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ABSTRACT 

The anterior hypothalamus (AH) is an important centre for the integrated control of autonomic 
and sensory functions. Such control is a pivotal part of the defensive strategies of animals in 

response to challenges in their internal and external environment. The available evidence 
suggests that the changes in sensory function are mediated in part by descending pathways 
from the AH that modulate processing in the spinal cord. Interestingly, this modulation appears 
to selectively inhibit nociceptor-evoked activity whilst transmission of non-nociceptive 
information is unaltered or even enhanced. An important question addressed in this thesis is 

whether or not such differential control extends to the different components of the nociceptive 

signal, i. e. A5- versus C-nociceptor evoked activity. 

In initial experiments, a non-invasive method was developed to preferentially activate either A6- 

or C-nociceptors in anaesthetised rats (Chapter 2). This method utilised slow rates of heating to 

evoke withdrawal reflexes activated by capsaicin-sensitive nociceptors (predominantly C- 

nociceptors) and fast rates of heating to evoke reflexes activated by capsaicin-insensitive 

nociceptors (predominantly A5-nociceptors). The effects of neuronal activation within the lateral 

area of the anterior hypothalamus (LAAH) were then assessed in terms of selectivity for A5- 

compared to C-nociceptor activated reflexes (Chapter 3). The results provide evidence for a 
differential control; withdrawal reflexes evoked by C-nociceptors were inhibited whereas 

reflexes evoked by A6-nociceptors were unaffected. 

Experiments described in Chapter 4 tested the effects of an immune-challenge (intraperitoneal 

injection of lipopolysaccharide, LPS) on withdrawal reflexes to slow and fast rates of noxious 

skin heating. An enhanced responsiveness to all types of noxious stimuli occurred following 

immune-activation in anaesthetised rats, with no evidence for a differential modulation of 

nociception. These pronociceptive effects most likely represent the hyperalgesia noted in the 

many studies of illness in awake animals. 

The changes in nociceptive processing that occur during illness are believed to be mediated 

partly by descending facilitation of spinal nociception. The aim of the final series of experiments 
(Chapter 5) was to determine levels of activity in the hypothalamus during an immune challenge 
by studying patterns of Fos expression in the brains of LPS-treated rats. The data revealed a 

significant increase in Fos levels in the caudal part of the anterior hypothalamic area (cAHA) 

following immune-activation. These results lend further support to the importance of the AH, in 

particular the cAHA, in the co-ordinated control of autonomic and sensory functions during 

illness. 
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Chapter 1: General Introduction 

1. GENERAL INTRODUCTION 

1.1 Introduction 

Acute or physiological pain may be defined as: 

"An unpleasant sensory and emotional experience associated with actual or potential tissue 
damage, or described in terms of such damage. " (IASP Task Force on Taxonomy, 1994) 

The "tissue damage" in this definition refers to the effects of noxious chemical, mechanical or 

thermal stimuli that exceed the normal physiological range. The ability to detect and respond to 
these noxious or nociceptive (from the Latin nocere, "to harm") stimuli has been termed 

nocliception (Sherrington, 1910). Primary afferent fibres convey nociceptive information from 

the periphery to the dorsal horns of the spinal cord. From here ascending pathways transmit 

the nociceptive signals to the brain, which in higher animals may or may not lead to the 

conscious perception of pain. 

The primary function of nociception is one of protection. Upon exposure to a noxious stimulus 

nociceptive processes can initiate simple reflexes to withdraw from the stimulus and limit further 

harm. This function is evident even in invertebrates with primitive central nervous systems such 

as the medicinal leech (Hirudo medicinalis), which exhibits rapid withdrawal responses such as 

writhing or coiling in response to noxious mechanical stimuli (Kavaliers, 1988). In higher 

animals however, withdrawal responses to noxious stimulation have evolved into more complex, 

spatially-organised reflex patterns that involve multiple muscles and are co-ordinated by spinal 

and supraspinal structures (Schouenborg et aL, 1995). In addition to changes in motor activity, 

nociceptive signals may also drive adjustments in autonomic function, for example vasodilation 
in skeletal muscle, and behaviour, for example increased arousal. These physiological and 
behavioural responses to noxious stimulation act to protect the animal in the face of a perceived 
threat to its integrity. 

It is well established that the transmission of nociceptive signals in the spinal cord is subject to 

powerful modulatory influences via pathways that descend from the brain. Such descending 

control may allow the nociceptive system to adapt to changes in the internal or external 

environments and may contribute to the defensive strategies of an animal. In the case of 
descending inhibition, an attenuation of nociceptive transmission may enhance host survival by 

allowing an animal to actively respond to the threat ("fight") or flee to safety ("flight") without 
being hindered by a competing motivation to attend to any injuries (Harris, 1996). In the case of 

descending facilitation, an increased transmission of nociceptive signals may serve to focus 

physiological attention to a newly received injury or infection and motivate behavioural patterns 

to encourage recuperation and healing (Watkins & Maier, 2000). Importantly, the amplification 

of nociceptive transmission may play an important role in chronic pain states in humans. 



Chapter 1: General Introduction 

The general theme of this thesis is the descending control of spinal nociception that originates 
in the anterior hypothalamus. The primary method used to study descending control was to 

record the electromyographic (EMG) activity of a spinally-mediated nociceptive withdrawal reflex 

as an assay of nociception. Modulation of this withdrawal reflex was investigated following i) 

activation of the anterior hypothalamus by stereotaxic injection of excitatory amino acids and ii) 
intraperitoneal injection of an immune activator. Particular focus was given to the effects of 
descending control on the reflex activity evoked by different functional classes of nociceptor. In 

addition, immunohistochernical techniques were employed to determine the potential role of the 

anterior hypothalamus in mediating changes in nociceptive processing during the acute phase 
response of illness. 

This introduction provides an overview of the nociceptive apparatus of the rat, unless otherwise 
stated, and continues to describe the descending control of nociception. Particular reference is 

made to the hypothalamus, which is shown to be an important supraspinal site in the 

modulation of nociceptive and autonomic function. 

1.2 Mechanisms of Cutaneous Nociception 

The sensory receptors that detect noxious stimuli are called nociceptors and they are located in 

cutaneous structures, within deep tissues (e. g. muscle), and in the walls of viscera (for review 

see Belemonte & Cervero, 1996). The responses of these receptors vary according to their 
location: cutaneous nociceptors may respond to mechanical stresses, high temperatures or 

chemical irritants (for reviews see Campbell & Meyer, 1996; Raja et aL, 1999), whereas those in 

the walls of viscera respond most readily to distension or smooth muscle spasm (for reviews 

see Cervero, 1994; Gebhart, 1995; McMahon et al., 1995). Tissues are therefore equipped with 

nociceptors that have evolved to detect stimuli appropriate to their location (Clarke, 1994; Lynn, 

1995). The work described in this thesis is concerned primarily with cutaneous nociceptors. 
Cutaneous nociception is of great importance as the body surface is an organism's principal 
interface with the external environment, and it is here that many noxious stimuli are 

encountered. The peripheral terminals of nociceptors are believed to be free nerve endings, 

although this has not been proven definitively (Kruger & Halata, 1996). However, the afferent 

axons of nociceptors have been well characterised and it is generally accepted that they fall into 

two main groups, the A8- or C-fibres. 

1.2.1 Anatomical and Response Properties of C-nociceptors; 

C-fibre nociceptors have small unmyelinated axons (diameter <1 ýLrn) and small cell bodies 

located in the dorsal root ganglia (DRG) with cross-sectional areas of approximately 450ýLM2 

(Harper & Lawson, 1985; Lynn, 1990; Wesselmann et al., 1994). Single unit recordings of 

peripheral nerves that supply the skin of the rat hind paw indicate that these fibres are slowly 

conducting, with conduction velocities <1.5ms-1 (Lynn & Carpenter, 1982; Leem et al., 1993a; 
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Andrew & Greenspan, 1999b). The predominant type of C-nociceptive unit identified in such 

studies is the C-mechanoheat nociceptor (CMH), units responsive to noxious mechanical and 
heat stimuli. Most CMHs also respond to noxious chemical stimuli and as such are often 
described as polymodal (Davis et a/., 1993). CMHs exhibit an increase in discharge frequency 

with increases in stimulus intensity and rapidly adapting responses to sustained mechanical 

stimuli. Receptive fields comprise small single spots (diameter <1mm) orovoid-shaped zones, 
2-4mm in length. Thresholds to noxious heat range from 37 - 590C, with an average threshold 

of around 47'C, and unit firing may increase linearly or sometimes exponentially with increases 

in temperature (Lynn & Carpenter, 1982; Leem et al., 1993a; Lynn, 1994; Andrew & Greenspan, 

1999a; Andrew & Greenspan, 1999b). Evidence from psychophysical and microneurographic 

studies indicates that CMH nociceptors encode heat or burning pain in humans (Torebjork & 

Hallin, 1973; LaMotte & Campbell, 1978; Torebjork et aL, 1984; Tillman et al., 1995). 

A smaller proportion of C-nociceptive units respond only to noxious mechanical stimuli (CM 

units) and fewer still respond to noxious mechanical, heat and cold stimuli (CMHC units). Units 

responding to noxious mechanical and cold stimuli only (CIVIC units) have also been sampled in 

nerves supplying the skin of rat paws (Lynn & Carpenter, 1982; Leem et al., 1993a; 1993b; 

Lynn, 1994; Raja et al., 1999). 

1.2.2 Anatomical and Response Properties of A8-nociceptors 

In comparison to C-fibre nociceptors, cutaneous A5-fibre neurones have lightly myelinated 

axons, larger axonal diameters (1-2ýLrn) and DRG cell bodies (cross-sectional areas of 

approximately 7 00ý, M) , and faster axonal conduction velocities in the range of 2.5 - 
25. Oms-1 (Quilliam, 1956; Lynn & Carpenter, 1982; Harper & Lawson, 1985; Leem et al., 1993a; 

Andrew & Greenspan, 1999b). With respect to their stimulus-response properties, A5- 

nociceptors can be subdivided into well-defined groups. Single unit recordings reveal that A& 

nociceptors respond to noxious stimuli with higher discharge frequencies than C-nociceptors 

(e. g. see figure 2 in Andrew & Greenspan, 1999b). The receptive fields of ADMs consist of 

single or multiple small highly-sensitive spots, 0.5 - 4. Omm in diameter, distributed evenly over 

the surface of the skin (Lynn & Carpenter, 1982; Leem et al., 1993a). Considering the higher 

discharge rates, highly responsive multispot receptive fields and faster conduction velocity, the 

A8-nociceptors have been described as providing more discriminative or higher resolution 

information to the CNIS than C-nociceptors (e. g. Raja et al., 1999). 

The predominant A6-nociceptive unit found in nerves supplying the skin of the rat paw is the A5 

mechano-nociceptor (ADMs), responsive only to noxious mechanical stimuli. The response 

properties of ADMs suggest that they encode stimulus intensity, with approximately linear 

increases in firing rate with stimulus force, and will adapt slowly or rapidly to sustained 

stimulation (Andrew & Greenspan, 1999b). Fewer numbers of A5 mechanoheat nociceptors 

(ADMHs), responsive to noxious mechanical and heat stimuli, and A5 mechanocold nociceptors 
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(ADMCs), responsive to noxious mechanical and cold stimuli, are found in the rat (Leem et al., 
1993a; 1993b; Lynn, 1994). It should be noted that in a number of species ADMHs often 

respond to noxious chemical stimuli and are as such may also be referred to as polymodal 

nociceptors (Adriaensen et al., 1983; Szolcsanyi et al., 1988; Raja et al., 1999). 

Recent work (Treede et al., 1998) demonstrated that further sub-divisions of A5- and possibly 
AP-fibre mechanoheat nociceptors exist in monkey skin. Type I AMHs have a delayed onset of 

response to heat stimuli and their discharge rate typically increases during a prolonged heat 

stimulus. These nociceptors are found in glabrous and hairy monkey skin and have high heat 

thresholds (>530C). Type I AMHs exhibit sensitisation to thermal and chemical injury and may 
therefore be important in the development of primary hyperalgesia resulting from injury to the 

glabrous skin. Type 11 AMHs have a slowly-adapting response to heat stimuli with lower heat 

thresholds (460C), they exhibit a low or undetectable sensitivity to mechanical stimuli and are 
found only in glabrous skin (Campbell & Meyer, 1996; Treede et al., 1998; Raja et al., 1999). 

Such AMH sub-divisions have not been demonstrated in the rat but this may be due to the 

inadequacy of conventional search techniques that are based on responses to mechanical 

stimuli, compared to the electrical approach of Meyer et al. (11991). Also, several studies 
(Mitchell & Hellon, 1977; Lynn & Carpenter, 1982; Leem et al., 1993a; 1993b) in which A6 

nociceptors were classified did not use heat stimuli above 530C and this could explain the lack 

of evidence for AMH sub-divisions in the rat (Treede et al., 1998). 

Activation of A8-nociceptors in humans generally elicits sensations of sharp or pricking pain 
(Torebjork & Ochoa, 1980), however it has been proposed that type I AMHs may contribute to 

the burning pain felt during a sustained high-intensity heat stimulus (Meyer & Campbell, 1981). 

An important point to make about the role of nociceptors in pain sensation is that activity in 

nociceptors does not always signal pain. For example, low-level discharge frequencies in 

nociceptors do not always evoke a sensation (Van Hees & Gybels, 1981; Adriaensen et al., 
1984). 

1.2.3 Nociceptors with Aa/p-fibres 

Although it is generally assumed that nociceptive afferents conduct only in the A5- and C-fibre 

range there is also evidence for nociceptors with faster conducting axons (Lawson, 2002). For 

example, in early studies of the afferent fibre supply to cat hairy skin single fibre recordings 

revealed myelinated nociceptive afferents with conduction velocities in the AWP range (Burgess 

& Perl, 1967; Burgess et al., 1968). Also, intracellular recordings from dorsal root ganglion 

neurones have demonstrated the presence of significant proportions of A-fibre nociceptive 

neurones with AP-fibre conduction velocities in the rat (Fang et al., 2002) and guinea pig 

(Djouhri et al., 1998), and a small proportion in the cat (Koerber et al., 1988). However, it 

should be noted that these proportions may not necessarily represent the real proportions due 

to the sampling bias of intracellular recordings toward large cells (Ritter & Mendell, 1992; 
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Lawson, 2002). Also, in a recent study of cutaneous mechanical nociception in the rat single 
unit recordings revealed A-fibre nociceptors with conduction velocities in the range of 5-32ms-1 
(Andrew & Greenspan, 1999b). 

Finally, some Type I AMHs (Raja et al., 1999) were found to have conduction velocities in the 
AP-fibre range. Thus, AWD-fibre nociceptors may contribute to nociception to some extent 
under normal conditions, although this does not appear to have been extensively studied. On 
the other hand, it is well documented that these fibres have special significance in nociception 
during hypersensitive pain states (for review see Milian, 1999, Section 9.1.2). 

1.2.4 Pharmacological Properties of Nociceptors 

It is evident from the previous sections that A& and C-nociceptors have distinct anatomical and 
stimulus-response properties. Distinctions can also be made with respect to the 

pharmacological properties of the different classes of nociceptive neurone, for example 
differences in the expression of ion channels (for reviews see Caterina & Julius, 1999; Hunt & 
Mantyh, 2001). Indeed, there are several ion channels that appear to be expressed exclusively 
or preferentially within selected classes of nociceptive neurones, as illustrated in table 1.1. 

