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ABSTRACT

I have investigated the effects o f both systemic and intracerebroventricular 

administration o f non-steroidal anti-inflammatory drugs (NSAIDs), o f varying 

therapeutic potency, on i) nociception during tail ischaemia and ii) hyperalgesia to a 

noxious thermal stimulus, evident during reperfusion of the receptive field on the tail, 

in conscious Sprague-Dawley rats. NSAIDs were found to attenuate the hyperalgesia 

evident during reperfiision o f the tail, whilst having no effect on the escape latency to 

a noxious ischaemic stimulus or on the tail flick latency in the absence of tail 

ischaemia. The intracerebroventricular doses required to attenuate reperfiision 

hyperalgesia were 2-3 orders o f magnitude less than those required by systemic 

administration for the same drugs.

Using mechanical search stimuli, I  located neurones in the dorsal horn of the spinal 

cord of rats with receptive fields in the tail. Neuronal responses to noxious and 

innocuous mechanical stimulation, as well as to noxious thermal stimulation before 

ischaemia and during reperfusion after ischaemia, were assessed. Of the population 

of neurones I examined, only a minority responded to thermal stimulation before 

ischaemia, and during reperfiision the neurones became more sensitive to mechanical 

stimuli, but not to noxious thermal stimuli. Furthermore, the neurones exhibited a 

decreased sensitivity to mechanical stimulation during ischaemia. Application of 

NSAIDs to the spinal cord did not alter the response properties of the neurones
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during receptive field ischaemia, but decreased receptive field size and reduced 

spontaneous and evoked activity during reperfusion of the tail.

I have shown that the neurochemical mechanisms underlying nociception during 

ischaemia and reperfusion of the rat tail are different. While prostaglandins appear to 

pla] .0  role in mediating nociception during ischaemia, they are mediators of the 

hyperalgesia and neuronal hypersensitivity evident during receptive field reperfusion.
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PREFACE

Hyperalgesia, an enhanced sensit vity to a potentially painful stimulus, is a common 

feature of many clinical conditions. Following peripheral tissue injury, hyperalgesia 

may be evident at the site of injury as well as in non-injured tissue surrounding the 

injury. Many studies provide substantial evidence that hyperalgesia following 

peripheral tissue injury depends both on an increase in the sensitivity o f primary 

afferent nociceptors (peripheral sensitization), as well as an increase in the 

excitability of central nervous system neurones (central sensitization) [Treede et al 

1992]. Prostaglandins released from inflamed or damaged tissue are well known to 

produce hyperalgesia and sensitize primary afferent nociceptors. Prostaglandins are 

also released during ischaemia and excite afferent nociceptive pathways. In addition 

to their peripheral role, there is evidence that prostaglandins are involved in the 

central transmission of nociceptive information.

Together with co-workers, I have found that following a brief period of ischaemia to 

the rat tail, hyperalgesia to a noxious thermal stimulus is evident during subsequent 

reperfusion of the tail [Gelgor et al 1986a]. In this thesis, I have set out to i) examine 

the role of prostaglandins in nociception during ischaemia as well as reperfusion 

hyperalgesia, ii) evaluate the spinal neuronal substrates of reperfusion 

hypersensitivity and iii) assess the contribution of spinal prostaglandins to neuronal 

hyperexcitability during ischaemia and reperfusion of receptive fields on the rat tail.



Chapter 1 introduces the topic of hyperalgesia, emphasizing the role played by 

prostaglandins. Clinical phenomena, laboratory techniques used to induce 

hyperalgesia, somatosensory pain pathways and some of the changes in these 

pathways which contribute to hyperalgesia, are discussed.

In chapter 2 ,1 have examined the effects of systemic administration of a range of 

non-steroidal anti-inflammatory drugs on the behavioural responses to both noxious 

ischaemia and noxious thermal stimulation during reperfusion. None of the agents 

tested had any effect on the animals response to noxious ischaemia or noxious 

thermal stimulation in the absence of ischaemia. They did, however, attenuate the 

hyperalgesia evident during reperfusion. My results indicate that the mechanisms 

underlying nociception during ischaemia and reperfusion are not the same.

Chapter 3 attempts to establish whether the development of reperfusion hyperalgesia 

depends on a release of prostaglandins in the central nervous system. Here I 

administered low doses of non-steroidal anti-inflammatory drugs via 

intracerebroventricular cannulae, directly into the central nervous system. My results 

show that prostaglandins are released in the central nervous system during 

reperfusion of the rat tail.



Chapter 4 describes experiments in which I investigated the properties of neurones in 

the spinal cord which might subserve reperfusion hyperalgesia. I  examined the 

responses of convergent dorsal horn neurones, with receptive fields in the rat tail, to 

noxious and innocuous mechanical stimulation as well as noxious thermal 

stimulation before ischaemia and during reperfusion o f the tail. The population of 

convergent neurones examined in this study exhibited hypersensitivity to mechanical 

stimuli during reperfusion of their lecepiive fields but not to thermal stimuli.

In chapter 5 ,1 have examined whether the responses of convergent neurones to 

noxious and innocuous mechanical stimuli, both during ischaemia and during 

reperfusion o f the tail, depended on local prostaglandin synthesis. Non-steroidal 

anti-inflammatory drugs were applied directly on to the surface of the spinal cord. 

The non-steroidal anti-inflammatory drugs suppressed the hypersensitivity and 

hyperexcitability of these neurones during reperfusion.

Chapter 6  contains a discussion on conclusions reached from the work presented in 

this thesis.

The experimental procedures used in this thesis were approved by the Animal Ethics 

Committee of the University o f the Witwatersrand (Certificate numbers: 89/23/5, 

89/181/2,90/106/2) aud complied with the recommendations o f the Committee for 

Research and EtHcal Issues of the International Association for the Study of Pain 

(Zimmerman 1983).
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INTRODUCTION
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1 Hypersensitivity in nociception

Under normal circumstances, a healthy individual can reliably discriminate 

between noxious and innocuous stimuli applied to the skin. In certain 

circumstances, however, such as following tissue or nerve injury, the normal 

relationship between stimulus intensity and sensation is altered. The threshold for 

the sensation of pain may decrease to a level where non-painful stimuli can elicit 

pain and the response to a normally painful stimulus is amplified. This altered 

state o f cutaneous sensitivity has been defined as hyperalgesia [Lewis 1935/6; 

1942].

Two principal theories explaining how we distinguish noxious from innocuous 

stimuli have been proposed. The pattern theory proposes that the perception of 

pain is not related to a specific receptor but to both spatial and temporal patterns 

of activity from multiple receptors [Nafe 1927,1929]. The specificity theory, 

however, maintains that there are specialized peripheral receptors and neural 

pathways for the transmission o f noxious information [Sherrington 1906]. In 

recent years it has become increasingly apparent that neither of these theories 

alone can adequately explain the sensory changes associated with pathological 

pain [Laird and Cervero 1990: Mehackand Wail 1994]. Experimental evidence 

shows that the nervous system is not hard-wired, and is subject to plastic changes 

following injury [Cook et al 1987; Hylden et al 1989; Simone et al 1991c],
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Changes in excitability in the peripheral and central nervous system underlie the 

altered state of cutaneous sensation following peripheral injury.

1.1 Hyperalgesia and allodynia

The International Association for the Study of Pain (IASP), in 1982, made a 

distinction in their taxonomy between an increased perception of pain induced by 

a normally k sinful stimulus, and that following non-painful stimulation, termed 

hyperalgesia and allodynia respectively [Merskey 1986]. These phenomena do not 

always occur together and their underlying mechanisms may not be the same in 

different clinical syndromes. Despite this differentiation in the IASP taxonomy, 

the term hyperalgesia is still often used to describe both phenomena, probably for 

consistency with earlier literature [Bonica 1992].

1.1.1 Analgesia and antihyperalgesia

In the absence o f any prior injury, an animal will display escape behaviour to a 

given noxious thermal or mechanical stimulus with a certain latency or threshold 

that has a linear/exponential relationship with the intensity of the stimulus. In 

animal studies, hyperalgesia is manifest by either a decreased latency or threshold 

to a given noxious stimulus.

Antihyperalgesics, are agents which attenuate the facilitated pain state and return 

the response to a noxious stimulus to normal levels (Ch.l, Fig.l). Agents that 

either decrease the response to an acute noxious stimulus in the absence o f an
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abnormal pain state, or which decrease the enhanced responsiveness beyond 

normal if  an augmented pain state is evident, by shifting the curve to the right 

(Ch.l, Fig.l) would be regarded as analgesics.

1.1.2 Clinical phenomena

Hyperalgesia and allodynia, which manifest as tenderness, are common symptoms 

o f both inflammatory pain, associated with tissue damage, and of neuropathic pain 

arising from damage to the nervous system. Spontaneous pain is also sometimes 

evident following tissue damage or injury to the nervous system. Both 

hyperalgesia and allodynia can be elicited by mechanical, and thermal stimuli. The 

modality of hyperalgesia and allodynia manifested may vary with the underlying 

cause and is, therefore, sometimes used as a diagnostic aid [Bonica 1992]. 

Hyperalgesia is not always deleterious to the patient and can serve a protective 

function in that it leads the patient to protect the injured area. Hyperalgesia and 

allodynia after the initial injury has healed, however, significantly increases the 

suffering of the patient and appears to serve no usefiil purpose.

1.1.2.1 Inflammatory pain

Tissue damage usually results in the classic signs o f inflammation: pain, oedema, 

hyperthermia, erythema and loss of function at the site of injury. These signs 

occur in many common clinical conditions such as traumatic injury, bums, 

bacterial or viral infection and following surgery. The development of
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Antihyperalgesia

§
/  Hyperalgesia

%
EC

Analgesia

..........

intensity of noxious stimulus

FIG. 1: Relationship between stimulus intensity and response in a conscious animal. 

The solid line represents the response of an animal under normal circumstances to a 

given noxious stimulus. Analgesia would be reflected by a decrease in the magnitude 

of the response at any particular stimulus intensity (dotted line). An increase in the 

magnitude of the response would be indicative of hyperalgesia (dashed line). 

Antihyperalgesia would be provided by agents which attenuate the facilitated pain, 

restoring the stimulus response curve towards normal.
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inflammation is the consequence o f the release and interaction of a variety of 

chemical mediators from the damaged tissue. Some of these mediators, for 

example prostaglandins, are released into the extracellular fluid and have the 

potential to stimulate or sensitize peripheral nociceptors to induce local pain or 

tenderness (primary hyperalgesia) (Ch.l, Fig.2). Nociceptors activated in this 

manner transmit the nociceptive message to the spinal cord, resulting in 

sensitization of central nervous system neurones which gives rise to pain and 

tenderness in an uninjured area (secondary hyperalgesia). While hyperalgesia and 

allodynia, arising from acute tissue damage or inflammation, usually disappear 

within a few hours to days following recovery of the initial injury, they can persist 

chronically for years in some conditions.

The clinical significance of these findings is that pain and the accompanying 

hyperalgesia can often be diminished, by treatment to prevent the establishment of 

central sensitization [Woolf and Chong 1993]. Preoperative treatment with either a 

non-steroidal anti-inflammatory drug (NS AID), which inhibits local prostaglandin 

synthesis, or a local anaesthetic, reduces the pain experienced after surgery 

[Campbell et al 1990; Jebeles et al 1991]. The value of pre-emptive analgesia in 

managing post-operative pain has recently been extensively reviewed and its 

clinical value questioned [McQuay 1994; Woolf and Chong 1993].
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1.1.2.2 Ischaemic pain

Angina pectoris and intermittent claudication are examples of clinical ischaemic 

pain. Chemical mediators, similar to those released in the inflammatory process, 

are also released during ischaemia and excite afferent nociceptive pathways 

[Stasweska-Barczak et al 1976]. The pain disappears almost immediately 

following restoration of the blood flow, but reperfusion of previously ischaemic 

tissue often results in further damage to the tissue.

Primary dysmenorrhoea is a unique pain syndrome, since it is short-lived but 

recurs on a regular basis. It is similar to chronic pain syndromes in the sense that it 

will continue for a long period ^ f time and cannot be alleviated by a single 

treatment [Dawood 1990]. The mechanisms underlying the pain of primary 

dysmenorrhoea are not clear, but there is evidence of increased endometrial 

production and release of the inflammatory mediator, prostaglandin [Dawood 

1990; Lundstrom and Green 1978; Rosenwaks and Seegar-Jones 1980]. This 

process leads to abnormal uterine activity, reduced uterine blood flow (ischaemia) 

and hypoxia. These mechanisms are cumulatively responsible for the pain 

experienced. Inhibition of endometrial prostaglandin synthesis with NSADDs is 

effective in relieving the pain in about 70% of the cases [Dawood 1985].



1.1.2.3 Neuropathic pain

Clironic pain arising from injury to the peripheral or central nervous system is 

often referred to as neuropathic pain. Spontaneous pain, mechanical (tactile) 

allodynia and thermal hyperalgesia are commonly associated with neuropathic 

pain syndromes arising from peripheral nerve lesions [Frost et al 1988; Torebjork 

and Hallin 1978 Tactile allodynia is the more common and more debilitating of 

the stimulus evoked responses although thermal hyperalgesia does occur in some 

patients [Wahren and Torebjork 1992]. A common characteristic of many 

neuropathic pain syndromes, such as causalgia and reflex sympathetic dysfrophy, 

that occurs following partial injury to the peripheral nerve, is that sympathetic 

ganglion blockade may relieve the spontaneous burning pain as well as the 

thermal hyperalgesia and mechanical allodynia and hyperalgesia associated with 

these conditions [Bonica 1979].

In patients suffering from central pain syndromes associated with disease or 

traumatic lesions o f the spinal cord, brainstem or brain, one cannot distinguish 

between primary and secondary hyperalgesia [Boivie 1992]. Hyperalgesia to 

thermal stimuli may be evident, although hyperalgesia to mechanical stimuli is 

more often observed [Boivie 1992]. Allodynia occurs most commonly to cold, 

than to touch or warmth [Boivie 1992].
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1.1.3 Human volunteers

Hyperalgesia and allodynia can be assessed quantitatively really only in human 

psychophysical studies, as an enhanced perception o f painful andnon-painfi.il 

stimuli. In animal behavioural studies, it is generally inferred by an increased 

responsiveness to noxious and innocuous stimulation. Experimental studies in 

human volunteers have focused on cutaneous injury and are acute short-lived 

events. These studies do not resemble the chronic conditions of which 

hyperalgesia and allodynia pose such a difficult therapeutic problem. Such studies 

do, however, provide a valuable basis to evaluate both the sensory and affective 

components relating to these phenomena which cannot be achieved in an animal 

model. Hyperalgesia and allodynia have been observed experimentally in human 

volunteers following thermal [Raja et al 1984], electrical [Hardy et al 1950; Lewis 

1942] and chemical insult [LaMotte et al 1991; Simone et al 1989a:b] to the skin.

Particularly valuable are the studies that correlate the psychophysical responses in 

human volunteers with simultaneous recordings of activity in cutaneous nerve 

fibres [Adriaensen et al 1980; Torebjork et al 1984; 1992; Torebjork and. Ochoa 

1980]. These studies provide more insight into the peripheral mechanisms 

underlying the manifestation of hyperalgesia and allodynia and are a useful way to 

aid in the diagnosis and treatment of clinical conditions that give rise to these 

phenomena. Psychophysical responses in human volunteers have also been 

correlated with recordings of neuronal activity in the central nervous system of



primates using the same experimental paradigms [Coghill et al 1993a; LaMotte et 

al 1991; Simone et al 1991c].

1.1.3.1 Electrical stimulation

High intensity electrical stimulation of the skin is not widely used in human 

volunteers to induce hyperalgesia, as there are problems associated with the use of 

such an unnatural stimulus [see Handworker and Kobal 1993]. Electrical 

stimulation, however, ’ often used as a tool once hyperalgesia is established, in 

order to selectively activate different axons directly, thus bypassing peripheral 

nociceptors [Gracely et al 1992; Torebjork et al 1992]. Experimental studies have 

focused on the use of more natural stimulus modalities to induce hyperalgesia, 

which resemble the clinical pain state more closely.

1.1.3.2 Chemical stimulation

ftitradermal or topical administration of exogenous irritants such as chloroform, 

mustard oil or capsaicin [Culp et al 1989; Simone et al 1989b], or administration 

of certain endogenous inflammatory mediators, such as prostaglandins or 

bradyldnin [Ferreira et al 1978; Handwerker and Reeh 1991; Manning et al 1991; 

Whalley et al 1987] to the skin, produces hyperalgesia. Capsaicin, the pungent 

algesic agent of hot chilli peppers, has been used to induce hyperalgesia in human 

volunteers [LaMotte et al 1991; 1992; Simone et al 1991]. Capsaicin injection 

causes intense burning pain, accompanied by hyperalgesia, to both heat and
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mechanical stimuli near the site of injection [LaMotte et al 1991 • Simone et al 

1989b; 1991]. The magnitude and duration of the hyperalgesia is dependent on the 

dose injected [Simone et al 1989b], The hyperalgesia to heat is restricted to a local 

area around the injection site, whereas hyperalgesia and allodynia to mechanical 

stimuli are evident in a greater area of surrounding skin. Following capsaicin 

injection, a bleb forms, the size o f which is dependent on the volume of capsaicin 

injected rather than the vehicle. The skin within the bleb, at the injection site, 

appears analgesic to pin prick and von Frey filaments [LaMotte et al 1991], with a 

visible area of redness ("flare") forming in the area surrounding the injection site.

1.1.33 Thermal stimulation

A  bum injury to the skin of human volunteers produces local oedema and flare, 

accompanied by hyperalgesia to heat and mechanical stimul ation at the site of the 

skin injury (primary hyperalgesia) [Hardy et al 1950; Lewis 1942; Meyer and 

Campbell 1981; Moiniche et al 1993; Raja et al 1984]. Further, there is evidence 

o f mechanical hyperalgesia together with heat hypoalgesia, in the uninjured skin 

surrounding the injury (secondary hyperalgesia) [Raja et al 1984], indicating that 

different mechanisms account for the hyperalgesia to different stimulus modalities 

[Raja 1984].

Earlier studies examining the time course of primary and secondary hyperalgesia 

after a thermal injury found primary hyperalgesia to outlast secondary 

hyperalgesia [Hardy et al 1950]. A more recent study, however, found the



hyperalgesia within the injured area did not outlast that evident in the uninjured 

tissue [Moiniche et al 1993]. These differences may be due to the different 

methods employed: radiant heat [Hardy et al 1950] as opposed to a contact 

theroiode [Moiniche et al 1993] to induce the heat injury.

In contrast to a thermal injury, intradermal capsaicin produces secondary 

hyperalgesia which outlasts the hyperalgesia evident at the injection site [LaMotte 

et al 1991; Simone et al 1989b]. These studies suggest differences between the 

neural mechanisms underlying hyperalgesia following a thermal or chemical 

injury,

1.1.4 Laboratory animals

Several animal models have been developed in an attempt to mimic, acutely and 

chronically, some of the clinical situations that give rise to both hyperc'^sia and 

allodynia. These phenomena, in animal studies, are characterised by a decreased 

latency/threshold to either a noxious or innocuous stimulus.

1.1.4.1 Acute hyperalgesic assays 

Inflammatory assays

Most o f the experimental procedures used to induce hyperalgesia in animals 

involve the administration of a chemical irritant to produce inflammation. A 

number of substances, including phenylquinone, formalin, kaolin, capsaicin, 

acetic acid, carrageenan, trypsin, brewers yeast and mustard oil, are powerful



producers of pain and inflammation in animals [Hope et al 1990; Kayser et al 

1988; LaMotte et al 1991; Schaible and Schmidt 1985; Woolf and Thompson 

1991]. These substances have been administered either intraperitoneally, 

intramuscularly, subcutaneously, intraartevially or into the knee joint, to produce 

inflammatory pain. In addition to hyperalgesia, plasma extravasation, oedema and 

an increase in skin temperature may also occur [Kayser et al 1988; Willis and 

Comelsen 1973].

Most inflammatory assays use the Randall and Selitto (1957) approach to assess 

the hyperalgesia. Randall and Sellito originally injected yeast subcutaneously into 

the footpad of the rat and determined pain thresholds by measuring the pressure 

necessary to elicit paw withdrawal. This test subsequently has been modified, 

using different irritants injected into the hindlimb, and applying constant pressure 

as opposed to increasing pressure [Ferreira 1972; Ferreira et al 1978; Vinegar et al 

1976]. These hyperalgesic assays have been developed mainly to examine the 

effects of antinociceptives, especially non-steroidal anti-inflammatory drags 

[Ferreira et al 1978].

Acute experimental arthritis can be induced by intra-articular injections o f either 

kaolin or carrageenan, or a combination of both, into the knee joint [Schaible and 

Schmidt 1985;1988; Schaible et al 1991; Schepelman et al 1992]. These 

compounds evoke inflammation which develops within hours and produce plasma 

extravasation into the synovial cavity of the knee joint. Flexion and rotation of the 

lower leg results in vocalization responses from the animal [Coggeshall et al 1983;



Westlund et al 1992], There is guarding of the leg and avoidance o f movement 

persisting for at least 24 hours [Schaible and Schmidt 1985; 1988].

Carrageenan administration into the plantar hindpaw of animals produces 

evidence of hyperalgesia to both heat and mechanical stimuli in the injected paw 

only [Hargreaves et al 1988; ladorola et al 1988; Ren et al 1992]. However, when 

vocalization instead of limb withdrawal was used as a measure of hyperalgesia, 

changes in responsiveness in both the injected and non-injected paw are evident, 

implying central nervous system involvement in the development of this 

secondary hyperalgesia [Kayser and Guilbaud 1987]. Whilst NSAIDs do not 

modify the threshold of uninflamed tissue but will of inflamed tissue, opiates will 

alter the threshold o f both the inflamed and non-inflamed paws [Capetola et al 

1980; Dubinsky et al 1987].

Formalin is widely used to produce inflammation in laboratory animals and the 

behavioural responses observed between different laboratories using this model 

are consistent. Subcutaneous injection of dilute formalin into the dorsal hindpaw 

produces a biphasic response in rats, cats, mice and primates [Alreja et al 1984; 

Dubuisson and Dennis 1977; Hunskaar et al 1986], The response consists of 

licking or shaking the injected paw and is evident in two distinct phases: an early 

brief phase within five minutes of injection induced by local irritation, a period of 

quiescence lasting 10-15 minutes and a later tonic phase 20-60 minutes after 

injection, thought to reflect hyperalgesia. The effects of formalin are relatively 

short lived and aside firom its value for the screening of putative antinociceptives.



it has proved to be useful in elucidating the neural mechanisms underlying 

hyperalgesia. While NSAIDs are antinociceptive only in the second phase of 

formalin test [Malmberg and Yaksh 1992b], opioids suppress both phases. The 

dissociation of the effects of anti-inflammatory agents on the first and second 

phase o f the formalin response .implies that the two phases represent two distinct 

processes relying on separate neural systems or chemical mediators.

Reperfusion Hyperalgesia

In conjunction with co-workers, I developed a novel method of inducing 

hyperalgesia in the rat. Ischaemia is induced by applying an inflatable cuff to the 

base of a restrained rat's tail and inflating the cuff to above the systolic pressure of 

the rat, thereby occluding the blood supply to the tail. The tourniquet is deflated 

the moment the rat indicates that the stimulus is noxious, either by vigorous 

grooming, attempting to turn around in the restrainer or jumping forward. The 

time between application of the tourniquet and the escape response is a measure of 

the sensitivity to the noxious ischaemic stimulus. To prevent tissue damage, the 

tourniquet is removed if  the rat has not responded within 30 min.

Hyperalgesia, which occurs during reperfusion of the tail following transient 

ischaemia, is measured by comparing the tail flick latency using water immersion, 

during reperfusion, with that measured in the same animal before application of 

the tourniquet. Hyperalgesia results in a reduced tail flick latency during



reperfusion, and the duration of the hyperalgesia is dependent on the intensity of 

the subsequent noxious thermal stimulus [Gelgor et al 1986a].

Apart from inducing the hyperalgesia, the cuff gives the opportunity to assess the 

responses to ischaemic pain. The tail flick procedure allows the assessment of 

responses to thermal pain. The whole battery therefore allows the efficacy of 

putative antinociceptives against ischaemic pain, thermal pain and hyperalgesia to 

be assessed in one assay. Although the use of a thermal stimulus to assess 

hyperalgesia, rather than a mechanical stimulus, is usually attributed to 

Hargreaves et al [1988], our study was in fact the first to do so [Gelgor et al 

1986a],

The hyperalgesia which occurs during tail reperfusion after transient ischaemia is 

dependant on the natural release of chemical mediators following ischaemia, and 

resolves after an hour, with no apparent sequelae. It is apparent that reperfusion 

hyperalgesia has some advantages over other acute hyperalgesic assays currently 

used [Gelgor et al 1986a]. In this assay, the noxious stimulus can be terminated as 

soon as the animal indicates distress, unlike those assays employing local 

administration of an irritant such as carrageenan, where the hyperalgesia takes a 

few hours to develop and the response requires pharmacological intervention to 

terminate it. Whilst the formalin test appears to be an extremely useful 

hyperalgesic assay, and the hyperalgesia develops relatively quickly compared 

with other inflammatory assays, oedema in the fonnalin test, in fact, only 

develops after four hours [Brown et al 1968].
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These are the first studies inducing ischaemia and reperfusion hyperalgesia in the 

conscious rat. Previously, ischaemia had only been used in man to induce an acute 

noxious stimulus resembling clinical pain [Lewis et al 1931; Meyer et al 1978; 

Moore et al 1979; Posner 1984; Smith et al 1966; Stembach et al 1977], Earlier 

studies of ischaemic pain, relied on subjects performing exercise for the entire 

time the tourniquet was inflated [Harrison and Bigelow 1943; Lewis et al 1931; 

Williams et al 1965]. In subsequent studies the technique was modified and the 

duration of exercise during ischaemia varied [Moore et al 1979; Smith et al 1966; 

Stembach et al 1977]. Considerable variation has been observed in human 

tourniquet pain scores [Stembach et al 1977] mainly due to the different 

exercising techniques employed while the tourniquet was in place [Moore et al 

1979]. In the rat, ischaemia is induced on non-exercising tissue. The latency of 

response to an ischaemic stimulus in the rat is consistent with those observed in 

human experiments [Woolf 1979]. Since there are species specific 

neuroanatomical and neurochemical substrates for pain [Boivie and Perl 1975; 

Webster 1977], results cannot always be extrapolated to humans and other species. 

The rat has, however, proved to be a useful laboratory animal for evaluating 

nociceptive mechanisms and for the initial assessment of putative 

antinociceptives. I  believe, therefore, that it is useful to be able to induce 

ischaemic pain in the rat, since compared to other methods this type of pain 

resembles pathological pain more closely [Smith et al 1966], in whatever species 

it is used, including man.
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The tail immersion test involves immersing the entire tail in a water hath 

controlled at 49°C. The time taken from submergence o f the tail to the first 

coordinated motor response is measured on a stopwatch and recorded as the tail 

flick latency [Gelgor et al 1986 a;b]. Since the tail immersion test relies on a 

reflex action, changes in tail flick latency may be due to alterations in motor as 

well as sensory processing and cannot therefore be purely interpreted as a measure 

of pain sensation [Dubner 1989]. It is important to distinguish between alterations 

in motor function and alterations in sensation, when one is using a motor response 

to assess the sensation.

