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ABSTRACT

Electrical stimulation of the heel or toes evokes short latency polysynaptic reflexes in
muscles of the ankle extensor medial gastrocnemius (MG), the ankle flexor tibialis anterior
(TA) and the knee flexor biceps femoris (BF), the co-ordinated actions of which form an
organized protective withdrawal response. Previous studies in the rabbit have shown that
such reflexes are enhanced (sensitized) or inhibited by application of the chemogenic agent
mustard oil (MO) to various areas of the body surface in a manner that reinforces the
protective function of these responses. The organization of these ‘sensitization fields’ was
strictly controlled by supraspinal pathways from the brain. The aim of the present
experiments was therefore to extend these studies of the spatial organization of
sensitization of withdrawal reflexes into the rat, the species most commonly used in pain

research.

Patterns of facilitation and inhibition of spinal reflexes were obtained and compared in
decerebrate spinalized, decerebrate non-spinal, and Alfaxan- anaesthetized rats by
applying mustard oil to sixteen different body locations including sites on the ipsilateral and
contralateral hindlimbs as well as other off limb areas such as the snout and tail. It was
found that in decerebrate spinalized animals, MO application to ipsilateral hindlimb sites
enhanced but never inhibited reflex responses in the limb, whilst MO treatment to off limb
sites was without effect. In contrast in anaesthetized animals the prevalent effect of MO
was inhibition from treatment sites distributed across the entire animal. Reflexes in animals
with an intact spinal cord (decerebrate or anaesthetized) were facilitated or inhibited by
MO application to ipsilateral hindlimb sites in a way that resembled the modular
organization of reflexes per se and previous sensitization studies in the rabbit. However
clear differences were also observed in the effects of MO between the two species,
including modulation of the heel-MG extensor response in spinalized animals, which in
rabbit was inhibited by MO application to the ipsilateral toes whereas in the rat no
inhibition by MO was found in spinalized animals. Sensitization of hindlimb reflexes by MO
in the rat therefore seems to be influenced by descending inhibitory and facilitatory

pathways. These influences were further investigated in subsequent studies.

Whilst the predominant effect of spinalization was a loss of inhibition and an expansion of

sensitization fields, in the toes-evoked TA reflex the reverse was noted with regard to MO



treatment of distal ipsilateral sites. In this case, facilitation found in non-spinal animals did
not occur in the equivalent spinalized cohort, and thereby implies that a descending
facilitatory pathway is also implicated in the control of spinal reflex excitability in this

model.

In decerebrate rats, the noradrenergic a,-adrenoceptor antagonist RX 821002 or the
serotonergic 5-HT; receptor antagonist ondansetron were administered directly to the
spinal cord (intrathecally, i.t.) either alone (dose-response studies) or as a single dose
between two successive MO applications to one of three ipsilateral skin sites on the
hindlimb (heel, metatarsophalangeal joints or flexion of the ankle). Cumulative i.t. doses of
RX 821002 revealed the presence of tonic descending inhibition of all reflex responses as
well as preventing MO-evoked inhibition (and possibly facilitation) of reflex responses
suggesting the involvement of the a,-adrenoceptor subtype in mediating these effects in
this model. On the other hand, cumulative i.t. ondansetron administration resulted in a
decrease in the magnitude of reflex responses, thus indicating that 5-HT; receptors are
indeed implicated in tonic descending facilitation of spinal reflexes. In addition i.t.
ondansetron revealed that potentiation (and possibly inhibition) of reflexes following an
acute chemogenic insult appears to involve the actions of serotonin at 5-HT; receptors in

the spinal cord.

These studies therefore show that the organization of sensitization of hindlimb reflexes in
the rat are modulated by supraspinal influences that exist as a balance of descending
facilitatory and inhibitory pathways, mediated at least in part by serotonergic 5-HT;

receptors and noradrenergic a,-adrenoceptors.



PUBLICATIONS TO DATE

Papers

Dobson KL, Harris J (2012) A detailed surgical method for mechanical decerebration of the

rat. Exp Physiol 97:693-698.

Abstracts

Dobson KL, Harris J (2012). Effect of the selective 5-HT; receptor antagonist ondansetron

on mustard-oil induced changes in spinal reflexes in the decerebrated rat. Abstracts of the

XIVth IASP World Congress on Pain PH371.

Dobson KL, Harris J (2011). Descending pathways influence sensitization of reflex responses

in the rat. Proc Physiol Soc 23:PC298.