Ion Channel 
Class 

Subtype Expression Reference 

Acid-gated ASICcc Small diameter cells only (Chen et al., 1998a) 
DRASIC Small diameter cells only (Lingueglia et al., 1997) 

ATP-gated P2X3 Mainly small diameter cells 
(+ some medium diameter cells) 

(Vulchanova et al., 1998) 

Vanilloid 
receptors 

VR1 Mainly small diameter cells 
(+ some medium diameter cells) 

(Caterina et al., 1997) 

- 

VRL-1 Mainly medium diameter cells 
(+ some large diameter cells) 

(Caterina et al., 1999) 

Fv oltage-gated SNS/PN3 Small + medium diameter cells (Akopian et aL, 1999) 
I Na channels SNS2/NaN Small diameter cells only (Amaya et aL, 000) 

Table 1.1 Differences in the expression of selected ! on-channel subtypes in different 
classes of nociceptive neurone. Expression studies were conducted in dorsal root ganglia. 
The neuronal size range in which each ion channel class has been found is indicated in 
column 3 (table modified from Caterina & Julius, 1999). 

The expression of the vanilloid receptors in nociceptive neurones is of particular relevance to 

this thesis (see Chapter 2) and warrants further discussion. Capsaicin, the hot ingredient of 

chilli peppers, selectively excites small- and medium-diameter nociceptors in mammals, 

resulting in the perception of a burning pain in humans (Fitzgerald, 1983; Buck & Burks, 1986; 

Lynn, 1990; Winter et al., 1995). The action of capsaicin relies on a vanilloid moiety within its 

molecular structure and the target of capsaicin action has therefore been referred to as the 

vanilloid receptor, for reviews see Szallasi & Blumberg, 1999 and Caterina & Julius, 2001. 
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The first vanilloid receptor gated by capsaicin and other vanilloid-containing compounds was 
identified by Caterina et al. (1997) and named VR1, vanilloid receptor subtype 1. Since its initial 

characterisation, VR1 has been found to define a new subfamily of transient receptor potential 
(TRP)-like ion channels and a new name has been proposed, TRPV1 (for review see Montell et 

al., 2002; Benham et al., 2002). VR1 is expressed almost exclusively by sensory neurones, 

predominantly by unmyelinated C-fibres, although a small population of myelinated fibres have 

been shown to express VR1 that may correspond to capsaicin-sensitive A8 fibres (Michael & 

Priestley, 1999). In addition to capsaicin, heterologously expressed VR1 can also be activated 
by protons and an increase in tissue temperatures to levels that are painful to humans and elicit 
nociceptive-related behaviour in animals (Caterina et al., 1997; Tominaga et al., 1998). 

It has been proposed (Caterina et aL, 1997) that these capsaicin-sensitive, VR1 -expressing, 
cells represent the nociceptive neurones mediating responses to noxious chemical and heat 

stimuli, namely polymodal C-nociceptors (but also a small population of polymodal A5- 

nociceptors). Preliminary studies of VR1 knockout mice appear to support this proposal 
(Caterina et al., 2000). Using a skin-nerve preparation it was shown that none of the A& or C- 

nociceptors examined from VR1 -null mice were responsive to capsaicin (1 ýtm). Incontrast, 

50% of C- and 8% of A6-nociceptors tested in wildtype mice responded vigorously to the same 
dose of capsaicin. Deficits in thermal nociception were reported in the intact VR1 null mice as 
judged by electrophysiological and behavioural responses to heat stimulation. Withdrawal 

thresholds to noxious mechanical stimuli were normal in these animals. However, the deficits in 

thermal nociception were larger in some tests than in others (Caterina et al., 2000) and Davis et 

al. (2000) reported that their VR1_1_ mice responded normally to noxious heat. These findings 

may indicate that VR1 does not make an equal contribution to all types of noxious-heat evoked 
behaviour and/or that VR1 -independent mechanisms exist for the detection of noxious heat in 

vivo. 

In fact, shortly after VR1 was described a structurally-related receptor was reported (Caterina et 

aL, 1999), the so-called vanilloid-receptor like protein, VIRILA (or TRPV2). Unlike VR1, VRL-1 is 

unresponsive to vanilloids, protons or moderate heat. Instead, VRL-1 responds to high 

temperatures (>520C) and is predominantly expressed by a subset of medium-large diameter 

sensory neurones. This subset of neurones may well correspond to the high threshold Type 1 

AMH nociceptors described above, Section 1.2.2 (Caterina & Julius, 2001). 

To summarise, nociceptors can be broadly grouped into A5- and C-fibre types, although a role 

for AP-fibre nociceptors must also be considered. These two main groups can be distinguished, 

and further defined, by anatomical, electrophysiological, pharmacological and stimulus- 

response properties. In addition, there are distinct differences in the functional consequences 

of activation of either A5- or C-nociceptors and these are described later (Chapter 2). 
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1.3 Anatomical/Cytoarchitectonic Organisation of the Dorsal Horn 

The central projections of cutaneous nociceptors enter the spinal cord, via the dorsal (or 

occasionally ventral) roots, and terminate on neurones in the dorsal horn of the spinal cord or 
trigerninal nuclear complex of the brain stem for nociceptors in and around the face (Jessell & 

Kelly, 1992). The dominant type of neurone found in the dorsal horn is the interneurone, 

although neurones with further reaching axons are also found, which project through the white 

matter to supraspinal sites (ascend i ng-tract or projection neurones) and other spinal segments 
(propriospinal). The grey matter of the spinal cord has been divided into 10 cytoarchitectonic 

regions (laminae) in the cat (Rexed, 1952; Rexed, 1954) and a modified scheme has been 

applied to the rat (Molander et al., 1984; Molander et al., 1989). The dorsal horn is comprised 

of laminae I- VI, with laminae I and 11 forming the superficial- and laminae III-VI the deep-dorsal 

horn (for reviews see Willis & Coggeshall, 1991; Grant, 1995). The anatomy and cytology of 
these laminae is described below along with descriptions of cutaneous primary afferent fibre 

input. 

1.3.1 Lamina I 

Lamina I or the marginal zone forms a fine rim around the dorsal and dorsolateral edge of the 

dorsal horn. The majority of cells in this lamina are small fusiform neurones but a smaller 

population of mediolaterally elongated large cells are also present (Lima & Coimbra, 1986). A 

large proportion of lamina I cells are local interneurones with their major dendrites within the 

lamina (Menetrey et al., 1977; Lima & Coimbra, 1988), although a subpopulation of projection 

neurones exist that project to supraspinal sites in the spinomesencephalic, spinoreticular and 

spinothalamic tracts (ascending tracts described later, Section 1.5). 

The cutaneous primary afferent input to the dorsal horn laminae has been largely determined by 

morphological methods, including intra-axonal injection of horseradish peroxidase, combined 

with electrophysiological techniques such as intracellular DRG recordings. A general finding is 

that the primary afferents terminate in a somatotopic organisation along the mediolateral axis of 

the dorsal horn. The prevailing view of lamina I is that the predominant primary afferent input is 

from A6-fibres, mainly ADM nociceptors, although input from C fibres, including CMH and CIVIC 

nociceptors, has also been identified (Kumazawa & Perl, 1977; Light & Perl, 1979; Beal & 

Bicknell, 1981; Sugiura et al., 1986; Cruz et al., 1987). 

1.3.2 Lamina 11 

The thicker Lamina 11 lies subjacent and parallel to lamina 1. Lamina 11 has also been named the 

substantia gelatinosa due to its translucent and gelatinous appearance in fresh tissue. It is 

characterised by its dominance of small unmyelinated neurones, which form a densely-packed 
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outer zone (11, ) and a less compact inner zone (Ili). Myelinated fibres are relatively sparse in 

lamina 11, and almost absent from lamina Ili (Ribeiro-da-Silva, 1995). The main cell types of 
lamina 11 are stalked and islet cells. The axonal projections of lamina 11 cells indicate the 

presence of projection neurones, propriospinal neurones, and inter- and intra-laminar 

interneurones (Todd & Lewis, 1986). The relative proportion of projection neurones in lamina 11 

is small but some have been shown to project to areas including the caudal ventrolateral 

reticular formation, lateral cervical nucleus and brain stem, and the thalamus (Giesler, Jr. et aL, 
1978; Burstein et aL, 1990b; Tavares & Lima, 2002). 

C-fibres constitute the major cutaneous primary afferent input to lamina 11 and this lamina 

appears to be the main projection site of cutaneous C-fibres. A significant number of these C- 

fibre inputs are from polymodal (CMH), CM and CIVIC nociceptors (Sugiura et al., 1986). 

Sparse projections from the myelinated fibres of ADM nociceptors have also been reported and 
these appear to terminate preferentially in lamina 11, (Nagy & Hunt, 1983). 

1.3.3 Lamina III 

Lamina III forms a broad band ventral and parallel to lamina 11. Cytoarchitectonically, lamina III 

can be distinguished from lamina 11 by having larger, more heterogeneous and less compact 

cells. The border between these two laminae is especially evident in myelin-stained sections as 
the almost myelin-free lamina 111 clearly contrasts with lamina 111, which contains numerous finely 

myelinated fibres. Many lamina 11 neurones are spindle-shaped, with dendritic fields oriented 

primarily in the rostrocaudal direction and less so mediolaterally. The axonal projections of 

these neurones target the dorsal column nuclei, the lateral cervical nucleus and the thalamus. 

Pyramidal cells with dendrites that arborize through laminae III-VI and local interneurones have 

also been reported for lamina III (Giesler, Jr. et al., 1984; Baker & Giesler, Jr., 1984; Burstein et 

al., 1990b). The major primary afferent input to lamina III is from non-nociceptive fibres, 

including hair follicle and Pacinian corpuscle afferents. 

1.3.4 Lamina IV 

Lamina IV forms a relatively thick layer at the base of the head of the dorsal horn and is 

bordered laterally by the dorsal column white matter and dorsally by the ventral curve of 

laminae 1-111. The cells of lamina IV are characterised by a wide range of neuronal sizes, 

including some very large (35-45 ltm) cells. The dendritic fields of lamina IV cells can be 

widespread and/or dense (sometimes described as "bushy") with the dendrites of many 

neurones oriented toward the superficial laminae, so called "antenna-type neurones". Some 

dendrites may extend dorsally into the white matter or ventrally into lamina V and VI. The 

axonal targets of lamina IV neurones include the brainstem reticular formation, dorsal column 

nuclei, lateral cervical nucleus, and thalamus (Giesler, Jr. et al., 1984; Baker & Giesler, Jr., 
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1984; Egger et al., 1986; Burstein et al., 1990b). As for lamina 111, the main primary afferent 
input to lamina IV is from non-nociceptive fibres, predominantly collaterals from large diameter 

neurones including Type I and Type 11 slowly adapting mechanoreceptive afferents. 

1.3.5 Lamina V 

Lamina V forms a thick band across the narrowest part of the dorsal horn, often referred to as 
the "neck". The lateral third of lamina V is distinguished by its reticulated appearance, due to 
the presence of many bundles of myelinated fibres that pass longitudinally through this area. 
Cytoarchitectonically, the neurones of lamina V have been described as more heterogeneous in 

size and shape than those of lamina IV. The dendritic fields of lamina V neurones are not 
markedly different from those of lamina IV, except that the dendrites are oriented dorsoventrally 

rather than longitudinally. The dendrites of some lamina V neurones may be relatively straight 
with few branches ("radiating"). The axonal organisation of and primary afferent input to lamina 
V neurones is similar to that of lamina IV. Some lamina V neurones project to the cerebellum 
and midbrain (Matsushita & Hosoya, 1979; Menetrey et al., 1982) and some send axons 
contralaterally, where they may then pass to the thalamus. Primary afferent input to lamina V 
includes afferents from low-threshold mechanoreceptors and collateral branches from the 

afferent fibres of ADM nociceptors (Light & Perl, 1979). 

1.3.6 Lamina VI 

The base of the dorsal horn is formed by lamina V1, which is present predominantly in the 

cervical and lumbar enlargements of the spinal cord. The neurones in lamina VI are smaller 

and more compactly arranged than those of lamina V and consequently lamina VI has a darker 

overall appearance. The dendritic fields of lamina A neurones are reported to be similar to 

those of lamina V neurones, although they may be more widespread and are almost exclusively 

radiating fields (Proshansky & Egger, 1977). The majority of lamina VI neurones are 

propriospinal, although a few project to the thalamus and cervical nucleus. Primary afferent 
input to lamina VI does not dominate this region as much as other laminae of the dorsal horn. 

Lamina VI instead represents a transition between the dorsal horn and the ventral horn, which is 

more associated with motor activity. 

1.3.7 Lamina X 

Lamina X surrounds the central canal and borders the white matter dorsally and ventrally, 

except at lumbrosacral levels where it is bordered dorsally by dorsal horn laminae crossing the 

midline. Lamina X neurones are fusiform, pyramidal and stellate and projection targets include 

the brain stem, hypothalamus and thalamus (Nahin et al., 1983; Burstein et al., 1987; Burstein 

et al., 1990). Afferent input to lamina X includes primary afferent fibres from ADM nociceptors 

and unmyelinated visceral afferent fibres (Light & Perl, 1979; Sugiura et al., 1989). 
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1.4 Functional Classification of Dorsal Horn Neurones 

Several different schemes have been proposed for the classification of dorsal horn neurones, 
based on a number of factors including the location of the neurones, responses to natural 

stimuli, and types of sensory input that activate the neurones (Willis & Coggeshall, 1991). In 

functional studies of dorsal horn cells with cutaneous afferent inputs, a widely used scheme is 

based on that proposed by Menetrey from electrophysiological studies in the rat (Menetrey et 

a/., 1977). This scheme classifies neurones on the basis of their responses to cutaneous stimuli 

and is described below (for review see Willis & Coggeshall, 1991). 

1.4.1 Class 1 (low threshold) Neurones 

Class 1 neurones respond only to innocuous (e. g. mechanical or vibratory) stimuli. These 

neurones are found mainly in laminae 114, and less commonly in lamina 1. Cutaneous afferent 
inputs to Class 1 neurones are predominantly from the A-fibres of receptors that include 

thermoreceptors, mechanoreceptors and down hair follicles. 

1.4.2 Class 2 (wide dynamic range) Neurones 

Class 2 (a. k. a. wide dynamic range, multireceptive, convergent) neurones respond to innocuous 

and noxious stimuli. These neurones are located in laminae IV-VI, in particular lamina V, and 

also laminae 1-11. On the basis of dorsal horn neurone recordings in the anaesthetised rat, 
Class 2 neurones in deeper laminae (IV-VI) appear to receive direct (monosynaptic) input from 

AP-mechanoreceptors; whereas those located in superficial laminae receive indirect 

(polysynaptic) inputs. In contrast to AP-input, evidence suggests that Class 2 neurones in the 

deeper laminae receive mainly indirect A5- and C-nociceptor input whereas neurones in the 

superficial laminae receive direct projections (Schouenborg & Sjolund, 1983). The term wide 
dynamic range has been applied to Class 2 neurones due to the diversity of stimuli that activate 
them, including hair movement, touch, pressure, noxious pinch, pin-prick and noxious heat. 