Motor activity in experimental animals can be assessed in many ways, including 

both observational and instrumental techniques [Kinnard and Watzman 1966].

The rotarod test is an instrumental technique that measures the length of time an 

animal can remain on a rotating rod, and was developed to measure drug effects 

on the motor coordination of rodents [Dunham and Miya 1957]. Most of the 

earlier rotarod studies used mice and employed brief trials. In our laboratory, we 

have modified the rotarod procedure using rats rather than mice and employing a 

testing time period more compatible with that of some tests of nociception 

[Cartmell et al 1991].

In experiments described in this thesis, 1 have used NSAIDs as an experimental 

tool to block prostaglandin synthesis. Rotarod studies have not been included in 

experiments presented in this thesis, since NSAIDs are not generally associated 

with a decrement in motor function except at doses which alter CNS function. I
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have, however, subsequent to the publication of my manuscripts, confirmed that 

the highest doses o f NSAIDs tested for antinociceptive properties, do indeed have 

no effect on motor coordination.

1.1.4.2 Chronic hyperalgesic assays 

Inflammatory assays

The adjuvant induced arthritis test in rats [Pircio et al 1975] involves the 

intrademial injection of a suspension of dead Mycobacterium butyricum into the 

hindpaw. Cutaneous inflammation develops in the injected limb only, within a 

few hours. Hyperalgesia and oedema are present and last for approximately two 

weeks. There are no signs of systemic disease. This model allows direct 

comparisons to be made in individual rats between the inflamed and non-inflamed 

paws. Administration of Mycobacterium butyricum into the rat tail produces a 

polyarthritis [De Castro Costa et al 1981], resulting in a delayed hyperalgesia and 

inflammatory reaction of multiple joints occurring after 10 days to three weeks. 

The adjuvant assay, has been modified and instead of an adjuvant, sodium urate is 

administered into the knee joint [Coderre and Wall 1987]. Arthritis induced by the 

urate crystal, develops within two hours and declines after three days. The 

adjuvant arthritis model is used to assess the analgesic effectiveness of NSACDs 

and opiates.

Recently, a model of hyperalgesia induced by ultra-violet (UV) radiation, has been 

described [Perkins and Kelly 1993]. Here, the hindpaw of a rat was exposed to
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UV radiation twice, 18 hours apart, and hyperalgesia assessed daily using radiant 

heat, as well as a modified Randall Sellito test to assess mechanical hyperalgesia. 

The hyperalgesia is maximal at day 3 and day 5 after TJV irradiation [Perkins et al 

1993]. The early component, associated with inflammation, was sensitive to 

NSATDs, whereas the later component was insensitive to NSAIDs. The 

development of hyperalgesia in the contralateral limb in this model indicates the 

involvement o f central nervous system changes. This particular model may 

therefore prove extremely useful, since the hyperalgesia lasts many days better 

simulating the clinical situation and provides the characteristics of both primary 

and secondary hyperalgesia.

Neuropathic Pain 

Peripheral injury

Early models of neuropathic pain, based on nerve transection, enabled the study of 

neuroma formation and deafferentation [Devor 1983; Devor and Janig 1981;

Devor and Wall 1981; Hylden et al 1987; Wall et al 1979]. The animals, however, 

usually lacked signs of neuropathic pain commonly found in humans, following 

partial nerve injury. More recent models of peripheral neuropathy in the rat 

demonstrate behavioural characteristics of hyperalgesia, thermal and mechanical 

allodynia, spontaneous pain as well as evidence for the involvement of the 

sympathetic nervous system [Bennett and Xie 1988; Kim and Chung 1992; Seltzer 

et al 1990]. There are, however, some discrepancies in the behavioural
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manifestations between different laboratories using the sciatic nerve constriction 

models [Attal et al 1990; Bennett and Xie 1988; Seltzer et al 1990]. The model 

described by Kim and Chung [1992] which involves tightly ligating the L6 and L5 

spinal nerves produces more consistent behavioural changes. Most of the 

behavioural manifestations in these models parallel those seen in human cases of 

causalgia and reflex sympathetic dystrophy [Attal et al 1990; Bennett and Xie 

1988; Bennett et al 1989; Kim and Chung 1992]. Whilst these models are valuable 

tools to investigate the mechanisms underlying peripheral nerve damage and 

treatment regimens, there are ethical concerns associated with using an assay of 

such long duration, also self mutilation has been observed in some animals.

Central nervous system injury

Hyperalgesia and allodynia arising from injury to the central nervous system has 

not been well studied due to the lack of a suitable animal model. Photochemically 

induced, spinal cord ischaemia in rats produces mechanical hyperalgesia, chronic 

allodynia and an increased sensitivity to cold stimuli but not to thermal stimuli 

[Hao et al 1991;1992], These symptoms, observed in the rat, are similar to those 

described in patients following spinal cord injury [Tasker 1990].

Recently, a weight drop model of spinal cord injury in rats was used to 

characterize the sensory changes that occur following traumatic injury to the 

spinal cord [Siddall et al 1995]. The incidence of mechanical allodynia is higher in 

anim als with partial spinal cord injury compared to animals with extensive spinal
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cord damage. This finding is consistent with clinical observations of patients who 

have sustained partial spinal cord injury [Nathan et al 1986].

1.1.5 Neurochemistry of hyperalgesia and allodynia

Both peripheral nerve injury and tissue damage can induce hyperalgesia, allodynia 

and spontaneous pain. The underlying peripheral mechanisms are, however, 

different. Neuropathic pain, following peripheral nerve injury, is most likely due 

to pathological changes in peripheral nerve function, including neuroma 

formation, ectopic discharges and neural degeneration [Devor 1991]. A prominent 

feature of damaged afferent nerve fibres is their susceptibility to chemical 

modulation from sympathetic efferent fibres [Bonica 1979;1990]. Tissue damage, 

whether from disease or injury, is associated with inflammation. A multitude of 

endogenous chemical mediators are released during inflammation from circulating 

leukocytes, platelets, vascular endothelial cells, immune cells as well as cells in 

the peripheral nervous system. Some of these include, prostaglandins, bradyldnin, 

adenosine, H + ions, K + ions, serotonin, lactate, interleukins, leukotrienne B4 , 

histamine, endothelium derived relaxing factor (EDRF or nitric oxide), nerve 

growth factor (NGF) and noradrenaline [Beck and Handworker 1984; Cotellessa et 

al 1984; Dray et al 1992; Guilbaud andlggo 1984; Levine et al 1986; Lewis 1964; 

Lindahl 1974; Lynn 1977; Martin et al 1987; Palmer et al 1987; Parry 1979;

Rocha and Silva 1964; Sicuteri et al 1979; Taiwo et al 1991].
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The detection of chemical mediators, or neurotransmitters, in inflam m atory 

exudates suggests that they may play a role in initiating or maintaining the 

behavioural responses associated with the injury. Administration o f a particular 

mediator to conscious animals or human volunteers and examining its effects on 

responsiveness, enables one to assess whether it produces hyperalgesia (Table 1).

In most instances only one of the putative components of the inflammatory 

exudate is locally administered. The development of inflammation is, however, 

clearly dependant on a variety of chemical mediators which most likely act 

synergistically on the peripheral terminals of nociceptive sensory neurones [Rang 

et al 1991]. Furthermore, the quantities of the particular agent used to induce 

hyperalgesia are generally considerably higher than the concentrations found in 

inflammatory exudates [Lang et al 1990].

Another means o f assessing the contribution o f a particular mediator to the pain 

behaviour is to block the action of that substance with a selective receptor 

antagonist The combination of agonist and antagonist manipulations provides 

convincing evidence that particular agents are involved in the process. 

Alternatively one can use an enzyme inhibitor to block the enzyme involved in the 

synthesis of a particular mediator.
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Table 1: Behavioural evidence for chemical modulation of

hyperalgesia

Chemical Species Stimulus References
BK(i.d.) human heat Manning et al 1991
BK(i.d.) rat mechanical Taiwo & Levine 1988
PG (s.d.) human mechanical Beubler and Juan 1978
PG(s.d.) human mechanical Collier and Schneider 1972 

Beubler and Juan 1978
PGE, (i.d.) human mechanical Solomon et al 1968
PGE2 (i.d.) rat mechanical Taiwo & Levine 1988
PGEz&pl) rat mechanical Ferreira et al 1990
PGI2(i.d.) rat mechanical Taiwo and Levine 1988 

a&b
LTB4 (i.d.) rat heat Bisgaard and Kristensen 

1985
LTB4 (i.d.) rat mechanical Levine et al 1984
cAMP (i.d.) rat mechanical Taiwo et al 1989b

NGF-OP (i.d.) rat mechanical Taiwo et al 1991

NGF (i.pl) rat thermal Woolf et al 1994
IL-ip rat heat Perkins and Kelly 1994

IL-ip rat mechanical Ferreira et al 1988

TNF rat thermal Perkins and Kelly 1994
Adenosine rat mechanical Taiwo and Levine 1990a

TNFa rat mechanical Ferreira et al 1988
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Systemic administration alone does not provide any indication of the site of action 

in the biological process, Both peripheral nerve and tissue injury induce complex 

changes in the neurochemistry of the central nervous system, that contribute to the 

hyperalgesia and allodynia arising from the injured area. To ascertain the effect of 

central chemical modulators in eliciting a behavioural response in conscious 

animals, agents are administered either directly into the lumbar intrathecal space, 

via chronically implanted intrathecal cannulae [Hylden and Wilcox 1981; Yaksh 

and Rudy 1977], or into specific brain sites via stereotaxically-placed chronically- 

implanted microinjection guide cannulae [Gray and Gorzulka 1979]. Whilst 

administration of agents via intracerebroventricular cannulae allows one to assess 

if an agent has a central action, it does not give an indication of the precise site of 

action in the central nervous system.

Most of the putative modulators of hyperalgesia in the central nervous system 

have been detected in the spinal cord [Besson and Chaouch 1987; Evans 1989; see 

Yaksh and Mahnberg 1994]. Neurotransmitters in the spinal cord are derived from 

afferent fibres, intrinsic spinal cord neurones and descending fibres [Table 2; 

extracted from Yaksh and Mahnberg 1994].
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Table 2: Behavioural evidence for spinal modulation of hyperalgesia

In tra th e ca l agent R eceptor
type

H yperalgesia R eference

AGONIST
Opioid mu

delta
kappa

attenuated
attenuated
attenuated

Yamamoto and Yaksh 1992 
Murray and Cowan 1991 
Malmberg and Yaksh 1993b

Alpha Adrenergic 2a attenuated Malmberg and Yaksh 1993b
Adenosine A1/A2 attenuated Malmberg and Yaksh 1993b
CGRP induced Coderre and Melzack 1991
Glutamate NMDA

Kainate
AMPA

induced

no effect 
no effect

Coderre and Melzack 1991 
Aanonsen and Wilcox 1987 
Coderre and Melzack 1991 
Coderre and Melzack 1991

Taehykinins NK-1

NK-2

NK-3

induced

induced

induced

Coderre and Melzack 1991 
Malmberg and Yaksh 1994 
Coderre and Melzack 1991 
Malmberg and Yaksh 1994 
Coderre and Melzack 1991

Somatostatin no effect Gaumann et al 1989

VIP no effect Seybold et al 1982

Glutamate Kainate
AMPA

attenuated
attenuated

Yamamoto and Yaksh 1992 
Malmberg and Yaksh 1994

Taehykinins NK-1 attenuated Fleetwood-Walker et al 1990

ENZYME nrnm rroR
Cycloxygenase
inhibitor

attenuated Malmberg and Yaksh 1992

NO synthase 
inhibitor

attenuated j\ teller et al 1992 
Malmberg and Yaksh 1993a



27

1.15.1 Proposed role of prostaglandins in hyperalgesia

Prostaglandins are important mediators of inflammation, and have been detected 

in inflammatory exudates of humans suffering from inflammatory diseases of the 

joints as well as in the exudates of experimentally induced injuries in animals 

[Brodie et al 1980; Ferreira 1972; 1983; Greaves et al 1971; Jonsson et al 1979; 

Juan and Lembeck 1976; Sano et al 1992].

Prostaglandins are not stored in cells and arise from fresh biosynthesis. Most cells 

except for erythrocytes are capable of synthesizing prostaglandins, which are 

released following trauma or damage to the cell membrane. Initially, 

prostaglandins are most likely released directly from the injured tissue, but they 

may then be augmented by the arrival of polymorphonuclear leukocytes (PMNs), 

phagocytes, macrophages and platelets, which release prostaglandins [Cronstein 

and Weissman 1993; Wightman and Dallob 1990]. Neural and non-neural cells 

can also synthesize prostaglandins in response to many of the chemical mediators 

released during inflammation such as bradykinin, histamine, noradrenaline, 

substance P, interleukin-1, and leukotrienes [Burch et al 1990; Ferreira et al 1988; 

Gonzales et al 1989; Juan 1977; Lembeck et al 1976; Lotz et al 1987; Pentland et 

al 1990].

These agents are thought to act on cell surface receptors which may be coupled to 

guanine nucleotide-dependent regulatory (G) proteins [Campbell 1991]. Fatty 

acids which are stored in membrane phospholipids, can be mobilized by
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phospholipase A; and phospholipase C in response to noxious stimulation or to 

inflammatory mediators [Ferreira and Vane 1967; Irvine 1982; O'Flaherty 1987]. 

Arachidonic acid released by phospholipase Az or phospholipase C is metabolized 

via the lipo-oxygenase system to produce leukotrienes, or via the cyclo-oxygenase 

system to prostaglandins (PGE 2, PGF 2, PGD 2), prostacyclin (PGI2) and 

thromboxanes (TXA %, TXB 2) [Kuehl and Egan 1980; Samuelsson 1980; Wolfe 

1982].

Cyclo-oxygenase enzymes (COX) exist in two isoforms; COX-1 is produced in 

normal quiescent conditions, whereas COX-2 is induced in inflammatory 

conditions from macrophages and other cells, possibly via other inflammatory 

agents like cytokines [Hla and Nielson 1992; Mitchell et al 1993]. I icreased levels 

of COX-2 have been found in experimentally induced arthritis as well as in human 

arthritic conditions [Dray and Bevan 1993].

Whilst administration of low doses of prostaglandins does not cause overt pain, it 

does result in hyperalgesia [Collier and Schneider 1972; Crunkhorn and Willif 

1971; Ferreira and Nakamura 1979; Ferreira 1983; Juan ’<978]. When 

prostaglandins are given intradermally or intramuscularly in higher concentrations 

than usually occurs during inflammation, they cause long-lasting pain [Juhlin and 

Michaelson 1969; Karim 1971].

Prostanoids act via a number of distinct receptors, but the EP receptor for PGE2 

and the IP receptor for PGI2 are the ones most commonly associated with
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hyperalgesia [Khasar e.‘ al 1995; Matsumura et al 1995]. PGI2-induced 

hyperalgesia is more potent than that produced by PGE2> its effect, however, is of 

shorter duration [Ferreira et al 1978; Higgs et al 1978; Juan 1977]. Both o f these 

prostanoids are thought to act directly on nociceptor terminals, since they induce 

hyperalgesia with a short onset latency, the hyperalgesia persists after blocking the 

indirect pathways which may contribute to hyperalgesia and they sensitize 

dissociated dorsal root ganglion cells [Gold et al 1996; Pitchford and Levine 1991; 

Taiwo and Levine 1989b; Taiwo et al 1987]. Combined administration of 

prostaglandins with some of the other inflammatory mediators, such as 5HT, 

bradykinin and substance P, shows a potentiation of the effects of these agents in 

the development of pain and hyperalgesia [Moncada 1982; Ferreira 1983]. 

Furthermore, after the induction of inflammation in the knee j oint [Moncada et al 

1975; 1979], skin [Ferreira et al 1972] or by the administration of bradykinin 

[Lembeck et al 1976; Juan 1977], the associated behavioural responses can be 

diminished by NSAIDs. Although aspirin and similar drugs (NSAIDs) are 

structurally diverse, they inhibit prostaglandin synthesis. Inhibition of 

prostaglandin synthesis is proposed to explain their mechanism of action [Vane 

1971]. NSAIDs -'ay  also have other effects [Brune et al 1991]. However, a 

property shared by all NSAIDs is the inhibition of the cyclooxygenase enzymes, 

thereby preventing the breakdown from fatty acids to prostaglandins and 

thromboxanes.
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Traditionally NSAJDs have been regarded as peripherally acting analgesics based 

on their efficacy in inflammatory conditions. It has become increasingly apparent, 

however, that NSAIDs can also exert an effect in the central nervous system 

[Yaksh 1982; Malmberg and Yaksh 1992b]. Intracerebroventricular 

administration o f NSAIDs inhibits the hyperalgesia which follows administration 

of carrageenan into the rat paw [Ferreira 1983]. Furthermore, intrathecal 

administration o f NSAIDs attenuates the behavioural responses associated with 

administration of formalin into the hindpaw of the rat [Malmberg and Yaksh 

1992b; Yaksh 1982] and intrathecal administration of prostaglandins, PGE2,

PGD2, and PGF2 induces both hyperalgesia and allodynia [Ferreira 1983; Minami 

et al 1994; Taiwo and Levine 1986; Yaksh 1982].

1.2 Hyperexcitability

In the absence o f any prior injury, impulses generated by high intensity (noxious) 

stimuli are conveyed by A and C primary afferent fibres to the central nervous 

system leading to the perception of pain. Low intensity stimuli, by activation of 

large diameter AJ3 fibres, give rise to innocuous (non-painful) sensation [Treede et 

al 1992]. Tissue or nerve injury, however, can induce a variety of 

neurophysiological awl neurochemical responses in both the peripheral and central 

nervous system. Electrophysiological recordings of changes in activity of 

peripheral afferent fibres and central nervous system neurones following
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experimentally induced injury are interpreted on the basis o f their relevance to 

nociception.

Primary hyperalgesia is attributed to sensitization of primary afferent A5 and C 

nociceptors, such that they are now activated by lower intensity stimuli [LaMotte 

et al 19? vede et al 1992]. This phenomenon of peripheral sensitization 

contributes directly to the enhanced responsiveness to thermal stimuli, within the 

injured area, and may also partially account for increased responsiveness to 

mechanical stimuli at the site of injury [LaMotte et al 1991; Lynn 1979; Meyer 

>md Campbell 1981; Raja et al 1984; Treede et al 1992; Woolf and Chong 1993]. 

Both secondary hyperalgesia and allodynia are attributed to changes in sensory 

processing in the central nervous system, initiated by primary afferent nociceptive 

input [Cook et al 1987; Hardy et al 1952; LaMotte et al 1991; Wall and Woolf 

1984; Woolf 1983:, Woolf and Thompson 1991]. Central sensitization occurring in 

the spinal cord or at higher centres [Guilbaud 1986; Lamour 1983; Woolf and 

Thompson 1991] may also contribute to changes in mechanical sensitivity at the 

site o f  injury [LaMotte et al 1991; Torebjork et al 1992]. A consequence o f central 

sensitization is that activation of low-threshold AB afferent fibres can now evoke 

pain [Torebjork et al 1992; Simone et al 1991]. Many neurophysiological studies 

have focused on recordings of second-order neurones in the spinal cord following 

injury since substantial evidence suggests that altered processing within the spinal 

cord contributes to the hyperalgesic state [Woolf and Thompson 1991].
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1.2.1 Nociceptive pathways

1.2.1.1 Nociceptors

Nociceptors are specialized peripheral sensory units, responding preferentially to 

high intensity stimuli in the absence of any tissue damage [Sherrington 1906]. The 

physiological properties of cutaneous nociceptors have been studied extensively 

[for reviews see Campbell et al 1989; Raja et al 1988]. Recently, sensory changes 

associated with pain from the joints [Schaible and Schmidt 1988], muscle 

[Guilbaud 1988; Mense 1986] and viscera [Cervero 1988; Ness and Gebhart 1990] 

have also been discussed.

Cutaneous nociceptors belong to a subgroup of unmyelinated C-fibres, that have 

a conduction velocity o f < 2m/s [LaMotte and Campbell 1978], or myelinated 

A6-fibres that have conduction velocities of 10-25 m/s [Campbell et al 1979]. The 

majority of cutaneous nociceptors respond to a wide range of noxious stimuli, 

including mechanical, thermal and chemical stimuli and are thus referred to as 

polymodal nociceptors [Beck and Handwerker 1974; Beitel and Dubner 1976; 

Bessou and Perl 1969; Perl 1976; Szolcsanyi 1980]. Most studies use heat or 

mechanical stimuli to characterize nociceptors, so that terms like C-fibre 

mechano-heat nociceptor (CMH) or A-fibre mechano-heat nociceptor (AMH) 

often are used to describe the receptors [Burgess and Perl 1967; Campbell and 

Meyer 1983; Shea and Perl 1985].
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Discrepancies between responses of nociceptors and pain reports in human 

volunteers imply that both spatial and temporal summation of nociceptive input is 

required for sensory detection of pain [Price et al 1989]. Nociceptors exhibit 

adaptation following prolonged application of a constant heat or mechanical 

stimulus [Adriaensen etal 1984; Beitel andDubner 1976]. Furthermore, they have 

a limited capacity for repetitive firing, with repeated application of a noxious 

stimulus leading to fatigue [Handworker et al 1987; Meyer and Campbell 1981].

C-fibre nociceptors

Polymodal C-fibre nociceptors are the most common type of nociceptor found in 

the skin of all mammalian species tested [Langford 1983]. They are more 

numerous in glabrous than hairy skin [Bessou and Perl 1969; Kumazawa and Perl 

1977; Lynn and Carpenter 1982]. In non-primates, the mechanical receptive fields 

are usually small (l-2mm2) or punctate [Bessou and Perl 1969; Lynn and 

Carpenter 1982], whereas in primates and man, the receptive fields tend to be 

larger and often composed of several discrete points [Beitel and Dubner 1976; 

Jorum et al 1989; Torebjork 1974; Van Hees and Gybels 1972]. The receptive 

fields of polymodal C-nociceptors to mechanical and heat stimuli are largely 

coincident and of similar dimensions [Beitel and Dubner 1976; Thalhammer and 

LaMotte 1982; Treede et al 1990].

Other C-fibre nociceptors have been identified which respond preferentially to 

mechanical, heat, chemical or cold stimuli [Bessou and Perl 1969, Georgopoulos
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1976; LaMotte and Thalhammer 1982; LaMotte et al 1988]. However, in many 

studies the full spectrum of stimulus modalities were not used to fully characterize 

a fibre [Treede et al 1992].

A-fibre nociceptors

Two distinct classes of AMH nociceptors with different heat response 

characteristics have been observed [Meyer et al 1985]. Type 1 AMH nociceptors 

respond preferentially to high intensity mechanical stimuli (HTMs) [Adriaensen et 

al 1983], are generally insensitive to chemical stimulation and usually respond to 

heat stimuli at temperatures only exceeding 50°C or following injury to their 

receptive field [Szolcsanyi et al 1988]. Their receptive fields are generally 

complex with multiple sensitive spots [Burgess and Perl 1967; Campbell et al 

1979; Fitzgerald and Lynn 1977]. These nociceptors have been found in both 

glabrous and hairy skin. Type 2 AMH nociceptors respond rapidly to the onset of 

a noxious heat stimulus [Adnansen et al 1983; Dubner and Bennett 1983] and can 

also be activated by mechanical and chemical stimuli [Adriaensen et al 1983]. 

They are found less frequently than type 1 AMHs and have been identified in the 

hairy skin of monkey and humans [Meyer et al 1985; Treede et al 1990].

Mechanically insensitive nociceptors

It has become apparent that not all cutaneous nociceptors respond to mechanical 

stimulation [Meyer and Campbell 1988]. Recently, a population of AS and C 

afferent fibres that display mechanical sensitivity only following chemical



stimulation has been identified in the skin of monkeys and rats [Handwerker et al 

1991; Meyer and Campbell 1988; Meyer et al 1991]. This novel class of . 

chemosensitive nociceptors are called mechanically insensitive afferents (MIAs) 

or silent fibres [Davis et al 1990; 1993; LaMotte et al 1988; Meyer et al 1991]. 

The recruitment of these previously unresponsive primary afferent fibres most 

probably contributes to the hyperalgesia in inflammatory conditions [Handwerker 

et al 1991; Meyer et al 1991]. There are also reports of other cutaneous afferents 

responding exclusively to either heat or cold stimuli applied to their receptive 

fields [Baumann et al 1991; Beck et al 1974 b; Georgopoulus 1976; Kress et al 

1992; LaMotte and Thalhammer 1982; Meyer et al 1991; Schmidt et al 1994].

Response o f  nociceptors to noxious stimuli 

Thermal stimulation

Application of a brief, noxious heat stimulus to human hairy skin elicits a double 

pain sensation. This pain is perceived first as a pricking pain, followed by burning 

pain [Bromm and Treede 1987; Campbell and LaMotte 1983]. Latency 

measurements of the first pain sensation indicate that the afferent fibres 

responsible are in the A-fibre range [Campbell and LaMotte 1983]. The. response 

properties of Type 2 AMHs indicate that they subserve first pain sensations 

[Adriaensen et al 1983; Dubner and Bennett 1983; Price and Dubner 1977]. 

Second pain sensation is attributed to the slower conducting C nociceptors [Price 

and Dubner 1977]. Parallel electrophysiological and psychophysical studies 

provide substantial evidence that activity in CMH nociceptors in glabrous skin
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accounts for the response to heat (second) pain near threshold [for reviews see 

Handwerker and Kobal 1993; Raja et al 1988; Meyer et al 1994; Treede et al

1992]. C-fibre mechano-heat (CMH) nociceptors exhibit adaptation following 

prolonged application of a heat stimulus to the glabrous skin of the human hand 

whereas type 1 AMHs, despite a slightly delayed onset latency to heat stimuli, 

respond throughout the prolonged heat stimulus [Meyer and Campbell 1981]. 

Therefore, it is likely that type 1 AMHs play a role in signaling the m« ned pain 

during a prolonged heat stimulus [Meyer and Campbell 1981; Meyer et al 1985].

Mechanical stimulation

Whiiu there is a reasonably good correlation between nociceptor discharges to 

heat stimulation and human pain ratings, this does not appear to be the case for 

mechanical stimulation [Adriaensen et al 1984; Koltzenburg and Handwerker 

1994; VanHees and Gybels 1981]. Mechanical stimuli eliciting a higher discharge 

in CMHs than heat stimuli do, are not perceived as painful, whereas the heat 

stimulus is perceived as painful [Torebjork et al 1984]. The lack of correlation 

between a mechanical stimulus and nociceptor activity has been attributed 

partially to the heat stimulus eliciting a response in more nociceptors than a 

punctate mechanical stimulus, which excites fewer nociceptors [Raja et al 1988]. 

