=0.0044) and a negative 
association between C fibre T/H versus formalin peak size (C T/H vs 1st 
pk: r=-0.4085 p=0.0109; C T/H vs 2nd pk: r=-0.4180 p=0.009, 2-tailed t- 
test for significant difference from 0).

Neurones with no C fibre-evoked response showed no activity after 
the injection of formalin (n=4)(fig. 7.1). The total count in the first 10 
minutes after the injection of formalin was 24 ± 14 and between 10 and 
60 min 139 ± 82.
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Figure 7.1: The response o f a single convergent neurone (A) and a single 
non-nociceptive neurone (B) to the injection o f formalin into the 
receptive field  at (F).

7.2 .2  DNIC
Six cells were tested for the effects of either segmental tactile stimuli 

or noxious pinch of the nose and other areas on the formalin-induced 
activity. Applying a noxious stimuli to another part of the animal induces 
DNIC, an activation of descending inhibitory pathways which modulate 
afferent input in the cord (Le Bars and Villanueva,1988). Repetitive 
brushing adjacent to the receptive fields on the paws or pinch to the nose, 
tail and other paws induced a transient inhibition of the tonic response 
induced by formalin injection comparable, in terms of magnitude and 
duration, to that seen with activity produced by natural mechanical and 
thermal nociceptive stimuli and also electrical cutaneous stimuli (chapter 
3). An example is shown in figure 7.2.

106



7.2.3 P eriphera l U gnocaine
Once the second peak had developed 2% lignocaine (50 |li1) was 

injected into the same toe as the formalin. In all 5 cells tested the 
formalin response was immediately inhibited and remained silent for 
about 10-20 minutes before recovery to prelignocaine rates of firing (fig.
7.2). During the inhibition the neurones could be activated vigorously by 
innocuous and noxious stimuli from other areas within the receptive field 
but outside the site of the local anesthetic block. The same dose of 
lignocaine injected intravenously had no inhibitoiy effect on the formalin- 
induced activity (n=3) although neuronal responses were subsequently 
completely inhibited by 50 p,l 2% lignocaine s.c. into their receptive 
fields.

Bln# 0 to 4000 

N 60
FOR&llG> 

PINCHo

DNICL P P

4000 5

Figure 7.Z; The transient inhibition o f the formalin response in a single 
neurone after injection o f  lignocaine (L) into the peripheral receptive 
field  on one toe during the second peaky during which pinch (P) to 
another part o f the receptive field  in a second toe still activated the 
neurone. DNIC could be elicited by a 20 sec. pinch applied to the nose 
during the second peak o f the formalin response resulting in a transient 
suppression o f neuronal firing.
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7.3 D ISCU SSIO N

7.3.1 Mechanisms underlying the neuronal response to 
form alin

The firing of single dorsal horn neurones to the subcutaneous 
injection of formalin showed a remarkably similar biphasic pattern and 
time course to the behavioural studies, clearly indicating the involvement 
of these neurones throughout the duration of the behavioural nociceptive 
response of the animals. The presence of cutaneous polymodal 
nociceptors excited by chemical irritants in addition to high threshold 
mechanical and thermal stimuli is well established (Bessou and Perl, 1969, 
Land et al,I990) and the first peak, the tonic phase, is thought to be due to 
the direct activation of these peripheral nociceptors by formalin.

There is no evidence from the results for the involvement of 
afferents other than nociceptive since no response was elicited by formalin 
in neurones solely activated by innocuous Ap afferent input. In humans 
Ap and C polymodal nociceptors are sensitive to chemical irritants but in 
rats the involvement of Aô nociceptors in chemical nociception is unclear. 
Although AÔ and C are inseparable in our recordings, from other studies 
it appears that formalin only activates polymodal C fibres in rats (Russell 
et al, 1987a; Heapy et al,1987).

The second, more prolonged phasic period is associated with the 
development of inflammation in the tissues (Hunskaar et al,1985; 1986; 
Shibata et al,1989). The second phase of the formalin response but not 
the first was inhibited by anti-inflammatory agents such as indomethacin, 
the histamine rfe.\eo.aej- 48/80 and bradykinin antagonists (Hunskaar et 
al,1985; Hunskaar and Hole, 1987; Haley et al,1989^. Peripheral 
inflammation alone is not responsible for the second peak of the 
behavioural response since other types of chemically-evoked inflammation 
e.g. carrageenan, do not evoke a prolonged behavioural nociceptive 
response or prolonged C fibre firing despite hyperalgesia (Heapy et 
al,1987; Stanfa et al,1991). Similarly neurogenic inflammation (evoked 
by stimulation of the saphenous nerve in the rat) which produced 
extravasation did not evoke prolonged firing in cutaneous C fibres (Reeh 
et al,1986). It is possible however that sensitization resulting from the 
inflammation permits the continued activation of nociceptors by formalin.

The basis for the biphasic nature of the response is unclear. The 
activity recorded in the sciatic nerve after the injection of formalin also
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occurred during two distinct periods (Russell et al,1987a) implying that 
the cessation of neuronal firing in between the first and second peaks is 
due to the absence of peripheral events rather than a transient central 
inhibition of the dorsal horn neurones. It is possible that this gap in the 
response precedes the start of peripheral inflammatory pro cesses which 
are necessary for the second peak to occur.

The peripheral origin of the second peak was confirmed by the 
transient block of dorsal horn neuronal firing by peripheral lignocaine in 
the second peak. However this does not preclude additional central 
changes occurring as a result of the prolonged input which contributes to 
the response of the dorsal horn neurones. This would appear likely since 
there was no increase in sciatic nerve activity during the second phase 
(Russell et al,1987). NMDA pathways in the spinal cord are implicated in 
excitability changes such as windup during prolonged acute nociceptive 
inputs in the dorsal horn (see chapter 3). In the formalin response there 
is an increased release of glutamate and aspartate in the spinal dorsal horn 
(Skilling et al,I988). NMDA itself increased the behavioural nociceptive 
response to formalin whereas NMDA receptor antagonists AP5 and 
MK80I reduced the response (Coderre and Melzack,I992, Vaccarino et 
al, 1993a). The involvement of EAAs in the formalin response has now 
been investigated in the present electrophysiological model (Haley et 
al,I990). AP5, a selective NMDA competitive antagonist and MK80I a 
non-competitive antagonist both significantly inhibited the development of 
the second prolonged phase of the formalin response, with little effect on 
the first peak.

Peptides such as SP, dynorphin, somatostatin and CGRP have also 
been implicated in prolonged changes in central excitability (Dubnar and 
Ruda, 1992). An increase in preprotachykinin-A mRNA in DRG cells 
(Noguchi et al,I989) and an increase in SP-like immunoreactivity was 
measured in the dorsal horn after s.c. formalin (Kantner et al,I985; 
McCarson and Goldstein, 1989; Holland and Goldstein. 1990). However 
this peptide, implicated in acute nociception (see chapter I), may only be 
important in the first peak of the response during which an increase in the 
actual release of immunoreactive SP was measured (Kuraishi et al,I989). 
Furthermore the first peak of the formalin response but not the second 
was reduced by SP antagonists (Ohkubo et al,I990) or capsaicin treatment 
of sciatic nerves (Shibata et al,I989). However a NKI receptor antagonist 
did inhibit both phases of the formalin response (Chapman and
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Dickenson, 1993). Antagonist studies also implicate other peptides such as 
somatostatin (Ohkubo et al,1990; Chapman and Dickenson, 1992a), 
bradykinin and prostaglandins (Chapman and Dickenson, 1992b) in the 
second phase of the formalin response.

The positive relationship between C fibre threshold and size of the 
first peak of the formalin response was expected since this measurement 
reflects the responsiveness of the neurone to a given stimulus, in this case 
a standard injection of formalin. However the association between C fibre 
input and size of the second peak of the formalin response was more 
interesting. The enhanced central excitability in the second phase of the 
formalin response is thus not an uncontrolled acceleration in response but 
appears to be limited by the size of the input onto the recorded cell 
reflecting the dependence of the neuronal activation on the release of 
neurotransmitters/peptides from the primary afferents and the activation 
of NMDA mechanisms which require the removal of a voltage dependent 
magnesium block.

DNIC and segmental inhibition was shown to be effective in reducing 
the second phase of the formalin response in a similar manner to that seen 
on the acute electrical- or natural-evoked nociceptive responses. Both 
sources of modulation are thought to be postsynaptic onto the recorded 
neurone (Besson et al,1974; Villaneuva et al,1984) so perhaps are also 
postsynaptic to and therefore unaffected by central changes influencing 
the response. The descending inhibitory modulation of dorsal horn 
neurones therefore appears to be equally active in this model of prolonged 
nociception compared to the more acute nociceptive input.
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7.4 RESULTS : OPIOIDS ON THE FORMALIN RESPONSE

7.4.1 Opioid agonist pretreatment
Intrathecal administration of |li or ô opioid agonists prior to injection 

of formalin resulted in an inhibition of both the first and second phases of 
the formalin response. An example of opioid inhibition of the formalin 
response in a single cell and the lack of opioid inhibition in the presence 
of an opioid antagonist is shown in figure 7.4. Previously in the same 
model the inhibition by DAGOL was shown to be dose-related (Haley et 
a f  1989) and similarly in the present study the inhibitions by DSTBULET 
were found to be dose-dependent (fig. 7.5). The potency of DSTBULET 
against the formalin response was clearly greater than against acute C 
fibre-evoked responses, in particular the second peak of the formalin 
response was reduced by over 50% by 2.5 pg DSTBULET, a dose which
was threshold in inhibiting the C fibre response (see chapter 3).

100 1
CONTROL

H ■ I .1 iu

DSTBULET (50pg)

« .1 ill I ilil.l j,._Liii.

100-1

50 -

2>ST & U L aT C 50^g) 4- 
ICl 174,864 (125pg)

li
TIME (MIN)

Figure 7.4: Individual formalin responses showing inhibition by the ô 
opioid agonist DSTBULET o f responses in one cell but lack o f effect o f 
DSTBULET on responses in another after pretreatment with the ô 
opioid antagonist ICI 174,864.
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Figure 7,5: The dose-dependent inhibition o f the formalin response by 
DSTBULET. "^*p<0.01, ***p<0.005y Mann-Whitney

Pretreatment with 250 |ig intrathecal U50488H did not alter the 
mean neuronal response to formalin. As with the acute electrically- 
evoked nociceptive responses both inhibition (5/10) and enhancement 
(5/10) of the formalin response was seen after this dose of U50488H. 
However 1000 pg U50488H profoundly inhibited the response (fig. 7.6).
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Figure 7,6: Inhibition o f the formalin response by . h -4-9
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7.4.2 Opioid antagonists
Concurrent administration of intrathecal naloxone (against DAGOL 

or DSTBULET) or ICI 174864 (against DSTBULET) reduced agonist 
inhibition restoring the response to near control levels (Figs. 7.7; 7.8.).

1 6 0 0 0  n 

g_ 1 4 0 0 0 -
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u  ̂ 10000 
p
S  8 0 0 0  H

g  6 0 0 0  - 

S
O  4 0 0 0  H 
p
W 2000 - 

0

+

*

m CONTROL  
■  DSTBULET 

0  DSTBULET + 

ICI174,864

1ST PEAK 2N D  PEAK

Figure 7.1: The inhibition o f the formalin response by 50 pg 
DSTBULET (n -4 ) and antagonism by coadminstration o f 125 pg 
ICI174,864 (n=5). p  values as before.
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Figure 7.8: The inhibition o f the formalin response by 0.5 pg DAGOL 
(n-5) and antagonism by coadminstration o f 1 pg naloxone (n=5). 
"^p<0.05y Mann-Whitney test.
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Intrathecal naloxone alone (10, 250fxg) given 10 minutes prior to 
formalin did not produce any significant difference in the formalin 
response. If administered at 60 minutes after formalin in one cell firing 
increased over the next 2 0  minutes but this was not replicated in three 
other cells tested.

7.4.3 Kelatorphan
Intrathecal application of 50 pg kelatorphan profoundly inhibited the 

formalin response, the second peak reduced to a mean 1529 ± 1178, n=4 
compared to the mean control response of 6335 ± 1010, p < 0.005. The 
first peak was also significantly reduced to 386 ± 189, compared to the 
control response of 24454 ± 3192, p < 0.05.
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7.4.4 Opioids administered after initiation o f the formalin 
response

If the opioid agonists were given after the beginning of the first peak 
of the response had occurred their effects on the second peak were 
reduced. Administration of either 5 pg DAGOL or 50 pg DSTBULET 2 
minutes after injection of formalin (allowing the first peak to occur) 
resulted in a lesser inhibition of the second peak than when the agonist 
was given as a pretreatment (table 7.1).

The action of naloxone in reversing the effects of DAGOL also 
depended on time of administration. If the antagonist was applied 2 
minutes after the formalin injection to allow inhibition of the first peak by 
DAGOL to occur, antagonism by naloxone of the opioid did not result in 
the reappearance of the later second peak (table 7.1).

Table 7.1: Pre- and post-opioid treatment on the second peak o f the 
formalin response

CONTROL PRE-TREAT. POST TREAT.

DAGOL 12342 ± 2480 
(100%)(n=5)

118 ±50 *  
(1.0%)(n=3)

1548 ± 1104* 
(12.5%)(n=4)

DSTBULET 23299 ± 3986 
(100%)(n=10)

410 ±138 *** 
(1.8%)(n=4)

3669 ± 1412 *** 
(15.7%)(n=9)

NALOX 12342 ± 2480 
(with DAGOL (100%)(n=5)

5675 ± 2788 
(45.9%)(n=5)

1346 ±444*  
(10.9%)(n=4)

pretreatment)
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7.5 DISCUSSIO N

7.5.1 Opioid inhibition of the formalin response
Previously it had been shown that the formalin response could be 

modulated by systemic morphine (Dubuisson and Dennis, 1977; Dennis et 
al 1980a; Abbot et al,1981; Alreja et al, 1984; Hunskaar et al,1985). In 
the present study a clear spinal action of opiate agonists acting at either p 
or Ô receptors on the formalin response was demonstrated. Although a 
high dose of the k  opioid agonist U50488H also inhibited this prolonged 
response it seems unlikely that U50488H is mediating its action through k  

receptors since the effects of this dose of agonist on C fibre responses was 
not reversed by the selective k  antagonist norBNI (see chapter 5).

Differential inhibition of thermal, pressure and chemical noxious 
inputs have been observed for agonists acting at different opiate receptor 
subtypes in the spinal cord (Schmauss and Yaksh, 1984). It has been 
suggested that whereas p agonists inhibit all three noxious stimuli, Ô 
agonists are selective for thermal stimuli and are ineffective against 
chemically-evoked noxious input. In behavioural studies both DADLE 
and met-enkephalin are ineffective in the acetic acid writhing test 
(Schmauss and Yaksh, 1984). However the results show that DSTBULET 
could profoundly inhibit neuronal responses evoked by chemical noxious 
stimulation. Furthermore the enhancement of endogenous enkephalins in 
the spinal cord by kelatorphan was also sufficient to abolish the neuronal 
excitation by formalin.

One explanation for the previous lack of effect of ô agonists against 
chemical stimulation might be explained by the lower analgesic potency of 
DPDPE and met-enkephalin compared to p opiate agonists against noxious 
stimuli (Hylden and Wilcox, 1983; Porrecca et al,1984; Heyman et 
al,1987; Russell et al, 1987a). If the intensity of the noxious input was 
much greater in the writhing test, the lower potencies of DPDPE or met- 
enkephalin might have been insufficient to produce any visible analgesia 
in this test. However in a comparison of the writhing test and hot-plate 
test, Shaw et al,(1988) concluded that the former is a less intense stimulus 
than the latter. It seems more likely that the ô-agonists distinguish 
between cutaneous and visceral inputs rather than the modality of input.