1.4.3 Class 3 (nociceptive specific) Neurones 

Class 3 neurones respond only to noxious cutaneous stimuli. Accordingly, these neurones 

receive inputs only from nociceptive afferents. Class 3 neurones can be found in laminae 1, Ilo, 

and deeper laminae of the dorsal horn in the rat and cat (Gregor & Zimmermann, 1972; Giesler 

et al., 1976; Light & Perl, 1979). In the cat, two sub-divisions can be distinguished for Class 3 

neurones. The first class, Class 3a (Cervero et al., 1976) or nociceptive specific (Andrew & 

Craig, 2001; Craig et al., 2001; Andrew & Craig, 2002) have a mainly A5-fibre nociceptor input 

and respond to noxious pinch and heat stimulation. The second class, Class 3b (Cervero et al., 

1976) or polymodal nociceptive (Andrew & Craig, 2001; Craig et al., 2001; Andrew & Craig, 

2002) have A5- and, more prominently, C-nociceptor inputs and respond to noxious heat, pinch, 

and cold. Recent work indicates that similar sub-divisions exist in a population of Class 3 

lamina I neurones in the rat (Bester et al., 2000). 
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1.5 Ascending Nociceptive Pathways from the Dorsal Horn 

As stated above, ascending-tract or projection neurones in the dorsal horn have long axons that 

can transmit nociceptive information rostrally to supraspinal sites (for reviews see Willis, 1985; 

Willis & Coggeshall, 1991; Willis et al., 1995; Tracey, 1995). Projection neurones may be 

classified according to the ascending pathways that their axons take and also their sites of 
termination in the brain. Pathways involved in the rostral transmission of nociceptive 
information in the rat include at least three main projections systems: 

1.5.1 Spinothalamic Tract 

One of the most important pain pathways in humans is the spinothalarnic tract, which ascends 
in the ventro- and dorso-lateral funiculi of the spinal cord white matter, and behavioural 

evidence indicates that this system is also important for nociception in the rat (Peschanski et al., 
1986). The origin of spinothalamic tract (STT) cells have been studied using a number of 

retrograde tracing techniques, the most effective of which has been the use of fluorogold 

injection in the thalamus (Burstein et al., 1990b). Such studies reveal that STT cells in the 

cervical and lumbrosacral enlargements are concentrated in lamina 1, IV-V1 of the dorsal horn 

and also the ventral horn, and most projections (-90%) are contralateral to their axon 
terminations. Dorsal horn recordings in the rat show that the majority of superficial dorsal horn 

STT cells respond most strongly to noxious cutaneous stimulation (Giesler et al., 1976; Burstein 

et al., 1991; Palecek et al., 1992; Craig & Serrano, 1994; Craig et al., 2001). It has been 

proposed that neurones that project to the lateral thalamus are important in sensory and 
discriminative aspects of the nociceptive message whereas those that project to the more 

medial thalamus are more involved with the motivational-affective aspects (Willis, Jr., 1985; 

Albe-Fessard et aL, 1985). 

1.5.2 Spinohypothalamic Tract 

Neurones that project directly to the hypothalamus in the spinohypothalarnic tract (SHT) are as 

abundant as STT cells and their axons also travel in the dorso- and ventro-lateral funiculi. The 

origins of SHT cells include the superficial and deep dorsal horn, the area surrounding the 

central canal (lamina X) and the lateral spinal nucleus. In studies that have physiologically 

characterised SHT neurones in the rat, it has been demonstrated that over 80% of these 

neurones responded preferentially or exclusively to noxious stimuli (Class 2 and Class 3 cells). 

The SHT therefore provides a significant nociceptive input to the hypothalamus from the spinal 

cord in the rat (Burstein et al., 1987; 1990; 1991; 1996). 

1.5.3 Spinomesencephalic Tract 

The spinomesencephalic tract (SMT) is another ascending pathway that is likely to be involved 

in the rostral transmission of nociceptive signals. The axons of many SIVIT neurones also 
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ascend the spinal white matter in the dorso- and ventro-lateral funiculi, in common with axons of 
STT and SHT cells. Targets of SMT projections include the parabrachial nucleus, 

periaqueductal grey (PAG), cuneiform nucleus, superior colliculi, and midbrain reticular 
formation. SIVIT cells are concentrated in laminae 1, V and X, and the lateral spinal nucleus. The 

electrophysiological properties of SIVIT cells indicate that they are frequently nociceptive 
(Menetrey et al., 1980). 

It should be noted that other ascending pathways may transmit nociceptive information to the 
brain including the spinoreticular tract, spinocervical tract, spinoparabrachial tract and 
postsynaptic dorsal column pathway. The role of these pathways in rostral nociceptive 
transmission has been less well established in the rat than those described above (for review 
see Willis et al., 1995). However, evidence is accumulating that suggests that the 

spinoparabrachial tract in particular may represent an important pathway for the ascent of 
nociceptive information in the rat (Todd et al., 2000; Todd, 2002). 

1.6 Descending Control of Spinal Nociception 

The transmission of nociceptive information from the dorsal horn to the brain via the ascending 

pathways is subject to powerful regulatory mechanisms. Such regulation may occur through 

segmental interactions at the level of the spinal cord, including both excitatory (e. g. windup, 
Dickenson & Sullivan, 1990; Herrero et al., 2000) and inhibitory (e. g. primary afferent 
depolarisation, Schmidt et al., 1967; Rudomin & Schmidt, 1999) mechanisms. In addition, it is 

well established that pathways that descend from supraspinal sites also play an important 

regulatory role in the processing of nociceptive information in the cord (for reviews see Willis & 

Coggeshall, 1991; Stamford, 1995; Willis et al., 1995; Fields & Basbaum, 1999; Millan, 2002). 

Descending projections from the brain may modulate nociceptive transmission directly via 

synapses with first order dorsal horn interneurones or indirectly through a polysynaptic linkage, 

including relays at other supraspinal sites and/or multiple interneuronal circuits within the cord. 
Descending control can be described as excitatory (descending facilitation) or inhibitory 

(descending inhibition). 

1.6.1 Descending Inhibition 

It has long been recognised, at least anecdotally, that under conditions of extreme emotional 

arousal nociceptive signalling can be attenuated. Beecher (1946) was probably the first to 

formalise this concept in his study entitled "Pain in men wounded in battle". In this study, three 

quarters of severely wounded soldiers did not report any significant pain. Beecher noted that 

under conditions of extreme physical and mental exertion, e. g. during fighting, wounds "often go 

unnoticed" and that: 

"Strong emotion can block pain. That is common experience" Beecher, 1946 
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Further evidence for this endogenous pain control (analgesia) came from pioneering 
behavioural studies in awake animals in which electrical stimulation of discrete brain regions 

such as the hypothalamus (Cox & Valenstein, 1965) and periaqueductal grey or PAG 

(Reynolds, 1969) produced an attenuation of responses to noxious stimuli. The observed 
inhibitory effect of electrical brain stimulation on nociceptive responsiveness has been termed 
"stimulation-produced analgesia" or more accurately antinociception (for review see Basbaum 
& Fields, 1978; Lumb, 1984). It is now widely believed that the antinociceptive effects of brain 

stimulation contribute to the behavioural analgesia observed in the laboratory and the field, e. g. 
Beecher's wounded soldiers, via descending inhibition of spinal nociception (Mayer & Price, 
1976; Lumb, 1984; Willis & Coggeshall, 1991; Fields & Basbaum, 1999; Millan, 2002). 

The sources of direct and indirect descending antinociceptive projections include the 
hypothalamus, locus coeruleus, PAG and raphe nuclei through pathways including the 
dorsolateral funiculus and dorsal reticulospinal system. These descending influences regulate 
the rostral transmission of nociceptive information via inhibitory actions at multiple sites within 
the dorsal horn, including the terminals of nociceptive afferents, local interneurones and 

projection neurones. In a survival situation, the function of the endogenous antinociception 

produced by these descending control systems may be to suppress withdrawal reflexes, thus 

permitting more complex motor responses to occur, e. g. defensive or escape mechanisms 
(Duggan & Morton, 1988; Harris, 1996). In higher species, nociceptive withdrawal reflexes may 
be under tonic inhibition from the same or similar descending pathways to allow the execution of 

skilled voluntary motor performance in the alert animal (Duggan & Morton, 1988; Simpson et al., 
1997; Li et al., 1998; Ogilvie et al., 1999). In addition, these descending systems may also 

make a significant contribution to the physiological detection of nociceptive stimuli in a process 
known as diffuse noxious inhibitory control (DNIC). In this process the responses of Class 2 

dorsal horn neurones are inhibited by the application of a peripheral noxious stimulus anywhere 

outside of the neurone's excitatory receptive field. It has been postulated that DNIC may act to 

provide a contrast signal to emphasise the location of the most recent noxious event (Le Bars et 

al., 1979; Dickenson & Le Bars, 1987; Clarke, 1994; Villanueva & Le Bars, 1995). 

1.6.2 Descending Facilitation 

Descending facilitation of spinal nociception has been less well studied than descending 

inhibition. The effects of activation of descending facilitatory pathways are usually 

characterised by an enhanced responsiveness to noxious stimuli and these states are generally 

termed hyperalgesia or pronociception. Hyperalgesia has most commonly been studied in 

relation to the exaggerated pain states that occur during chronic inflammation, e. g. arthritis, 

local tissue injury and chronic pain states such as neuropathic pain. The enhanced sensitivity 

to nociceptive input observed in these situations has been partly attributed to spinal segmental 

actions, e. g. central sensitisation (Mansikka & Pertovaara, 1997; Pertovaara, 1998), and 
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peripheral mechanisms of nociceptor sensitisation (for review see Raja et al., 1999). However, 

the involvement of descending facilitatory influences has been revealed in several experimental 
models of hyperalgesia. This is the case for models of primary hyperalgesia, increased 

nociceptive sensitivity at the site of injury or inflammation (Hodge, Jr. et al., 1983; Herrero & 
Cervero, 1996; Kauppila, 1997), and secondary hyperalgesia (Urban et al., 1996; Mansikka et 
al., 1996; Pertovaara, 1998), that is hyperalgesia outside of the site of injury/inflammation (for 

review see Urban & Gebhart, 1999). For example, studies in anaesthetised rats showed that 
the hyperexcitability of Class 2 dorsal horn neurones induced by mustard oil was significantly 
weaker following spinalisation and that local anaesthetic block of the rostral ventromedial 
medulla produced a significant attenuation of the same hyperexcitability in these experiments 
(Pertovaara, 1998). Descending facilitation may also be important in mediating the 
hyperalgesia observed in models of illness (for review see Watkins & Maier, 2000) and this 

subject is explored further in Chapters 4 and 5 of this thesis. 

Interestingly, descending inhibitory and descending facilitatory pathways can originate from the 

same structure (Zhuo & Gebhart, 1990; Urban & Gebhart, 1997; Zhuo & Gebhart, 1997; 
Monhemius et al., 1997; Mason, 1999), although the spinal pathways conveying the descending 

influences may be topographically separated (Zhuo & Gebhart, 1997). Furthermore, it is 

possible that descending inhibition and descending facilitation systems may be activated 

simultaneously from the same brain region, under certain circumstances (see Mason, 1999). 

The physiological significance of such a pattern of descending control remains uncertain, 
however these findings do illustrate the complexity of systems that modulate the transmission of 

nociceptive signals. 

1.6.3 Co-ordination of the Descending Control of Nociceptive and Autonomic Functions 

As stated earlier, the descending control of nociception might contribute to the protective 

strategies of an organism, which may ultimately enhance host survival in the face of internal and 

external challenges or stressors. Changes in the control of autonomic function may also be 

considered as protective in this context, for example in supplying more blood to active muscles. 
Consistent with this view is the finding that changes in the descending control of spinal 

nociceptive processing are often accompanied by changes in cardiovascular control and that 

systems that modulate nociception are closely linked with systems controlling autonomic 
function (Randich & Maixner, 1984). Indeed, several of the brain areas from which profound 

changes in nociceptive processing can be evoked are also known to be important in 

cardiovascular control (e. g. Duggan & Morton, 1983; Lovick, 1993; 1996). One such area that 

has been shown to exert descending influences on dorsal horn processing of noxious 

information with associated adjustments in autonomic function is the hypothalamus (Lumb & 

Lovick, 1993). 
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1.7 Hypothalamic Control of Spinal Nociception and Autonomic Function 

The hypothalamus comprises the ventral half of the diencephalon, situated below the thalamus 

on each side of the third ventricle of the brain. In addition to its many roles in homeostasis, this 
brain area has come to be regarded as an important structure in the expression of emotional 
behaviour, e. g. aggressive/defensive, sexual behaviour, and the control of associated patterns 

of cardiovascular change. The integration of information from peripheral and central sense 

organs and the initiation of integrated autonomic, endocrine and behavioural responses are 

essential roles of the hypothalamus (Roeling, 1993). 

1.7.1 Anatomy and Cytoarchitecture of the Hypothalamus 

The hypothalamus can be divided into four rostrocaudal levels; the preoptic, anterior (or 

supraoptic), the middle (or tuberal), and the posterior (or mammillary) level and three 

mediolateral (longitudinal) zones; the periventricular, medial, and lateral zone (Le Gros Clark, 
1938; Crosby and Woodburne, 1940, cited by Simerly, 1995). Rostrally the hypothalamus is 
bounded by the medial septal nucleus and the nucleus of the diagonal band of Broca, caudally it 

merges with the PAG and ventral tegmental area of the midbrain. The lateral border of the 
hypothalamus is formed by the cerebral peduncle. Several well defined neuronal cell groups or 
nuclei and some more diffuse collections of cells called areas can be distinguished within the 
hypothalamus. The various hypothalamic areas/nuclei are shown in figure 1.1 below (Bleier & 
Byne, 1985; Simerly, 1995). 

The cytoarchitecture of the hypothalamus is very heterogeneous in terms of cell shape, size and 
staining properties in all of its areas and most of its nuclei. This may suggest that the majority 
of cell groups within the hypothalamus are involved in more than one functional system (Bleier 
& Byne, 1985). 
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Figure 1.1 Gross Structure/Organisation of the Hypothalamus. Adapted from Simerly, 1995. 
a. =area, n. =nucleus AD=anterodorsal preoptic n., AH=anterior hypothalamus, AHA=anterior hypothalamic a., 
Arc=arcuate n., AV=anteroventral preoptic n., AVPV=anteroventral periventricular n., DMH=dorsomedial n., 
LHA=Iateral hypothalamic a., LHA=Iateral hypothalamic a., LHA=Iateral hypothalamic area, LM=Iateral mamillary 
n., LPO=Iateral preoptic a., MCLH=magnocellular n. of LHA, MCPO=magnocellular preoptic n., MM=medial 
mamillary n., MnPO=median preoptic n., MPA=medial preoptic a., MPO=medial preoptic n., Pa=paraventricular n., 
PD=posterodorsal preoptic n., PeA=anterior periventricular n., Pel=intermediate periventricular n., PeP=posterior 
periventricular n., PePO=preoptic periventricular n., PHA=posterior hypothalamic area, PMD=dorsal premarnmillary 
n., PMV=ventral premarnmillary n., PS=parastrial n., PSCh=suprachiasmatic preoptic n., RCh=retrochiasmatic a., 
SCh = suprachiasmatic nucleus, SCh=suprachiasmatic n., SO=supraoptic n., SuM=supramamillary n., TA=tuberal 
a., TMP=dorsal tuberomarnmillary n., TMV=ventraltuberomam i Ila ry n., TU=tuberal n., VMH=ventromedial n., 
vo=vascular organ of the lamina terminalis 
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The projections of the hypothalamus are arranged in four major fibre streams; the medial 

forebrain bundle, the periventricular fibre system, the fornix, and the mammillothalamic tract 

(Roeling, 1993). Through these fibre streams the hypothalamus receives a wealth of 

information about the status of the body from a variety of afferent sources, including direct 

somato- and viscero-sensory input from the spinal cord, motivational input from the limbic and 

olfactory systems, and autonomic input from medullary and autonomic nuclei (e. g. ventrolateral 

medulla (VILM), nucleus tractus solitarius (NTS)) and circumventricular organs (Simerly, 1995; 

Burstein, 1996). 