Dobson KL, Harris J (2010). Sensitization of withdrawal reflexes by mustard oil in the

anaesthetised rat. Abstracts of the Xllith IASP World Congress on Pain PH215.

Harris J, Dobson KL, lles K, Reeve D (2009). Organization of N-methyl-D-aspartate (NMDA)

receptor-mediated sensitization of spinal reflexes following plantar incision in the

anaesthetized rabbit. Proc Br Pharm Soc 7:015P.



ACKNOWLEDGEMENTS

There are many people without whom the completion of this thesis would not have been

possible, and whom | would now like to thank.

First and foremost, my supervisor Dr John Harris, for guidance and support in learning the
intricacies of the experimental techniques, for the welcome and detailed critique of the
draft thesis, and for moral support when times were hard (especially always knowing when

to put the kettle on).

I would also like to thank Drs Sara Kelly and Carl Stevenson for their continued professional

advice and much appreciated inputs to discussions of my work.

Aside from my academic colleagues, critical to the success of this project were the endless
patience, fantastic listening skills, and penchant for de-stressing over a cup of coffee of

both Drs Leanne Williams and Becky Chapman.

Finally, | also extend my thanks to my family for their unfailing belief in me, and most of all

to my partner Nick — for all of it.



TABLE OF CONTENTS

2 N 2 3 U 25 L i
PUBLICATIONS TO DATE ... ccscstsnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssssssssanss iii
ACKNOWLEDGEMENTS .....coiiiiitimssssssssssssssssssssssssssssssssssssssssssssssnssssassnssssassnssssassnssssassnssssassnsas iv
LIST OF FIGURES AND TABLES ... crnssmsmssssssssssssssssssssmsssssssssssssssssssssnssssssssassassasans ix
1. LITERATURE REVIEW ... sccininssmsssssssssssssssssssssssssssssssssssssssssssssssnsssssnsssssnssssssnssnssnss 1
00000 1 o 0 1
I. SOMATOMOTOR INTEGRATION ....iiirinsmsssssssssssssmsssssssssssssssssssssssssssassassnssnssssssnssnssnssns 3
1.1 Peripheral Sensory TranSmiSSion ......oumsmsssssmsmssssssssssssssssssssssssssssssssssssssssasas 3
1.1.1. Primary Afferent Fibre SpecialiSation ..........ceiiieiriiiiieiniee e 3
1.1.2. Cutaneous Receptor SPeCializations........coccuuiiiriiiiiiiiieeeiiee e e 4
.2 Central Nervous System Organization of Sensory Inputs.......ccsssmsnsns 5
1.2.1. Primary Afferent Inputs to the Dorsal HOIN .........cooviiiiiciiie e 7
1.2.2. Somatotopic Organization of the Primary Afferent Input to the Spinal Cord ...........c..cc...e 9
1.2.3. Properties of SpiNal Cord NEUIONES ......coiiii ittt e e rar e e e e e e e s araaeeeaeeean 10
1.2.4. The Effector Component of Withdrawal Reflexes and Ventral Horn Organization................ 12
1.3 Modular Organization of Withdrawal Reflexes........ccoumnnnmsnsnnissmsssnsssssssnsesssssnans 15
1.3.1. Early Work in Animal IMOEIS ........uiiiiiiiiiiiieeeee ettt e e s e e s 15
1.3.2. ApPlIication iN HUMENS .....oiiiiiiiiiiiee ettt ettt e e st e e ssbae e s sbaeeesnabeeesnnns 18
1.3.3. An Alternative Theory of Reflex Organization .........ccoceeviiiiieiniiinienic e 19
1.4 Hypersensitivity and the Underlying Mechanisms.........ssss 21
1.4.1. Primary Hyperalgesia and Peripheral Sensitization...........ccccoooeiiiiiiiii e, 21
1.4.2. Secondary Hyperalgesia and Central Sensitization ..........cccceeeciiiiiiciee s e 22
1.5 Pharmacology of SensitiZation.........onmsssssssssssssssssssssss 24
I.5.1. Molecular Mechanisms of SENSItiZation........ccoociiiiiiiiiiiiie e 24
1.5.2. The Role of Second MesSenger SYSTEMS .........uuviiiiiieicciiiieee et e e eescrar e e e e e e eearaaeeeaeeeas 26
1.5.3. Pharmacological Action of Chemogenic Sensitizing AZents .........ccccveeevciieeeccieeeccieeeerieee e 27
II. DESCENDING CONTROLS ....ccrrcrsnsessmssssmsssssssmsssssssmsssssssmsssssssmsssssssmsssssssnssssmssnssnsmssnsans 28