The formalin response was more sensitive to inhibition following 
opioid pretreatment than the acute electrically-evoked C fibre response 
mirroring similar behavioural findings where the formalin response was
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more sensitive to systemic morphine or PAG stimulation than the tail flick 
test (Dennis et al, 1980a; Abbott et al, 1982a; Alreja and Mutalik,1984). 
The second peak of the response was also more sensitive to opioid 
pretreatment than the first, also seen in the behavioural counterpart 
(Rosland et al,1990). Recently intrathecal opioids have also been showniVxm m 'lUa vrodâ
to be more potent in the carrageenan model of hyperalgesia^(Hylden et 
al,1991, Stanfa et al,1992). Formalin may represent a more realistic 
model of clinical pain than either acute electrical stimulation of C fibres 
or measuring threshold of response to noxious stimuli in behavioural 
studies. Interestingly the sensitivity of the formalin response to opioids 
was similar to the sensitivity of the post-discharge in the acute C fibre 
response to opioids. The post-discharge appears to be associated with 
more prolonged changes in the nociceptive responses of convergent 
neurones and its similarity in sensitivity to opioids compared to formalin 
may reflect its role in the early activation of mechanisms involved in the 
development of tonic rather than phasic pain.

The block of the release of SP in the spinal cord evoked by s.c. 
formalin is one mechanism by which opioids could inhibit the neuronal 
response to formalin - akin to their putative action in acute nociception. 
Systemic morphine actually increased SP-like immunoreactivity either 
alone or after formalin but the authors argue that the increase could 
derive from the opioid-blockade of SP release (McCarson and 
Goldstein, 1989). Certainly studies in which actual SP release evoked by 
other types of nociceptive stimuli was examined as opposed to SP content 
did show a opioid-mediated inhibition of immunoreactive SP release in 
vivo (Yaksh et al,1980; Kuraishi et al, 1985b, 1989; Go and Yaksh,1987) 
and an opioid inhibition of K+-evoked immunoreactive SP release in 
vitro (Mudge et al,1979; Mauborgne et al,1987). Systemic morphine has 
also been shown to block the increase in cfos protein-like 
immunoreactivity evoked by formalin (Presley et al,1990).

In contrast to the effects of exogenous opioids there does not appear 
to be any prolonged endogenous opioid modulation of the formalin 
response. A short-lasting release of enkephalin in the cord after formalin 
has been shown coinciding with the silent period of the formalin response 
(Bourgoin et al, 1990). However in the present study intrathecal naloxone 
was ineffective in changing either the size or the biphasic nature of the 
formalin response. In two behavioural studies systemic naloxone had no 
effect on formalin-evoked nociception (North, 1978; Kocher et al,1988)
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but another (Sugimoto et al,1986) demonstrated an increase in the second 
peak of the formalin response by systemic and supraspinal but not spinal 
naloxone. However interpretation of naloxone’s effects in behavioural 
studies may be complicated by its contrasting actions on different 
measures of nociceptive behaviours in the formalin response (Wheeler- 
Aceto and Cowan, 1993).

Administration of naloxone 60 minutes after the formalin injection 
did not enhance or extend the period of neuronal excitation evoked by the 
noxious stimulus in the majority of cells tested suggesting that the 
formalin response is not terminated by the spinal release of endogenous 
opioids. In more prolonged models of pain such as the arthritic rat spinal 
endogenous opioid systems appear to be suppressed and both spontaneous 
met-enkephalin and dynorphin release are reduced (Cesselin et al,1985; 
Przewlocka et al,1986; Bourgion et al,1988; but see Przewlocka et 
al,1992) whereas spontaneous SP release is increased (Oku et al,1987).

7.5.2 Mechanisms underlying prolonged nociception.
The sensitivity of the formalin response to opiates was reduced if the 

opiates were administered shortly after the formalin injection. This is in 
contrast to both local anaesthetics and NMDA antagonists which are 
equally potent either as a pretreatment or a post-treatment in the formalin 
response (Haley et al,1990; Chapman et al,1994) and in other models of 
central hypersensitivity, the facilitated flexion reflex (Woolf and 
Thompson, 1991) and chronic constriction of the sciatic nerve (Mao et 
al,1992). This opioid insensitivity appears to have correlation in clinical 
practice - pretreatment with analgesics appears to lesson the post
operative pain and associated demand for post operative analgesics 
(McQuay, 1992). The lack of involvement of capsaicin-sensitive afferents 
on which opioid receptors are found (Shibata et al,1989) or SP in the 
second peak of the formalin response (Ohkubo et al,1990) might explain 
morphine's reduced potency in inhibiting the second peak once 
established.

Alternatively central mechanisms post synaptic to opiate inhibition of 
primary afferent neurotransmitter release may become more important 
during a sustained nociceptive input such as the second formalin peak. 
Prolonged facilitation of the flexion reflex occurs after a brief electrical 
conditioning stimulus (Wall and Woolf, 1984) or peripheral noxious input 
(Woolf, 1983) which is central in origin rather than peripheral
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(Woolf, 1983; Cook et al, 1986). Interestingly this model is sometimes 
biphasic and also less susceptible to opiate inhibition once the facilitation 
is established (Wall and Woolf, 1984; Woolf and Wall; 1986a). In this 
model it was also suggested that excitability changes were postsynaptic to 
the afferent terminals since no changes in presynaptic membrane 
potentials were apparent during the period of facilitation (Cook et 
al,1986).

Peptides have been implicated in prolonged changes in central 
excitability; SP, CCK, somatostatin, VIP and particularly CGRP, 
associated with small diameter primary afferents and released by 
nociceptive stimuli (see chapter 1), produce slow depolarizations of dorsal 
horn neurones with a slow onset and prolonged duration (Urban and 
Randic,1984; Miletic and Tan,1988;Ryu et al,1988). Furthermore 
intrathecal administration of these peptides produced facilitations of the 
flexor reflex similar to the effect of a conditioning stimulus (Xu et 
al,1990). There is some doubt as to the involvement of SP in the second 
peak of the formalin response (see before) but the reduction of the second 
peak behaviourally by depletion of somatostatin or intrathecal 
administration of a somatostatin antagonist does suggest a role for this 
peptide in the formalin response (Ohkubo et al,1990). The opioid 
insensitivity could also involve peptides known to antagonize opioid 
actions such as CCK (see chapter 10), CGRP (Welch et al,1989) and 
somatostatin (Mulder et al,1988). Another peptide shown to interact with 
opioids is dynorphin and increases in dorsal horn content of this peptide 
and predynorphin mRNA occurred during prolonged inflammation 
(ladorala et al,1988; Ruda et al,I988; Weihe et al,1989). However 
whether the increased synthesis reflects an increased release is unknown 
and the time-course of these changes may be too slow in onset (>2 hrs) to 
participate in the formalin response (Draisci and Iadomla,1989).

NMDA pathways in the spinal cord are implicated in excitability 
changes such as windup during prolonged acute nociceptive inputs in the 
dorsal horn (see chapter 3) and in the second peak of the formalin 
response (see earlier). We already know that windup involving activation 
of NMDA pathways postsynaptic to opioid receptors is relatively 
insensitive to opioids (see chapter 3). Thus an NMDA component to the 
second peak of the formalin response may render this response less 
opioid-sensitive. As already mentioned NMDA agonists are equally 
effective as either pre- or post-treatments in the formalin response.
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NMDA mechanisms are also implicated in clinical and animal models of 
prolonged nociception such as neuropathic pain in which peripheral and 
central changes lead to a pathological pain state involving allodynia and 
hyperalgesia (Woolf and Thompson, 1991; Mao et al,1992; Yamamoto and 
Yaksh,1992; Coderre et al,1993) and are less sensitive to opioid analgesia 
(Arner and Meyerson,1988).

Although coadministration of naloxone with DAGOL prior to 
formalin prevented opioid inhibition of the response, if the administration 
of naloxone was delayed to allow opioid inhibition of the first peak, the 
second peak failed to occur despite the adequate time for naloxone 
antagonism of DAGOL. This might imply that the development of the 
second peak is dependent on changes induced by the first peak. However 
blockade of the first peak by local anaesthetic into the receptive field in 
this electrophysiological model did not prevent the second peak occurring 
leading to the conclusion that aninitial peripheral input is not necessary to 
activate mechanisms for the second peak (Haley et al,1990). This 
contrasts with the findings of Coderre et al, (1990) where transient spinal 
anaesthesia pre but not post formalin administration substantially reduced 
the behavioural formalin response, also indicating the activation of central 
mechanisms during the first peak which influence the development of the 
second peak. In addition Woolf and Wall (1986b) demonstrated that 
facilitation of the flexion reflex by a conditioning stimulus was blocked by 
pretreatment of the sciatic nerve with capsaicin. It may be a difference in 
timing. The local anaesthetic effect is short and input at the beginning of 
the second peak may be sufficient to activate amplification mechanisms in 
the cord to produce the second peak, whereas insufficient opioid 
antagonism occurred to allow the second peak to develop. Alternatively 
DAGOL-mediated central inhibitions during the first peak could affect the 
development of the second peak. These changes are possibly not 
mimicked by peripheral local anaesthetic simply inhibiting afferent input.

In conclusion the formalin response appears to be a useful 
electrophysiological model of a more prolonged nociceptive input. The 
nociceptive neuronal activity evoked by formalin is inhibited by \x and ô 
opioid pretreatment in a similar dose-dependent manner to acute 
nociceptive inputs. The decreased opioid-insensitivity of the formalin 
response to opioid post-treatment may reflect the involvement of 
additional mechanisms not activated with acute nociceptive inputs which 
are relevant in physiological pain mechanisms.
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CHAPTER 8

THE ANTINOCICEPTIVE ACTIONS 
OF OPIOIDS IN THE 21 DAY OLD RAT PUP
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8.1 INTRODUCTION

8.1.1 Nociception in the neonate
Experiments involving in vitro spinal cord slice preparations use 

tissue from neonatal rats up to about 2 1  days old when the rat is defined 
as adult, since the sections from older, larger animals are not sustainable 
(Magnuson et al,1987). However considerable anatomical and 
pharmacological changes occur during the postnatal period which may 
extend to 2 1  days or more bringing into question the level of maturity of 
this age of animal.

A clear withdrawal reflex can be observed in utero in both the rat 
and human demonstrating the early development of sensory pathways and 
synaptic connections in the spinal cord. Projection neurones are also 
present in the foetal dorsal horn (Bicknell and Beal, 1984) However 
compared to the adult, neonatal reflexes are exaggerated and neuronal 
responses to C and A|3 fibre stimulation prolonged with considerable 
windup, and difficult to distinguish from each other in terms of latency 
since myelination of A fibres is incomplete. Receptive fields for 
peripheral stimulation are also larger in the neonate (Fitzgerald, 1985).
A specific C fibre response evoked by mustard oil cannot be seen until 
postnatal day 10 (Fitzgerald, 1985) although peripheral formalin produces 
integrated nociceptive responses, albeit very exaggerated, in 3 day old rats 
(McLaughlin et al,1990; Guy and Abbot, 1992).

In the neonatal rat the exaggerated nociceptive responses mature to 
resemble the more defined adult response as an increase and 
diversification of the synapses of the primary afferents continues 
throughout the first three weeks of postnatal development (Pignatelli et 
al,1989). This is mirrored by the development of descending inhibitory 
pathways (Fitzgerald and Koltzenburg, 1986) and appearance of 
presumptive nonprojection neurones in the substantia gelatinosa (Bicknell 
and Beal, 1984). The characteristic of convergence in the responses of 
dorsal horn neurones to afferent input also develops (Fitzgerald, 1985).

Neuropeptides such as SP and CGRP appear in the rat spinal cord 
and dorsal root ganglia during prenatal development but levels continue to 
increase during the first two weeks after birth (Senba et al,1982; Marti et 
al,1987). Binding sites for SP occur in a diffuse pattern over the whole
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spinal cord grey matter and a concentration in the SG is not apparent until 
the second week (Charlton and Helke,1986). Likewise binding sites for the 
excitatory neurotransmitter glutamate are spread over the cord at birth 
and don’t reach the adult pattern in the SG until postnatal day 28 (Kalb 
and Hockfield, 1991). There is evidence for increased activity of NMDA 
in the neonatal cord (Morriset et al, 1990) possibly reflecting a role in 
development (Garthwaite, 1989).

8.1.2 Ontogeny of opioids cundi
Opioid receptors appear early in the development of the mammalian 

CNS and stereospecific opioid binding sites are detectable within the 
embryonic rat brain by the 14th day of gestation (Kent et al, 1982). 
However considerable changes in receptor binding occur during the 
subsequent gestatory period and after birth and adult patterns of receptor 
distribution are not established until relatively late in the postnatal 
development of the rat. The opioid peptides, enkephalin, p-endorphin and 
dynorphins are also present during embryonic development and increase 
after birth (reviewed by McDowell and Kitchen, 1987). In the spinal cord 
p-endorphin is present at birth but has gone by postnatal day 28 (Haynes 
et al, 1982). In the brain stem peak levels of p-endorphin and enkephalin 
were reported in the 2 nd and 3 rd postnatal week followed by decreases to 
adult levels (Tsang et al, 1982). Enkephalin- 8  immunoreactivity is present 
in rat sensory ganglia at birth but rarely detected in adults (Senba et 
al,1989).

The transient appearance of both peptides and receptors in certain 
areas of the brain and spinal cord has led to the hypothesis that 
endogenous opioids may subserve functional roles in the developing 
animal which are distinct from those in the ad u lt. There is an increasing 
body of evidence to suggest that these endogenous opioid systems 
modulate the growth and development of the CNS. Prolonged 
administration of opioid antagonists to neonatal rats enhanced growth of 
neuronal tissues, increasing brain size, the number of neuronal and glial 
cells and the dendritic complexity in pyramidal and Purkinje cells and also 
enhanced mitosis and DNA synthesis leading to the suggestion that 
endogenous opioids may be involved in the regulation of neuronal 
maturation (see Hauser et al, 1989; Zagon and McLaughlin, 1987).
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Examination of brain homogenates revealed the presence of k  opioid 
receptors before the \i subtypes but both have reached adult levels by 
postnatal day 21. In contrast the Ô opioid receptor subtype is slower to 
appear and does not reflect adult levels at 21 days (Spain et al, 1985; 
Tavani et al,1985; Kornblum et al,1987; Milligan et al,1987; Petrillo et 
al,1987), In spinal cord both \i and k  opioid receptors were present in the 
superficial dorsal horn of the rat spinal cord from an early foetal age 
whereas Ô opioid receptors were not detected until postnatal day 1 (Attali 
et al, 1990). All three receptor subtypes showed considerable variation 
during the neonatal period (McDowell and Kitchen, 1987).

In this chapter the antinociceptive actions of selective opioid agonists 
on dorsal horn neuronal responses were examined in the 2 1  day old rat 
pup in order to discover whether any immaturity in pharmacology of this 
age of rat is reflected in the antinociceptive actions of opioids.
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8.2 R ESU LTS

8.2.1 Anatomical relationship between pup and and adult
Although the size of the pups was considerably less than the adults

(50g and 250g respectively) there was less difference in the dimensions of 
the spinal cords. The cord cross sectional area in the pup was 30% less 
than the adult (3.5mm^ and 5.75mm^ respectively) and the area of grey 
matter 28% less than the adult (2.3mm^ and 2.9mm^.respectively).

