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ABSTRACT

In this thesis | describe the development of amahimodel of sustained hyperalgesia
induced by exposure to ultraviolet (UV) A lightttee rat’s tail, and the role of the C-
fibre barrage and peripheral afferent fibre sersitbn in this model of hyperalgesia.
Exposure of rats’ tails to UMlight caused hyperalgesia to a noxious thermal
challenge, immersion of the rats’ tails into°@9water, and a noxious mechanical
challenge, application of a static force of 3.9Nablgar algometer onto the rats’ tails.
The hyperalgesia to the thermal challenge lastghtelays and hyperalgesia to the
mechanical challenge continued for up to 16 dayspie the sustained hyperalgesia,
rats exposed to UMlight showed no overt signs of morbidity as theyngd weight
normally and were mobile throughout the study. él@gical examination of rat tail
tissue showed mild, chronic inflammation in ratp@sed to U¥-light and in rats that
had their tails covered with a protective layeratdminium foil during U\A-light
exposure. This inflammation was therefore not rasfide for the behavioural

hyperalgesia

To investigate the role of C-fibre barrage in trevelopment of hyperalgesia after
UVa-light exposure, | pre-emptively blocked C-fibretimation during U\a-light
exposure with the local anaesthetic bupivacaingction of bupivacaine (1ml of
0.5%), into the base of the tail prevented the bgveent of thermal hyperalgesia to
tail immersion in 49C water. However, it did not prevent the developimeh
hyperalgesia to a noxious punctate challenge. Ttings sustained mechanical

hyperalgesia did not depend on the activation ef @fibre barrage, but thermal



Vi

hyperalgesia did depend on the activation of ab@fbarrage during the conditioning

event of U\a-light exposure.

Lastly, in rats anaesthetised with enflurane, Inexed the responses of coccygeal
primary afferent fibres to noxious thermal and naatbal stimulation after UMlight
exposure of their receptive fields on the tail.investigated only pure nociceptive
afferents and ignored those afferents that resgbtmlehallenges in the noxious and
non-noxious ranges. The peak firing rates and aredsr the curve of post-challenge
histograms, a measure of neuronal firing over tirok,Ad- and C-fibres were
increased when noxious blunt and punctate chalemgee applied to the rats’ tails
after UVa-light exposure, showing thatdA and C-fibres that encode for noxious
mechanical challenges were sensitized. The peaigfrate of C-fibres that were
responsive to noxious thermal challenges were meoteased after UMlight
exposure. Therefore, thermal hyperalgesia was ptpbmediated by sensitization of

central nervous system neurones.

In summary, | developed a model of sustained machhand thermal hyperalgesia
caused by UY-light exposure of the rat tail. The thermal hyggesia was initiated

by the C-fibre barrage, while mechanical hyperalge#d not depend on the C-fibre
barrage and peripheral afferent sensitization &f a#nd C-fibres could account for the

mechanical hyperalgesia.
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PREFACE

Chronic pain states are characterised by persiptnt pain that persists longer than
the temporal course of natural healing, enhancedgsmsation to noxious challenges
(hyperalgesia) and the perception of non-noxiouslehges as painful (allodynia).
Although progress has been made over the last 2&rsyexplaining the
pathophysiological processes causing chronic ghig,increased knowledge has not
translated adequately into clinical benefits. Atstbechronic pain sufferers will
experience sub-optimal pain relief through combaratherapy of pharmacological

agents and alternative treatments, such as acwpanct

Inadequate therapeutic success may result padig the paucity of suitable animal
experimental models of chronic pain and hyperasgeline majority of current animal
models are not ideal. For example, the duratiohypieralgesia in most models tends
to be too short for antihyperalgesic agents to dmiaistered after the hyperalgesia
has developed, which is commonly the situatiorhim ¢linical setting, or they leave
the experimental animals in persistent pain, whaelils to a constitutive deterioration
in their health and, in addition to being unethigaby confound their response to
nociceptive testing. In addition, the majority dfronic pain models employ either
damage to nerves or injection of a noxious agettt fissue. As a result, the main
focus of experimental models of chronic pain arelei® that mimic neuropathic pain,

or models that mimic arthritic pain.

| identified a model of hyperalgesia, previouslhsdgbed in the literature, caused by

UVa-light. After exposure of the rat hind paw to kMight, rats developed
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hyperalgesia to multiple noxious challenges fotaipne week. Therefore, UMight
induced hyperalgesia would seem suitable for ttsting of analgesic and anti-
hyperalgesic agents, as the agents could be gftemtlae conditioning event, thereby
more closely mimicking the clinical setting. Althgluthe behavioural characteristics
of the hyperalgesia have been well described imalsi, several important issues
remained unclear. For example, Might caused chronic inflammation in human
skin and it was assumed that the similar inflamamatbccurred in rats and was
responsible for the hyperalgesia. Yet there arereworts of studies that have
histologically examined rat, or any other animasue after UY-light exposure to
confirm the presence of inflammation, nor corredatbe possible inflammatory
changes with behavioural hyperalgesia. In additibare are no reports of studies that
assessed the health of rats to ensure no conatitlgterioration. Moreover, data from
studies where U)M-light was the conditioning event has been useerechiangeably
with data from studies using @Might as the conditioning event. There was theeefo
an underlying assumption that WVand U\k- light caused hyperalgesia through the
same mechanisms. | felt such an assumption wasistdied as the two wavelengths
of light differed remarkably from each other in ithghysical properties and in the
manner they caused erythema. | therefore developeown new model of Ux-light
induced hyperalgesia, and aimed to re-evaluatg-lijiit as a conditioning challenge,
primarily if there were any histological changes rat tissue, any constitutive
deterioration in rat physical condition, and to lexp relevant physiological

mechanisms of how UMlight caused hyperalgesia.

My thesis is presented as a series of experimpatars. Chapter 2 and 3 have been

published in peer-reviewed journals and chapteasideen submitted for publication.
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The main focus of the my PhD thesis was validadnUVa-light as a suitable
conditioning challenge for causing sustained hyljgesaa, and description of the
underlying pathophysiological mechanisms that cduke hyperalgesia. Chapter 1 is
therefore an overview of UV-light and the proposedchanisms for how UV-light
causes hyperalgesia. | have not included a demxrigtf the basic mechanisms of
nociception and hyperalgesia, as there are texitsh ss Textbook of Pain, that

provide a far more detailed and thorough descrpbisuch topics than | could do.

In the first experimental study of my thesis (Cleaf#t) | aimed to establish an animal
model of sustained hyperalgesia using both noxitermal and mechanical
challenges in rats by exposing their tails todJ\ht and to correlate those findings
with inflammation in the tail. My second aim wasdnsure that the rats experienced
no chronic stress, as determined by weight loss alteled behaviour during
experimentation. | found that rats exposed toatight developed hyperalgesia to
both noxious thermal and mechanical challenges, thatl peripheral inflammation
did not account for the sustained hyperalgesihetdfore investigated the possible
mechanisms that may account for the sustained algssia. These experiments are

described in Chapter 3 and 4.

In Chapter 3 | described the experiment | undertwo&xplore the role of the C-fibre
barrage in causing UMlight hyperalgesia. | administered a long-actirarall
anaesthetic into the base of the tail before llight exposure to prevent C-fibre
activation during U\-light exposure. | found that thermal hyperalgesiat not

mechanical hyperalgesia was prevented by blockiega-fibre barrage. This finding
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was novel and showed that peripheral afferent 8eason did not account for the

thermal hyperalgesia.

In my final experiment (Chapter 4) | sought to expl the firing properties of
peripheral afferent fibres in the rat-tail after jJV¥ght exposure. | examined the
responses of coccygeal primary afferent fibres damious thermal and mechanical
challenges after UMlight exposure of their receptive fields on thé. taconfirmed
that the fibres’ responses to noxious thermal ehgks were unaltered by WNight
exposure but that the responses to noxious mediacthallenges were enhanced,

which corroborated my findings in Chapter 3.

In Chapter 5 | have summarised the main findings@mclusions of my three studies
and postulated on possible physiological mechantausing UK-light hyperalgesia

and possible studies for the future.



CHAPTER 1

I ntroduction



1. Ultraviolet light and mechanisms of ultraviolet-light induced pain and

hyperalgesia

1.1 Ultraviolet light

Ultraviolet (UV) light is electromagnetic radiatidhat is composed of a range of
wavelengths between 100 and 400 nm and is dividedWV, (320-400 nm), U¥
(280-320 nm) and U¥(100-280 nm) light. U\-light is further subdivided into UM
(340-400 nm) and UM (320-340 nm). UV-light constitutes approximatelyef
percent of the energy of extraterrestrial radigteamd has numerous clinical effects,
both in the short and long term. Acute effectsudel sunburn inflammation, tanning,
local and systemic immunosuppression, vitamin Dtrsssis and thickening of the
stratum corneum, epidermis and dermis of the sKihronic effects include
photoaging and skin cancer. In this thesis | sligttuss the processes by which AJV
and U\g-light affect nociception and | shall not discli$gc-light, as it has not been

used in models of acute nociception nor hyperadgesi

In my thesis | shall focus only on studies thatcdibe how UW- and U\k-light
cause pain and hyperalgesia at the site of exp@sutén the central nervous system.
| shall discuss all studies published describingstahd U\g-light hyperalgesia and
possible pathophysiological mechanisms. Howevery Visle work has been done
exploring spinal cord changes after UV-light expesuand similarly very few
electrophysiological studies have been conductadguBlVa- and U\k-light as
conditioning challenges. | have included this infation in order to provide as

comprehensive overview as possible of UV-light ioelth hyperalgesia.



1.1.1 Mechanisms of UV-light induced injury

UV-light causes damage to skin through a cascadee@attions initiated by the
absorption of UV-light energy by photoresponsive lenales in the skin called
chromophores (Young, 1997). Each chromophore hascue absorptive spectrum, a
wavelength of light that has sufficient energy hitiate a chemical change in the
chromophore. UV-light energy has the potentialnitiate the biological response by
either altering a target molecule, such as DNAgatly or to alter molecules
indirectly through the generation of reactive oxygsepecies (Young, 1997).
Chromophores in the epidermis and dermis that ladg®rptive spectra in the UV-
light range include nucleic acids, urocanic aciat@ns such as collagen and elastin,
melanins and their precursors (Hawk & Parrish, 1988ung, 1997). Different
wavelengths are absorbed by different chromophosesthe pattern of reaction
occurring after exposure to UV-light radiation deg@e on the UV-light wavelength.
For example, DNA absorbs @Might and does not absorb W\ight. UVa-light acts
primarily on melanins, NADH and NADPH, and GVght acts on nucleic acids,

urocanic acid and proteins (Anderson & Parrish,1)98

UVa-light causes most of it injurious effects, in bdtobmans and other animals,
through generation of reactive oxygen species.aliyht upregulates xanthine
oxidase with the subsequent production of reactdwygen species, such as
superoxide and hydrogen peroxide (Hruza & Pentld883; Halliday, 2005). When
cells’ ability to neutralise oxygen radicals areexded cell damage occurs. Oxygen

radicals cause significant damage to normal cellpfacesses by damaging DNA,



lipid peroxidation, and denaturation of proteinattfaket al, 1999; Halliday, 2005).

Further damage also can be caused by increasedigbiand of reactive nitrogen
species. UY-light upregulates nitric oxide synthase with a sduent increase in
nitric oxide synthesis (Halliday, 2005). Nitric o combines with superoxide to
produce a highly toxic reactive nitrogen speciesiopynitrite. Reactive nitrogen
species damage DNA, alter enzyme activity, denafumdeins, and initiate lipid

peroxidation. Peroxynitrite-initiated DNA damagerther interferes with cellular
function by depleting ATP in cells. The enzyme p¢RDP-ribose) polymerase,
activated after DNA damage by peroxynitrite, degeadNAD into its constituent
components. Depletion of NAD causes a reductionAiRP formation with a

subsequent decrease in cellular energy functionctua lead to cell death (Halliday,

2005).

Unlike UVa-light, UVg-light causes most of its effects through direcindge of
chromophores, such as DNA. However, g¢Jight also induces the production of
reactive oxygen and nitrogen species that ultigdézlds to inflammation. Uylight
causes DNA damage by directly altering DNA struetichihashiet al, 20083;
Matsumura & Ananthaswamy, 2004). Absorption of dJ\ght by DNA causes the
formation of mutagenic products called cyclobutatieners, between adjacent
thymine or cytosine residues, and pyrimidine dimeetween adjacent pyrimidine
residues. If these dimers are left unrepaired tbay cause mutation in DNA
sequences and subsequent carcinogenesis (Ichilkeasal, 2003; Matsumura &
Ananthaswamy, 2004). Alteration of DNA structurlays no role in U¥-light

induced inflammation.



1.1.2 Characteristics of UV a- and UVpg-light induced injury

Exposure of skin, rodent and human, to UV-lightsesmuerythema, increased tissue
temperature, oedema, pain and pruritus, followed thgning and epidermal
thickening (Hruza & Pentland, 1993). Erythema amarker of UV-light induced
injury can be measured, usually with Laser Dopmsra change in skin blood flow.
The time course of erythema development, tempatem of erythema development
(monophasic or biphasic), duration of erythema, dmstological changes are
dependent on the wavelength and dose of UV-lightifel & Pentland, 1993). The
differences in erythema duration, time course gfthema and histological changes
after UVa- and U\g-light irradiation are as a result of the differipgnetration depths
of the different wavelengths. UMight penetrates to the deeper dermis, whilegUV
light penetrates through the epidermis into theenpfermis (Gilchreset al, 1981;

Gilchrestet al, 1983).

In humans, UY- and U\k-light exposure causes a dose-dependant erythemté.
higher the dose the greater and longer the changssn blood flow (Bickelet al,
1998; Hoffmann & Schmelz, 1999; Koppettal, 1999; Benratlet al, 2001; Sycha
et al, 2003; Gustorffet al, 2004a; Gustorffet al, 2004b; Harrisoret al, 2004;
Koppertet al, 2004; Sychaet al, 2005; Sychaet al, 2006). However, the dose of
UVa-and U\s-light required to cause similar effects differ réfgcantly with UVa-
light requiring a dose a 1000 times greater that tof UVg-light to cause similar
effects (Hruza & Pentland, 1993). Low-dose AJNght irradiation of buttock skin
caused an immediate erythema that peaked at 8 temdslasted for 48 hours

(Gilchrestet al, 1983). However, at a higher dose the erythembgued8 hours after



UVa-light exposure, and persisted for over 72 hoursr(idon et al, 2004).
Therefore, U\K-light caused a monopabhsic erythema. In contragg-light caused a
biphasic erythema. Uaflight irradiation of the forearm caused a doseetefent
increase of skin blood flow for more than 96 hgoost-irradiation, with two peaks of
blood flow, the first at 12 hours and the secon8@hours after irradiation (Benrath

et al, 2001).

As with the erythema, histological changes occumgthin human skin almost
immediately after UY- and U\g-light exposure. There were significant differences
between the histological changes associated withR-8hd U\g-light, with UVa-light
causing predominantly dermal changes andslyht causing both epidermal and
dermal changes (McCregor & Hawk, 1999). Becausé&sofow absorbance in the
epidermis U\-light caused very little epidermal injury, withethnjury that did occur
being characterised by spongiosis and the absehaeflammatory cells (Soter,
1990). Within the deep dermis blood vessels wewersdy damaged by UMlight
with endothelial swelling, extravasation of red ddocells, platelet aggregation,
endothelial cell separation, extravascular fibrpaiition and partial occlusion of the
vessels due to perivascular oedema (Kumadiral, 1977). A mixed perivascular
cellular infiltrate, consisting of predominantly macytes and T lymphocytes with
few neutrophils, encroached on the deeper dermsdel® (Kumakiriet al, 1977,
Gilchrest et al, 1983). The histological features after AMJNght exposure were

consistent with a chronic inflammatory process.

The histological changes caused by dJ\ht exposure extend from the epidermis

through to the dermis, and the higher the dosentbee severe the inflammatory



changes. The first observable histological charggescided with the first peak of
erythema. Arterioles, capillaries and venules dlatetl and there was a complete
absence of inflammatory cells (Gilchrest al, 1981). The perivascular cellular
infiltrate that eventually developed after BAight exposure, coinciding with the
second peak of erythema, consisted of neutrophilgmphocytes and mononuclear
cells. Within the dermis, endothelial swelling goefrivascular cellular infiltrate was
present 24 hours to 72 hours after dight exposure (Gilchrestt al, 1981). The
histological features after UMight exposure were consistent with an acute

inflammatory response.

A proviso for the above histological findings wdee tsuitability of controls used.
Usually biopsies were taken from two sites. Thetfgite was from skin that was
irradiated with either U¥- or UVg-light, while tissue taken for comparison was
removed from a site that was not irradiated. lehaithey did not adequately control
for all variables. Tissue exposed to UV-light irtses in temperature, as a result of
the UV-light and the heat generated from UV-liglwnps. Therefore it was possible
that an increase in tissue temperature and notU¥idight could have caused
histological changes. A more suitable control woliétve been to expose all tissues
taken for biopsy to UV-light, and have blocked the-light, but not the heat, over

the control tissue.

In summary, in humans UMight causes a monophasic erythema characteriged b
chronic inflammatory process within the deeper derof the skin. U¥-light causes
a biphasic erythema characterised by an acutemnikory process within the

epidermis and superficial dermis of the skin. Tgflic the changes after UMight



exposure are of a shorter duration and less sévenethose after Uptlight exposure.

The differences in erythema duration, time cour$eerythema and histological
changes after UM and U\-light irradiation are as a result of the differing
penetration depths of the different wavelengths)¥gs-light penetrates to the deeper

dermis while U\4-light penetrates through the epidermis into thpenglermis.

1.1.3 Pro-inflammatory metabolites produced by UV-light irradiation

Numerous substances are produced within the skinsgstemically after Uy- and
UVg-light irradiation, such as prostaglandins, histami kinins, nitric oxide,
interleukins, colony stimulating factors, growtlctars, interferons, chemokines and
neuropeptides (Kondo, 1999; Clydesdateal, 2001; Zegarskat al, 2006). They
each have a role in co-ordinating the multiple @8eobserved in the skin after UV-
light irradiation. However, | am going to focus prn those substances that are

involved in nociception and hyperalgesia.

After UVa-light exposure, prostaglandin (PG), PGD,, and PGl are increased at

the site of irradiation (Gilchrest al, 1981; Hawket al, 1983). Prostaglandins are
synthesised by a constitutive cyclooxygenase (C@Kxyme, COX-1, and an

inducible enzyme, COX-2. Their increase parallbks time course of erythema, such
that they are produced immediately after AXght exposure, their peak

concentrations coincide with the peak period oftteagna, and they return to pre-
exposure levels one to three days afterUight exposure of human skin (Gilchrest
et al, 1981; Hawket al, 1983). Nevertheless, the role of prostaglandingVx-light

induced erythema is unclear as topical or intradémpplication of indomethacin, a



potent inhibitor of COX -1 and -2, has no effectemgthema caused by WMight
(Morrison et al, 1977). Similarly to prostaglandins, histamine viasreased after
UVa-light exposure of skin (Gilchrest al, 1981; Hawket al, 1983). Human mast
cells degranulate and released histamine four hadtesr UVa-light exposure.
Histamine production peaked 9 to 15 hours afteoswpe and returned to baseline
levels within 24 hours (Gilchreset al, 1981; Hawket al, 1983). However,
antihistamines did not abolish WMight induced erythemar herefore, the exact role
of histamine in U¥-light induced erythema is unclear, and it has b@eposed that
histamine sensitizes irradiated tissue to multjple-inflammatory agonists such as
prostaglandins and bradykinin, and facilitated pheduction of prostaglandins in the
keratinocytes (Pentland & Jacobs, 1991). Contradictindings have been reported
regarding keratinocyte pro-inflammatory cytokine oguction after U\-light
irradiation with some studies reporting an increasepro-inflammatory cytokine
production while others reporting no changes (Kornt99). The reasons for these
differences are unknown but it may be due to diifeéidoses of Uy-light being used,
or more likely different light sources and expentted protocols. After U¥-light
exposure, inflammation within skin consists of threverlapping phases. The first
phase, early vasodilatory phase is mediated by,P4BH nitric oxide. The second
phase is characterised by infiltration of inflamorgt cells, namely neutrophils, T
lymphocytes and mononuclear cells, and the relefsaultiple pro-inflammatory
mediators. The last phase is the regressive phaseyhich anti-inflammatory
substances, such as interleukin (IL) —10, are selgavithin the skin and the erythema
and inflammation resolves (Terui & Tagami, 2000y Mscussion will focus on the
first two phases, because the pro-inflammatory ateds released in these phases are

also those mediators that have pro-nociceptivehgpdralgesic effects.



10

After UVg-light exposure, as with UMlight exposure, PGE PGD,, and PGE, are
increased in the skin (Blac&t al, 1978a; Blacket al, 1980). Their time course
increase parallels the time course of erythemaactyy the same way as after WV
light exposure i.e. they are produced immediatéigr aJVa-light exposure, their peak
concentrations coincide with the peak period ofttegna, and they return to pre-
exposure levels one to three days aftergtlight exposure of human skin (Blaak
al., 1978a; Blacket al, 1980). But unlike erythema caused by Adght, UV;-light
induced erythema can be suppressed partially thrabg inhibition of eicosanoid
synthesis by means of the administration of indbme&n either topically (Snyder &
Eaglstein, 1974a; Rhodext al, 2001), intradermal injection (Snyder & Eaglstein,
1974b), or oral ingestion (Bladkt al, 1978b). Similarly COX-2 inhibitors suppress
UVg-light induced erythema (Wilgust al, 2000; Wilguset al, 2002). A single dose
of indomethacin, which inhibits mainly COX-1 isognzes, had no effect on
erythema when administered 24 hours aftergllyht exposure (Farr & Diffey,
1986), but repeated administration of indomethatamting 24 hours after Uight
exposure did inhibit erythema induced by gJNght (Rhodeset al, 2001). The partial
suppression of erythema by COX inhibitors suggtsis eicosanoids, although vital,
are not the sole mediators of pNight induced erythema, through prostaglandin
production by constitutively expressed COX 1 ardlizible COX 2 is essential in the

onset and maintenance of gNight induced erythema.

Another potential mediator of Wivlight induced early vasodilatation is nitric oxide
(Terui & Tagami, 2000; Rhode=t al, 2001). Nitric oxide synthesis within the human

skin was increased after \ight irradiation (Rhode%t al, 2001), and the early



11

vasodilatory phase was temporarily, but not permtiypeblocked by the injection of
a nitric oxide synthase inhibitor into the skin @Rleset al, 2001). Therefore, it is
possible that nitric oxide is continuously produtleugh the sustained activation of
nitric oxide synthase. However, differing effectsniric oxide on vasodilatation are
seen at different Uptlight doses. At lower doses of W@Might exposure, erythema
can be abolished by the administration of a nitigde synthase inhibitor alone.
However, at higher Uy doses, erythema cannot be abolished with a nitxide
synthase inhibitor alone, but it can be abolishe@dambination with indomethacin
(Rhodeset al, 2001). Taken together, it appears that prostagianand nitric oxide
mediate the early vasodilatation of the first phasethe inflammatory response

caused by U¥-light.

In the second phase of the pHNight induced inflammatory process, pro-
inflammatory cytokines IL-1 (Kuppeet al, 1987), IL-6 (Oxholm, 1992), IL-8
(Kondo et al, 1993; Stricklandet al, 1997) and tumour necrosis factor (TNF)-
(Oxholm et al, 1988; Kocket al, 1990; Oxholm, 1992; Stricklanet al, 1997) are
increased within the human epidermis aftergtlight exposure and are expressed by
keratinocytes (Kondo, 1999; Clydesda&teal, 2001). Langerhans cell production of
cytokines has not been as well investigated agikemyte production and the role of
Langerhans cells in inflammation caused bygtlight is unclear (Clydesdalet al,
2001). U\k-light exposure also caused an increase in ciiogigiro-inflammatory
cytokines in humans (Urbanséi al, 1990) and mice (Saa@¢ al, 2000). TNFe and
IL-1 suppress keratinocyte and melanocyte prolifena regulate collagen and
collagenase synthesis, activate and stimulate tiggation of lymphocytes in the

affected area, induce the production of other dytek and PGE and promote the
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upregulation of the cellular glycoproteins intrdakdr adhesion molecule-1 (ICAM-
1), vascular cell adhesion molecule-1 (VCAM-1), amdlothelial adhesion molecules
(E selectin) (Clydesdalet al, 2001). The cellular glycoproteins orchestrate the
recruitment and activation of neutrophils, monosyegnd T lymphocytes from the
blood to cutaneous tissues (Kondo, 1999). IL-1 asinulates the release of
histamine from mast cells (Kondo, 1999). IL-6 inds@roliferation and chemotaxis
of keratinocytes, sustains the viability and fuoetof Langerhans cells, activates T
lymphocytes, inhibits melanocyte proliferation grdlongs the survival of mast cells
(Kondo, 1999). IL-8 is chemotactic for both neuttdp and T lymphocytes and
induces proliferation and chemotaxis of keratinesytKondo, 1999; Terui & Tagami,

2000).