The hypothalamus has reciprocal efferent projections with many of its sources of afferent 
information. Examples include some of the amygdalar nuclei, autonomic centres (e. g. NTS), 

and the circumventricular organs. The hypothalamus also sends direct projections to 

preganglionic autonomic neurones and to the dorsal horn of the spinal cord. It is also well 
established that the hypothalamus forms a considerable number of reciprocal connections with 
the PAG, a midbrain structure that has a pivotal role in aversive behaviour, autonomic functions 

and antinociception (Beitz, 1982; Roeling et al., 1994-1 Semenenko & Lumb, 1999; Snowball et 

al., 2000; Floyd et al., 2001; Lumb, 2002). 

The hypothalamus controls hormonal output through its projections to the pituitary gland. These 

projections arise principally from the periventricular zone. For instance, neurones within the 

paraventricular nucleus project to the posterior pituitary and median eminence regulate 
hormone secretion from the pituitary (Swanson & Sawchenko, 1983). A diagram summarising 

some of the inputs and outputs of the hypothalamus is shown in figure 1.2 below. 
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Figure 1.2 Afferent and efferent connections of the rat hypothalamus. Adapted from 
Burstein, 1996. Sites of origin (large circles) and termination (small circles) are shown. 
Acb=nucleus accumbens, Amyg=amygdala, APit=anterior pituitary, BNST=bed nucleus stria 
terminalis, Hyp=hypothalamus, MO=medial orbital cortex, NTS=nucleus tractus solitarius, 
PAG=periaqueductal grey, Pbn=parabrachial nucleus, SN=septal nuclei, VLM=ventrolateral medulla 
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1.7.3 Functional Organisation of the Hypothalamus 

The organisation of afferent and efferent connections is essential to the function of the 

hypothalamus as a critical link in the neural systems that co-ordinate and initiate a diverse 

range of integrated physiological functions (Bleier & Byne, 1985). Some of the different 

functions of the hypothalamus are believed to be organised in different longitudinal 

(mediolateral) zones. The periventricular zone is mainly involved in regulating the 

neuroendocrine system, via its extensive projections to the pituitary and median eminence. The 

medial zone contains large nuclei that play key roles in thermoregulation and in the initiation of 

motivational behaviours, e. g. appetite, aggression, and copulation. The medial zone has widely 
distributed connections with parts of the telencephalon, diencephalon and brain stem that are 
thought to mediate the somato-motor and -sensory integration necessary for the tasks this zone 

subserves. Many of the functions of the lateral zone seem to overlap those of the medial zone. 
However, on the whole, this zone appears to be involved in mediating general arousal and 

sensory sensitisation associated with motivational behaviour (for reviews see Roeling, 1993; 

Simerly, 1995). 

1.7.4 Hypothalamic Control of Autonomic Function 

With the advent of stereotaxis that enabled accurate placement of electrodes within the 

hypothalamus of anaesthetised cats, a detailed map was constructed that contained over 7000 

co-ordinates at which electrical stimulation evoked modulation of autonomic functions (Ramson 

& Magoun, 1939 as reviewed by Mancia & Zanchetti, 1981). The results of these early studies 

showed that electrical stimulation of a large number of sites in the hypothalamus, in particular 

within its posterolateral extent, evoked increases in arterial blood pressure (pressor responses) 

accompanied by tachycardia. Stimulation at sites within a more restricted rostromedial column 

evoked decreases in blood pressure (depressor responses) accompanied by bradycardia (see 

Mancia & Zanchetti, 1981 for review). More recent investigations of the hypothalamic control of 

autonomic function in the rat have used chemical stimulation, for example the microinjection of 

excitatory amino acids, which offer several advantages over electrical stimulation (discussed 

later, Section 3.4.2.3). The general findings of these studies were that depressor responses are 

elicited predominantly from the lateral hypothalamus and pressor responses from more medial 

regions (Hinrichsen, 1988; Spencer et al., 1989; Gelsema et aL, 1989; Spencer et al., 1990; 

Allen & Cechetto, 1992; Allen & Cechetto, 1993; Goren et al., 2000). A similar medial-lateral 

organisation of pressor and depressor sites has been reported using electrical stimulation in the 

conscious rabbit (Sampson et al., 1977). 

As part of its role in the control of autonomic function, the hypothalamus is also important in 

thermoregulation (for review see Boulant, 1981). For example, activation of areas including the 

preoptic area/anterior hypothalamus and ventromedial hypothalamic nucleus is believed to 
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engage sympathetic drive for processes such as cutaneous vasoconstriction and non-shivering 
thermogenesis (Boulant & Dean, 1986; Zhang et al., 1995; Boulant, 1998; Chen et al., 1998b; 

Boulant, 2000). These processes may be relevant to the febrile response of animals subjected 
to an immune challenge (Zhang et aL, 2000). 

1.7.5 Hypothalamic Control of Nociception 

Early evidence for the role of the hypothalamus in the control of nociception came from the 
finding that electrical stimulation of the lateral hypothalamus in behaving rats attenuated escape 
behaviour to foot shock (Cox & Valenstein, 1965). In a later study in behaving rats, focal 

electrical stimulation of brain areas including the posterior hypothalamus produced a reversible 

abolition of responsiveness to noxious stimuli (Mayer et al., 1971). Observations from these 

studies indicated that the antinociception was not due to a general deficit in attentional, 

emotional, motor, or sensory mechanisms. Antinociception has also been evoked by 

stimulation in other parts of the hypothalamus in the rat (Balagura & Ralph, 1973; Rhodes, 

1979; Carr & Uysal, 1985; Lumb, 1989) and monkey (Oleson et al., 1980). The available 

evidence strongly indicates that these antinociceptive effects are mediated by descending 

pathways that modulate nociceptive transmission in the spinal dorsal horn and trigerninal 

nucleus caudalis (Carstens et al., 1982; Mokha et al., 1987; Lumb & Cervero, 1989; Lumb, 

1990; Workman & Lumb, 1997). 

1.7.6 Hypothalamic Co-ordination of Autonomic and Nociceptive Functions 

The functional role of the antinociception that can be evoked from the hypothalamus is unclear. 
However, as discussed in Chapter 3, recent studies have demonstrated that stimulation of the 

rostral hypothalamus can produce antinociception accompanied by distinct patterns of 

autonomic change, including sym path o-excitatio n or inhibition (Lovick & Lumb, 1991; Lumb & 

Lovick, 1993; Workman & Lumb, 1997). Interestingly, similar patterns of cardiovascular change 

and antinociception are characteristic of the defensive behaviour of animals placed in an 

aversive or threatening environment (Panksepp, 1971; Fuchs et al., 1985a; 1985b; Hilton & 

Redfern, 1986; Lovick & Lumb, 1991; Viken et al., 1991, also see Siegel et al., 1999). It has 

been proposed that the co-ordinated control of autonomic and nociceptive function by the rostral 

hypothalamus may represent part of the integrated physiological response of an animal to a 

particular set of circumstances, e. g. during defensive behaviour (Lumb & Lovick, 1993). 

A circumscribed region of the rostral hypothalamus, the lateral area of the anterior 

hypothalamus (LAAH), has been identified as being important in this regard. This area lies 

close to the ventral surface of the brain, lateral to the third ventricle, and just caudal of the optic 

chiasma (Bleier et al., 1979). Stimulation of neurones within this area produces changes in 

autonomic function, including both increases and decreases in blood pressure, and an inhibition 
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of spinally-mediated reflexes (Lovick & Lumb, 1991; Lumb & Lovick, 1993; Workman & Lumb, 

1997). The pathways that mediate the integrative actions of the anterior hypothalamus have not 
been fully determined. However, on the basis of on-going functional anatomical studies from 

this laboratory it is likely that these effects are brought about by a polysynaptic pathway, 

possibly involving midbrain (e. g. PAG) and medullary (e. g. RVLM) relays that exert their final 

effects at the level of the spinal cord (Semenenko & Lumb, 1992; Hudson et al., 1993; Parry et 

al., 1996; Semenenko & Lumb, 1999; Lumb et aL, 2002; Parry et al., 2002). 

1.8 Thesis Structure and Experimental Aims 

An important finding of the study of the role of the LAAH in descending control 
(Workman & Lumb, 1997) was that not only were high-threshold responses of dorsal horn 

neurones inhibited but in some instances the low-threshold responses of neurones were 

simultaneously facilitated. A similar differential control of high- and low-threshold responses 
has been reported in recent studies of the PAG. In these studies evidence was also found for a 
differential modulation of activity evoked by A& compared to C-fibre nociceptors (Waters & 

Lumb, 1997; Waters, 1999; McMullan & Lumb, 2001; McMullan, 2002). Specifically, responses 

evoked by C-nociceptor activation were inhibited by PAG stimulation, whereas responses 

evoked by A5-nociceptor activation were unaffected or facilitated. These findings are of 

particular interest when considered in the context of a survival situation, when the PAG is 

known to be active (e. g. Bandler et al., 2000), as they suggest that descending systems could 

suppress the slowly conducted, poorly-localised component of the nociceptive message 
(signalled by C-fibres) whilst preserving the more rapidly conducted, well-localised component 
(signalled by A8-fibres). Given the anatomical evidence linking the hypothalamus and PAG in 

the modulation of nociception, it is possible that such a differential modulation may be evoked 
from the LAAH. 

In order to test this hypothesis the first series of experiments described in this thesis (Chapter 2) 

was designed to develop a non-invasive method to preferentially activate different functional 

classes of nociceptive afferent. This method was based on a model originally reported by 

Yeomans & Proudfit (1996), in which the preferential activation of A& or C-nociceptive afferents 

could be achieved by using different rates of noxious skin heating. 

Having successfully developed and validated this method the second series of experiments 

aimed to investigate the hypothalamic modulation of different components of the nociceptive 

message, i. e. A& versus C-nociceptor mediated (Chapter 3). This was achieved by recording 

the EMG activity of a spinally-mediated withdrawal reflex evoked by slow and fast rates of skin 

heating, before and after chemical activation of neurones within and adjacent to the LAAH. 
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The next set of experiments characterised the changes in nociception, with respect to the 

processing of A5- versus C-fibre evoked activity, that occur in a model of illness (Chapter 4). 

This was achieved by monitoring withdrawal reflexes evoked by slow and fast rates of skin 
heating over the course of a fever induced by intraperitoneal injection of the immune-activator 

bacterial lipopolysaccharide (LPS). 

The aim of the final series of experiments described in this thesis was to determine the role of 
the anterior hypothalamus in changes in nociceptive and autonomic function during an immune 

challenge. This was accomplished by examining patterns of Fos expression in the hypothalami 

of anaesthetised rats injected intraperitoneally with LIPS at doses previously shown to induce 

changes in body temperature and spinal nociception (Chapter 5). 
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2. A Method for the Preferential Activation of Different 

Classes of Nociceptive Afferent 

2.1 Introduction 

As detailed in Chapter 1, cutaneous nociceptive information enters the CNS via nociceptive A& 

and C-fibres. These two classes of nociceptive afferent have distinct histological and 

electrophysiological properties and activation of A6 or C-fibres evokes markedly different 

qualities of pain sensation in humans (Torebjork & Hallin, 1973; Price et al., 1977; Torebjork & 
Ochoa, 1980; Adriaensen et aL, 1983). 

Cutaneous pain can generally be subdivided into pricking (or sharp) pain, and burning (or dull, 
throbbing, aching) pain. These subdivisions are also known as first and second pain, since a 
noxious stimulus applied superficially may evoke the two kinds of pain in temporal succession 
(Willis & Coggeshall, 1991). Evidence of this "double response" to a single noxious cutaneous 
insult was recognised as early as 1884 (Rosenbach, 1884), as reviewed by Lewis (1942). A 

widely accepted view is that activation of A8-nociceptors is responsible for the pricking, 

well-localised sensations of first pain, whereas activation of C-nociceptors results in the 
burning, poorly-localised sensations of second pain (Van Hees & Gybels, 1972; Torebjork 

& Hallin, 1973; Hallin & Torebjork, 1973; Price et al., 1977; Campbell & LaMotte, 1983; Willis & 

Coggeshall, 1991). 

That activation of either A5- or C-nociceptors; results in different pain sensations in man 
indicates that these nociceptive inputs may have distinct representations in the central nervous 

system. The first contact cutaneous nociceptive neurones make with the CNS is in the dorsal 

horn (or trigerninal nucleus for cutaneous regions of the face) and differences in the central 

terminations of A8- and C-fibres have already been outlined (Section 1.3). Importantly, there 

are different functional consequences of activation of either A5- or C-nociceptors and it is these 

differences that are the focus of the present chapter. 

2.1.1 Functional Consequences of Activation of A8- or C-nociceptors 

The differences in the functional consequences of either A8- or C-nociceptor activation are 

particularly apparent when the evoking stimulus is repeated (Price, 1996). For example, it has 

been reported that the intensity of first pain sensations evoked by noxious heat pulses applied 

to the skin decreases with successive stimuli in humans. In contrast, the intensity of second 

pain sensations was reported to have increased with repetition of the same heat stimuli, and 

this increase occurred when first pain sensations were blocked indicating that the effect was not 
due to disinhibition (Price et al., 1977). 
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In the same study (Price et al., 1977), using identical heat stimuli, the responses of A& and C- 

nociceptors in monkeys were suppressed with successive stimuli. The authors' interpretation of 
these findings was that with repeated noxious stimulation the decrease in first pain sensations 

was most likely the result of suppression of A5-nociceptor responses at the level of the 

nociceptor, whereas the increase in second pain responses was probably the result of central 

summation of C-nociceptor evoked responses. The frequency-de pendent temporal summation 

of nociceptor-evoked discharges in dorsal horn neurones, referred to as wind-up, is almost 

exclusively evoked by repetitive stimulation of C-nociceptors under normal conditions (for review 

see Herrero et aL, 2000, also see You et aL, 2003). The behavioural consequences of this 

windup of central nociceptive neurones may include allodynia, hyperalgesia and spontaneous 

pain, characteristics of some neuropathic pain states (Price, 1996; Herrero et al., 2000; Staud et 

al., 2001). 

Many animal models for studying nociception and antinociception utilise stimuli that evoke brief 

or "phasic" nociceptor activation, such as the heat pulses described in the preceding paragraph 
(for review see Le Bars et al., 2001). If appropriately controlled, such stimuli can elicit 

reproducible nociceptor activation without causing injury and can therefore provide an efficient 

way of investigating modulation of nociceptive processing, by for example a potential 
therapeutic compound, in the same animal. In contrast, models producing tonic nociceptor 

activity (e. g. intradermal capsaicin injection, nerve ligation) often involve tissue damage and are 

much less controllable or repeatable (Price, 1996). 

Models using brief stimuli are relatively insensitive to modulation by systemic morphine, 

compared to models that produce tonic nociceptor activity and this may indicate that phasic 

nociceptor activation does not accurately model the nociception produced by pathological states 

or other forms of tonic pain (Yeomans et al., 1996a). One interpretation of this is that phasic 

nociceptive tests may predispose animals to react to first pain sensations (Yeomans et al., 

1996a; Le Bars et al., 2001), mediated by A8-nociceptors, which are usually insensitive to low 

doses of systemic morphine (Cooper et al., 1986; Yeomans et al., 1996a). 

There are, however, some situations in which phasic pain is sensitive to morphine, for instance 

if the phasic nociceptive stimuli evoke sensations of second pain, as illustrated by Cooper et al. 