Alternatively, a mechanical stimulus, in addition to eliciting a response in 

nociceptors, may also excite low threshold mechanoreceptors (LTMs) which 

modulate nociceptive input in the spinal cord [Adriaensen et al 1984]. Thus, 

although the receptive fields of cutaneous nociceptors to heat and mechanical
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stimuli are largely coincident, the transducer elements for mechanical and thermal 

stimuli appear to differ [Davis et al 1992; 1993; Simone and Ochoa 1991; Treede 

et al 1990].

Chemical stimulation

Chemical irritants and endogenous mediators of inflammation such as bradykinin, 

serotonin, K  + and H + , can activate Type 2 A_MHs and C fibre nociceptors 

[Cohen and Perl 1988; Khan et al 1992; LaMotte et al 1988; Lang et al 1990; 

Manning et al 1991; Sunone et al 1989b]. Following administration of a chemical 

irritant, however, there is a lack of correlation between psychophysical pain 

ratings, in human volunteers, and discharges in mechanically sensitive polymodal 

nociceptors [Adriaensen et al 1980; LaMotte et al 1988], implying that there may 

be specific chemonociceptors in the skin [LaMotte et al 1988].

1.2.1.2 Spinal cord neurones

Two principal classes of spinal cord neurones have been implicated in the 

encoding of nociceptive information: nociceptive- specific neurones (class 3 

neurones), which respond exclusively to noxious stimuli [Christensen and Perl 

1970] and wide dynamic range (WDR) neurones (convergent or class 2 neurones), 

which respond maximally to noxious stimulation of their peripheral receptive 

fields as well as to imiocuous stimulation [Wall 1960: for reviews Besson and 

Chaouch 1987; Willis 1991: Willis and Westlund 1997].
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Nociceptive-speciSc and wide dynamic range neurones are found in spinal cord 

pathways considered most important in nociceptive processing [Simone et al 

1991; Willis and Westlund 1997]. The spinothalamic tract is the m qcr ascending 

pathway relaying nociceptive information to the brain [Dubner et al 1989; Price 

1988; Willis 1985; Simone et al 1991], The vontral posterior lateral nucleus o f the 

thalamus is a major area of termination of the spinothalamic tract neurones [for 

review see Willis and Westlund 1997]. Nociceptive information from the spinal 

cord is ultimately relayed, via the thalamus and brainstem, to the cortex where it is 

presumed that activity occurs which underlies the conscious appreciation of pain.

Nociceptive specific neurones

Nociceptive specific neurones are found primarily in the superficial layers of the 

spinal cord (lamina I-II), [Christensen and Perl 1970; Price et al 1978; Willis 

1985; 1991]. Some do, however, exist in deeper layers (lamina IV and V). They 

receive excitatory inputs from C polymodal and AS HTM. A significant 

population of nociceptive specific neurones receives input exclusively from A5 

HTMs [Price et al 1976] and, therefore, responds exclusively to mechanical 

stimulation, it is likely that they encode the distinction between noxious 

mechanical and noxious thermal stimuli [Price et al 1976]. Nociceptive-specific 

neurones appear to play a prominent role in the encoding of a reasonably 

protracted mechanhal stimulus [Cervero 1988]. Since nociceptive specific 

neurones have small receptive fields, they are thought to convey precise
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information about the peripheral location of a noxious stimulus [Laird and 

Cervero 1990].

WDR neurones

Wide dynamic range neurones are located predominantly in lamina V and VI of 

the dorsal horn [Christensen and Perl 1970; Price et al 1978; Willis 1985;1991], 

These neurones receive inputs from large diameter AJ3 LTMs and from small 

diameter (A and C) nociceptive afferents. Convergence of cutaneous and visceral 

input [Ness and Gebhart 1990], and cutaneous and muscular, input on to WDR 

neurones, has been found [Mense 1986], indicating that these neurones may play a 

role in referred pain.

The receptive fields o f WDR neurones are usually much larger than those of 

primary afferent neurones and nociceptive specific neurones jBushnell et al 1984; 

Price and Dubner 1977; Willis 1985]. They exhibit gradients o f sensitivity to 

peripheral stimulation [Price 1988], noxious stimuli, applied to the centre of their 

peripheral receptive field, produces a greater response than innocuous stimuli 

[Price et al 1979]. They are inhibited by low-threshold mechanical stimuli applied 

to the receptive field [for review see Dubner and Bennett 1983; Wall 1984] and 

excited only by noxious stimuli [Willis 1985; Price et al 1978]. On the basis of 

their large receptive fields, the radiation of pain is attributed to WDR neurones 

[Price 1988; Willis 1985].
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Recently a study using both metabolic imaging in rats and stimulation of axons in 

the anterolateral quadrant of the spinal cord in conscious humans, indicates that 

the combination o f spatial and temporal summation of somatosensory input by 

WDR neurones enables them to encode ‘pain’, even though they respond to both 

noxious and innocuous input of their receptive fields [Coghill et al 1993b], It has 

been suggested that WDR neurones may also contribute to the encoding of 

stimulus location, depending on which part of their receptive field is stimulated 

[Coghill et al 1993a], Based on the electrophysiological and psychophysical 

evidence, it seems as though activity in WDR neurones contributes substantially 

to the sensory discriminative aspects of prolonged pain.

Response o f  spinal cord neurones to noxious stimuli

Most earlier studies used acute stimuli to characterise the response properties of 

dorsal hom neurones [Coghill et al 1993a], Recent studies, using prolonged 

thermal stimulation or subcutaneous administration of a chemical irritant, showed 

the responses of nociceptive-specific neurones to decline more rapidly than those 

of WDR neurones [Banna et al 1986; Coghill et al 1993a; Simone et al 1991], So 

WDR neurones seem better suited to encode changes in intensity of noxious 

stimuli than nociceptive specific neurones do.

WDR neurones also seem more appropriate for encoding noxious thermal stimuli 

[Coghill et al 1992; Cervero et al 1988; Chung et al 1986; Dubner 1989; Maixner 

et al 1986; 1989; Surmeier et al 1986], Furthermore, the responses of WDR



41

correlate better with psychophysical ratings of pain to chemical and thermal 

stimuli, than with those of nociceptive specific neurones [Coghill et al 1993b; 

Simone et al 1991].

1.2.2 Peripheral hyperexcitability

Following peripheral tissue damage, or injury to their receptive fields, nociceptors 

can be activated by stimuli which are not normally of sufficient intensity to 

activate them [Beitel and Dubner 1976; Bessou and Perl 1969]. This 

neurophysiological phenomenon o f sensitization is characterized by a decrease in 

threshold to noxious thermal and mechanical stimulation, an augmented response 

to suprathreshold stimuli and sometimes, spontaneous activity [Raja et al 1988]. 

This sensitization following tissue injury is thought to underlie the peripheral 

contribution to hyperalgesia at the site of injury [Treede et al 1992]. The 

phenomenon has been observed in both AMHs and CMHs following heat injury 

[LaMotte et al 1983; Lynn and Carpenter 1982; Meyer and Campbell 1981], 

mechanical injury [Reeh et al 1987], antidromic electrical stimulation [Fitzgerald 

et al 1979; Meyer et al 1988; Reeh et al 1986], inflammation [Hylden et al 1989; 

Kocher et al 1987], application o f exogenous chemicals such as mustard oil and 

capsaicin [Reeh et al 1986], and application of various endogenous mediators such 

as PGE 2, LTB 4 and bradykinin [Taiwo and Levine 1988b; Martin et al 1988].
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1.2.2.1 Thermal stimuli

Sensitization of peripheral nociceptors to heat stimuli, within the receptive field, 

has been studied extensively [Beitel and Dubner 1976; Lynn 1979; Raja et al 

1984; Thalhammer and LaMotte 1982; Torebjork et al 1984; for review see 

Treede et al 1992]. The proportion of myelinated and unmyelinated nociceptors 

which exhibit hypersensitivity to heat stimulation depends on skin type. A 

dominant role for CMHs has been demonstrated in hairy skin [LaMotte et al 1982; 

for reviews see Raja et al 1988; Treede et al 1992]. Type 1 AMHs, known to 

respond to heat only following injury to their receptive fields, are believed to code 

for thermal hyperalgesia in glabrous skin [LaMotte et al 1982; Meyer and 

Campbell 1981]. Substantial evidence from many studies indicate that 

sensitization of primary afferent fibres can account for the hyperalgesia to heat 

stimuli occurring only in the injured area [Meyer et al 1994; Treede et al 1992].

1.2.2.2 Mechanical stimuli

Following heat injury [Bessou and Perl [1969] or administration of endogenous 

chemical mediators [Davis et al 1993; Martin et al 1988; Steen et al 1990; 1992], 

decreased mechanical thresholds in some CMHs have been observed. Lowered 

mechanical thresholds in AMH nociceptors following mechanical injury have also 

been noted, with no evidence of sensitization in C-fibre nociceptors to mechanical 

stimuli [Reeh et al 1987].



There is increasing evidence that a population of afferent fibres exist which are 

unresponsive in normal tissue but become mechanically sensitive in inflammatory 

conditions. Mechanically insensitive afferent (MIA) fibres in the skin, which 

exhibit marked chemosensitivity, may play an important role in mechanical 

hyperalgesia and chemogenic pain [Davis et al 1990; 1993; Handworker et al 

1991; Meyer et al 1991]. A high incidence of MIAs which became mechanically 

sensitive has also been found following inflammation of non-cutaneous tissue 

such as the knee joint [Neugebauer et al 1989; Schaible and Schmidt 1988], 

cornea [Tanelian 1991] and urinary bladder [Koltzenburg and McMahon 1986; 

Habler et al 1991]. The extent to which MIAs contribute to mechanical 

hyperalgesia, both at the site of injury and in uninjured tissue, needs further 

elucidation.

Expansion o f the receptive field of nociceptors into an adj acent area of injury may 

also contribute to mechanical hyperalgesia [Thalhammer and LaMotte 1982]. 

Following cutaneous injury, some enlargement in the mechanical receptive fields 

of predominantly AMHs has been observer Reeh et al 1987; Thalhammer and 

LaMotte 1982]. Thus, a stimulus applied i the injured region elicits a response in 

more nociceptors than before the injur . Studies in monkeys [Baumann et al 1991; 

Campbell et al 1988] and humans [LaMotte et al 1992], however, show cutaneous 

hyperalgesia to spread extensively beyond the area of nociceptor sensitization. 

While spatial summation may contribute to mechanical hyperalgesia at the site of 

injury, it is unlikely to account for the striking mechanical hyperalgesia that
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occurs in the uninjured tissue. Several studies show the expansion o f the 

peripheral receptive field, in part, to be due to changes in sensory processing in 

the dorsal horn o f the spinal cord [Cervero et al 1988; Cook et al 1987; H iheisel 

and Mense 1989; Woolf and King 1990]. Mechanical hyperalgesia, even within 

the injured area, cannot be attributed entirely to primary afferent nociceptor 

sensitization, further necessitating central nervous system involvement in the 

phenomenon (Handwerker 1991].

1.2.3 Central hyperexcitability

Based on psychophysical studies. Hardy et al [1950] proposed that hyperalgesia, 

following peripheral tissue injury, in part, is due to changes in the central nervous 

system. Woolf [1983] demonstrated changes in spinal cord excitability following 

a peripheral injury. He showed that brief conditioning stimuli applied to activate 

C-fibres result in a prolonged increase in the flexion withdrawal reflex in the 

spinal-decerebrate rat. More direct evidence of spinal cord excitability has been 

observed in studies where repetitive C-fibre stimulation induces an increase in the 

response o f WDR dorsal horn neurones even after termination of the peripheral 

stimulus [Chung et al 1979; Cook et al 1987; Davies and Lodge 1987; Dickenson 

and Sullivan 1987b; 1990; Mendell 1966; Schouenbr-rg and Dickenson 1985;

Wall and Woolf 1984; Woolf and King 1987].

Increases in excitability of dorsal horn neurones have been repeatedly 

demonstrated following various forms of experimentally induced peripheral injury
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including, thermal injury [Kenshalo et al 1982; Price et al 1978], chemical injury 

[Dougherty and Willis 1992; Haley et al 1990; Simone et al 1991], acute joint 

inflammation [Dougherty et al 1992c; Schaible et al 1987; 1991], polyarthritis 

[Calvino et al 1987; Menetrey and Besson 1982], ischaemia of the hindlim h [Sher 

and Mitchell 1990a], unilateral hindpaw inflammation [Hylden et al 1989] and 

peripheral nerve injury [Laird and Bennett 1993; Palecek et al 1992]. Sensitization 

of WDR neurones following injury is characterized by: 1) a reduction in threshold 

to noxious stimuli 2) an increase in responsiveness to both noxious and innocuous 

peripheral stimulation of the receptive field, 3) an increase in spontaneous firing 

rate 4) an increase in the size of the peripheral receptive field and 5) recruitment 

of novel inputs fiom AJ3 fibres [Cook et al 1987; Hoheisel and Mense 1989; 

Hylden et al 1989; Laird and Cervero 1989; Woolf and King 1990; Neugebauer 

and Schaible 1990; Simone et al 1991].

The changes in receptive field properties of spinal cord neurones are due to the 

recmitment of previously subthreshold components of the receptive field, most 

likely as a result of increased synaptic output or increased excitability of the 

post-synaptic cell [Woolf and King 1.990; Woolf 1991]. Synaptic connections 

between WDR neurones and low threshold AJ3 fibres exist anatomically. There is 

also evidence that nociceptive-specific neurones develop a response to low- 

threshold input following C-fibre activation [Cook et al 1987; Neugebauer and 

Schaible 1990; Woolf and King 1990]. The capacity of nociceptive-specific 

neurones effectively to change into WDR neurones following peripheral injury or



inflammation, however, has been disputed [Hyiden et al 1989; Laird and Cervero 

1989; Dougherty and. Willis 1992].

The spatial, temporal and threshold changes in the receptive fields of spinal cord 

neurones, particularly of WDR neurones, following injury, closely parallels the 

changes in  sensation observed in humans and animals following experimentally 

induced injury [Coderre and Melzack 1985; Dickenson and Sullivan 1987 b; 

Koltzenburg et al 1992; LaMotte et al 1992; Raja et al 1984; Simone et al 1991; 

Torebjork et al 1992]. These changes in sensation, do not parallel changes of 

primary afferent nociceptors following peripheral injury. It has not been 

established yet whether ongoing peripheral input is required to maintain central 

hyperexcitability. A relatively brief activation of peripheral C-fibre nociceptors, 

with chemical irritants, produces changes in the spinal cord lasting up to 180 min 

[Cook et al 1987; Torebjork et al 1992; Woolf and King 1990; Simone et al 1991]. 

Furthermore, a 20s electrical stimulus can produce changes in the flexor reflex 

which persists from a few minutes to an hour [Wall and Woolf 1984; 1986].

There, however, is evidence that continued low-level C-fibre activity is required to 

maintain central hyperexcitability [Koltzenburg et al 1992]. Interestingly, 

electrical stimulation of C-afferent fibres innervating muscle and joints produces 

longer lasting central hyperexcitability than does stimulation of C-afferents 

innervating cutaneous tissue [Wall and Woolf 1986]. These data indicate that the 

pain and hyperalgesia associated with non-cutaneous tissue is more severe and 

longer lasting.
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1.2.4 Neurochemistry of peripheral hyperexcitability

Single fibre recordings of nociceptors show that administration of inflammatory 

mediators produces changes in the transduction properties o f nociceptors (Table 

3). These correlate with behavioural evidence of hyperalgesia, namely 

sensitization to mechanical and thermal stimuli (Table 1). The agents such as 

PGE2, PGI2, adenosine and serotonin, which sensitize the nociceptor directly, are 

all thought to exert their action via the cAMP second messenger system which 

modulates sodium channels [Duarte el al 1992; Gold et al 1996; Levine and Taiwo 

1989; Taiwo and Levine 1989; 1991; Pitchford and Levine 1991].

Polymodal nociceptors, the most abundant nociceptors found in the skin, are not a 

homogeneous population [Handwerker 1991]. Examination of the effects of some 

individual mediators, such as bradykinin and PGE2, on cutaneous afferents, show 

them to excite only certain AMH and CMH afferents [Handwerker et al 1976; 

1991; Martin 1987]. Similar differential effects on nociceptors have been observed 

following administration of capsaicin [Lamotte et al 1988]. Furthermore, analysis 

of individual C-polymodal nociceptors, following heat-induced sensitization, 

shows only some units to be suppressed by NSAIDs [Cohen and Perl 1990; King 

et al 1976]. These observations imply different signaling characteristics of 

polymodal nociceptors. Since a single mediator excites only a subset of 

nociceptors it is likely that a mixture of chemical mediators is required to sensitize 

a larger population of nociceptors (Chi. Fig.2) [Burgess and Perl 1973;
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TABLE 3: Evidence of chemically-induced sensitization of 

nociceptors

Chemical Species Response
Modality

References

Acid (in vitro superfusion) rat CMH

(mech. stim.)

Steen et al 1990

BK (intradermal inj.) monkey CMH/AMH 

(heat stim.)

Khan et al 1992

BK (intraarterial inj.) cat CMH (heat stim.) Beck and Handworker 

1974

BK (in vitro superfusion) rat CMH (heat stim.) Lang et al 1990

BK (intraarterial inj.) rabbit CMH (heat stim.) Szolcsanyi 1980

PGE[ (intradermal inj.) monkey CMH/AMH 

(heat stim.)

Raja et al 1990

PGE2 (intraarterial inj.) cat CMH (heat stim) Handwerker 1976

PGE2 (intradermal inj.) rat CMH/AMH 

(heat & mech. stim.)

Martin et al 1987 

Martin et al 1988

PGE2 (intradermal inj.) rat CMH (mech. stim.) White et al 1991

8R,15S-diHETE 

(intradermal inj.)

rat CMH

(heat & mech, stim)

White et al 1990

LTB4 (intradermal inj.) rat CMH/AMH 

(heat & mech. stim.)

Martin et al 1987 

Martin et al 1988

5HT (in vitro superfusion) rat CMH (to BK) Handwerker 1991

PGI2 (intraarterially) cat CMH

(BK & mecb. stim)

Schepelman et al 1992

Adenosine (intraarterially) rat CMH (mech. stim) Monteiro and Ribiero 

1987



Szolcsanyi 1987]. Studies examining the effects of a combination of inflamm atory 

mediators on cutaneous afferent units, in a skin-nerve preparation in the rat 

[Handwerker et al 1991; Kessler et al 1992; Reeh 1986], show application of a 

mixture o f inflammatory mediators to induce a greater discharge in AMH and 

CMH units to heat stimulation than application of an individual mediator, 

however, no significant sensitization of the fibres was observed in these studies. 

Intradermal injection o f an inflammatory soup containing bradykinin, histamine, 

serotonin and PGB, induced a response in 60% of the MIAs [Davis et al 1990].

Injection of an inflammatory mixture induces sensitization of certain peripheral 

afferent fibres to mechanical stimuli but not to heat stimuli, and vice versa. 

Furthermore, sensitization of nociceptors to mechanical stimuli but not to thermal 

stimuli is dependent on the pH of the inflammatory mixture [Steen et al 1990; 

Handwerker and Reeh 1991]. These data indicate that the membrane mechanisms 

of sensitization to heat and mechanical stimuli differ [Handwerker and R.eeh 1991; 

Davis et al 1993].

1.2.4.1 Efferent properties of C-fibre nociceptors

C-fibre nociceptors, in addition to their role in the afferent transmission of 

nociceptive information, have efferent functions. Depolarization of the peripheral 

terminals of C fibres by antidromic stimulation, inflammatory mediators [Chahl et 

al 1984], or high concentrations of capsaicin [Williams and Zieglansberger 1982;
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PERIPHERAL SENSITIZATION

Tissue damage Inflammation Sympathetic ter finals

SENSITIZING ‘SOUP5

Hydrogen ions Histamine Purines Leakotrienes

Noradrenaline Potassium ions Cytokines Nerve growth factor

Bradykinin Prostaglandins 5-HT Neuropeptides

   .....     t» Primary afferent nociceptor

FIG.2: The chemical mediators produced by injury and inflammation either act 

directly on the primary afferent nociceptor or stimulate induce the release of other 

mediators from immune cells, blood cells and sympathetic neurones, including the 

primary afferent nociceptor [Lembeck et al 1976; Levine et al 1984; 1986 a:b; 

Taiwo et al 1987]. These mediators act synergistically as a “sensitizing soup” to 

modify the sensitivity of the primary afferent nociceptors [From Woolf and Chong

1993]. For detailed reviews see Rang et al [1991] and Levine et al [1993].
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Fitzgerald 1983], induces the release of neuropeptides such as substance P (SP), 

neurokinin A (NKA) and calcitonin gene related peptide (CGRP) [for review see 

Levine et al 1993]. While C-fibre neuropeptides themselves do not appear to have 

a significant direct sensitizing effect on polymodal nociceptors [Cohen and Perl 

1990; Kumazawa et al 1988; Reeh et al 1988], they stimulate the release of other 

chemical mediators such as interleukins, tumour necrosis factor [Lotz et al 1988], 

prostaglandins [Lotz et al 1987] and histamine [Johnson and Erdos 1973], from 

inflammatory cells. These mediators, in turn, act on nociceptors inducing the 

further release of neuropeptides, thereby mediating neurogenic inflammation. The 

addition of SP to an inflammatory soup enhances its excitatory effect on 

nociceptors [Kessler eta! 1939].

Neuropeptide release produces local cutaneous vasodilation and plasma 

extravasation in the region of tissue innervated by the stimulated sensory nerve 

[Holzer 1988; White and Helme 1985]. This axon reflex mechanism is believed to 

account for the flare surrounding a cutaneous injury [Holzer 1988]. Over fifty 

years ago, it was proposed that hyperalgesia, both at the site of injury and in the 

uninjured tissue, was due to an axon reflex mechanism [Lewis 1942]. There is, 

however, little evidence to date to support the theory that an axon reflex 

mechanism underlies the phenomenon of secondary hyperalgesia.
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1.2.4.2 Role of the sympathetic nervous system.

Evidence for the role of the sympathetic nervous system in neuropathic conditions 

is provided by the effectiveness of a sympathetic blockade in relieving the 

symptoms associated with those conditions. Similarly, the pain and hyperalgesia 

in experimental animals associated with a peripheral nerve lesion can be 

attenuated by sympathectomy [Kim and Chung 1991; Neil et al 1991; Shir and 

Seltzer 1991]. Interestingly, some inflammatory mediators, such as noradrenaline 

and bradykinin, produce mechanical hyperalgesia by an action at the sympathetic 

postganglionic neurone [Taiwo and Levine 1988b; Taiwo et al 1986; 1990]. Under 

normal circumstances, however, nociceptors do not respond to e; mpathetic 

activity [Barassi and Lynn 1986; Roberts and Elardo 1985 a;b; Shea and Perl 

1985].

While, the precise mechanism by which the sympathetic nervous system 

influences nociceptor activity, following tissue or nerve injury, is as yet unknown, 

it has been suggested that noradrenaline produces hyperalgesia via the 

upregulation o f a-adrenergic receptors on the injured primary afferent nociceptors 

[Blumberg and Janig 1984; Devor 1983; Devor and Janig 1981; Wall and Gutnick 

1974]. Undamaged C-fibre nociceptors also exhibit noradrenergic, sensitivity 

following partial nerve injury [Sato and Perl 1991]. Alternatively it has been 

proposed that inflammatory mediators, such as bradykinin, noradrenaline and 

possibly interleukin-1, produce hyperalgesia by an action on the sympathetic
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postganglionic neurone which stimulates the synthesis o f prostaglandins capable 

of sensitizing the nociceptor [Levine et al 1986 b; 1990]. A  study by Tracey et al 

[1995] using a model of peripheral neuropathy supports the hypothesis of Levine 

et al [1986]. They found that hyperalgesia to both heat and mechanical stimuli 

were dependent on the action of noradrenaline on a2-adrenoreceptors located on 

the post-ganglionic sympathetic terminals which was eliminated by subcutaneous 

indomethacin. However, Koltzenburg et al [1992] report that the sensitization of 

nociceptors to heat by bradykinin is not dependant on sympathetic neurones and 

interleukin-8 produces a sympathetic-dependant hyperalgesia which is not 

mediated by prostaglandins [Cimha et al 1991].

1.2.4.3 Role of prostaglandins

Prostaglandins, particularly PGI2 andPGE2 [Taiwo and Levine 1990], play a 

prominent role in hyperalgesia (section 1.1.1.5). Electrophysiological studies 

provide direct evidence that prostaglandins sensitize C-fibre nociceptive afferents, 

as well as AS mechanoreceptors. Prostaglandins also potentiate the sensitizing 

effects of other inflammatory mediators such as vasoactive amines and kmins on 

nociceptors. The view that prostaglandins have a role in sensitization is further 

substantiated by experiments showing that the administration of NSAIDs 

attenuates sensitization and hyperalgesia [Chahl and Iggo 1977; Cohen and Perl 

1988; Dray et al 1992; Handwerker 1976; Pateromickelakis and Rood 1982; Perl 

1976; Schaible and Schmidt 1988]. NSAIDs are thought to exert their 

antinociceptive action peripherally by inhibiting the production of prostaglandins 

[Guzman et al 1964; Lim et al 1964; Lim 1970], as well as by minimizing the 

effects of the other inflammatory mediators potentiated by prostaglandins [Chahl 

and Iggo 1977; Fock and Mense 1976; Handwerker 1976].



While prostaglandins E2 and I2 are known to produce hyperalgesia by a direct 

action on the peripheral terminals of primary afferent nociceptors (Table 2) 

[Paterimickelakis and Rood 1982; Pitchford and Levine 1991; Taiwo and Levine 

1989 b; 1990; 1991], the precise mechanism by which prostanoids sensitize 

primary afferent nociceptors remains unclear. They are generally thought to result 

in an increase in the intracellular concentration of the second messengers cAMP, 

Ca7> or both [Ferreira and Nakamura 1979; Taiwo et al 1989b; Taiwo and Levine 

1989 b;1990; 1992], However, a recent study by Gold et al [1996] suggests that 

PGE2 modulates Na+ channels via cAMP.

The receptors of agents that regulate cAMP are coupled to G proteins [Taiwo and 

Levine 1989 a]. The effects of prostanoids are mediated by a number of distinct 

prostaglandin receptors. The receptors have been divided into five types named 

after the prostaglandin for which they have the greatest affinity (DP, FP, IP, EP, 

and TP). The PGE2 (EP) receptors have been subdivided further into at least three 

subgroups [Thierauch et al 1994] They couple to different G proteins to cause 

activation of adenylate cyclase, the enzyme modulating cAMP production 

[Sonnenburg and Smith 1988], and to increase Ca2'1" concentrations [Negishi et al

1989]. A  recent study, however, shows that an EP3 agonist which decreases cAMP 

accumulation [Sugimoto et al 1993] enhances the effects of bradykinin on the 

polymodal nociceptor [Kumazawa et al 1993]. This study indicates that cAMP 

may not be the common second messenger through which PGE exerts its effects at 

each of its different receptors sites.
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1.2.5 Neurochemistry of central hyperexcitability

As discussed previously, various forms of peripheral injury sensitize spinal cord 

neurones. A common feature of these diverse peripheral injuries is that discharges 

irom primary afferent C-fibres, occurs and it is the so-called “C-fibre barrage” 

which sensitizes dorsal horn neurones. Since neuropeptides and excitatory 

amino-acids are co-localized in the central terminals of primary afferent neurones 

[DeBiasi and Rustioni 1988], they are, prime candidates for the transmission of 

nociceptive information from the primary afferent fibres to neurones in the dorsal 

horn.