As with pro-inflammatory cytokines vasoactive nddanins contribute to peripheral
inflammation after U¥-light irradiation. Substance P and calcitonin geglated
peptide (CGRP) are vasoactive neurokinins thaf@rad in the branches of primary
afferent neurones that end near blood vessels amde released from the peripheral
terminals of these nerves (Zegarsiaal, 2006). Substance P and CGRP content in
skin nerve fibres, in the rat hind paw, are inceglaafter U\4-light exposure of the rat
hind paw (Benrathet al, 1995; Eschenfeldert al, 1995). When released
peripherally, as occurs in a variety of infammsgtonodels, substance P enhances
vascular permeability and blood flow, and CGRP eausng-lasting vasodilatation
(Zegarskaet al, 2006). Substance P also stimulates macrophagestiice PGE
superoxide ions, and thromboxane B2, regulates dRkpression of adhesion
molecules, stimulates keratinocytes to produceimitammatory cytokines and is

chemotactic for leukocytes (Zegarska al, 2006). When neurokinin, substance P
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receptor, antagonists are administered either mysadly, via subcutaneous injection,
or topically, UVs—light induced erythema and oedema were reduceatsn(Benrath

et al, 1995; Eschenfelderet al, 1995). CGRP receptor antagonists injected
intradermally predictably had no effect on p}lght induced oedema, but did reduce
UVg-light induced erythema (Benra#t al, 1995). Although, substance P and CGRP
contribute to peripheral inflammation after BNight irradiation, their role in Uy-
light induced hyperalgesia is less clear. The emidtp measured in the above studies
by Benrath and colleagues were markers of inflanonaand not hyperalgesia.

Therefore, the role of substance P and CGRP inrhigesia still is unclear.

Neurokinin content within the central nervous sysi@so was altered after UV-light
exposure of the rat hind paw (Gillardenal, 1991; Gillardoret al, 1992a; Polgaet
al., 1998). Substance P content within the spinal card4 and L5 segments,
bilaterally, was decreased after pight exposure of the rat hind paw (Polgaral,
1998). In contrast to the lumbar segments, subst&content was increased on the
contralateral side of the midthoracic segments g&tokt al, 1998) U\k-light
irradiation of the rat hind paw caused an incredsatracellular CGRP content in the
spinal cord (Gillardoret al, 1992a) with a decrease in CGRP messenger RNKein t
L4 and L5 dorsal root ganglia (Gillardaat al, 1991). Since no further experiments
have been published exploring altered central nengystem neurokinin content, the

significance of the above findings is unknown.

In summary, UK- and U\k-light cause an increase in prostaglandins ancrnisie
in skin. Their increase parallels the time cour$eerythema, such that they are

produced immediately after UV-light exposure, thp@ak concentrations coincide
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with the peak period of erythema, and they retuwrnpte-exposure levels as the
erythema resolves. However, the administration wfable antagonists does not
reverse nor attenuate W\ight induced erythema. Therefore the role, if aofypro-
inflammatory mediators in UMlight induced erythema is not known. In contrast,
UVg-light induced erythema is reversed by the adnmaiisin of suitable antagonists.
Furthermore, U¥-light, but not U\A-light, causes an increase in pro-inflammatory
cytokines and neurokinins. Therefore, gJNght induces a typical inflammatory

milieu within irradiated tissue and UMight does not.
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1.2 Ultraviolet-light induced hyperalgesia

Perkins and Campbell first described UV-light ascenditioning event for the
development of hyperalgesia in 1992, and subselyuarsed pharmacological
interventions, immunohistochemistry and electropblggy to explore the
physiological mechanisms underlying the UV-lighduced hyperalgesia. In the
following sections of this chapter | describe kéydges, in detail, to highlight major

contributions to the field.

1.2.1 Time-cour se of UV-light induced hyperalgesia: behavioural studies

UVa-light and U\k-light cause hyperalgesia in a variety of animalable 1).
Exposure of the rat hind paw to WMight causes thermal hyperalgesia of the
irradiated paw that can last for 10 to 13 days KiReret al, 1992; Perkinst al,
1993; Perkins & Kelly, 1993; Daviest al, 2005). There was up to a 70% reduction
in response latencies to a noxious thermal chatlerighe irradiated paw on the first
day after exposure to UMight, with peak hyperalgesia being reached thaags
after exposure to UMlight. The hyperalgesia was constant for five éwen days,
with full resolution of hyperalgesia 12 to 13 dagfter UVa-light exposure.
Hyperalgesia also developed in the hind paw that ma exposed to Udlight, but
was present for only seven days and was not asesagdn the paw exposed to WV
light (Perkinset al, 1992). The presence of hyperalgesia in non-expassas implies
that either central sensitization had occurred @ripheral nocieptors were

upregulated.
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Table 1: UV-light induced hyperalgesia

Species Light wavelength Siteirradiated Noxious challenge Duration Qf Reference
hyperalgesia
Rats UVa Hindpaw Radiant heat 7 days (Perkatsal, 1992)
Randall-Sellitoe test
UVa Hindpaw Radiant heat 10 days (Perkansl, 1993)
UVa Hindpaw Radiant heat > 4 days (Perkins & Kelly, 1993)
UVa Hindpaw Radiant heat > 6 days (Thompsoret al, 1994)
Randall-Sellitoe test 4 days
UVa Hindpaw Von Frey hairs > 4 days (Boxall et al, 1998)
Randall-Sellito test
UVa Hindpaw Pin prick No hyperalgesia (Davietsal, 2005)
Radiant heat 2 days
Acetone drop test 5 days
Von Frey hairs 5 days
UVeg Hindpaw Von Frey hair 10 days (Bishepal, 2007)
Water bath 7 days
Mice UV Dorsal surface of Tail flick test 4 days (Saaa# al, 2000)

body
Hot plate test 3 days
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Species Light wavelength Siteirradiated Noxious challenge Duration Qf Reference
hyperalgesia
Pig UVs Not stated Von Frey hairs > 2 days (Rukwiedet al, 2008)
Heat pad > 2days
Humans U\ Thigh Radiant heat Not present (Hoffmann & Schmelz,
Impact Not present 1999)
UVa Buttock Radiant heat > 3 days (Harrisonet al, 2004)
Impact > 3 days
UVs Thigh Radiant heat 4 days (Hoffmann & Schmelz,
Impact 5 days 1999)
UVs Forearm Thermode 3 days (Benrathal, 2001)
Mechanical 5 days
UVs Upper leg Electrical > 2days (Gustorffet al, 2004a)
Thermal > 2days
Mechanical > 2days
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Hyperalgesia after UMlight irradiation was not confined to noxious tmed

challenges. In their initial description of the W\model, Perkins and Campbell
(1992), concentrated on describing the thermal falgesia and only briefly
mentioned that mechanical hyperalgesia was préBenkinset al, 1992). However,
others have shown that mechanical hyperalgesia alodlynia are induced by

exposure of the rat hindpaw to W\ight (Boxall et al, 1998; Davie®t al, 2005).

Mechanical hyperalgesia developed within 2 to 1Brhpafter U\-light exposure,
and resolved within four to five days (Boxat al, 1998; Davieset al, 2005).
However, the onset and duration of allodynia wdfeint to those of hyperalgesia
(Davieset al, 2005). von Frey hairs generating 8g and 15g afefapplied to rat
hindpaws evoked hyperalgesia, in AJlght exposed paws, within 12 hours of WV
light exposure, with the hyperalgesia lasting filays. In contrast allodynia, in WY
light exposed paws, to von Frey hairs generatingrit4g of force appeared only 36-
48 hours after UY irradiation, and lasted for four days. There waserplanation as
to why there should be such discrepancies in tk& rasponse to the mechanical
challenges. Cold allodynia also was present aféég-light exposure of the rat hind
paw (Davieset al, 2005). Cold allodynia, as assessed by the acedome test,
presented within six hours and lasted for threes@dter UVA-light exposure (Davies
et al, 2005). Therefore in rats, exposure of the rathaw to U\,-light causes a
reliable and easily reproducible thermal hyperafgesnechanical hyperalgesia,
mechanical allodynia and cold allodynia, and theation and peak of hyperalgesia

depended on the noxious challenge modality used.
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In humans, U¥\-light induced thermal and mechanical hyperalgesss been
described only once (Harrisoet al, 2004). Exposure of buttock skin produced
thermal and mechanical hyperalgesia that peakeddays after U\Y-light exposure
and had resolved by three days (Harrisbral, 2004). However, most studies have
found that U\-light caused erythema and tanning but not hypesidgin humans

(Bickel et al, 1998; Hoffmann & Schmelz, 1999).

UVe-light also has been used as a conditioning evenbahavioural studies of
nociception in rats (Hamiltoet al, 1999; Bishopet al, 2007), mice (Saadet al,
2000) and humans (see below). In rats gtlight exposure of rat hind paw dorsal and
plantar surfaces caused thermal hyperalgesia amthaneal allodynia in the paw
exposed to U¥-light (Hamiltonet al, 1999; Bishopet al, 2007). The duration and
severity of the thermal hyperalgesia and mechariltatlynia were dose dependant,
with higher doses causing longer and more seveesmidd hyperalgesia and
mechanical allodynia. However, the peak severitytledrmal hyperalgesia and
mechanical allodynia, at all doses tested, washezhafter two days (Bishogt al,
2007). Thermal hyperalgesia and mechanical all@jasted for seven and ten days

respectively, after exposure to gNight at the highest dose (Bishepal, 2007).

UVg-light irradiation of the backs of the mice, as opgd to rats, produced thermal
hyperalgesia at anatomical sites distant from itee &f UVg-light exposure, and a
differing time course of hyperalgesia (Saadeal, 2000). After the backs of mice
were irradiated with U¥-light at different doses, there was a dose-dep@nda
decrease in the paw hot-plate test and tail-fliekt response latencies. The time-

course of the hyperalgesia displayed a biphasjmorese, as opposed to a monopahsic
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response that occurred after g}Wght exposure of the rat hind paw (Hamiltenhal,
1999; Bishopet al, 2007), with an initial phase that peaked at 3efrk after

exposure, and a late phase that peaked 48-96 afterexposure.

UVg-light irradiation of human skin causes a dose-ddpat hyperalgesia to noxious
mechanical and thermal challenges (Bickehl, 1998; Hoffmann & Schmelz, 1999;
Koppertet al, 1999; Benrattet al, 2001; Sychaet al, 2003; Gustorfet al, 2004a;
Gustorff et al, 2004b; Harrisoret al, 2004; Kopperet al, 2004; Sychaet al, 2005;
Sychaet al, 2006). Hyperalgesia to noxious mechanical andnibk challenges
develops in a dose-dependant manner, with highsesdof U\4-light causing more
severe and prolonged hyperalgesia. The hyperal@@sthe thermal and mechanical
challenge modalities lasted from four to nine dagspending on the body area
irradiated, with a peak reached between one andltws post-irradiation (Hoffmann

& Schmelz, 1999; Benratht al, 2001).

Therefore, in rodents and humans, exposure tos-lig¥it caused thermal and
mechanical hyperalgesia and allodynia. Exposurthe@frat hindpaw caused thermal
hyperalgesia and mechanical allodynia that lasteddven and ten days respectively.
In mice, exposure of their dorsal surface causesg@ndary thermal hyperalgesia.
The time course of the hyperalgesia was biphastb, an initial phase, which peaked
at 3-6 hours after exposure, and a late phase hwieaked 48-96 hours after gV
light exposure. In humans thermal and mechanicpktalgesia peaked three days
after to U\k-light exposure and lasted for four to nine dayshuman studies the
peak and duration of hyperalgesia differed due adation in dose and body sites

used.
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1.2.2 Pharmacology of UV-light induced hyperalgesia

Different pharmacological agents have been usednnattempt to characterise
hyperalgesia caused by W\Mght and U\g-light (Table 2). | have divided the agents

under separate headings and highlighted the miaginfs for each agent.

1.2.2.1 Opioids

Morphine, the gold-standard analgesic, injectedcstaneously produced a dose-
related, and naloxone-reversible, increase in respdatencies to a noxious thermal
one and five days after UMight exposure of rat hind-paws (Perkiasal, 1992).
The investigators did not measure motor respondetheo rats at the doses of
morphine they used, and it was unclear whethemitrease in response latencies was
due to analgesia or sedation of the rats (Cartraelbl, 1991). Morphine also
significantly reversed, in a dose-dependant manrnkermal and mechanical
hyperalgesia after Ua/light exposure of the rat hind paw (Bishep al, 2007).
Loperamide, a peripherglopioid receptor agonist that does not cross thedbrain
barrier, reversed thermal and mechanical hyperalgdter U\s-light exposure of the
rat hind paw, in a dose-dependant manner (Biskopal, 2007). Therefore,
morphine’s analgesia may have been mediated sbielygh activation of peripheral,

and not centrall opioid receptors.
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Pharmacological  Effect on Species Light Site Route of Noxious challence Reference
intervention hyper algesia wavdength irradiated administration 9
SyStem'C Reduced Rats Uy Hindpaw Subcutaneous Thermal (Perlensl, 1993)
morphine
Reduced Rats 91V} Hindpaw Not stated Thermal (Bishopet al, 2007)
Mechanical
Reglonal Reduced Humans W Upper leg Intravenous Thermal (Koppertet al,
morphine . 1999)
Mechanical
Remifentanil Reduced Humans 5\ Upper leg Intravenous Thermal (Gustorffet al,
. 2004b)
Mechanical
K-agonist .
(EMD61753) No effect Humans Uy Upper leg Oral Thermal (Bickett al, 1998)
Loperamide —
p_er_|pherap Reduced Rats Uy Hindpaw Not stated Thermal (Bishopet al, 2007)
opioid receptor Mechanical

agonist
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Pharmacological  Effect on Species Light Site Route of Noxious challenge Reference
intervention hyperalgesia waveength irradiated admnistration 9
Systemic
ibuprofen-non . (Perkinset al,
selective COX Reduced Rats Uy Hindpaw Subcutaneous Thermal 1093)
inhibitor
Reduced Rats 0v} Hindpaw Not stated Thermal (Bishopet al, 2007)
Mechanical
Reduced Humans W Upper leg Oral Thermal (Bickel et al, 1998)
Mechanical
Reduced Humans W Upper leg Oral Thermal (Sycled al, 2003)
Topical . . .
, Reduced Rats Uy Hindpaw Gel on hindpaw Thermal (Bishopet al, 2007)
ibuprofen .
Mechanical
Rofecoxib-COX peogyced Humans W Upper leg Oral Thermal (Sychaet al, 2005)

2 inhibitor

Mechanical
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Pharmacological  Effect on Species Light Site Route of Noxious challenge Reference
intervention hyper algesia wavelength  irradiated administration 9
Bradykinin
agonists
Bradykinin Enhanced Rats V\Y} Hindpaw Intravenous Thermal (Perkllngsgg)Kelly,
B1 receptor Enhanced Rats WV Hindpaw Intravenous Thermal (Perkllngsgg)Kelly,
Enhanced Rats AV} Hindpaw Intravenous Thermal (Perkietsal, 1993)
Enhanced Humans AV} Thigh Intracutaneously Pain intensities (Elser;%%il)‘et al,
B2 receptor Enhanced Humans sV Thigh Intracutaneously I - (Eisenbarttet al,
Pain intensities
2004)
Bradykinin
antagonists
B1 receptor Reduced Rats Uy Hindpaw Intraplantar Thermal (Perkiasal, 1993)

B2 receptor No effect Rats \Y, Hindpaw Subcutaneous Thermal (Perlensl, 1993)
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Pharmacological  Effect on Species Light Site Route of Noxious challence Reference
intervention hyper algesia wavdength irradiated administration 9
ATP Enhanced Rats WV Hindpaw Intraplantar Thermal (Hamllgcg)g)e tal,
Enhanced Humans (FAV) Forearm Intracutaneously Pain intensities (Hamzlgggf tal,
- Dorsal :
IL-10 and IL-13 Reduced Mice W surface Intra-peritoneal Thermal (Saadeal, 2000)
Lidocaine- (Koppertet al
sodium channel  Reduced Humans W Upper leg Intravenous Mechanical |02pOO4) ’
antagonist
Gabapentin No effect Humans BV Upper leg Oral Thermal (Gustorffet al,
Mechanical 2004b)
. . Thermal
Botulinum toxin No effect Humans W Upper leg Intracutaneously (Sychaet al, 2006)

Mechanical
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In humans, opioid agonists administered systenyiaall regionally, reversed Wy
light induced thermal hyperalgesia (Koppett al, 1999; Gustorffet al, 2004b).
When administered regionally the extremity, usualhe arm, is elevated and
exanguinated by tightly wrapping bandages in a iprak to distal direction. The
opioid agonist is then injected intravenously taesthetise the arm. Remifentanil, a
potent synthetic opioid agonist, injected intraugsip reversed thermal hyperalgesia
and secondary mechanical hyperalgesia afteg-lijht exposure of the upper leg
(Gustorff et al, 2004b). Morphine injected locally, via intravesouegional
anesthesia, after UMight irradiation of the upper leg, abolished tnait
hyperalgesia, but not mechanical hyperalgesia aj-lig\it exposed areas (Koppet
al,, 1999). As plasma levels of morphine were very ,laworphine probably
attenuated thermal hyperalgesia, but not mecharigpéralgesia, by a peripheral
mode of action, which implies inhibition of effectpathways leading to heat, but not
mechanical, sensitization. Therefore, gJNght may sensitize peripheral afferent
neurons to noxious thermal but not mechanical ehgks. Morphine probably acted
through p opioid receptors, as oral administration iekelective agonists did not
reduce thermal or mechanical hyperalgesia in hunaftes U\s-light irradiation of

the upper leg (Bickedt al, 1998).

1.2.2.2 Eicosanoids

Eicosanoids are arachadonic acid metabolites thatlude prostaglandins,
prostacyclins, thromboxanes and leukotrienes. Tlseynsitize nociceptors to
endogenous and exogenous compounds (McMagtoal, 2005). Prostaglandins

sensitize nociceptors by reducing the activatioreghold of voltage sensitive
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tetrodotoxin-resistant sodium channels specifindoiceptors, increasing intracellular
cyclic AMP levels, and increasing the excitabilifynociceptive neurones (McMahon

et al, 2005).

Ibuprofen, a non-selective COX-inhibitor, reverséiermal hyperalgesia when
injected subcutaneously one day aftertlMht exposure of the rat hind-paw, but
was significantly less effective when given fiveydaafter exposure (Perkiret al,
1992). Therefore, prostaglandins may be responsdslenitiating hyperalgesia but
not maintaining hyperalgesia after WNight exposure. Such a finding contrasts with
the lack of efficacy of COX inhibitors in erythemiaduced by U\-light. It is
possible that prostaglandins are involved in hyljgesaa but not erythema after WV
light exposure. Since COX-2 inhibitors have notrbesed in models of UMlight
induced hyperalgesia, no information was availasieo whether COX-1 or COX-2

(or both) are responsible for prostaglandin synghafter UVi-light exposure.

Systemic and locally applied ibuprofen also reveérdébermal hyperalgesia and
mechanical allodynia after UMight exposure of the rat hindpaw (Bishep al,
2007). When administered two days aftergdht exposure, systemic and local
administered ibuprofen produced a dose dependaatsa of thermal hyperalgesia
and mechanical allodynia (Bishep al, 2007). Ibuprofen, ingested before gJNght
exposure of human skin, also significantly decrdadeeat and mechanical
hyperalgesia caused by gMght exposure, but it had no effect on respordeained
from applying the same noxious challenge to skinexposed to U¥-light (Bickel et

al., 1998; Sychat al, 2003).
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The majority of COX inhibitors inhibit both COX-1Ind COX-2. Therefore, unless
selective inhibitors are used, it is difficult tetdrmine the relative importance of each
enzyme in hyperalgesia caused by UV-light. Rofdzox COX-2 selective inhibitor,
taken orally before UMlight exposure, significantly reduced thermal hybgesia,
superficial skin blood flow and the area of secaopdayperalgesia caused by gV
light irradiation of human skin (Sychet al, 2005). Hence, the study suggests that
COX-2, not COX-1, was responsible for prostaglarglnthesis after human WV
light exposure. Injury after Uplight exposure was consistent with an inflammatory
model of hyperalgesia, whereby COX enzymes aregusited and prostaglandins
synthesized in response to an inflammatory comitigp event. Since rofecoxib and
ibuprofen were administered systemically, theie s3f action in the neuraxis was
unknown, but since rofecoxib reduced the area obrs#gary hyperalgesia, it was
possible that rofecoxib altered prostaglandin petida within the central nervous
system. However, it could be that inhibiting pegpdl prostaglandin production

prevented central sensitization.

1.2.2.3 Bradykinin

Bradykinin is an endogenous algogen that is reteater tissue injury. It can activate
nociceptors directly and sensitize nociceptorsubhoactivation of phospholipase C,
protein kinase C, production of arachadonic acid modulation of TRPV1 channels
(McMahon et al, 2005). Bradykinin exerts its action through &d B receptors
(McMahonet al, 2005). B receptors are expressed during inflammation ajuayin
and B receptors are constitutively expressed. HowevereBeptors do play a role in

pain during inflammation (McMahoet al, 2005).
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B1 receptors, not Breceptors, play a significant role in thermal hygbgesia after
UVa-light exposure in rats (Perkiret al, 1993; Perkins & Kelly, 1993). The;B
receptor agonist des-AkBK, and, surprisingly bradykinin, injected subagausly
into the rat hind paw, had no effect on withdrala#ncy to a noxious heat challenge.
They did not, therefore, sensitize nociceptors tm@&ous thermal challenge (Perkins
& Kelly, 1993). However, when given after WMight exposure both agents
exacerbated thermal hyperalgesia in the exposed (Pavkins & Kelly, 1993). In
addition, polymodal C-fibre receptor activity wascieased when bradykinin was
administered after UV-light (no wavelength statedndiation of the rabbit ear
(Szolcsanyi, 1987). Therefore, UV-light sensitizadimal tissue to the effects of
bradykinin receptor agonists. The hyperalgesic oasti of des-ArgBK and
bradykinin, after U\-light exposure of the rat hindpaw, were reducedths B
receptor antagonist des-Arg.eltf-BK, but not by the B receptor antagonist HOE
140 (Perkins & Kelly, 1993). In another study; Bnd B receptor antagonists
attenuated thermal hyperalgesia after Atight irradiation of the rat hindpaw.
However, there was a clear difference in the effyoaf the two antagonists with des-
Arg®, LelP-BK, a B, receptor antagonist, being more effective than H@H, a B
receptor antagonist. Only repeated administratimh$lOE 140 was effective and
HOE 140 increased the paw withdrawal latencies B, 3while des-Arg Let-Bk
increased paw withdrawal latencies by up to 85%kiReet al, 1993). The reduction
of des—Ard—BK induced hyperalgesia by a;Beceptor, but not a Breceptor
antagonist implies that des-ArBK was activating B receptors that were not
normally present as des-Ar§K was inactive in naive animals. Therefore, Aght

exposure induced;Beceptor expression but not Bceptor expression.
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In humans, only one study has investigated the ofldradykinin receptors in
hyperalgesia induced by WMight (Eisenbarthet al, 2004), and their role in
hyperalgesia induced by UMight in humans has not been investigated. The B
receptor agonist, des-Affkallidin, and bradykinin, presumed to be a ceptor
agonist, were injected into the dermis before dtat &V;-light irradiation of ventral
thigh skin, and pain, vasodilatation, protein exaisation, and axon reflex
vasodilatation were measured (Eisenbaithl, 2004). U\s-light exposure of ventral
thigh skin enhanced des-Afekallidin and bradykinin mediated pain, but EMNight
exposure enhanced only des-Argallidin mediated local vasodilatation and had no
effect on bradykinin mediated local vasodilatati@senbarthet al, 2004). Protein
extravasation was not enhanced by gtight exposure, so neuronal and vascular
responses were differentially sensitiz&tthough a novel study, there were anomalies
in the study that precluded definitive interpregatiof the study’s findings. First,
bradykinin was used as & Beceptor agonist, but bradykinin acts at bothaBd B
receptors. Secondly, it was stated that the pa@parses to bradykinin injection were

elevated significantly; but post-hoc statisticaltsedid not indicate significance.