(1986) in humans. As discussed previously, second pain generally results from C-nociceptor 

activation and indeed, several studies (e. g. Le Bars et al., 1976; Carstens et al., 1979; Jurna & 

Heinz, 1979) have demonstrated a preferential effect of systemic morphine on central 

nociceptive neurones with C-fibre inputs compared to those with A8-fibre inputs, in a variety of 

animal species. In a more recent study, systemic application of morphine was found to be 

approximately 30 times more potent in attenuating C-fibre mediated nociception than A5-fibre 

mediated nociception in the rat (Yeomans et al., 1996b). 
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In summary, these findings illustrate that there are important differences in the functional 

consequences of A& and C-nociceptor activation and when interpreting results from studies 
using common nociceptive tests one should pay particular attention to the type of nociceptor 
activated. This latter point is especially important in investigations of potential analgesic agents 
that may have differential effects on A5- versus C-fibre mediated pain (see McCormack et al., 
1998). 

2.1.2 Different Rates of Heating Activate Different Nociceptive Afferents 

Recently, a method was reported in the literature that produces a differential activation of C- or 
A5-nociceptors using different rates of skin heating (Yeomans & Proudfit, 1996; Yeomans et al., 
1996b). This approach permits a separation of nociception mediated by these different 

nociceptive afferents. Using a radiant heating system to heat the hindpaw dorsum of rats, it 

was found that by varying the rate of heating it was possible to vary the class of nociceptor 
activated. 

Results of single unit recordings of A& and C-nociceptive afferents isolated from saphenous 
nerves (Yeomans & Proudfit, 1996) and measurements of hindpaw withdrawal response 
latencies (Yeomans et aL, 1996b) in anaesthetised rats demonstrated that: 

When the paw was heated at a low rate (0.90C s-I ), nociceptive C-fibres consistently 
began firing -8 - 10s after the onset of heating and reached a maximum firing rate of 

-2.51-lz after 14s. The latency of the paw withdrawal response to heating at the same 
rate of 0.90C s-1 was similar, and occurred 12 -14s after the onset of heating. In 

contrast, this low rate of skin heating evoked relatively little activity in nociceptive A8- 

fibres (max. firing rate -0.2 Hz) 

2. When the paw was heated at a high rate (6.50C s-1), A5-fibres started firing within 2s 

after the onset of heating and reached a maximum firing rate of -7Hz after 6s. In 

contrast, C-fibres did not start firing until 5- 6s after the onset of heating at the high 

rate, reaching a maximum firing rate of only 1.41-lz after 6s. Paw withdrawal responses 
to the same high heating rate occurred at a mean latency of - 2.5s, which coincided 

with an A6-fibre firing rate of - 1.8Hz and a C-fibre firing rate of OHz. 

3. Topical application of a low dose (1 OmM) of capsaicin to the paw, which sensitises 

nociceptors expressing VIR-1 (mainly C-fibres, see section 1.2.4), resulted in a 
decreased latency of C-fibre responses and paw withdrawal to the low rate of heating, 

but did not significantly alter either the activation of A8-nociceptors or withdrawal 

responses to the fast rate of heating. 

The authors (Yeomans & Proudfit, 1996; Yeomans et al., 1996b) concluded that nociceptive 
hindlimb withdrawal responses to low rates of skin heating are mediated predominantly by the 

activation of C-fibre nociceptors and withdrawal responses evoked by high rates of heating are 
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mediated predominantly by the activation of Ag-fibre nociceptors. This method provides a tool 

for studying different components of the nociceptive signal, using brief, non-damaging, 

repeatable and controllable stimuli. It has been proposed that this approach represents a 

powerful tool in, for example, characterising the descending control from supraspinal structures 
that may underlie differential modulation of first and second pain sensations (see Chapter 3). 

2.1.3 Alm 

During development of a heating system to preferentially activate C- and A8-nociceptors 

(Yeomans & Proudfit, 1996; Yeomans et al., 1996b) several heating lamp designs were 

assembled and tested (McMullan, 2002). The final lamp design described here was developed 

in collaboration with McMullan (2002). However, the methods and results that follow are all 
based on a lamp built exclusively by the author and have not been published in any previous 
thesis. The aim of the present study was to validate the use of this lamp as a method for 

preferentially activating the different classes of nociceptive afferent, the A8- and C-fibres, using 
fast and slow rates of noxious skin heating, respectively. 

24 



Chapter 2: Preferential Activation of A6- or C-nociceptors 

2.2 General Methods 

This section presents the general surgical and technical methods used to prepare animals for 
the experiments described in this thesis. Procedures exclusive to each particular study are 
described separately in the relevant chapter. In addition, specific experimental protocols will be 

given under the Protocol section of each relevant chapter. Figure 2.1 on the following page 
summarizes the experimental setup diagrammatically. 

2.2.1 Animals 

All experiments were carried out on adult male Wistar rats (B&K Universal Ltd., UK) with body 

weights between 270-325g. Rats were housed in the School of Medical Sciences Animal 
House, University of Bristol on a 14/10hr light/dark cycle (lights on at 5am), and given water and 
standard rat and mouse diet (B&K Universal Ltd., UK) ad libitum. Ambient temperature within 
the animal house was maintained at 21 ± 20C. 

2.2.2 Induction of Anaesthesia 

Animals were placed in a Perspex box and surgical anaesthesia was induced by inhalation of 
4.0% halothane (Merial, UK) vaporised in 1L min-' medical grade oxygen (BOC, UK). Once 

unconscious, the rat was transferred to a homeostatic blanket set at 37.50C, and a deep level of 
anaesthesia maintained with 2.0-3.0% halothane administered through a funnel placed over the 

animal's snout. Anaesthetic depth was judged as deep by a lack of hindlimb withdrawal to 

noxious pinch, low overall muscle tone, and absence of corneal reflexes. 

2.2.3 Cannulations 

The neck area was shaved and lignocaine gel (2%, Biorex Laboratories Ltd, UK) applied 
topically. A skin area of approx. 0.5cM2 was then excised along the midline and the underlying 

sternomastoid and omohyoid muscles parted with blunt dissection. The interior branch of the 

left external jugular vein was dissected clear of surrounding connective tissue and a polythene 

cannula inserted (o. d. 0.75mm, Portex limited, UK). This cannulation allowed for intravenous 

administration of anaesthetic and for fluid replacement. Ficoll (mol. wt. 70K, Sigma, UK) was 

used for fluid replacement in 1 ml doses, as needed. 

After securing the jugular cannula with cotton ties, the sternohyoid muscle was parted along the 

midline and the left carotid artery carefully dissected. The carotid artery was separated from the 

adjoining vagus nerve using a glass probe so as to avoid any damage to vagal nerve fibres 

during the cannulation. 
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Figure 2.1 Diagram illustrating the general experimental set-up. BP = blood pressure, 
CRO = cathode ray oscilloscope, ECG = electrocardiogram, EMIG = electromyogram 
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A polythene cannula (custom-made from Portex tubing, o. d. 0.96mm, mounted with blunted 

23G needle) was then inserted into the carotid artery in order to monitor blood pressure and 

was tied in place with cotton thread. The carotid cannula was filled with heparinised saline (10 

units ml-1, Multiparin, Holder CP Pharmaceuticals Ltd, UK), small volumes of which were 
injected periodically to prevent clotting and to maintain a patent blood pressure recording. 

The trachea was cleared of connective tissue and a polythene cannula (o. d. 2.7mm, Portex Ltd) 

inserted. The tracheal cannulation permitted periodic removal, using a smaller size cannula 

attached to a 10 ml syringe, of any fluid that collected in the trachea during the experiment thus 

maintaining a clear airway. At this time, halothane administration continued via the tracheal 

cannula. In addition, a syringe of Saffan (6mg ml-1 Alphaxalone/ Alphadolone, Schering-Plough 

Animal Health, UK) was attached to the jugular cannula for supplementary doses of anaesthetic 

as required. The neck wound was sutured using thick cotton thread. 

2.2.4 Electromyographic Recording 

Whilst still under halothane anaesthesia, the animal was prepared for recording 

electromyographic activity from a hindlimb muscle. EMG electrodes were constructed from 

50mm lengths of Teflon-coated stainless steel wire (bare wire diameter 0.075mm, Advent 

Research Materials Ltd, UK), for multi-unit EMG recordings. The Teflon coating was removed 
from approximately 5mm of the wire at the proximal end and approximately 10mm at the distal 

end. The wire was threaded through a 25G needle and the 5mm of exposed stainless steel 
bent over the tip of the needle forming a hook, as illustrated in figure 2.2, below. 

The biceps femoris muscle of the left leg was pinched between thumb and forefinger and the 

needles/EMG electrodes inserted into the muscle, approximately 10-20mm apart. The needles 

were then slowly withdrawn, leaving the stainless steel electrodes in place in the muscle. 

Figure 2.2 Insertion of EMG electrodes into biceps fernoris. 1) Needles and 
stainless steel wire inserted into muscle, 2) needles withdrawn leaving electrode wires 
in place in the muscle. 
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The ends of the EMG electrodes distal to the muscle were soldered to leads, which in turn were 

connected directly to a Neurolog AC pre-amp (Digitimer Ltd, UK). The gain was set at IOK, with 
low and high pass filters set at 10 and 1 OOOHz respectively (Hodges & Bui, 1996). The pre- 

amplified, filtered EMG signal was then fed into a 1401 Plus (Cambridge Electronic Design 

(CED) Limited, UK), via a Hameg HM 205-3 oscilloscope, linked to a PC for online viewing, 

analysis and data storage using Spike2 v. 3.2 (CED Ltd) software. Spike2 sampling frequency 

was 2.5kHz. The animal was earthed through a 25G needle inserted sub-cutaneously, near the 

left hip joint. 

2.2.5 Saffan Anaesthesia 

At this stage the halothane was switched off, the animal transferred to the electrophysiology rig, 

and anaesthesia continued intravenously with Saffan. An initial bolus of Saffan was given 
immediately following termination of halothane (-0.3ml, 6mg ml-I i. v. gradually) then 

anaesthesia was maintained with a continuous infusion (1 1-28mg kg-lh-l i. v., -0.5-1.5ml-lh-') 
from a syringe-pump (Harvard Apparatus, US). 

Anaesthetic depth was monitored continuously during the experiments by assessing withdrawal 

reflexes to forelimb pinch and corneal reflexes to a cotton wisp or air puff. Anaesthesia was 

maintained at a level sufficient to prevent any spontaneous motor activity or precipitous 

changes in blood pressure or heart rate in response to a noxious pinch stimulus. Withdrawal 

reflexes and weak corneal reflexes were intact. 

2.2.6 Physiological Monitoring 

2.2.6.1 Core Temperature 

A bead thermistor rectal probe with attached K-type thermocouple was lubricated and inserted. 

The thermistor fed-back to the homeostatic blanket control unit allowing rectal temperature to be 

maintained at -37.50C. The thermocouple allowed for digital display and recording of 

temperature. 

2.2.6.2 Arterial Blood Pressure 

The carotid cannula was connected to a liquid paraffin-filled pressure transducer for recording 

bloodpressure. Blood pressure data was captured by the 1401PIus and sampled at 50Hz using 

Spike2 software. 

2.2.6.3 Heart Rate 

in some experiments 25G needles were inserted sub-cutaneously either side of the thorax and 

connected via the CRO to the 1401 Plus for ECG waveform counting, using Spike2 software to 

produce an online instantaneous mean heart rate. 
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2.2.7 Stereotaxis 

Following a bolus of 0.1 ml Saffan the head of the animal was placed in a stereotaxic frame 

(figure 2.3 below). The head was fixed in the flat-skull position by means of a set of ear bars, 

pre-treated with lignocaine gel, inserted through the external auditory meati. An incisor bar and 
clamp across the snout were used to fix the head in the vertical plane. The incisor bar had 
been pre-set at 3.3 mm below the ear bars as defined by the atlas of Paxinos & Watson (1986). 

ao mm 

10. Omm 

Umm 

Figure 2.3 Illustration of stereotaxic set-up. Image modified from (Paxinos & Watson, 1986) 

2.2.8 Paw Position 

The left hindpaw was fixed to a clamped Perspex plate, in a natural position, using Polysiloxane 

(Xantopren VIL plus, Heraeus Kulzer, Germany) to prevent removal of the toe from the jaws of 

the pincher during reflex withdrawal. 

This procedure concluded preparation of the animal. The animal was left for a period of 1h to 

allow for the effects of surgery (Clarke & Matthews, 1985; 1990; Hartell & Headley, 1991; 

Houghton et al., 1995; Ogilvie et al., 1999) and anaesthesia to stabilise before stimulation 

started. 

2.2.9 Termination 

All experiments were terminated with an overdose of Sagatal (-60 mg kg-, i. v. sodium 

pentobarbitone, Rhone-Merieux, UK). 
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2.3 Heating Lamp Design 

As discussed in the Introduction (section 2.1) the method employed to preferentially activate 
different classes of nociceptor in this study used different rates of noxious skin heating. The key 
to this method is the design of the heating lamp that delivers the different rates of heating. The 
lamp design used in all the experiments presented in this thesis is described in the current 
section and illustrated in figure 6 on the next page. Numbers in brackets in the following text 
correspond with numbered components of the lamp, as depicted by figure 6. 

The principle of the lamp is simple. The copper plate is placed in contact with the skin and 
surface temperature monitored via the thermocouple. By applying different voltages to the bulb 
the copper plate, and thus the contacted skin, can be heated at different rates. However, 

several very important design features of the lamp should be noted. 

The source of heat in the lamp was (1) a 15OW projector bulb (Xenophot, Osram, UK), the inner 

casing of which was sputter-coated with silver. The silver coating reduced the amount of 
infrared escaping from the casing of the bulb and created a fourfold reduction in the voltage 
required to produce a given rate of heating. 

A cardboard cone (2) was made to shield the skin surrounding the copper-contacted area from 

scattered light, limiting skin heating to the contacted area. The cone was attached to the bulb 

using steel wire and epoxy resin. The inside of the cone was coated in reflective aluminium foil 
to prevent it from heating up and to help focus light from the bulb onto (3) the thin copper plate 
(diam. -7mm). The surface of the copper plate facing the bulb was blackened, to maximise 
heat transfer, and the plate glued to the apex of the cone using superglue. 

In previous lamp designs, it was discovered that voltage across the lamp fluctuated for -5 s 
after the lamp was switched on, presumably because of changes in filament resistance induced 

by changing temperature. To lessen this effect, the lamp was turned on but shielded from the 

copper plate for approximately 10 s before each heating stimulus. To achieve this a foil- 

wrapped cardboard screen (4) was inserted in the small gap between bulb and cone, which 

allowed the lamp to warm up without heating the copper plate and, as a consequence, the 

contacted skin. 
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2.3.1 Surface Temperature Measurement 

In order to measure changes in skin surface temperature and therefore heating rate, a T-type 
thermocouple (5) was affixed to the ventral surface of the copper plate. The thermocouple was 
custom-made by knotting a 3cm length of copper wire (diam. 0.02mm, Advent Research 
Materials, UK) with a 3cm length of copper-nickel wire (diam. 0.02mm, Advent Research 
Materials, UK). The loose ends were trimmed away from the knot leaving two very fine wires, 
knotted neatly together, forming a thermocouple junction approx. 1 MM2 in size. 

The thermocouple was coated with lacquer to prevent any electrical contacts forming between 
the wires at locations other than at the knot. Several thermocouples were made and calibrated, 
using water baths at known temperatures (20-600C). A calibrated thermocouple was positioned 
with the knot in the centre of the copper plate and glued in place. The remaining lengths of 
thermocouple wire were run up the sides of the cardboard cone and fixed there with Xantopren. 
Finally, the ends of the thermocouple wires were attached to a T-type thermocouple plug, for 

connection to the heating control unit sockets (see Section 2.3.2). 