Activation of C-fibre afferents following noxious stimulation or peripheral 

inflammation results in the co-release o f many neuropeptides such as SP [Duggan 

et al 1988; Go and Yaksh 1987], neurokinin A (N1CA) [Duggan et al 1990; Hua et 

al 1986], somatostatin [Kuraishi et al 1985; Morton et al 1988], calcitonin 

gene-related peptide (CGRP) [Saria et al 1986], galanin [Morton and Hutchison

1990] and the excitatory amino-acids transmitters (EAAs), glutamate and 

aspartate [Skilling et al 1988; Sorkin et al 1992] in the spinal cord dorsal horn. 

The prominent role played by EAAs and SP in the excitation of dorsal horn 

neurones has been demonstrated in many studies by intrathecal administration of 

either receptor agonists [Aanonsen et al 1990; Dougherty and Willis 1990; 1991; 

Dougherty and Willis 1991a; Dougherty et al 1992; Salter and Henry 1991] or 

antagonists [Davies and Watkins 1983; Dickenson and Sullivan 1990; Dougherty



and Willis 1991b; Dougherty et al 1992; Fleetwood-Walker et al 1990; Salt and 

Hill 1983; Schouenborg and Sjolund 1986; Urban andRandic 1984]. Evidence of 

their role in hyperalgesia, in conscious animals, is provided in Table 2. It is likely 

that EAAs and SP are co-released following C-fibre activation, and combined 

microiontophoretic treatment with SP and the EAA receptor agonist NMDA 

produces a significantly greater enhancement of the responses of dorsal horn 

neurones to noxious and innocuous mechanical stimulation [Dougherty and Willis 

1991a], as well as behavioural responses to noxious chemical stimulation 

following intrathecal treatment [Mjellem-Joly et al 1992], than with either 

individually.

The precise mechanisms underlying the differential contribution of neuropeptides 

and EAAs to dorsal horn excitability are unclear [Dougherty et al 1993]. The 

transmission of nociceptive information at spinal synapses is modulated by 

numerous neurotransmitters and neuromodulators, see Table 4 for effects of some 

these transmitters on the excitability ofWDR neurones) [for review see Dickenson 

1995; Randic et al 1995 ]. Neuronal EAAs, including glutamate produce their 

effects through either ionotrophic or metabotrophic receptors [Watkins et al 1990]. 

The EAA ionotrophic receptor subtypes are classified on the basis of selectivity to 

such synthetic agonists as N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5- 

methyl- 4 - isoxazolepropionic acid (AMPA), and kainate (KA) receptors
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TABLE 4: Spinal modulators of activity in wide dynamic range

neurones

lontophoretic
agent

keceptor
type

— w m —
Neurones

Reference

AGONIST
Opioid mu

delta
kappa

decrease
decrease
decrease

Hope et al 1990 
Hope et al 1990 
Hope et al 1990

Alpha Adrenergic 2 a decrease Fleetwood-Walker et al 1985
Adenosine A1/A2 decrease Salter and Henry 1987
GAB A A/benzodiazepine

B
decrease
decrease

Cartmell and Mitchell 1994 
Dickenson et al 1985

Cholinergic M 1/M2 decrease Dickenson et al 1985
Neurotensin increase Miletic and Randic 1979
Serotonin 5-HT

5-HTia

5-HTm

decrease
decrease
decrease

El-Yassir et al 1988 
El-Yassir et al 1988 
El-Yassir et al 1988

Dopamine D2 decrease Fleetwood-Walker et al 1988
CGRP increase Miletic and Tan 1988
Glutamate NMDA

non-NMDA
increase
increase

Dougherty and Willis 1991b 
Dougherty and Willis 1991b

Tachykinins NBC-1
NK-2

increase
increase

Fleetwood-Walker et al 1993 
Fleetwood-Walker et al 1993

Somatostatin decrease Randic and Miletic 1978
VIP increase Dickinson et al 1997
ANTAGONIST
Glutamate NMDA

non-NMDA
decrease Sher and Mitchell 1990 

Haley et al 1990
Serotonin 5 -HT2

5-HT3
no effect 
decrease

El-Yassir et al 1988 
Alliaider et al 1991

Tachykinins NK-1
NK-2

decrease
decrease

Dougherty et al 1994 
Dougherty et al 1994

ENZYMEINHIB1.roR
Cycloxygenase
inhibitor

decrease Chapman and Dickenson 
1992

NO synthase 
inhibitor

decrease Haley et al 1992
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[Watkins et al 1990]. The contribution tv polysynaptic responses of the NMDA or 

non-NMDA receptor subtypes through which glutamate exerts its effects are 

complicated [Lodge and Johnson 1990; Nakanishi 1992; Zeman and Lodge 1992]. 

Non-NMDA receptor activation is required for the fast depolarization of dorsal 

horn neurones. Under normal conditions the ion channel linked to the NMDA 

receptor is blocked by a magnesium ion. When the cell is depolarized, the 

magnesium ion is removed resulting in an influx of Ca2+ and NaT into the cell, 

leading to further depolarization. The metabotrophic glutamate receptors appear to 

be coupled to phospholipase C through G-proteins. Activation of metabotrophic 

receptors results in an increase in polyphosphoinosotides and release of Ca2+ from 

intracellular stores [Schoepp et al 1991]. Substance P, a member of the tachykinin 

family, wnidi includes NKA and NKB, preferentially binds to the NK-1 receptor, 

while NKA binds to the NK-2 receptor [Yashphal et al 1991]. Activity at either 

NK-1 receptors induced by SP [Mantyh et al 1984], or at NMDA and non-NMDA 

receptors induced by glutamate and aspartate [Sugiyama et al 1987], results in an 

influx o f calcium [MacDermott et al 1986] which is responsible for significant 

changes in the excitability of the cell, involving complex enzymatic changes 

including PKC activation, nitric oxide release, and the induction of various genes 

such as c-fos [for a detailed review see Coderre et al 1993].
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1.2.5.1 Role of prostaglandins

Influx o f Ca2+ into the cell activates phospholipase A2 within the cell, leading to 

increases in  intracellular arachidonic acid. In the presence of cyclo-oxygenase 

arachidonic acid is broken down to diffiisable prostaglandins which then: 1) 

augment the release o f afferent neurotransmitters [Yaksh and Malmberg 1994], 2) 

enhances the release of substance P induced by another stimulus [Geppeti et al 

1991; Miller et al 1992; Nicol et al 1992], 3) augment a voltage-sensitive Ca2+ 

current in dorsal root ganglion cell cultures (Ch.l, Fig. 3).

Arachidonic acid released by activation of NMD A and other receptors potentiates 

NMDA receptor currents resulting in a further increase in the intracellular Ca2+ 

caused by glutamate [Miller et al 1992]. Additionally arachidonic acid has been 

shown to evoke the release of CGRP from capsaicin stimulated primary afferents. 

This release is inhibited by indomethacin [Geppetti et al 1991].

It seems, therefore, that the initial C-fibre barrage produces an increase in 

cytosolic AA available for conversion by cyclo-oxygenase to prostaglandins, 

which then facilitates neuronal excitability within the spinal cord by a feedback 

mechanism and thus mav not require continued afferent input to maintain a 

hyperexcitable state. Although it is most likely, following C-afferent fibre 

stimulation, that some release of prostaglandins will derive from afferent neurones 

[Gonzales et al 1989], low concentrations of SP can induce the release of 

prostaglandins from rat spinal cord astrocyte cultures [Marriott et al 1990].
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Figure 3: Schematic diagram o f the cellular organisation and neuromodulators in the 

dorsal horn which affect the processing of afferent input, as discussed in the text. 

Reproduced from Yaksh, T.L., and Malmberg, A.B., Central Pharmacology of 

nociceptive transmission. In: Textbook o fP a 'i, Third Edition; Eds: P.D. Wall and R. 

Melzack, 1994, pp 165-200.
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The transmission of nociception in the spinal cord is subject to powerful 

inhibitory control, both by segmental and by descending systems of supraspinal 

origin [Besson and Chaouch 1987]. Yaksh and Malmberg [1994] provides an 

excellent overview of intrinsic spinal and supraspinal receptor systems which can 

influence spinal cord excitability. Loss of both intraspinal and supraspinal 

inhibitory mechanisms results in an expansion of receptive fields and enhanced 

excitability of dorsal horn neurones [Noble and Riddle 7.989; Wall 1967]. 

Prostaglandins, in addition to facilitating afferent transmission could diminish 

inhibition [Yaksh 1982]. Prostaglandins of the E type presynaptically inhibit 

noradrenergic transmission from post-ganglionic sympathetic neurones 

[Bergstrom et al 1973; Hedqvist 1973]. It is therefore possible that prostaglandins 

in the spinal cord could reduce the release of noradrenaline from the terminals of 

descending noradrenergic fibres and diminish descending inhibitory control of 

nociceptive inputs [Vasko 1995]. The afferent evoked release of prostaglandins 

can block endogenous opioid mediated analgesia systems by inhibition of the 

bulbospinal noradrenergic component of this pathway [Taiwo and Levine 1988a].

1.3 Aims of my study

1.3.1 The role of prostanoids in nociception during ischaemia and 

reperfusion hyperalgesia

Given the important peripheral and central role which prostaglandins play in 

mediating hyperalgesia associated with tissue injury, I have used a range of
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NSAIDs to: 1) assess the role of prostaglandins in nociception during ischaemia 

and in reperfusion of the rat’s tail following relief of ischaemia, 2) assess whether 

prostaglandins are released into the central nervous system during ischaemia and 

reperfusion of the tail, 3) compare the effects of central and peripheral 

prostaglandin synthesis in modifying nociception during tail ischaemia and 

reperfusion.

1.3.2 Neuronal substrates of reperfusion hypersensitivity

Recent studies indicate that activity in WDR neurones, in particular the encoding 

of noxious thermal stimuli and changes in intensity of mechanical stimuli, 

corresponds closely with the behavioural manifestations of hyperalgesia in many 

experimental models. I have, therefore, examined the responses of WDR neurones 

to both noxious and innocuous mechanical stimulation as well as noxious thermal 

stimuli during reperfusion of their receptive fields on the rat tail after a period of 

ischaemia.

1.3.3 The role of prostanoids in reperfusion hyperexcitability and 

hypersensitivity

I administered NSAIDs directly onto the surface of the spinal cord of 

anaesthetized animals in order to evaluate the effects of prostaglandins on 

responsiveness of WDR neurones during ischaemia and reperfusion. Most 

previous studies with similar aims have administered prostaglandins or NSAIDs 

system ically.
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Effects o f systemic non-steroidal anti-inflammatory drugs on 
nociception during tail ischaemia and on reperfusion 
hyperalgesia in rats
‘Linda Gelgor, *Nci! Butfcow & Duncan Mitchell

Brain Function Research Unit, Department of PLyaiology and •Department of Experimental and CUnical Pharmacology, 
Univcisity of the Witwatcrsrand Medical School, Johannesburg 2193, South Africa.

1 Wc have investigated the effects of five BosHteroidal an&mftammaiofy drugs (NSAlDs) on nockep- 
lioo during xtcbacmia and on repcrfuriofi hyperalgesia in rati.
2 Wc induced ia3 iechaoma in cnnacaous ra ti by applying a tourniquet at the base of the ta3 until the 
rats exhibited co-ordinated escape behaviour •when wc released the tourniquet.
3 Wc essetted hyperalgesia by measuring the taU flick latency following tail immcziioa in water at 49*Q 
before applying and immediately after releasing the toonuquet, and then at 30mia iatmrato for 2  b.
4 Intraperiteneal mjectioei of NSAIDa prior to applyiag the tourniquet had an etfect on the co- 
ordirottd escape behaviour during bchacmss, nor t.4 tafl flick latency in the abseace of prior Uthateda. 
However all the drugs attenuated zepcrfuskm hypenlgcaria in a  tog dose-depeadeat manner. Doses 
required to abolish hyperalgesia, were indooorthmn Soglfg”1, didefense sodium 42mgkg~1, ibuiaofen 
54sigkg- t ,dipyTOR3168mgk$-1 aad paracetamol ITOmgkg**1.
5 Wc conclude that the mrchimfann wnderfying aoocepcion during bchaemia are ant the same as those 
underlying reperfimca byptxsJgesuL Moreover our procedure provides a  rapid and more humane method 
far measuring the antic odceptive potency of NSAIDs.

Keywords: Reperfurion hyperalgesia; bchacoaia; teal flic* lest; pmtiagteJidxn; non-steroklal antHsRaamatMy drugs

Emhwdactiom
Inflamed or damaged tissue, teciudtag previously ischaemic 
tissue, becomes mcee sensitive lo swbaequenl noeiou* nr pro- 
viousiy jaooccows stimulation. This hy$xralgcsia could result 
Srom changes za earitabflily c f cestfral nervous system ocir- 
roses (Woo#C 1983; Wall & Woo% 1984) or from the local 
release of metaboStes, such as prostaglaactins, which have the 
potential to searitiae Bodceptora (Fenrira Jfc Vane, 1974; 
Sktitm «i a t,  1974; Juan, 1978; Lynn, 1987). Proetaglandins 
ako are believed lo be rcfcWMd during schaemia and to 
tcoeasc activity m afiereai nociceptive pathways (Staesewslca- 
Barctak et el* 1976; Sachctti t t  *£, 1930; Stebbins at al* 1985; 
Losghunft A  Dittaaa, 1987; Pal trt eL, 1989). Thus the non- 
sterttidal aati-iafltiBtoatery drugs, which all inhibit pratla- 
gjaiadia syalbeia, might be exported to attenuate hyperalgesia 
and to be antinociceptive during ischaemia.

We have shown that lysine scetykaticylsle, a prostaglandin 
syalberis inhibitor, did indeed abolish the hyperalgesia to a 
noxious thermal stimulus during reperfuaioo of the rsVs tail 
folio wing bebaea \  but, contrary to expectations, did not 
afreet the latency to coHordioated escape behaviour following 
application of a  tourniquet to the tail (Gelgor et oh, 1986b). 
Our observations^ Indicate diber that yffostagUndlns did not 
contribute to nociception during iscbasroia itself, or that tbc 
particular drug and dose wc used did not inhibit tb d r synthe­
sis.

It is important to resolve what role prostaglandin synthesis 
plays in nociception during wcbittrafa and in reperfusion, and 
other types of byptral^sia. Non-steroidal anti-inflammatory 
drugs have potential dmical use as analgesics during isch­
aemic events. Also, several assays developed to assess the effi­
cacy of aoe-steroidal anti-inftenunatory drugs depend on their 
action during hyperalgesia (Randall f t  Sdltlo, 1957; Wricfc- 
man,1989).

We have examined the effixt of a  range of non-steroidal 
ajiti-iaSanuuBlosy drujp of varying therapeutic potency on 
nociception during ischaexma induced by applying a  tourni-

1 Author for correspoodeix*.

quct to the tafl of the rat, aed on the m altu tt hyperalgesia 
lotiowmg repeffuskm of the tafl. Our results imply that pros- 
taglandim or related substances do indeed contribute to nod- 
ceptica during hi'psralgesia but act during bebaenua. They 
abo provide the basis for a sew assay cf the antisodccptive 
potency of noo-ateroidal anti-inflammatory drugs which U 
free of the ethical problems whkh beret many existing assays, 
m vritich experimental animals are exposed to aaescapatie, 
and often chronic, noxious stimuli.

Some of the results have fcees reported at tbc Second Inter­
national Pain Symposium, Jtiusakm, and the Pbysiologkal 
Society of Southmi Africa (Grigor at al^ 1990).

Metitodt
Animals

Male Sprague-Dawiey rate weighing 250-300g were used. Tbc 
animals wtre-homed in groups of five per cage at an ambient 
temperature of 2I-23eC on a 12h dark 12h light cycle, and 
were allowed free access to standard rat chow and top water. 
Dificrent groups o f 10 rats were used for each of tbc different 
drugs.

lacbattnia

Ischaeama was induced by applying an inflatable cuff to the 
base of tbc rat’s tail, as previously described (Gelgor at cf, 
1986*,b). The cuff was connected to a  sphy^mominometer. 
Bed was inflated to a pressure of 2(X)mmHg, well above 
lyrtoHc pressure of tbc ra t  The moment the rat exhibited an 
escape response the cuff was deflated. The time between appli­
cation of the tourniquet and the escape response, that is tbc 
escape latency, is a measure of the noxious effect of tbc fcch- 
aetnia. If the rat had not responded wititia 30min, the cuff was 
deflated, to avoid excessive tissue damage.

Application of a similar tourniquet to the arms of the 
authors and other human subjects caused an intense, aching, 
poorly localized pain. Following removal of the tourniquet
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there was hypcraemw, temporary pazacsthoda, and then 
raohitioD of all pain xvitiria a  few m inuta. There were no 
sequelae.

Tail Jlick test

Nodccptioa before iscbaemia and during repcrfusioii was 
tested by the mortified Uil Bick teat which we have employed 
previously (Geiger et aS  ̂ 1986b4>). The rat’d tail was sub­
merged in a water bath controlled a t 49’C, and toil flick 
Jatsacy measured o s a stop watch, *a the time from sub­
mergence to the first coordinated motor response, indicated 
by a  flidtifig of the ta3. A mean of three measurements Imin 
apart was recorded as She latency. To avoid thermally induced 
tissue damage, animals which failed to respond within 20s 
had their taSs removed from the water.

E x p e r im en ta l p ro c ed u re

The rats were placed in dear perspex restrained which 
tSowed free movement cf the tail and slightly restricted move­
ment of the rest of the body. The rats were placed in these 
restrainers for 2-3 h per day on two consecutive days before 
any experimmtatioo to *Ocw them to babRtiata to these coo- 
ditioas. On experimental days the ankrals were placed in the 
restrainera for ISeaia before any tatxag. At kast 48h were 
allowed between successive measurements on individual 
aniBiaU Experiments were carried out between 09b OOenn 
and 13 b 00 mm a t an ombieet tempexature of 24’G  Tail flick 
blendes were measured before any treatment, immediately 
eftir cuff deflation, and then a t 1X5 fa Anteanrafa foe 2b. Control 
cxperimeats were performed by pbcmg an uxinfiated (shazn) 
cidf on the tail for 12mao; this time 5s equal to the mean 
escape htescy meeiured in prcvjoca capcrimccta in our labor- 
atcey.

Because taO flick latency varies with tail temperature, in a 
pilot experiment, wo measured tail skSn temperature, imeg 
copper-coBstantan tbcnnocot^ka taped to the dorsal surface 
of the taS 30 mm from tbs bate, before, during and alter web- 
accaa. Temperaturca were stored on & data fogger (MCS 120; 
MC System*). Teraperalwres were recorded for 30mia before 
any testing and at lOnain intenrab tbrooglmut the aperim cnt 
Specific temperatures were recorded during farJiaemi* and 
imstedtotciy before taBttckbteac** were KMeasured.

A0 agents as well as their vefcadea were administered io 
0.5ml bejesee iatrapcrifoceaQy 30mia before ^plicatxm  of 
tourniquet (test groups) tar sham tourniquet (control groepa). 
The rehidc was nom al saline except for ibapeo&a where it 
was pdyetbyScns glycot and peiMctaa»o3 for which we used 
core oiL The drags and dotages used were: iodometharin 
(Merck, Sharp and Dohae Research Laboratories) 1, 2, 
Srogks-1 ; ttidofoaac sodjuia (CSba Gtigy) 5 ,20 ,50mg kg-2 ; 
ibuprofcn (Lennos) 10, 33, 100mg kg "2; paracetamol » 4 -  
acetamidopbnMri (Lennoo) 10, 50, MOmgkg"*1; dipyrone 
(Hoechst AG) 50,100, nag k g '1.

Student’s I test with Boofrirosn correction for multiple 
comperiscns and * one-way aaalyab of variance were used for 
tiaut analysis.

Tbe experinteatal procedures were approved by the Animal 
Ethics Committee of the University of tbo WitwatCTsrand 
(Certificate number 89/23/5) nod complied with the rec­
ommendations of the Committee for Research and Ethical 
Issues of the IntenaatioasI AssoJstion for the Study of Pain 
(Zhnoermwt, 1980).

iRcadltt

Ta3 temperature decreased significantly during iichaeaua 
( f  <0.001, a *  10, paired i  test). Following release of the 
tourmquzt, tail temperature recovered to  values which did not 
differ egnificantly from those before the ctifl* was applied 
(P >  0.05, * — 10, paired f lest). Figure I represents change in

I
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* 1 Perec* tage d u n g s  an lati flick lateocy. (mesa, with m . 
shown by m tk a l  b a r s . 10) (Idt y-uxis) and dumge fa tefl to n . 
p o stum  (cocaa ±  &&, n  a» 10) ( r i^ u  y^etis) froxn v a to a  evideat before 
«PP&tiSoa of a  tonnuqset, xerassrad during tafl r ep a fo ecs  foSow- 
fag ranovaf of ike SomiiiqacL Temperature ( » )  did mot cfaa^e mg- 
riScBstiy (P >  005, p s in d  I  sere) Tke u a  flick tetcaqy (O ) dscressed 
Bgaiflnatfr at a l  tim# iatatvals (OJO$ >  f  >  tiS»S, Faired I to t with 
BoaScrroai con tctiou for repeated measures) Ta3 Side h iracy  (A) 
yvntisted frosa ike. tafl temperature, by use e# t i»  escfScfan 
—$L25a"C-1 (Ma»e&GaaabSe, 1S69; U se A  Xaa, 1991)

tafl flick latency an d  in  ta il  tem p era tu re  foil ow ing release o f  
th e  tean u q o eL  A lio  m d u d e d  in  th e  figure a re  the  changes ta  
taQ flick latency p red ic ted  f ro m  th e  ia  tem perature ,
using  th e  c n rfScaent o f  ~ 0 2 5 s  "C  2 iaeraaas xa ttm p era to re  
derived in  previous w o rk  (M U oe &  G aaaU e, 3999; H a s  A  
R e a , 1991). W e fo co d  s o  eqpmficant cSsange ea ta il s k a  tcm - 
p e n tu re ;  from  th a t  prevaaliag before ap p lie s tic«  o f  tfac to o ra i-  
quc t, w bcraai there  w as a  tig n ifieaat redaction  in  tafl f l i *  
latency ( I* < 0 0 ! .  » « 1 0 ,  p a ired  t  less w ith  B cefcrroa i 
correction) a t  aO th ree  m c a s i a t a e a t  tim es Itilow iag  srieaac o f  
tb s  to u ro iq u fl. T hle h ypera lgesia  therefore  was u o rd a te d  to  
rh sn g ra  in  ta3  tem perature .

T he latency to  co o rd in a ted  e s ra p c  behaviour foB ow iiy the  
induction  o f  w rW m ia  in  th e  abacace  o f  an y  o f  th e  d rugs w as 
13*8 k  0 .7  m ia  (m cas ±  s a ,  n  — 5CQ. T here  was n o  eigtifiauBt 
djfferssce in  escape latency  betw een d i f im a t  g ro u p s o f  rats  
(F  >  0 0 5 . h  =  IO  un p aired  t  test). N o n e  o f th e  f ire  drflfereot 
drugs h ad  any  significant effect c e  th e  escape latency  to  tecb- 
a m i a  a t  an y  dosage (F  >  0.0% «  »  1 0  B le a re d  t  tes t, see 
T ab le  1). A b o  n o n e  c f  tim  d ru g s  tested  b ad  any  tife c t c o  tire 
tail flick telcocy in  the  abecacc o f  b c h a r a i a  (F  >  CX05, r?««1 0  
u s p e ir e d i  test).

Following reperibsioncf the ta3 alter a period efisdracsaa,
t ia sn  was a  significant faypcratgraia, ea indicated b y  a  
reduction  i s  tail flick latency, w hich  w a s  greatest im m edia te )/

Tatis 1 Effect of noo-stcroidri antLiaBaiSffletory drugs 
(NSAIDs) os ischaemla end tsfl flick lateacy fa the abROoe 
ofisdneaafa

Affetis mSmmiUrti
Stefiteustex 
Ptiyctkykae glycol 
Cora ofl 
ledomrihacia 
DMolaus wdism 
Ibupcofca 
ParaseUaol 
Kpyroee

Escape Uttoria during faksraiis (mesa ±  k )  and ts3 flick 
bteadcs fa the ahwncc of a chsMria (mesa ±  an), foBowing 
atrapcritoitesl admfahtratioQ of vehtdia acd of the h^bcst 
doses of cadi of the NSAIDs. Tbs drugs did not dBm escape 
latency or OS flick litency.

Eacaptlaimcy 
inrtrtg UdMenia T tH Jbk

W 4 bfnmj>(i)

1*1 ± 1 3 7.1 ± M
111 ± 7 1 7.1 ± 0 3
1 M ± 7 2 7.9 ± 0 3

Sfflfk*-1 114 ± 7 7 7.0 ± 0 3
50 m , It*"1 1±6±71 7 .6*04

100 mg kg-1 170 ± 7 3 73 ± 0 2
200m$ k g -’ 15.1*70 75 ± 0 3
200mg kg-1 135*1.9 7.1 ± 0 4
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UGBLGO Rtiiti.