1224ATP

After tissue injury ATP is released into the exéihdar tissues and activates C-fibre
nociceptors, but it does not sensitize nociceptrsthermal nor mechanical
challenges, and activates only capsaicin-sensiterones (Hamiltoret al, 1999;
Hamilton et al, 2000). Receptors for ATP have been found on gmynsensory

afferents both on the dorsal root ganglion and ha periphery. ATP activates
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nociceptive neurones in normal skin via B&X%; receptor and the heteromeR@X-

P2X; receptor (McMahoret al, 2005).

In rats (Hamiltonet al, 1999) and humans (Hamiltoat al, 2000) intradermal
injection of ATP caused nociceptive responses)(ats pain (humans). Intradermal
injection of ATP and its analogues into the hindpafvrats, in the absence of
inflammation, produced a dose-dependant increadénafpaw lifting and a decrease
in withdrawal latencies to thermal challenge (Haomlet al, 1999). Therefore, in the
absence of inflammation ATP is a potent algesic maumd (Hamiltonet al, 1999).

In the presence of inflammation, caused bygtight exposure, or intradermal
injection of carrageenan or PgEanimals’ nociceptive responses to ATP and its
analogues were augmented (Hamilairal, 1999). Similarly, in humans intradermal
injection of ATP caused moderately severe pain (Hamet al, 2000), and pre-
treatment of the skin with Udlight doubled the pain felt after ATP intradermal
injection, an effect that lasts for 24 hours (Haomlet al, 2000). The mechanisms for
this enhanced response to ATP in the presenceflafmmation were unclear, but it

may be through the upregulation of fP2X; receptor.

1.2.2.5 Nerve growth factor and pro-inflammatory cytokines

Nerve growth factor (NGF) and pro-inflammatory dyitees contribute to
inflammatory hyperalgesia through direct and inctirenechanisms (Poolet al,
1999; Sommer, 2001; Koltzenburg, 2004; Sommer &sKy&004). NGF contributes
to inflammatory hyperalgesia by sensitizing perigth@ociceptors to noxious thermal

challenges, with a subsequent increase in sporianpolymodal receptor activity
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and increased nociceptor discharge to noxious thlerchallenges (Koltzenburg,
2004). There is no evidence that NGF sensitizegplperal nociceptors to noxious
mechanical challenges. NGF indirectly contributesnflammatory hyperalgesia by
causing the release of serotonin and bradykinimfmast cells in the periphery and
altering sensitivity of neurons to other algogemagents such as bradykinin and
capsaicin (Koltzenburg, 2004). The pro-inflammatoyyokines TNFa, IL-1[3, IL-6,
and cytokine-induced neutrophil chemoattractanN@)I —1 are upregulated in rat
models of inflammatory pain and neuropathic pamo{Pet al, 1999; Sommer, 2001;
Lorenzettiet al, 2002; Sommer & Kress, 2004). The cytokines aregylated both
at the site of injury and within the spinal cordo@mer, 2001). Upregulated pro-
inflammatory cytokines mediate hyperalgesia by ezithdirectly sensitizing
nociceptors or activating a cytokine cascade (P@&bl@l, 1999; Sommer, 2001;
Sommer & Kress, 2004). TNé&-induces the production of IL-6 which in turn inésc
IL-1(3, with IL-1B activating COX-2 dependant prostaglandin rele&mle et al,
1999). TNFea also induces CINC-1 production, which in turn esishe release of

catecholamines from sympathetic fibres (Paadlal, 1999).

NGF and pro-inflammatory cytokines are increaseterafUVg-light exposure
(Gillardon et al, 1995; Saadest al, 2000). NGF and pro-inflammatory cytokines
have not been measured after exposure ta-lift. UVg-light exposure of the rat
hind paw (Gillardoret al, 1995) and the dorsal surface of mice (Sastdal, 2000)
caused an accumulation of nerve growth factor wittie epidermis. NGF was
concentrated within epidermal keratinocytes anthencells of the underlying dermis
(Gillardon et al, 1995). U\§ -light irradiation of the back of mice at diffetetioses

caused a dose-dependant decrease in responsedstienicot plate and tail-flick tests
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(Saadeet al, 2000). Coinciding with this secondary hyperalgesixposure to the
highest dose of Uplight caused an increase in the pro-inflammataorpkines IL-
1B, TNF-a, and NGF. Daily treatment of mice with intra-penéal injections of the
anti-inflammatory cytokines IL-10 and IL-13 causediose-dependant attenuation of
the UVs-light induced secondary thermal hyperalgesia, wittarallel decrease in the
concentrations of ILf3, TBF-a and NGF (Saadet al, 2000). Similarly, systemic
sequestration of NGF through subcutaneous injeatforkAd5 decreased primary
and secondary thermal hyperalgesia and mechanitadyaia after U\s-light

irradiation of the rat hind paw (Bishagt al, 2007).

Therefore, NGF and pro-inflammatory cytokines areolved in secondary thermal
hyperalgesia and NGF was further involved in med#rallodynia caused by WY

light exposure. Since secondary thermal hypersdgasd mechanical allodynia are
produced by central sensitization, it was posditée pro-inflammatory cytokines and

NGF were acting within the central nervous systemrbduce their effects.

Up to this point | have focused on the periphehalnges that occur locally at the site
of UV-light exposure. | have included a brief sentidescribing all the studies that
inlcude investigations exploring receptors withhre tspinal cord. Because of the
paucity of studies, the following sections providecomprehensive overview of

changes within the spinal cord after UV-light expes
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1.2.2.6 Glutamate receptors

Metabotropic glutamate receptors (MGIuRs) are ailyamf G-protein couple

receptors that modulate nociceptive processingimithe peripheral and central
nervous system (for an extensive review see Neuwgeba002). There are eight
subtypes of metabotropic glutamate receptors, m@hdR divided into three groups,
group 1 (mGIuR 1,5), group Il (mGIuR 2,3) and grollip(mGIuR 4,6,7,8), and

receptors from different groups have a differentie ron nociceptive processing.
Activation of group | mGIluRs contribute to peripakand central sensitization, while
activation of group Il mGIuRs reduces peripherald anentral sensitization
(Neugebauer, 2002). The role of group IlI mGluRs niociceptive transmission

remains unclear.

UVa-light exposure of the rat hind paw caused a sicgmift increase in the expression
of mGluR 3 mRNA within the cells of the dorsal larae in both sides of the lumbar
spinal cord (Boxalkt al, 1998). The increase was most pronounced in lamlinall
and IV, and gradually decreased and disappearethéoyhird day after Uy-light
irradiation. In parallel with these changes in mRNBehavioural experiments
revealed mechanical hyperalgesia in both hindpafies &Va-light exposure. No
changes were detected in the levels of expresgiarzuR 1,2,4,5,7 subtype mRNA
in spinal cords taken from hyperalgesic animals mm@dhanges were noted in mMRNA
for any of the glutamate receptors in thoracic segs (Boxallet al, 1998). The
significance of this finding is unclear, as mGIURNA increase does not necessarily
mean an increase of mGIuR within cell membranesdoes it prove an increase in

neuronal hyperexcitability within the spinal cofurthermore, correlating mRNA
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changes with behavioural changes does not prov&tipu A reversal of behavioural
hyperalgesia with a concomitant reversal of mRNAression would have proven
more definitive. The absence of an increase in mRMpression for the other mGIuR
does not preclude their role in W\ight induced hyperalgesia. Thus the study by
Boxall et al. (1988) does not provide any defirdtanswers for the role of mGIluRs in

UVa-light induced hyperalgesia.

1.2.2.7 Proto-oncogenes

The proto-oncogenes-fos and junD produce immunologically detectable nuclear
proteins Fos and JUND. Different spatial and terappatterns of proto-oncogene
expression, especialfosand its product Fos, in spinal neurones have begorted

in response to various peripheral noxious and nmftetory stimuli (Coggeshall,
2005). Fos and-fos are expressed rapidly in central nervous systemmones after
noxious challenges and their expression identiffesse neurones activated by a
nociceptive challenge (Coggeshall, 2005). The mhggical functions of these proto-
oncogenes and their products are unknown. Thein m@mtribution is as an efficient
tool to delineate anatomical organisation of ngaiise systems (Coggeshall, 2005).
In addition, changes in noxious challenge intenaitg duration alter Fos expression,
thus Fos can be used to assess functioning of Idoosa neurones, particularly in

response to pharmacological agents (Coggeshath)200

UVg-light exposure of the rat hind paw did not inceeagosexpression in the spinal
cord laminae | and Il (Bishomt al, 2007). However, thermally evokecifos

expression within laminae | and Il was enhanceerdftVg-light exposure (Bishopt
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al., 2007). The absence of an increase in badals expression after Up/light
exposure implies that Wlight exposure does not cause ongoing afferenvigct
within the irradiated area, but that gMNight exposure may sensitize peripheral
nociceptors such that there was increased activatio nociceptive pathways in
response to noxious thermal challenge afteglight exposure. Since this postulate
requires electrophysiological recordings to confiite veracity, any conclusions
reached front-fosand Fos expression regarding neurophysiologicahgés within

the spinal cord after Uy/light irradiation are speculative.

UV3g-light exposure of the right hind paw increased lthesls ofjunD mMRNA in the

ipsilateral half of the lumbar spinal cord (Gillardet al, 1992b). The increase in
junD mRNA was paralleled by an increase in JUND prokevels in ipsilateral dorsal
root ganglion neurones. Increased labellingusfD mMRNA occurred in large and
small diameter neurones (Gillardogt al, 1995). As withc-fos and Fos the
physiological relevance of an increasejwiD mRNA and JUND in contributing to

UVg-light induced hyperalgesia is unknown.

In summary, significantly fewer studies have inigegied the biochemical changes,
related to nociception, after UMight than after U\-light exposure. The systemic
administration of morphine, ibuprofen, a COX inldbj and bradykinin antagonists
reversed U¥-light induced hyperalgesia. It seems that proatagjhs are involved in

initiating but not maintaining UMlight induced hyperalgesia. In addition, bradykini

B1 receptors are upregulated and sensitized aftes-ligtit exposure. Metabotropic

glutamate receptor mRNA in spinal cord lamina wasréased after UMlight

exposure. However, there are no data that demdmstna increase in glutamate
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receptor number or altered sensitivity to glutamatel the physiological significance

of increased metabotropic glutamate receptor mRN#us unknown.

As with UVa-light exposure, morphine reversed hyperalgesiar aft\Vg-light
exposure, and morphine’s analgesia may have beelmted through activation of
peripheral, and not central,opioid receptors. In addition, regional adminigstma of
opioids abolished thermal hyperalgesia but not raeicial hyperalgesia after WV
light exposure, which suggests that gJNght sensitizes peripheral afferent neurones
to noxious thermal, but not mechanical, challen@ée administration of COX-1 and
COX-2 inhibitors reversed hyperaemia, and primary secondary hyperalgesia after
UVg-light exposure. Therefore, injury after Y\ght irradiation was consistent with
an inflammatory model of hyperalgesia, whereby Céh¢ymes are upregulated and
prostaglandins synthesized in response to an inflaiory conditioning event. W/
light exposure enhanced nociceptive responses t® Amnd its analogues. The
mechanisms for this enhanced response to ATP weriear, but it may be through
the upregulation of the ATP receptB2X. UVg-light caused an increase in the
synthesis the proto-oncogenefos andjunD mMRNA and their protein products Fos
and JUND. The physiological relevance of an inaeeafsproto-oncogenes and their
protein products in contributing to WMight induced hyperalgesia is unknown. NGF
and pro-inflammatory cytokines are increased dfteiz-light exposure, and Uy/
light hyperalgesia can be reduced by anti-inflanomatcytokines. NGF and pro-
inflammatory cytokines contribute to secondary ihar hyperalgesia, and NGF
further contributes to mechanical allodynia aft&fg-light exposure. Since secondary
thermal hyperalgesia and mechanical allodynia evdyzed by central sensitization it

is possible that pro-inflammatory cytokines and N& within the central nervous
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system to produce their effects. There is therefomple biochemical evidence that
UVg-light causes an inflammatory hyperalgesia, witsaacity of evidence that Uy

light causes an inflammatory hyperalgesia.
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1.2.3 Electrophysiology of UV-induced hyperalgesia

Polymodal receptors, which are quiescent in norsiah became spontaneously
active after UV-light (spectrum not stated) expesof rabbit ears (Szolcsanyi, 1987)
and UVi-light exposure of rat hind paws (Andreev al, 1994). Also, capsaicin-
induced activation of polymodal receptors was epbdnafter U\-light pre-
treatment. Direct administration of morphine, DAGQL receptor agonist) and U-
69593 (ak receptor agonist) but not DPDPE aeceptor agonist) to the receptive
field of UVa-light irradiated neurones produced a concentratiteted and naloxone-
reversible suppression of spontaneous firing inympoldal receptors of UMlight
exposed skin (Andreeet al, 1994). Therefore, polymodal receptors changed the
activity and sensitivity to exogenous opioids aftke induction of peripheral
hyperalgesia by UM-light exposure, and this hypersensitivity was raitged byu
and k opioid receptor antagonists (Andreet al, 1994). Increased peripheral
neuronal hyperexcitability occurs after exposureadfhind paw (Eschenfeldet al,
1995) and pig skin (Rukwiedt al, 2008) to U\4-light. UVg-light exposure of rat
hind paw, with recordings from C-fibres innervatitig hindpaw skin showed long-
lasting low-frequency (0.8-1.25 Hz) spontaneousivigt and the number of
spontaneously-active C-fibres increased from 0%5@3% of the total population of
C-fibres 72 hours after d/light exposure. This rise in the number of spoatarsly-
active C-fibres was evident 24 hours afterdJ\ht exposure (Eschenfeldet al,

1995).

Coinciding with the peripheral neuronal hyperexuiity are changes within the

central nervous system. For example, the proporibspontaneously-active wide
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dynamic range (WDR) neurones was increased aftet-ligitit exposure of the rat
hindpaw, and the degree of spontaneous activityemhgnced during the time course
of the hyperalgesia (Urbaet al, 1993). The WDR neurones showed a significant
increase in the total number of spikes and thetouraf responses when evoked by
von Frey stimulation at 15mN, noxious pinch, nosigadiant heat and water heated
to 52C, when tested one to three days, and five to selays after U\-light
irradiation (Urban et al, 1993). In addition, the threshold temperature was
significantly decreased and the average sizesefaheptive fields were expanded
after UVi-light exposure. To distinguish between possiblatred and peripheral
components of the hyperactivity of WDR cells, dbndazotomies were performed
during the recordings. Cutting L2-3 dorsal rootskead a larger and more prolonged
discharge in WDR cells in the rats hindpaws expasetdVa-light (Urban et al,
1993). Spontaneous activity over one to three ddter UVa-light exposure was
reduced after the dorsal rhizotomy. However, dorsaotomy had no effect on the
spontaneous activity of WDR neurones five to sedays after U\-light exposure.
Responses to supramaximal electrical stimulatiorthef rat hind paws also were
enhanced in the UMlight exposed rats and once again dorsal rhizotoedyced the
number of evoked spikes one to three days aftex-liit exposure but not five to
seven days after UMlight exposure. Therefore, UMight exposure caused
prolonged excitability in spinal WDR neurones w#&hhanced input from primary
afferents contributing to this increased excitéypilior the first three days after

exposure to U¥-light (Urbanet al, 1993)

To measure neuronal hyperexcitability within thénapcord, A- and C-fibre evoked

VRP (ventral root potentials) were measured inasal spinal cord preparations that
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were taken from young rats in which behavioural drgigesia (thermal and
mechanical) had been induced by AJNght irradiation of the hind paw (Thompsen
al., 1994). The duration and amplitude of both theaAd C-fibre evoked VRP were
increased significantly in UMlight exposed rats. In rats exposed to Adight, a
NMDA receptor antagonist and neurokinin 1 and nkmio 2 receptor antagonists
significantly reduced the prolonged VRP evoked bijb@e stimulation. However, in
animals not exposed to WWMight, the prolonged VRP evoked by a single shGek
fibre stimulation was significantly antagonisedd&WMDA receptor antagonist and a
neurokinin 2 receptor antagonist, but not by a okinin 1 receptor antagonist,
implying that neurokinin 1 receptors were alterdtéraUVa-light exposure. Thus,
enhanced receptor sensitivity of ventral root neaso may contribute to central
sensitization and may be directly related to behaal hyperalgesia after UMight

exposure (Thompsoet al, 1994).

Another possible mechanism for GN¥ght induced hyperalgesia is the activation of
silent nociceptors (Koppest al, 2004; Rukwiedet al, 2008). The neurogenic axon
reflex in human skin is mediated by mechanicallseimsitive or silent nociceptors,
and when phasic mechanical stimulation was comparadn-exposed and UMight
exposed skin, the neurogenic flare reaction wasgprtein the irradiated skin but not
in the non-irradiated skin (Koppeet al, 2004). Systemic lidocaine administration
suppressed the mechanically induced flare and #ehamical hyperalgesia in @V
light exposed skin, while leaving the impact indidiceatings in normal skin
unchanged (Kopperet al, 2004). A similar change of neurogenic axon reftes
been observed after WMight exposure of pig skin (Rukwiest al, 2008). In pigs, C-

fibre activation was assessed indirectly by axdiexeerythema or the flare response
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in response to noxious mechanical challenges, veyn flament exerting 100mN and
600 mN of pressure, and, noxious thermal challend&C and 47C. After UVg-
light exposure of the pig skin, the area of axoftexeerythema was increased in
response to the various noxious challenges thesepgesting that peripheral C-fibres
were sensitized (Rukwie@t al, 2008). Data from the above two studies were

consistent with the sensitization of silent noctoep

In summary,UVa-light exposure of rat tissue altered both peripherciceptive

receptors and WDR neurones of the spinal corda-lifyht increased the spontaneous
activity of polymodal receptors and spinal WDR rames, enhanced the response of
spinal WDR neurones to peripheral noxious challspged increased the amplitude
and duration of VRP. Therefore, W\ight caused both peripheral nociceptor
sensitization, increased activation of peripherdiceptors, and central sensitization,
enhanced response of dorsal horn cell to periphepatt. UVs-light activated silent

nociceptors and caused peripheral sensitizationveder, no studies have explored

changes within the central nervous system aftes-lityht exposure.
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1.3 Thesisaims

UV-light induced hyperalgesia is a unique modelhgperalgesia in that it causes
peripheral and central sensitization through tHease of endogenous compounds,
without necessitating the injection of algogenibstances into animal tissue, such as
carrageenan into rat hind paw or joints (Hargreated, 1988; Radhakrishnaet al,
2003), or directly damaging animal tissue, suclmeve ligation or incising rat skin
(Choi et al, 1994; Brennaret al, 1996; Weberet al, 2005). Almost all current
animal models of pain and hyperalgesia rely on dabeve two techniques and,
although extremely important in the study of checopain, are associated with a
number of problems. For example, the duration ef ltlgperalgesia is too short for
anti-hyperalgesic agents to be adequately testieally anti-hyperalgesics should be
administered after the hyperalgesia has developedrder to mimic the clinical
situation, in which anti-hyperalgesics are giveryaaiter the patient complains. In
animal models of sustained hyperalgesia, the exjggrial animals usually are in
persistent pain, which in turn causes a constiutieterioration in their health that
confounds their responses to nociceptive testingaci@®urn-Munro, 2004). In
addition, almost none of the procedures can be usetiuman subjects. The
conditioning challenges used generally cause irgfvie damage to tissue, such as
nerve ligation, or the conditioning challenge doe$ cause hyperalgesia in human

subjects, such as reperfusion hyperalgesia (uighao observations).

| believe UV-light induced hyperalgesia offers dusion for the above-mentioned
problems, in that, in animal models, experimentgpenalgesia is of duration

sufficient to test anti-hyperalgesic agents withitwet presence of persistent pain, and
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UV-light has been used successfully to generateraxental hyperalgesia in human
subjects. U¥-light causes an inflammatory hyperalgesia that been successfully
translated from animal subjects to human subjesge (Table 1 and 2). WMight
causes an increase of pro-inflammatory mediatoch 1 prostaglandins (Blaek
al., 1978a; Blacket al, 1980), nitric oxide (Rhodest al, 2001), and cytokines
(Oxholm et al, 1988; Kocket al, 1990; Oxholm, 1992; Kondet al, 1993;
Strickland et al, 1997; Saadet al, 2000) in exposed tissue, and the histological
features after U¥-light exposure are consistent with an acute infle@tory response
(Gilchrest et al, 1981). In addition, hyperalgesia and erythema banreversed
successfully through the administration of suitabletagonists, such as COX-1
(Snyder & Eaglstein, 1974b, a; Blaekal, 1978b) and COX-2 (Wilgust al, 2000;
Wilgus et al, 2002) inhibitors and nitric oxide synthase intobi(Rhodeset al,
2001). However, the evidence that proves that light causes a classic

inflammatory hyperalgesia is not as convincing.

In rats, UVa-light causes an increase in prostaglandins anthrhise in skin
(Gilchrestet al, 1981; Hawket al, 1983) and the hyperalgesia to MW¥ght can be
reversed with the administration of morphine, ilmipn (a COX inhibitor), only
demonstrated in one study (Perkatsal, 1992), and bradykinin antagonists (Perkins
et al, 1993). Therefore, prostaglandins and bradykir{lbeth components of the
inflammatory soup) it would seem are involved in AJNght induced hyperalgesia. It
has been assumed therefore thataUight causes an inflammatory hyperalgesia in
rats. However, no studies have examined animaldisstologically after Uy-light
exposure to confirm the presence of inflammatiaraddition, after exposure to WV

light, human tissue exhibits only a mild chroni¢lammatory infiltrate within the
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dermis, very unlike the classic acute inflammat@sponse observed after gNight
exposure (Kumakiret al, 1977; Gilchreset al, 1981). It is therefore possible that
UVa-light may be causing prolonged hyperalgesia thinown inflammation-
independent pathway. If so, WMight may offer completely new mechanisms to
explain prolonged hyperalgesia. | therefore decimetbcus my thesis on UMight
hyperalgesia in order to explore whether Adight does cause inflammation in rats,
and to answer several issues that | believe havéeen adequately addressed in the

literature.

In order to study U¥-light induced hyperalgesia, | had to develop myncanimal
model. | have outlined my exposure protocol, arddtiration and severity to noxious
thermal and mechanical challenges in Chapter Zoflgh a number of studies have
been published describing the pathophysiology.dlght, several issues have not
been adequately addressed. For example, in notfeedadtudies published was the
UV-light spectrum of the UV lamps independently ifred. As the nature of light
changes both with the duration the UV lamps arevaitetd and over the lifespan of
the UV lamp, it is entirely possible that unwantight wavelengths may have
contaminated the UMlight during animal exposures in previous studiés.
commissioned experts at the Council for Sciengfid Industrial Research, Tshwane,
South Africa, to measure the spectrum of UV-lightitteed by my lamp and | have
described my findings in Chapter 2. In addition, stodies have examined animal
tissue to confirm the presence, or absence, ofarmfiation, and whether
inflammation does in fact correlate with the bebaval hyperalgesia observed after
UVa-light exposure. | commissioned a qualified histbpéogist to examine,

histologically, skin tissue removed from the dorsatface of the rat tail after LV



46

light exposure to determine the presence of inflatnon, and whether inflammation
correlated with the duration and severity of hyjggsia. | have described my
findings in Chapter 2. After | established my modé&lUVa-light hyperalgesia |
investigated the neurophysiological basis for thetaned hyperalgesia that WV

light caused.