8.2.2 Dorsal horn neuronal characteristics in the rat pup
Stimulation of the receptive field either by natural or electrical 

stimuli evoked good responses in single dorsal horn neurones. The post
stimulus histogram for C and Ap fibre responses showed a shorter latency 
for both compared to the adult presumably indicative of the smaller size 
of the pup rather than increases in fibre conduction velocities (see 
Fitzgerald, 1985). C fibre responses were therefore measured between 50 
msecs and 300 msecs following stimulation compared to 90 and 300 msecs 
in the adult.

Cell parameters in the 15 superficial (mean depth 176± 26 pm) and 
40 deep neurones (586±27 pm) in the rat pups were compared to those in 
a similar population of neurones in the adult rat (16 superficial, mean 
depth 148±22pm, 47 deep, 709±26pm) studied in other experiments over 
the same period of time. As shown in figure 8.1 little difference in 
thresholds occurred between the two ages of rats except for the Ap 
threshold in rat pups in superficial cells which was approximately half 
that in the adult. Despite this, stimulation at three times threshold 
produced similar sized Ap responses in the pup as the adult. C fibre 
evoked responses and the postdischarge were significantly smaller in the 
pup and there was no increase in mean size of the C fibre response from 
superficial to deep cells in the pup compared to the adult where responses 
in deep neurones were 165% greater than in superficial cells.

Although responses to natural noxious stimulation such as pinch and 
hard prod could elicit vigorous response^ the injections of 5% formalin 
did not produce a reliable response as occurred in the adult. The 
formalin studies were not pursued although it may have succeeded with a 
lower concentration of the chemical (see Guy and Abbot, 1992).
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Figure 8.1: A comparison o f mean thresholds fo r  activation (A) and 
mean size (B) o f C and Ap fibre-evoked responses in superficial and 
deep neurones in the 21 day old pup and adult rat. p  <0.05, ** /? < 
0.01 , unpaired Student's t-test, testing for significance between pup and 
adult.

8.2.3 Mu and ô opioid agonists in the rat pup.
Both the (Li opioid agonist morphine and the Ô opioid agonist 

DSTBULET produced selective inhibitions of C fibre evoked responses in 
the rat pup (fig. 8.2). The potency of both agonists was over 10 times 
greater in the younger animal compared to the adult rat (see chapter 3); 
the ED5 0 S for morphine and DSTBULET^estimated as 0.3 pg and 0.7 pg 
respectively from the dose-response curves. The degree of inhibition of 
Ap evoked responses was considerably smaller, a maximum of 36 ± 4% 
and 30 ± 9% respectively for doses of morphine and DSTBULET which 
abolished C fibre responses.

8.2.4 Kelatorphan in the rat pup
The peptidase inhibitor kelatorphan was also effective at reducing C 

fibre-evoked responses in the rat pup. The two doses tested,5 and 50 pg, 
were effective in producing mean inhibitions of 37 ± 9 % and 50 ± 8  %
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of c  fibre-evoked responses with no significant effect on Ap evoked 
responses. Although a full dose-response curve was not established, the 
potency of kelatorphan had increased only slightly if at all in the pup 
compared to the adult since 5 and 50 pg kelatorphan evoked an inhibition 
of 22 ± 9% and 46 ± 7% respectively in the adult rat (chapter 6).
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Figure 8.2: Inhibition o f electrically-evoked neuronal responses by 
opioid agonists morphine and DSTBULET in the rat pup and adult. 
n=4-6 for each point.

8.2.5 Kappa opioid agonists in the rat pup
The lowest dose of U50488H (25pg) produced both excitations and 

inhibitions of C fibre-evoked responses as seen in the adult. A mean 
26±7% excitation was seen in 5/11 cells whilst responses in the remaining 
7 were reduced to a mean 55 ± 12%. Overall there was no significant 
difference from controls and no significant change occurred with Ap 
evoked responses. Only 3 neurones were tested with the lowest dose of 
U69593 which produced excitations in 1 of the 3 neurones. Higher doses 
of both K agonists did produce consistent inhibitions of C fibre responses 
with little effect on Ap responses (fig. 8.3). From the graphs the ED^gs 
for inhibition of C fibre responses by U50488H and U69593 were
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estimated to be 63 pig and 13 pig respectively, representing a 6-fold and 
19-fold increase in potency compared to the adult (chapter 5).
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Figure 8.3: Dose-response curves showing the inhibition o fC  and 
Ap evoked responses by k  opioid agonists U50488H and U69593 in the 
rat pup. n= 3-ll.
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8.2.6 Opioid antagonism
The antinociceptive action of all the opioid agonists and kelatorphan 

was reversed by intrathecal naloxone. In addition 25 fxg intrathecal 
norBNI prevented the inhibitory effects of U50488H and U69593 when 
administered 30 minutes prior to the agonist or reversed agonist 
inhibitions when administed 30 minutes after the agonist (fig. 8.4). The 
time-course of either norBNI pretreatment (n=5) or post-treatment (n=6) 
on inhibitions by U50488H is shown in figure 8,5. This dose of norBNI 
had no effect on \i opioid inhibitions, either as a pretreatment (n=5) or 
post treatment (n=3)(fig. 8.5).

NorBNI alone produced no overall significant change in C fibre- 
evoked response (118±10% of control, n=5) although the response in 4/5 
neurones was slightly elevated. Ap-evoked responses were also unaltered 
(100±19% of control)
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Figure S/r: Effects o f antagonists norBNI and naloxone on inhibitions 
by U50488Hy U69593 and morphine^ n=5-8. * /? < 0.05, ** /? < 0.01, 
unpaired Student*s t-test
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8.3 DISCUSSIO N

8.3.1 Neuronal responses in pup and adult rat
A clear C fibre-evoked response separate from the faster A^-evoked 

response could be clearly seen in all the convergent dorsal horn neurones 
examined in the rat pups. Nociceptive spinal reflexes are present in the 
rat before birth as are the presence of dorsal horn projection neurones 
(Fitzgerald,!985). Separate Ap and C fibre inputs are present at birth 
since neuronal responses to both can be evoked in the 1 day old rat 
(Fitzgerald, 1985). Although descending controls and the intrinsic 
neurones of the SG develop later during the first couple of weeks after

. . deso tcdm a  toirrivols a*id 4K* SG"
birth as does the characteristic of convergence are almost mature by 
21 days (Fitzgerald, 1985).

Electrical stimulation of nociceptive C and non-nociceptive Ap fibres 
in the pup required similar currents to those used in the adult rat apart 
from the higher threshold for evoking Ap activation in the superficial 
cells of the rat pup. Thresholds for thermal nociceptive stimulation in the 
neonatal rat tail flick test are reported similar to the adult but thresholds 
to noxious mechanical stimulation appear to increase (Hamm and Knisely, 
1984; Kitchen and McDowell, 1985; Hammond and Ruda,1991; Webb et 
al, 1993). Peripheral myelination has begun at birth in rats but increases 
rapidly over the first postnatal 2 weeks (Friede and Samorajski,1968) 
leading to a progessive decrease in threshold for electrical stimulation of 
A fibres (Fitzgerald, 1985). Therefore higher Ap thresholds in the rat 
pups may be due to incomplete myelination. Why the Ap threshold to 
deep neurones were not similarly affected is unclear.

Equally Ap inputs to superficial neurones, which may be indirect 
involving relays by SG interneurones, might have required a greater 
current for activation of the recorded dorsal horn neurone because of 
some residual immaturity of the SG. The incomplete development of the 
SG may also be responsible for the smaller evoked responses to three 
times C fibre threshold in deep neurones of the pup compared to the 
adult. The appearance of a C fibre-evoked response in deep neurones 
occurs later (7-8 days onwards) than in superficial neurones 
(Fitzgerald, 1985) which respond to high threshold electrical stimulation 
from postnatal day 1, supporting this idea. The development of intrinsic
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neurones in the SG in rats occurs throughout the first 3 weeks after birth 
(Bickneli and Beal,1984) so may still be insufficiently mature in the age 
of rats examined in the present study to influence the response of deeper 
neurones.

The responses of deeper neurones are likely to be polysynaptic 
involving excitatory NMDA intemeurones located in the substantia 
gelatinosa whereas the superficial neurones may receive an input direct 
from the primary afferents. The adult pattern of NMDA receptor 
distribution, concentrated in the SG, is not complete until postnatal day 28 
(Kalb and Hockfield, 1991). In the adult rat the C fibre-evoked response 
of deep neurones appears to be considerably enhanced by NMDA receptor 
activation since intrathecal administration of the NMDA antagonist 5-APV 
reduces the size of the response to that seen in superficial neurones 
whereas the C fibre-evoked responses of superficial neurones are not 
altered by NMDA antagonists (Dickenson and Sullivan, 1991).

8.3.2 Opioids in the rat pup
Selective agonists for p, Ô and k  opioid receptors each produced 

clear dose-dependent and naloxone-reversible antinociceptive effects in 
the 21 day old rat. In the adult the use of the selective antagonists (3FNA, 
ICI 174864 and naltrindole confirmed the receptor selectivity of 
morphine and DSTBULET in their antinociceptive action (chapter 4). 
Although these antagonists were not used in this study, the relative 
potency of the p agonist morphine and ô agonist DSTBULET were 
similar in the pup and the adult suggesting that they are acting through 
their specific opioid receptor in the younger animal. The more than 10 
fold increase in potency for morphine, DSTBULET and U69593 was 
greater than expected for the difference in size of rat pups to adult rats. 
This may have been a purely pharmacokinetic factor with access to the 
cord being easier due to the reduced lipid layer on the top of the cord. In 
this respect U50488H might be expected to be show the greatest increase 
in potency since it is more liposoluble than morphine and DSTBULET but 
the K agonist showed only a 6 fold higher potency.

An early study examining the potency of systemic morphine in rats 
aged 20 days upwards showed 7.5-10 times greater doses were required in 
adult animals to achieve similar analgesia to that in 20 days old rats
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whereas for the 26 day old rats the difference was approximately 
threefold (Johannesson and Becker, 1973). The authors suggested that an 
immature bloodbrain barrier (BBB) may be responsible for some of the 
difference in potency but they also suggested that younger animals may 
have a greater intrinsic sensitivity to morphine analgesia since analgesic 
potency did not always correlate with morphine brain content. An 
increased sensitivity to opioid agonists has also been reported elsewhere, 
generally peaking during the 2nd or 3rd postnatal week (McDowell and 
Kitchen,1987). This was not accompanied by any decrease in behavioural 
nociceptive threshold which remained the same or increased over the 
same period (McDowell and Kitchen,1987).

Pharmacokinetics are an unlikely explanation for the increases in 
opioid sensitivity in the present study. The BBB is circumvented by 
intrathecal drug application and changes in metabolism of opioids would 
probably not influence the effect of intrathecal opioids. An increase in 
opioid sensitivity is not due to changes in binding affinity which are 
similar for all three receptor types throughout postnatal development in 
spinal cord homogenates (Allerton et al, 1989; Attali et al,1990) and does 
not appear to be explained by changes in receptor density between the 21 
day old pup and adult rat. The postnatal increase in total opioid binding 
sites in the rat spinal cord peaks at 6 days and slightly lower adult levels 
are reached by postnatal day 15 (Kirby,1981; Bardo et al, 1981; Barr et 
al, 1986; Attali et al,1990). Individually, changes in the receptor subtypes 
appear more variable, p receptors showing a rapid increase during 
postnatal days 14-16 whereas Ô opioid receptors showed no change after 
an initial rise on postnatal day 1 (Attali et al, 1990) and k  receptors 
possibly decreasing with age (see below).

However perhaps sensitivity to opioids decreases with age as 
inhibitory mechanisms develop, for example enhanced activity by peptides 
dynorphin (see Knox and Dickenson, 1987) and CCK (see chapter 10), 
which can negatively modulate the antincociceptive actions of opioid 
agonists. Although the spinal ontogeny of these particular peptides has 
not been reported SP, CGRP and somatostatin immunoreactive fibres in 
the dorsal horn and immunoreactive cell bodies in the dorsal ganglia 
reach adult levels by postnatal day 14 in the rat (Marti et al, 1987) 
coinciding with the functional maturity of C fibres (Fitzgerald, 1985).
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However the later maturation of the substantia gelatinosa may possibly be 
reflected in the delayed appearance of peptides such as CCK and 
dynorphin intrinsic to this area of the cord.

Interestingly although the distribution of SP itself appears to reach 
adult levels by postnatal day 14, total cord SP binding sites appeared to 
decrease with age even after increases in growth are accounted for.
Three times more specific binding occurred in 11 day old rat cord 
compared to adult cord (Charlton and Helke,1986) the decrease 
presumably reflecting the development and rearrangement of SP binding 
sites from the diffuse pattern in the neonate to the high density observed 
in the SG of the adult (Charlton and Helke,1986). Thus an increased 
opioid sensitivity in the younger animal perhaps occurs since opioid 
blockade of SP release theoretically could influence a greater number of 
postsynaptic targets. In the newborn rat a widespread depolarization of 
spinal cord cells occurs rather than a specific synaptically mediated C 
fibre evoked excitation which develops during the second postnatal week 
(Yanagisawa et al, 1985; Fitzgerald, 1988).

8.3.3 Kelatorphan
The effect of kelatorphan in the rat pup was not increased to the 

same extent as for the opioid agonists. Since the Ô opioid agonist 
DSTBULET was found to be considerably more potent in the younger 
animal, the absence of an increased sensitivity to kelatorphan perhaps 
results from little change in the endogenous enkephalinergic system from 
pup to adult.

In the human embryonic cord neutral endopeptidase, one of the 
enzymes responsible for enkephalin degradation and inhibited by 
kelatorphan, is present from an early foetal age (14 weeks) and postnatal 
levels are reached by 24 weeks (Sales et al,1989). However 
enkephalinergic structures appear to change during the first few weeks of 
postnatal development in the rat. Although information about levels in 
the cord is sparse, leu-enkephalin cells in the superficial dorsal horn peak 
at day 3-5 and thereafter decline to adult levels whereas a progressive 
increase in leu-enkephalin fibres was seen throughout the first three 
postnatal weeks (Senba et al, 1982). Interestingly immunoreactivity to 
enkephalin-8, a proenkephalin peptide was also located in the DRG of 
neonatal rats, with levels peaking at days 5-7 and thereafter declining to
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almost nothing in the adult (Senba et al,1989). In the brain stem 
radioimmunoassayable enkephalin shows a peak level at day 7 , thereafter 
declining rapidly to a low at day 21 and then increasing again to adult 
levels (Tsang et al, 1982). This complex change in peptide distribution 
which may be associated with a role in neural development including the 
formation of neuronal contacts between DRG cells and the dorsal horn 
(see Senba et al, 1989) may mask any changes in sensitivity to endogenous 
enkephalins protected by kelatorphan in the rat pup compared to the adult.

8.3.4 Antagonism by norBNI
In contrast to the lack of effect of norBNI on the antinociceptive 

actions of k  opioid agonists U50488H and U69593 in the adult rat (see 
chapter 5) in the 21 day old rat norBNI could antagonise the inhibition of 
C fibre-evoked responses by both k  agonists whilst having no effect on 
inhibitions mediated by morphine. The ontogeny of the kappa opioid 
receptor may be one explanation for these results. [^H]U69593 binding 
sites, sparse in adult rat spinal cord (Lahti et al, 1985; Allerton et al,
1989; Wood et al, 1989) do appear to exist in greater numbers in the 
spinal cord of the 16 day old rat and this has been correlated with spinal 
kappa-mediated antinociception in the rat pup in vivo and in vitro 
(Allerton et al, 1989; James et al, 1990). Therefore in the pup, unlike in 
the adult, the U69593-sensitive k \  receptor may be responsible for the k -  

mediated antinociception, as suggested by Allerton et al (1989) and also 
the effectiveness of norBNI, providing this antagonist also binds 
preferentially to the k \  receptor.