I1.1 Supraspinal Control of Hindlimb RefleXes ... 28

L R XY ot =T T [T Ve = 1 Y 13RS 28
11.1.2. DeSCending INTIUBNCES........uuiiieeiee et e e e e e eba e e e e e e e e s atbaaeeeaeeeaan 29
ILA.BULBOSPINAL NORADRENERGIC PATHWAYS......cooirrinssnssnsmssmsmsssssssssssssssmssssans 32
I1.A.1 Biosynthesis and Metabolism of Noradrenaline ..., 32

II.A.2 Noradrenergic and Adrenergic Cell Locations in the Central Nervous

R 1] 1 32
IILA.2.1. Noradrenergic Cells in the Rat Brain .........cceecuiiiiiiiie e eeee e sree e e sve e e e e 34
11LA.2.2. Adrenergic Cells in the Rat Brain........ccccooccuiiiiiiii ettt vare e e e 38
11LA.2.3. Noradrenergic Projections to the Spinal Cord ........cccoviiiiiiieiiiiiiiee e 39

I1LA.3 Noradrenergic RECEPLOLS ... sssssssssssssssssssssassssssssssss 41
LN 350 N [ o o = Yo [ =Y Yo Yl o] oY USSR 41
| B = 11 = WAV [T To Tl o o YU 43
I1.LA.3.3. Molecular Mechanisms in Noradrenergic TransSmiSSiON .........ccovveeeercvieeeeiieeescieeeesireeennns 44
IILA.3.4. Adrenoceptor Expression in the Spinal Cord.........cccceviiirieiiiie i 45

IL.LB. BULBOSPINAL SEROTONERGIC PATHWAYS......rnsnnsssssssssesssssssssssssssssssssssses 47

I1.B.1 Biosynthesis and Metabolism of Serotonin.........uu———————— 47

I1.B.2 Serotonergic Cell Locations in the Central Nervous System .........c.cooesesesssenss 49
11.B.2.1. Serotonergic Cells in the Rat BraiN ........ccocccuuiiiiiiii i e e e e e e 49
11.B.2.2. Serotonergic Projections to the Spinal Cord ........cocciiiiiiiiiiccieee e 53

I1.B.3 Serotonergic RECEPLOTS ... ssassssssssssss 55
11.B.3.1. 5-HT1 RECEPION SUDTYPES....uiiiiiiiieieiiee e ctee ettt e st e e e e e et e e e sate e e e e ssasesnaeeesnseeennnns 56
11.B.3.2. 5-HT ) RECEPLON SUDTYPES. . uiiiiiieiiiiiee ettt et e e e e e earar e e e e e e e s anraaeeeaeeeans 59
L S e BT o I 2 U=Tol =] o) o PP PP PP PPPPPPPPPPPPPPRE 62
11.B.3.4. Other 5-HT RECEPIOIS. ..eiiiuiieeeiiiieieiteeestiee e ettt e e eettee e e streeeesae e e senseeeessteeeesnseesesnseeeessseeennnes 63
11.B.3.5. Serotonergic Receptor Expression in the Spinal Cord.........ccooiiiiiiiiieiiiiiiieee e, 66

2. MATERIALS & METHODS.........cinnsssssssnssssssssssssssmssssssssssssssssssssssssssssssnssssssssssssnssnssnss 71

2.1 Surgical Preparation ... s sssssssssssssssssasssssssssssssssassssssasass 71
I Y o ¥ 11 o o LT - [P PR 71
0 0 = o T 0| P o o PSS 72

vi



B R TR D L= Y ol =T o T = 4 o) VUSROS 73

D Y o 11 F=1 [ 4= 1 4 Lo Y o ISP UUP 73
2.1.5. Stimulation and RECOIAING ......uuviiiiie e e e e et e e e e e e aaaaae e s 74
2.1.6. CardiovasCular MEaSUIMEMENTS .....c.eiiviirieeritieeiteesieeeree st e e bt e st e s bt e sbeesbeesabeesbeesabeesnneesanes 75
2.1.7. SeNSItIZING STIMUIT.....eeiiieeee e s e e e e e e eaer e e e sta e e e esteeeeensaeeesnraneean 75
2.2 Statistical ANAlYSES....riismssssiisssssss s 76