2.3.2 Lamp Power Supply and Temperature Readout 

The DC power supply to the lamp came from a custom-built "heating control unit" made in the 
laboratory. Essentially, the unit consisted of a DC output (6), controlled by a potentiometer (7), 

and two T-type thermocouple sockets and thermocouple amplifiers (Monolithic chips with cold 
junction compensation, Analog Devices, UK, code AD595). The box had LED temperature 

readouts (8) and incorporated a temperature cut-off switch (9). The cut-off switch was set at an 

appropriate value to prevent skin damage (Section 2.4.2). The power output was measured 

externally with a voltmeter and the voltages from the thermocouple amplifiers were fed into the 

1401 Plus (10) for online sampling (1 5Hz) and analysis. 

2.3.3 Delivery of a Heat Stimulus 

The heating lamp system was able to produce different rates of heating by altering the voltage 
delivered to the projector bulb. The process of delivering a heat stimulus was as follows. A foil 

screen was placed between the bulb and copper plate and the power supply turned on, the 

output voltage was set, and the whole system allowed 1 Os to warm up. The screen was then 

removed and the heat emitted from the bulb transferred rapidly, through the foil-lined cone, to 

the copper plate. Once the copper (and attached thermocouple) reached the preset cut-off 

temperature the lamp switched off. Thus, a controlled heating stimulus (ramp) was applied to a 

contacted surface, in this case the hindpaw dorsum. 
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The heating system developed by Yeomans (1994), used surface heating rates of 0.9 and 

6.50CS-1 to preferentially activate C- and A-8 fibres, respectively (Yeomans & Proudfit, 1996; 

Yeomans et a/., 1996b). This system was critically dependent on slow (0.6oCs-1) and fast 

(2.50Cs-) linear heating rates at the level of the nociceptor, i. e. below the skin surface 
(Yeomans & Proudfit, 1994, also see Tillman et al., 1995a; 1995b). In order to validate the 

heating lamp system described in this section it was therefore necessary to determine which 

surface heating rates produce the desired subsurface rates. 
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2.4 Correlation between Surface and Subsurface Heating Rates 

In order to correlate temperature changes at the surface with temperature changes at the level 

of the nociceptor (subsurface), it was necessary to record from the two locations 

simultaneously. Surface temperature was measured simply by placing the heating lamp in 

contact with the hindpaw of the rat, and recording the calibrated thermocouple output captured 
via the 1401 Plus (using Spike2 software). 

2.4.1 Measurement of Subsurface Temperature 

Subsurface T-type thermocouples were custom-built in exactly the same way as described for 

surface thermocouples (Section 2.3.1). This time, however, the thermocouple wires were 
threaded through a blunted 25G needle and the knotted end hooked over the bevelled edge of 
the needle (much like EMG electrode construction, Section 2.2.4) as shown in Figure 2.5. 

» 
Figure 2.5 Subsurface thermocouple and needle. Copper and copper-nickel wires 
were threaded through a blunted hypodermic needle and tied in a knot to form a 
thermocouple junction. 

In anaesthetised rats a small hole was made close to the hock of the hindpaw using a sharp 
25G needle. A blunted 25G needle was then pushed through the hole and gently advanced, 

sub-epidermally, to a spot directly below the hindpaw dorsum, clearing connective tissue in its 

path. The blunted needle was removed and the resulting needle track used to aid insertion of 
the need le/thermocouple arrangement into place. Pressure was then applied to the surface of 
the paw, above the needle/thermocouple, and the needle carefully removed, leaving the 

thermocouple knot in place. This technique of making a needle track first produced much less 

tissue damage, bleeding and subsequently less oedema than directly inserting the 

need le/thermocouple arrangement. The ends of the wire distal to the knot were attached to a T- 

type thermocouple plug, as for the surface thermocouple, for connection to the heating control 

unit sockets. As before, the voltages from the thermocouple amplifiers were fed into the 

1401 Plus for online sampling (1 5Hz) and analysis. 
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2.4.2 Experimental Protocol 

Rats were deeply anaesthetised with urethane (25%, 1.25g kg_1 i. p. ). Rectal temperature was 

maintained at 37.5 ± 0.50C by means of a thermostatically-controlled heating blanket. 

Subsurface thermocouples were positioned directly beneath the left hindpaw dorsum skin, as 
described above. After locating the subsurface thermocouple by monitoring temperature 

changes evoked by a roving cold spoon on the skin surface, the heating lamp (Section 2.3) was 
placed in contact with the paw, such that the lamp thermocouple lay directly over the subsurface 
thermocouple. The deep level of anaesthesia ensured that there were no hindlimb withdrawal 

reflexes to noxious heat, thus maintaining the alignment of the thermocouples. 

A series of different heating rates were applied to the paw by varying the voltage output to the 

lamp, using the variable resistor of the heating control box. The rates of heating at both surface 

and subsurface thermocouples were analysed online using Spike2 software. The lamp voltage 

was adjusted repeatedly until subsurface rates comparable to the slow (0.6oCs-1) and fast 

(2.5oCs-1) rates described by Yeomans & Proudfit (1996) were obtained. Throughout the 

experiments paw surface temperature adjacent to the heat stimulator was maintained at 30 

0.50C using a radiant heating device to ensure a consistent starting temperature. A cut-off 
temperature of 530C was used for slow heating rates and 550C for fast rates so as to prevent 

skin damage. Once sufficient data had been obtained from the left hindpaw the process was 

repeated on the right side. Five rats were used for this study. 
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2.4.3 Results 

The following table (table 2.1) shows the results of 16 slow heating ramps and 19 fast heating 

ramps, from the first two experiments. 

SLOW FAST 
Surface Rate 0.94 0.02 OCs-1 6.45 ± 0.09 OCs-1 

Subsurface Rate 0.58 0.01 OCs-' 2.50 ± 0.04 OCs-1 

Voltage Required 3.08 ± 0.02 V 4.47 ± 0.07 

Table 2.1 Mean voltages required to produce slow and fast surface and 
subsurface rates of heating (n=2). Tabulated values are mean ± SEM. 

In the remaining three experiments, the slow heating rate was increased slightly (for reasons 
discussed below, 2.4.4 Discussion) and the results are shown in table 2.2 below. N. B. The fast 

ramp data from these three experiments has been combined with the previous two experiments 
(total n=5). The table shows means and standard errors for 16 slow ramps and 36 fast ramps. 

SLOW FAST 

Surface Rate 1.30 ± 0.03 OCs-1 6.68 ± 0.10 OCs-1 

Subsurface Rate 0.84 ± 0.01 OCs-1 2.48 ± 0.03 OCs-1 

Voltage Required 3.29 ± 0.10 V 4.51 ± 0.08 

Table 2.2 Mean voltages required to produce slow and fast surface and 
subsurface rates of heating (n=5). Tabulated values are mean ± SEM. 

An example of simultaneous recordings of surface and subsurface changes with slow and fast 

heating ramps is given below in figure 2.6. This figure illustrates that non-linear surface heating 

resulted in approximately linear subsurface heating. 
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Figure 2.6 An example of simultaneous recordings of surface and subsurface changes 
with slow and fast heating ramps. Filled circles show fast surface heating, open circles 
show fast subsurface heating, filled triangles show slow surface heating, open triangles show 
slow subsurface heating. 
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2.4.4 Discussion 

2.4.4.1 Summary of Results 

In two animals it was possible to obtain slow and fast subsurface heating rates comparable with 
those obtained by Yeomans & Proudfit (1996), and with those obtained using the first prototype 
lamp (see McMullan, 2002). A mean surface rate of 0.940Cs-1 produced a mean subsurface 
rate of 0.580Cs-1, whilst a faster mean surface rate of 6.45OCs-1 resulted in a mean subsurface 

rate of 2.50OCs-1. These subsurface rates are very similar to the slow (0.60Cs-1) and fast 

(2.50Cs-) subsurface rates previously reported (Yeomans & Proudfit, 1996). 

From Figure 2.6 it is evident that non-linear increases in temperature at the surface of the paw 

resulted in linear increases in subsurface temperatures in the present study. This finding is in 

agreement with previous observations (Yeomans & Proudfit, 1994; McMullan, 2002). 

2.4.4.2 Comparison of Different Heating Systems 

Although the slow and fast heating ramps produced by the lamp were very similar to those 

produced in Yeoman & Proudfit's study, there are some crucial differences between the two 

heating systems and the way in which the studies were conducted. Firstly, the lamp used in this 

study heated by conduction with the lamp and paw in direct contact, i. e. constant intensity 

contact heat. The first lamps built in the laboratory by myself and McMullan did heat by 

radiation, like Yeoman & Proudfit's device, but there were several drawbacks with this 

approach. 

i) The size of the focused light produced by the radiant lamp appeared to be -4mm in diameter, 

however the actual size of thermal focus was much smaller (-2mm in diameter). This made it 

difficult to align surface and subsurface thermocouples and, as a consequence, difficult to 

reliably correlate surface and subsurface heating rates. 

ii) Rather than producing a well-defined focus of heating on the paw, leaving surrounding tissue 

at its normal resting temperature, the lamp produced a focus of heating surrounded by a corona 

of diffused light falling outside of the focus. This resulted in a graded drop-off in temperature 

that was estimated to be 40C mm-1. This was estimated by setting the lamp to a constant 

voltage, focusing the heat on a piece of blackened rubber (to simulate skin) and moving a 

thermocouple, held by a micromanipulator, in and around the focus of heating. It is therefore 

possible that by using a radiant heat lamp an area of skin outside the focus will be heated at 

slow rates (preferential to the activation of C-fibres), despite the temperature of skin in the focus 

rising at fast rates (preferential to the activation of A6-fibres). Thus, a dual-activation of C- and 

A5-fibres may be evoked, the complete opposite of what the lamp was designed for. 
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The contact heat lamp has neither of the above complications of radiant heat systems. Once 
the bulb is switched on the entire thin copper plate heats up very rapidly and uniformly across 
its surface. The cone ensures that heating of the paw is restricted to the area contacted by the 

copper plate. A larger thermal focus can therefore be achieved with this lamp, aiding reliable 
surface/subsurface temperature correlations, with no heating of skin outside that contacted by 
the lamp. 

Another difference between the present study and Yeoman & Proudfit's can be found in the total 

area of skin heated by the lamps. With the radiant lamp system the heat was focused on a 
75 MM2 area of blackened skin. By comparison, the contact heat lamp used in the present study 
heated an area of skin 7mm in diameter (-38.5MM2), just over half the area heated by the 

radiant heat lamp. However, as discussed in point i) above, the actual size of thermal focus 

produced by a radiant lamp can be much smaller (50% in our radiant system) than the size of 
focused light. In addition, with a radiant heat source the total area of skin heated may be 

greater than the area focused on if there is diffused light falling outside the focus, and the total 

area may not be heated at a uniform rate, see point ii) above. 

One consideration relating to the area of stimulation is the receptive field (RF) size of the 

nociceptive afferents targeted. Whilst the RFs of cutaneous nociceptive mechanoreceptors 
have been well-described (LaMotte & Campbell, 1978; Lynn & Carpenter, 1982; Leem et al., 
1993; Treede et al., 1998), the RFs of thermal ly-responsive nociceptors (i. e. AMH and 
CMH/polymodal nociceptors) have not, to my knowledge. This is probably because the 

equipment used for accurately mapping mechanical nociceptive RFs (e. g. nylon monofilament) 
is relatively cheap and easily accessible compared to the equipment needed for mapping 
thermal nociceptive RFs (e. g. lasers). Thus, the RIF of a nociceptive unit is usually determined 

with a noxious mechanical search stimulus. If responses to noxious heat are also required then 

thermal stimuli are applied within the mechanical RF In any case, the excitatory RFs of 

cutaneous nociceptors in the rat paw are reported (Leem et al., 1993) to consist of several small 

mechanically-sensitive spots (0.5-1 mm diameter) or ovoid shaped zones (2-4mm in length) and 

responses to thermal stimuli can be obtained within these RFs. It is therefore fair to assume 
that the area of stimulation used in the current study (-38.5m M2) was sufficiently large to 

activate thermally-responsive nociceptors. 
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2.4-4.3 Application of Heating System 

As outlined in the introduction, the purpose of developing this heating system was to provide a 
tool for characterising descending control from supraspinal structures in terms of effects on A5- 

versus C-fibre evoked responses. If the descending control was inhibitory (anti-nociception) 
then withdrawals to a heat stimulus may be expected to occur at higher threshold temperatures 
than normal. The mean duration of a slow heating ramp (0.60Cs-1 subsurface) in the first two 
experiments was 41.5s, with a cut-off set at 530C. However, some of the ramps lasted in 

excess of 50s. In view of the application of the heating model such a prolonged heat stimulus is 

potentially injurious. This was the reason for increasing the slow heating rate from 0.60Cs-1 

subsurface to 0.80Cs-1 in the last three experiments. This small increase in subsurface heating 

rate reduced the mean duration of slow ramps from 41.5 to 16.7s. 

2.4.4.4 Measurement of Heating Rates 

There were two main aims in correlating rates of surface heating with subsurface rates. Firstly, 
these experiments sought to determine whether it was possible, with the newly constructed 
lamp, to produce specific slow and fast subsurface rates that have previously been shown to 

preferentially activate C- and A8-fibres respectively (Yeomans & Proudfit, 1996; McMullan, 
2002). Secondly, measurements of surface heating rate provided a basis for rejecting data (in 
future experiments) if the rates fell outside a defined range. This method ensured the reliability 
of data and removed the necessity for recording subsurface temperature during experiments, 

which due to its invasive nature may cause some localised tissue damage. 

In previous studies rates of surface and subsurface skin heating were measured over the length 

of time it took for withdrawal to the noxious heat stimulus to occur (i. e. latency). Mean 

withdrawal latencies in that study (Yeomans & Proudfit, 1996) were 13.4s for responses to slow 

ramps and 2.6s for responses to fast ramps. In the present study rates of surface and 

subsurface heating were therefore determined over these times to allow a direct comparison of 
the data, although withdrawals did not occur due to the deep level of anaesthesia. Obviously 

latencies to withdrawal will vary from animal to animal (and even within animals, from stimulus 
to stimulus) and this in itself will increase the variability in reported surface rates of heating if the 

rates are measured at latency. In addition, at the point of withdrawal limb flexion may cause 

slight displacement of the thermocouple/lamp from the paw, resulting in inaccuracies in rate 

measurement. 

As heating rate was to be used as a basis for stimulus rejection the reliability of rate 

measurement was critically important for consistency in future experiments. It was evident then 

that an improved method of rate determination was necessary. A better method for determining 

heating rate would be to measure the rate over a constant time length of the heating curve. An 
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optimal length of time would allow sufficient time for a significant rise in temperature to occur but 

without a withdrawal actually taking place. The length of time over which heating rate was 

measured in all subsequent experiments was therefore fixed at the first 4s for a slow ramp and 
the first 2s for a fast ramp. Re-analysis of the surface heating rates obtained in the current 

study shows that slow ramps heated the skin surface at an mean rate of 2.70Cs-1 over the first 

4s and fast ramps at an mean rate of 7.60Cs-1 over the first 2s. These rates compare favourably 

with the slow and fast rates of 2.5 and 7.50Cs-1 respectively obtained using the first contact heat 

lamp prototype (McMullan, 2002). 