UVa-light increases the spontaneous activity of polgedaeceptors and spinal WDR
neurons (Andreewet al, 1994), enhances the response of spinal WDR nesrtm
peripheral noxious challenges (Urbahal, 1993) and increases the amplitude and
duration of VRP with possible altered NMDA and r@kinin receptor sensitivity
(Thompsoret al, 1993a). Changes within the WDR neurones may atdou UVa-
light induced thermal and mechanical hyperalgeie altered WDR activity may
result from either plasticity in spinal neuronaiceitry after a peripheral insult or
from changes in primary afferent fibre impulseswarging on those spinal neurones
or both. To explore the above question | blocked €-fibre barrage, and also

recorded the responses of peripheral afferentdiafer UVi-light exposure.

Activation of WDR neurones by C-fibres (C-fibre kmge) during a conditioning
challenge, causes persistent changes in WDR neutbaefar outlasts the duration of
the conditioning challenge and the C-fibre barrédDekenson & Sullivan, 1987;
Woolf, 1989; Thompsoet al, 1993b; Vatineet al, 1998; Jiet al, 2003). The C-fibre
barrage, as the first step in central sensitizattauses a cascade of reactions that
ultimately lead to altered excitability of ion chreats and membrane-bound receptors
in WDR cells (Julius & Basbaum, 2001). Consequeritlgcking the C-fibre barrage,

through the administration of a regional local atlhetic, has attenuated the severity
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and duration of hyperalgesia in certain animal neag chronic pain (Gonzalez-
Darder et al, 1986; Seltzeret al, 1991). Blocking the C-fibre barrage decreased
autotomy after sciatic nerve transection (Gonz&lamder et al, 1986), and post-
incisional allodynia in rats (Duartet al, 2005). Since no experiments have
investigated the role of the C-fibre barrage in Ad\ht induced hyperalgesia, |
decided to block the C-fibre barrage before stlMght exposure, and record any
changes in nociceptive testing. | injected bupiu@eaa long-acting local anaesthetic,
into the base of the rat tail before WNight exposure, and then measured the
behavioural response of animals to noxious theamdlmechanical challenges. | have
described my findings in Chapter 3. To determinestivbr sensitization of primary
afferent nociceptive fibres contributed to mechah&nd thermal hyperalgesia after
UVa-light exposure, | measured the responses of fibregbke rat coccygeal nerve,
which convey the afferent neuronal activity frome thail, to noxious thermal
challenges and noxious mechanical challenges E@igrlight exposure of the rat tail.

| have described my findings in Chapter 4.
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CHAPTER 2

Exposure of therat tail to ultraviolet A light produces
sustained hyperalgesia to noxious ther mal and mechanical

challenges

Themistocleous A, Fick L, du Plessis|, Mitchell B, and
Mitchell D. (2006). Journal of Neuroscience Methods 152,

267-273.
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Abstract

We aimed to establish whether exposing the tails of rats to ultraviolet A (UV,) light generated sustained hyperalgesia to noxious thermal and
mechanical challenges. The tails of 21 rats underwent eight 40 s exposures of UV, light, with 260 s between each exposure. As a control procedure,
during UV s-light exposure the tails of 11 of those rats were shielded with aluminium foil. Thermal hyperalgesia was assessed by immersing the
rat tail in 49 °C water (modified tail flick test). Mechanical hyperalgesia was assessed by applying a bar algometer onto the tail and timing the
escape response. Exposure to direct UV light produced hyperalgesia for 8 days to the noxious thermal challenge (P <0.05, two-way ANOVA,
Tukey post hoc tests) and at least 16 days to the noxious mechanical challenge (P <0.05, two-way ANOVA, Tukey post hoc tests). They gained
mass throughout the study at the same rate as the control rats. The control rats did not develop thermal nor mechanical hyperalgesia. The tails of a
further 20 rats were exposed similarly, and tail tissue examined histologically. Both exposed and control rats developed mild chronic inflammation

unrelated to the hyperalgesia.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Hyperalgesia; Ultraviolet A light; Rat; Inflammation

1. Introduction

Hyperalgesia, which is hypersensitivity to a painful chal-
lenge, has been generated experimentally, in laboratory animals,
with two primary objectives. The first is to explore possible
mechanisms of clinical hyperalgesia, and the second is to pro-
vide an animal assay for antihyperalgesic agents. Current exper-
imental hyperalgesias are not ideal. They tend either to have a
duration that is too short for antihyperalgesic agents to be admin-
istered after the hyperalgesia has developed (see, for example,
Gelgor et al., 1992) where clinically antihyperalgesics normally
would be administered only after the patient complains, or they
leave the experimental animals in persistent pain (Blackburn-
Munro, 2004). Not only does the persistent pain present ethical
problems, but also animals in pain show a constitutive dete-
rioration in their health that may confound their response to
nociceptive testing (Blackburn-Munro, 2004).

* Corresponding author. Tel.: +27 11 717 2563; fax: +27 11 643 2765.
E-mail address: andrea_them@yahoo.com (A. Themistocleous).

0165-0270/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2005.09.011

There are some animal procedures that generate hyperalge-
sia of more than 2-day duration, without the animals suffering
from persistent pain. Two such procedures are skin incisions
(Brennan et al., 1996; Weber et al., 2005) and ultraviolet (UV)
light irradiation of skin (Perkins et al., 1993; Perkins and Kelly,
1993; Saade et al., 2000). Exposure of the rat hind paw to UV o
light produced thermal hyperalgesia for 7 days (Perkins et al.,
1993), and exposure of the mouse dorsal surface to UVp light
produced thermal hyperalgesia for 3 days (Saade et al., 2000). A
similar duration of thermal hyperalgesia has been observed after
skin burns and surgical incision (Perkins et al., 1993; Brennan
et al., 1996; Walker et al., 1999). Incision of the rat hind paw
(Brennan et al., 1996) and rat tail (Weber et al., 2005) produced
mechanical hyperalgesia for 7 days. Although UV irradiation,
and in particular UV light irradiation, does not mimic sunburn
in humans (Benrath etal., 2001) UV 5 -induced hyperalgesia pro-
vides the possibility for experimental hyperalgesia of duration
sufficient to test antihyperalgesic agents without the presence of
persistent pain.

Despite hyperalgesia to a thermal challenge after UV A-light
exposure being well described in animals (Perkins et al., 1993;
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Perkins and Kelly, 1993), the duration of the UV 5-light induced
hyperalgesia to a mechanical challenge in rats has not been
reported, so it is not known whether UV s-induced hyperal-
gesia is confined to noxious thermal challenge. The site of
UV light irradiation conventionally has been the rat hind paw
(Perkins et al., 1993; Perkins and Kelly, 1993). A sustained
potentially painful intervention is less likely to compromise
the well-being of experimental animals if applied to the tail
rather than the load-bearing foot, and is less likely to confound
responses to a mechanical challenge. Also, although UV-light
exposure induced local inflammation in human subjects (Hruza
and Pentland, 1993), it is not known whether UV irradiation
in rats induces an inflammatory or non-inflammatory hyper-
algesia, a distinction important in assays of antihyperalgesic
agents. We therefore attempted to induce hyperalgesia to nox-
ious thermal and mechanical challenges in rats by exposing their
tails to UV, light, to assess potential distress in the rats by
monitoring mass loss and behaviour during experimentation,
and to examine the irradiated tissue histologically for signs of
inflammation.

2. Materials and methods
2.1. Animals

Forty-one male Sprague-Dawley rats with an initial body
mass of 200-225 g were used. Rats were housed two per cage
at an ambient temperature of 21-25 °C, and a 12/12 h light/dark
cycle, with lights on at 07:00. Rats had free access to water
and food. All procedures were approved by the Animal Ethics
Screening Committee of the University of the Witwatersrand
(clearance certificate 2002/89/3) and complied with the rec-
ommendations of the Committee for Research and Ethical
Issues of the International Association for the Study of Pain
(Zimmermann, 1983).

2.2. UVy4 light source

A double-ended high-pressure metal halide UV 5 lamp (HPM
13, Philips, Belgium) was used as the source of UV, light.
We commissioned the South African Council for Scientific and
Industrial Research, Pretoria, to measure the energy spectrum of
the lamp. It had a spectral irradiance of 37 mW cm~2, with 60%
of the energy emitted in the UV 5 range, 30% in the UV range
and 10% in the UV range, in the steady state. The UVp irradi-
ance began to appear only from 30 s after the lamp was turned
on. Since we limited individual exposures to a maximum of 40's
(see experimental procedure), the lamp emitted predominantly
UV, light during each exposure. The UV lamp was housed
in a rig (Fig. 1) that irradiated the dorsal surface of the rat tail
of two rats simultaneously, with the lamp positioned 350 mm
above the tails.

2.3. Tail skin temperature

Tail skin temperature was measured, as an indicator of poten-
tial cutaneous hyperaemia after UV s-light exposure, with an

UVa lamp

. = Rat in

3 o transparent
plastic

restrainer

s = |

Fig. 1. Diagram of the UV -light rig. The construction of the rig prevented
exposure of the eyes of the rats, and of the observers, to direct or reflected UV
light.

infrared thermometer (Genius®, First Temp Model 3000 A,
Intelligent Medical Systems, California, USA). The thermome-
ter was aimed directly at the base of the tail that was outside
the area of direct irradiation. Tail skin temperature was mea-
sured immediately after the final UV 5-light exposure and every
15 min for 90 min thereafter. The thermometer was calibrated,
by aiming it at a blackened re-entrant cone submerged in a
temperature-controlled waterbath, against a quartz-crystal ther-
mometer (Quat 100, Heraeus, Germany), to an accuracy of

N1 o

uU.1 "G,
2.4. Noxious thermal challenge

The rats’ responses to a noxious thermal challenge were mea-
sured using the modified tail flick test described by Gelgor et al.
(1986). Rats’ tails were immersed in 29 °C water for 30 min
before the first challenge was made, and between challenges, to
maintain a constant tail skin temperature and to prevent the con-
founding effects that variations in tail skin temperature have on
tail flick latency (Tjolsen et al., 1989; Hole and Tjolsen, 1993).
To apply the noxious thermal challenge, we immersed the whole
tail into 49 °C water, and measured the time taken from immer-
sion of the tail until the first co-ordinated motor response of
the tail with a stopwatch. The average of three measurements,
taken at least 1 min apart, was recorded as the tail flick latency.
To avoid possible tissue damage, immersion of rats’ tails in the
49 °C water was limited to 30s.

2.5. Noxious mechanical challenge

We used a bar algometer to apply a noxious mechanical
challenge to the tail. The bar algometer consisted of a spring-
loaded force gauge (Halda, RS, Sweden), connected, via a
lever, to a 20 mm long steel bar with a diameter of 1.2 mm. The
steel bar was placed transversely across the tail, at its midpoint
and at two separate sites 10 mm proximal and distal to the tail
midpoint, and a suprathreshold noxious static force of 3.9N
applied and maintained by hand (Vidulich and Mitchell, 2000).
The bar algometer was applied to three different sites on the
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tail to prevent the possible confounding effects of repetitive
testing. The time from application of the noxious mechanical
challenge until the first sign of aversive behaviour (pulling
away, looking back, tucking in the head, vigorous grooming
and jumping) was measured with a stopwatch. The average of
three measurements, taken at least a 1 min apart, was recorded
as the escape latency. To avoid tissue damage the bar algometer
was removed from the tail if the rat failed to respond within
30s.

2.6. Experimental procedure

UVa-light exposure and all nociceptive testing took place
with the rats restrained in transparent plastic restrainers that
allowed exposure and movement of the tail, but restricted move-
ment of the body. Before the start of the experiment, rats were
habituated to the restrainers for two hours a day on three con-
secutive days. On experimental days, the rats were placed in the
restrainers 30 min before the start of experimentation. For three
consecutive days before we exposed the tails to UV 4 light, we
measured response latencies to the noxious thermal and mechan-
ical challenges. On the day of UV s-light exposure, the dorsal
surface of rats’ tails was exposed to the light eight times for
40's each, with 260 s between the exposures. During UV A -light
exposure, the tails of 11 rats were covered with aluminium foil
(to shield the tails from the light), and ten rats’ tails were left
uncovered. If any rats displayed any aversive behaviour (pulling
away, looking back, tucking in the head, vigorous grooming
and jumping) to the UV -light exposure, the number of expo-
sures required to cause the first aversive response was recorded.
Nociceptive testing started 24 h after UV a-light exposure, and
continued, at the same time each day (in the rats’ normal inac-
tive period between 9:00 and 12:00) for 16 days. The same
investigator (AT) performed all the nociceptive testing. The mea-
surements were terminated after 16 days, when the rats became
too large for the restrainers.

2.7. Histology

A separate group of 20 male Sprague—Dawley rats had their
tails exposed to the UV light (same protocol as experimental
procedure), but did not undergo nociceptive challenges. Instead
they had skin tissue removed from the dorsal surface of the tail
for histological assessment. On each of days 1, 3, 6 and 9 after
UV -light exposure, three rats of which the tails had not been
covered with foil and two rats the tails of which had been cov-
ered with foil were euthanased by intraperitoneal injection of
sodium pentobarbital (Euthanase, Kyron Labs, South Africa),
and 10 mm? of tail skin was excised from a site 60 mm from the
base of the tail. The tissue samples were fixed in 10% formalin,
embedded in paraffin, stained with haematoxylin and eosin and
examined for inflammation under light microscopy by a quali-
fied histopathologist. Any inflammation was classified as acute if
neutrophils were present, or chronic if lymphocytes and plasma
cells were present. The severity was graded as mild, moderate,
or severe depending on the number of inflammatory cells present
(Kumar et al., 2005).

2.8. Data analysis

No animal reached the 30's cut-off time during nociceptive
testing, allowing the use of parametric statistical analysis of
response latencies. To determine whether UV s-light exposure
induced statistically significant hyperalgesia, the tail flick laten-
cies and escape latencies for the exposed and shielded rats after
UV -light exposure were compared to each other and to their
pre-exposure latencies with a two-way ANOVA with treatment
(exposed and shielded) and time after UV 5-light exposure as
the main effects, followed by Tukey post hoc tests if differences
were found. To determine whether UV A-light exposure caused
statistically significant cutaneous hyperaemia, tail skin tempera-
tures for the exposed and shielded rats after UV o-light exposure
were analyzes similarly, with a two-way ANOVA followed by
Tukey post hoc tests. To detect whether UV 5 light was noxious
during the exposure itself, we compared the number of expo-
sures required to cause the first aversive response by means of
the Mann—Whitney test. The rates at which the rats with exposed
and shielded tails gained mass over the course of the experiment
were compared with an unpaired Student’s r-test. The severity
of tissue inflammation was scored as one for mild inflammation,
two for moderate inflammation and three for severe inflamma-
tion and the average scores were compared, on days 1, 3, 6 and
9 after UV -light exposure, between rats of which the tails were
covered with foil during UV 4 -light exposure and rats the tails of
which were not covered with foil during UV 5 -light exposure, by
means of the Mann—Whitney test. Data are expressed as mean
(S.D.).

3. Results
3.1. Responses during UV4-light exposure

None of the rats with foil shielding their tails displayed aver-
sive responses to UV light, but those with unshielded tails dis-
played defecation, tail withdrawal and vocalisation. The median
number of exposures required to elicit the first aversive response
in the rats with tails not covered with foil was three (P <0.001,
Mann—Whitney test). However, the rats never were so distressed
that we considered it necessary to curtail the UV 5 exposures.

Immediately after the barrage of UV 5-light exposures, there
was reddening of the distal third of the tail in the rats with tails
exposed, but not in the tails of rats with their tails shielded. Expo-
sure to UV light did not cause blistering or visible swelling
of the tails in any rats. After UV -light exposure, all the rats
groomed normally, and exhibited no signs of distress when han-
dled or after being restored to their home cages.

3.2. Changes in tail skin temperature after UV4-light
exposure

The effect that the UV light had on rat tail skin temperature
after exposure is shown in Fig. 2. Pre-exposure tail skin
temperature was 26.4+ 1.3°C for the group destined for
UV -light exposure, and 26.3 1.0 °C for the group destined
to be shielded. Their pre-exposure tail skin temperatures did
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Fig. 2. Mean (S.D.) tail skin temperatures (°C) before and after UV -light
exposure in rats with tails exposed (closed bars, n=10) or shielded (open bars,
n=11) during UV-light exposure. The tail skin temperatures of the exposed
rats were significantly higher than the shielded group for 15min after UVa-
light exposure (P <0.05, two-way ANOVA with Tukey post hoc test).The tail
skin temperature of the rats with tails exposed was increased significantly above
pre-exposure tail skin temperature for 75 min (P <0.05, two-way ANOVA with
Tukey post hoc tests). The tail skin temperature of the rats’ with tails shielded
was increased significantly above pre-exposure tail skin temperature for 15 min
(P<0.05, two-way ANOVA with Tukey post hoc tests) ((*) indicates significant
difference between exposed and shielded rats, P <0.05; () indicates significant
difference from pre-exposure temperatures for shielded rats P <0.05; (}) indi-
cates significant difference from pre-exposure temperatures for exposed rats,
P<0.05).

not differ significantly (P=0.99, two-way ANOVA with Tukey
post hoc test). The main effects of UV A-light exposure with or
without shielding (F1,19=9.71, P<0.001, two-way ANOVA)
and time after UVa-light exposure (F7,133 =64.36, P<0.001,
two-way ANOVA), as well as their interaction (F7,133=9.85,
P<0.001, two-way ANOVA) were statistically significant.
In rats with tails exposed to UV, light tail skin temperatures
(34.9 £ 1.2 °C) were significantly increased compared to the rats
with shielded tails (29.7 £ 1.7 °C) immediately after UV A-light
exposure (P<0.001, two-way ANOVA with Tukey post hoc
test). Thirty minutes after exposure the tail skin temperatures
were no longer different (P=0.69, two-way ANOVA with
Tukey post hoc test). The tail skin temperatures of the rats with
shielded tails were significantly higher than their pre-exposure
skin temperatures for 45 min after exposure (P <0.05, two-way
ANOVA with Tukey post hoc tests), and the tail skin temper-
atures of the rats with shielded tails were significantly higher
than their pre-exposure skin temperatures for 15min after
exposure (P<0.001, two-way ANOVA with Tukey post hoc
tests).

3.3. Response to a noxious thermal challenge

The effect of UVa-light exposure on the subsequent tail
flick latencies to a 49° thermal challenge is shown in Fig. 3.
Pre-exposure tail flick latencies were 5.8. +0.9 s for the group
destined for UV -light exposure, and 6.3 £ 0.7 s for the group
destined to be shielded. Their pre-exposure latencies did not

Days after UV 4-light exposure

Fig. 3. Mean (S.D.) tail flick latencies (s) before and after UV a-light expo-
sure, for 10 days after exposure, for rats with tails exposed (closed bars, n=10)
and shielded (open bars, n=11) during UV s-light exposure. The data has been
grouped into 2-day epochs. The tail flick latencies of rats with tails exposed dur-
ing UV a-light exposure, were lower than their pre-exposure tail flick latencies
and the tail-flick latencies of rats with tails shielded (P <0.05, two-way ANOVA
with Tukey post hoc tests) for 8 days after UV -light exposure. There were
no significant changes from pre-exposure tail flick latencies for the rats with

hielded tails ((*) indi igni difference from pre-exposure and from
the rats with shielded tails, P <0.05).

differ significantly (P =0.31, two-way ANOVA, Tukey post hoc
test). The main effects of UV -light exposure with or with-
out shielding (Fy,19=15.2, P=0.0095, two-way ANOVA) and
time after UV A-light exposure (Fs 95 =19.4, P <0.001, two-way
ANOVA), as well as their interaction (F595=11.9, P<0.001,
two-way ANOVA) were statistically significant. In rats with
tails exposed to UV light, tail flick latencies were signifi-
cantly decreased compared to pre-exposure latencies and to
latencies of the rats with shielded tails for 8 days (P<0.001,
two-way ANOVA with Tukey post hoc tests). The tail flick
latencies increased progressively with time after exposure,
and by day 9 after UV-light exposure, the tail flick laten-
cies were not significantly different from pre-exposure laten-
cies and the latencies of the rats with shielded tails (P<0.05,
two-way ANOVA with Tukey post hoc tests). The tail flick
latencies of the rats with shielded tail never were significantly
different from their pre-exposure latencies (P> 0.05, two-way
ANOVA).

3.4. Response to a noxious mechanical challenge

The effect of UV -light exposure on the subsequent escape
latencies to noxious mechanical challenge is shown in Fig. 4.
Pre-exposure tail flick latencies were 6.2+ 1.7 s for the group
destined for UV-light exposure, and 5.3 1.7 s for the group
destined to be shielded. Their pre-exposure latencies did not
differ significantly (P =0.31, two-way ANOVA, Tukey post hoc
test). The main effects of UV -light exposure with or without
shielding (F,18 = 14.78, P=0.0039, two-way ANOVA) and time
after UV -light exposure (F472=25.85, P<0.001, two-way
ANOVA), as well as their interaction (F47,=11.86, P<0.001,
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Fig. 4. Mean (S.D.) escape latencies (s), before and after UV 5-light exposure
for 16 days after exposure, for rats with tails exposed (closed bars, n=10) and
shielded (open bars, 7= 11) during the exposure. The data has been grouped into
4-day epochs. The escape latencies of rats with tails exposed during UV a-light
exposure, were lower than their pre-exposure escape latencies and the escape
latencies of rats with tails shielded (F472=11.9, P<0.05, two-way ANOVA
with Tukey post hoc tests) for 16 days after UV a-light exposure. There were
no significant changes from pre-exposure tail flick latencies for the rats with
shielded tails ((*) indicates significant difference from pre-exposure and from
the rats with shielded tails, P <0.05).

two-way ANOVA) were significantly different. In rats with tails
exposed to UV, light, tail flick latencies were significantly
decreased compared to pre-exposure latencies and to latencies
of the rats with shielded tails for 16 days (P <0.001, two-way
ANOVA with Tukey post hoc tests). The escape latencies did
not increase significantly with time after exposure. The tail flick
latencies of the rats with shielded tail never were significantly
different from their pre-exposure latencies (P>0.05, two-way
ANOVA).

3.5. Body mass

Rats from both groups gained body mass over the course of

the exne:
the expel

the rats destined for UV s exposure was 211 415 g, and that of
the rats to be shielded was 213 £ 11 g. The mean weights did
not differ significantly (P =0.793, unpaired #-test). At 16 days
after UV z-light exposure, the body mass of the rats with tails
exposed had increased by 34% to 282 + 14 g, that of the rats with
tails shielded increased by 32% to 285 £ 9 g. The final mass of
the two groups were also not significantly different (P=0.531,
unpaired z-test).
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3.6. Histology

Histological examination of the tail skin revealed signs of
mild chronic inflammation, with a few scattered chronic inflam-
matory cells, namely lymphocytes and plasma cells. Notably,
though, there was no difference, on days 1, 3, 6 and 9, in the
severity of the inflammation between the rats with tails exposed
to UV, light and those with tails shielded from it (P=0.486,
Mann—Whitney test).

4. Discussion

We set out to investigate whether UV 4 irradiation of the rats’
tail would produce hyperalgesia of sufficient duration potentially
to allow the testing of antihyperalgesic drugs, but without sub-
jecting the rats to ongoing pain or distress during the period of
hyperaigesia. UV a-light exposure of the rais’ tail indeed pro-
duced a sustained hyperalgesia to both noxious thermal and
noxious mechanical challenges. The hyperalgesia to the noxious
thermal challenge lasted for 8 days after UVA-light exposure
and to the noxious mechanical challenge for at least 16 days.
The amplitude of the hyperalgesia was substantial: the response
latency to the noxious thermal challenge was shortened by nearly
a third in the hyperalgesic state and that to the mechanical chal-
lenge by over half. Nevertheless, despite being demonstrably
hyperalgesic for over 2 weeks after UV a-light exposure, the
rats did not exhibit signs of chronic distress, such as abnormal
gait, reduced mobility, or reduced grooming when handled, and
ihey gained body mass over ihe duraiion of ithe experiment ai a
rate similar to that of the control rats. Our study is the first to
have demonstrated mechanical hyperalgesia in rats after UV4-
light exposure. It also is the first to have explored the site of
UV irradiation for inflammation. We discovered mild chronic
inflammation at the site, but it was present in the control rats
too. The control rats never were hyperalgesic, so the sustained
hyperalgesia we observed was unlikely to have been caused or
maintained by the mild inflammation. Whatever the events were
which led to the hyperalgesia, they were not visible, under light
microscopy, in the irradiated tissue.