3. ADETAILED SURGICAL METHOD FOR MECHANICAL DECEREBRATION OF THE

27 g 78
B2 70 T 04 0 0 Yo L0 U ) o 78
3.2 Method DevelOPMENt ......cmiisismsmsmsmsmsmsssmsmssssssssssssssssssssssssssssssssssssasassssssssssssssssssssssasass 80
3.2.1. Trialled Amendments to Mechanical Decerebration ............ueeeeiiiiiiiiiiieeiieeeeeee e, 81
I T T Y/ =1 0 Vo Yo IR 84
3.3 CardiovascCUlar EffECtS . ..uuommmmememsrissssssssssssssssssssssnsssssssssssssssssssssnsssssassnsssssssssssssssnssns 87
I I 21 o Yo Yo I o =YY UL <N 87
I TV & [T o A =) TN 89
B 27 0 D 3 T ot 1Y 0 o 89
3.5 CONCIUSIONS wivuiiirersmmsersmssssssssssssssssssssssssssssssnssssssssssssssssssassnssnssnssasssssasssessnssnssnssnssassasssnssnnsnssns 95

4. ORGANIZATION AND CONTROL OF SENSITIZATION OF WITHDRAWAL

REFLEXES ... ctcietisriesiimsismsisssissssssssssssessssssssssnssssssssssss sass ssns samssamsssn s ans snsssnsssnsuse ssn snnssnssanssnnssnnssnnes 96
7% 0 03 U 06 L0 ) 96
7 2\ (4 10T o 97
L Y T -4 Tor- | I o =Y oF- | =Y o AP RSN 97
4.2.2. EXPerimental PrOTOCO!.....cocuiiie ettt e e et e e s eatae e e s e e e enreeeenes 98
o B - | 1 A ot | A o =] LV T U P UUUPUPPRRRINt 98
0 22T 1 99
4.3.1. Electrical StIMUIGtion ParamEters ........ccocciureeeiee et ettt e e eeeareee e e e e eesaareeeeeeesesnnnes 99
4.3.2. CoNtrol REFIEX RESPONSES ...eeiiiiieiiiiiiee e ettt e e e eeett e e e e e e et ae e e e e e s e s aataaeeeeesesnsraaeeaaeeanns 102
4.3.3. Effect of Mustard Oil 0N REfIEXES ......evviviviiiiiieeiieeeeeeeeeeeeeeeeeeeeee et reeeeeeeees 102
4.3.4. DUration Of ReflEX EffECTS..uuuiiiiiiiiiiiiiiii ettt e e e eeaabaareeeeeenns 108
4.3.5. CardioVasCUIAr EffECLS ..ccuuuiiieiieiiiitiiec ettt eee e e e e e aabaa e e e e e sesasbaneeeeeeenns 109

Vii



% 7% 5 D 3 o 1) (0 o 117

4.5 CONCIUSIONS ...eieiernsnsnsnsnsmsmsssmsssssssssssss s s sssssasas s s s sssssssssssssasasasas s s s s s snsnsssnsasasas 123
5. NORADRENERGIC MODULATION OF SPINAL REFLEXES.......crernscesesancenes 124
L0 10318 o1 11 ot ) o 124
5.2 Methods ..o s ssssssssssassssssassesssassssssassnsssassssnsassnsnsnss 125
oI B U =4 [or=1 W o ¢ =] o -1 - 1 o] o SR 125
5.2.2. EXperimental ProtoCol ...ttt et e e e 126
I B =14 1) ot | I T T |V S 127
LS 0 2T 1 L 128
5.3.1. Effect of RX 821002 on reflex reSPONSES PEI S ...uuiiiiiiicciriieeeeeeeeciteeee e e e eeeirree e e e e e eeenaeeeee s 129
5.3.2. Mustard oil-induced changes in reflexes in the presence of RX 821002............cccccuvvrenneen. 133
LI 30 ) E 1 1) ) 137
5.5 CONCIUSIONS ..uviuiinsmisismsmsssssssissssssssssssssssssssssssssssssssssssasssssssssesssasssssssssesssassssmsassnsssassssnsassnsnsass 144
6. SEROTONERGIC MODULATION OF SPINAL REFLEXES.......cccsninmmnmnnnnnnnsnssessassassnnas 145
6.1 INTrodUCHION ... s R e R RS 145
LI\ = o 1 L0 T 146
L YU =4 o= 1 W e (=T o =1 - 14 o] [PPSR 146
6.2.2. EXPerimental ProtOCO| .........cicuiieiiiie ettt e see e e e st e st e e e ta e e e nnre e e ennes 146
6.2.3. StAtistical ANAIYSIS ...uvvieiiee e e e e e e e e e aaareaea s 148
LTS 20 2T 1 148
6.3.1. Effect of Ondansetron on Reflex ReSPONSESs PEI SE.......uevvcvieeeiiiieeeciee e 149
6.3.2. Mustard Oil-induced Changes in Reflexes in the Presence of Ondansetron....................... 153
LS T 13T ET ) o 158
6.5 CONCIUSIONS ..uciiieinsnsmisssnssisssssssssssss s sssssss s sssssss s snsassesssss s sesas e s sssassesns s s snsassnssasnsnass 162
7. GENERAL DISCUSSION.....cooiitimsmssmsassmssssnssmssssssssssssasssssssmsssssssmsssssssmssssnssnssssnssnssssnssnssnsnssns 163