The results demonstrate the increased antinociceptive potency of a p, 
Ô and K selective opioid agonist in the 2 1  day old rat. In terms of 
development of neurological reflexes a 7 day old rat has been likened to a 
new-born human baby and a three week old rat to a human toddler 
(Dobbing et al, 1981). In view of the dearth of information about 
appropriate analgesia in young children and neonates extending this study 
to include even younger animals may provide useful information in this 
respect.
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CHAPTER 9

ALPHA-2 NORADRENERGIC MODULATION OF 
NOCICEPTION AND INTERACTIONS WITH

OPIOIDS
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9.1 INTRODUCTION

9.1.1 Adrenergic agonists in spinal analgesia
Previous chapters have discussed the pharmacology of opioids in the 

production of spinal antinociception. Interest in other spinal 
neurotransmitter systems together with a desire to improve the 
management of pain, for instance when opioid-tolerance or opioid 
insensitivity is present, has led to the examination of the role of 
adrenergic mechanisms amongst others in spinal nociception.

The existence of a descending noradrenergic system originating in 
the brainstem which modulates noxious inputs in the spinal cord when 
activated by supraspinal electrical stimulation or opioid agonists is well 
established (see introduction). In addition behavioural antinociception is 
produced by the direct spinal administration of noradrenaline and other 
adrenergic agonists (Yaksh,1985) which also inhibit the nociceptive 
responses of convergent neurones after iontophoretic or intrathecal 
administration into the dorsal horn (Engberg and Ryall,1966; Belcher et 
al,1978; Headley et al,1978; Satoh et al, 1979; Collins et al,1984; 
Willcockson et al, 1984; Davies and Quinlan, 1985; Fleetwood-Walker et 
al, 1985; Howe and Zieglansberger, 1987; Wilcox et al, 1987).

Both a  and p adrenoceptors are found in the rat spinal cord (Young 
and Kuhar, 1980; Unnerstall et al, 1984) but binding sites for selective U2 - 
adrenoceptor ligands predominate in the superficial laminae of the dorsal 
horn where nociceptive afferents terminate (Young and Kuhar, 1980; 
Unnerstall et al, 1984). Furthermore following early behavioural studies 
indicating the involvement of a  rather than p adrenoceptors in spinal 
antinociception (Kuraishi et al,1977; Reddy et al, 1980) antagonist studies 
suggested that the spinal antinociception produced by either activation of 
the endogenous descending noradrenergic pathway (Sagen and Proudfit, 
1984; Barbaro et al, 1985; Camarata and Yaksh,1985; Jones and 
Gebhart,1986) or spinal application of exogenous adrenergic agonists was 
mediated by the a 2 -adrenoceptor (Howe et al, 1983; Davies and 
Quinlan, 1985; Fleetwood-Walker et al,1985). The present study sought 
to confirm the involvement of this receptor in depressing noxious-evoked 
dorsal horn neuronal responses in the rat, previously examined in 
electrophysiological studies using iontophoretic drug administration in the
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cat (Davies and Quinlan,1985; Fleetwood-Walker et al,1985)

9.1.2 Opioid-adrenergic interactions
Early studies reported the potentiation of systemic morphine by 

systemic clonidine (Spaulding et al,1979; Konno and Takayanagi,1984) an 
interaction proposed to be mediated by spinal a 2  adrenoceptors (Ossipov 
et al, 1984). The involvement of spinal a 2 -adrenoceptors in potentiating 
the behavioural antinociceptive effects of intrathecal morphine has been 
reported in the primate (Yaksh and Reddy, 1981) and also in the rat 
(Wang et al, 1980) where intrathecal administration of the selective « 2 - 
adrenergic agonist ST91 decreased the antinociceptive ED5 Q for 
morphine 7-fold. In mice subanalgesic doses of intrathecal NA 
potentiated the antinociceptive activity of intrathecal morphine to SP- 
induced noxious stimuli (Hylden and Wilcox, 1983). Potentiation of 
analgesia by spinal clonidine in conjunction with spinal morphine has also 
been reported in humans (Tamsen and Gordh,1984; Coombs et al, 1985).

Prior to the present investigation electrophysiological evidence to 
support a role for a positive interaction between opioid and adrenergic 
spinal antinociception was scarce. In one study in cats intrathecal 
adrenaline enhanced the suppression of convergent neuronal activity in the 
dorsal horn by morphine (Collins et al, 1984). The examination of drug 
effects in an electrophysiological model provides a necessary adjunct to 
behavioural evidence of antinociceptive effects. This is partieulary true 
with respect to adrenergic agonists which can have widespread 
sympathomimetic actions which may interfere with behavioural 
nociceptive testing such as sedation after systemic administration 
(Mahoney, 1990) or motor impairment after intrathecal administration 
(Reddy et el, 1980; Milne et al, 1985). Additionally changes in tail- 
temperature after intrathecal adrenergic agonists (LoPachin et al, 1984) 
can interfere with behavioural analgesic tests involving a noxious heat 
stimulus to this site (Berge et al, 1988). Thus the present study sought to 
investigate opioid/adrenergic spinal interactions in an electrophysiological 
model free of these disadvantages.

9.1.3 Selective a2 ~adrenergic agonists and antagonists
Agonists with good selectivity for the « 2  adrenoceptor and also
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selective adrenergic antagonists were used in the present study to confirm 
the role of this receptor in the modulation of spinal nociception and 
interaction with opioids. Clonidine is an established «2 adrenoceptor 
agonist and has been used extensively in antinociceptive studies. Also used 
was a newly developed agonist dexmedetomidine, the active enantiomer of 
the highly selective and potent a2  adrenergic agonist medetomidine 
(Virtanen,1988; 1989).

Table 9.1: Selectivity o f a 2  adrenergic agonists.

Ki ( a i ) Ki ((%2) a 2 /a i
Medetomidine 175 ± 567 1.08 ± 0.23 1620
Clonidine 713 ± 109 3.2 ± 1.18 220

(Ki values measured by displacement of pH]clonidine and prazosin in 
rat brain membranes; data from Virtanen,1988)

Medetomidine, used as a sedative/analgesic agent in veterinary 
practice, produces behavioural analgesia in some tests of nociception 
(acetic-acid writhing / formalin) (Virtanen,1989; Pertovaara et a l,1990). 
Although the sedatory effects of this agonist were thought to contribute to 
the positive results (Pertovaara et al, 1990) an electrophysiological study 
clearly showed inhibitions of nociceptive responses of spinothalamic 
neurones by medetomidine (Pertovaara et al, 1991). Recent behavioural 
studies report potent antinociception after spinal administration of 
dexmedetomidine, at sub-sedative doses (Fisher et al, 1991; Kalso et 
al, 1991) and this agonist also inhibited the slow ventral root potential in 
neonatal rat cord in vitro (Kendig et al,1991).

139



9.2 RESULTS

9.2.1 Clonidine and dexmedetomidine on dorsal horn 
neuronal responses

Both clonidine and dexmedetomidine depressed C fibre responses in 
a dose-dependent manner (fig. 9.1). However whereas 100 pg clonidine 
only produced a maximal 60% inhibition of C fibre evoked responses 10 
pg dexmedetomidine could inhibit responses completely. The 
antinociceptive potency of dexmedetomidine in reducing C fibre-evoked 
responses to 50% of control (ED^Q=2.5pg; 11 nmol) was 17 times greater 
than clonidine (ED^Q=50pg; 190 nmol) and equivalent to the 
antinociceptive potency of morphine and DSTBULET in this model ,

As with p opioid agonists facilitations were seen at the lower end of 
the dose-response curve for both agonists. Three out of 7 cells were 
excited after 0.5 pg clonidine (137 ± 10 % of control) and 3/4 cells after 
0.5 pg dexmedetomidine (115 ± 1%  of control). A lower dose of 
dexmedetomidine was inactive.

Ap responses could be considerably reduced by either agonists. In 
individual neurones the inhibition of the Ap response sometimes followed 
that of the C fibre response and was inhibited to the same degree.
However overall there was some degree of selectivity for inhibition of C 
fibre responses over Ap particulary at the upper end of the dose-response 
curves (fig. 9.1).
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Figure 9.1: Dose-response curve fo r  the inhibition o f C-fibre-(0-0) and 
Ap- (0 -0 )  fibre electrically evoked responses by (A) dexmedetomidine 
and (B) clonidine. n=5-13. ^ p<0.05y ** Unpaired
Students t test.
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9.2.2 A ntagonist studies
Pretreatment with intrathecal yohimbine (50 (ig) or intrathecal 

administration of rauwolscine (50 fig) once the inhibition by clonidine had 
occurred were equally effective in antagonising the effects of the agonist 
(fig. 9.2). In the later study on dexmedetomidine a new selective 
adrenergic antagonist atipamazole was available (Virtanen,1989) which 
when administered intrathecally after the agonist successfully reversed the 
inhibitions mediated by dexmedetomidine. Atipamazole (15 pg) had no 
effect on inhibitions mediated by the p agonist morphine (fig. 9.3). All 
three adrenergic antagonists produced no significant change to control 
responses when administered alone.

Intrathecal naloxone (20 pg) did not influence the effects of clonidine 
but did antagonise the inhibitions mediated by dexmedetomidine in 4 out 
of 6 neurones tested. In these neurones administration of naloxone 
rapidly reversed neuronal responses to control levels within 40 mins (fig. 
9.2).

A.
w  in n  -1

M 80-

60-

B

100-

80-

60-

40 -

2 0 -

1
RA U W YO H  NALOX ATIPAMAZOLE NALOXONE

□  AG O N ISTA LO N E AGONIST + ANTAG O NIST

Figure 9.2 Reversal o f inhibitions mediated by (A) clonidine (ISOtig) 
and (B) dexmedetomidine (5tig) by intrathecal selective a2 antagonists 
rauwolscine (50fig)y yohimbine (50fig), atipamezole (15 fig) and opioid 
antagonist naloxone (20 fig), n=4-8.
* p<0.05, ** p<0.01, *** p<0.005, unpaired Students t test.
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M ORPHINE (lOllg)

Figure 9.3: Effect o f antagonists in reversing C fibre-evoked inhibitions 
by morphine y n=5-8. p<0.05, p<0.01, unpaired
Students t test.
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9.2.3 W indup
Windup was only studied after intrathecal dexmedetomidine but 

appeared to be unaffected by the (%2 agonist. As with opioid agonists the 
basal response of the cell was reduced by dexmedetomidine but windup 
still occurred even when the cell was considerably depressed (fig. 9.4).
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Figure 9.4: Response o f a single neurone to repeated electrical 
stimulation^ 0.5 Hz, at 3 times C fibre threshold before and after 
intrathecal administration o f 10 pg dexmedetomidine.

9.2.4 Action potential amplitude
In some neurones the presence of clonidine or dexmedetomidine led 

to a reduction in the amplitude of the action potential (fig. 9.5). This was 
not related to depth of the cell, drug concentration or size of inhibition of 
the C or Ap evoked response. The precise numbers of neurones affected 
in this way was diffi cult to assess. In initial experiments AP amplitude 
was not quantified, although changes were noted. Furthermore the AP 
amplitude could change for reasons other than a drug effect, for instance 
overdepolarization of a particularly responsive neurone or drifting of the 
neurone away from the recording electrode.

In 5 cells where these alternative explanations could be excluded the 
AP amplitude was reduced to 40 ± 12% of control following
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dexmedetomidine, recovering after administration of the antagonist in all 
but 1 cell. However in other neurones the AP amplitude was clearly 
unaltered even when a high dose of dexmedetomidine had profoundly 
inhibited the C fibre evoked response.
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Figure 9.5: Response o f an individual neurone to a single electrical 
stimulus at three times C fibre threshold before (A) and after (B) the 
intrathecal administration o f 10 pg dexmedetomidine^ and recovery o f  
spike height following reversal o f the inhibition by atipamezole.
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9.2.5 Coadministration o f clonidine and morphine
The interactions between clonidine and morphine were examined by 

administration of intrathecal morphine after the dose of intrathecal 
clonidine had reached a plateau of effect. This was used as the new 
control response against which the subsequent inhibition by morphine was 
measured.

A threshold dose of clonidine (10 pg) appeared to slightly enhance 
the antinociceptive actions of 2.5 pg  morphine, turning an overall 
facilitation of the C fibre response into a mean inhibition but had no effect 
on 7.5 pg  morphine (fig. 9.6). A higher dose of clonidine did 
significantly increase the inhibitions mediated by morphine, with a 
difference of 37% and 33% between the effect of 2.5 pg  and 7.5 pg  
morphine alone on C fibre-evoked responses and in the presence of 150 
pg  clonidine.

Pretreatment with clonidine did not signficantly change the effects of
2.5 pg  morphine on Ap fibre responses but the inhibition of Ap responses 
by 7.5 pg  morphine appeared to be significantly reduced by clonidine, an 
opposite interaction to that seen for the C fibre evoked responses.
However this did not appear to be dose-dependent (fig. 9.7)

1 0 0 -

i
a  60-

u

I

40- 

2 0 -  

0

-20 i  

-40

□  CONTROL
□  lOiig CLONIDINE  

B  ISOjjLg C LO N ID IN I
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Figure 9.6: The increase in inhibition o f C fibre-evoked responses by 
morphine in the presence o f intrathecal clonidine, n=5-10. p<0.05, **
p<0.01, unpaired Students t test.
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Figure 9.7: The increase in inhibition o f Ap fibre-evoked responses by 
morphine in the presence o f intrathecal clonidine y n-5-10. * p < 0 .0 5 y  

unpaired Students t test.

Pretreatment with rauwolscine prevented the potentiation of 
morphine's effects by clonidine. In the presence of the antagonist the 
mean percentage inhibition after 7.5 pg  morphine was 65.6 ± 4 (n=3) 
which was not significantly different from the mean inhibition by 
morphine in the absence of clonidine (57 ± 10%, n=5).
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9.2.6 Coadministration of dexmedetomidine and morphine
In this later study the two agonists were administered together rather 

than sequentially.
The coadministration of a threshold dose of dexmedetomidine (0.5 

pg) with a low dose of morphine led to a considerably greater inhibition 
of C fibre-evoked responses than would be expected from an additive 
interaction. The overall mean inhibition by each agonist alone and in 
combination over 40 minutes is shown in figure 9.8. The overall results 
taking the peak effect of the drugs alone and in combination on individual 
neurones are shown in figure 9.9. There was no concurrent increase in 
inhibitions of Ap fibre-evoked responses (fig. 9.10).

9.2.7 Coadministration of DSTBULET and dexmedetomidine 
In contrast to the substantial postitive interaction between morphine

and dexmedetomidine, no increase in the inhibition of C fibre-evoked 
responses was seen when DSTBULET and dexmedetomidine were 
coadministered (fig. 9.8, 9.9). Ap fibre-evoked responses also remained 
within the range expected after administration of either agonist alone (fig. 
9.10).

148



A.

B.