2.4.4.6 Conclusion 

Using a constant intensity contact heat lamp surface heating rates of 2.7 and 7.60Cs' 1 produced 

slow and fast subsurface rates comparable to those shown previously to preferentially activate 
C- and A8-nociceptors. The "acid test" of this newly constructed heating device was whether or 

not withdrawal responses to its slow and fast heating ramps were differentially affected by 

topical application of capsaicin to the paw and this was tested as described in the following 

section. 
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2.5 Selective Activation of Capsaicin-Sensitive and Capsaicin-Insensitive 

Neurones 

The aim of the following experiments was to test whether or not the heating lamp developed in 

section 2.4 was capable of preferentially stimulating C- or A5-nociceptors, using slow and fast 

rates of noxious skin heating, respectively. Due to the differential expression of vanilloid 
receptors on different nociceptive afferents, the vanilloid capsaicin when applied topically in low 
dose, has been shown to sensitise predominantly C-fibre nociceptors, leaving capsaicin- 
insensitive neurones, mainly A5-nociceptors, unaffected (Kenins, 1982; Culp et al., 1989; 
Baumann et al., 1991; Yeomans & Proudfit, 1996). 

2.5.1 Experimental Protocol 

Four male Wistar rats were prepared for blood pressure and EMG recording and maintained on 
an infusion of Saffan anaesthetic (1 1-28mg kg-1 h-1 i. v. ) as described in Section 2.2. Following a 
one-hour post-surgery recovery period, a constant intensity contact heat lamp was applied to 

the left hindpaw dorsum and slow (2.7oCs-1) and fast (7.6oCs-1) rates of noxious heating 

administered, alternately at 8 minute intervals. Baseline withdrawal responses to the noxious 

stimuli were assessed by recording EMG activity from a hindlimb muscle (section 2.2.4). 

Measurements of withdrawal latency, threshold temperature (temperature at onset of EMG 

activity) and rate of heating (to confirm that the stimulus was slow or fast) were made. Data 

resulting from heating rates outside of 2.7 ± 1'Cs-1 for slow ramps or 7.6 ± 1OCs-1 for fast ramps 

were rejected. 

In total seven slow and seven fast ramps were administered to the paw in each experiment, to 

obtain control or baseline values, however the first two responses to each stimulus were not 
included in data analysis. The reason for excluding the first two responses was that they were 
frequently observed to deviate considerably from subsequent responses. Specifically, the very 
first response to a heat stimulus commonly occurred at a lower threshold than responses to 

ensuing stimuli. This observation is in accordance with previous findings of LaMotte & 

Campbell (1978), who stated: 

"For skin not previously stimulated, the first presentation of a painful heat stimulus evoked a more 

intense sensation in humans and a greater number of impulses in monkey nociceptive afferents 

than subsequent presentations of the same stimulus. " (LaMotte & Campbell, 1978) 

Once five consistent baseline withdrawal responses to slow and fast ramps had been obtained, 

10 pi of capsaicin (1 OmM, 1: 1 ethanol/water vehicle, Sigma) was applied topically to the left 

hindpaw dorsurn using a Gilson pipette, and evenly spread over the area of stimulation with a 

cotton bud. The capsaicin application was repeated 15 minutes later. After the second 
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application of capsaicin, a 15 minute interval was allowed before heating ramps were resumed 

on the same paw. Five slow and five fast ramp stimuli were delivered in the post-capsaicin 

period. 

2.5.2 Data Analysis 

The data analysed from these experiments were the withdrawal thresholds to slow and fast 

ramps, pre- and post-capsaicin. Data from the experiments were pooled into four groups: Slow 

Control, Slow Post-Capsaicin, Fast Control, Fast Post-Capsaicin. The median, interquartile 

range (IQR) and semi-interquartile range (SIQR) values were calculated for each group. 
Statistical comparisons of the group medians were performed using the Mann Whitney U Test. 

In all figures: *= Significant (0.01 <p<0.05), ** = Very significant (0.001 <p<0.01), Extremely 

significant (p<0.001), ns= Not significant (p>0.05). 
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2.5.3 Results 

Typical control withdrawal responses (reflex EMG) evoked by slow and fast heating ramps are 
shown in figure 2.7 below. 
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Figure 2.7 Typical withdrawal reflex EMG evoked by slow and fast heating ramps. 
Raw traces show changes in surface temperature (Surface Temp. ) and evoked reflex 
electromyographic activity (EMG). 
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Median withdrawal thresholds to slow and fast heating ramps were 48.60C (IQR: 47.3 - 49.6'C) 
and 50.50C (IQR: 48.4 - 51.90C) respectively during the control period and these medians were 
significantly different (p=0.0047). Following topical application of capsaicin the median 
withdrawal threshold to slow heating ramps was significantly reduced to 43.90C (p=0.0006, IQR: 
41.4-47.10C). In contrast, there was no significant change (p>0.05) in the median withdrawal 
threshold to fast heating ramps following capsaicin application (see figure 2.8 below). 
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Figure 2.8 Column chart showing withdrawal thresholds to slow and fast rates 
of heating before (Con) and after topical application of 10 mM capsaicin 
(CAP). Columns are medians, bars are SIQRs. 

Statistical comparison of the median thresholds of responses to slow versus fast heating ramps 

after capsaicin treatment also revealed a statistical difference (P=0.0004). 
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2.5.4 Discussion 

2.5.4.1 Examination of Findings 

Using a constant intensity contact heating lamp, alternate slow and fast rates of heating were 

applied to the hindpaw dorsum of anaesthetised rats before and after topical administration of 
low dose capsaicin, and the thresholds of evoked withdrawal reflexes assessed by recording 
EMG activity. In the control period withdrawal responses to fast heating ramps occurred at 

significantly higher thresholds compared responses evoked by slow heating ramps (50.5 c. f. 

48.60C). This finding is in agreement with previous reports that suggest nociceptive threshold 

increases with heating rate (Tillman et al., 1995a; 1995b; Yeomans et al., 1996b) and that A8- 

nociceptors have higher heat thresholds than C-nociceptors (Tillman et al., 1995b; Treede et al., 
1998). The difference in threshold observed here is therefore consistent with the view that fast 

rates of heating, which evoked responses at higher thresholds, preferentially activate A& 

nociceptors, whereas slow rates of heating, which evoked responses at lower thresholds, 

preferentially activate C-nociceptors. 

However, increases in nociceptive threshold with heating rate can largely be explained by the 

biophysics of heat transmission through the skin because at faster rates of heating the 

temperature at the level of the nociceptor lags behind surface temperature (Tillman et al., 

1995a). So a higher surface temperature is needed for subsurface nociceptors to reach 

threshold temperature at higher rates of heating. In human studies however, perceived heat 

pain thresholds are reported to decrease with increasing heating rates (Yarnitsky & Ochoa, 

1990; Tillman et al., 1995a). This observation can most likely be explained by the frequency 

responses of nociceptors to heat stimuli. Higher rates of temperature rise evoke higher firing 

frequencies in nociceptors (this is true for CMH nociceptors at least), so the minimum afferent 

input required for psychophysical detection of heat pain will be achieved earlier, i. e. at a lower 

temperature (Yarnitsky et al., 1992; Tillman et al., 1995a). 

Importantly, responses to slow ramps were sensitised (lower thresholds) following topical 

capsaicin whilst responses to fast ramps were not significantly affected. This finding suggests 

that responses to slow ramps are mediated by capsaicin-sensitive (CAP-S) nociceptive 

neurones, whereas responses to fast ramps are presumably mediated by capsaicin-insensitive 

(CAP-1) nociceptors. Sensory neurones sensitive to capsaicin express VR-1 and are 

predominantly C-fibre nociceptors; (see Section 1.2.4), whereas capsaicin-insensitive neurones 

do not express VR-1 and are mainly A6-fibre nociceptors. These data therefore lend further 

support to the notion that slow rates of noxious skin heating preferentially activate C-nociceptors 

whereas fast rates of heating preferentially activate A5-nociceptors (Yeomans & Proudfit, 1996; 

Yeomans et al., 1996b). 
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2.5.4.2 Other Approaches 

There are alternative approaches to the heating method described here, to investigate the 
different components of the nociceptive signal and some of these are discussed below. 

2.5.4.2.1 Electrical Approach 

Direct current (DC) polarisation of peripheral nerves can allow separation of small- and large- 
diameter fibre activation. In a study by Petruska et aL (1998) anodally focused polarisation of 
the sciatic nerve in anaesthetised rats allowed discrimination of myelinated A- and unmyelinated 
C-fibre input to several brainstern nuclei. By utilising differential charge density the polarisation 
of the peripheral nerve was able to block impulse propagation in myelinated fibres while 
permitting impulses in unmyelinated fibres to propagate through the blocking site. Petruska and 
colleagues found that their method could be adjusted to allow conduction in the unmyelinated 
(C) and slower myelinated (M) fibres, and suggested that in conjunction with a sub-C-fibre 
threshold electrical stimulus this technique could allow conduction in A5 fibres alone. 

One adverse consequence of applying polarisation for differential block is the phenomenon of 
decreased conduction velocity. Increasing polarisation magnitude causes decreases in the 

conduction velocity of all fibre types, with the smaller fibres showing the greatest decreases, 

possibly due to a change in the kinetics of trans-axonal-membrane current flow (Petruska et a/., 
1998). Such a slowing of conduction velocity could reduce the probability of natural noxious 

stimuli evoking a measurable reflex response. Furthermore, if DC polarisation was combined 

with suitable electrical stimuli, as suggested, then the disadvantages of using electrical stimuli 

must also be considered. Such electrical stimuli evoke synchronous volleys in both non- 

nociceptive and nociceptive fibres and are not a natural form of noxious stimulus likely 

encountered by an animal in its normal environment. In addition, electrical stimulation 

completely bypasses nociceptive terminals and activates nociceptive axons directly, thus 

precluding any studies of peripheral transduction mechanisms with these stimuli. Finally, 

inherent in the preparation of animals for DC polarisation is the high level of surgical 

preparation, and consequent nociceptive barrage to the CNS, compared to methods that do not 

require access to peripheral nerves, e. g. heating of the hindpaw at different rates. In addition to 

the consequences of nociceptor activation, such surgery also involves transecting muscles that 

are involved in mediating withdrawal reflexes. 

2.5.4.2.2 Chemical Approach 

Several studies have investigated the neurophysiological effects of capsaicin application to 

peripheral nerves in the rat (Wall & Fitzgerald, 1981; Fitzgerald & Woolf, 1982; Welk et al., 
1983; Petsche et al., 1983). A common finding of these studies is that shortly after topical 
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treatment of a peripheral nerve with capsaicin, conduction in nociceptive C-fibres is selectively 
impaired. 

Interestingly, a number of electrophysiological studies of human sural nerve (Quasthoff et al., 
1995; Grosskreutz et al., 1996) and rat dorsal root ganglia (Arbuckle & Docherty, 1995; Akopian 

et al., 1999; Strassman & Raymond, 1999; Amaya et al., 2000) have revealed the presence of a 
population of capsaicin-sensitive nociceptive neurones that selectively express tetrodotoxin 
(TTX)-resistant channels. Application of TTX to a peripheral nerve may therefore provide an 
experimental tool for blocking conduction in capsaicin-insensitive/TTX-sensitive nociceptive 
neurones (e. g. Clarke et al., 2003). 

Thus, by combining topical application of either capsaicin or TTX to an exposed peripheral 
nerve with a natural noxious stimuli, evoked responses may be assessed discriminatively in 

terms of predominantly A8- (capsaicin-insensitive/TTX-S) or C-fibre mediated (capsaicin- 

sensitive/TTX-R) components respectively. This approach is of course similar in principle to the 

electrical approach described above, i. e. selectively blocking conduction in specified subsets of 
nociceptive afferents, except in this case the block is by chemical means rather than electrical. 

One immediately obvious limitation of this neurochernical approach however is that the effects 
of TTX and capsaicin cannot be tested in the same experiment. Also, the effects of either 
capsaicin or TTX application to peripheral nerves may be long-lasting (several hours in the case 

of capsaicin; >5 hours in the case of TTX) or permanent, and so the effects of repeated 
treatments cannot be easily evaluated in the same animal. In addition, concomitant with the 
impaired afferent functions of the neurones following neurotoxin application there may be 

impairment of efferent functions of the fibres, e. g. capsaicin impairs the ability of C-fibres to elicit 

vasodilation and plasma extravasation (McMahon et al., 1991). Thus, this approach would not 

allow for the direct comparison of activity evoked by different classes of nociceptor under the 

same physiological conditions. Again, as with the polarising block technique, access to a 

peripheral nerve is required that necessitates invasive surgical procedures, which produce a 

nociceptive barrage to the CNS and subsequent alterations in nociception (Houghton et al., 
1995). Despite these drawbacks a method based on this principle of selective chemical 

blockade of specific afferent types has been used to asses the contribution of A6- and C-fibres 

activated by noxious heat stimulation of the paw to nociceptive reflex pathways in cats 
(Schomburg et al., 2000). 

2.5.4.3 Different Rates of Noxious Skin Heating 

The method developed in the current study that employed different rates of heating to 

preferentially activate C- or A5-nociceptors has several advantages over the potential electrical 

and chemical approaches described above. In addition, this heating system has advantages 
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over existing methods that employ heat as a noxious stimulus, some of which are discussed 
below. 

2.5.4.3.1 Advantages of Dorsum Contact-Heating Over Other Heating Methods 

The heating method developed in this study employed a constant-intensity device that produced 
contact-heating of the hindpaw dorsum. Heating the dorsal surface offers several advantages 
over heating of the glabrous plantar aspect. Firstly, the skin of the dorsum is relatively thin and 
exhibits less variation in thickness than skin of the plantar surface, so heat transfer from the 
dorsal skin surface to the underlying nociceptors (terminating near the dermal/epidermal border) 
is more uniform. Secondly, there is evidence to suggest that there is an unequal distribution of 
the different classes of heat nociceptors in the glabrous plantar skin. The results of a study 
conducted by Doucette et al. (11987) indicated that in the rat hindpaw there is a larger proportion 
of heat sensitive capsaicin-insensitive nociceptors innervating the pad region compared to the 

non-pad regions of the plantar skin. Thirdly, the plantar surface of the paw may be involved in 

thermoregulation (Gordon, 1990) and surface temperature may therefore vary significantly 

creating inaccuracies in latency/threshold measurements of responses evoked by noxious heat 

(Duggan et al., 1978). 

Radiant heating is commonly used to evoke thermal nociception but has several disadvantages 

compared to contact-heating, other than those already discussed in Section 2.4.4.2. Namely, 

most radiant heat sources emit radiation in the visible and infrared spectra for which skin is a 

good reflector but a poor absorber. Also, the emitted radiation may well penetrate tissues 

beyond the skin surface. These two problems may be overcome to some extent by blackening 

the heated area with India ink for example (Le Bars et al., 2001). 

A final consideration of the approach used in the present study relates to the way in which the 

heating method was employed to administer repeated stimuli, specifically the inter-stimulus 

interval (ISI) used. In this study an ISI of eight minutes was chosen, as this allowed sufficient 

time for the paw to cool down between heating trials and did not appear to produce stimulus 

interactions such as those described by other researchers (Price et al., 1977; LaMotte & 

Campbell, 1978). 

2.5.4.3.2 Advantages of Heating Compared to Other Approaches 

One major advantage of using the heating system described here over the chemical and 

electrical approaches is that the method is non-invasive. This factor is critically important if this 

approach is to be used for studying descending control systems, as the nociceptive barrage to 

the CNS produced by extensive surgical preparation can in itself engage descending control 

(e. g. Houghton et al., 1995; Ogilvie et al., 1999). 
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A potential drawback of the electrical and chemical blocking techniques described above is that 

in both techniques non-nociceptive A-fibres are blocked as well as the nociceptive neurones of 
interest. One consequence of this may be release of the nociceptive neurones from presynaptic 

effects such as primary afferent depolarisation (Janig et al., 1968; Woolf & Fitzgerald, 1982), 

which in turn could produce unusual levels of excitability in the affected neurones. 