It was events associated with the UV light irradiation itself,
though, which were responsible for the hyperalgesia. When a
test for experimental hyperalgesia requires the use of repetitive
noxious challenges, as ours did, there always is a risk that those
challenges induce or exacerbate hyperalgesia. The 49 °C water-
immersion chaiienge we empioyed does so, if the chaiienges
are not spaced sufficiently (Gelgor et al., 1986). The noxious
mechanical challenge we employed also does so, if applied to
the tail during reperfusion after transient ischaemia (Vidulich
and Miicheii, 2000). However, our coniroi rais, which were sub-
jected to the same series of noxious challenges, did not develop
hyperalgesia.

The ethical advantages of generating sustained hyperalgesia
without, apparently, ongoing pain or distress in the rats would
be negated if the conditioning event itself induced unacceptable
(and particularly inescapable) pain or distress. The absence of
blistering of the skin, and indeed the absence of acute inflamma-
tion, implies that UV 4 light did not seriously damage the tissue.
The rats did exhibit aversive behaviour, beginning, on average,
at the third of the eight 40 s exposures, but not to a degree which
would have necessitated discontinuation of the exposures. In
an earlier pilot experiment, we had discovered that continuous,
rather than intermittent, exposure to the same UV irradiation,
in our opinion, could not be applied ethically for a duration that
would induce subsequent hyperalgesia.

Our control rats were subjected to the same sequence of
UV -light exposures which induced hyperalgesia in their coun-
terparts, but we shielded their tails from direct exposure using
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aluminium foil. That control procedure successfully prevented
subsequenl hyperalgesia, but it did not influence the degree of
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rise in tail skin temperature (Fig. 2), it did not eliminate the
hyperaemia which the rats exhibited. We believe that the mild
chronic inflammation, and part of the hyperaemia, may have
been the result of the tail hyperthermia. The air in the UV 4 light
rig reached a non-noxious peak temperature of about 45 °C dur-
ing triggering of the UV, lamp. The hyperthermia, if it was
indeed the cause of the unexpected reactions of the control rats,
did not induce hyperalgesia, and so did not confound our main
results. It could be avoided in future by constructing a lightproof
but ventilated rig.

Another unexpected outcome of our study was that the
mechanical hyperalgesia induced by UVa-light exposure had
not resolved by 16 days after exposure, when we had to stop
testing for hyperalgesia because the rats had outgrown their
restrainers. Since no-one previously had investigated noxious
mechanical hyperalgesia in rats subject to UV 4 light, we had no
prior evidence that the hyperalgesia would last that long. The
ultimate duration of the hyperalgesia will need to be determined
in a future modified protocol.

Although UV 4 -induced mechanical hyperalgesia was anovel
finding, and, indeed, we have been the first to explore UV -
induced hyperalgesia to any challenge in the rat tail, others have
reported thermal hyperalgesia induced by UV A-light exposure
of the rat hind-paw (Perkins et al., 1993; Perkins and Kelly,
1993). The duration of thermal hyperalgesia in the tails of our
rats was comparable to the 10 days of hyperalgesia elicited by
Perkins et al. (1993) in the rat hind paw, but twice as long as the
thermal hyperalgesia elicited by exposure of the skin of mice
to UVp light (Saade et al., 2000). UV light is a well described
cause of inflammation (Hruza and Pentland, 1993), but, in the
skin of rats and mice at least, it appears to be wavelengths in
the UVp, and not in the UV, range which are responsible.
UVp irradiation of mouse skin caused an increase in the pro-
inflammatory cytokines interleukin (IL)-1[, tumour necrosis
factor-a, nerve growth factor and administration of the anti-
inflammatory cytokines IL-10 and IL-13 attenuated the UVg-

light induced hyperalgesia (Saade et al., 2000). However, UV
light has not been shown to increase tissue cytokine production,
noe daag mrodiuoa o ticar H
nor docs it produce a tissuc
lels behavioural hyperalgesia in the rat hind paw (Perkins et al.,
1993; Perkins and Kelly, 1993). Also, hyperaemia persists in
inflammatory hyperalgesia (Benrath et al., 2001) and it did not
do so in our rats.

When hyperalgesia is induced experimentally by some other
conditioning events, an inflammatory response does parallel the
duration of hyperalgesia to either thermal or mechanical chal-
lenges (Vinegar et al., 1987; Diehl et al., 1988; Weber et al.,
2005). Carrageenan injected into the paw of rats and cats pro-
duced an acute inflammation that persisted for the duration
of the hyperalgesia (Vinegar et al., 1987; Diehl et al., 1988).
Histopathological evidence of inflammation after experimen-
tal incision of the rat tail correlated well with the development
of mechanical hyperalgesia: at the time when the mechanical
hyperalgesia was at its peak, acute inflammation was present,
and as the acute inflammatory tissue was replaced by granu-
lation tissue, the mechanical hyperalgesia resolved (Weber et
al., 2005). During the hyperalgesia to a noxious thermal chal-
lenge which occurs after transient ischaemia of the rat’s tail
(Gelgor et al., 1992), however, as in our UV s-induced hyper-
algesia, there was no histopathological evidence for inflamma-
tion. Experimental hyperalgesia without inflammation provides
an advantage for testing of putative antihyperalgesic agents,
because agents which relieve such hyperalgesia must act through
antinociceptive rather than anti-inflammatory mechanisms.

Our UV a-induced hyperalgesia had another advantage, too,
as the basis of a prolonged assay for antihyperalgesic agents,
namely that it lasted for 8 days, as assessed by enhanced
responses to two kinds of noxious challenge, and at least a fur-
ther 8 days when assessed by a noxious mechanical challenge.
Table 1 shows the duration of some comparable experimental
hyperalgesias reported in the literature. There are experimental
hyperalgesias which last for weeks to months, which may sim-
ulate the clinical hyperalgesia associated with conditions like
rheumatoid arthritis, osteo-arthritis and fibromyalgia (Calvino
et al., 1987; Colpaert, 1987; Sluka et al., 2001; Radhakrishnan

mMmatory resBonse thot sanal

ninatory iCsponse tnat parai-

Table 1
Duration of experimental hyperalgesia induced by different conditioning events
Conditioning event Site Duration of hyperalgesia Reference
Thermal
Capsaicin injection Rat hind paw 45 min 3h Gilchrist et al. (1996)
Ischaemia Rat tail 90 min - Gelgor et al. (1986), Vidulich and Mitchell (2000)
Nitroglycerin injection Rat hind paw 4h - Tassorelli et al. (2003)
Carrageenan injection Rat hind paw 24h - Hargreaves et al. (1988)
Bee venom injection Rat hind paw 48h 24h Chen et al. (1999)
UVp light Mouse dorsum 3 days - Saade et al. (2000)
Skin incision Rat hind paw 7 days 7 days Brennan et al. (1996), Zahn and Brennan (1999)
Skin incision Rat tail - 7 days Weber et al. (2005)
UV light Rat tail 8 days >16 days ‘This study
UV light Rat hind paw 10 days - Perkins et al. (1993), Perkins and Kelly (1993)
Carrageenan injection Rat joint + muscle 7-8 weeks 7-8 weeks Radhakrishnan et al. (2003)
Spinal nerve ligation Rat L5-L6 16 weeks >20 weeks Choi et al. (1994)
Acidic saline injection Muscle - 30 days Sluka et al. (2001)
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et al., 2003). However, the conditioning events necessary to

induce ultra long-lasting hyperalgesias leave the experimental
h
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to evoked pain, but which also compromises the health of the ani-
mals, which characteristically lose mass, showed an abnormal
gait, reduced mobility, reduced grooming and disturbed sleep
(Blackburn-Munro, 2004). Ours is the longest-lasting experi-
mental hyperalgesia reported so far during which the experimen-
tal animals gain weight, and appear to be healthy and pain-free.
Not only were they free of impaired mobility associated with
long lasting hyperalgesias, but because the hyperalgesia was
produced in the tail, not the hind paw, they also were free of
the impaired mobility associated with any lesions of the foot,
including those induced in previous studies of UV s-induced
hyperalgesia.

We were not the first to employ UV irradiation to induce
experimental hyperalgesia (Perkins et al., 1993; Perkins and
Kelly, 1993). What we have done is to show that the hyperalgesia
is evident to a mechanical noxious challenge, that the hyperal-
gesia to the mechanical challenge lasts substantially longer than
that to the thermal challenge, and that the hyperalgesia is not the
consequence of local inflammation. We also have transferred
the site of hyperalgesia from the hind paw to the tail, where it
interferes less with the mobility of the animal. UV s-induced
hyperalgesia of the rat tail provides the basis for an assay of
antihyperalgesic agents, testing their antinociceptive rather than
anti-inflammatory capacity, and lasting sufficiently long for a
course of agents to be administered after the hyperalgesia has
developed.
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Pre-Emptive Ring-Block With Bupivacaine Prevents the
Development of Thermal Hyperalgesia, but not Sustained
Mechanical Hyperalgesia, in Rat Tails Exposed to Ultraviolet
A Light

Andreas Themistocleous, Peter Kamerman, and Duncan Mitchell
Brain Function Research Unit, School of Physiology, University of the Witwatersrand, Johannesburg, South Africa.

Abstract: We investigated the role of the C-fiber barrage in the development of hyperalgesia in rat
tails exposed to ultraviolet A (UVA)-light exposure by pre-emptively blocking C-fiber activation with
the local anesthetic bupivacaine. Thirty minutes before UVA-light exposure, male Sprague-Dawley
rats were given subcutaneous injections, in the base of the tail, of either saline or bupivacaine (1 mL
of .5%). Thermal hyperalgesia was assessed daily from day 1 to day 10 after UVA-light exposure by
measuring response latency to noxious heat (tail immersion in 49°C water). Injection of bupivacaine
completely prevented the development of thermal hyperalgesia (P < .05, main effect of group, 2-way
analysis of variance). Primary mechanical hyperalgesia was assessed daily from day 1 to day 14 after
UVA-light exposure by measuring aversive behavior responses to a punctate pressure applied to the
tail with a von Frey anesthesiometer. The rats given bupivacaine developed hyperalgesia to the
mechanical challenge that persisted for 14 days (P < .05, main effect of time, 2-way analysis of
variance) and was identical to the hyperalgesia developed by the rats given saline. We concluded that
the C-fiber barrage is involved in the development of thermal hyperalgesia but not sustained primary
mechanical hyperalgesia, induced by exposing rats’ tails to UVA light.

Perspective: UVA-light exposure of the rat tail causes prolonged hyperalgesia to noxious thermal
and mechanical challenges. We have demonstrated that the C-fiber barrage is involved in the devel-
opment of sustained thermal hyperalgesia, but not mechanical hyperalgesia, caused by exposure of
the rat tail to UVA light.

© 2007 by the American Pain Society

Key words: UVA-light hyperalgesia, local anaesthetic, bupivacaine, pre-emptive analgesia, thermal
and mechanical hyperalgesia.
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range (WDR) neurons. The sensitized WDR neu-
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thresholds to non-noxious thermal challenges, increased
responses to noxious mechanical and thermal chal-
lenges, and expanded receptive fields.>® Similar spinal
neuroplasticity has been implicated in the generation of
sustained hypersensitivity and persistent pain and in-
volves activation of WDR neurons by C fibers (C-fiber
barrage) during a conditioning stimulus.'?223338 This
C-fiber barrage causes persistent changes in WDR neu-
rons that far outlast the duration of the conditioning
stimulus and C-fiber barrage®® and is therefore not de-
pendent on sustained C-fiber input. C-fiber barrage
causes recruitment of N-methyl-D-aspartate (NMDA) re-
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ceptors'"3® and activation of intracellular second mes-
senger systems, which cause long-term changes in gene
expression, and ultimately alters the excitability of ion
channels and membrane-bound receptors in WDR
cells.?® Accordingly, blocking the C-fiber barrage atten-
uates the severity and duration of hyperalgesia in certain
animal models of chronic pain.'”"?° For example, admin-
istration of a regional local anesthetic, which preferen-
tially blocks C-fiber transmission, decreases autotomy af-
ter sciatic nerve transection'” and postincisional
allodynia'® in both rats’®> and human beings."®
Whether preferential C-fiber block similarly attenuates
the hyperalgesia induced by UVA-light exposure has not
been investigated.

Recently, we described persistent noninflammatory
mechanical and thermal hyperalgesia after brief expo-
sure of the rat tail to UVA light." To determine whether
C-fiber barrage during UVA-light exposure has a role in
the development of this hyperalgesia, we blocked the
C-fiber barrage before UVA-light exposure by using the
long-acting local anesthetic bupivacaine and then mea-
sured the behavioral response of animals to noxious
thermal and mechanical challenges for the subsequent 2
weeks.

Materials and Methods

Animals

Twenty male Sprague-Dawley (Harlan, Indianapolis, IN)
rats with an initial mass of 200 to 225 g were used. Rats
were housed 2 per cage at an ambient temperature of 21°C
to 25°C and a 12:12-hour light/dark cycle, lights on at 7:00
Awm. Rats had free access to tap water and food. All proce-
dures were approved by the Animal Ethics Screening Com-
mittee of the University of the Witwatersrand (clearance
certificate 2004/39/3) and complied with the recommenda-
tions of the Committee for Research and Ethical Issues of
the International Association for the Study of Pain.*®

UVA Light Source

A double-ended high-pressure metal halide UVA lamp
was used as a source of UVA light. The lamp had a spec-
tral irradiance of 37 mW/m?, with 60% of the energy
emitted in the UVA range, 30% in the UVB range, and
10% in the UVC range. The UVB irradiance began to
increase only from 30 seconds after the lamp was turned
on.3" Because the maximum time the lamp was turned
on while exposing the rats’ tails was 40 seconds, the tail
was exposed predominantly to UVA light. The UVA lamp
was housed in a rig and positioned 350 mm above the
tail.

Noxious Thermal Challenge

The rats’ responses to a noxious thermal challenge
were measured by using the modified tail-flick test de-
scribed by Gelgor et al.'® Rats’ tails were immersed in
29°C water for 30 minutes before the first challenge was
made and between challenges to maintain a constant
tail-skin temperature and prevent the confounding ef-
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fects that variations in tail-skin temperature have on tail-
flick latency.?"3* To apply the noxious thermal chal-
lenge, we immersed the whole tail into 49°C water and
measured the time taken from immersion of the tail until
the first coordinated motor response of the tail with a
stopwatch. The average of 3 measurements, taken at
least 1 minute apart, was recorded as the tail-flick la-
tency. To avoid possible tissue damage, immersion of
rats’ tails in the 49°C water was limited to 30 seconds.

Noxious Mechanical Challenge

An electronic von Frey anesthesiometer was used to
apply a noxious mechanical challenge to the tail. The von
Frey filament was applied at 3 separate sites, 50, 55, and
60 mm from the base of the tail, by one investigator
(A.T.) with uniformly increasing force until the rat exhib-
ited aversive behaviors (eg, pulling away, looking back,
tucking in the head, vigorous grooming, and jumping),
when the pressures were recorded. The mean of these 3
measurements, taken with at least a 1-minute recovery
period between successive measurements, was desig-
nated the noxious aversive pressure. To avoid tissue dam-
age, the von Frey filament was removed if the pressure
reached 400 g without the rat responding.

Analgesic Efficacy of Bupivacaine

One milliliter of .5% bupivacaine (Macaine; Adcock In-
gram, Bryanston, South Africa) was injected into the
base of the rat tail, producing a ring-block. In a pilot
study to establish the analgesic efficacy and duration of
action of bupivacaine, we injected 3 rats with bupiva-
caine and 2 rats with saline and measured the rats’ re-
sponse to a noxious thermal challenge (49°C water)'© 20,
40, and 90 minutes after the injection and 24 hours later.

Experimental Procedure

UVA-light exposure, bupivacaine injection, and all no-
ciceptive testing took place on rats restrained in poly-
methyl methacrylate restrainers that allowed movement
and UVA-light exposure of the tail but restricted move-
ment of the body. Before the start of the experiment,
rats were habituated to the restrainers for 2 hours a day
on 3 consecutive days. On experimental days, the rats
were placed in the restrainers 30 minutes before the start
of experimentation.

For 3 consecutive days before exposure to UVA light,
pre-exposure responses to the noxious thermal and me-
chanical challenges were measured. Twenty minutes be-
fore UVA-light exposure, 8 animals were injected with
bupivacaine and 7 rats with saline. Immediately before
the rats were exposed to UVA light, responses to noxious
thermal challenge of the tail were measured. The rats’
tails then were exposed to UVA light 8 times, with each
exposure lasting 40 seconds and with 260 seconds be-
tween the exposures. Any aversive behaviour during the
UVA-light exposure was noted, and the number of expo-
sures required to cause the first aversive response, if any,
was recorded. Starting 24 hours after UVA-light expo-
sure, responses to the noxious challenges were measured
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daily for up to 14 days. The same experimenter (A.T.)
performed all nociceptive testing. The experimenter was
blinded to the bupivacaine/saline treatment. A labora-
tory technician drew up the saline and bupivacaine into
their respective syringes, and the respective agents were
revealed to A.T. only at the end of the experiment.

Data Analysis

No animals reached the 30-second cutoff time for tail
noxious heat or the 400-g cutoff pressure for noxious
pressure during nociceptive testing, allowing the use of
parametric statistical analysis. To determine whether bu-
pivacaine prevented UVA-light-induced hyperalgesia,
latencies and aversive pressures for rats injected with
saline and bupivacaine were compared with each other
and with pre-exposure values with a 2-way analysis of
variance (ANOVA), with treatment (saline and bupiva-
caine) and time after UVA-light exposure as the main
effects. Student-Newman-Keuls post hoc tests were per-
formed if significant main effects or interactions were
found. The pre-exposure latencies and aversive pressure
of the 2 groups of rats were compared with unpaired t
test. To determine the analgesic efficacy and duration of
action of bupivacaine, we compared percentage changes
in tail-flick latencies to a noxious thermal challenge 20,
40, and 90 minutes and 24 hours after the injection of
bupivacaine with those animals injected with saline, with
zero (pre-injection) with a 2-way ANOVA, followed by a
Student-Newman-Keuls post hoc test if differences were
detected. We used percentage change instead of re-
sponse latency, because reaction times differed between
rats in our pilot study. To detect whether UVA light was
noxious during the exposure itself, we compared be-
tween those rats that were injected with saline and those
injected with bupivacaine the number of exposures be-
fore rats started to display aversive responses to UVA
light by means of the Fisher exact test.

Results

Analgesic Efficacy of Bupivacaine

Fig 1 shows that the ring-block of bupivacaine in-
creased tail-flick latencies for 90 minutes after injection,
but by 24 hours after bupivacaine injection, tail-flick la-
tencies had returned to preinjection values (F, ;, = 4.8, P
= .02, 2-way ANOVA). Therefore, bupivacaine will have
produced analgesia for the time for which rats’ tails were
exposed to the UVA light but could have had no effectin
responses to challenges applied 24 hours later.

Aversive Responses During UVA-Light
Exposure

Rats injected with bupivacaine exhibited no aversive
behaviors during UVA-light exposure. Rats injected with
saline exhibited aversive behavior from the third UVA-
light exposure to the eighth UVA-light exposure (P <
.001, Fisher exact test). Therefore, ring-block of the tail
with bupivacaine prevented aversive behaviors during
the UVA-light exposure.

Pre-Emptive Ring Block Prevents UVA-Light Hyperalgesia
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Figure 1. Mean (standard deviation) percentage change in
response latencies to tail immersion in 49°C water, after ring
block of the tail with saline (open bars, n = 2) and bupivacaine
(closed bars, n = 3). The bupivacaine tail block significantly
increased the tail-flick latencies 20, 40, and 90 minutes after
injection (P < .05, 2-way ANOVA), whereas the saline had no
effect at any time period. The response latencies of the rats
injected with bupivacaine returned to preinjection values 24
hours after injection. (*Significant difference from preinjection
tail-flick latencies and between groups, P < .05).

Response to Noxious Thermal Challenge
After UVA-Light Exposure

Fig 2 shows that injection of bupivacaine prevented
the decrease of response latencies to a noxious thermal
challenge, otherwise evident after UVA-light exposure.
Pre-exposure response latencies were 5.9 + 1.2 seconds
for the group destined for saline injection and 6.0 = 0.7
seconds for the group destined for bupivacaine injection,
and they did not differ significantly (P = .78, unpaired t
test). Significant main effects of saline or bupivacaine
injection (F, ;, = 6.4, P = .03) and time after UVA-light
exposure (Fs g, = 10.5, P < .05), as well as interaction
(Fs.60 = 8.4, P < .05), were detected. A significant de-
crease from pre-exposure response latencies developed
in rats injected with saline for 8 days after UVA-light
exposure (P < .05, 2-way ANOVA). The decrease was
greatest during the first 2 days after UVA-light exposure
(3.9 + 1.2 seconds), with a gradual return to pre-expo-
sure values during a period of 8 days. Response latencies
of the bupivacaine group remained unchanged from
their pre-exposure tail-flick latencies.

Response to Noxious Mechanical
Challenge

Fig 3 shows that injection of bupivacaine before UVA-
light exposure did not prevent a decrease in aversive
pressure thresholds. Pre-exposure pressures were 229 *
60 g for the group destined for saline injection and 214 +
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Figure 2. Mean (standard deviation) response latencies to tail immersion in 49°C water before and after UVA-light exposure in rats
injected with saline (open bars, n = 7) before UVA-light exposure and in rats injected with bupivacaine (closed bars, n = 8). There was
asignificant decrease in response latencies after UVA-light exposure for the rats injected with saline; the greatest decrease occurred
during the first 2 days, with a gradual recovery during the next 6 days (P < .05, 2-way ANOVA with Student-Newman-Keuls post hoc
test). There were no significant changes from pre-exposure response latencies in the rats injected with bupivacaine. The response
latencies of the bupivacaine and saline groups differed from day 1 after UVA-light exposure until day 8 after UVA-light exposure (P
< .05, 2-way ANOVA with Student-Newman-Keuls post hoc test). (*Significant difference from pre-exposure tail-flick latencies and
from rats injected with bupivacaine, P < .05).

38 g for the group destined for bupivacaine injection, effect of saline or bupivacaine injection (F, ;3= .02, P =
and they did not differ significantly (P = .56, unpaired t .88, 2-way ANOVA), as well as main effects interaction
test). The main effect of time was statistically significant (F;,01= .78, P = .61, 2-way ANOVA), were not statistically
(F;01 = 31.9, P < .05, 2-way ANOVA), whereas the main significant. The pressure threshold required to elicit an
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Figure 3. Mean (standard deviation) aversive pressures (g) during noxious punctate challenge to the tail, before and after UVA-light
exposure, in rats injected with saline (open bar, n = 7) before UVA-light exposure and in rats injected with bupivacaine (closed bar,
n = 8). The aversive pressure of the rats injected with both saline and bupivacaine differed significantly from their pre-exposure
pressures for the 14 days measured after UVA-light exposure, with the greatest change during day 3 to day 6 (P < .05, 2-way ANOVA
with Student-Newman-Keuls post hoc test). The aversive pressures exhibited by the groups did not ever differ significantly from each
other. (*Significant difference from pre-exposure aversive pressures for both the saline- and bupivacaine-injected groups, P < .05).
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aversive behavior was significantly reduced from pre-ex-
posure pressures in animals injected with both saline and
bupivacaine for 14 days after UVA-light exposure (P <
.05, 2-way ANOVA with Student-Newman-Keuls post hoc
test). The greatest decrease in aversive pressure occurred
from 3 to 6 days after UVA-light exposure (P < .05, 2-way
ANOVA with Student-Newman-Keuls post hoc tests). The
aversive pressures of the saline and bupivacaine groups
did not differ with each other during the 14 days (F; o, =
.78, P = .61, 2-way ANOVA). Although neither the bupiv-
acaine nor the saline group reached pre-exposure pres-
sures by day 14, pressure thresholds gradually increased
from day 6 after UVA-light exposure and reached a pla-
teau from 10 to 14 days (P < .05, 2-way ANOVA with
Student-Newman-Keuls post hoc tests).