INJ.120 n
DEXMED
ALONE100 -

80-

§
MORPHINE
ALONE60-

40-

2 0 - D EXM EI>
MORPHINE

-10 0 10 20 30 40
TIME (M IN)

INJ.1201

1 0 0 -

80-

i

§
60-

DEXMED ALONE  
DSTBULET ALONE  
DEXMED+DSTBULET

40-

2 0 -

10-10 0 20 30 40
TIME (M IN)

Figure 9.8: Time-course showing the inhibition o f C fibre-evoked 
responses by dexmedetomidine and morphine (A) or dexmedetomidine 
and DSTBULET (B) alone and in combination, n=4-6.
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Figure 9.9: Effect o f pretreatment with intrathecal dexmedetomidine 
(0.5 fig) on the changes in C fibre evoked responses mediated by 
morphine and DSTBULET. n-4-6. * p< 0.05 unpaired Students t-test.
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9.3 DISCUSSIO N

9.3.1 Antinociceptive effects o f clonidine and 
dexmedetomidine

Both intrathecal clonidine and dexmedetomidine clearly produced 
dose-dependent inhibitions of C fibre evoked responses activity in dorsal 
horn neurones indicative of a role in spinal antinociception as has already 
been suggested from behavioural studies. The near 100% maximal 
inhibitory effect of dexmedetomidine was in contrast to clonidine's 
submaximal effect at the top of the dose-response curve. The 
antinociceptive potency of dexmedetomidine was also much greater than 
clonidine which required 50 p,g to inhibit C fibre responses to 50% of 
control compared to a dose of 2.5 pg of of dexmedetomidine to achieve 
the same effect. In addition to the greater affinity of dexmedetomidine 
for the (%2 adrenoceptor (see introduction) this difference in potency 
could also reflect a higher intrinsic efficacy of dexmedetomidine 
compared with clonidine (Takano and Yaksh,1991,1992) or the partial 
agonist nature of clonidine (Mahoney, 1990). However despite clonidine’s 
submaximal antinociceptive action in the present electrophysiological 
model, this agonist does produce adequate behavioural anti nociception at 
similar doses (Reddy et al, 1980; Ossipov et a l,1984, Milne et al, 1985; 
Wilcox et al, 1987; Takano and Yaksh,1991, 1992) as does 
dexmedetomidine (Fisher et al,1991; Kalso et al,1991; Takano and 
Yaksh,1991,1992).

The selective effects of clonidine and dexmedetomidine on 
nociceptive C fibre-evoked responses in this study parallel previous 
findings in which iontophoretic NA (Belcher et al,1978; Headley et 
al, 1978; Fleetwood-Walker et al, 1985; Howe and Zieglgansberger,1987) 
clonidine (Fleetwood-Walker et al,1985) and tizanidine (Davies and 
Quinlan,1985) reduced the responses of dorsal horn neurones to 
nociceptive inputs whilst sparing the innocuous Ap fibre-evoked 
responses. The receptors involved are therefore likely to be presynaptic 
to the multireceptive or convergent cells recorded which respond to both 
Ap and C fibre activation but postsynaptic to descending noradrenergic 
fibre terminals since spinalization or intrathecal 6-hydroxy dopamine did 
not decrease receptor numbers (Howe et al, 1987).
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The precise receptor location is unclear. Evidence for a presynaptic 
loci on nociceptive primary afferents includes the reduction of «2 
adrenoceptors after dorsal root rhizotomy (Yaksh,1985), dose-dependent 
selective changes in C fibre threshold by clonidine (Calvillo and 
Guignone,1986) and the inhibition of K+-, capsaicin- or noxious-evoked 
release of SP from the dorsal horn by NA, clonidine or dexmedetomidine, 
inhibited by (%2 antagonists (Kuraishi et al, 1985c; Go and Yaksh, 1987; 
Ono et al, 1991; Bourgoin et al,1993; Takano et al,1993 but see Lang et 
al, 1994). The release of another peptide CGRP, also contained in 
primary afferents and colocalized with SP in some, was also inhibited by 
«2 agonists in one of the above studies (Takano et al, 1993) but not in 
another (Bourgion et al, 1993). The latter result calls into question the 
source of SP released and suggested that «2 adrenergic agonists may be 
inhibiting peptide release from intemeurones or bulbospinal neurones 
rather than primary afferents.

Further evidence for an action of a2  adrenergic agonists 
postsynaptic to the primary afferents included a study in mice in which 
destruction of C fibres with neonatal capsaicin did not reduce fH ] 
clonidine binding sites (Wikberg and Hajos,1987). Furthermore in 
electron micrographie studies noradrenergic terminals in the SG do not 
appear to be associated with degenerating primary afferents following 
dorsal rhizotomy (Satoh et al,1982) and immunohistochemical studies 
showed no synaptic contact between descending noradrenergic fibre 
terminals and primary afferent terminals suggesting that a2  
adrenoceptors are located on dorsal horn neurones postsynaptic to 
primary afferents (Haghira et al, 1990). Direct catecholaminergic 
innervation of primate spinothalamic tract neurones has recently been 
demonstrated (Westlund et al, 1990).

In vivo nociceptive neuronal responses of dorsal horn neurones 
including those characterised as spinothalamic are selectively depressed by 
iontophoretic or intrathecal administration of NA and more selective (%2 
agonists including medetomidine (Headley et al, 1978; Davies and 
Quinlan, 1985; Fleetwood-Walker et al, 1985; Pertovaara et al, 1991).
The inhibition of glutamate-evoked firing in rat dorsal horn neurones by 
iontophoretic NA in vivo (Willcockson et al, 1984; Howe and 
Zieglansberger, 1987) and inhibition by dexmedetomidine of the neuronal
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response evoked by exogenous SP, (Kendig et al, 1991) suggests an action 
postsynaptic to primary afferents. In vitro iontophoretic NA 
hyperpolarized SG neurones via an increase in K+ conductance (North 
and Yoshimura, 1984), one mechanism by which «2 adrenergic agonists 
may depress neuronal responses in the dorsal horn.

Although the results demonstrate the selectivity of clonidine and 
dexmedetomidine for C fibre-evoked activity at low doses, neuronal 
responses to A(3 fibres began to be reduced over the upper range of both 
dose-response curves. Non-selective effects involving both nociceptive 
and innocuous evoked dorsal horn neuronal responses had been previously 
observed which were associated with administration of iontophoretic NA 
into lamina V rather than superficially (Headley et al, 1978; Satoh et 
al,1979) or higher injection currents (Fleetwood-Walker et al,1985). A 
more recent study disputes the selectivity of NA for nociceptive responses 
of dorsal horn cells altogether but the receptor subtype involved was not 
investigated (Howe and Zieglgansberger, 1987). Autoradiographic results 
showed the distribution of a2  adrenoceptors extending into the deeper 
laminae and it therefore seems likely that some are located directly on 
deep cells receiving both Ap and C fibre inputs. Since the agonists are 
applied to the surface of the cord in the present study the resulting 
concentation gradient might result in an effective concentration of drug at 
deep receptors influencing both Ap and C fibre-evoked responses at the 
higher doses of clonidine and dexmedetomidine, as previously suggested 
for the inhibitions of Ap-evoked responses by higher doses of opioid 
agonists.

9.3.2 Actions unrelated to antinociception
The effect of dexmedetomidine (and clonidine) on AP height is 

difficult to explain. Interestingly, the opposite, an increase in AP 
amplitude of dorsal horn neurones has been noted after iontophoretic NA 
which was attributed to the hyperpolarisation of the neurone by the 
agonist (Howe and Zieglgansberger, 1987). However depression of 
neuronal responses by dexmedetomidine presumably involving 
hyperpolarization was independent of any change in AP height since the 
former could be elicted in the absence of the latter, and AP amplitude was 
decreased rather than increased. Therefore it is difficult to apply the

153



above explanation to the effects of dexmedetomidine on AP amplitude in 
the present study. Local changes in vasculature tone via a postsynaptic 
action of the agonist on a2  receptors in spinal blood vessels might 
contribute to this effect, either by a resulting shift of tissue surrounding 
the neurone or perhaps a transient change in the local extracellular 
chemical environment. Vascular changes, apparent as whitening of the 
surface of the cord in some animals, do not appear to underlie the 
neuronal inhibitions by the «2 agonists since potent vasoconstrictors or 
vasodilators did not affect nociception (Reddy et al, 1980).

9.3.3 Antagonism of a 2 ‘adrenergic mediated antinociception
Despite considerable evidence for a tonic descending inhibition of 

noiceptive neuronal responses in the spinal cord there was no change in 
response after administration of any of the «2 antagonists. Behavioural 
hyperalgesia has been reported after 6-hydroxydopamine (Howe and 
Yaksh, 1982) and after intrathecal adrenergic antagonists in some (Sagen 
and Proudfit,1984) but not other studies (Howe et al,1983). The use of 
halothane may affect descending adrenergic tonic inhibitory controls. 
Alternatively the involvement of endogenous noradrenergic mechanisms 
may be limited to particular types of pain for instance inflammatory pain 
(Weil-Fugazza et a l,1986) and not in the transient noxious activation of 
dorsal horn neurones as in the present study.

Although classically clonidine has been considered a selective a2- 
adrenoceptor agonist there is evidence that it can also act on the a j -  
subtype to mediate antinociception when given systemically (Hayes et 
al, 1986). The reversal of the antinociceptive effects of both clonidine and 
the more selective agonist dexmedetomidine after intrathecal 
administration by selective antagonists suggest the involvement of an q 2 
adrenoceptor. Iontophoretic noradrenaline and clonidine were also 
reported to act via this receptor subtype to act to inhibit noxious-evoked 
responses in spinocervical tract neurones whereas a j  and P-adrenergic 
agonists were ineffective (Fleetwood-Walker et al, 1985). However 
although naloxone, the opioid antagonist failed to reverse the effects of 
clonidine, responses inhibited by dexmedetomidine were restored to 
control levels in the majority of cells tested.
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An unexpected result, this contrasts with most previous 
electrophysiological and behavioural studies where naloxone had no effect 
on anti nociception mediated by other a% agonists (Y aksh,1985). However 
naloxone-reversibility of NA-mediated antinociception in the tail-flick test 
has been reported by Loomis et al (1987). Furthermore clonidine- 
induced inhibitions of nociceptive responses were reversed by naloxone in 
a proportion of dorsal horn neurones tested (Omote et al, 1991) and the 
depression of the ventral root potential by dexmedetomidine in the 
isolated neonatal cord was partially blocked by naloxone (Kendig et 
al,1991).

It is unlikely that dexmedetomidine acts directly at opiate receptors 
but may involve the activation of endogenous opioid mechanisms which 
are implicated in the inhibition of dorsal horn neurones by descending 
noradrenergic pathways (Levine et al, 1982; Zorman et al, 1982). Miller 
and Williams (1989) observed excitation of lamina II and III neurones by 
PAG stimulation and iontophoretic noradrenaline which inhibited deeper 
convergent neurones. Opioid interneurons located in the SG may be 
involved in both this and the action of dexmedetomidine in the present 
study. It is hard to see how the inhibitory actions of endogenous opioids 
could be entirely responsible for the profound neuronal depressions 
evoked by higher doses of dexmedetomidine since protection of 
endogenous opioids by the enkephalinase inhibitor kelatorphan only 
produced a 50% maximal inhibition of C fibre-evoked responses (see 
chapter 6).

Interactions between opioid and adrenergic spinal mechanisms 
involving independent receptor activation and resulting in synergism of 
the spinal antinoiceptive effect after coadministration of exogenous opioid 
and adrenergic agonists have been widely reported (see below) and such 
an interaction between endogenous opioid and exogenous adrenergic 
inhibitory mechanisms may be responsible for some of the effects of 
dexmedetomidine seen here. What is unclear is why clonidine was not 
similary antagonised by naloxone since both agonists appear to share a 
common «2 adrenoceptor, possibly the a%A receptor subtype (Takano 
and Yaksh, 1993).
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9.3.4 Opioid receptor subtypes in the interaction with a2~ 
adrenergic agonists

The supra-additive inhibitions of C fibre-evoked responses after 
intrathecal coadministration of either clonidine or dexmedetomidine with 
morphine lend support to previous studies suggesting a positive 
interaction between opioid and adrenergic systems in spinal 
antinociception (see introduction) and more recent studies (Plummer et 
al, 1992). However the present study suggests that the interaction between 
opiates and adrenergic agonists only involve the p, but not the Ô opioid 
receptor since no synergism was apparent between the selective 5 opioid 
agonist DSTBULET and dexmedetomidine. This conclusion contrasts 
with that made by two behavioural studies (Penning and Yaksh, 1992;
Roe rig et al, 1992) and in another electrophysiological study which also 
examined the opioid receptor subtypes involved in interactions with 
adrenergic agonists on nociceptive neuronal responses in the cat spinal 
cord. Omote et al,(1991), reported a lack of interaction between DAGOL 
and clonidine whereas synergism between either morphine, DADLE or 
DPDPE in combination with clonidine did occur. Furthermore the 
synergism between morphine and clondine was reversed by systemic ICI
174,864, a selective ô opioid antagonist. However ICI 174,864 reversed 
the antinociceptive effect of clonidine alone in some neurones suggesting a 
possible interaction between this antagonist and a-adrenergic systems.

The basis for a p/a2 but not 0/a2 spinal interaction, as the present 
results suggest, is unclear. The lack of any potentiation of the opiates 
relatively minor action on Ap fibre evoked responses implies that any 
interaction is selective to nociceptive afferent inputs and so is probably 
presynaptic to the dorsal horn neurones recorded from. Mu, ô opioid and 
«2 adrenoceptors are located in the superficial dorsal horn 
(Unnerstall,1984; Besse et al, 1990) and a close anatomical relationship 
between \x and a2  receptors is one possibility for an interaction between 
these two receptor subtypes. Both subtypes are found to coexist in 
neurones of the rat locus coeruleus coupled to the same population of K+ 
channels through a pertussis-sensitive GTP-binding protein (North and 
Williams, 1985). In spinal cord-ganglion cultures the pertussis toxin- 
sensitive inhibition of evoked responses by opioid or «2 adrenergic 
agonists which also inhibit adenylate cyclase activity in this model led the
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authors to suggest a convergence of each receptor type on Gi-mediated 
common second messenger systems able to regulate K+ and/or Ca^+ 
channels (Crain et al,1987). Similary in cultured NG108-15 cells 
depression of a common Ca^+ current was mediated by opioid or a%- 
adrenergic agonists acting at independent receptors, again suggesting some 
form of post-receptor convergence (McFadzean and Docherty,1989). A 
common ionic mechanism of clonidine and morphine in vitro may 
therefore reflect the basis for the spinal interactions between morphine 
and a 2 -adrenergic agonists in vivo.

Another form of interaction could be via separate neuronal pathways 
but resulting in a supradditive inhibition of the final evoked response.
The suppression by adrenergic agonists of any mechanism, which 
contributes to nociceptive responses of dorsal horn neurones and is 
insensitive to inhibition by opioids, might result in a dramatic increase in 
the effectiveness of the opioid. One such candidate is the NMDA- 
mediated mechanism of wind-up, (discussed previously in chapter 3 and 
7). However this seems unlikely in view of the lack of effect of 
dexmedetomidine on windup in this model. The release of peptides may 
also be involved in suppressing opioid-mediated antinoception and a target 
for modulation by a 2 -adrenergic agonists. CCK, endogenous to 
neurones in the spinal cord, inhibited |li but not ô opioid mediated 
antinociception (chapter 10). The modulation of the release of this 
peptide by a2  agonists remains to be investigated.

The lack of interaction between DSTBULET and dexmedetomidine is 
interesting, considering the similarity of spinal antinociceptive action of 
DSTBULET and morphine, the similar distribution of Ô and \i receptors 
in the dorsal horn (Besse et al,1991) and their similarity in mechanism of 
action via K+ channels (North et al,1987). Delta receptors may not be 
involved in the same relationship that opioid receptors could share with 
«2 adrenergic spinal mechanisms. However the reversal by naloxone of 
a2  adrenergic agonists in the present and previous studies (see above) 
suggests there is already an opioid component in the antinociceptive 
actions of these adrenergic agonists administered alone. Since ICI
174,864, the selective ô opioid antagonist also reversed the actions of 
dexmedetomidine (Omote et al, 1991) perhaps the activation of ô opioid 
receptors by endogenous enkephalins in the presence of dexmedetomidine
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prevents any further interaction between the «2 agonist and the exogenous 
Ô agonist DSTBULET.