viii



LIST OF FIGURES AND TABLES

Figure 1.1: Schematic drawing of the Rexed laminar divisions of the spinal cord..........ccccceeevverrrnnennn. 6
Figure 1.2: Motor neurone pools in the lumbar ventral horn of the rat.......cccccoeeiiiiiiiiiiiiiie . 14
Figure 1.3: Receptive field mapping of the plantar surface of the rat hind limb ..............cccccveeee. 17
Figure 1.4: Biosynthetic pathway of catecholamine molecules..........cccccovcieeieiiii e, 33
Figure 1.5: Noradrenergic and adrenergic cell groups in the rat brain.........ccccccooeiiiiiiiiiiciiiieee e, 35
Figure 1.6: Biosynthetic pathway of SErotonin ..........cccviiiiiiii e 48
Figure 1.7: Major serotonergic pathways in the rat brain .......cccccceiiecee e, 50
Figure 2.1: Flow diagram of the recording apparatus........c.ccueeeeciiieiciiee s 77
Figure 3.1: Post-decerebration survival times during the course of method development................ 83
Figure 3.2: Photo series of the stages of the decerebration procedure in a euthanized rat. .............. 86
Table 3.1: Mean MAP and HR values recorded during decerebration..........ccceccevevciieeeicieececiee e, 88
Table 4.1: Median electrical stimulation Parameters ........ccocccieei e 100
Table 4.2: Median raw reflex responses by preparation ..........ccccceeeeiieciiiiiie e cccceee e 100
Figure 4.1: Median raw reflex responses by preparation ........ccccveeeeciiieicieee e 101
Figure 4.2: Raw data traces showing the responses of BF to heel stimulation.........ccccccccovveevcviennns 103
Figure 4.3: Example graphs to show the differential effects of MO application.........ccccceeuvureeenennn. 104
Figure 4.4: MO effects on hindlimb reflexes in the three preparations.........cccccceveevieeeicieeeciiieeens 106
Table 4.3: Effects of MO on hindlimb reflexes ..o 111

Figure 5.1: Effect of cumulative intrathecal application of vehicle or the noradrenergic a,-
adrenoceptor antagonist RX 821002 on each of the four hindlimb reflexes........ccccccoeviiiiieiiinnnnis 130
Figure 5.2: Raw data traces showing the facilitatory effect of RX 821002 ........cccceeecveeeviieeeeiiieeenns 131

Figure 5.3: Effect of cumulative intrathecal application of vehicle or the noradrenergic a,-

adrenoceptor antagonist RX 821002 on cardiovascular reSPONSES .......eeeeeeeeeciurieeeeeeeeiiiieeeeeeeeenennns 132
Figure 5.4: Effect of mustard oil application to the ipsilateral flexion of the ankle........................... 134
Figure 5.5: Effect of mustard oil application to the ipsilateral metatarsophalangeal joints.............. 135
Figure 5.6: Effect of mustard oil application to the ipsilateral heel...........ccccoeeieiiiiiiiiinceee e, 136

Figure 6.1: Effect of cumulative intrathecal application of vehicle or the 5-HT; receptor antagonist
ondansetron on each of the four hindlimb reflexes ... 150
Figure 6.2: Raw data traces showing the inhibitory effect of ondansetron...........cccccceeeeeiiiniennnnnn. 151