« -2

5.»3B g ss i la§§ a gal
hidcenetiiedn Dielefauc fbvprofsn FeraczUirno! Dipvnm*

Doss (mg kg-1)

FtgRn 2 ChSDy m fail fliek Uisocy (mcas whfa s *  tbovtn by vertt* 
ca$ hinfl iscarmed eocaedSiriy aftar rolirf of hchiCT«, fottowiag 
iraetBKnt with vdadee sod spats. The asterisks nptagsA tike* 
groupe ie which troawnt rautod hi a  aigai&caat decrease «  u3  
flkk latmey froiB ptc4raJtmc»t nluca (P < fifll, * *  10, paSnd I 
tnlk tkat »  froupa ta ehk* tfam was * siymUcaat byperajgnea. AS 
agents aboB^ad tins hypoaJgsaii, at euJBdeit do*. AS doses wra

foUowieg removal of the tourniquet, aod pet sis ted for 60 mm, 
aitcr adnuoktnition of the vchWea (0.05 > P >  0,001, * =  t!X 
unpaired $ test, with Boaferroni correctkm for repeated 
mcssum). Figitir 2 ftpggseaea tbe dw iflc in taB tide Sateacy 
fixwn that cvideoi before ^q>tic3ilioa o f the tourniquet, mea­
sured immcdiaSdy tftrr rtieaac o f the touraiqwd, for five dii» 
fcrest grovpa of rats, esck treated wiih ritbor the vdride or 
one of the liruga. Tljtcjr wcse no oignificaati dUTBroacca between 
the valuot measured durisg trcataieat with the lowest doae of 
cadi oS the drugs taU d  aod during treatment wkb the corny 
apoadisg rebida (P >  0.05, »«* 1Ĉ  paired t  teat). Howcth", 
the charge izs ta3 flick lateftcy for both tbe vetode aod the 
lowest dose oT each d n ^  was dgaiScantiy different from mto 
(0.02 > P >  0.001, n  “* 10, t  test) isdicatiog the prw a c e cf sig- 
oificant repcrftiaioo hyperalgoiE So each case. AdointstratsoB 
of the kigjam dose cf each of the drugs resulted to the ta3 
flick latency during reperftiRoo betog s o  di& rest to that pro- 
vailiag before iorharaiBg (P >  0.95, n «■ 10, paired I teal). 
Tbcrt&re eU the drug# aboSibed repszfu&5oc hypcralgeda.

g 2
Paracetamol

0.8 tja
log dose (mg kg'*1)

Flpre 3 Chaagp in ta3 ISck latency (mean with lc, shown try verti­
cal ban) Bcasured boeediatriy after reScf of kchaeaafa, ploited 
against log dose of tbe gve agents, itepcrflisaon byperalfesia was 
atlcoaated is a dose^cpeadeat aaaaner. Dows TBjuimS to aboUtia 
hypoalgnii, calculated free rsgrorioo analysis were: todoiacthacia 
5 mg kg '1, dicMcoae sodium 42ms kg-1, ibuprofia Simjkg"1, 
dipyroM 168 mg kg- 1 aad paraoztamol ITOaigkg"'1.

I Dipyrone

I
/^D ido fe tuac  sodium 
Indomgthacln _______s

Snlrtimum effaetiv* ret dose (mg kg- ')
FTgare4 M fiiau» eSective rat dose, cxksliacd, frosi jrgmdoe 
aarlyw, rfi ttoee ol agmt which iodaoes a tiia»gc ia laQ sck 
lattacy ikdiaeania equal to the diaage ia ta3 BJck ietrocy
icdBccd t'y atixralstiatioo of the ititid*, ptoltcd aguast asaaiaaas 
iccceasactidod hiaaaa d o r, Ukea from ^aads»d tfcerapeMtic tdcx- 
men for pbyedaas. Beycasio* »a3ys£s give y *  0,056 4- 0.164%. f =» 0J93, P < (1002.

Howctct, none oT the drugs, a t the doses we used, induced 
analgesia; tail fiick lateocy sever increased agnafkantly.

Figure 3 shows change m tail fiick latency, measured isroe- 
diatdy after release of tkc toumsquet, plotted agamsl the log 
deac cf each drug. Repcrfitiaon bypcrilggsta was attenuated m 
a  doee-dq?esdent manner. Dosages of tash drag required to 
abtiisk hyperalgesia, calculated from ike ia ts re^ u  of the 
rtgmaioa Kne with the 3-axis, wcrorisdooacthada S o g ig -1, 
didoEatoti soditxn 42 mg k g '1, Sbuprofca 54 mg kg" *, dipy- 
roM lM roakg-1 aadpara<eta*K>l 170 mg kg™1.

Another rotasure of the teSash* potmcy of the drugs could 
b# derived by cafcuhtrog, from the rsgraskm lines, ti>e dosea 
at which the chsogc in tail flick latency was equal to that 
produced by the vcMck. These doaes could be coaaidmd the 
nainaaom efiectiva doaes, since amy does would attenu­
ate the hyperalgesia. Figure 4  afcom the cocrdation between 
these sunim ua eficcdve deaea aad the reconunsod-
ed htami n therapeutic dcae for the azme dniffl. The 
human t&erapeutse doseai were taken Sfoe the manufacturer's 
information recorded ia  t  cttnpcodiua of such ln6bnnatk>» 
for physictaas (MIMS Deak Ktfcrcnca VoL 22 1956/87), 
ssawaaig a  75kg patieflt There was a very Isgh degres of 
«>rrdation bctwcca the experimeelal aaeasstre ofpotcacy aad 
tha kaaua dose.

Dkcmekm
Previoos work indicates that taB fiick latency is oegativdy 
corrdated with iaQ ikm innpsrutnre (Bcrgo et at^ 1953; 
Tjoliett et a!^ 19B9) and lbs! aocec Gutora whkh alter U3 flick 
Uteocy, usually interpreted sa affecting RDckcptkxj, m y  
really just tiler tall akin temperature (fjolxm a  aL, 19B6; 
Lund st oIn 1989). The iodoctioa o f ischaonia in the raVa tail 
reduces blood flow and consequently tail skin temperature at 
the ambient temperature we wed. However, following release 
of the tourniquet, tail temperature returned to prt-iachassic 
values whilst tail flick latency remained sagoificintiy 
decreased. We have therefore established that tbe hyperalgaia 
observed on reperfusion of she previously ischaemic ta2 is not 
tbe result o f a  change m  tail akin temperature.

Non-steroidal end-inflammatory d rop  attenuated the 
hyperalgesia evident on reperfusion of the ra t tail following a 
period of iv f t tm m  We were able to rank the potency of * 
raege of non-steroidal anti-inflammatory drugs by their 
ability to attenuate lepctfttiSoo hypctalgcsta. Rank order of 
potency was: mdomcthadn >  didofenac sodium >
ibuprofca >  paracetamol >  dipyrone. The behavioura) 
response to  the ischaemic stimulus itself was not altered
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following administration of the drugs. This observation leads 
us to suggest that tbe mechanisms underlying nooccption 
during iacbaemia and rtperfuaon hyperalgesia are not the 
same, because dos&s of drugs which abolished hyperaigesia 
had bo oteervabls effect on nodccption during 
Shniiarly, the same doses of the drugg did not appear to affect 
nodceptioo during application of noxious heat to the fail Jn 
experiments conducted in the abaroec of ischacmia, the tail 
flick latency waa not altered by the administration of any of 
tbe non-steroidal anti-iafismmatory drugs. I t  has been report­
ed previously that didofenao is not anti-ncdcepdve in the la3 
flick or hot-plate tests (Bjorkmann el o l, 1990). In our ezpcri- 
mcntz, all Svt of the non^rtcroidal anti-inSanunatozy drags 
exhibited an anti-al^sic effect during repcrfusion of the pre­
viously isdiaemic tafl, but did not exhibit any antinociceptive 
effects,

hchaemia or hypoxia is bc&ved to induce the release of 
prostaglandins and bradyidnin which together stimulate affer­
ent nerve codings (Stasawska-Barczak et cf, 1976; Stebbms 
*i oA, 1985; Pal et 1989). Bradykinin is present in inflam­
matory exudates before prostaglandins (Juan, 1978; 1981; 
Tcrenius, 1981; Neugebaue? et of, 19B9X and stimulates tbe 
release of prostaglandim, which, in turn, may sensitize the 
nociceptor to the aljjogcnic action of other mediators relented 
during tissue damage. In studies of cardiac ischaemic pain, the 
NSAIDs, aspirin end iDdomcthacin, reduced bradytiom- 
indoced excitation of afferent nerve endings (Vogt et oL, 1979; 
Sachctti et aL, 1980). ArschidoMC add, a. precursor of prosta- 
giandim, accumulate in fiow-dcprivtd cardiac tissue and ifs 
concentration increases significantly in the first hour Following 
rcpcrfunion of tbe heart (Van der Vusse et ol, 1989). Prosta­
glandin conceotrstioas measured in the brain after 15min 
global cerebral ischaemia were at their highest levels in the 
15-60 min reperfimon period, when compared with pro- 
ischaemic levris (Stevens & Yaksh, 1988X The hyperalgesia we 
observed following reperfusion of the tail was greatest imme­
diately alter rdeaas of the tourniquet and lasted ter 60min 
(Gdgor t i  cl* 1986bX

Arachidomc add accumulation in conditions c*c
devats the rate of proeUglandin synthesis only if the local 
oxygen concentration is sufiSde&Uy high (Lands, 1979). We 
believe that prostaglandin precursors accumulate during isch­
aemia, and are metabolised to prostaglandins, or other eicosa- 
noids, when oxygen becomes available during reperfusioo. 
NSAIDs, which inhibit the cydc-ox^genaae enzyme, ooosc- 
quentiy will have no effect during ischaemia itstif, but will 
attenuate prostaglandin synthesis during reperfusion. Wc also 
condude that prostaglandiitt do not play a role in the tail 
flick response.

llypcralgcaic assays currcally u»od to asscaa tbe cfiicacy of 
aoB-stezcidal anti-inflammatory drugs invohe tbe adminis­
tration of chemical irritants such as brewers* yeast, trypsin, 
formalin, kaolin, canageenan, acetic add or Mycobacterium 
butyricum in tbe adjuvant arthritis model (Randall &  Setitto, 
1957; Vinegar e t«/, 1976; 1990; Menasse et al^ 1978; Ferreira 
et o/., 1978; Maier et at* 1979; Van Kotischoten et al^ 1983; 
Okayama & Aihara, 1984; Shibata et 1989X In many cases
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NSAIDS ABOLISH REPERFUSION HYPERALGESIA

the hyperalgesia lakes hours to develop and no simple inter­
vention can terminate the noxious stimulus. The procedure of 
reperfusion of the rat tail following a  period of itdtaemia does 
not involve the admimstTation of a  chemical irritant to induce 
hyperalgesia, but. rather reKcs on the endogenous release of 
humoral mediators. In the absence of a  deuberatdy applied 
stimulus, like noxious beat, the mfmaf «  in no distress and 
the duration of the hyperalgesia is relatively abort Although 
the doses of NSAIDs required to abolish repcrfusion hyper- 
a/gcsia so rate are considerably higher than the therapeutic 
doacs used in man, they were highly significantly, and tiaoorly, 
correlated with Minimum recommended human dose, so our 
procedure provides tbe basis for an assay which may be used 
to rank the potency of new non-steroidal an&infiamraatory 
drugs. Rank order of potency of tbe drugs we tested correlates 
with potency ranking in other studies which have employed 
tbe carrajgeenan paw oedema test, RaadaB-ScKtto teat, acetic 
add writhing test and tbe adjuvant arthritis model (Vinegar et 
aL, 1976; Van Kol&choteo et a t, 1963; Okuyama & Aihara, 
1984; Telman et al, 1984; Vans A  Bolting. 1987; Wdcbman, 
1989).

Indomethatin b  a potent inhibitor of prostaglandin synthe­
sis in man and in animal anti-inflammatory assays (Ferreira & 
Vane, 1974; Robinson «* aL, X97B), and, of tbe drugs we tested 
in our procedure, indomethacm proved to be the most potent. 
Also, the dosage range of efficacy of indomethatin in our 
study (LS-Smgkg-1) correlates well with ED30 dosages 
reported in the canageenan paw oedema assay, which were in 
the range of (3-&5mgkg"^ (Flower et aL, 1972; Vinegar et 
dL, 1976; Van KoVsshoten et c l, 1983; Vane & Bolting, 1987). 
Didofeaac sodium, in some tests, has been found to be equi- 
poteot to indomethsdn (Meoassc et a t, 197#; Maier et cA, 
1979; Skoutekis et d*  1988; Small, 1989), but was less potent 
in our hands. Different non-steroidal anti-inflammatory drugs 
inhibit prostaglandin synthesis to varying defect in different 
fr*., es, and hence have different potential therapeutic effects 
(- **ec & Vane, 1972). Paracetamol and dipyrone are more 
potent in inhibiting prostaglandin synthcai in brain tissue 
and do not possess anti-inflammatory properties (Flower et 
e l, 1972; Ferreira et ef., 1978; Vane, 1983; Carbon et aL, 
1986). High doecs, 168 and 170 mg kg-1 respectively, woe 
required to aboKsh rcpcrfuoon hyperalgesia.

In condnriott, we have shown that five NSAIDs attenuate 
icperftmon hyperalgesia at doaes a t which they do not influ­
ence the responses to a noriots forhsffmic or noxious thermal 
stimulus. Our observations are consistent frith a  roie for pros­
taglandins m nodccption during hyperalgesia, but not during 
noxious wchaemts or thermal stimulation. We can interpret 
our results in terms of a peripheral action of prostagkadlM, 
but they do not exdude a central action (Ferreira et a t, 1978; 
Juraa «& Ikune, 1990). finally, we believe we have indicated a 
way to test potency of NSAIDs which has ftu* fewer ethical 
probkipj than other existing procedures.
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Intracerebroventricular micro-injections of non-steroidal 
anti-inflammatory drugs abolish reperfusion hyperalgesia in the rat’s tail
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Summary Prostaglandins are men.: (or. 0f reperfusion hyperalgesia; their site of action may be in the 
periphery, in the central nervous system, or both. We have investigated whether prostaglandins play a role in the 
central nervous system during rcperfusion hyperalgesia, by intracerebroventricular (i.c.v.) micro-injection of non­
steroidal anti-inflammatory drugs (NSAID), to inhibit local prostanoid synthesis. We induced tail ischaemia in 
conscious rats by applying an inflatable cuff at the base of the tail. The cuff was released at the first signs of 
co-ordinated escape behaviour. Responses to a noxious thermal stimulus were assessed, by measuring tail flick 
latency following immersion of the tail in water at 49°C, prior to and immediately after release of the tourniquet. 
Tail flick latency decreased significantly following ischaemia, that is there was post-ischaemic re perfusion hyperalge­
sia. Intracerebroventricular micro-injection of NSAID prior to applying the tourniquet had no effect on the 
co-ordinated escape behaviour during ischaemia or on the tail flick latency after application of a sham tourniquet 
(uninflated cuff). However all the drugs abolished the hyperalgesia evident during reperfusion. Doses required to 
abolish hyperalgesia were 0.001 mg/kg indomethacin, 0.08 m g/kg dipyronc, 0.09 m g/kg ibuprofen, 0.2 mg/kg 
diclofenac sodium and 0.2 mg/kg paracetamol. These doses are 2-3 orders of magnitude less than those necessary 
to abolish reperfusion hyperalgesia when the same drugs are administered systcmically. Our results indicate that the 
development of reperfusion hyperalgesia of the rat’s tail depends on the synthesis of prostanoids within the central 
nervous system.

Keywords: Reperfusion hyperalgesia; Central nervous system; Prostaglandins; Non-steroidal anti-inflammatory 
drugs

Introduction

We have shown that 5 different non-steroidal anti- 
inflanunatoiy drugs (NSAID), administered systcmi­
cally, abolish reperfusion hyperalgesia of the rat’s tail 
(Gelgor et al. 1990). Our observations are consistent 
with the hypothesis that prostaglandins are released in 
previously ischaemic tissue (Stasweska-Barczak et al. 
1976; Stebbins et al. 1985; Longhurst and Dittman 
1987; Pal et al. 1989) and sensitize nociceptors locally

Correspondence to: Linda Gelgor, Department of Physiology, 
University o f the Witwatersrand, Medical School, York Road, Park- 
town, Johannesburg 2193, South Africa. Tel.: (27-11) 647-2163; FAX: 
<27-11)643-2765.

(Ferreira 1972; Willis and Comelsen 1973), so inducing 
hyperalgesia; NSAlDs which block prostaglandin syn­
thesis by inhibiting cyclo-oxygenase (Ferreira and Vane 
1974; Moncada ct al. 1975) would prevent this sensiti­
zation. However, our observations may also be consis­
tent with another hypothesis, namely that hyperalgesia 
arises from the action of prostaglandins and NSAID 
within the central nervous system (CNS).

NSAIDs do have central effects on neuronal trans­
mission (Chen and Chapman 1980; Hunskaar and Hole 
1987; Wilier et al. 1989; Braga 1990; Juma and Brune 
1990). Peripheral electrical stimulation induces the re­
lease of prostaglandins within the frog spinal cord 
(Ramwell et al. 1966b) and cat cerebral cortex (Ramwell 
and Shaw 1966a). Prostaglandins within the CNS may 
facilitate transmission in nociceptive pathways, an ac­



71

tion which would be blocked by NSAID (Yaksh 1982; 
Taiwo and Levine 1986; Taiwo and Levine 1988; Altai 
ct al. 1988; deBeaurepaire ct al, 1990). More specifi­
cally, centrally acting prostaglandins have been impli­
cated in the hyperalgesia provoked by carrageenin in 
the rat paw (Ferreira et al. 1978) and that evident in 
arthritic rats (Okuyama and Aihzra 1984). Hence, 
reperfusion hyperalgesia raiiiit also arise, partly or 
totally, through an action of prostaglandins within the 
CNS. Systemically administered NSAID could block 
this action provided that they cross the b/ood-brain 
barrier.

To resolve whether the abolition of reperfusion hy­
peralgesia could depend on a central action of NSAID, 
we have now administered NSAID directly into the 
CNS before inducing experimental ischaemia and then 
repcrftising the rat’s tail. Wc used very small doses of 
the drugs to eliminate any peripheral action arising 
from reverse diffusion across the blood-brain barrier. 
Some of the results have been reported briefly to the 
Physiology Society of Southern Africa (Gelgor et al. 
1990b); centrally administered NSAID indeed did abol­
ish reperfusion hyperalgesia.

Methods

Animals
Male Sprague-Dawfcy rats weighing 250-300 g were used. Thfc 

animals were atiacrtbetized with 0.025 n y /k g  fcntanyl and droperi- 
dol (Intovar Vet, Janssen) administered intramuscularly. Sterile can- 
nttlae were implanted stereotaxkaliy into the lateral ventricle 7.7 mm 
anterior to  the interaufid line and 1.5 mm from the midline (Patinos 
and Watson 1986) according to the method of Gray and Gomilka 
(1979). The canmilae were fixed to the skull with dental cement and 
stainless steel strews and protruded 3.8 mm below the sur&ce o f the 
skulL We used 30-fca needles as obduratoni. The anhnak were 
allowed 3 days to  recover from surge ty prior to any experimentation.

Following surgery the rats were housed tndmdually at an ambient 
temperature o f  21-23°C on a  12-h light/12-h dark cycle and were 
allowed free acccsx to  itandard rat rhmv and tap water.

Ischaemia
Ischaemia was induced by applying an inflatable cuff to the ba&e 

of the restrained ra fs  tail, as described previously (GeEgor ct al. 
198fta,b). The cuff was connected to a  sphygmomanometer wiuch was 
inflated to a  pressure ol 200 romHg, well above shs systolic pressure 
of the rat. T he moment the rat exhibited an escape response, the 
cuff was deflated. The time between application o f the tourniquet 
and the esrzpe response, that U the escape latency, is a  measure o f 
the noxious effect of ischaemia. If the rat had not responded within 
30 min, the cuff was deflated to avoid excessive tissue damage.

Application o f a similar tourniquet to the arms o f  the authors and 
other human subjects caused an intense, aching, poorly localized 
pain. Following removal of the tourniquet there was hyperaemia, 
temporary paraesthesia, and then resolution of all pain within a few 
minutes. There were no sequelae.

Tail flick les:
Nociception before bchaemia and during repcrfusian was com­

pared using the modified tail flick test which we have employed

previously (Gelgor et al. 1986a,b). The rat's tail was sub<«terg,ed in a 
water bath controlled at 4VeC. and tail flick btcncy was measured on 
a stop watch, as the time from submergence 6a the first co-ordinated 
motor response indicated by flicking of the tail. A  mean »f 3 
measurements 1 min apart was recorded as the latency. To avoid 
thermally induced tissue damage, animab which failed to respond 
within 20 sec had their iailt removed from Ihe water.

Experimental procedure
Thr, rats were placed in clear perspex reslrafners which allowed 

free movement of the tail and slightly restricted movement o f the 
rest of the body. The rats were placed in these yestrainers for 2-3 
h /day  on 2  consecutive days prior to any experimentation to allow 
them to  habituate. On experimental days the animals were placed in 
restrained for 15 min prior to any testing. A t least 4£ b was allowed 
between successive measurements on individual animals. Experi­
ments were carried out between 09.00 and 13.00 h al an ambient 
temperature o f 246C.

Tail flick latencies were measured prfcr to any trealment, imme­
diately after cuff deflation, then at 0.5-h intervals for I h. Control 
experiments were performed by placing an uninflaled (sham) cuff on 
the tail for 12 min; Ihb time is equal to the mean escape latency 
measured in previous experiments in cur laboratory {Gelgor et ol. 
1986a1b).

Because tail flick latency varies with lofl temperature, in a  pilot 
experiment, we measured tail skin temperature, using copper-cun- 
tianlan thermocouples taped to the dorsal surface of the fail 3(1 mm 
from the base, before, during and after ischaemia. Temperatures 
were rcvurUeU on a  data logger (MCS 120. MC Systems). Tempera­
tures were recorded fo r 30 min prior to  any testing and a t 10-roin 
intervals throughout the experiment. Specific temperatures were 
recorded during ischaemia and immediately before tail flick latencies 
were measured.

All agents as well as their vehicles were administered m a volume 
of 10 /*! imo the lateral ventricle using a 30-ga needle aitacbed to a 
Hamilton syringe, 5 min before application o f  the tourniquet (test 
groups) or sham tourniquet (control groups). The vehicle was normal 
saline except for ibuprofen and paracetamol where it was a 20% 
ethanol in water solution. The drugs and dosages used were: ln* 
domethaein (Merck, Sharp and Dohmc Research Laboratories) 
0.0002. 0.UU1. 0.002 m f/k*; djcfofeaac sodium (Ciba Gefey) O.l#, 
0 .25 ,05  m g/kg; ibuprofen (Lennoo) 0.03.0.14.03 m g/kg: paraceta­
mol =  4-acelamidophepol (Lrnnon) 0.05.0.23,050 mg/kg: dipyrone 
(Hoechst AG ) 0,04, 0.19, 0.37 m g/kg. The S tudents /  test with 
Bonferroni correction fc multiple comparisons and ?, 1-way analysts 
of variance were used tor data analysis.

The experimental procedures were approved by the Animal Ethics 
Committee of the University of The Witwatersrand (Certificate no. 
8 9/23/5) and complied with the recommendations of the Commit­
tee for Research and Etfcfcai issues of the International Assoriatmn 
for the Study o f Pain (Zimmerman 1980).

Results

Tail temperature decreased significantly during is­
chaemia ( f  <0.001, n =  10l paired / test). Following 
release of the tourniquet, tail temperature recovered to 
values which did not differ significantly from those 
evident before the cuff was applied >0.05, n *= 10, 
paired t test). However, there was a significant reduc­
tion in tail flick latency (P  < 0.01, p-*“-jOr pajred~/-test- 
with Bonferroni correction for repeated pleasures) at 
all measurement times following release of the tourni­
quet.
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TABLE l

ESCAPE LATENCIES DURING ISCHAEMIA (mcan±S.E.) AND 
TAIL FIJCK LATENDES IN THE ABSENCE OF ISCHAEMIA 
(mM «±S.E.!, FOLLOWING L tv. ADMINISTRATION O F VEHI­
CLES AND O F  T H E  HIGHEST DOSES OF EACH O F THE 
NSAID

The drags did not aifccl escape latency nor tail flick latency.

Agents administered Escape latency 
during ischaemia 
(min)

Tail flick 

(sec)

Sterile water U.2±22 7.8 ±0.7
Ethanol 20% 13.8±2.8 7.8 ±0.3
Indomethacin 0.002 mg/kg 1Z7±2.1 8.0±0.6
Diclofenac sodium 0-5 m g/kg U .0 ± 2 3 7 .4 ± 0 3
Ibuprofen 0 J  m g/kg ll.6 £ 2 .l 7.6 ±0.4
Paracetamol 0.47 mg/kg 13.6±2.7 8 .2 ± 0 5
Dipyrone 0.37 mg/kg 133+2.6 B.0±0.6

The latency to coordinated escape behaviour fol­
lowing the induction of ischaemia in the absence of any 
drugs was 13.0 ±  0.3 min (mean ±  S.E., n =  50). There 
was no significant difference in escape latency between 
different groups of rats (P> 0 ,05 , n =  10, unpaired f 
test). None of the 5 different drugs significantly altered 
the escape latency at any dosage (P  = 0.S8 in 1-way 
analysis of variance, see Table 1). Also none of the 
drugs tested had any significant effect on the tail flick 
latency in the absence of ischaemia ( f  -  0.23 in 1-way 
analysis n‘; variance, see Table 1).

Following reperfttsion of the (ail after a period of 
ischaemia, there was a  significant decrease in tail flick 
latency of 1.25-1.84 sec or about 25-30%, indicative of 
hyperalgesia. The greatest decrease in tail flick latency 
was observed immediately after removal of the tourni­
quet, but a  significant decrease persisted for 60 min 
after administration of the vehicles (0.01 >  F  >  0.001, 
n —10, unpaired ,' test with Bonferroni correction for 
repeated m easure).

Fig. 1 represents the change in tail flick latency, 
measured at half-hour intervals following release of the 
tourniquet, for rats treated with either the vehicle or 
different doses o f indumelhacin. Administration of both 
the vehicle and the lowest dose of indomethacin re­
sulted in a significant decrease in tail flick latency from 
pre-ischaemic values (F  < 0.01, n =  10, paired I test 
with Bonferroni correction for repeated measures). 
Hyperalgesia was still evident 60 min after reperfusion 
of the previously ischaemic tail. Administration of in­
domethacin a t the 2 highest doses tested abolished the 
hyperalgesia, and tail flick latencies were not signifi­
cantly different from pre-ischaemic values ( f  >0,05, 
n = 10, paired I test with Bonferroni correction for 
repeated measures) throughout the measurement pe­
riod.

i
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Fig. 1. Percentage change in tail flick latency (n>ean^S.Ii.) measured 
at different time intervali after release o f ihe tourniquet. Both saline 
(») and 0.0002 mg/kg indomethadn (D )  resulted in a significant 
decrease in tail flick latency at all time intervals tested (0.01 <P<  
0-05, i  ^  10, paired t test with Bonferroni correction for repeated 
m caci.is). fodcmethacm 0.001 (o )  and 0.002 ( a )  mfc/kg abolished 
hyperalgesia, and tail flick latency did not differ significantly from 

pre-ischaemicvaluce (P  >  0.05, n =  10, paired I test).