In conclusion both clonidine and dexmedetomidine could inhibit C 
fibre-evoked responses in spinal dorsal horn neurones supporting 
previous evidence indicating an antinociceptive action of these a2  
adrenergic agonists in the spinal cord. Although the actions of clonidine 
and dexmedetomidine were clearly reversed by the selective antagonists 
rauwolzcine, yohimbine and atipamezole confirming the involvement of 
a2  adrenoceptors there was also evidence for opioid mechanisms 
contributing to dexmedetomidine's effect. Furthermore the supra- 
additive antinociceptive effects after coadministration of morphine and 
clonidine or dexmedetomidine but not DSTBULET and dexmedetomidine 
suggest a close relationship between the a2  adrenergic receptor and the \x 
opioid but not the ô opioid receptor in the spinal cord.
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CHAPTER 10

THE INTERACTION OF THE PEPTIDES 
CHOLECYSTOKININ AND FLFQPQRFAMIDE 

WITH OPIOID AND ADRENERGIC MEDIATED 
SPINAL ANTINOCICEPTION
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10.1 INTRODUCTION

Cholecystokinin (CCK) and FLFQPQRFamide (F8Fa) are two 

endogenous peptides which have attracted interest as “antiopioids”; 

compounds able to reduce the actions of opioids, in particular the 

antinociceptive effects of opioid agonists, independently o f any interaction 

at opioid receptors.

10.1.2 C ho lecystok in in
Several forms of CCK has been isolated from both brain and 

peripheral tissue but sulphated CCK-8 predominates in the CNS and is the 

type referred to in the text as CCK from now on unless otherwise stated 

(Baber et al, 1989). Location of CCK by immunohistochemistry and 

radioimmunoassay has proved problematic because o f cross-reaction with 

other forms of CCK and calcitonin gene-related peptide (CGRP) (see refs 

within Schiffman et al, 1991).
Generally however it is agreed that CCK is found areas of the brain 

known to be associated with pain modulation eg the cortical grey matter, 
PAG, ventromedial thalamus and the dorsal horn of the spinal cord 

(Baber et al, 1989) where it is presumed to be released from descending*iri o.«wmoi3
fibres and interneurons but probably not from normal primary afferentS;  ̂

(Hokfelt et al, 1988; Zouaoui et al, 1990; Schiffman et al, 1991). In the rat 
the receptor subtype involved in the action of CCK in the dorsal horn 

appears to be the CCKg receptor, concentrated in the superficial laminae 

and on dorsal root ganglia (Hill et al,1987ab; Hill and Woodruff, 1990; 

Guilardi et al, 1992), in contrast to primates where the low affinity CCKa  

receptor predominates (Hill et al, 1987b; but see Guilardi et al, 1992).

Both a pro- (Jurna and Zetler,1981; Pittaway et al, 1987) and anti

analgesic role (Paris et al, 1983) for CCK has been reported but attention 

has focused on the latter, the ability of this peptide to modulate opioid 

antinociception and underlie the development o f tolerance 

(Dourish,1992). In the spinal cord intrathecal CCK attenuated 

behavioural analgesia induced by footshock (Paris et al, 1983); 

electropuncture (Han et al, 1986), p-endorphin (Itoh et al, 1982; Sub et 
al, 1992) and morphine (Paris et al, 1985) whereas CCK antagonists 

potentiated spinal opioid and stress-induced analgesia (Watkins et
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al,1985ab; Dourish et al, 1988; 1990; Wiesenfeld-Hallin et a l,1991a). 

Similarly in electrophysiological studies in vivo CCK reduced and CCK 

antagonists enhanced the inhibition of C fibre-evoked responses of dorsal 

horn nociceptive neurones by opioid agonists (Kellstein et al, 1991; Suberg 

et al, 1985) and altered the depressive effect o f intrathecal morphine on 

the nociceptive flexion reflex (W iesenfeld-Hallin and Duranti, 1989; 
Wiesenfeld-Hallin et al,1991ab).

10.1.2 F LF Q P Q RF am ide
Interest in F8Fa originated from the discovery of the molluscan 

peptide Phe-Leu-Arg-Phe-NH2 (FMRFamide) which was found to have 

anti-opioid properties (Tang et al, 1984; Yang et a l,1985). FMRFamide 

immunoreactivity was then detected in the CNS of several vertebrate 

species resulting in the isolation of the mammalian form of FMRFamide, 
an octapeptide Phe-Leu-Phe-Gln-Arg-Phe-NH2 (F8Fa) from bovine 

brain. F8Fa immunoreactivity is highest in the superficial dorsal horn 

(Dockray and Williams, 1983; Yang et al, 1985; Allard et al, 1989; Majane 
et al, 1989; Allard et al, 1992) corresponding to high levels o f binding but 
the source of the peptide is still unclear. Although unlikely to be of 

peripheral origin (Majane et al, 1989; Allard et al, 1991 but see Ferrarese 
et al, 1986) spinal transection reduced immunoreactive levels (Ferrarese et 

al, 1986; Majane et al, 1989) indicating F8Fa release from descending 

fibres as well as presumably from intrinsic neurones although no 

immunoreactive cell bodies have been found (Allard 1992).

Several studies have shown the modulation of morphine 

antinociception by intraventricular F8Fa (Yang et al, 1985; Raffa,1988; 
Kavaliers,1990). However little is known about the action of this peptide 

in the spinal cord despite its presence there, although the intrathecal 

administration o f the invertebrate equivalent FMRFamide inhibited 

opioid-mediated antinooception and antibodies raised against FMRFamide 

produced antin ooteption and attenuated morphine tolerance after spinally 

administration (Tang et al, 1984; Kavaliers and Yang, 1989).

In previous chapters evidence was presented for similar but separate 

antinociceptive actions of p and ô opioid agonists in the dorsal horn. In 

this study the opioid-modulating action o f CCK and F8Fa was investigated
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with agonists selective for either the [li or Ô receptor. In addition with the 
evidence for a close interaction between adrenergic and p, opioid 
agonists the effect of CCK and F8Fa on a2  antinociception was also 
investigated.

Although several studies have shown enhancement of morphine- 
mediated antinociception by CCK antagonists such as lorglumide and 
proglumide in both electrophysiological and behavioural studies (Suberg 
et al,1985; Watkins et al,1985ab; Kellstein et al,1991) both interact with 
opioid binding sites (Gaudreau et al,1990) through which they may be 
producing their opioid potentiating effect. Initially the actions of two 
CCK antagonists which have no affinity for any opioid receptor subtype 
(Gaudreau et al, 1990) - L364,718 (MK-329)(a selective CCK^ 
antagonist)(Chang and Lotti,1986) and IM9/11 (active at both CCK^ and 
CCKg receptors)(Roques et al, 1992) were studied on p opioid 
antinociception. Further investigations into the interaction of CCK with 
opioid and adrenergic spinal antinociception were carried out using the 
more recently developed selective CCKg antagonists L365,260 (Dourish 
et al,1990) and PD135158 (Hughes et al,1990).
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10.2 R ESU LTS

10.2.1 Effects of CCK alone
Intrathecal administration o f CCK (1 pig) alone produced a slight but 

significant enhancement o f  C fibre responses in the majority o f  cells 

tested (20 out o f  25), maximal at 5 minutes after administration, (21 ± 

4%, n=25; p<0.005) and returning to control levels by 40  minutes. Ap  

fibre-evoked responses were unaffected by CCK (107 ± 6% control at 5 

minutes).

10.2.2 Modulation of opioid antinociception by CCK 
Intrathecal administration o f  1 pg CCK 20 minutes prior to

administration o f  DAG O L considerably reduced the effects o f this p 

opioid agonist (fig. 10.1). W hereas the mean maximal inhibition o f the C 

fibre-evoked response by D A G O L alone was 70 ± 5% (n=5), in the 

presence o f CCK the responses o f  several neurones were enhanced rather 

than inhibited and in the remainder inhibitions were considerably

CCK DAGOL
140 n

120 “

1 0 0 -

DAGOL 
POST CCKg  80 “ 

o
y  6 0 -

40 -

DAGOL
ALONE

20  -

6010 20 30 40 50-10 0
TIME (M IN)

Figure 10.1: Time-course showing the effect o f 1 pg CCK pretreatment 
on the inhibitions o f C fibre responses by 0.5pg DAGOLy n=5. 

p<0.005 unpaired Student's t-test
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Figure 10.2: Time-course showing the lack o f ejfect o f 1 jbig CCK 
pretreatment on inhibitions o f C fibre-evoked responses by 5pg 
DSTBULET.

reduced, resulting in a mean maximal excitation (24 ± 8%, n=5). In 
contrast the maximal inhibitory effect of the Ô opioid agonist DSTBULET 
(71 ± 16, n=7) was unaltered by CCK pretreatment (74 ±15% , n=7)(fig. 
10.2).
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10.2.3 Modulation of a2 adrenergic antinociception by CCK 
Prior administration of 1 jig CCK also reduced the inhibitions of C 

fibre-evoked response by 5 fig dexmedetomidine to 22 ± 11% (n=5) at 40 
minutes compared to a mean control inhibition of 92 ± 7% (n=5).

CCK DEX

1 2 0 -

A.. ̂1 0 0 -

I
§

80-

60-

40-

2 0 -

-10 0 10 20 30 40 50 60

TIME (MIN)

Figure 10.3: Time-course showing the effect o f 1 pg CCK pretreatment 
on the inhibitions o f C fibre responses by 0.5pg DAGOLy n=5.

** p<0.005

10.2.4 Effect of CCK antagonists alone
The administration alone of any of the CCK antagonists did not alter 

the electrically-evoked responses of dorsal horn neurones (Table 10.1).

Table 10.1: Maximum changes in C fibre-evoked responses after CCK 
antagonists

ANTAGONIST % OF CONTROL C FIBRE RESPONSE
L364,718 (CCKa  antagonist) 89 ± 7% (n=4)
IM9/11 (CCKa  and CCKg antagonist) 111 ± 17% (n=4)
L365,260 (CCKg antagonist) 94 ± 4% (n=9)
PD135158 (CCKb  antagonist) 102 ± 8% (n=8)
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10.2.5 Effect of CCK antagonists on antinociception by 
DAGOL and morphine

Ten minutes intrathecal pretreatment with the non-selective CCK^ 
and CCK3  antagonist IM9/11 potentiated the action of the selective p 
opioid agonist DAGOL (fig. 10.4) producing a maximal 44 ± 7% 
inhibition of C fibre evoked responses (n=7) compared to a maximal 
mean excitation of 7 ± 13% by DAGOL alone (n=6 ). Pretreatment with 
the C C K a antagonist L364718 (10 mM) did not significantly alter the 
effect of DAGOL on C fibre evoked responses (9 ±13 % inhibition, 
n=7)(fig. 10.5)

1 2 0 -

1 0 0 -

80 -

60 -

50 6010 20 30 40-10 0

DAGOL ALONE

DAGOL POST 
IM9/11

TIME

Figure 10.4: The enhancement by IM9/I1 (10 mM) o f C fibre inhibitions 
by 0.05pg D A G O L y  n=6-7. ^ p < 0 .0 5 y  ^ ^ p < 0 . 0 0 5 y  unpaired Student's t- 
test.
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6020 40 500 10 30-10
TIME

Figure 10.5: Time-course showing the lack o f effect o f L 3 6 4 J 18 (10 
mM) on inhibitions o f C fibre-evoked responses by 0.05 pg D A G O L y  

n=6-7.

Later experiments were carried out using the selective CCKb  
antagonists L365,260 and PD135158. Previously 0.2 mg/kg s.c.
L365,260 has been shown to potentiate the antinociceptive effects of 
0.25pg intrathecal morphine in the same model, significantly increasing 
the inhibition of C fibre-evoked responses by morphine from 8 ± 9 % 
(n=5) to 35 ± 9 % (n=6)(Stanfa et al, 1993). Forty minutes pretreatment 
with 10 pg intrathecal PD 135158 increased C fibre-inhibitions by 
morphine by 22 and 25% after 0.25 and 1 pg morphine respectively. 
However at a higher dose of 50 pg PD135158 was ineffective (fig. 10.6), 
indicative of a bell-shaped antagonist effect which has been reported for 
other CCK antagonists. (Dourish et al, 1992)

Intrathecal DAGOL (0.05 and 0.5 pg) was tested with both systemic 
L365,260 (0.2mg/kg s.c.) and the effective intrathecal dose of PD135158 
(10 pg). Following 20 minutes pretreatment with 0.2 mg/kg s.c L365,260 
the inhibition of C fibre-evoked responses by the p opioid agonist was 
significantly enhanced to a similar degree as seen for morphine - an 
increase of 28% and 34 % after 0.05 and 0.5 pg DAGOL respectively 
(Fig. 10.7). The enhancement by PD135158 of the effects of the lower
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dose of DAGOL was not significant but this CCKg antagonist did 
significantly increase the inhibitory effects of 0.5 [ig DAGOL by 34%.

80-

60-

g

0

-20

*  *  ■*

T

□  CONTROL 

ED + 10}ig PDl 35158 

ea + 50fig PDl 35158

0.25jlg Ifig
MORPHINE

Figure 10.6: The enhancement o f morphine-mediated C fibre inhibitions 
by 10 fig intrathecal P D l35158 but not 50 tig P D l35158. * /? < 0.05, 
***/?< 0.001 unpaired Student's t-test. n= 5 - 7

□  CONTROL 

m + L365,260 

ea +PD135158

0.05pg  DAGOL 0-5^9

Figure 10.7: The enhancement o f DAGOL-mediated C fibre inhibitions 
by subcutaneous 1365,260 (0.2 mglkg) or intrathecal P D l35158 (10 fig) 
* /? < 0.05, unpaired Student's t-test. n = 5 - 1 0
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10.2.6 CCKb  antagonists and dexmedetomidine
Two intrathecal doses of dexmedetomidine (0.5 \ig and 2.5 jbig) were 

tested on C fibre-evoked responses following pretreatment with either 0.2 
mg/kg L365,260 s.c. or 10 pg intrathecal P D l35158. Neither L365,260 
or P D l35158 altered the inhibitions of C fibre-evoked responses by 
dexmedetomidine (fig. 10.8).
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-201
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DEXMEDETOMIDINE

Figure 10.8: Lack o f effect o f pretreatment with either subcutaneous 
L365,260 (0.2 mglkg) or intrathecal P D l35158 (10 p,g) on inhibitions o f  
C fibre-evoked responses by dexmedetomidine. n= 5 - s
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10.2.7 M odulation o f  opioid and a2  adrenergic 
antinociception by F8Fa

F8Fa alone had little effect on either C or Ap evoked responses over 
60 minutes. Out of 16 cells 8 showed slightly enhanced responses 20 
minutes after F8Fa, 3 slightly inhibited responses and the remainder were 
no different from controls. However excitations were not large enough to 
significantly change the overall response which showed a maximal 
increase of 110 ± 5% (n=16) at 20 minutes, returning to control values 
within 40 minutes.

As with CCK, pretreatment with 10 pg FSFa attenuated the 
inhibitory effects of 0.5 pg DAGOL (23 ± 17%, n=4) and 5 pg 
dexmedetomidine (18 ±15%, n=9) on C fibre-evoked responses compared 
to the effects of the agonists alone (70 ± 4%, n=4; 69 ±6%, n=9 
respectively) but had no effect on inhibitions by 5 pg DSTBULET (fig. 
10.9).
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Figure 1 0 . 9 :  The maximal inhibitions o f C  fibre-evoked responses 
mediated by D A G O L y  DSTBULET and dexmedetomidine alone and in 
the presence o f 1 0  pg F8Fa. * p < 0 .0 5 y  unpaired Student's t-
test.
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10.3 DISCUSSION

10.3.1 The spinal antianalgesic role of CCK and F8Fa
The results demonstrate CCK and F8Fa were able to modulate the 

inhibition of nociceptive neuronal responses by \i opioid but not ô opioid 
agonists. Furthermore the antinociceptive actions of an a2  adrenergic 
agonist were also reduced by these two peptides. The results therefore 
suggest that rather than acting as specific antiopioid peptides in the spinal 
cord, both CCK and F8Fa have a wider antianalgesic role.