Discussion

We set ou ate what effect
blocking of C-fiber activity during UVA-light exposure
would have on the development of UVA-induced hyper-
algesia to noxious thermal and punctate mechanical
challenges. Bupivacaine injection into the base of the rat
tail before UVA-light exposure prevented the develop-
ment of hyperalgesia to a subsequent noxious thermal
challenge, but it did not affect at all the development of
primary hyperalgesia to a noxious punctate mechanical
challenge. The absence of thermal hyperalgesia in bupi-
vacaine-treated animals cannot be explained by contin-
ued anesthetic nerve block by bupivacaine, because bu-
pivacaine-induced analgesia had abated by the time at
which nociceptive testing took piace. Therefore, ade-
quate afferent neuronal activity during UVA-light expo-
sure is critical for the development of thermal but not
mechanical hyperalgesia.

Previous studies have shown that perineural bupiva-
caine blocks C-fiber afferent activity in rats,™'3"7-'® and
our bupivacaine ring-block did render our rats insensitive
to the noxious effects of repeated UVA-light exposure of
the rat tail, which evoked aversive responses by the third
exposure in rats not given bupivacaine. However, some
neuronal afferent activity must have survived the ring-
block, because the ring-block extended the latency of,
but did not abolish, the response of rats to immersion of
their tails in 49°C water. We believe that the reduced
activity would have been in C fibers, because they are
thought to be responsible for the thermal nociception
induced by 49°C water,?3>€ but they might have also
been in AS$ fibers; resolving which fibres survived would
require electrophysiologic measurement of fiber activity
above the ring-block. Importantly, the residual activity
neither made the rats sentient to UVA-light exposure of
the rat tail, nor did it induce the plasticity in the central
nervous system that presumably led to the sustained
thermal hyperalgesia in rats that had not received the
ring-block. It would seem that it did not require total
abolition of C-fiber afferent input to ward off hyperal-
gesia.

A possible confounding factor in our study would be
the systemic absorption of bupivacaine and a subsequent
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systemic analgesic effect. However, for local anesthetics
to have a significant nontoxic systemic analgesic effect,
administration of the local anesthetic would have to be
intravenous. It is possible that some of the locally admin-
istered bupivacaine entered the plasma, but at the dose
of bupivacaine we used, the plasma concentration would
have been low, and consequently the amount of drug
that would reach the central nervous system probably
would have been negligible. We therefore believe that
although we cannot prove the absence of a systemic bu-
pivacaine effect, we do not think that the dose we in-
jected would have caused a systemic analgesic effect.

Thermal hyperalgesia might be mediated both by sen-
sitization of cutaneous thermal nociceptors and by hy-
persensitivity of interneurons within the spinal dorsal
horn, following C-fiber barrage.?*3* Previous studies
have shown that the hyperalgesia resulting from expo-
sure of rats to UVA light involves sensitization of WDR
> but also can be abolished by u
administered bradykinin receptor antagonists.
cause our ring-blocked animals did not develop thermal
hyperalgesia at any time, we conclude that the local nerve
block interfered with all mechanisms by which UVA-light
exposure induced thermal hyperalgesia in the control ani-
mals. The block successfully intercepted the C-fiber barrage
during UVA-light exposure. If local neurochemical changes
capable of sensitizing nociceptors were evoked, they no
longer were operative after the ring-block wore off; be-
cause if they were, thermal hyperalgesia would have devel-
oped on the second or later days. Centrally mediated ther-
mal hyperalgesia after UVA-light exposure might be
mediated by the removai of Mg?" blockade of NVIDA re-
ceptors. Similar to UVA light, subcutaneous bee venom in-
jection causes a centrally mediated thermal hyperalgesia
with an associated primary mechanical hyperalgesia.”'°
Intraplantar injection of bee venom causes a contralateral
thermal hyperalgesia in the absence of contralateral me-
chanical hyperalgesia, and the contralateral thermal hyper-
algesia is a centrally mediated phenomenon that can be
blocked through the systemic administration of NMDA re-
ceptor antagonist.”®

Despite preventing the development of thermal hyper-
algesia, ring-block did not interfere with the hyperalge-
sia to the punctate mechanical noxious challenge. It
might be that the mechanical hyperalgesia depended on
sensitization processes activated by myelinated afferent
pathways,?® which were not disabled by the local anes-
thesia and which did not contribute to the sensation the
rats experience during the actual UVA-light exposure. It
is more likely, however, that sustained peripheral neuro-
nal sensitization was responsible for the mechanical hy-
peralgesia. Indeed, Urban et al*® observed continuous
low-threshold mechanoreceptor input to the dorsal horn
during the first 3 days after UVA-light exposure of the rat
hind paw. Subsequently, the same group®? showed en-
hanced summation of ventral root potentials, a measure
of windup, in response to C- and A-fiber stimulation.
Therefore in our animals, continuous input from low-
threshold mechanoreceptor after UVA-light exposure
might have led to progressive windup in dorsal horn neu-
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rons?® and therefore central sensitization, independent
of an initial C-fiber barrage during UVA-light exposure.
It remains unknown what would cause sustained dis-
charge in afferent mechanoreceptive pathways after
UVA-light exposure. It is unlikely that the release of in-
flammatory mediators at the exposure site causes contin-
ued mechanical hyperalgesia because we have shown
histologically that there is no inflammation.?’

Although we did not observe signs of inflammation on
the histologic sections of our rats’ tails, inflammatory me-
diators such as histamine and prostaglandins still might be
involved in sensitizing nociceptive pathways during UVA-
light exposure or maintaining the hyperalgesia after UVA-
light exposure. Dissociation between histologic findings
and the involvement of inflammatory mediators has been
reported previously for a model of reperfusion hyperalge-
sia in which pre-emptive administration of cyclooxygenase
inhibitors, NMDA receptor antagonists, and antihistamines

ed acute hyperal produced by ischemia of the
rat tail, yet histologic evidence of inflammation was ab-
sent.’*'® Another possible explanation for our data is that
UVA light through its effects on chromophores causes per-
manent changes within peripheral and central nociceptive
pathways. Chromophores such as DNA, proteins, amino ac-
ids like tryptophan and tyrosine, melanins, and urocanic
acid are molecules in skin that absorb UV light and are
responsible for initiating the biologic response to UV
light.3 Energy from UV light either directly alters the bio-
logic activity of chromophores (eg, DNA), or chromophores
might affect the biologic activity of other molecules. For
example, porphyrins cause damage to molecules such as
DNA and proteins through the generation of oxygen radi-
cals. Therefore, UV light acting through chromophores
might produce permanent changes within the peripheral
nervous system. These changes might have caused the
change in the sensitivity of peripheral nociceptors in our

ratsin the absence of overt histologicsigns of inflammation
and thereby account for an undetected peripheral mecha-
nism for the sustained hyperalgesia we observed. The de-
velopment of primary hyperalgesia to noxious challenges
of one modality but not others is not unique to the condi-
tioning event of UVA-light hyperalgesia.
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Abstract

We have shown that administration of the local atfeic bupivacaine into the base
of rats’ tails prevents the development of hypezsig induced by UMlight to a
noxious thermal challenge, but not to noxious maid# challenges. The aim of this
study was to determine whether exposure of raits ta UVa-light altered the
responses of & and C-fibres innervating the tail to noxious meaical and noxious
thermal challenges. We dissected the right ventratygeal nerve in Sprague Dawley
rats that had had their tails exposed to, or seéfdom, UVa-light 24-hours earlier.
Single afferent &- and C-fibre receptive fields were located andfthees response
to noxious blunt (3.9N bar algometer) and punc(edé toothed forceps) mechanical
challenges, as well as a noxious thermal’@9challenge was measured. In rats
exposed to UY-light, the peak firing rates and areas under thevec of post-
challenge histograms of A and C-fibres were increased when noxious blumt an
punctate challenges were applied to the rats’.thitsvever, the peak firing rate and
areas under the curve of post-challenge histogar@sfibres, which were responsive
to noxious thermal challenges, were not increa$ed "BVa-light exposure. We have
shown that the & and C-fibres that encode for noxious punctate ahdt
challenges were sensitized after AJNght exposure, but C-fibres responsible for

encoding noxious thermal challenges were not seediby UVa-light exposure.
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Per spectives. Eexposure of rats’ tails to UMlight altered the responses ob-Aand
C-fibres innervating the tail to noxious mechaniaatl noxious thermal challenges.
Ad- and C-fibres that encode for noxious punctate ahat challenges were
sensitized after Up-light exposure, but C-fibres responsible for enegdioxious

thermal challenges were not sensitized by,tight exposure.
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I ntroduction

Ultraviolet (UV)-light exposure of skin causes péeral and central neuronal
hyperexcitability. Polymodal receptors, which argegcent in normal skin became
spontaneously active after UV-light (spectrum ratesl) exposure of rabbit eats
and UVa-light exposure of rat hind paws Similarly to UVa-light, UVg-light
exposure of the rat hind paw and pig skin®’ caused peripheral neuronal
hyperexcitability. U\-light exposure of rat hind paw caused long-lastlog-
frequency spontaneous activity, and increased nuwibgpontaneously-active fibres
in recordings from C-fibres innervating the hindpskin. This rise in the number of
spontaneously active C-fibres was evident 24 haditsr UVs-light exposure and
lasted for 72 hours.. In pigs, C-fibre activation, as assessed by arflax erythema,
was increased to noxious thermal and mechanicdleciges in skin that had been
irradiated with U\4-light . In humans, as in pigs, WMight activated silent
nociceptors’™. The neurogenic axon reflex in human skin waseesn UVs-light
irradiated skin but not in the non-irradiated skih and systemic lidocaine
administration suppressed the mechanically induflace and the mechanical
hyperalgesia in sunburnt skin, while leaving th@att induced ratings in normal skin

unchanged*.

Coinciding with peripheral neuronal hyperexcitayilfollowing UV-light exposure

are changes within the central nervous syst&éf*! UVa-light caused numerous
changes within wide dynamic range (WDR) neuronesthef spinal cord. The
sensitized WDR neurones showed increased spontauaetivity, reduced thresholds

to non-noxious thermal challenges, increased resgsoto noxious mechanical and
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thermal challenges, and expanded receptive figldsnput from primary afferents
contributed to the increased WDR excitability foe ffirst three days after exposure to
UVa-light, thereafter WDR neuronal hyperexcitability asv entrenched and
independent of peripheral neuronal inffliin addition, the duration and amplitude of
both the A- and C-fibre evoked ventral root potaisti(VRP) were increased
significantly in UVa-light exposed raté’. In rats exposed to UMight, a NMDA
receptor antagonist, and neurokinin 1 and neuroki@i receptor antagonists
significantly reduced the prolonged VRP evoked bifjb@e stimulation. However, in
animals not exposed to WWMight, the prolonged VRP evoked by a single shGek
fibre stimulation was significantly antagonisedd&WMDA receptor antagonist and a
neurokinin 2 receptor antagonist, but not by a okinin 1 receptor antagonist,
implying that functioning or expression of neurdkirl receptors were altered after

UVa-light exposuré”’.

The above-mentioned changes within the peripherdlcentral nervous system may
account for the behavioural thermal and mecharrigperalgesia present after WV
light exposure of the rat hind paw and rat faf>*=%*3The altered WDR neurone
activity after UV-light exposure may result frormapticity in spinal neuronal circuitry
following peripheral insult’*%#2 or from changes in primary afferent fibre impsise

converging on those spinal neurdfisor both.

We recently demonstrated that stopping C-fibrevatbn by administering local
anaesthetic into the base of the rat tail duringadlght exposure of the tall,
prevented the development of thermal but not mechhhyperalgesid®. A possible

explanation for our findings is that central chamgethin the WDR neurones of the
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dorsal horn are responsible for thermal hyperatdgésiowing UVa-light exposure,
while peripheral neural changes mediate the mechhhyperalgesia. To determine
whether sensitization of primary afferent nociceptiibres contributes to mechanical
and thermal hyperalgesia after WNight exposure, we investigated the responses of
fibres in the rat coccygeal nerve, which conveys dfferent neuronal activity from
the tail, to noxious thermal challenges and noximeshanical challenges after WV
light exposure of the rat tail. We measured theabitural response of the animals to
the noxious challenges before we dissected anddeddrom the rat coccygeal nerve

to ensure that hyperalgesia was present in ratssexito the Uy-light.

A previous study has shown that rat coccygeal neoveains four groups of afferent
fibres. A3-fibres that respond to both brush and pinch oirthexeptive fields, A-
fibres that respond to pinch, polymodal C-fibreattrespond to noxious heat {49
and pinch, and another group of C-fibres, thatchemosensitive and show increased
spontaneous activity in the presence of ischaemdiaraperfusion. We focused our
investigation on only those fibres that would mbisely encode for challenges to
which we subjected our rats, namely thé-fiores and the polymodal C-fibres. We
did not investigate the responses of thg-filbres because they are predominantly
responsible for encoding information in the noninas range and we have not yet
established the presence of allodynia, enhancembmes to non-noxious challenges,

in our model of U\{-light induced pain.
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Materials and M ethods

Animals

Thirty-five male Sprague-Dawley rats with an inlittraass of 200-225g were used.
Rats were housed two per cage at an ambient tetperaf 21-25°C, and a 12:12
hour light/ dark cycle, lights on at 07:00. Ratgd Haee access to tap water and
standard rat chow. All procedures were approvedhieyAnimal Ethics Screening
Committee of the University of the Witwatersrandeérance certificate 2005/07/3)
and complied with the recommendations of the Cotemifor Research and Ethical

Issues of the International Association for thedgtaf Pain*.

UV,- light source

A double-ended high-pressure metal halidesUsmp was used as a source of JV
light. The lamp had a spectral irradiance of 37 W, with 60 % of the energy
emitted in the UY range, 30% in the Uy/range and 10% in the Wange. The
UV3 irradiance only began to increase from 30 secaiftgs the lamp was turned on.
Since the maximum time the lamp was turned on wéxgosing the rats’ tails was 40
seconds (see experimental procedure), the tailaxpssed predominantly to LY

light. The UVa-light lamp was housed in a rig and positioned 3&0above the tail.
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Noxious thermal challenge

The modified tail flick test described by Gelgoraét'***was used for behavioural
measurements undertaken to confirm the presenchypéralgesia to a noxious
thermal challenge in rats exposed to Adght. Rats’ tails were immersed in 29°C
water for 30 minutes before the first challenge wesle, and between challenges, to
maintain a constant tail-skin temperature and previle confounding effects
variations in tail skin temperature have on tadkfllatency*®*® To apply the noxious
thermal challenge, we immersed the whole tail W@SC water, and measured the
time taken, from immersion of the tail until thesfi co-ordinated motor response of
the tail, with a stopwatcf?*® The average of three measurements, taken atdeast
minute apart, was recorded as the tail-flick layeri® avoid possible tissue damage,

immersion of rats’ tails in the 49°C water was tiedi to 30 seconds.

To apply a thermal challenge during electrophysjmal recordings in anaesthetised
rats, a copper thermode heated tdCGl9vas used to apply the noxious thermal
challenge. The copper electrode temperature wastamaed by placing the electrode
in a hot water bath at a fixed temperature of 49B@ring electrophysiological

recordings the copper thermode was placed lighgbiret the rat tail, and to ensure
no mechanoreceptors were activated by this lighthop we applied an innocuous
challenge (brushing the tail with a camel hair brusith repeated strokes, for a 10

sec period) to the same area before applying grenibde.
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Noxious punctate mechanical challenge

For behavioural measurements undertaken to corfiempresence of hyperalgesia to
a punctate mechanical challenge in rats exposet/iglight, an electronic von Frey
anaesthesiometer was used to apply a noxious meehahallenge to the tail, as we
have described previousf. The von Frey filament was applied 50, 55 and 60mm
from the base of the tail with uniformly increasifigrce until the rat exhibited
aversive behaviours (e.g. pulling away and jumpidg)least a one-minute period of
recovery for the animal was taken between sucoesswasurements. The mean of
these three measurements was recorded as the saweusive pressure. To avoid

tissue damage the von Frey filament was removeahie pressure reached 400g.

During electrophysiological recordings in anaessieek rats a rat toothed forceps was
used to apply the noxious punctate challenge, am@inched the receptive field with

serrated forceps (force of 1.7N) for 10 secorids

Noxious blunt mechanical challenge

For behavioural measurements undertaken to confiempresence of hyperalgesia to
a blunt mechanical challenge in rats exposed t@-lifyht, we used a bar algometer to
apply the noxious mechanical challenge to the Tdik bar algometer consisted of a
spring-loaded force gauge (Halda, RS, Sweden), exied, via a lever, to a 20 mm
long steel bar with a diameter of 1.2 mm. The dbeelwas placed transversely across
the tail, at its midpoint and at two separate sli&sm proximal and distal to the tail

midpoint, and at a static force of 3.9N. The timeni application of the noxious
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mechanical challenge until the first sign of awssbehaviour (pulling away and
jumping) was measured with a stopwatch. To avasug damage the bar algometer
was removed from the tail if the rat failed to res@ within 30 seconds. During
electrophysiological recordings in anaesthetisds tize bar algometer, generating a

static force of 3.9N, was applied to the receptieke for 10 seconds.

Experimental procedure

UVa-light exposure and all nociceptive testing tookagl with the rats restrained in
transparent plastic restrainers that allowed exgosind movement of the tail, but
restricted movement of the body. Before the stdrthe experiment, rats were
habituated to the restrainers for two hours a dayttwee consecutive days. On
experimental days, the rats were placed in theaiests 30 minutes before the start
of experimentation. For three consecutive days reefee exposed the rats’ tails to
UV, light, we measured response latencies to the nexibermal and mechanical
challenges. On the day of WVight exposure, the dorsal surface of the rat$s taas
exposed to the light eight times for 40 second$eaith 260 seconds between the
exposures™3¢ During UVa-light exposure, the tails of 16 rats were coveneth
aluminium foil (to shield the tails from the lightand left that tails of 19 rats
uncovered. Nociceptive testing was repeated 24shafier exposure to UMlight,
but before animals were anaesthetised for elecysiplogyical recordings, to
confirm whether exposure to the WMght had caused mechanical and thermal
hyperalgesia. A single investigator (AT) performeithe behavioural and
electrophysiological experiments, and he was blinds to whether the rats were

shielded or exposed to the WNght.
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Electrophysiological recording

Anaesthesia in the rats was induced with xylazieeskine (1:4, 1 ml.k§1.M.), and
maintained with 1.5% enflurane (Ethrane, Abbott dr@bories) in 33% oxygen/67%
nitrous oxide, which was administered via a facesknaThe rats breathed
spontaneously throughout the experiments. Core bemperature was maintained at
38°C by means of a heating blanket. The right vertoaicygeal nerve was exposed
close to the tail base and protected from drying ool of mineral oil. To facilitate
dissection a black plastic plate was placed ben#ahnerve. Under a dissecting
microscope, the epi-and perineural sheaths wetelesigthwise, individual fibre
bundles were cut proximally and small filamentsttiar divided with micro-
dissection scissors (Trident) and insect pins. drhall filaments were placed on a 0.2
mm diameter platinum wire recording electrode (&esireference electrode was
placed in the surrounding tissue), and furtheradited until impulses from individual
fibres could be identified by electrical stimulatiof the coccygeal nerve. Electrical
stimulation (Digitimer DS9A) was via two L-shapetdisless-steel needle electrodes,
which were inserted subcutaneously along the phttneo nerve, approximately 40
mm distal to the recording site. Typical challengeed for searching for single fibres
were 1 Hz pulses of 0.04-0.06 ms duration at 1fonNA fibres and 1 Hz pulses 0.5-
0.7 ms duration at 10-40 V for C fibres. Filamertsitaining fibres that could not be
distinguished easily by difference in spike ampléwere rejected, as were filaments
containing more than five active fibres. Spikes eavamplified (Digitimer NL104),

fillered through a bandpass of 200-1500 Hz, andrdmsnated using a spike
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processor (Digitimer D130) connected to a labosatanterface (CED 1401,

Cambridge Electronic Design) attached to a micrqmater.

Once a single afferent fibre had been isolated thi¢helectrical search challenge, we
located its receptive field and determined its oesge to the noxious challenges. We
located the receptive field depending on the natéithe fibre examined. If it was an
Ad-fibre we located the receptive filed with eithke thoxious pinch challenge or the
noxious blunt challenge, and if it was C-fibre wedted the receptive filed with the
noxious thermal challenge. If we had not locatee tbceptive field after several
attempts the procedure was abandoned to preverdagiiagnthe tail through repeated
noxious challenges. We did not delineate the exaétite receptive field as repeated
noxious challenges irreversibly damaged the rat tiasue and the nature of
challenges applied did not allow us to describetthe extent of the receptive field.
We then determined the afferent fibre’s response®kious thermal and mechanical
challenges. Noxious thermal stimulation was achddweapplying a copper thermode
heated to 4%C, noxious punctate challenge was achieved by pigcthe receptive
field with serrated forceps, and noxious blunt Erade was achieved by applying a
bar algometer to the receptive field for 10 secomie took care not to flex the talil
during the mechanical challenges, because of thieigion of flex-sensitive fibres in
the nerve?’. Only one of us (AT) applied the challenges, seytlvere consistent
throughout the procedure. Areas under the curvepaad firing rates were calculated
from post challenge time histograms, produced &y dbmputer analysis software,
that were generated after each noxious challene. area under the curve is a
measure of firing rate over time and was calculatedhe total area covered by the

post challenge histograms. Conduction velocitiesevadso measured from the post



76

challenge time histograms following suprathrested&ttrical stimulation of the fibre.
In some preparations several afferent fibres cdidddischarged within the same
filament of nerve, and their responses were chariaed individually on the basis of

their conduction velocities, amplitude and shaptheir spikes.

Data analysis

No animals reached the 30-second cut-off time &drflick latencies and aversive
response latencies or the 400g cut-off pressur¢hforaversive behaviour responses
during nociceptive testing, allowing the use of gmaetric statistical analysis. To
determine whether UMlight caused hyperalgesia, tail-flick latenciessesive
response latencies and aversive pressures, fotdstiieand exposed rats, were
compared to each other using a two-way ANOVA an#efupost-hoc tests. Neural
responses, peak firing rates and areas under tive,di@ noxious thermal, punctate

and blunt challenges were compared with unpaitedts.
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Results

Behavioural response to noxious thermal challenge

The effect of UM-light exposure on tail flick latencies to a 49&tmal challenge is
shown in Figure la. Pre-exposure tail flick latescwere 6.2 + 1.0s for the group
destined for U¥-light exposure, and 6.5 + 1.2s for the group destito be shielded
and their pre-exposure latencies did not diffemi§icantly (P > 0.05, two-way
ANOVA). In the rats with tails that had been expbse UV, light, one day after Uy
light exposure tail flick latencies were signifitpdecreased from their pre-exposure
tail flick latencies by 25%, to 4.9 + 1.3s (P <@10Q two-way ANOVA with Tukey
post-hoc test). Their tail flick latencies also eeignificantly lower than the latencies
of the rats exposed to the WM¥ght but with tails shielded, 7.2 £ 1.5s (P < @10

two-way ANOVA with Tukey post-hoc test).

Behavioural response to noxious punctate mechanitalenge

The effect of UM-light exposure on aversive pressure thresholdsasvn in Figure
1b. Pre-exposure pressures were 265 + 32g for thepgdestined for Ux-light
exposure, and 274 + 46g for the group destinedetstielded. Their pre-exposure
pressures did not differ significantly (P > 0.0&ptway ANOVA). In the rats with
tails that had been exposed to AJNght one day after Uy¥-light exposure aversive
pressure thresholds were significantly decreaseth ftheir pre-exposure aversive
pressure thresholds by 51% to 128 + 43g (P < 0.80d;way ANOVA with Tukey
post-hoc test). Their aversive pressure threshalls were significantly lower than
the thresholds of the rats exposed to the samgelig¥it but with tails shielded, 257

409 (P < 0.001, two-way ANOVA with Tukey post-hast).
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Behavioural response to noxious blunt mechanicallehge

The effect of U\L-light exposure on aversive escape latencies toirst mechanical
challenge is shown in Figure 1c. Pre-exposure axeescape latencies were 11.3 +
4.6s for the group destined for W\ight exposure, and 11.7 + 3.0 s for the group
destined to be shielded and their pre-exposuredage did not differ significantly (P
> 0.05, two-way ANOVA). In the rats with tails thaad been exposed to Wight
one day after UY-light exposure aversive escape latencies wereifisgntly
decreased from their pre-exposure aversive esesgecies, by 51%, to 5.3 + 2.8s (P
< 0.001, two-way ANOVA with Tukey post-hoc testhdir aversive escape latencies
also were significantly lower than the latenciesh# rats exposed to the sameAJV
light but with tails shielded, 10.6 + 3.0 s (P 9@1, two-way ANOVA with Tukey
post-hoc test).