Fig. 2 represents the change in tail flick latency from 
pre-ischaemic values, measured immediately following 
deflation of the tourniquet, for the 5 different groups 
of rats treated with either the appropriate vehicle or 1 
of the drugs. As was the case with indomethacin,

Indomtttitcln OlclofmK 
sodium

Ibuprofao Paricetnnot Dipyrone

Fig. 2. Change in tail flick latency (aican±5.E .) measured immtdi- 
aiely after release of the tourniquet, following treatment with vehi­
cles and agents. The asterisks represent those groups in which 
treatment resulted in a significant decrease in tail flick latency from 
prctreRtment values ( f  <0.001, n -1 0 , paired t  Test), that is groups 
in which there was significant hyperalgesia. Ail agents abolished this 

hyperalgesia at sufficient dose.
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Discussion

n

Log d o *  (m^Ag)

Fig. 3. Change in tail flick latency (mcan±S.E.) measured immedi­
ately lifter relief o f ischacmia, plotted against log dose of the 5 
agents. Dosct required to abolish hyperalgesia, calculated from the 
points of intersection with the x  axis were: 0.001 m g/kg indomctha- 
dn , 0.08 m g/kg dipyrone, 0.09 m g/kg ibuprofen, 02  m g/kg  di­

clofenac sodium and 0.2 m g/kg paracetamol.

following administration of either the vehicle o r the 
lowest dose of each drug then: was c significant de­
crease in tail flick latency from pre-ischaemic levels 
(0.02> P >  0.0001, n = 10, t test), and there was no 
significant difference in the changes induced by the 
vehicle and the lowest dose of each drug ( f  >  0.05, 
n = 10, paired t test). Administration of the NSAIDs 
at the 2 higher doses tested for each of the drugs 
completely abolished hyperalgesia; tail flick latencies 
were not significantly different from those observed 
before induction of isdiaemia ( f  >0.05, n =  10, paired 
z test) nor did they differ significantly between the 2 
doses (P >  0.05, n = 10, paired r test). Increasing the 
dose of NSAID above that sufficient to abolish reper­
fusion hyperalgesia brought about no further change in 
tail flick latency, confirming that the NSAIDs had no 
intrinsic action on the tail flick response, even during 
reperfiision.

Fig. 3 represents the change in tail flick latency, 
measured immediately after release of the tourniquet 
plotted against the log dose of each drug. In- 
domethacin proved to be the most potent of the drugs 
tested, with the other 4 drugs having a lower, but 
similar, potency. Doses of each drug required to abol­
ish hyperalgesia were calculated from the inercept with 
the x  aius where y =  0. The doses in order of potency 
were: 0.001 mg/kg indomethacin, 0.08 m g/kg dipy­
rone, 0.09 mg/kg ibuprofen, 0.2 mg/kg diclofenac 
sodium and 0.2 mg/kg paracetamol.

Previous reports indicate that tail flick latency is 
weakly negatively correlated with tail skin temperature 
(Berge et al. 1988; Milne and Gamble 1989; Tjolsen et 
al. 1989; Han and Ren 1991) and that some factors 
which alter tail flick latency, usually interpreted as 
affecting nociception, may really just alter tail skin 
temperature (Ijolsen et al. 1988; Lund et al. 1989). 
Induction of ischaemia in the rat’s tail reduces blood 
flow and consequently tail skin temperature at the 
ambient temperature we used. However, following re­
lease of the tourniquet, tail temperature returned to 
pre-ischaemic values whilst tail flick latency remained 
significantly decreased. We have therefore established 
that the hyperalgesia observed on reperfusion of the 
previously ischaemic tail is not the result of a change in 
tail temperature.

When 5 different NSAIDs produce the same physio­
logical response, it is highly likely that the response 
originates from an action that the drugs share, namely 
inhibition of prostaglandin synthesis, rather than id­
iosyncratic actions each might have separately. We 
have shown that 5 NSAIDs abolish reperfiision hyper­
algesia arising in the rat’s tail without affecting noci­
ception to a noxious thermal stimulus o r to a noxious 
ischaemic stimulus. We therefore conclude that prosta­
glandins are synthesized during reperfiision of previ­
ously ischaemic tissue, and contribute to the hyperalge­
sia, but do not play a vital role in the behavioural 
response to noxious heat or ischaemia in the absence 
of hyperalgesia.

We have shown previously (Gelgor et al. 1990a) that 
the NSAID abolishes reperfiision hyperalgesia when 
administered systemicaliy, an observation potentially 
consistent with either a peripheral or a CNS site of 
prostaglandin synthesis. We have now shown, by 
micro-injection of very much lower doses of the same 
drugs directly into the cerebrospinal fluid, that inhibi 
tion of central prcstaglandin synthesis is sufficient to 
abolish reperfiision hyperalgesia. This observation does 
not exclude the possibility of both peripheral and cen­
tral prostaglandin synthesis contributing to the hyperal­
gesia, but it does confirm that the development of 
reperfusion hyperalgesia, like other hyperalgesias 
(Hardy et al. 1950; Coderre and Melzack 1987), de­
pends on nemal interactions within the CNS.

In a previous study (Gelgor e t al. 1990a), the doses 
of NSAID required to abolish reperfusion hyperalgesia 
were in order of potency: 5 m g/kg indomethacin, 42 
mg/kg diclofenac soJium, 54 m g/kg ibuprofen, 168 
mg/kg dipyrone and 170 m g/kg paracetamol. The 
rank order of potency for indomethacin, ibuprofen and 
paracetamol follows similar trends after i.c.v. and i.p. 
administration, but dipyrone and diclofenac sodium 
appeared to set differently centrally and systemicaliy.
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We have shown that potency following peripheral ad­
ministration correlates wtnl with anti-inflammatory po­
tency in man (Gelgor et al. 1990a). The discrepancies 
on Lc.v. administration may arise from differing activity 
on cyclo-oxygenase iso-enzymes in different tissues 
(Flower and Vane 1972; Laburn e t al. 1980), or differ­
ing accessibility of the drugs to the CNS sites at which 
prostaglandins may be synthesized, which include hy­
pothalamus (Dubas and Parker 1971), periaqueductal 
grey matter (Carlsson et al. 1986), thalamus (Carlsson 
et al. 1988; Juma and Brune 1990) and spinal cord 
(Yaksh 1982; Taiwo and Levine 1988). Indomethacin 
remained the most potent of the NSAIDs in inhibiting 
reperfusion hyperalgesia; it is a very powerful inhibitor 
of prostaglandin synthesis in anti-inflammatory assays 
(Ferreira and Vane 1974; Robinson et al. 1978). Par­
acetamol and dipyrone are considered to be weak 
anti-inflammatories, but relatively strong inhibitors of 
prostaglandin synthesis in brain tissue (Flower and 
Vane 1972; Ferreira et al. 1978; Vane 1983; Carlsson et 
al. 1986). Dipyrone indeed ranked high in ability to 
attenuate reperfusion hyperalgesia when administered 
i.c.v. but not peripherally. Contraiy to expectations, 
however, paracetamol was a weak inhibitor of hyperal­
gesia regardless of the route of administration. It has 
also been reported to be a weak inhibitor of adjuvant- 
induced hyperalgesia (Okuyama and Aihara 1984) and 
carrageenin-induced hyperalgesia (Ferreira et al. 1978) 
when injected Lc.v. in rats; its relative inactivity may 
result from its apparent inability to inhibit prosta­
glandin synthesis in rat CNS tissue (Abdel-Halcm et al. 
1978), in contrast to the brain tissue of other species 
(Flower and Vane 1972).

The observation that NSAIDs block reperfusion hy­
peralgesia, whether administered systemically (Gelgor 
et al, 1990a) or now centrally, means that the proposi­
tion that the NSAIDs are antinociceptive only in in­
flammatory states (Ferreira et al. 1978) is too restric­
tive; they will be antinociceptive in any state in which 
there is increased prostaglandin synthesis, which we 
consider to include the state of reperfusion after tran­
sient ischaemia. Our results support the view that 
NSAIDs, whether administered systemically or cen­
trally, are not antinociceptive against uncomplicated 
noxious stimulation of the skin. Indomethacin and par­
acetamol (as well as aspirin and phcnacetin), injected 
i.c.v. or i.p., do not affect, paw withdrawal in the 
Randall-Sellito test (Ferreira et al. 1978), and i.c.v. or 
systemic indomethacin and paracetamol attenuate vo­
calization during noxious electrical stimulation only at 
very high doses (Okuyama and Aihara 1984). Di­
clofenac was not antinociceptive against noxious ther­
mal stimuli in the rat when injected systemically, i.c.v., 
or into the spinal cord (Bjorkmann et al. 1990). There 
is one report (Taiwo and Levine 1988) that both in­
domethacin and aspirin, while being inactive if injected

systemically, block reactions to noxious thermal and 
mechanical stimuli in rats when injected directly into 
the spinal cord, and another report that ketoprofen 
blocks reactions to noxious heat when injected into 
brain parenchymal tissue at sites not known to be 
involved in nociception (dcBeaurepahe et al. 1990).

If one accepts the hypothesis that NSAID efficacy 
implies the involvement of prostaglandins in the noci­
ception, then 2 other forms of noxious stimulation 
contend for inclusion with inflammatory hyperalgesia 
and reperfusion hyperalgesia. They are mechanical dis­
tension of the viscera, where the resultant writhing is 
blocked by i.c.v. and s.c. diclofenac (Bjorkmann et al. 
1990) and i.p. indomethacin (Deleo et al. 1989), and 
direct electrical stimulation of afferent nerve trunks, 
the neuronal responses to which are blocked by i.v. 
dipyrone, lysine acetylsalicylale and paracetamol 
(Carlsson et al. 1988).

That prostaglandin synthesis within the CNS is in­
volved in the development of hyperalgesia now seems 
established for both inflammatory and reperfusion hy­
peralgesia, and central activity of NSAIDs is sufficient 
to account for their attenuation of hyperalgesia. Our 
results, and those of others (Okuyama and Aihara 
1984), demonstrate that the CNS doses of NSAIDs 
required to abolish hyperalgesia are so small that pene­
tration through the blood-brain barrier may be enough 
to account for the action o f NSAIDs administered 
systemically. However, aspects of hyperalgesia can be 
mimicked by the local peripheral injection of prosta­
glandins (Willis and Comelsen 1973; Taiwo and Levine 
1990). We assume, provisionally, that in reperfusion 
hyperalgesia, as in other hyperalgesia (Ferreira et al. 
1978), prostaglandin synthesis occurs and NSAIDs act 
both centrally and peripherally.
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Modality-specific hypersensitivity of dorsal horn convergent neurones 
during reperfusion of their receptive fields on the rat’s tail
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Stumauy In rats anaesthetised with enflurane, we examined the responses o f convergent neurones in the 
dorsal horn of the spinal cord to noxious thermal and mechanical stimulation and to innocuous brushing, during 
reperfhsion of their receptive fields on the tail, following transient ischacmia. Neurones were included if they 
responded, before induction of ischacmia, to both pinching and brushing of receptive fields restricted to the tail. 
Ischacmia was induced by occluding the blood supply to the tail for 30 ruin using a  tourniquet.

Compared to their own responses before ischacmia, during reperfhsion almost all the neurones (17 of 20) 
exhibited significantly increased activity to noxious pinching and innocuous brushing o f their receptive fields, 
following 30 and 60 min of reperfhsion. Receptive field size increased markedly in 16 of 20 of the neurones tested. 
Only 13 of 35 of the neurones responded to noxious thermal stimulation of the tail before induction of ischacmia, 
and of these only two exhibited enhanced sensitivity to thermal stimulation during reperfusion.

Our results indicate that there is a  population of convergent neurones that demonstrates hypersensitivity to 
mechanical stimulation of the rat's tail, but not to notions thermal stimulation, during reperfhsion of their receptive 
fields following transient ischacmia.

Keywords: Hypersxdtability; Ischacmia; Reperfhsion; Noxious stimulation; Convergent neurones; (Rat)

Introduction

There are a t least two classes of dorsal horn neu­
rone that receive input from peripheral nociceptors, 
high-threshold or nociceptive-specific neurones, and 
convergent or wide-dynamic-range neurones, which arc 
activated by noxious and innocuous stimuli but more 
powerfully by noxious stimuli (Dubner and Bennett 
1983). The properties of convergent neurones are con­
sidered more appropriate for encoding noxious thermal 
stimuli, and changes in intensity of mechanical stimuli, 
than those of nociceptive-specific neurones (Chung et 
al. 1986; Cervero et al. 1988; Maixner et al. 1988; 
Dubner et al. 1989).

* Corresponding author: Linda Gelsor, Department o f  Physiology, 
University of the Witwatcisrand Medical School, Partriown 2193, 
Johannesburg, South Africa.

In a  previous study conducted in our laboratory, 
convergent dorsal horn neurones with receptive fields 
in the rat’s hind leg exhibited increased excitability to 
noxious mechanical stimulation during ischacmia, but 
not to innocuous stimulation of the same receptive 
field (Sher and Mitchell 1990). We have now examined 
the responses o f convergent dorsal hom neurones with 
receptive fields in the rat’s tail to noxious and innocu­
ous mechanical stimulation, as well as noxious thermal 
stimulation, during reperfusion of the tail following 
relief of ischacmia. During reperfhsion, the neurones 
became more sensitive to mechanical stimuli, but not 
to noxious thermal stimuli.

Materials and methods

Animal preparation
Male Sprsgus-Dowicy rata weighing 100-225 g were used in ail 

experiment*. We induced anaesthesia with sodium pentobarbitone
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(50 m g/kg, i.p.) and administered atropine sulphate (0.25 m g/kg) to 
reduce tracheal secretions. A  tracheal cannula was inserted and 
anaesthesia maintained, using spontaneous respiration, with enflu- 
rane  (Ethrane, Abbott Laboratories) in nitrous oxide/oxygen 
(67:33%). at concentrations o f 2-3%  for surgery and 0.6-1%  for 
maintenance (Shcr arid Mitchell 1990). W e monitored reflexes and 
pupil diameter throughout the experiment to ensure adequate anaes­
thesia. Core body temperature was m aintained a t  37°C by a  heating 
pad controlled from a rectal thermistor.

We performed a laminectomy o f the 2nd to  5tb lumbar vertebrae 
and removed the dura mater from the cord. Vertebrae rostral and 
caudal to the exposed cord were clamped rigidly, to  minimise move­
m ent at the recording site.

Recording technique ami characterisation o f  cells
Single-unit extracellular recordings were made from dona! bom 

neurones 50-1100 jim  (mean: 371; standard e r r o r  63) the surface of 
the cord, the depths being determined by th e  position token ot a 
stepping microdrive, a method which has been shown to bare an 
accuracy of 65 jim  in the ra t lumbar cord (Mitchell and Hellon 
1977). The majority o f  the neurones (59%) lay in the sitperfidal
dona! horn ( < 280 #im from the mrfsce), with the remaining neu­
rones being located in deeper laminae. Analysis o f neurones with 
respect to depth showed no difference in response between neurones 
recorded in the superficial and deeper laminae, so the results have 
been presented as mean responses o f  all convergent neurones 
recorded. Only neurones which responded to both nouous pinching
and innocuous brushing of the tail were pursued.

We searched for responsive neurones by brushing the ta il We 
therefore avoided damaging the tail by searching with a noxious 
stimulus. If bmshing elicited a response we then manually cinched 
the  tail. Neurones responding to brush or light mechanical stimula­
tion only were excluded. O nto  a potentially responsive neurotic had 
been identified, its receptive field was m apped out using a brush and 
its spontaneous firing rate was measured. W e excluded neurones 
with receptive fields a t the tip o f the tad, because this portion of the 
tail became excessively damaged when stimulated repeatedly, we 
rarely encountered neurones with receptive fields in the tip of the 
tail.

Once a  stable spontaneous firing rate  had bees  established, w» 
applied a noxious pinch, using serrated forceps, o f 10 see duration 
and 1.7 N  force as described previously (Sher and Mitchell 1990), to 
the centre of the receptive field. Innocuous stimulation was achieved 
by brushing the tail with s  camel hair paint brush along the. entire 
length of the receptive field, with repeated strokes for a 10 sec 
period and about 03. N force, m measured on a balance. We abo 
heated the receptive field using a Peltier thermo-electric tbennode 
connected to a temperature controller (Sensortek T54, Physitemp 
Instruments, NJ) which enabled us to ramp up the temperature o t  
the  receptive field in 2*C steps between 40 and 50*C, a range based 
on our previous behavioural studies o f  hyperalgesia (Gelgor ct aL 
1986, 1968). A separate thermocouple on  the surface of the tail 
measured the actual tail temperature. The tem perature o f the tail 
was maintained at 35*C between stimnK to  ensure that the nenrona! 
responses observed were not the result o f  changes in tail tempera­
ture, although we have shewn previously in behavioural experiments 
th at re perfusion hyperalgesia is independent o f changes in toil skin 
temperature (Gelgor e t al. 1992). W e then induced tail ischaemia by 
applying •  tourniquet ih  ths form o f  an inflatable cuff a t the bare of 
the tail, and inflating it to a pressure of 200 mm Hg, so occluding the 
arterial blood supply to  tbc tail. The cuff was deflated after 30 mm, 
and the receptive field was m apped out again and stimulated imme­
diately, us described above, and then at 30 m in and 60 mm following 
jeKef of taebwmift. Control experiments followed the same experi­
mental procedure but without inflation o f the  cuff. Became of 
potential consequences o f repeated carious stimulation, we recorded

only 1 neurone from each anim al The animals were subsequently 
killed by anaesthetic overdose, without recovery o f consciousness.

All recordings were m ade using glass-coated tungsten electrodes. 
Amplified potentials were fed through a spike processor (Digitimer 
D130, Digitiner, UK) into a  laboratory interface (CED 140, Cam­
bridge Electronic Designs Cambridge) attached to a  microcomputer 
for storage aed  analysis. To ensure that the same unit was being 
recorded from for the full duration o f an experiment, the amplitude 
and shape o f each impulse were monitored, as well as the consis­
tency o f response to stimulation o f  the centre o f  the receptive field.

Statistical analyses were m ade using the paired Student's I test 
with the Bonferrooi correction for multiple comparisons.

All procedures were approved by the Animal Ethics Committee 
of the University of the Witwatetsrand (Clearance certificate number 
89/1S1/32X

Results

We recorded 35 neurones which responded to both 
noxious pinch and innocuous brushing of the tail within 
the same receptive field. O f these only 13 responded to 
graded noxious thermal stimulation of the receptive 
field. In 24 animals, we applied the tourniquet, but we 
failed to recover 4 neurones following removal o f the 
tourniquet. In  the other 11 animals we applied a  sham 
tourniquet.

The mean spontaneous firing rate of 20 neurones, 
before application o f the tourniquet was 1.2 ±  03  
spikes/sec, there was no difference between those 
which responded to thermal stimuli and those which 
did no t The majority o f the neurones (32 of 35) had a 
spontaneous firing rate less than 2 spikes/ sec with the 
remaining 3 neurones exhibiting a  spontaneous firing 
rate of 5-10 spikes/sec.

During ischaemia, the firing rate increased signifi­
cantly (P  < 0.001, paired / test with Bonferroni correc­
tion for repeated measures, n =  20) (Fig. 1). The la­
tency of response of the neurones following application 
of the tourniquet was 113 ±1*5 min (n =  20). This 
value correlates well with the response latency of thala­
mic neurones to the same manoeuvre (Gelgor ct al. 
1988), as well as with the escape latency observed in 
conscious animals following application of a  tourniquet 
to the tafi (Geiger e t al. 1988; Sher et a l  1992). The 
mean spontaneous firing rate during reperfusion of the 
tail was lower than that prevailing during ischaemia, 
but still significantly different from that prevailing be­
fore application of the tourniquet. Fig. 1 also shows the 
mean spontaneous firing rate of 11 neurones before, 
during, and following application of an uninflated 
(sham) tourniquet; there was no significant change in 
firing rate associated with the sham tourniquet

Fife 2 shows the response o f one of the neurones we 
tested to pinch and brush, before application of the 
tourniquet and following its release (top panel), as well 
ps the response to thermal stimulation of the same 
receptive field (bottom panel). Before application of
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the tourniquet, the responses of the neurone to pinch 
and brush, at the intensities we employed, were similar 
which was the case in 20% (7 of 35) of the rats. 
Immediately following release o f the tourniquet the 
;esponse to both pinch and brush was markedly de­
creased. This decrease in response immediately follow­
ing ischaemia was evident in 45% (9 of 20) of the 
neurones; in 10 of 20 neurones there was no change in 
sensitivity at this time. However, a t 30 and 60 min after 
release of the tourniquet, the response to both pinch­
ing and brushing o f the receptive field was clearly 
greater than that evident before application of the 
tourniquet. The firing ra te  of this neurone did not 
change significantly with increases in temperature, ei­
ther before application o f the tourniquet or during 
reperfusion of the tail.

The selective hypersensitivity to mechanical stimuli, 
exhibited by the neurone of Fig. 2, was evident in most 
of the neurones we encountered. Fig. 3 illustrates the

**

Before During Aftef
tcumlqufil tourniquet tourniquet

Fig. 1. firing rale  o f convergent neurones with tail receptive fields 
before, during, and after application o f a  tourniquet (filled bars, 
mean 1  S.E.M., n  — 20) o r  ahem tourniquet (open b a n , n  — U > to the 
tail. During application o f  the tourniquet the firing rate increased 
significantly above the firing ra te  prevailing before application o f a 
tourniquet (/’ CO.OOI, paired I lest). The spontaneous firing rale 
following release o f  the tourniquet was lower end significantly differ­
ent to that prevailing before iP <  0.05) and during application of a 
tourniquet tP  < 0.02, paired I test, with Donferroni correction for 
repeated measures). Application o f a sham tourniquet had no effect 

on spontaneous firing rate  ( /* >  0.05, n -  11, paired r test).

characteristics of a neurone which developed hypersen­
sitivity to thermal as well as mechanical stimulation of 
the receptive field. This neurone responded more to 
pinching than to brushing of the receptive field, a 
pattern evident in 28 of 35 (80%) of neurones we 
examined. The neurone of Fig. 3 was the only neurone 
that exhibited enhanced sensitivity to mechanical and 
thermal stimuli immediately after release of the tourni­
quet; it was even more sensitive after 30 and 60 min of 
reperfusion. Whilst 17 of 20 (85%) of neurones we 
examined had a greater response to noxious and in­
nocuous stimuli of the receptive field after 30 and 60 
min of reperfusion than before application o f the 
tourniquet, only one other neurone exhibited an in­
crease in response to thermal stimulation of the recep­
tive field during reperfusion.

Fig. 4 consolidates the responses of the population 
of neurones, including those which also responded to 
thermal stimuli, to noxious pinch and innocuous brush­
ing, before application of a tourniquet or sham tourni­
quet, and following their removal. Immediately follow­
ing release of the tourniquet, the mean responses of 
the neurones to both pinch and brush did not differ 
significantly from the responses before the tourniquet 
was applied. However, after 30 and 60 min o f reperfu­
sion, there was a  significant increase in response to 
both pinch and brush. Tliere was no significant change 
in response, a t any time, associated with the sham 
tourniquet.

Only a subpopulation of 13 neurones exhibited an 
increase in firing rate with increasing tail temperature, 
before we applied a  real o r sham tourniquet. Most of 
the thermally responsive units (62%) were located in 
the superficial dorsal horn. The spinal neurones we 
examined fired at about 2 spikes/ sec at receptive field 
temperatures between 42 and 44”G  Based on analysis 
of individual neurones, the threshold temperature 
above which firing increased was 44.6 ±  1.0°C (mean ±  
S.E.M.). The firing rate reached a maximum of about 8 
spikes/sec a t a temperature of 48.0±0.8°C (mean ± 
S.E.M.), a rate very similar to that recorded in ther­
mally sensitive spinothalamic tract cells (Paiecek et al. 
1992), but considerably lower than that of the neurones 
in the ventrobasal complex of the rat thalamus initially 
selected for their responsiveness to noxious thermal 
stimulation of the tail (Gelgor et al. 1988).

Following release of ihe tourniquet, 2 o f the 13 
neurones exhibited an increase in firing rate with in­
creasing temperature which was greater than their 
response prior to ischaemia. Eight other neurones did 
not change their firing rates a t rny temperature tested, 
nor did they change threshold temperature, during the 
reperfusion of their receptive fields ( f  > 0.05, n =  6, 
paired I test with Bonferroni correction for repeated 
measures) Also, none of the neurones which were 
unresponsive to noxious thermal stimuli before appli-
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Fig. 2. Response o f  a  convergent neurone in the dorsal hom  to  pinch, brush and graded therm ai stimulation of the tail before application o f the 
tourniquet, immediately after release o f the tourniquet, and 30 and 60 jnin later. The top panel represents the rate histogram of the neurone over 
1 sec epochs. Tbc bottom panel shows the m ean firing rate o f the neurone at each tem perature tested. Immediately following release o f  the 
tourniquet, the response to pinch and brush decreased, but then increased with lime, with hypersensitivity evident after 30 and 60 min o f 
reperfusion o f the t a i l  This neurone did not respond significantly to  thermal stimulation o f its receptive fidd; note that the firing rate never 
exceeded 2  spikcs/sec. The mean spontaneous firing rate o f this neurone was O S sp ikes/sec  before application o f  the tourniquet and U

sp tk es/sec  during reperfusion.
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Fig. 3. Characteristics of a neurone which ethibiled a response to  graded thermal stimulation as well as a  response to pinch and brash o f  the 
receptive field before application o f  the  lourniijuel. This was the  only neurone which exhibited hypersensitivity to noxious stimulation 
immediately following release o f  the tourniquet. Details as in Fig. 2; note the change in scale of firing rates in response to thermal stimulation

(maximum o f 2 H z in Fig. 2, but 40 Hz here).
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cation of the tourniquet became responsive during 
reperfusion of the tail.

In  addition to investigating the effect of reperfusion 
on firing rate, we investigated receptive field size dur­
ing reperfusion. Fig. 5 demonstrates individual exam­
ples o f receptive field topography before application of 
the tourniquet and after its release. Receptive fields 
initially were mostly bilateral, encompassed both the 
dorsal and ventral surface of the tail, measured 32 ±  10 
mm (mean ±  S.E.M., n =  35), along the tail’s major axis 
and were distributed throughout the tail. Receptive 
field size increased significantly (PC 0.02, paired I 
test) with length increasing to 84 ±21 mm (mean ±  
S.E.M., n =  20), immediately following tourniquet re­
lease in those neurones the receptive field of which 
were subject to ischaemia. During reperfusion the re­
ceptive field sometimes extended to the entire tail.

S
E 1000'

0-1
B e lre  tourniquet

0  mln 30 mln 60 mln 

Alter tourniquet

Fie. 4. Response o f Ihc population of convergent neurones to nox­
ious pinching (lop panel) and innocuous brushing (boltom panel) o f 
the  receptive field, before application and following release of the 
tail tourniquet (filled bars, m can±S.E ., n -  20) or sham tourniquet 
(open b an , n —11). T he  oatcriaka aignlfy reapofiaca significantly dif­
ferent from the responses before application o f the tourniquet {P < 
0.02, paired r test with Bonferroni correction for repeated measures).

Before
tourniquet

T  W m m i

After
tourniquet

%%%%%****:--- —-

—=»

^  W/M//Mm&2Z!S===a.

50 mm
Fig. 5 . Individual examples showing receplhv field size before is- 
chacmia and immediately following release o f the tourniquet. Recep­

tive field size increased in 16 o f 20 (8O7E) o f the neurones tested.

although a  few receptive fields did not change in size. 
The receptive fields never extended beyond the tail 
before or after application of the tourniquet. No change 
in receptive field size was observed following applica­
tion of the sham tourniquet.