The attenuation by CCK and F8Fa of the inhibition of the C fibre- 
evoked response after DAGOL and morphine agrees with previous 
behavioural and electrophysiological evidence for a modulatory action of 
both these peptides in spinal p opioid antinociception (see introduction). 
These results are also confirmed by a recent electrophysiological study by 
Kellstein (1991) which demonstrated the attenuation and facilitation of 
morphine-induced inhibitions of C-fibre evoked responses by CCK and 
the CCK antagonist lorglumide respectively.

The interaction of CCK with dexmedetomidine, however, contrasts 
with two earlier studies in which CCK and the CCK antagonist 
proglumide had no effect on the behavioural analgesia mediated by 
intrathecal noradrenaline (Watkins et al,1985a; Han et al,1986). Although 
non-selective this adrenergic agonist has been shown to produce spinal 
antinociception via an interaction with a 2 -adrenergic receptors 
(Fleetwood-Walker et al, 1985) and thus might be expected to be 
influenced by CCK in a similar manner to dexmedetomidine. The 
evidence for an interaction between CCK and dexmedetomidine in the 
present study is however strengthened by the parallel observations with 
F8Fa. One explanation for the discrepancy may be the presence of 
multiple (%2 adrenergic receptor subtypes in the dorsal horn (see Takano 
and Yaksh, 1993).

10.3.2 Mechanisms underlying CCK^s and F8Fa*s modulatory 
actions

The differential effect of CCK (also recently reported in a 
behavioural study by Wang et al, 1990) and F8Fa on p and ô opioid 
receptor agonists argues against a purely physiological antagonism of the

171



reduced C fibre response - as does the finding that both CCK and F8Fa 
had little effect on neuronal responses alone. Although direct excitatory 
effects of CCK on dorsal horn neurones have been reported (Jeftinija et 
al, 1981) in the present study no spontaneous activity occurred after 
administration of either peptide. Facilitations of the C fibre response seen 
after intrathecal CCK and F8Fa, presumably the result of blocking a 
minor tonic opioid inhibition, returned to control levels by the time the 
agonist was applied.

The breadth of CCK’s interactions with agonists acting at both 
opioid and adrenoceptors receptors suggests that direct antagonism by 
either peptide at each receptor type is unlikely and indeed neither CCK 
nor F8Fa (Stengaard-Pederson and Larson,1981; Allard et al,1989; 
Hughes et al, 1990; Slaninova et al,1991) show significant opioid receptor 
binding. It should also be noted that CCK has no affinity for the F8Fa 
receptor (Allard et al, 1989) emphasising the independence of each 
peptide. However p opioid receptor binding may be affected indirectly - 
CCK affected the number or affinity of opioid receptors in neonatal 
(Johnson et al, 1987) and adult rat brain (Wang et al,1989). CCK acting at 
its own receptor also suppressed the binding of [^H] DAGOL to p 
receptors and [^H]U69593 to k  receptors but not that of [^H]DPDPE to ô  

receptors in rat brain membranes (Wang and Han 1990) although this 
finding is questioned (Baber et al,1989, Hughes et al,1990; Slaninova et 
al,1991).

Postreceptor mechanisms might also provide the basis for 
interactions. Whilst opioids increase K+ conductance via a pertussis toxin 
sensitive mechanism (North et al,1987), CCK decrease K+ conductance 
via a pertussis toxin insensitive mechanism (Hill and Boden,1989) and the 
excitatory actions of F8Fa involve the closure of Ca^+ dependent K+ 
channels (Guzman et al, 1989). A differential effect of CCK against 
opioid intracellular actions has been described in dissociated rat brain 
cells by Wang et al, 1992 where the suppressive effect of p and k  but not ô  

opioid agonists on the K+-evoked increase in intracellular Ca^+ was 
inhibited by CCK which had no effect alone on the evoked [Ca^"^]i

increase. The authors suggested that the mobilization of Câ "*" from 
intracellular stores by CCK shown in the same study counteracted the p- 
opioid inhibition of Ca^+ influx.
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Alpha2 adrenoceptors appear to be closely linked both anatomically 
and pharmacologically to opioid receptors (see chapter 9) possibly sharing 
the same K+ (North and Williams, 1985) or Ca^+ ion channels 
(McFadzean and Docherty,1989) and thus might be expected to be 
similarly influenced by CCK or F8Fa. Alternatively the modulation by 
CCK and F8Fa of dexmedetomidine’s antinociceptive effects may involve 
an endogenous opioid link. The spinal anti nociception mediated by 
dexmedetomidine can be antagonised by the opioid antagonist naloxone 
(chapter 9).

If CCK and possibly F8Fa interfere with the binding of or post 
receptor mechanisms mediated by p opioid and a2  adrenergic agonists but 
not Ô opioid agonists this implies a close physical relationship between 
CCK and F8Fa binding sites and the receptors for the first two agonists 
but not the third. A similar distribution of binding sites for all these 
agonists occurs in the substantia gelatinosa of the dorsal horn where CCK 
and opioid receptors are located on dorsal root ganglia (Besse et al, 1990; 
Ghilardi et al, 1992) and postsynaptic to the primary afferents on dorsal 
horn neurones where F8Fa and a2  adrenergic receptors are also found 
(Magoul et al,1987; Wikberg and Hajos,1987; Majane et al,1989; Besse et 
al,1990; Hagihara et al,1990; Kivipelto and Panula,1991).

Thus the overlapping distribution of CCK and F8Fa receptors with 
opioid and a 2 -adrenergic binding sites in the superficial dorsal horn 
suggests some colocalisation of these receptors may occur, already 
reported for opioid and a 2 -adrenergic receptors in the locus coeruleus 
(North and Williams, 1985). The lack of interaction between CCK and 
F8Fa with Ô opioid agonists suggests that despite a similar distribution to 
p opioid receptors and sharing a similar receptor mechanism involving 
K+ conductance the ô receptor is not linked to CCK and F8Fa sites and 
may exist in separate neural pathways although as yet there is no evidence 
to support this.

10.3.3 CCK antagonists
The results showing the enhancement of DAGOL’s antinciceptive 

action by the mixed CCK^B antagonist IM9/11 and selective CCKg 
antagonists 1365,260 and PD135158 but not by the selective CCK^ 
antagonist L364,718 indicates the involvement of CCKg rather than
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CCK/\ receptors in the action of this peptide in potentiating opioid effects. 
This would agree with the predominance of the CCKb  receptor subtype in 
the rat dorsal horn (see introduction) and more recent studies where the 
selective CCKb  receptor antagonists L365,260 and PD134308 have been 
shown to enhance morphine analgesia in a variety of behavioural models 
of nociception (Dourish et al,1990; Wiesenfeld-Hallin et a l,1990; 1991a; 
Lavigne et al, 1992; Zhou et al, 1993) whereas the selective CCK^ 
antagonists devazepide and L365,031 did not influence opioid analgesia 
(Dourish et al, 1990; Zhou et al, 1993).

The lack of effect of the non-selective CCK antagonist IM9/11 or 
selective CCKb  antagonists L365,260 and PD135158 on C fibre-evoked 
responses is in agreement with other studies where CCK antagonists had 
no effect on nociceptive threshold (Watkins et al,1985ab; O ’Neill et 
al, 1989; Dourish et al, 1990; Kellstein et al,1990; Zhou et al,1993; but see 
Wiesenfeld-Hallin et al, 1991a) or noxious evoked neuronal responses 
(Kellstein et al, 1991). This would imply that endogenous CCK plays no 
role in the normal spinal nociceptive processing and is not available to 
influence the inhibitory action of dexmedetomidine as suggested by the 
lack of effect of the CCKb  antagonists on this «2 adrenergic agonist. 
However conversely the facilitation of the antinociceptive effects of 
morphine and DAGOL by the CCKb  antagonists does imply the presence 
of endogenous CCK in the spinal cord which influences the 
antinociceptive effects of exogenous p opioid agonists. One explanation 
for this discrepancy between p opioid and «2 adrenergic interactions with 
CCK may be due to the exogenous opioid actually evoking the release of 
CCK in the dorsal horn which can then be blocked by administration of 
CCK antagonists resulting in opioid potentiation (see figure 10.9).

Alterations in the levels of immunoreactive CCK in spinal perfusates 
by selective opioid agonists are complex (Rodriguez and Sacristan, 1989; 
Benoliel et al,1991; Zhou et al,1993) and has led to the suggestion that p 
opioid activation depresses spinal CCK whereas the net effect of morphine 
is to increase CCK via the ô opioid receptor (Benoliel et al, 1991,1994).
In vivo a systemic dose of morphine which significantly increased the 
tail-flick latency in the rat also produced a marked increase in CCK 
immunoreactivity in the spinal perfusate (Zhou et al, 1993). However in 
the same study not only were the behavioural antinociceptive effects by
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Figure 10.9: A schematic diagram showing possible interactions of CCK 
with opioid and a2 adrenergic spinal antinociception. Exogenous CCK 
clearly blocks the antinociceptive effects of p opioid and a2 adrenergic 
agonists, probably through activation o f the CCKg receptor (see text). 
Morphine and DAGOL may evoke the release of endogenous CCK in the 
dorsal horn resulting in a tonic inhibition of opioid antinociception by 
endogenous CCK. In the presence o f CCKp antagonists this tonic 
inhibition would be prevented leading to potentiation of opioid 
antinociception. If dexmedetomidine does not evoke the release of 
endogenous CCK then no tonic inhibition of a2 adrenergic 
antinociception would exist and enhancement o f «2 adrenergic 
antinociception by CCK antagonists would not occur.

morphine potentiated by the CCKg antagonist L-365,260 but also those of 

a very selective p agonist ohmefentanyl suggesting that CCK release could 

be evoked by activation of the p opioid receptor which was then inhibited 

by the CCK antagonist. This would agree with the present results 

showing a similar potentiation of both morphine’s and DAGOL’s 
antinociceptive effects by selective CCKg antagonists. Perhaps the 

antinociceptive effects of dexmedetomidine were not potentiated by CCK 

antagonists because « 2  adrenergic activation does not stimulate CCK 

release in the spinal cord.
Although the present study suggests the absence of an interaction
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between CCK or F8fa and ô-opioid agonists intrathecal CCK has been 
shown to inhibit the antinociception resulting from the activation of 
endogenous opioid systems, for instance by electroacupuncture (Han et 
al,1986), footshock (Watkins et al,1985b) or intraventricular P-endorphin 
(Sub et al,1992). I have previously suggested that the endogenous opioid 
enkephalin in the dorsal horn acts through the ô-receptor to produce 
antinociception since the enkephalinase inhibitor kelatorphan produced 
inhibtion of C fibre responses which were antagonised by ô opioid 
antagonists ICI 174,864 and naltrindole (chapter 6) and so should remain 
unaffected by CCK or F8Fa if the present results are considered. Perhaps 
under normal conditions the slight antinociceptive effect of low levels of 
endogenous opioids acting at the Ô receptor is independent of peptide 
control but when elevated by footshock-evoked analgesia for instance, 
spills over onto the p receptor subtype to alter CCK release which in turn 
would enhance or reduce opioid effects at non-ô receptors.

What is the physiological function of CCK and F8Fa in the dorsal 
horn? The action of both peptides in antagonising both opioid-mediated 
analgesia and also non-opioid analgesia shown in this study indicates a 
general pro-nociceptive role to counterbalance the antinociceptive or 
inhibitory role of endogenous opioids and noradrenaline on nociceptive 
transmission. Interestingly the results from a behavioural study involving 
conditioned analgesia suggested a environmentally-induced balance 
between endogenous CCK and opioids whereby analgesic systems were 
activated in adverse conditions but were then damped down by the release 
of CCK in a ‘safe’ environment (Wiertelak et al, 1992). The variable 
opioid sensitivity in certain types of pain may also reflect alterations in 
peptide release. The enhanced antinociceptive effects of intrathecal 
morphine in inflammation may be due to decreased levels of CCK (Stanfa 
and Dickenson, 1993) whereas the upregulation of CCK in primary 
afferents following nerve injury in a model of neuropathy is associated 
with reduced opioid antinociceptive actions (Xu et al, 1993). The 
development of opioid tolerance can be blocked by the administration of 
CCK antagonists (Dourish et al,1990; Xu et al,1991) or F8Fa antibodies 
(Lake et al, 1991) suggesting that the activation of CCK or F8Fa release by 
opioids may underlie this phenomenum. Administration of a CCK 
antagonist in clinical opioid-insensitive pain and opioid tolerance appears
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an obvious step in extending these finding to humans but although initially 
promising the effect of the antagonist seems to be relatively short-lasting 
(Dourish, 1992).

The present study would suggest that if CCK and/or F8Fa are 
responsible for reduced opioid sensitivity in the circumstances described 
above then the use of an adrenergic agonist would be similai^ 
ineffective, whereas a ô opioid agonist might remain active. However if 
the release of CCK into the dorsal horn is only evoked by opioid and not 
a2  adrenergic agonists than dexmedetomidine may not be influenced by 
changes in CCK levels in different pain states.
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CHAPTER 11.

FINAL SUMMARY
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The amino acid sequences of the three opioid receptors are 
approximately 65% identical, particularly in the seven transmembrane 
regions and intracellular loops. However the amino and carboxyl 
terminus and the second and third extracellular loop diverge in sequence 
between the receptors. There is a high degree of amino acid sequence 
similarity between the \x and ô opioid receptors. The very high 
correlation between the binding affinities of opioid ligands to cloned p 
and K opioid receptors and endogenously expressed receptors indicates the 
cloned receptor is a true reflection of the endogenous receptor. The 
different pharmacological profile of the cloned Ô receptor compared to 
the endogenous receptor may suggest the cloned receptor corresponds to 
the Ô2  receptor (see Reisine and Brownstein, 1994).



11.1 MU. DELTA AND KAPPA OPIOID AGONISTS IN 
SPINAL ANTINOCICEPTION

The primary aim of the study was to investigate the roles of the three 
opioid receptors, \x ô and k  in spinal antinociception. Whilst a clear 
receptor-specific action of k  opioid agonists could not be demonstrated in 
the adult rat, the activation of either p or Ô opioid receptors by intrathecal 
administration of selective agonists did result in potent inhibition of C 
fibre-evoked responses, with a much lesser effect on A(3 evoked 
responses, - a selective spinal antinociceptive effect. Furthermore, the 
antinociceptive potency of the selective Ô agonist DSTBULET was similar 
to the classical p agonist morphine despite the lower number of ô 
receptors reported in the dorsal horn of the rat spinal cord (Besse et 
al,1990, 1991).

Both receptors have now been cloned, (as has the kappa receptor) 
and the molecular characterization shows a 65% overall homology 
between the opioid receptor types and indicates the involvement of the 
same intracellular effectors by each receptor as already suggested by 
previous studies (Uhl et al,1994)^ Although as yet further subdivision of 
p and Ô receptors has not been confirmed by cloning, determination of the 
protein sequence of the receptors and the subsequent antisense studies 
(Standifer et al, 1994) establishes beyond doubt the individuality of p and 
Ô opioid receptors in the dorsal horn of the spinal cord which can act 
independently to reduce nociceptive transmission in the dorsal horn.