Figure 6.3: Effect of cumulative intrathecal application of vehicle or the 5-HT; receptor antagonist

ondansetron on cardioVasCUlar FESPONSES .......cccuveeeiiureeeeiireeieireeesireeeestreeessreeesssseeesssseeesassseeessssees 152
Figure 6.4: Effect of mustard oil application to the ipsilateral flexion of the ankle........................... 154
Figure 6.5: Effect of mustard oil application to the ipsilateral metatarsophalangeal joints.............. 155
Figure 6.6: Effect of mustard oil application to the ipsilateral heel..........ccceeevciieieciii e 156



1. LITERATURE REVIEW

Introduction

Noxious or potentially noxious stimulation of the hindlimb evokes short latency
polysynaptic reflexes in the limb to withdraw it from the stimulus. Therefore rather than
being a stereotypical response, limb withdrawal is comprised of a number of reflex
contractions/relaxations within individual muscles of the limb, the actual movement being
generated by activation of the most appropriate muscles to move the limb away from the
stimulation site. Thus stimulation of the heel evokes responses in the ankle extensor
muscle medial gastrocnemius (MG) which would lift the heel shifting weight to the toes,
and toes stimulation evokes responses in the ankle flexor muscle tibialis anterior (TA)
which raises the toes shifting weight to the heel. The knee flexor/hip extensor muscle
biceps femoris (BF) is activated by stimulation at both the heel and toes reflecting the fact
that its action is to lift the foot completely from contact with the ground. These nocifensive
reflex responses therefore serve a protective function, as contraction of each muscle would
cause the stimulated area to be lifted away from the source of stimulation. By studying
reflexes, an investigator can therefore theoretically study a population of neurones with a
known function rather than by sampling from a heterogeneous population of cells. Since
these reflex pathways are organized entirely within the spinal cord, they can be used to
assess the effects of physiological and pharmacological manipulations on spinal cord
activity, and hence lead to a better understanding of how spinally mediated events are
controlled. The present studies have therefore investigated two types of input which
modify reflex function: i) noxious chemogenic stimulation of different cutaneous and deep

tissue sites and ii) the influence of descending pathways from the brain.

Previous studies in this laboratory performed in decerebrate spinalized rabbits have shown
that application of the noxious chemical mustard oil (MO) anywhere on the ipsilateral
hindlimb is able to generate a prolonged enhancement of reflexes evoked in the knee
flexor semitendinosus and the ankle flexor TA. In non-spinal animals however, only MO
applied to the plantar surface of the foot caused sensitization of flexor reflexes, indicating a
descending inhibitory control of reflex sensitization fields that restricts sensitization to sites

which make ground contact (Harris and Clarke, 2003). In contrast, the pattern of MO-



induced facilitation of responses in the heel-MG extensor reflex was spatially not different

in the spinalized preparation relative to the spinally-intact equivalent.

Intrathecal or systemic administration of the a,-adrenoceptor antagonists yohimbine and
idazoxan in decerebrate non-spinal rabbits facilitated reflex responses in the ankle extensor
MG evoked by electrical stimulation of the sural nerve (Clarke et al., 1988, Harris and
Clarke, 1992), suggesting that a tonically active noradrenergic pathway influences the
activity of the spinal reflex arc. Reflex responses to noxious mechanical stimulation in this
preparation were also enhanced by spinal administration of idazoxan (Clarke et al., 2001).
Furthermore, receptors belonging to the serotonergic superfamily have been implicated as
modulators of spinal reflex excitability. Antagonists for the 5-HT,4 and 5-HT, receptor
subtypes applied intrathecally in decerebrated non-spinal rabbits potentiated (and
reduced) the sural-MG response (Clarke et al., 1996) thus demonstrating the potential
involvement of serotonergic transmission in modulating the excitability of reflexes in this

model.

The aims of the present studies were therefore: i) to investigate whether a similar
differential pattern of reflex sensitization by MO could be found in rats, a species more
widely used in pain research; and ii) to examine the nature of the descending pathways

which influence the reflex responses in the rat per se and the sensitization thereof.

This review is therefore divided into two main sections. The first part describes the
organization of the spinal cord, concentrating on the various components that make up a
spinal reflex and background to the concept of sensitization. Section Il of the literature
review gives a detailed account of the anatomy of noradrenergic and serotonergic
descending pathways, as well as the pharmacology of their receptors and their location in

the spinal cord.