Discussion

The population of neurones we encountered exhib­
ited hypersensitivity to both noxious and innocuous 
mechanical stimulation, during reperfusion of the tail. 
O f the neurones, which were selected because they 
responded to noxious and innocuous mechanical stimu­
lation, only a minority (37%) also responded to thermal 
stimulation o f  their receptive fields, and only two of 
these exhibited an increased responsiveness to noxious 
thermal stimulation during reperfusion of the tail. The 
population of dorsal hom neurones therefore exhibited 
modality-specific hypersensitivity; even those which 
were sensitive to thermal stimuli did not exhibit en­
hanced thermal sensitivity when they exhibited en­
hanced mechanical sensitivity.

The increased responsiveness to  mechanical stimuli 
usually was not evident immediately after removal of- 
the tourniquet, but the response to both pinch and*' 
brush had doubled after 60 min reperfusion. Concomi­
tant with the increased responsiveness there was a 
marked increase in receptive field size of most of the 
neurones, which indeed was evident immediately fol­
lowing release of the tourniquet. The hypersensitivity 
and increased receptive field size were not the conse­
quence o f repeated noxious stimulation of the tail, 
because they were absent when the same stimuli were 
applied before and after application of a sham tourni­
quet.
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Occluding the blood supply to the tail, in the ab­
sence of other stimuli to the tail, produced a 3-fold 
increase in spontaneous activity. Following removal of 
the tourniquet, the spontaneous firing rate decreased, 
but did not return to the pre-ischaemic value within 
the 60 min of our recordings. Ischaemia appears to 
excite specific afferent nociceptive pathways (Chabel et 
al. 1990; Schaible e t al. 1990; LaMotte et a 1.1991), and 
activity in these pathways may contribute to the in­
creased spontaneous activity evident during and after 
ischaemia. The increase in spontaneous firing rate dur­
ing tail ischaemia, and the receptive field enlargement 
immediately after release of the tourniquet, presum­
ably resulted from C-fibrc input to the dorsal bom  
neurones, because they occurred when conduction in A 
fibres would have been blocked by the tourniquet 
(Kojo and Pertovaara 1986; Cline et al. 1989). During 
tourniquet-induced ischaemia of the rat hindlimb, ac­
tivity developed in fibres with conduction velocities in 
the C-fibre range that wiSre not active prior to tourni­
quet inflation (Chabel e t al. 1990), and such fibres may 
exist in pathways from the tail too. increases in recep­
tive field size like those we observed have been re­
ported following repeated noxious stimulation of, or 
injury to, the periphery (Cetvero et al. 1984; McMahon 
and Wall 1984; Cook et al. 1987; Woolf and Kjng
1990). The mechanism underlying receptive field en­
largement is not simply modification of afferent input, 
but also depends on events which take place in the 
dorsal horn of the spinal cord (Coderrc and Mtlzack 
1987; Cook et al. 1987; Cetvero and Laird 1988; Ho- 
heisel and Mense 1989; Hylden et al. 1989; Woolf and' 
King 1990).

The activation of novel afferent pathways during 
and after ischaemia may also contribute to the hyper­
sensitivity to  mechanical stimuli which tb". convergent 
neurones exhibited during reperfusion. The activation 
is likely to arise from chemosensors stimulated by 
tissue metabolites released peripherally during and af­
ter ischaemia (Lindahl 1974; Sicuteri et al. 1974; Lynn 
1977). However, once activated, neurones in the path­
ways develop sensitivity to mechanical stimuli which is 
not evident in the absence of ischaemia (Schaible et al. 
1990: LaMotte e t al. 1991). Such neurones, if they exist 
in afferent pathways from the tail, may excite the 
dorsal horn neurones.

In the context of our results, we need to consider 
how convergent dorsal horn neurones might exhibit 
enhanced responsiveness tn mechanical stimuli but not 
to thermal stimuli during reperfusion. One possibility is 
that the hypersensitivity is specific to a particular affer­
ent fibre type. Shir and Seltzer (1990) have proposed 
that, in causalgiform pain disorder in rats, mechanical 
hyperalgesia is mediated via A-fibre afferent; and ther­
mal hyperalgesia by C-fibre afiercnts. Although A fi­
bres may contribute to thermal sensitivity in afferent

nociceptive pathways at nociceptor temperatures 
greater than 49°C (Beitel and Dubner 1976), over the 
temperature range we used C  fibres are most likely 
responsible for the transmission o f thermal nociceptive 
information (Handwerker et al. 1975; Beitel and Dub­
ner 1976; LaMotte 1984). These thermosensitive C 
fibres may not converge on to  dorsal horn neurones, 
even if chemosensitive C fibres indeed do so.

Another possible explanation for the modality- 
specific hypersensitivity is that the hypersensitivity is 
confined, not to specific afferent fibre types, but to a 
specific mediator, released either in primary afferent 
fibres or in the spinal cord, which facilitates the trans­
mission of a specific stimulus modality (Follenfanl et 
al. 1989; Flcetwood-Walker et al. 1990; Kellstein et al. 
1990; Noguchi et a t  1991). Excitatory amino acids 
appear Hkely candidates; they are not involved in the 
thermally excited tail flick reflex (Yasphal et al. 1991; 
Sher et al. 1992) but specifically mediate the response 
to mechanical stimulation, and mechanical allodynia 
(Zieglansberger and Here 1971; Salt and Hill 1983; 
Dougherty and Willis 1991a,b). Previous studies in our 
laboratory have shown that excitatory amino acids in 
the spinal cord play a role in nociception during is­
chaemia and in reperfusion hyperalgesia (Sher and 
Mitchell 1990; Sher et al. 1992). Recruitment of low- 
threshold mechanoreceptors which use excitatory 
amino acids as transmitters (Hill and Salt 1980) could 
underlie the hyperalgesia evident tn noxious and in­
nocuous mechanical stimuli during reperfusion of the 
tail. Moreover, the hypersensitivity in which excitatory 
amino acids are involved is not confined to A-fibre 
afferent input; C-fibre activity is also enhanced by 
excitatory amino acids (Didienson and Sullivan 1987).

Other investigators have proposed that it is the 
convergent dorsal horn neurones which account for the 
hyperalgesia to noxious heat and encode information 
arising from thermal nociceptors (Dubner et al. 1989; 
Kenshalo et al. 1989; Maixner et al. 1989; Simone ct al.
1991). Our results do not support these proposals. The 
population of neurotics we examined exhibited hyper­
sensitivity only to mechanical stimuli, during reperfu­
sion following ischaeiiiia to the rat tail.
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Prostanoid synthesis in the spinal cord enhances excitability 
of dorsal horn convergent neurones during reperfusion 

of ischaemic receptive fields on the rat's tail
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S u ra m a ry  I n  40 rats anaesthetized with enfluranc, we identified convergent dorsal horn neurones responding 
to both noxious (pinch) and innocuous (brush) mechanical stimulation of their receptive fields on the tail. We 
recorded extracellular activity before and during ischaemia o f the leceptp-e fields, as well as during subsequent 
reperfuskm. Two NSAIDs, indomcthacin and diclofenac sodium, or saline were applied locally to the spinal cord 
before the induction of ischaemia. During ischaemia, spontaneous activity of the neurones increased significantly, 
and the responses to both pinch and brush were reduced significantly; indomcthacin and diclofenac sodium had no 
effect on either spontaneous activity or sensitivity to mechanical stimuli. The neurones became hypersensitive to 
both pinch and brush during reperfhsion of their receptive field, and receptive field size increased. Application of 
indometharin and diclofenac sodium to the spinal cord a b o lis h e d  both the hypersensitivity and the increase in 
receptive field size. Our results indicate that spinal cord prostanoid synthesis facilitates the enhanced excitability of 
dorsal horn convergent neurones to both noxious and innocuous mechanical stimuli during repcrfiision of their 
receptive fields, but does not affect the neurones’ responses to receptive field ischaemia, nor their responses to 
mechanical stimuli in the absence of a conditioning stimulus.

Key words: Prostaglandin; Reperfusion hyperalgesia; Convergent neurone; Spinal cord; Ischaemia; (Rat)

Introduction

Hyperalgesia following peripheral tissue damage may 
result from increased sensitivity of nociceptors at the 
site of injury (Beitcl and Dubner 1976; Bessou and Perl 
1976), or from increased excitability of central nervous 
system (CNS) neurones (Woolf 1983; Wall and Woolf 
1984), or both. The antinociceptive action of non­
steroidal anti-inflammatory drags (NSAIDs) following 
tissue injury or inflammation has been widely at­
tributed to their ability to inhibit the synthesis of 
prostanoids peripherally, thus preventing prostanoid- 
mediated sensitization of nociceptors (Rang et al. 1991).

* Cotrefmtlaig author lamia. Otlgor, Brain Function R tiea id l 
Unit, Department t if  Physiology, University of the Wilwatcnsraod 
Medical School, 7  Volk Road, TaAttnvn, 2193 Johannesburg, 
South Africa.

However, prostaglandins also facilitate nociceptive 
transmission by an action in the CNS (Braga 1990; 
Jum a and Brune 1990). Peripheral electrical stimula­
tion induces the release of prostaglandins within the 
frog spinal cord (Ramwell et al. 1966) and intrathecal 
administration of low doses of prostaglandins causes a 
reduction in nociceptive thresholds (Ferreira e t al. 
1978; Ferreira 1983; Taiwo and Levine 1988). Blocking 
spinal prostanoid synthesis by intrathecal administra­
tion o f NSAIDs attenuates the hyperalgesia which fol­
lows peripheral injection of an irritant, at doses which 
are too low to exert a systemic effect (Yaksh 1982; 
Maimberg and Yaksh 1992b).

We have now investigated how spinal prostanoid 
synthesis affects the electrical activity of neurones in 
nociceptive pathways in the spinal cord. We examined 
the responses of convergent dorsal horn neurones to 
noxious and innocuous mechanical stimuli, during is­
chaemia and subsequent repcrfiision of their receptive

SSDI 0 3 0 4 -3 9 5 9 (9 4 )0 0 109-R



fields on the rat’s tail. We administered two NSAlDs, 
diclofenac sodium and indomethacin, directly on to the 
exposed spinal cord, to block focal prostanoid synthe­
sis.

Material and methods 

A iim al preparation
M ak Sprague-Dawlcy rats weighing 180-250 g were used. We 

induced anaesthesia with sodium pentobarbitone (50 m g/kg, i.p.) 
and administered atropine sulphate (0.25 m g/kg) to reduce tracheal 
secretions. A iracheal cannula was inserted and anaMthejia main­
tained, using spontaneous respiration, with enflurane (Ethrane, Ab- 
botl Laboratories) in nitrous oxide/oxygen (67:33%), at concentra­
tions of 2 -3%  for su re ty  and 0.6-1% for maintenance (Sher and 
Milcbcll 1990). We monitored re fleas  and pupil diameter through­
out the experiment to ensure adequate anaesthesia. Core body 
temperature was maintained a t 37*C by a  heating pad controlled 
from a rectal thermistor.

We performed a laminectomy o f the second to the fifth lumbar 
vertebrae and removed the dura mater from the cord. Vertebrae 
rostral and caudal to the exposed cord were damped rigidly, to 
minimise movement at the recording site. Muscle flaps were raised 
to form a  snvslt pool around the capceed cord for dreg administra­
tion.

Recording technique and characterisation o f ceBs
Single-u/iit extracellular recordings wej« made from dorsal bora 

neurones 200-1400 #tm (mean: 688; SE: 60) below the surface o f the 
cord, 4he depths being determined by the podtion of a stepping 
microdrHc, a  method which has been shown tc  have an  accuracy o f  
65 pm  in the rat lumbar cord (MitchcU and Hcllon 1977). The 
majority o f the neurones (90%) were located in deeper laminae with 
the remaining 10% located m the superficial dorsal boro ( <  290 ftm  
from the surface). Analysts of neurones with respect to  depth shewed 
no difference in response between neurones recorded in the  superfi­
cial and deeper laminae, 50 the results b a te  been presented as mean 
responses o f alt convergent neurones recorded. Two of the neurones 
were muic itmu 1003 /im  befow the surface, and so were likely to be 
outstd#; the anatomical dorsal hom; their characteristics were not 
distinguishable from those of the other neurones."

Wc searched for responsive neurones by brushing the tafl. If 
brushing elicited a response we them manually piixhed the ta il  Only 
newoncs which responded to both noxious pinching and innocuous
bruiiiing of * receptive field on the tril verc pursued. Once 1

qualifying neurone had been identified, its receptive fieM ta u  mapped 
out using a  brush. W c abandoned neurones with receptive fields at 
th« tip o f the tail, because this portion of the tail became excessively 
damaged when stimulated repeatedly.

Wc measured spontaneous firing rate and then applied a noxious 
pinch, using serrated forcerA of 10 sec duration and 1.7 N force as 
described previously (Sher and Mitchell 1990), to the centre o f  the 
receptive field. To apply standard innocuous stimulation, we brushed 
the receptive field with a  camel hair paint brush for 10 sec with 
repeattd  strokes, at about 0.2 N force. 'Three sets o f stimuli were 
applied 10 mm apart. Wc then induced tail ischaemia by applying a 
pneumatic tourniquet at the base of the toil and inflating it to a 
pressure o f 200 mm Hg, thereby occluding the arterial Wood supply 
to the tail. The receptive field was stimulated at 10 and 20 m is after 
the induction of ischsemia. The tourniquet was removed after 30 
Min, and the receptive field was mapped out again and stimulated 
immediately, as described above, and at 10 min intetvab for a further 
60 min. Control experiments followed the same experimental proce­
dure but without inflation of the tourniquet Because o f potential

consequences of repeated noxious stimulation (Sher and Mitchell 
H /0), we recorded only I neurone from each animal.

Extracellular spikes were recorded using glass electrodes with a 
tip diameter of approximately 2 fim . The electrodes were filled with 
a 3 M KC1 solution and had a resistance of 2-3  MJ2. Amplified 
potentials were fed through a spike processor (Digitimer D130, 
Difiitimcr, UK) into a laboratory interface (CED 1401, Cambridge 
Elcctrtrjic Designs, Cambridge) attached to  a microcomputer for 
storage and analysis.

Drug administration
The drags were applied directly on to the exposed spinal cord in 

25 p i  boluses, mimicking intrathecal administration, 5 min before 
application o f the tourniquet o r sham toumiqect. Control experi­
ments for the drug administration wen: done by applying 25 j i l  of 
physiological saline to the cord in 10 animals and in 9  animals we did 
not apply anything on the cofd. There were no  significant differences 
in the properties of neurones of saline-treated and untreated ani­
mals, and the results o f all control animals subsequently were com­
bined.

Indomethacin (Merck, Sharp and Dohmc Research Laboratories) 
wax administered at a  dose of 1 / ig /k g  and 0.2 p g /k g  and di­
clofenac sodium (Oba Geigy) at a  d o c  oi tf J 5  m g/kg. The vehicle 
used for both agents was physiological saline. These doses derive 
from a previous study o f behavioural responses of conscious rats 
(Gslgor e$ A  1992bX T o ascertain whether spina* prostanoids af­
fected neuronal responses 10 mechanical stimuli in the absence of 
ischaemia, we administered indomethacin a t a dose o f 1 p g / tg  in a
group of animals fotiowin/: application of the sham ioun-fqueL

Statistics
Statistical comparisons were made using a l«way inalysis of 

variance (ANOVA) aod Student’s  t  test with the Bonfenoni correc­
tion for multiple comparisons.

Ethics
All procedures were approved by the Animal Ethics Committee 

of the University of ihc Witwatersrand (Clearance certificate number 
90/106/2X

Results

Hg. 1 demonstrates the typical response of a conver­
gent neurone to pinch and brush, recorded in an 
animal given intrathecal saline, before receptive field 
ischaemia, during ischaemia and at 0 and 30 min after 
the termination of ischaemia. During ischaemia the 
response to both pinch and bmsL was diminished whilst 
spontaneous firing rate increased. A  marked increase 
in the response to both pinch and brush developed 
during repcrfusion of the receptive field. Fig. 2 shows 
the mean responses to pinch and brash stimuli of all 
animals given intrathecal saline, or no intrathecal injec­
tion, during ischawnia and repertiision of the receptive 
fields. During ischaemia, there was a significant de­
crease in response to both noxious ( f  <0.001, n -1 9 , 
paired / test,) and innocuous mechanical stimulation 
of the receptive field (P  <  0.001, n =  19, paired I lest). 
Immediately following release of the tourniquet, the 
responses of the convergent neurones to both pinch
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and brush did not differ significantly from those pre­
vailing before the tourniquet was applied (/'> 0 .0 5 , 
n =  19, paired r test). However, following 10 min of 
reperfusion, the responses to both pinch and brush 
increased significantly <0.01, n =  19, paired t test 
with Bonferroni correction for repeated measures), an 
effect sustained for the 60 min recording period. Such 
excitability changes may result from changes in tail skin 
temperature (Hole and Tjolsen 1993) but, as we have 
demonstrated previously (Gelgor and Mitchell 1993), 
changes in tail temperature do not account for the 
hypersensitivity of convergent neurones during reper­
fusion. Application of a sham tourniquet did not affect 
the response to pinch or brush (P >  0.05, n =  8, paired 
t test).

Saline

a£. 100

200 t

IBruth

J i i L _ J L
Dtelotonee sodium

200

100

>L
0  Tiull 30 mb

Pre- ischaemia 
Ischaemla

Reperlusion

FTr, 1. Examples o f  the firing patterns o f  convergent dorsal bora 
neunmea with receptive Celdt on the tail, before and during tail 
ischaemia, as wsU as during reperfusion o f  the tail, in animals given 
intrathecal saline, indometliacin (1 /tg /kg), or a diclofenac sodium 

(UJ25 mg/kg). Arrows indicate stimulation o f ihe receptive field.
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Fig. 2. Responses of convergent neurones to noxious pinching (top 
panel) and innocuous brushing (bottom panel) of the receptive field 
during tall ischaemia and reperfusion (openbars, mean j-.SE n «19). 
or following application o f the sham tourniquet (hatrittd  bars, mean 
±SE, n - 8 ) ,  in animals given cither intratbecav saline or no in* 
trathecal injection. The responses w ere eiprcsscd as the percentage 
drfferettce between Ihe total num ber o f spikes excited by the stimu­
lus and the number recorded when the same stimulus was applied to 
the same animal immediately before application of the tourniquet. 
Asterisks signify values significantly different from zero (P  < 0.05, t 
test with Bonferroni correction for multiple comparisons). The neu­
rones showed reduced sensitivity to mechanical stimulation during 
ischaemia and increased sensitivity during tc perfusion of the recep­

tive field.

Inhibition of prostanoid synthesis profoundly influ­
enced the responses to mechanical stimuli. Fig, 1 illus­
trates, for individual neurones, how the firing pattern 
changed following treatment with intrathecal di­
clofenac sodium or indometharin. Neither of the agents 
affected the increase in spontaneous firing rate evident 
during ischaemia, nor the responses to pinch and brush 
of the receptive fields during ischaemia. However, dur­
ing reperfusion of the tail, the hypersensitivity to pinch 
and brush was attenuated by pretreatment with in- 
tiomctftncin or diclofenac sodium. Fig. 3 shows the 
mean responses. During receptive field ischaemia it­
self, the prostanoid synthesis inhibitors had no signifi­
cant effect on neuronal activity. However, both in­
hibitors, administered to the spinal cord, abolished the 
hypersensitivity to both pinch and brush wlrir.h other-
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Fig. 3. Mean response! of convergent neurones to nmdous pinching 
(top pave!) and innocuous blushing (bottom panel) in animals given 
intrathecal diclofenac sodium D.25 m g /k s  (hatched bars), ia- 
dayetiiactn I n $ /* t  (dotted ham), or no NSAID (open ban). Tile 
analysis yr-u perfoimcd in the same way as tkal o f F ig. 2. The 
astemlcs represent values significantly diSerent from zero C  P  <  O.Q5» 
**P  <0-001,- /  test with Bonfcmoni cnnection). The NSAIDs abol­
ished the hypersensitivity evide»l during rcpci fusion but did not 

affect rMponses during ischaemia of the  receptwc fields.

wist developed draing reperfusk® of the receptive 
fields. In addition, both inhibitors retarded the transi- 

from the firing pattern evident during ischaemia to 
that evident during reperfusion, and the neurones con­
tinued to exhibit reduced sensitivity to pinch and brash 
(or the first 20 min of reperfusion. Indomethacin had 
no effect on the responses to pinch and brush following 
application oC a sham tourniquet ( P >  0.05, n — 10, 
paired /  test, data not shown).

frosisuw'ds were involved not only in the neuronal 
responte tu Jiiedtanical stimuli during reperfusion, but 
also in the neuiones’ spontaneous activity. Fig. 4 shows 
the change in spontaneous firing raw following in­
trathecal adm inistrate: of saline, diclofewsc sodium, 
or indomethacin. During ischaemia the s.’Krttaneous 
firing rate increased siguiGf.antly (P  < 0.001, n =  10, 
paired S test) in all three treatment groups, and the 
increase did not differ significantly between the groups 
( f  >0.05, unpaired t test with Bonferroni correction). 
The latency to the onset of enhanced spontaneous

activity following application of the tourniquet was 
11.4 ± 2.3 min (n =  19) in animals given intrathecal 
saline or no intrathecal agent. This value is the same as 
that found for convergent neurones with receptive fields 
in the foot, following occlusion of the femoral artery 
(Sher and Mitchell 1990). Intrathecal administration of 
indomethacin atid diclofenac sodium did not affect the 
latency. In contrast to their lack of effect during is­
chaemia, intrathecal indomethacin and diclofenac 
sodium abolished the increased spontaneous firing rate 
otherwise evident during reperfusion of the tail.

During reperfusion, the prostanoid synthesis in­
hibitors affected not only the firing rate of convergent 
neurones, but also their receptive field sizes. Fig. 5 
shows examples o f  receptive field size, in an animal 
from each of the three treatment groups. In the 19 
animals receiving intrathecal saline or no intrathecal 
agent, receptive field size increased following relief of

5C0-1

| .

t
f  w

100 J I - I
Ischaemia Reperfuston

Fig. 4. Percentage change ia spontaneous firing rate of convergent 
ncurouej, from prc-$sch*emic rate, during ischaemia and rtptrfusion 
of thetr receptive fields. Indoroctiiacm 1 /zg/kg and diclofenac 
sodium 0.25 m g/kg blocked the increase in spontaneous firing rate 
evident in satmc-treatcd animats during repeifusion IP  < 0.01, un­
paired t tcstX but Itad no significant effect Ofl tiw increase during 
ischaemia itself. A sterida represent values significantly different 

(P < 0.001) from  zero.
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Fig. 5. Examples o f  receptive field size before the induction of 
ischacmia and immediately after release o f  the tourniquet, for ani­
mals within each treatment group. Intrathecal administration of 
diclofenac sodium and indomethacin prevented the increase in re­
ceptive field size which otherwise occurred during reperfusion o f the 

tail.

ischacmia, with receptive field length doubling (63 ±  13 
to 118 ±  16, mean ±SE , / ’ < 0.02, paired t_ test). Pre­
treatment with indomethacin (9 of 10 animals) and 
diclofenac sodium (all animals tested) abolished the 
increase in receptive field size; receptive field length 
was not significantly different to that evident before 
application of a  tourniquet. We observed no changes in 
receptive field size following application of a sham 
tourniquet.

Discussion

Convergent neurones become hypersensitive to me­
chanical stimulation when their receptive fields on the 
rat’s tail are reperfused following transient ischaemia, 
and. spinal administration of indomethacin and di­
clofenac sodium significantly attenuated the hypersen­
sitivity to both noxious and innocuous mechanical stim­
ulation during the first hour of reperfusion at least 
Intrathecal application of Uie NSAIDs also attenuated 
the enlargement in receptive field size as well as the 
increase in spontaneous firing rate evident during 
reperfusion of the rat tail. The NSAIDs did not affect 
the activity of neurones during the transient receptive 
field ischaemia, nor did they affect responses to stimuli 
applied without prior ischaemia. We therefore con­
clude that prostanoids are synthesized in the spinal 
cord, and enhance the excitability of convergent neu­
rones during rcpetfusion of receptive fields in the rat 
tail. However, prostanoids do not pluy a role in mediat­
ing the responses of the neurones during ischaemia of 
the receptive fields. Prostanoids also are not involved 
in the responses to mechanical stimuli in the absence 
o f the conditioning stimulus of transient ischaemia. 
The responses of the convergent neurones to local 
application of NSAIDs are reminiscent of observations

we made in a previous study, in which we showed, 
using systemic administration of NSAIDs, that 
prostanoids had a  special role in the behavioural re­
sponses of rats to noxious stimuli during, and only 
during, reperfusion of receptive fields (Gelgor et a!. 
1992a).

The convergent neurones increased their activity 
both during ischaemia and during reperfusion of their 
receptive fields, presumably because of altered afferent 
activity from the receptive fields. The altered afferent 
activity during reperfusion appeared to induce 
prostanoid synthesis in the spinal cord, while that 
occurring during ischaemia did not. It may be that 
central prostaglandin release during repcrfiision o f the 
tail depends on activation of nociceptors, and conse­
quently afferent pathways, which are different to those 
excited during ischaemia of the tail. Metabolites re­
leased in the tail tissue during reperfusion, which may 
be similar to those present in inflammatory conditions, 
could excite previously silent nociceptors (Handworker 
et al. 1991) or chemortociceptors such as those pro­
posed by LaMotte et al. (1988). Such metabolites, and 
particularly prostanoids themselves, may not be re­
leased in ischaemic tissue (Gelgor et al. 1992a,b).

Chapman and Dickenson (1992) recently also 
reached the conclusion that spinal prostanoid synthesis 
influences the activity of convergent neurones only 
after a noxious conditioning stimulus had been applied 
to their receptive fields. In their case, the conditioning 
stimulus was the inflammatory irritant formalin admin­
istered into the receptive field on the hindpaw of the 
rat, a procedure which elicits a characteristic biphasic 
excitation of dorsal convergent neurones (Dickenson 
and Sullivan 1987). Intrathecal indomethacin reduced 
the responses of convergent dorsal horn neurones to 
activation o f aff erent fibres following formalin condi­
tioning of the receptive fields, but had no effect on 
their responses to the same activation in the absence of 
the formalin.

conditioning procedures which activate C-fibre af- 
ferents produce profound changes in the excitability 
and receptive field properties of convergent neurones 
(Cook et al. 1987; Dougherty and Willis 1991; Woolf 
and Thompson 1991), and Chapman and Dickenson 
(1992) deduced that it was indeed C-fibrc afferents 
that were affected by formalin. We believe that activa­
tion of C-fibre afferents also takes place during tail 
ischaemia and repcrfiision. Our deduction is based on 
previous descriptions of the neuronal response to is­
chaemia. Applying a tourniquet to a rat hindlimb causes 
C-fibre afferents, silent before application of the 
tourniquet, to fire (Chabel et al. 1990). Ischaemia also 
causes C-fibre activity in the cornea in vitro (Maclver 
and Tanelian 1992). Moreover, while exciting C-fibre 
afferents, ischaemia blocks conduction in A fibres (Fink 
and Cairns 1982; Kqjo and Pertovaara 1988; Cline et

*



al. 1989), so disqualifying A fibres as the source of 
spinal excitation.