The overlapping distribution of these two opioid receptors in the 
dorsal horn and similar antinociceptive action appears anunnecessary 
duplication of function. There has been some suggestion of a differential 
control by p and Ô opioids of the neuronal responses of neurones in 
different laminae of the dorsal horn (Fleetwood-Walker et al, 1988). 
However the majority of both types of receptors are presynaptic on the 
nociceptive primary afferents (Besse et al, 1990) and therefore would be 
expected to influence target dorsal horn neurones in a similar manner as 
has been found in the present study. Other studies have suggested a 
modality-specific function of p and ô opioids as discussed in chapter 3. 
However there is no evidence for modality-specific primary afferents 
which could contain separate populations of p and ô receptors, the
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nociceptors generally responding to thermal, mechanical and chemical 
stimulation (Willis and Coggeshall,1991). Any distinction between opioid 
receptor and modality of pain is probably due to a relationship between 
intensity or origin of the noxious stimulus and potency of the drug under 
investigation.

It may be that endogenous \i receptor-mediated analgesia is relatively 
redundant in the adult. Certainly the endogenous ligand for this receptor, 
P-endorphin, whilst plentiful in supraspinal structures associated with the 
(Li receptor, is absent in the adult spinal cord, although present in the 
neonatal rat cord (Haynes et al, 1982) Thus the \x receptor may play a role 
in the development of the dorsal horn as already suggested in supraspinal 
structures (see chapter 8). Similarly the k  receptor also appears to serve 
some ontological purpose, appearing functional in the 21 day old rat, but 
inactive in the normal adult (see chapters 5 and 8). However the clear 
depression of C fibre evoked responses following administration of 
exogenous p opioid agonists in the adult as well as the pup suggests that 
the p receptor in addition to the ô receptor serves a specific 
antinociceptive function in the adult cord.

What does appear to differentiate between p and Ô opioid receptors 
in the present study is the positive and negative modulation by other 
pharmacological systems. As already discussed in chapter 7 there appears 
to be significant central neural plasticity involved in the development of 
more prolonged pain states (see Coderre et al, 1993; McMahon et al, 1993), 
likely to underlie the reduced potency of opioids given during prolonged 
noxious stimulation compared to opioid pretreatment. I would therefore 
suggest that p and Ô opioid receptors are also subject to central 
modulation; a complex network of checks and balances, involving 
presynaptic opioid autoreceptors and the activation of independent 
pharmacological systems suchnoradrenaline and CCK, which may 
respond to changes in the afferent input resulting in the differential 
involvement of these receptors in the development and maintenance of 
different pain states.

Perhaps under normal conditions the slight antinociceptive effect of 
low levels of endogenous opioids acting at Ô opioid receptors, suggested 
by the antinociceptive potency of the enkephalinase inhibitors and 
profound alterations in neuronal activity after naltrindole, is independent

180



of non-opioid peptide and noradrenergic influences, as indicated by the 
relative lack of effect of noradrenergic and CCK antagonists on C fibre 
evoked responses. However during prolonged nociceptive input the 
contribution of p receptor activation to spinal antinociception may change 
depending on the activation of non-opioid influences, such as in 
inflammation where the potency of exogenous selective p opioids is 
enhanced or in neuropathic pain where the diminished action of 
exogenous morphine may result from an increase in the release of CCK 
into the dorsal horn.

There is a complex relationship between opioids and the release of 
other neuromodulators and neurotransmitters. Activation of putative 
presynaptic excitatory opioid receptors could increase substance P and 
CGRP release from primary afferents, in addition to the well-established 
inhibitory action (see chapter 3). The proposed presynaptic opioid 
autoreceptors which may alter the release of endogenous enkephalin in the 
dorsal horn in vivo and in vitro could be particularly important in 
inflammatory pain (BourgoLn et al, 1991). High doses of CCK evoked the 
release of endogenous opioids to produce analgesia whereas lower doses 
inhibited release (Suh et al, 1992). Conversely exogenous opioids both 
increased and decreased the release of CCK and F8Fa in spinal perfusates 
(Tang et a l,1984; Benoliel et al,1991,1992; Rodriguez and Sacristan, 1989, 
Zhou et al, 1993). The complexity of the interactions between opioids and 
non-opioids together with the well-documented modulation of \i opioid by 
Ô and K agonists not explored in the present study (Millan,1986) makes 
further speculation as to the relative role of p and ô opioid receptors in 
spinal antinociception difficult, but suggests further investigation of their 
relative involvement in different pain states is important.

11.2 THE FUTURE

11.2.1 Delta opioid agonists in clinical pain
The potency of the selective Ô opioid agonists in animal studies 

suggests that activation of this receptor will produce good analgesia 
against clinical pain. Whilst analgesic studies in man have indicated the 
effectiveness of ô opioids in morphine-tolerant patients the development
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of systemically-active Ô opioid agonists such as BUBU (Delay-Goyet et 
al, 1988) is required before definitive conclusions can be made. One 
advantage sought by the use of Ô opioid agonists is to overcome the 
development of tolerance to p opioids such as morphine cited by many as 
a limiting side-effect. The lack of cross-tolerance between morphine and 
selective Ô opioid agonists, such as DSTBULET and BUBU (Desmeules et 
al, 1993) make this approach promising. Furthermore the behavioural 
evidence suggests that DSTBULET may produce less tolerance than p 
opioid agonists (Maldonado et al,1990; Kalso et al,1993) in rats,. This 
may be related to the compound itself rather than the receptor acted upon. 
Opioid agonists with a lower intrinsic efficacy such as morphine, 
requiring a greater receptor occupancy, are suggested to produce greater 
tolerance than those with a high intrinsic efficacy, occupying a relatively 
low proportion of the receptors available, such as DAGOL and 
DSTBULET (Stevens and Yaksh,1989).

Alternatively DSTBULET and other Ô opioid agonists may produce 
less tolerance because activation of the ô opioid receptor is not negatively 
modulated by “anti-opioid peptides” such as CCK, the involvement of 
which appear to be important in the development of tolerance to p opioids 
such as morphine (Dourish, 1992). This has yet to be proved. Regardless 
of the mechanisms involved some doubt has now been cast on the 
importance of tolerance as a limiting factor in opioid analgesia. There is 
some evidence that substantial morphine tolerance only occurs in the 
absence of chronic pain and is not necessarily the reason behind dose- 
elevation after prolonged opioid administration to treat severe pain in for 
instance terminal cancer (McQuay,1989; Vaccarino et al, 1993b).

If CCK is a limiting factor in the action of p opioids such as 
morphine then, as already discussed in chapter 10, ô opioid agonists may 
provide better analgesia in morphine-insensitive pain such as neuropathic 
pain where the release of CCK may be enhanced (Xu et al, 1993). 
Preliminary investigations comparing the antinociceptive potency of 
morphine and DSTBULET on C fibre-evoked responses in neuropathic 
rats have been inconclusive (Sullivan et al, unpublished observations) but 
this aspect of ô-opioid analgesia remains intriguing.
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11.2.2 Identification o f opioid receptor subtypes and 
complexes

Two receptor subtypes of the p opioid receptor have been proposed 
as a result of studies using the opioid antagonist naloxonazine selective for 
the PI receptor reported to underlie supraspinal p opioid analgesia but 
less effective against the P2  receptor responsible for spinal antinociception 
(Pasternak and Wood, 1986). Identification of selective receptor agonists 
for these subtypes may have therapeutic potential if the desired effects, 
for instance analgesia, can be separated from the undesirable side-effects 
such as inhibition of gastrointestinal transit, respiratory depression and 
physical dependence, all reported to be associated with the P2  receptor 
subtype.

Similarly the Ô opioid antagonists NTB and 5 ’NTH together with a 
selective agonists have been used to differentiate between two ô receptor 
subtypes. The receptor has been characterized as the site at which the 
agonist DALCE and antagonist DPDPE act preferentially and Ô2  the 
preferential site for the agonist DELT and DSLET and antagonist NTB 
and 5 ’NTH (Sofuoglu et al,1991; Jiang et al,1991). The independence of 
the two individual sites was also demonstrated by the lack of cross
tolerance between agonists selective for one or the other (Mattia et 
al, 1991; Sofuoglu et al,1991). From behavioural studies of intrathecal 
analgesia in the rat both ô receptor subtypes appear to mediate spinal 
antinociception (Stewart and Hammond, 1993; Tiseo and Yaksh,1993; 
Mattia et al, 1992). The Ô receptor subtype involved in the action of 
DSTBULET and kelatorphan was not investigated in the present study and 
as yet it is unclear whether any advantage is gained by activating one 
receptor subtype in preference to the other.

The issue of subtypes is further complicated by the proposal of a p-ô 
receptor subtype, probably involving the Ô2  receptor and the ability of Ô 
agonists possibly acting through the complex to potentiate the 
antinociceptive action of agonists acting at the p receptor (see Tray nor 
and Elliot, 1993). One advantage of coadministration of p and Ô opioid 
agonists appears to be potentiation of the antinociceptive effects of p 
agonists without a similar increase in the development of tolerance and 
motor side-effects (Jiang et al,1990; Miaskowski et al, 1992).
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11.2.3 Enkephalinase inhibitors
The present study supports behavioural evidence in showing a clear 

spinal antinociceptive action of the enkephalinase inhibitors kelatorphan 
and RBlOl, in addition to a supraspinal site of action (see Noble et 
al, 1992). Complete inhibition of noxious-evoked responses did not occur 
in all tests of nociception (see chapter 6), suggesting that the concentration 
of endogenous enkephalin protected by these enkephalinase inhibitors may 
be insufficient to produce adequate clinical analgesia. However 
kelatorphan did completely abolish the prolonged neuronal response 
evoked by formalin (chapter 7). Formalin does appear to be more 
sensitive to opioid inhibition than acute electrical stimulation in the 
present study but in addition there may be an increase in the release of 
endogenous opioids in certain types of pain, thus increasing the analgesic 
potential of enkephalinase inhibitors.

Such a scenario appears likely in the model of chronic pain, the 
arthritic rat, where the potency of systemic kelatorphan in the paw- 
pressure test was increased compared to normal animals (Kayser et 
al, 1989). The improved action of kelatorphan in these animals may occur 
peripherally rather than centrally since the potency of intrathecal 
kelatorphan did not increase in carrageenan-mediated inflammation 
(Stanfa and Dickenson, 1994) and peripheral opioid receptors can mediate 
antinociception in inflammation (Stein et al, 1989). Certainly preliminary 
clinical studies with intrathecal kelatorphan are promising (Roques, 1992), 
and the failure of either kelatorphan or RBlOl to induce tolerance 
themselves or show cross-tolerance with morphine (Noble et al, 1992) 
makes this class of drug important in the search for improved analgesics.

11.2.4 Non-opioid antinociception
The differentiation between p and Ô spinal antinociception is further 

emphasised by the positive interaction between «2 adrenergic and p 
opioid but not Ô opioid antinociception in the present study. Whilst spinal 
administration of « 2  agonists alone have proved effective in animal 
studies of analgesia and clinical pain, the cross-tolerence between this class 
of analgesic and p opioids (Kalso et al, 1993) together with considerable 
sedative side-effects even after intrathecal administration (Kalso et 
al,1991; Sabbe et al,1994) may preclude the use of this class of compound
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alone although it has proved an effective alternative in opioid-insensitive 
pain. The antinociceptive action of clonidine and dexmedetomine may be 
mediated through the «2A adrenoceptor subtype which exists in high 
concentrations in the rat spinal cord but this subtype underlies the 
sedative-hypnotic actions of systemic «2 agonists.(Takano et al, 1992). 
However adrenergic agonists such as ST91, thought to mediate 
antinociception through the a 2 g  receptor also found in the spinal cord, 
may prove useful (Takano et al, 1992).

The demonstration of synergy between opioids and «2 adrenergic 
agonists in many studies (see chapter 9) as well as with p-0 opioid 
combinations (see before), and opioid and NMD A antagonists or local 
anaesthetics (Dickenson and Sullivan, 1993) has led to an increase in the 
use of combinations in clinical practice. It seems likely that the use of 
combination therapy will be extended further providing that the benefit in 
potentiating analgesia is not accompanied by a similar potentiation of 
undesirable side-effects.

This thesis has attempted to explore the pharmacology of spinal 
antinociception, in particular that mediated by opioids, and demonstrate 
the heterogeneity of opioid receptor activation in reducing both acute and 
more prolonged noxious evoked neuronal responses. Since it is now clear 
that manipulation of both opioid and non-opioid pharmacological systems 
in the dorsal horn produces inhibition of nociceptive transmission interest 
now extends further to examine the relative importance and success of 
opioid and non-opioid ligands in a variety of animal models of chronic 
pain conditions and therefore clarify their potential use in clinical 
analgesia.
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A PPEN D IX

The Neurolog recording system
Differential recording between the electrode and an indifferent 

electrode attached to the skin of the animal, was performed using a 
Neurolog headstage (Neurolog NL 100, A*B configuration). The voltage 
signal was amplified (Neurolog NL 104 x5K, Neurolog NL 106 x80) and 
filtered (Neurolog NL 125) and fed into a storage oscilloscope 
(Tektronic, 5013N), allowing visual display and into the window 
discriminator of a spike trigger (Neurolog NL 200). The potentiometers 
of the NL 200 were set to gate only those spikes whose amplitude crossed 
a pre-set threshold. Each gated spike triggered a brightening (BRIT) 
pulse which, when fed onto the second channel of the storage oscilloscope, 
appeared as an intense “dot” above each of the gated action potentials.
This allowed the single unit activity of the neurone being studied to be 
visually discriminated if there was background multiple unit recording 
and the signal was monitored throughout the experiment to ensure 
accurate recording of the single neurone. In addition the filtered signal 
was fed via an audio-amp module (NL120) allowing audio discrimination 
of single neurones.

A period generator (Neurolog NL304) and digital width module 
(Neurolog NL 401) controlled the frequency and duration of the electrical 
stimulus. These fed into a pulse buffer module (Neurolog NL 510) which 
controlled the amplitude of the stimulus delivered by a stimulus isolator 
(Neurolog NL800) to the stimulating needles. The averager (Neurolog 
NL750) was set to 16 sweeps in order to construct a post stimulus 
histogram (PSTH), receiving the output of the NL 200 (BRIT pulses), and 
was triggered by the period generator. The output from the averager was 
fed into Neurolog logic gates (NL50I) which have two output channels. 
One output fed directly into a latch counter (Neurolog NL606) whilst the 
other output was fed via a delay module (Neurolog NL403) into another 
latch counter. The delay was set at 90ms. Counter 1 therefore registered 
the total number of counts in a Is sweep whilst counter 2 only captured 
spikes occurring after a delay of 90 ms. The latency of A fibre evoked 
spikes falls within 0-90ms and a simple subtraction therefore yields the A 
and the C fibre evoked counts. The logic gates were controlled by the
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averager so counting and stimulating only proceeded for the 16 stimuli 
making up the train. A box diagram of the recording system is shown in 
figure A.

Although the neuronal response could be elicited from the counters 
computer analysis of the results was also available and used for the 
majority of the experiments. The output from the averager was fed 
through an interface (1401:Cambridge Electronic Design) to a IBM- 
compatible computer in order to display and quantify the PSTHs using the 
MRATE analysis software. Cursors could be set to separate and count 
AP" and C fibre-evoked responses and post-discharges. MRATE was also 
used to record continous neuronal firing in experiments where formalin 
was used to stimulate the receptive field instead of electrical pulses. 
Cursors allowed the total number of action potentials in the first peak of 
the response (0-10 minutes after withdrawal of the formalin syringe) and 
second peak (10-60 minutes) to be counted.
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Figure A: A simplified diagram showing the Neurolog modules^ their 
connections and output.
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