Electrophysiological recordings

Conduction velocities

The conduction velocities of the dibres were 3.4+1.2 m/s. The conduction
velocities of the C-fibores were @@.3 m/s. Figures 2 and 3, show examples of

recordings from two A-fibres and two C-fibres, respectively.
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Neural response to noxious thermal challenge

The effect of U\-light exposure on C-fibre response to noxious hgahown in
Figure 4 and Figure 5. We identified C-fibres thegre responsive to a noxious
thermal challenge in nine exposed animals and Igldgd animals. Peak firing rate
of C-fibres for the tails of rats that had beerektéd was 4% 12 spikes$ and 46+

19 spikes.s for those rats the tails of which had been expo$kdir peak firing rates
were not significantly different (P = 0.76, unpdlitetest). Area under the curve of C-
fibres for the tails of rats that had been shielded 146+ 44 spikes and 15F% 56
spikes for those rats the tails of which had begosed. The areas under the curve

were not significantly different between groups=P.72, unpaired t-test).

Neural response to noxious punctate mechanicalehgé

The effect of U\-light exposure on & and C-fibre responses to a noxious punctate
challenge is shown in Figure 6 and 7. . We idexdifr Ad-fibres and 6 C-fibres that
were responsive to a punctate mechanical challenges exposed to UMlight, and

8 Ad-fibres and 8 C-fibres that were responsive to rctate mechanical challenge in
rats shielded from UMlight. Only one type of each fibre was identified each
animal. The peak firing rate oféAfibres for the tails of rats which had been steeld
were 25+ 14 spikes.$ and 48+ 12 spike.$ for those rats the tails of which had been
exposed. Their peak firing rates were significamtifferent (P = 0.003, unpaired t-
test). The peak firing rate of C-fibres for thdgaif rats which had been shielded was
19 + 8 spikes$ and 43+ 11 spikes for those rats the tails of which had been

exposed. The peak firing rates were significantffecent (P = 0.0004, unpaired t-
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test). The area under the curve @-#bres for the tails of rats that had been shiglde
was 50+ 22 spikes and 188 61 spikes for those rats the tails of which hadnbe
exposed. Their areas under the curve were signtficadifferent (P < 0.0001,
unpaired t-test). The area under the curve of @s$ldor the tails of rats which had
been shielded was 5620 spikes and 166 49 spikes for those rats the tails of which
had been exposed. Their areas under the curve significantly different (P =

0.0001, unpaired t-test).

Neural response to noxious blunt mechanical chgken

The effect of UM-light exposure on & and C-fibre responses to a noxious blunt
challenge is shown in Figure 8 and Figure 9. Watifled 7 Ad-fibres and 6 C-fibres
that were responsive to a blunt mechanical chadlengrats exposed to UMight,
and 8 A-fibres and 10 C-fibres that were responsive téuattmechanical challenge
in rats shielded from UMlight. Only one type of each fibre was identifiedeach
animal. The peak firing rate oféAfibres for the tails of rats which had been sheeld
was 31+ 6 spikes.d and 44+ 14 spikes$ for those rats the tails of which had been
exposed. Their peak firing rates were significadifferent (P = 0.02, unpaired t-test).
The peak firing rate of C-fibres for the rats thdst of which had been shielded was
25 + 12 spikes$ and 46+ 25 spikes$ for those rats the tails of which had been
exposed. Their peak firing rates were significadifferent (P = 0.04, unpaired t-test).
The area under the curve odAibres for the tails of rats which had been sleeldvas
67 + 22 spikes and 18b 47 spikes for those rats the tails of which haghbexposed.
Their areas under the curve were significantlyeddght (P < 0.0001, unpaired t-test).

The peak firing rate of C-fibres for the rats thdst of which had been shielded was
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53+ 18 spikes and 148 40 spikes for those rats the tails of which haghbexposed.

Their areas under the curve were significantlyedéht (P = 0.005, unpaired t-test).
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Discussion

We investigated what effect Might exposure of the rats’ tails would have oe th
sensitivity of nociceptive primary afferent fibrésat innervate the rat tail. We did not
investigate those afferents that responded toeingdls both in the noxious and non-
noxious challenge ranges. After Wght exposure, we assesse@®-/fand C-fibre
sensitivity by measuring area under the curve, asme of firing rate over time, and
peak firing rates. Both the area under the cundgtha peak firing rates for thedA
and C-fibres were increased when the noxious bdumat punctate challenges were
applied to the rat tail. We have therefore showat the A- and C-fibres that
encoded for noxious punctate and blunt challengese gensitized after UMight
exposure. The areas under the curve and the pea§§ fate of C-fibres that were
responsive to noxious thermal challenges were meoteased after UMlight
exposure, that is, C-fibres responsible for enagdioxious thermal challenges were

not sensitized by UMlight exposure.

The aim of this study was to determine whether gkarwithin peripheral neurones
could account for the modality specific hyperalgesie previously observed after
blocking the C-fibre barrage during WW\ight exposure, which prevented the
development of thermal but not mechanical hypesig& Although we investigated
the firing properties of the fibres to a variety mdxious challenges, we did not
describe the heat and mechanical thresholds, eofuthreceptive field area of &
fibres nor C-fibres in this study. The reason fot describing these parameters was
due to the instability of peripheral fibre prep&gas and deleterious effects of

repeated noxious thermal and mechanical challerayestheir receptive fields.
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Dissection and recording from peripheral fibres wechnically very difficult due to
the fragility of fibres and their tendency to eitlsop firing or develop tachyphylaxis
to the noxious challenges applied. We were theeefwt able to measure all the
possible parameters that would have been idedlwhs, their heat and mechanical
thresholds, their full receptive field area andirthesponses to the variety of noxious
challenges. We therefore prioritised our investagato focus on those parameters
that would be most helpful in either proving orgiisving our hypothesis that primary
mechanical hyperalgesia that was present 24 hdunsldVa-light exposure was due
to Ad- and C-fibre sensitization, and that primary thalrinyperalgesia was not solely

a peripherally mediated phenomenon.

Our data seems to contradict studies that have rshiost UV-light causes peripheral
thermal sensitization'>*?"3% Polymodal receptors or silent nociceptors were
sensitized after UV-light (spectrum not stated)asype of rabbit ear¥, and U\s-
light exposure of rat hind pa, human skirf* and pig skirf’. In this study, we used
UVa-light, not UVs-light, to cause hyperalgesia, and ANght causes hyperalgesia
though different mechanisms than doesghlight. After UVa-light exposure of rat
tail skin a mild chronic inflammatory response weasddent histologically in rats
exposed to UY light as well as rats shielded from WMNight, and the inflammatory
process did not parallel hyperalgesia that wasept€3 In addition, although the pro-
inflammatory mediators prostaglandins and histanaire increased after UMight
exposure™!” only a handful of studies have reversed hypesidgéhrough the
administration of suitable anti-inflammatory agentsich as a cyclooxygenase

inhibitor * and bradykinin antagonist&?> Therefore, there is minimal evidence to

support the hypothesis that W\Wght causes an acute inflammatory hyperalgesia. |
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contrast, the histological features after gdght exposure of human skin were
consistent with an acute inflammatory respotisdn addition, there are numerous
studies that show that WMight caused an increase in pro-inflammatory miedsa

26,34

such as prostaglandifs, nitric oxide ?®3* pro-inflammatory cytokined®°28

and
nerve growth factot®. Furthermore, U¥-light induced hyperalgesia can be reversed
through the administration of suitable anti-inflaatory agents, such as
cyclooxygenase inhibitors®*2 and anti-inflammatory cytokin€€. Therefore, U¥g-
light does cause an acute inflammatory hyperalgésiberefore follows that if Uy-
light causes hyperalgesia though different mechasisthan does UMlight
comparisons cannot be made between studies ofatiffevavelengths. In the study
described by Szolcsan?ﬁ the spectrum of UV-light used was not describeziehy
precluding proper comparisons to other studiesduition, no studies have described
peripheral hypersensitivity to noxious thermal ceaimanical challenges after WV

light exposure.

The only study so far that has investigated perglheeuronal hyperexcitability after
UVa-light exposure of the rat hind paws showed aneiase in spontaneous firing of
polymodal receptors We have not included the spontaneous firing rateke fibres
that we investigated. An increase in spontaneausgyfindicates an increase in the
sensitivity of the fibres measured, but does neatritninate as to which noxious
challenges the fibres become sensitized. For, ebearpincrease in the spontaneous
firing rate of the C-fibre could represent an irage in sensitivity to noxious
mechanical but not noxious thermal challenge. Amgnge in spontaneous firing does

not alter our conclusions thatdAand C-fibres that encode for noxious punctate and
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blunt challenges were sensitized while C-fibrespoasible for encoding noxious

thermal challenges were not sensitized bysUight exposure.

In our current study, we measured behavioural awdanal responses 24 hours after
UVa-light exposure. We have shown previously thought thfter such Uy-light
exposure primary mechanical hyperalgesia to noxahalenges applied to the rat’s
tail lasted for two weeks after the WMight exposure®™=® Though sensitization of
peripheral neurones could account for the hypes#gthat was present to the blunt
and punctate challenges one day aftenntlight exposure, we do not know whether
that sensitization lasts long enough to accounttlier hyperalgesia observed two
weeks after exposure to WMight, whether there was prolonged input from teat
nociceptors over the weeks, or whether a subsequmenéase in dorsal horn
sensitivity was responsible for the sustained meiclah hyperalgesia. Urban and
coIIeaguesi10 observed continuous low-threshold mechanorecepput to the dorsal
horn over the first three days after brief AJNght exposure of the rat hind-paw.
Subsequently, the same grodp showed enhanced summation of ventral root
potentials, a measure of wind-up, in response tamd C-fibre stimulation. In the
animals in which we previously demonstrated proéxhdnyperalgesia, continuous
input from low-threshold mechanoreceptors afterntight exposure may have led to
progressive wind-up in dorsal horn neurones andement central sensitizatidh
Determining the neuronal basis of the prolongedengigesia would require a study
in which primary afferent and dorsal horn neuroresponses are measured in rats up

to two weeks after UN-light exposure.
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It is not known what causes the peripheral semgitm of peripheral
mechanoreceptive pathways after AJNght exposure. It is not an inflammatory
response at the exposure site, since we have shsitologically that at the site of
exposure a mild chronic inflammatory cell infilieatvas present in rats whose tails
were exposed to UMlight and those that were shielded from AJINght %, However
inflammatory mediators may be released without peaay histological evidence of
inflammation. Ischaemia and reperfusion of the tal causes a 60 minute
hyperalgesia to noxious heat @9, reversible by anti-infammatory drugs, without
histological evidence of inflammation. Bradykinindahistamine are released during

tail ischaemia and reperfusion, and contributééosubsequent hyperalgeia®

The concept that a conditioning event, AJNght exposure in our case, can result in
mechanical hyperalgesia, for which sensitizationpoimary afferent fibres may
account, and thermal hyperalgesia, for which seasibn of primary afferent fibres
does not account, is not a unique phenomenonplatrtar injection of bee venom in
rats caused a centrally-mediated thermal hyperalgasd a primary mechanical
hyperalgesia®’® The thermal hyperalgesia was bilateral, but thectmanical
hyperalgesia only ipsilaterdl’. Contralateral hyperalgesia is a centrally-mediate
phenomenon, which in the case of bee venom injectould be blocked by systemic

administration of a non-competitive NMDA receptotagonist®

In conclusion, we have demonstrated that primarghaeical hyperalgesia 24 hours
after UVa-light exposure is due todA and C-fibre sensitization. We have shown that
the C-fibres responsible for encoding noxious tteramallenges were not sensitized

24 hours after Uy-light exposure. We have therefore demonstratet ghianary
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thermal hyperalgesia was not solely a peripherallyliated phenomenon and may be
caused by central sensitization. Such a paradigfinrsy provide the answers to our
poor success in treating chronic pain and the dgweént of novel pharmacological

targets and new treatment regimes.

Acknowledgements
The study was funded by the Medical Faculty ReseBrdowment Fund, University
of the Witwatersrand, and the South African MedRakearch Council. We thank the

staff of the Central Animal Services for husbandfiyhe rats,



88

References

1. Andreev N, Urban L, Dray A: Opioids suppressrgpoeous activity of polymodal
nociceptors in rat paw skin induced by ultravidkeadiation. Neuroscience

58: 793-798, 1994

2. Bickel A, Dorfs S, Schmelz M, Forster C, Uhl Wandwerker HO: Effects of
antihyperalgesic drugs on experimentally inducedenglgesia in man. Pain

76: 317-325, 1998

3. Bishop T, Hewson DW, Yip PK, Fahey MS, Dawbarn¥aung AR, McMahon
SB: Characterisation of ultraviolet-B induced imflamation as a model of

hyperalgesia in the rat. Pain 131: 70-82, 2007

4. Black AK, Fincham N, Greaves MW, Hensby CN: Tiowurse changes in levels
of arachidonic acid and prostaglandin B, Fx in human skin following

ultraviolet irradiation. Br J Clin Pharmacol 10:34857, 1980

5. Black AK, Greaves MW, Hensby CN, Plummer NA: reesed prostaglandin, E
and Ry in human skin at 6 and 24 h after ultraviolet Badliation (290-320

nm). Br J Clin Pharmacol 5: 413-436, 1978



89

6. Chen HS, Chen J: Secondary heat, but not mezdiahiyperalgesia induced by
subcutaneous injection of bee venom in the consciati effect of systemic

MK-801, a non-competitive NMDA receptor antagonisur J Pain 4: 389-

401, 2000

7. Chen HS, Chen J, Sun YY: Contralateral heat fajgesia induced by unilaterally
intraplantar bee venom injection is produced bytregrchanges: a behavioral

study in the conscious rat. Neurosci Lett 284: 852000

8. Chen HS, Li MM, Shi J, Chen J: Supraspinal dbation to development of both
tonic nociception and referred mirror hyperalgesta:comparative study

between formalin test and bee venom test in theArasthesiology 98: 1231-

1236, 2003

9. Chen J, Luo C, Li HL, Chen HS: Primary hyperalgeto mechanical and heat
stimuli following subcutaneous bee venom injeciimio the plantar surface of

hindpaw in the conscious rat: a comparative stuitly the formalin test. Pain

83: 67-76, 1999

10. Clydesdale G, Dandie G, Muller H: Ultravioletght induced injury:

Immunological and inflammatory effects. Immunol ICBlol 79: 547-568,

2001



90

11. Eschenfelder CC, Benrath J, Zimmermann M, Gida F: Involvement of
substance P in ultraviolet irradiation-induced anfimation in rat skin. Eur J

Neurosci 7: 1520-1526, 1995

12. Gelgor L, Butkow N, Mitchell D: Effects of syshic non-steroidal anti-
inflammatory drugs on nociception during tail isehda and on reperfusion

hyperalgesia in rats. Br. J. Pharmacol. 105: 412-4992

13. Gelgor L, Phillips S, Butkow N, Mitchell D: kegtable aspirin and mepyramine

abolish post-ischaemic hyperalgesia in rats. P&ir833-359, 1986

14. Gelgor L, Phillips S, Mitchell D: Hyperalgediallowing ischaemia of the rat's

tail. Pain 24: 251-257, 1986

15. Gilchrest BA, Soter NA, Stoff JS, Mihm MC: ThHaiman sunburn reaction:

histologic and biochemical studies. J Am Acad Daoha: 411-422, 1981



91

16. Gillardon F, Eschenfelder C, Rush RA, Zimmernvlarnncrease in neuronal Jun
immunoreactivity and epidermal NGF levels followiky/ exposure of rat

skin. Neuroreport 6: 1322-1324, 1995

17. Hawk JL, Black AK, Jaenicke KF, Barr RM, Soibk, Mallett Al, Gilchrest BA,
Hensby CN, Parrish JA, Greaves MW: Increased cdratons of
arachidonic acid, prostaglanding, BD,, and 6-0xo-k,, and histamine in
human skin following UVA irradiation. The Journalf dnvestigative

Dermatology 80: 496-499, 1983

18. Herrero JF, Laird JM, Lopez-Garcia JA: Wind-afpspinal cord neurones and

pain sensation: much ado about something? Progoleli61: 169-203, 2000

19. Hole K, Tjolsen A: The tail-flick and formaliests in rodents: Changes in skin

temperature as a confounding factor. Pain 53: Z#7-2993

20. Kondo S: The roles of keratinocyte-derived kirtes in the epidermis and their
possible responses to UVA-irradiation. J InvestigaDermatol Symp Proc 4:

177-183, 1999



92

21. Koppert W, Brueckl V, Weidner C, Schmelz M: Maaically induced axon
reflex and hyperalgesia in human UV-B burn are ceduby systemic

lidocaine. Eur J Pain 8: 237-244, 2004

22. Necker R, Hellon RF: Noxious thermal input frdhe rat tail: modulation by

descending inhibitory influences. Pain 4: 231-24%/8

23. Perkins MN, Campbell E, Dray A: Antinociceptigetivity of the bradykinin B1
and B2 receptor antagonists, des-Arg9, [Leu8]-BKI &4OE 140, in two

models of persistent hyperalgesia in the rat. Bain91-197, 1993

24. Perkins MN, Campbell EA, Urban L, Dray A: Hyalgesia induced by ultra-
violet irradiation in the rat: sensitivity to morple and ibuprofen.J.

Physiology Proceedings, Oxford Meeting: 120P, 1992

25. Perkins MN, Kelly D: Induction of bradykinin B&ceptors in vivo in a model of
ultra-violet irradiation-induced thermal hyperaligem the rat. Br J Pharmacol

110: 1441-1444, 1993



93

26. Rhodes LE, Belgi G, Parslew R, McLoughlin Loo@h GF, Friedman PS:
Ultraviolet-B-Induced erythema is mediated by nitoxide and prostaglandin

E, in combination. J Invest Dermatol 117: 880-883) P20

27. Rukwied R, Dusch M, Schley M, Forsch E, SchnizNociceptor sensitization
to mechanical and thermal stimuli in pig skin irnozi Eur J Pain 12: 242-250,

2008

28. Saade NE, Nasr IW, Massaad CA, Safieh-Garabdglialabbur SJ, Kanaan SA:
Modulation of ultraviolet-induced hyperalgesia andokine upregulation by

interleukins 10 and 13. Br. J. Pharmacol. 131: 18374, 2000

29. Sher GD, Cartmell SM, Gelgor L, Mitchell D: Rabf N-methyl-D-aspartate and
opiate receptors in nociception during and aftehagmia in rats. Pain 49:

241-248, 1992

30. Sher GD, Mitchell D: Intrathecal N-methyl-D-asfate induces hyperexcitability

in rat dorsal horn convergent neurones. Neurostt. 119: 199-202, 1990

31. Sher GD, Mitchell D: N-methyl-D-aspartate reioep mediate responses of rat

dorsal horn neurones to hindlimb ischemia. Brais.B&2: 55-62, 1990



94

32. Sycha T, Gustorff B, Lehr S, Tanew A, EichleiGH Schmetterer L: A simple
pain model for the evaluation of analgesic effeactsNSAIDs in healthy

subjects. Br. J. Clin. Pharmacol. 56: 165-172, 2003

33. Szolcsanyi J: Selective responsiveness of pmdainreceptors of the rabbit ear to

capsaicin, bradykinin and ultra-violet irradiatianPhysiol 388: 9-23, 1987

34. Terui T, Tagami H: Mediators of inflammatiorvaived in UVB erythema. J

Dermatol Sci 23: S1-S5, 2000

35. Themistocleous A, Fick L, Plessis Id, Mitchg]lMitchell D: Exposure of the rat
tail to ultraviolet A light produces sustained hggdgesia to noxious thermal

and mechanical challenges. J Neurosci Meth 1522737 2006

36. Themistocleous A, Kamerman P, Mitchell D: Pnagpéve ring-block with
bupivacaine prevents the development of thermaleralgesia, but not
sustained mechanical hyperalgesia, in rat tailosg to ultraviolet A light. J

Pain 8: 208-214, 2007



95

37. Thompson S, Dray A, Urban L: Injury-inducedstieity of spinal reflex activity:
NK1 neurokinin receptor activation and enhancedafd C-fiber mediated

responses in the rat spinal cord in vitro. J. Necitdl4: 3672-3687, 1994

38. Tjolsen A, Lund A, Berge O-G, Hole K: An impexy method for tail-flick testing
with adjustment for tail-skin temperature. J Neordgethods 26: 259-265,

1989

39. Treede RD, Meyer RA, Raja SN, Campbell JN: gPenial and central

mechanisms of cutaneous hyperalgesia. Prog Neur@®i®97-421, 1992

40. Urban L, Perkins MN, Campbell E, Dray A: Activof deep dorsal horn neurons
in the anaesthetized rat during hyperalgesia of hhmlpaw induced by

ultraviolet irradiation. Neuroscience 57: 167-179293

41. Urban L, Perkins MN, Patel I, Campbell E, DfayResponses of spinal dorsal
horn neurones in the anaesthetised adult rat teiplogical stimuli following
UV-induced hyperalgesia. J. Physiol. Proceedingsfod Meeting: 121P,

1992



96

42. Woolf CJ: Recent advances in the pathophysyotd@cute pain. Br J Anaesth 63:

139-146, 1989

43. Woolf CJ, Alichorne A, Safieh-Garabedian B, RoS: Cytokines, nerve growth
factor and inflammatory hyperalgesia: the contidiutof tumour necrosis

factor alpha. Br. J. Pharmacol. 121: 417-424, 1997

44. Zimmermann M: Ethical guidelines for investigas of experimental pain in

conscious animals. Pain 16: 109-110, 1983



97

Figurelegends

Figure 1. Mean (SD) tail flick latencies to a noxious therariaallenge (A), mean
(SD) aversive pressure thresholds to a noxioustpatee mechanical challenge (B),
and (C) mean (SD) aversive escape latencies taiausblunt mechanical challenge,
before and one day after W\fight exposure, for rats with tails that had besposed
(black bars, n = 19) and shielded (open bars, 6)=dlring UV, light exposure.
Exposure to UY light resulted in significant decreases in taitKllatencies to the
thermal challenge (A), pressure thresholds to thecfate mechanical challenge (B),
and escape latencies to the blunt mechanical cig@l€C). There were no significant
differences between the two groups (exposed aneldgu) for any of the three
measurements before exposure toaUMht, and no significant changes in tail flick
latency, pressure thresholds or escape latenciesrred in the shielded animals
before and after exposure to WYght (* P < 0.05 exposed versus shielded, two-way

ANOVA with Tukey post-hoc test ).

Figure 2: Example of recording from two &fibres in rats whose tails had either
been shielded (A) or exposed (B), to MNght, and the respective fibre’s response to
noxious punctate and blunt challenges. Arrows midicwhen the challenge was

applied.

Figure 3: Example of recording from two C-fibres in rats wldails had either been
shielded (A) or exposed (B) to WWlight, and the respective fibre’s response to
noxious thermal, punctate and blunt challengesowsrindicate when the challenge

was applied.
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Figure 4: Mean (SD) peak firing rates of thermally-sensitibres in response to
49°C challenge in the receptive field, for rats wilig that had been shielded (open
bars, n=11) and exposed (black bars, n=9) during-liht exposure. There were no

differences in the peak firing rates between the gwoups of rats.

Figure 5: Mean (SD) area under the curve of thermally-seresi@i-fibres in response
to 49C challenge in the receptive field, for rats witild that had been shielded
(open bars, n=11) and exposed (black bars, n=9hglWwV-light exposure. There

were no differences in the areas under the curivedss the two groups of rats.

Figure 6: Mean (SD) peak firing rates of mechanically-sewsi Ad-fibres in

response to a noxious punctate challenge for réts tails that had been shielded
(open bars, n=8) and exposed (black bars, n=7hglWwNa-light exposure, and peak
firing rates of mechanically-sensitive C-fibres ri@sponse to a noxious punctate
challenge for rats with tails that had been shi¢l@@en bars, n=8) and exposed
(black bars, n=6) during UMlight exposure. Peak firing rate for both th&-and C-

fibres were increased significantly after pfght exposure (*P < 0.01, unpaired t-

tests).