Though v/e believe that both ischaemia and reperfu­
sion activate C  fibres, only the activation resulting from 
reperfusion appears to induce spinal prostanoid re­
lease. Similarly, Chapman and Dickenson (1992) found 
that C-fibrc wind-up did not induce prostanoid release 
in the cord, whereas C-fibre activation following forma­
lin administration indeed did so.

Our results, and those o f Chapman and Dickenson 
(1992), implicate prostanoid synthesis in the CNS in a 
special way in nociception. Others have previously used 
intrathecal administration of NSAIDs to demonstrate 
that prostanoids must play an important role in the 
transmission of nociceptive information in the spinal 
cord, without identifying that role (Taiwo and Levine 
1988; Jurna et al, 1992; Malmberg and Yaksh 1992a,b). 
The prostanoids involved seem to be prostaglandins; 
intrathecal administration of the prostaglandins PGE2, 
PGD2 and PGF2 in conscious tats induces behavioural 
hyperalgesia which may be attenuated by intrathecal 
NSAIDs (Yaksh 1982; Taiwo and Levine 1986; Uda ct 
al. 1990). The precise role o f CNS prostanoid synthesis 
in nociception is stiil not established.However, our 
results are in agreement with those of others (Taiwo 
and Levine 1988; Chapman and Dickenson 1992; 
Malmberg and Yaksh 1992a,b) who suggest that 
prostanoids are involved with the transmission of noci­
ceptive information in the doisal horn o f the spinal 
cord following application of a  conditioning stimulus 
which initiates a C-fibre afferent barrage.
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CHAPTER 6

CONCLUSIONS



6.1 Role of prostaglandins in reperfusion hyperalgesia

I have shown that both central and systemic administration of NSAIDs, before the 

induction of ischaemia attenuates behavioural evidence of hyperalgesia which 

occurs during reperfusion of the rat's tail. Although NSAIDs are a chemically 

diverse group of drugs with multiple modes of action [McCormack and Brune 

1991], it is generally accepted that a property shared by NSAIDs is their ability to 

inhibit the enzyme cyclo-oxygenase thereby inhibiting the synthesis of 

prostaglandins. Since I  administered five different NSAIDs which all attenuated 

reperfusion hyperalgesia, I have concluded that it is from an action they all have in 

common and that prostanoids play a role in the development of reperfusion 

hyperalgesia.

None o f the NSAIDs I administered, either systemically or centrally at doses 

which attenuated reperfusion hyperalgesia were antinociceptive during ischaemia, 

indicating that the mechanisms underlying nociception during ischaemia and 

reperfusion hyperalgesia differ. Similarly, the same doses of NSAIDs did not 

affect the responses to an acute noxious thermal stimulus conducted in the absence 

of prior ischaemia. The lack of antinoceptive effect of NSAIDs on tail flick 

latency are consistent with the observation that diclofenac is not antinociceptive in 

the tail flick or hot plate tests [Bjorkmann et al 1990].
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I have shown that prostanoids play a role in facilitated nociception which is not 

dependant on the development of inflammation. Histological examination of cross 

sections of the rat tail taken from the area under the tourniquet and from the 

receptive field after 30 min of ischaemia, showed no microscopic changes from 

samples of tails where only a sham tourniquet was applied [I. Dal Mas 

unpublished observations]. In particular, there was no oedema, leukocyte 

infiltration or any other visible sign of inflammation.

The antinociceptive effects of NSAIDs have mostly been demonstrated in 

experimental models which depend on the presence of inflammation and 

concomitant hyperalgesia [Coderre et al 1990; Malmberg and Yaksh 1992 b]. 

Systemic administration of NSAIDs in my study shows that prostanoids are 

involved in the development of non-inflammatory hyperalgesia, but that 

involvement could be central or peripheral. The central administration of NSAIDs 

shows that involvement of prostanoids is largely (or entirely) central. My 

observation that NSAIDs attenuate reperfusion hyperalgesia following central 

administration, adds to the growing body of evidence that prostanoids are released 

in the central nervous system in circumstances where there is amplification of 

nociceptive responses [Capetola et al. 1983; Ferreira et al. 1978; Malmberg and 

Yaksh 1992 a;b].

following intraoerebroventricular administration the rank order of potency of the 

individual NSAIDs differed in attenuating reperfusion hyperalgesia when



compared with systemic administration (Ch. 6, Fig.l). The doses required to 

attenuate reperfusion hyperalgesia, following central administration, were 

uniformly several orders of magnitude less than those required following systemic 

administration. Penetration of NSAIDs through the blood brain barrier following 

systemic administration, therefore may be sufficient to inhibit prostaglandin 

synthesis in the central nervous system. Malmberg and Yaksh [1992b] also 

observed that the intrathecal doses of a range of NSAIDs were considerably less 

than the systemic doses required to suppress the second phase of the formalin 

response. It is possible, therefore, that central prostaglandin release may account 

for the amplification of pain in  many forms of hyperalgesia.

My data does not necessarily indicate that prostaglandins are released only 

centrally during reperfusion hyperalgesia. Local administration of prostaglandins 

induces behavioural evidence of hyperalgesia [Ferreira et al 1990; Taiwo and 

Levine 1988] and sensitizes peripheral nociceptive fibres to thermal and 

mechanical stimuli [Handwerker 1976; Martin et al 1988; Raja et al 1990]. A 

marked, transient increase in prostaglandins has been found in reperfused vascular 

tissue [Ward et al 1994]. It would, therefore, be of value to measure 

prostaglandins in the tail at various time intervals following release of the 

tourniquet, particularly PGT2 and PGE2 as they are considered to play a more 

prominent role in mediating hyperalgesia than the other metabolites of the cyclo- 

oxygenase pathway of arachidonic acid [Taiwo and Levine 1990b].
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Fig. 1 The top panel represents the doses ofNSAIDs required to abolish reperfusion 

hyperalgesia, after systemic administration of the drugs (Chapter 2) and the bottom panel 

represents the doses required to abolish reperfusion hyperalgesia following i.c.v. 

administration (Chapter 3). Rank order of potency differs with the different routes of 

administration of theNSAIDs.
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6.2 Neuronal substrates of reperfusion hypersensitivity

The population o f convergent neurones I examined exhibited a significant increase 

in responsiveness to noxious and innocuous mechanical stimulation, an increase in 

spontaneous firing rate, as well as receptive field enlargement, during reperfirsion 

of receptive fields on the rat tail. The increased excitability o f the convergent 

dorsal horn neurones was not evident in the absence of ischaemia, control 

experiments followed the same experimental procedure but without inflation of 

the tourniquet on the rat tail. Therefore the enhanced excitability of these neurones 

did not result simply from the passage of time and must have occurred directly as 

a result of the ischaemia induced conditioning stimulus.

Noxious stimulation at sufficient intensity to activate C afferent fibres triggers an 

increase in the excitability of spinal cord neurones, changing the responsiveness of 

these neurones to subsequent afferent inputs [Woolf 1983], and this central 

sensitization contributes to the hypersensitivity following injury [Woolf and 

Chong 1993]. I believe that ischaemia and reperfusion triggers a C-fibre barrus's 

since the changes in sensitivity of convergent neurones I  observed following 

tourniquet release are consistent with other studies following a C-afferent 

conditioning stimulus [Cook et al 1987; Dickenson and Sullivan 1987 a; Menetrey 

and Besson 1982; Menetrey et al 1939; Schaible et al 1987; Simone et al 1991 a; 

Woolf and Thompson 1991].
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There are distinct differences between the characteristics of the convergent 

dorsal horn neurones and the behavioural responses to noxious thermal 

stimulation during reperfusion of the tail. Most of the convergent neurones I 

examined did not respond to noxious thermal stimuli before or after ischaemia. 

Those that did respond exhibited no subsequent hypersensitivity to thermal stimuli 

during reperfusion of the tail. Behaviouraily, the rats showed hyperalgesia to 

thermal stimuli which was maximum immediately following release o f the 

tourniquet. Studies using the chronic sciatic nerve constriction model have also 

reported no increase in responsiveness of dorsal horn neurones to thermal stimuli 

despite the fact that the rats displayed thermal hyperalgesia [Laird and Bennett 

1993; Palechek et al 1992]. There are some methodological problems associated 

with comparing the responses of a single neurone with the integrated behavioural 

response observed in the conscious animal.

However, the behavioural responses of rats to thermal stimulation during 

reperfusion of the tail paralleled the electrophysiological properties of nociceptive 

specific neurones, in the ventrobasal complex of the rat thalamus [Gelgor et al 

1988]. These neurones exhibited hypersensitivity to a noxious thermal stimulus 

greatest immediately following release of the tourniquet and gradually recovering 

over an hour. There must therefore, be a population of distinct and different spinal 

cord neurones projecting to thalamic regions [for review, Craig 1995], which I did 

not discover. Nor was I able to leam anything about the response and receptive 

field properties of these neurones. It is likely that NSAIDs block hypersensitivity
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in that pathway too. The block could be peripheral or central. To my 

knowledge there are no studies describing the effects of NSAIDs on thermally 

sensitive dorsal horn neurones in other hyperalgesic models.

The convergent dorsal neurones exhibited an enhanced responsiveness to both 

noxious and innocuous mechanical stimulation of their receptive fields on the tail. 

The increased response to mechanical stimulation was not evident immediately 

following tourniquet removal, but responses to pinch and brush had doubled 

following 60 min of reperfusion. The spontaneous firing rate also remained 

elevated throughout the recording period. 1 did not record from these neurones for 

longer than one hour, based on the time course I  observed in behavioural studies 

where the rats exhibit hyperalgesia to a noxious thermal stimulus, which is 

maximal following tourniquet release and resolves within an hour [Gelgor et al 

1986 a;b]. The time course and the progressive increase in neuronal activity to 

noxious and innocuous mechanical stimuli in convergent dorsal horn neurones 

during reperfusion resembles the phenomenon of progressive tactile sensitivity in 

inflamed tissue described by Ma and Woolf [1996]. Further neurophysiological 

and behavioural studies are required to elucidate the time course of both neuronal 

hyperexcitability and hypersensitivity to mechanical stimuli during reperfusion of 

the tail. The increased responsiveness of the convergent neurones to mechanical 

stimuli at an hour, when thermal hyperalgesia has resolved, implies that 

mechanical hyperalgesia might outlast thermal hyperalgesia.
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It would be of value to investigate the responses of conscious rats to noxious and 

innocuous mechanical stimuli during reperfusion of the tail. It is, however, 

difficult to apply noxious mechanical stimuli repeatedly without risking local 

tissue damage and trauma-induced sensitization [Handwerker and Kobal 1993], 

and this may confound the assessment of reperfusion hyperalgesia. Pilot 

experiments are currently under way to establish a working behavioural model 

which uses mechanical stimuli to assess reperfusion hyperalgesia. Studies where a 

chemical irritant has been used to induce hyperalgesia, have observed that the 

responses of convergent dorsal horn neurones closely parallel the behavioural 

responses in conscious animals [Calvino et al 1987; Dickenson and Sullivan 1987; 

Dougherty et al 1992].

I selected neurones on the basis of their response to mechanical stimulation. My 

search procedure was not modified in this study as I was of the opinion that even 

those ueurones that were thermally unresponsive before ischaemia might become 

active during reperfusion as a result of nociceptor sensitization, leading to a 

corresponding increase in activity in dorsal horn neurones [Handwerker et al

1991]. In future experiments, therefore, 1) a thermal search stimulus should be 

used, and 2) the responses of nociceptive specific neurones in response to thermal 

and mechanical stimulation both before and after the induction of ischaemia 

should be examined.
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As discussed in Chapter 4 the modality-specific hypersensitivity evident in the 

population of neurones that I  examined may be due to peripheral input from a 

specific fibre type. Thermal hyperalgesia has been attributed to excitation of A- 

fibre afferents and mechanical hyperalgesia to C-fibre afferents [Shir and Seltzer 

1990]. However, at the temperature range used in my studies it is likely that C- 

fibres were responsible for conveying thermal nociceptive information [Beitel and 

Dubner 1976; Handworker et al 1975; LaMotte 1984]. These thermosensitive C- 

fibres may not have converged onto the population of WDR neurones I examined. 

In contrast to my findings, thermal hyperalgesia following capsaicin injection in 

humans correlates well with the responses of WDR neurones [Simone et al 

1991c], The mechanical hypersensitivity of WDR neurones observed during 

reperfusion could have resulted from the input from chemosensitive afferents 

[Handwerker et al 1991; Meyer et al 1991] or possibly from Ap afferents [Ma and 

Woolf 1996].

There is also evidence that certain mediators released either in primary afferent 

fibres or in the spinal cord may modul s the transmission of a specific stimulus 

modality [Duggan et al 1988; Fleetv, .od-Walker et al 1990; Meller and Gebhart 

1994]. Behavioural studies show, . ur example, that the intrathecally applied 

peptide galanin facilitated nociceptive responses to noxious mechanical 

stimulation but not to noxious thermal stimulation, whereas vasoactive intestinal 

peptide facilitated responses to noxious heat [Cridland and Hemy 1988;

Lundeberg et al 1993]. According to comprehensive studies by Meller and
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Gebhart [1994] thermal hyperalgesia is dependant on activation of NMD A 

receptors and the subsequent involvement of PKC and nitric oxide whereas 

mechanical hyperalgesia is dependant on the activation of non-NMDA receptors, 

phospholipase A% and arachidonic acid leading to prostanoid synthesis. However, 

my studies show that thermal hyperalgesia during reperfusion of the rat tail is 

attenuated by NSAIDs, which is consistent with those observed by Malmberg and 

Yaksh [1992a]. They showed, that cyclooxygenase inhibitors attenuate the 

behavioural response produced by intraplantar formalin. Meller and Gebhart 

[1994], used zymosan or carrageenan to induce hyperalgesia and the intracellular 

mediators involved in different nociceptive models may not be the same, 

reperfusion hyperalgesia appears to resemble the formalin test. Furthermore, 

Malmberg and Yaksh [1992] also reported that thermal hyperalgesia produced by 

intrathecal administration of AMPA and NMDA was attenuated by cyclo­

oxygenase inhibitors. Meller and Gebhart [1994] used lower concentrations of 

AMPA and NMDA than Malmberg and Yaksh and the duration of the thermal 

hyperalgesia in the two studies differed.

6.3 Differences between ischaemia and reperfusion 

hypersensitivity

Spinal administration of indomethacin and diclofenac abolished the enhanced 

excitability of convergent dorsal horn neurones during reperfusion. They did not, 

however, alter the responses of the neurones to noxious and innocuous mechanical 

stimulation or the spontaneous firing rate during tourniquet application. From my
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studies it seems that prostaglandins do not play a role in mediating nociception 

during ischaemia.

While my results are consistent with the hypothesis that central release of 

prostaglandins is sufficient to account for the changes evident during reperfusion, 

my data are not sufficient to exclude a peripheral role. Thus, there could be central 

and peripheral prostaglandin release but if there is, the factors activating the 

release are probably not the same, the spinal cord itself was never ischaemic.

Ischaemia is characterized by a lack of oxygen, leading to various biochemical 

alterations at the cellular level in the ischaemic tissues [Welboum et al 1991]. 

There is a marked increase in intracellular calcium during ischaemia which is 

further increased during subsequent reperfusion c re tissue [Emster 1988]. 

Increased intracellular calcium results in phosnholipase Az activation, leading to 

increases in intracellular arachidonic acid, a precursor of prostanoids. Once 

released arachidonic acid is metabolized by two types of enzyme, one of which is 

cyclo-oxygenase. Molecular oxygen is required for the conversion of arachidonic 

acid to prostanoids by cyclooxygenase [Lands 1979; Welboum et al 1991]. 

Prostaglandin synthesis can occur during ischaemia providing the oxygen 

concentrations are sufficient. It is probable that there is a build up of arachidonic 

acid during ischaemia of the tail with no subsequent breakdown to prostaglandins 

due to insufficient oxygen. Following release of the tourniquet, and the 

availability of oxygen, arachidonic acid is now converted to prostaglandins which
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together with the other metabolites released during ischaemia could sensitize 

different peripheral C-fibre nociceptors to those activated during ischaemia, 

possibly chemonociceptors.

There is evidence that spinal prostaglandin release results from the activation of 

both tachykinin [Uda at at 1990] andNMDA receptor sites [Minami et al 1994 

a;b]. The C-afferent fibres sensitized during reperfiision most likely results in the 

activation o f the NMDA receptor by glutamate [Dougherty and Willis 1991] and 

tachykinin receptor by substance P and neurokinin A  [Nagy et al 1993].

Activation of both the tachykinin and NMDA receptors sites induces cellular 

changes in the spinal cord, resulting in enhanced excitability of spinal cord 

neurones [for reviews see Coderre et al 1993; Yaksh 1994]. One o f the likely 

consequences of afferent C-fibre stimulation is depolarization of the neurones in 

the spinal cord and consequent opening of voltage operated Ca2+ channels, or an 

increase in the release of a neurotransmitter such as glutamate could lead to Caz+ 

influx through the NMDA receptor operated channel leading to subsequent 

phospholipase A2 activation [Dumuis et al 1993]. Phospholipase A2 activation 

leads to an increase in intracellular arachidonic acid which in the presence of the 

er&>mr? cyclo-oxygenase is converted to prostaglandins.

The C-fibres activated during ischaemia and reperfusion must be qualitatively and 

quantitati vely different. There must be C-fibres firing during ischaemia despite 

their receptive fields and fibre tracts being hypoxic. I have confirmed that such
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fibres exist because the WDR neurones increased firing during ischaemia.

Further evidence o f C-fibre activation during ischaemia is provided by the fact 

that application o f a tourniquet to human subjects causes intense pain. During 

reperfusion, however, there is no ongoing pain only hypersensitivity probably 

initiated by the C-fibre barrage during the ischaemic phase. I have no evidence 

that C-fibres are activated during reperfusion. Concomitant with the cellular 

changes in the spinal cord during reperfusion, there is a recovery in both AJ3 and 

A5 fibres shortly following release o f the tourniquet, which may be responsible 

for the enhanced responsiveness to both noxious and innocuous stimuli since the 

dorsal horn neurones are now in a sensitized state following ischaemia.

6.4 Clinical significance of my study

There are clinical implications related to ischaemia, to the use of tourniquets, the 

timing of NSAID administration and the site of NSAID administration. None of 

the NSAIDs I used affected the escape latency to ischaemia, implying that 

NSAIDs, no matter how potent, cannot be used to treat clinical ischaemic pain 

such as angina and intermittent claudication. Previous studies in our laboratory 

have found only opiates to exhibit antinociception during ischaemia [Sher et al

1992].

Although NSAIDs are effective in some patients with primary dysmennorhoea, a 

large percentage are not responsive probably due to the degree of hypoxia, since
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prostaglandin synthesis only occurs in ischaemic conditions if  there is 

sufficient oxygen available.

The C-fibre barrage triggers changes in excitability o f neurones in the spinal cord 

outlasting the afferent input [Cook et al 1987; Wall and Woolf 1984; Woolf 

1983]. M y observations show that the afferent barrage is not blocked by general 

anaesthesia and v,dt the subsequent hypersensitivity induced by ischaemia outlasts 

the duration of the input. The spatial, temporal and threshold changes of the 

receptive fields of spinal cord neurones closely parallel the post-injury 

hypersensitivity changes found in humans and animals [Treede et al 1992; Woolf 

and Chong 1993]. An important outcome of my study is that NSAIDs applied to 

the surface of the cord before ischaemia was able to block ,he receptive field 

spread during reperfusion of the rat tail.

The findings by Woolf [1983], that peripheral sensory input from damaged tissue 

during surgery increases the excitability of central nervous system neurones, has 

important implications for the management of post-operative pain. Clinical studies 

have been designed to assess whether treatment with opioids, NSAIDs or a local 

anaesthetic before surgery can pre-empt postoperative pain by p reventing the 

establishment of central sensitization [for review see Woolf and Chong 1993].

NSAIDs are used extensively in the treatment of postoperative pain. They are 

commonly associated with adverse side effects on the kidney and gastrointestinal



tract [for review see Merry and Power 1.995], Based on my observation that 

spinally administered NSAIDs before the induction of ischaemia attenuates the 

hyperexcitability of spinal cord neurones, implies that spinal administration of low 

doses o f NSAIDs may reduce the adverse effects prevalent following systemic 

administration. My study and those of others [Malmberg and Yaksh 1992b: 

Okuyama and Aihara 1984], show that the doses of NSAIDs required to attenuate 

hyperalgesia following central administration are so small that penetration through 

the blood brain barrier may be sufficient to account for their action following 

systemic administration. This phenomenon may explain why paracetamol is 

regarded clinically as a good antinociceptive, but a poor antiinflammatory, agent.

The tourniquet is often used for up to 3 hours in orthopaedic, micro-neurosurgical 

and other surgical procedures requiring a blood free environment [Concepcion et 

al 1988; Hidalgo and Jones 1990; Kerrigan and Stotland 1993]. Some of the 

orthopaedic procedures are carried out under spinal anaesthesia and the pain 

induced by the tourniquet is well documented [Concepcion et al 1988; Egbert and 

Deas 1962; Hagenouw et al 1986]. The mechanisms underlying tourniquet pain 

during an otherwise adequate spinal anaesthesia are unclear. Tourniquet pain has 

been related to the dose and type of anaesthetic used [Egbert and Dias 1962;

Rocco et al 1984], the level of sensory anaesthesia [DeJong and Cullen 1963], and 

the baricity of the spinal anaesthetic solution [Bridenbaugh et al 1986].

Concepcion et al [1988] suggest that during spinal anaesthesia both A and C fibres 

are equally inhibited but as the concentration of local anaesthetic in the



cerebrospinal fluid declines C fibres may become unblocked before A fibres 

resulting in tourniquet pain but no change in sensory anaesthesia to pin prick. The 

pain usually subsides immediately following release of the tourniquet [Hiigeaou.iv 

et al 1986] but can be so severe so as to necessitate supplemental general 

anaesthesia [Bridenbaugh et al 1988]. 1 have shown that tourniquet 'ication to 

the rat tail for a brief period produces profound changes in excitability of spinal 

cord neurones under general anaesthesia. Thus the C-fibre barrage during 

ischaemia is not blocked by general anaesthesia. A-fibres would, most likely, be 

blocked as a result of the tourniquet and not necessarily related to the level of 

anaesthesia. Whilst there is no pain following tourniquet release, the consequent 

hypersensitivity outlasts the duration of the stimulus. My results show that even 

under general anaesthesia, the use of tourniquets during surgery would be 

expected to exacerbate post-surgical hypersensitivity.

My studies indicate that NSAIDs would not alleviate the pain arising from the 

tourniquet itself, as they do not stop the C-fibre barrage but prevent the 

consequent hyperalgesia. To eliminate the C-fibre barrage would require 

infiltration of the wound area with local anaesthetic. Administration of NSAIDs 

before tourniquet application would most likely attenuate post-surgical 

hypersensitivity. It is possible that following systemic administration of NSAIDs, 

they would act both peripherally and centrally to reduce central sensitization.
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The value of some clinical studies emphasizing the benefit of administration 

ofNSAIDs before surgery, compared with placebo, has been questioned [McQuay 

1994], Since many studies, have compared administration ofNSAIDs with 

placebo before surgery but have not compared the same dose administered befire 

with a dose subsequent to surgery, hi my study only the effect of NSAID 

administration before the conditioning stimulus was evaluated. The lack of 

comparison, however, does not minimize my findings that NSAIDs administered 

before the ischaemia conditioning stimulus acts pre-emptively to eliminate 

reperfusion hypersensitivity. I believe that it would be of value, though in future 

studies, to change the timing of NSAID administration, to assess the effects on 

reperfusion hypersensitivity by administering NSAIDs during ischaemia and 

immediately following tourniquet removal. The duration of central sensitization 

varies depending on the nature and duration of the afferent input. I applied the 

tourniquet for 30 min in neurophysiological studies, it would be o f interest to 

examine the responses of spinal cord neurones to mechanical stimuli after 

applying the tourniquet for different time periods. The tourniquet is often used for 

a few hours in orthopaedic surgical procedures.

It is important to evaluate pre-emptive treatment in different pain situations 

[McQuay 1994], since the underlying mechanisms may not be the same and thus 

pre-emptive treatment may not be effective in all circumstances. Pre-emptive 

analgesic effects have been demonstrated in animals in the formalin test [Coderre 

et al 1990; Mahnberg and Yaksh 1992a], after peripheral nerve lesion [Puke and
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Wiesenfeld-Hallin 1993] and now following ischaemia. None of these animal 

models, however, resembles the time frame of clinical postoperative conditions 

[McQuay 1994], Clinical surgical procedures may involve inflammation, nerve 

damage and use of a tourniquet.

6.5 A new assay of hyperalgesia

The ischaemia/reperfusion technique, apart from improving the understanding of 

pain mechanisms, has introduced a new way for testing putative antinociceptive 

agents. Experimental ischaemic pain resembles clinical pain and reperfusion 

simulates clinical situations where there has been a C-fibre barrage.

The assay, that I  with other colleagues have developed, complies more closely 

with the guidelines of the International Association for the Study of Pain 1983, in 

that the animal is able to indicate the need to terminate the stimulus and the 

stimulus can indeed be terminated immediately by the investigators. Furthermore, 

there are no sequelae so that the animal does not have to be killed.

Reperfusion hyperalgesia provides a simple and rapid way to assess the potency of 

NSAIDs as antinociceptives. The rank order of potency of the NSAIDs used to 

attenuate reperfusion hyperalgesia correlates with human potency rankings as 

discussed in Chapter 2, and is in agreement with potency rankings obtained in 

other animal studies [Okuyama and Aihara 1984; Toiman et al 1984; Vane and 

Betting 1987; Van Kolfschoten et al 1983; Vinegar et al 1976; Weichman 1989].
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The combination of nociceptive tests that I used in this thesis, together with 

the evaluation of putative antinociceptive agents for antihyperalgesic properties, 

permits the evaluation of agents for analgesic properties dependant on their 

activity during ischaemia and on tail flick latency in the absence of the ischaemia 

induced conditioning stimulus [Sher et al 1992]. Thus, it is possible to test for 

analgesia and antihyperalgesia simultaneously, but also to separate them. 

Furthermore, the changes in the excitability of convergent dorsal horn neurones 

induced by ischaemia of the rat tail resemble those observed in many other models 

ofhyperalgesia.

In particular, there are close similarities between the formalin procedure and 

ischaemia /reperfusion technique and therefore the results may be transferable.

The formalin test also permits assessment of antinociceptive agents for 

antihyperalgesic and analgesic properties dependant on their action in the first or 

second phase of the response. Although the hyperalgesia in both the formalin and 

ischaemia assays are rather short-lived and not analogous to the clinical situation, 

these assays are nevertheless valuable tools for pharmacological pain research.
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