I. SOMATOMOTOR INTEGRATION

1.1 Peripheral Sensory Transmission

Cutaneous receptors, which are the sensors for initiating reflex responses, are specialised
to detect a variety of somatosensory modalities, including mechanical stimuli such as
vibration and pressure, warm and cold thermal stimuli, as well as range of noxious
inputs(McGlone and Reilly, 2010). Sensory receptors capable of transducing and encoding
noxious stimuli are referred to as nociceptors (Loeser and Treede, 2008), with the
definition provided by the International Association for the Study of Pain (IASP) in this case
referring only to truly specialised receptors i.e. those capable of responding to noxious and

non-noxious stimuli are not termed nociceptors.

1.1.1. Primary Afferent Fibre Specialisation

The sensory neurones innervating cutaneous receptors can be divided according to their
action potential conduction velocity (CV), myelination, and fibre size into three main
categories, given that CV is directly proportional to diameter and myelination state (Hursh,
1939, Gasser, 1941). The values quoted below for diameter and CV are specific to rat,
though much of the preliminary research into the relationship between the structural and
functional properties of neurones was conducted in cats (for a review of interspecies

variations of these properties see Djouhri and Lawson, 2004).

Ao primary afferent neurones are large myelinated fibres (5 to 14 um diameter, Sanders
and Zimmerman, 1986) with CVs in the range of 12 to 55 m/s (Harper and Lawson, 1985b,
Lawson and Waddell, 1991)and are frequently classed as mechanoreceptors that have a
primary role in detecting tactile stimuli, though there has been some evidence provided for

a role in nociception in several species including cat, rat, and guinea pig (Lawson, 2002).

AS fibres are smaller myelinated neurones (a diameter of 2-5 um, Erdine et al. , 2009) and,
as might be predicted from the relationship between fibre diameter and conduction, have
a lower CV ranging approximately from2 to 14 m/s (Ritter and Mendell, 1992), and
transduce cold thermal stimuli (Simone and Kajander, 1997)and early-phase nociceptive

input (a sharp, well localised pain). In human volunteers undergoing electrical cutaneous



stimulation, amplitudes greater than the threshold for A fibres were perceived as a sharp
or pricking sensation (McAllister et al., 1995), characteristic of early-phase pain. There is
some discrepancy between the reported CVs for AB and Ad fibre types, with mid-range
conduction velocities either arbitrarily assigned as one type or the other, or differentiated
on the basis of a range of properties such as stimulus modality responded to, compound
action potential waveform, or a statistical analysis of CV clustering (Burgess and Perl, 1967,
Villiere and MclLachlan, 1996, Fang et al., 2002). As CVs are dependent on factors such as
age of the animal, temperature at which the recording was performed, and distance from
the cell body (Birren and Wall, 1956, Hopkins and Lambert, 1973, Waxman, 1980, Harper
and Lawson, 1985a, Sato et al., 1985), it is not appropriate to apply a generalised figure to
the two primary afferent subtypes. The ranges quoted above are therefore supplied for

comparison only.

The fibres generally classified as nociceptors are known as C-type fibres, which are non-
myelinated and therefore have a CV in the rat of less than 2 m/s (Hopkins and Lambert,
1973, Fitzgerald and Woolf, 1981, Grudt and Perl, 2002). These fibres are considered the
primary nociceptors of the peripheral nervous system, with histological analyses showing
that they constitute between 75 and 80%of the axons in the rat saphenous nerve and the
human sural nerve (Ochoa and Mair, 1969, Scadding, 1980, Carter and Lisney, 1987), and
are responsible for conveyance of the second phase of pain (a dull aching sensation) as well
as warm/hot thermal stimuli (Ochoa and Torebjork, 1989, Yarnitsky et al., 1992).

C-fibres may be described as either: i) polymodal i.e. responding to several different
modalities of mechanical, thermal, and chemical stimuli; ii) selective and respond to only
one of the previously mentioned stimuli; or iii) silent, in that they are not activated under
normal circumstances but respond readily following tissue damage or sensitization

(Handwerker et al., 1991, Schmidt et al., 1995).

1.1.2. Cutaneous Receptor Specializations

The peripheral cutaneous termini of primary afferents may be sub-divided on the basis of

the nature of the stimulus to which they are specifically adapted to respond to, including

differing forms of mechanical input, thermal stimuli, and also nociceptive inputs.