Figure 7: Mean (SD) area under the curve of mechanicallyigeasAd-fibres in

response to a noxious punctate challenge for réts tails that had been shielded
(open bars, n=8) and exposed (black bars, n=7hgWwiNa-light exposure, and area
under the curve of mechanically-sensitive C-firesesponse to a noxious punctate

challenge for rats with tails that had been shi¢l@@en bars, n=8) and exposed
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(black bars, n=6) during UMlight exposure. Area under the curve for both Alde
and C-fibres were increased significantly after AdMht exposure (*P < 0.01,

unpaired t-tests).

Figure 8 Mean (SD) peak firing rates of mechanically-sewusitiAd-fibres in
response to a noxious blunt challenge in the reeefield, for rats with tails that had
been shielded (open bars, n=8) and exposed (black Im=7) during U¥-light
exposure, and peak firing rates of mechanicallysiter C-fibres in response to a
noxious blunt challenge for rats with tails thattHaeen shielded (open bars, n=10)
and exposed (black bars, n=6) during Adight exposure. Peak firing rate for both
the Ad>- and C-fibres were increased significantly aftev Jdight exposure (*P <

0.01, unpaired t-tests).

Figure 9: Mean (SD) area under the curve of mechanicallyigeasAd-fibres in
response to a noxious blunt challenge in the reeefield, for rats with tails that had
been shielded (open bars, n=8) and exposed (black m=7) during U¥-light
exposure, and area under the curve of mechanisaiigitive C-fibres in response to a
noxious blunt challenge for rats with tails thathmeen exposed (shielded (open bars,
n=10) and exposed (black bars, n=6) duringatlight exposure. Area under the
curve for both the A and C-fibres were increased significantly aftev Alight

exposure (*P < 0.01, unpaired t-tests).
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CHAPTER 5

Conclusions
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Since it was first described in 1993, researcherge hexplored the physiological
mechanisms through which Uvand U\k-light cause sustained hyperalgesia. gV
light causes acute inflammation with a subsequd&t@mmatory hyperalgesia, and its
major advantage as an experimental tool for stugdiiyperalgesia is that relies on the
release of endogenous compounds for the inducfibymeralgesia and it can be used
both in humans and animals. Alternatively, AJNght offers previously undescribed
pathophysiological pathways to cause sustained rhigesia. In my thesis |
completed three experiments, each concentratingisenes that have not been
adequately addressed in the literature. In my fegieriment | developed my own
model of UVi-light induced hyperalgesia, independently verified spectrum of my
UVa-light and histologically determined whether inflavation was present after
UV -light exposure. In my second and third experiméimsestigated the role of the
C-fibre barrage and changes within peripheral affemeurones after UMight

exposure. | have summarised the results of myrewpats in this chapter.

5.1 UV-light and behavioural hyperalgesia

In order to investigate the pathophysiology of AJght | needed a protocol of Uy

light exposure that would cause prolonged hypesi#géo noxious thermal and
mechanical challenges. After experimenting with tiplé exposure durations and
repetitions, | found that exposing the dorsal stefaf rats’ tails to U¥-light eight

times for 40 seconds each, with 260 seconds betvesmi exposure, caused
hyperalgesia to a noxious thermal challenge, a 48&ter bath, and two noxious
mechanical challenges, a bar algometer that gesteeasuprathreshold noxious static

force of 3.9 N (Chapter 2), and a noxious punctéi@lenge, an electronic von Frey
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anaesthesiometer that generated progressivelyasioge pressures (Chapter 3). If |
exposed rats’ tails to UMlight for longer than 40 seconds the rats’ tailsuld

become severely damaged and would be unsuitableefwavioural testing. If | used
fewer than eight exposures the hyperalgesia wottltere not develop or would
resolve too quickly. My exposure protocol did nesemble exposure protocols
previously described, as a single 90-second exposisually was sufficient to
produce hyperalgesia, and | used the rat tail astdtme rat hind paw, the usual
substrate for pain testing (Perkiesal, 1992; Perkin®t al, 1993; Perkins & Kelly,

1993). | felt that the rats would suffer less havitheir tails be hyperalgesic as
opposed to the load-bearing hind paw and my labordias far more experience in

testing for pain using the rat tail than the raidpaw.

Although my protocol was unusual it produced thsire results. After Ux-light
exposure, the hyperalgesia to a noxious thermdlecigee lasted for eight days, to a
noxious blunt mechanical challenge for at leastidgs (Chapter 2), and to a noxious
punctate challenge for at least 14 days (Chapterd 8puld not test mechanical
hyperalgesia for longer because the rats outgreiv thstrainers. The amplitude of
the hyperalgesia was substantial, with the respdatsacy to the noxious thermal
challenge shortened by nearly a third in the hylgesac state, and the response

latency to the noxious mechanical challenge shedday over half.

Despite the U\-light causing a severe hyperalgesia, the rats \wgperalgesic for
over two weeks, they did not exhibit signs of cheatistress, such as abnormal gait,
reduced mobility, or reduced grooming when handbied] they gained body mass

over the duration of the various experiments atstwme rate as those rats shielded
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from the UVia-light (Chapter 2). There are animal models thatseahyperalgesia that
lasts for weeks to months (Chapter 2, Table 1) dématto mimic clinical conditions
such as rheumatoid arthritis, osteo-arthritis, gyegral neuropathy and fibromyalgia.
However, the conditioning events necessary to iadanglasting hyperalgesia leave
the experimental animals in persistent pain that ordy confounds responses to
evoked pain, but also compromises the health o&ttimals, which characteristically
lose mass, show an abnormal gait, reduced mohititjyced grooming and disturbed
sleep (Blackburn-Munro, 2004). My model displays thngest-lasting experimental
hyperalgesia reported so far during which the drpemtal animals gain weight and
appear to be healthy and pain-free. Not only weey tfree of impaired mobility
associated with long-lasting hyperalgesia, butabse the hyperalgesia was produced
in the tail, not the hind paw, they also were foée¢he impaired mobility associated

with any lesions of the foot.

Although the rat tail offers many advantages, aifitant disadvantage of using the
tail as opposed to the hindpaw was that | was @entblassess for central neuronal
changes by measuring behavioural changes within cihtralateral appendage.
However, measuring mechanical allodynia may offeradternative assessment of

central neuronal changes and is worthy of furtheestigation.
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5.2 UV-light lamp

| used a double-ended high-pressure metal halidg ldmp as the source of UV
light in all my studies. For the purposes of mgtfistudy (Chapter 2), | commissioned
experts at the Council for Scientific and IndustR&search, Tshwane, South Africa,
to measure the spectrum of UV-light emitted by rmamp. They independently
verified that my lamp emitted light predominanttythe UVia-light spectrum. It had a
spectral irradiance of 37 mW.&nwith 60 % of the energy emitted in the W¥ange,

30% in the U\4 range and 10% in the W\Mange, in the steady state (Figure 1).
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Figure 1: Spectral irradiance of UV-light lamp
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Although the lamp emitted light predominantly iretbVa-light spectrum, it began to
emit a significant portion of light in the WMight spectrum 30 seconds after the lamp
was activated (Chapter 2). In my studies the lamag activated only for 40-second
pulses, and since my lamp began to emitgtight only 30 seconds after the lamp
was switched on, Uplight was unlikely to have contaminated my studiesm
therefore confident that my findings were as altaesfthe biological effects of UM

light, and not U\4-light.

However, in none of the reports from the laborawrihat have studied UV-light
induced hyperalgesia states that the nature dfathp used to generate UV-light had
been independently verified. In previous studiesemgh UVia-light was the
conditioning challenge, the lamps were activated®fdseconds (Perkires al, 1992;
Perkinset al, 1993; Perkins & Kelly, 1993), and if their lamysre similar to the one

| used in my studies, the rat tissues would hawn lBxposed to UMlight for at least
60 seconds. Since the lamps were not independeettiffed, it was entirely possible
that UVg-light contaminated those studies. Contamination WYg-light has
significant implications, as Udlight can produce inflammation and hyperalgesia at
substantially lower energy levels and through défé mechanisms than does AV
light, as explained in my Introduction. Therefarestudies where U)light was the
proposed conditioning event, it was possible thatgdight was causing the

hyperalgesia and their findings are as a resuttfafmmation caused by Wlight.
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5.3 UV-light induced inflammation

A long-held and plausible assumption has been théatight, including UVa- and
UVg-light, caused an inflammatory hyperalgesia (Dawesl, 2005). Exposure of
skin, rodent and human, to UV-light causes erythemaeased tissue temperature,
oedema, pain and pruritus, characteristic clinidahtures of inflammation.
Histological sections of human tissue after dJd\ght irradiation revealed a typical
acute inflammatory cascade within the epidermis @dewinis, an initial vasodilatation
of blood vessels followed by a inflammatory celfilirate consisting primarily of
neutrophils, T lymphocytes and mononuclear celifc{estet al, 1981). Therefore,
the histological features of acute inflammatioreafiiVs-light exposure are consistent
with the clinical picture of the inflammatory prasethat follows UV-light exposure.
However, the histological changes that occur aitég-light exposure do not parallel
the features of acute inflammation. Histologicattems of UVa-light irradiated
human tissues typically reveal significant dermguiy with a mixed perivascular
cellular infiltrate, consisting of predominantly macytes and T lymphocytes with
few neutrophils, encroached on the deeper dermsdel® (Kumakiriet al, 1977,
Gilchrest et al, 1983). There is no epidermal injury and a congplebsence of
inflammatory cells within the epidermis (Soter, 0@9Therefore, UY-light causes a

pattern of injury completely different to that o¥/g-light.

It therefore was of vital importance to examine thetail tissue histologically after
UVa-light exposure to confirm the presence, or abseoicaflammation after UY-
light irradiation, and to determine whether theuis response to UMight correlated

with the hyperalgesia that was present. Since drtissue never has been examined
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histologically after UV-light, neither UM nor UVg-light, exposure as far as | could
establish, there were a number of possibilitiesotasider. It may be that animal tissue
responds differently to UMlight than human tissue and W\ight may cause an
acute inflammatory response in rats that correspovith the hyperalgesia, as gV
light does in human tissue. Or W\ight may cause a similar response in rat tissue a
in human tissue and an acute inflammatory resporasenot be responsible for WYV
light induced hyperalgesia. In my first study (Ctea®) | sought to answer the above

guestions.

In my first study, | examined rat tail tissue hlsggically at the site of Uy-light
irradiation for inflammation (Themistocleoes$ al, 2006). There was no evidence of
acute inflammation, but I discovered mild chromflammation at the target site of
irradiation both in those rats irradiated with MWght and in those rats shielded form
the UV,-light. There were scattered lymphocytes and plasetia within the dermis,
and there was no change in the severity of inflattamaone to nine after days after
UVa-light exposure. The rats shielded from the A\ght never were hyperalgesic,
so the sustained hyperalgesia in irradiated ratsserved was unlikely to have been
caused or maintained by the mild inflammation. Tdase of the mild chronic
inflammation was not clear, but I think it was cadidy tail hyperthermia, which in
turn was caused by an increase in temperaturenatitiei UVa-light rig. The air in the
UV, light rig reached a peak temperature of about 457hg activation of the UM
light lamp, probably because the kHNight rig was poorly ventilated. Even if
hyperthermia was the cause of the mild chronicamfhation it did not cause
hyperalgesia, as the rats shielded from theyUyht did not develop hyperalgesia,

and so did not confound my main results. Whatelveretvents were which led to the
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hyperalgesia, they were not visible under lightnoscopy in the irradiated tissue. It is
not to say that components of the inflammatory smay not still be involved, as in
reperfusion hyperalgesia, where anti-inflammatagras are anti-hyperalgesic in the
absence of clinical and histological features dfaimmmation (Gelgoret al, 1986a;

Gelgoret al, 1992a; Gelgoet al, 1992b; Vidulich & Mitchell, 2000).

There is evidence that some components of thenimflatory soup are involved in at
least initiating UM\-light induced hyperalgesia. Prostaglandins andahige are
increased after UMlight exposure of skin (Gilchrest al, 1981; Hawket al, 1983).
Furthermore, bradykinin receptor antagonists amstaglandin synthesis inhibitors,
such as ibuprofen, a non-selective COX inhibitogn cattenuate UMlight
hyperalgesia when administered at the onset of rajgesia (Perkingt al, 1992;
Perkins et al, 1993; Perkins & Kelly, 1993). A proviso to theudies that
demonstrated an increase in pro-inflammatory mediabr the efficacy of anti-
inflammatory agents in relieving hyperalgesia iatteince the UV-light lamps were
not independently verified and their UV-light speoh characterised it is possible
that UVg-light contaminated their studies. If this occurréde increase in
inflammatory mediators, and subsequent efficacyami-inflammatory agents, may
reflect the effects of Uplight and not U\ -light. Ultimately more studies have to be
done to determine the exact role of pro-inflammataediators in U\-light induced
hyperalgesia. Pro-inflammatory antagonists wouldehi® be administered, and pro-
inflammatory mediators measured, at different Eoimt the time course of the
hyperalgesia, such as at the onset oiUight induced hyperalgesia, and at intervals
after the onset of UMlight induced hyperalgesia. In addition, the vasopro-

inflammatory antagonists would be administered atious locations within the
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neuraxis, such as the spinal cord or cerebral iodggr to determine their point of

action.

Irrespective of the role of pro-inflammatory mediat UVa-light induced
hyperalgesia provides an alternative to almost altrent animal models of
hyperalgesia that rely on initiating inflammatian dause hyperalgesia. In almost all
models of hyperalgesia, inflammation parallels tdaration and severity of
hyperalgesia (Vinegaet al, 1987; Diehlet al, 1988; Weberet al, 2005). For
example, carrageenan injected into the paw of aath cats (Vinegaet al, 1987,
Diehl et al, 1988) or incision of the rat tail (Webet al, 2005) causes hyperalgesia
to either a noxious thermal or mechanical challetiyg parallels the onset and
resolution of the acute inflammatory response. Thejor advantage is that
experimental hyperalgesia without inflammation preg a template for the testing of
putative antihyperalgesic agents, because ageatsdheve such hyperalgesia must

act through antinociceptive rather than anti-inflaatory mechanisms.

5.4 UV-light and altered neuronal firing

My investigations of U¥-light induced hyperalgesia began by exploringfitst step
in central sensitization, the C fibre barrage. Thitbre barrage, activation of C-fibre
neurones during a conditioning challenge, alter Widirones such that the WDR
are sensitized for a duration that exceed bothctmlitioning challenge and the C-
fibre barrage (Dickenson & Sullivan, 1987; WoolB8B; Thompsoret al, 1993b;
Vatine et al, 1998; Jiet al, 2003). Consequently, blocking the C-fibre barragin

local anaesthetics decreases the severity andialurat hyperalgesia in certain
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animal models of chronic pain (Gonzalez-Dardéral, 1986; Seltzeet al, 1991,
Duarteet al, 2005), as well as post-incisional allodynia inrfams (Gordoret al,
1997). Since UY-light irradiation of the rat hindpaw caused semation of WDR
neurones (Urbaet al, 1993), | injected bupivacaine, a long-lastingalognaesthetic,
into the base of rats’ tails before WM¥ght irradiation in order to block the C-fibre

barrage (Chapter 3).

Bupivacaine injection into the base of the rat thdfore U-light exposure
prevented the development of hyperalgesia to a esuemnt noxious thermal
challenge, but did not affect the development afnpry hyperalgesia to a noxious
punctate mechanical challenge (Themistocleeusal, 2007). Adequate afferent
neuronal activity during UX-light exposure was therefore critical for the
development of thermal, but not mechanical hypesitg and my study suggested
that thermal hyperalgesia after Wght exposure was caused solely by central
sensitization. If sensitization of peripheral thafmociceptors occurred then thermal
hyperalgesia would have developed once the bupivadead worn off, on the second
or later days. Centrally mediated thermal hypemifges not without precedent.
Subcutaneous bee venom injection also caused aaltignmediated thermal
hyperalgesia (Cheat al, 1999; Chen & Chen, 2000; Chenal, 2000). Intraplantar
injection of bee venom caused a contralateral therimwyperalgesia, and the
contralateral thermal hyperalgesia was a centralgdiated phenomenon that was
blocked through the systemic administration of aD¥rreceptor antagonist (Chen &
Chen, 2000; Cheret al, 2003). Despite preventing the development of niadr
hyperalgesia, interfering with the C-fibre barratie not prevent the development of

primary hyperalgesia to a noxious punctate mechaoltallenge.
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It may be that the mechanical hyperalgesia depermedensitization processes
activated by myelinated afferent pathways (Meyef&ede, 2004), which were not
disabled by the local anaesthesia. Prolonged penapmeuronal sensitization was
probably responsible for the mechanical hyperadgasowever, it still was possible
that central sensitization occurred independeaminahitial C-fibre. Indeed, Urban and
colleagues (1993) observed continuous low-threshoddhanoreceptor input to the
dorsal horn over the first three days after Adht exposure of the rat hind-paw.
Subsequently, the same group (Thompebal, 1994) showed enhanced summation
of ventral root potentials, a measure of wind-up,résponse to C- and A-fibre
stimulation. Therefore in our animals, continuousput from low-threshold
mechanoreceptor after UMight exposure may have led to progressive windfup
dorsal horn neurones (Herreed al, 2000) with subsequent central sensitization
independent of an initial C-fibre barrage during AJght exposure. To resolve the
mechanisms contributing to the development and t@aamce of the mechanical
hyperalgesia | measured responses from the priaféeyent neurones of the rat tail

after UVa-light exposure (Chapter 4).

In my third study (Chapter 4), | investigated thiteet UVa-light exposure of the rat
tail on primary afferent fibres that innervate taétail, to determine whether changes
within peripheral neurones could have accounted floe modality specific
hyperalgesia observed after | blocked the C-fibmardge and prevented the
development of thermal but not mechanical hypesigd focused on nociceptive
afferents and did not investigate those afferdraswould respond to challenges both

in the noxious and non-noxious ranges. The majalifig of my third study was that |
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discovered a population of peripheral afferent dgrwith electrophysiological
properties consistent with the behavioural hype&silythat developed after W\ight
exposure. The peak firing rates and areas undercuee of post-challenge time
histograms, a measure of firing rate over timepoth the A- and C-fibres were
increased when noxious blunt and punctate chalkengee applied to the rat tail. |
therefore had shown that thedAand C-fibres that encode for noxious punctate and
blunt mechanical challenges were sensitized afiéx-light exposure. However, the
peak firing rate and areas under the curve of poalienge time histograms, a
measure of firing rate over time, of C-fibres thadre responsive to noxious thermal
challenges were not increased after JAdiht exposure. Therefore, C-fibres
responsible for encoding noxious thermal challevge® not sensitized by UMight
exposure. | therefore had discovered alteratiomenpheral afferent fibres that could
account for the modality-specific hyperalgesia. ldger, since | did not investigate
the firing properties of all peripheral afferentunenes, for example neurones that
would respond to challenges both in the noxious rmttnoxious ranges, there may

be other mechanisms that contribute tostlht hyperalgesia.

Hyperalgesia to blunt and punctate mechanical ehgéls after U¥-light exposure of
the rat tail lasted for at least two weeks. | meaguneuronal responses one day after
UVa-light exposure. Therefore, sensitization of peeiath neurones could account for
the hyperalgesia that was present to the bluntpamdtate challenges one day after
UVa-light exposure, but | do not know whether the jpleeral sensitization lasted
long enough to account for the prolonged behaviobyperalgesia. It may be that
increased input from sensitized peripheral afferesurones altered WDR neurones

independently of a C-fibre barrage and thus wagamsible for the sustained
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mechanical hyperalgesia, or sensitized WDR neurcmed peripheral afferent
neurones together account for the prolonged bebhealidwyperalgesia. If peripheral
sensitization does account for prolonged behaviohyperalgesia it may be that
UVa-light acting through chromophores permanently ratte peripheral afferent
neurones. These changes may have caused the dhahgesensitivity of peripheral
nociceptors specific for mechanotransduction in mts in the absence of overt
histological signs of inflammation, and thereby ot for undetected peripheral
mechanisms for the sustained hyperalgesia we aldebiitimately, determining the
neuronal basis of the prolonged hyperalgesia woeddire a study in which primary
afferent and dorsal horn neurones responses arsuneglin rats up to two weeks

after UVa-light exposure.

In contrast to their sensitization to noxious mexta challenges, peripheral afferent
neurones were not sensitized to noxious thermalerige. Such a finding was in
keeping with the data from my second study whe@ylishing the C-fibre barrage
and subsequent central sensitization preventeddkelopment of sustained thermal
hyperalgesia. Therefore, it is possible that thérimgperalgesia after UMlight
exposure of the rat tail was caused by centralitszatson. It is possible that after
UVa-light exposure of the rat tail a sub-populatiomefirones within the spinal cord
became sensitized to noxious thermal challengeswas seen after intraplantar
injection of bee venom, which was a central NMDA&eagtor mediated phenomenon
(Chen & Chen, 2000; Cheat al, 2003). Determining the neuronal basis of the
thermal hyperalgesia would require a study in whWbR dorsal horn neurones

responses are measured after,Uight exposure, as well as determining whether
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WDR dorsal horn neurones responses are altered théhaddition of suitable

antagonists, such as NMDA receptor antagonists.

In my thesis | have developed my own model of \bidht hyperalgesia, which
causes sustained behavioural hyperalgesia to n®ximechanical and thermal
challenges. 1 independently verified that my UWiliglamp emitted light
predominantly in the UY spectrum, and confirmed histologically that UVAHt
does not cause inflammation. The sustained mechlamyperalgesia did not depend
on the activation of the C-fibre barrage, but thalrimyperalgesia did depend on the
activation of a C-fibre barrage during the conditng event of U\{-light exposure.
Furthermore, | demonstrated that primary mecharigperalgesia was in part due to
Ad and C-fibre sensitization, and C-fibres respomsibk encoding noxious thermal
challenges were not sensitized after AJ\ght exposure. | have therefore
demonstrated that primary thermal hyperalgesiavtssolely a peripherally mediated
phenomenon. | believe that the pathophysiologicagéclmnisms that cause
hyperalgesia differ according to the conditioninger®. Thermal hyperalgesia after
peripheral inflammation and nerve injury is caubgdprimary afferent sensitization
and mechanical hyperalgesia is caused by centraitemtion. After bee venom
injection and U\{-light exposure the reverse is true, that is, tladrhyperalgesia is
caused by central sensitisation and mechanical rajgesia is caused by primary
afferent sensitisation. Such a paradigm shift maeyvigde the answers to our poor
success in treating chronic pain and the developofemovel pharmacological targets

and new treatment regimes.
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ii) I am satisfied that the persons listed in this application are competent to perform the procedures therein,
in terms of Section 23(1)(c) of the Veterinary and Para-veterinary Professions Act (19 of 1982)

SIGNED DATE: 26 November 2002

(Registered Veterinarian)
NOTE:

First-time users of the CAS should contact the Director of the CAS in oider to familiarise themselves with the
facilities available, and the procedures required by the CAS for the carrying out of experiments.
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APPLICANT: Andreas Themistocleous
DEPARTMENT: School of Physiology
ERGJECT THLE The effects of local anaesthetics on UV-induced hyperalgesia in rats
Species Number Expiry Date
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Approval is hareby given for the experiment dzscribed in the above apglication

Thes use of thesz animals is subject to AESC Guidelines for the uss and czre of anim
to the procedures specified in the application form, and to:
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APPROVED

SIGNED .4 ét ot

(Chairman: Animal Ethics Scfeening Commitiee)
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| am satisfied that the persons listed in this application are competent to perform the procedures
therein, in terms of Section 23(1)(c) of the Veterinary and Para-veterinary Professions Act (19 of

1982)
/Q Sy
SIGNED 1 C_/% 7
(Registéreervelerinariany

A

DATE: 27 August 2003

NOTE:

First-time users of the CAS should contact the Director of the CAS in order to familiarise themselves with
the facilities available, and the procedures required by the CAS for the carrying out of experiments.
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PROJECT TITLE: Discharge patterns of nociceptive primary afferent fibres in the rat

coccygeal nerve after ultraviolet A-light exposure

Species Number Expiry Date
Rat 60 January 2007
i) Approval is hereby given for the experiment described in the above application.
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SIGNED DATE: 25/01/2005
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