The physiologically simplest afferent fibre ending is the free ending which has no
specialised somatosensory receptor unit. This is typical of nociceptive neurones, and allows
the fibre direct access to extracellular secretory molecules as well as chemicals that may be
absorbed into the skin. This serves to preserve the functionality of these afferents as the
unprotected neuronal ending is unrestricted in terms of contact with potentially excitatory
agents and also enables rapid detection of thermal variations. More complex morphology is
found at mechanoreceptive endings which are classed as either slowly- or rapidly-adapting,
and superficial or deep. Merkel’s disks are slowly adapting endothelial cells residing at
peripheral nerve terminals that respond primarily to sensations of pressure and vibration
(lggo and Muir, 1969), and are located relatively superficially in the basal layer of both
glabrous and hairy skin. Also relatively superficial, Meissner’s corpuscles are rapidly
adapting mechanoreceptors innervated by both myelinated and non-myelinated afferents,
that in addition to detecting low-threshold mechanical stimuli such as light pressure, may
also have a nociceptive functionality (Cauna, 1956, Paré et al., 2001). Deeper located but
also pressure-sensitive are the Pacinian corpuscles, which in addition to pressure respond
to high frequency vibrational stimuli (William et al., 1968). These endings are multi-lamellar
structures composed of a mass of connective tissue that encapsulates the free end of AB-
fibres in the dermal layer (Bell et al., 1994) and are rapidly adapting i.e. respond quickly at
the initial detection of a stimulus and then cease firing with ongoing unchanged input. The
fourth type of mechanoreceptor is a deeply situated slowly adapting corpuscle referred to
as a Ruffini ending which functions as a stretch receptor during grasping tasks (Ruffini,

1898).

1.2 Central Nervous System Organization of Sensory Inputs

The perikarya of primary afferent fibres reside in the dorsal root ganglia (DRG) as
pseudounipolar neurones which project their central terminals into the dorsal horn of the
spinal cord. The central axons of sensory neurones bifurcate prior to entering the dorsal
horn proper and project both rostrally and caudally into the dorsolateral tract of Lissauer
(Earle, 1952, Traub et al., 1986). Collateral fibres divide further from these branches which
then enter the dorsal horn into the laminae described below. The structure of the spinal
cord is divided by cytological architecture into ten distinct laminae, as originally described

in the cat by Rexed in the 1950s (Rexed, 1952) (figure 1.1). A similar



Figure 1.1: Schematic drawing of the Rexed laminar divisions of the spinal cord. The dorsal
horn may be divided into superficial (laminae I-Ill) and deep regions (IV-VI). The ventral
horn comprises laminae VII-IX with lamina X bordering the central canal.

Also shown are the laminar terminations of primary afferent fibres (Aa = blue, AB = green,
Ad = orange, C = red).

Figure adapted from Grottel et al. (1999).



arrangement has been demonstrated in the rat lower thoracic and lumbosacral spinal
column (Molander et al., 1984, Molander et al., 1989) with subtle interspecies variation in
the exact lamina position and size. In broad terms, the dorsal horn is responsible for the
initial processing of somatosensory inputs, and the ventral horn co-ordinates the motor

response to those inputs.

1.2.1. Primary Afferent Inputs to the Dorsal Horn

The determination of primary afferent input to the various laminae of the dorsal horn may
be performed by either anterograde or retrograde labelling, or by functional classification
based on the stimulus modality or recruitment threshold for a particular fibre. One
commonly used substance in axonal transport labelling studies has been the enzyme
horseradish peroxidase (HRP) (Light and Perl, 1977), which has typically been conjugated to
a macromolecule such as wheatgerm agglutinin or the B-subunit of cholera toxin (CTb) to
enhance its uptake (Horikawa and Powell, 1986). Modifications of these methods have also
allowed fibre types to be selectively labelled, as shown by the use of unconjugated CTb as a
selective tracer for myelinated fibres (Todd et al., 2003) or of Phaseolus vulgaris
leukoagglutinin to label only C-fibres (Sugiura et al., 1986). By using these techniques or
variations thereon, the central terminations of primary afferent fibres of all classes have

been established.

Rexed’s lamina | (also referred to as the marginal zone) forms the dorsal-most boundary of
the spinal grey matter. Small afferent fibres arising from nerves in the hindlimb of the rat
terminate in lamina | (Swett and Woolf, 1985)including both A5 and C fibres with
arborizations to deeper dorsal horn laminae (Light and Perl, 1979, Sugiura et al., 1986,
Todd et al., 2003). The 