There are of course limitations of the heating method employed in this study. For example, the 

necessity for contact of the lamp with the paw using this method will almost certainly result in 

activation of low threshold mechanoreceptors; (LTMs), which via presynaptic effects may alter 

evoked withdrawal responses (Svensson et al., 1997; Le Bars et al., 2001). However, contact 
heat stimulation probably more accurately represents natural noxious thermal stimuli, such as 
touching a hot surface, compared to thermal stimuli without a tactile component (Vierck, Jr. et 

al., 1997). One other potential limitation relating to contact, observed by the author, is that if the 

entire surface of the heating lamp's copper plate is not in contact with the paw then reliable 

rates and withdrawal responses cannot easily be obtained. This was not a significant problem 

with the medial aspect of the dorsum, which is relatively flat, but the issue of contact could be 

crucial if the lamp was used on other, non-flat skin surfaces. 

2.5.4.4 Conclusions 

Considerable evidence indicates that nociceptive A5- and C-fibre mediated events can certainly 

be separated on anatomical and electrophysiological grounds (Section 1.2). Also, considering 

the differing sensations of pain produced by activation of these different afferents in man 

(Section 2.1) it is clear that this separation/distinction is "useful". The data presented in this 

chapter support the use of different rates of noxious skin heating for preferentially activating A& 

or C-nociceptors, in a non-invasive, reliable and reproducible way in rats. Although the heating 

profiles produced by this heating system are likely to be different in human skin compared to 

that of rodents, the author can confirm that the different rates of heating do produce distinct 

sensations and are indeed painful when applied to human volar forearm. 

It is noteworthy that the term "preferential" has been used with respect to activation of A8- or C- 

nociceptors, throughout this chapter as opposed to "selective". This is in acknowledgement of 

the fact that what the heating system really achieves is activation of nociceptors according to 

their capsaicin sensitivity. The efficacy of this method for preferentially activating different 

nociceptor classes in animals relies therefore on that animal being sensitive to capsaicin, which 

is not always the case (e. g. birds, Sann et al., 1987; Rossler et al., 1993, also see Nagy & 

Rang, 2000). However, in man the distinction between CAP-S and CAP-1 afferents may have 

special significance, particularly with regard to neuropathic pain states. For example, there may 

be important differences in the relative contributions of CAP-S and CAP-1 nociceptors to the 
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generation and maintenance of secondary hyperalgesia, considered as a human model of 

neuropathic pain (Treede et al., 1992; Ziegler et al., 1999; Fuchs et a/., 2000; Magerl et al., 
2001; Yucel et aL, 2002). The observations of Magerl and colleagues on the roles of capsaicin- 
insensitive nociceptors in cutaneous pain and secondary hyperalgesia led them to suggest that: 

...... the subdivision of nociceptive primary afferents according to their capsaicin sensitivity has 

important functional implications. " (Magerl et al., 2001) 

The heating system described here is therefore a powerful tool for the study of nociceptive 

processes mediated by different afferent fibre types. Furthermore, this tool is useful in the 

investigation of how transmission through these different sensory pathways may be differentially 

modulated under certain circumstances, as described in the next chapter. 
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3. Differential Modulation by the Anterior Hypothalamus of 
Withdrawal Reflexes to Slow and Fast Rates of Noxious 

Skin Heating 

3.1 Introduction 

From the overview presented in Section 1.7, it is evident that the hypothalamus is a critical 
interface between autonomic, endocrine and somatornotor systems, providing an efficient 
means of coordinating stimulus-specific behaviours with appropriate physiological responses. 
The involvement of the hypothalamus in descending control of spinal nociception has already 
been introduced. However, in this section specific reference is made to the role of the anterior 
hypothalamus in eliciting co-ordinated descending control of autonomic and somatosensory 
functions in the rat. The idea that such descending control systems may discriminate between 
different aspects of the incoming sensory (nociceptive) signal is discussed and finally, the aim of 
the current study is outlined. 

3.1.1 The Role of the Anterior Hypothalamus in the Co-ordination of Autonomic and 
Somatosensory Controls 

A number of studies have demonstrated that the anterior hypothalamus can exert powerful 
inhibitory effects on nociceptive processing (antinociception). For example, studies in awake 
rats implanted with an electrode in the anterior hypotha lam us-preoptic area (AH-POA) showed 
that during electrical brain stimulation behavioural responses to noxious somatic stimuli were 
reduced (Cunningham & Goldsmith, 1985; Cunningham et aL, 1986). Another study, in 

conscious monkeys, also demonstrated an attenuation of behavioural responses to noxious 

stimuli following electrical stimulation at sites within the anterior hypothalamus (Oleson et al., 
1980). Evidence from studies in anaesthetised animals suggests that these antinociceptive 

effects are mediated, at least partly, by descending pathways that modulate nociceptive 
transmission in the spinal dorsal horn and trigerninal nucleus caudalis (Carstens et al., 1982; 

Mokha et aL, 1987). Such inhibitory control, as activated by chemical stimulation of AH-POA, 

extends to nociceptive input from visceral nociceptors ( Lumb & Cervero, 1989; Lumb, 1990). 

The functional significance of antinociception evoked by hypothalamic stimulation is not entirely 

understood. As discussed in Section 1.7 many studies of hypothalamic function have 

implicated this structure in the expression of emotional responses, particularly aggressive and 
defensive behaviours, and associated changes in autonomic function. This has lead 

researchers to postulate that antinociception resulting from hypothalamic activation is part of a 

wider response of an animal to situations that evoke co-ordinated changes in autonomic and 

sensori-motor function (Lovick & Lumb, 1990; 1991). Subsequent investigations have focused 
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on the possible association between anterior hypothalamic control of noxious input and changes 
in cardiovascular parameters. 

Several studies have demonstrated that chemical excitation of the lateral area of the anterior 
hypothalamus (LAAH) can produce an inhibition of reflex responses to noxious visceral 
stimulation that is accompanied by specific patterns of cardiovascular changes, for instance 
increased blood pressure, heart rate and vasodilation of skeletal muscle (Lovick & Lumb, 1991; 

Lumb & Lovick, 1993). From these studies it was suggested that the observed combination of 

antinociception and cardiovascular changes, characteristic of aggressive/defensive behaviour, 

might form part of a complex, integrated response of an animal to novel and potentially 
dangerous environmental stimuli. Thus, the anterior hypothalamus may be capable of eliciting a 

physiological state in which an endogenous pain control system is engaged to suppress noxious 
input (anti n ociceptio n) and simultaneously produce intense sym path oactivation that evokes a 

pattern of cardiovascular change that supports defensive behaviour, e. g. "fight or flight". It is 

noteworthy that several studies have demonstrated that neuronal activation within this same 
brain area in unanaesthetised rats evokes aggressive/offensive behaviours (Adams et al., 1993; 

Roeling et al., 1993). 

Lumb & Lovick (1993) also found that stimulation at sites just outside the LAAH produced 

significantly weaker and shorter-lasting inhibitions of the viscerosomatic reflex accompanied by 

depressor responses (decreases in BP). The functional significance of this second 
behavioural response is unknown but may be related to the "immobility" reaction elicited by 

stimulation of the ventrolateral PAG in awake animals (Zhang et al., 1990). 

3.1.2 Differential or Selective Descending Control 

It has been suggested previously (Carstens et al., 1982; Mokha et al., 1987) that the anterior 

hypothalamus may exert selective effects on nociceptive compared with non-nociceptive inputs 

to the dorsal horn. However, Workman& Lumb (1997) were the first to systematically test the 

effects of anterior hypothalamic stimulation on the low- and high-threshold inputs to individual 

dorsal horn neurones. They (Workman & Lumb, 1997) demonstrated that chemical activation of 

anterior hypothalamic neuronal perikarya evoked inhibitory effects that were selective for the 

nociceptive (high-threshold) responses of wide dynamic range (Class 2) dorsal horn neurones. 

Another unique finding was reported in the same study; not only were high-threshold responses 

of these neurones inhibited but in some instances the low-threshold responses of dorsal horn 

neurones were facilitated. In fact, earlier evidence for a selective descending control can be 

found in the literature. Studies of analgesia evoked by electrical stimulation in the brainstem, 

including the hypothalamus, in conscious rats revealed that: 
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"The majority of animals appeared responsive to visual, auditory, and tactile stimuli during brain 

stimulation. Some were in fact hyperreative to light touch while apparently oblivious to pain. " 

(Mayer et al., 1971) 

Thus, the evidence presented indicates that descending control from the anterior hypothalamus 

can exert a differential modulation of different types of sensory input entering the dorsal horn of 
the spinal cord, inhibiting some whilst facilitating others. However, it is not clear whether or not 

this differential control extends to the different nociceptive afferents, i. e. A5- versus C-fibres. 

Considering the distinct functional consequences of activation of these nociceptive afferents 
(Section 2.1), a differential modulation could have important implications. The study presented 
here was therefore designed to test if descending control evoked from the anterior 
hypothalamus has differential effects on nociceptive events generated by A5- or C-fibre 

activation. 

3.1.3 Aim 

The aim of the current study was to test the effects of chemical activation of cardioreactive sites 

within the anterior hypothalamus on withdrawal responses evoked by A8- or C-nociceptor 

activation, using fast and slow rates of noxious skin heating respectively (see Chapter 2). 
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3.2 Methods 

Experiments were performed on 20 male Wistar rats prepared initially as described in Section 
2.2. Anaesthesia was induced with halothane (4.0% in 02) and the jugular vein, carotid artery 
and trachea were cannulated. Following cannulation anaesthesia was maintained by 

continuous infusion of Saffan (11 1-28mg kg_1 h-1 i. v. ) and arterial blood pressure was recorded. 
Rectal temperature was maintained at -37.50C with a homeostatic blanket. The head was fixed 
in the flat-skull position in a stereotaxic frame. The following procedures where then performed, 
under a deep level of Saffan anaesthesia initially as judged by a lack of withdrawal reflexes to a 
noxious toe pinch, low overall muscle tone and the absence of corneal reflexes. 

3.2.1 Exposure of the Brain to Access the Hypothalamus 

Prior to the craniotomy a 0.1 ml bolus of Saffan (6mg ml -1 ) was given intravenously. The skin on 
the head was incised, from the nasofrontal suture to the atlas. The cut skin and exposed skull 

were sprayed with Xylocaine (Lidocaine, 10mg/dose, AstraZeneca UK Ltd., UK) and the 

periosteum scraped away from the cranium with a scalpel blade. 

A5 MM2 area of the skull (caudal to bregma) was reduced to a thin layer of bone using a small 
drill (IRS Electronics, UK) fitted with a round steel dental burr (ASH, Dental Express, UK, code: 
RA1 1 030618). The remaining thin bone layer was picked off with fine forceps to reveal the 

cerebral cortex (see figure 3.1, below). The dura covering the area was cut and reflected. The 

exposed brain was covered with paraffin oil to prevent dehydration. 

-Bregma 

Figure 3.1 Preparation of rat skull for access to hypothalamus. The picture 
shows a small "window" drilled into the skull exposing the cortical surface of the 
brain. 
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3.2.2 Insertion of a Micropipette into the Anterior Hypothalamus 

A triple-barrelled micropipette was mounted in a pressure port (WPI, US) in a micro-manipulator 
and inserted into the left anterior hypothalamus under stereotaxic guidance (Paxinos & Watson, 
1986), using bregma as a reference point (starting co-ordinates: 1.7mm caudal, 1.5mm lateral, 
8.5mm ventral). The micropipette was constructed as described in Appendix, Section 7.1. One 
barrel of the pipette was filled with the excitatory amino acid D-L-homocysteic acid (DLH, 
0.05M) in 0.9% saline for chemical excitation of hypothalamic neurones (Appendix, Section 7.4). 
The second barrel of the pipette contained 0.05M DLH dissolved in Pontamine Sky Blue (PSB) 
dye for marking of the injection site (Appendix, Section 7.4). DLH or PSB was pressure-eJ . ected 
by use of an air-filled syringe connected to the pipette barrels with plastic tubing and the volume 
ejected determined as described in the Appendix, Section 7.3. The third barrel contained 
Indium/Woods metal and this was used to mark the injection site with an electrolytic lesion if the 

second barrel became blocked. 

Once the micropipette was in place, anaesthesia was maintained at a level sufficient to prevent 
any spontaneous motor activity but with withdrawal reflexes to noxious pinching of the forepaw 
intact and the animal left for one hour before brain stimulation began, to allow for the effects of 

surgery to wear off and the level of anaesthesia to stabilise. 

3.2.3 Chemical Stimulation of the Anterior Hypothalamus (Mapping) 

The stereotaxically-inserted micropipette was advanced ventrally in 250ýtm steps and 0.05M 

DLH (20-40nl) pressure-ejected at each site. Once a reproducible (judged by a successful 

repeat injection 10 min later) pressor or depressor response was evoked the micropipette was 
left in place for 30 min then the effects of DLH were tested on withdrawal reflex responses to 

different rates of noxious skin heating, as described below. 

3.3.4 Protocol 

Either slow (2.70C/s) or fast (7.60C/s) ramps of contact heat (30-55 or 570C) were applied to the 

dorsal surface of the hind paw (ipsilateral to hypothalamic stimulation site) to preferentially 

activate C- or A6-nociceptors respectively (see Chapter 2). Withdrawal reflex EMG was 

recorded from stainless steel wire electrodes inserted into the biceps femoris and the threshold 

for withdrawal reflexes determined (as described previously, Section 2.2.4). In these 

experiments cut-off temperatures of 55 and 570C for slow and fast ramps respectively were 

used to prevent tissue damage. The slow or fast rate heat stimuli were applied at eight-minute 

intervals until three consistent responses were obtained in the control period. Once the 

baseline responses were established -40nl of DLH were pressure-ejected into the 

hypothalamus. Heating ramps were continued on an eight-minute cycle immediately following 
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DLH injection and for an additional 30 minute post-test period. This protocol is illustrated in 

Figure 3.2 below. 

8 min H 
E 

DLH 

I CONT I POST-TEST 

Figure 3.2 Experimental Protocol. Either slow or fast heat ramps (H) were 
applied at 8 min intervals in the Control period, then DLH was injected and 
immediately followed by a heat ramp. Heat ramps were again cycled every 8 
min for the Post-Test period. 

In most of the experiments (17/20) the animal was still in a good physiological state following 

completion of the experimental protocol. In those experiments, a 30 min period was allowed 
before repeating the protocol with the other rate of heating. 

3.2.5 Histological Methods 

Hypothalamic stimulation sites were marked by injection of PSB. At the end of experiments 

brains were removed and fixed in 8% paraformaldehyde for at least 48h, washed with 0.1 M 

phosphate buffer then left in 25% sucrose phosphate buffered solution (see Appendix, Section 

7.4.7) for an additional 24h. The dye deposits were subsequently recovered in 90ýtm sections 

stained with Neutral Red (Appendix, Section 7.5), and examined under 100x magnification light 

microscopy. 

3.2.6 Data Analysis 

12 cardioreactive sites within LAAH were tested for their effects on the threshold of withdrawal 

responses to slow and fast heating ramps. In addition, nine cardioreactive sites outside LAAH 

were tested for comparison. In cases in which there was no withdrawal response to a heating 

ramp, i. e. cut-off was reached, response thresholds were expressed as cut-off temperature 

+ 30C to enable analysis of these responses. The mean threshold of three slow or fast heating 
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ramp responses evoked during the control period was calculated and compared to the threshold 

of the first slow or fast heating ramp response following DLH injection (test response). The 

mean threshold of three heating ramp evoked responses in the post-test period was also 

calculated for comparison with the control and test response thresholds. 

In sections 3.3.1.3 and 3.3.2.3 hypothalamic sites were categorised according to their effects on 

withdrawal thresholds. Individual sites were assigned to the categories of "Increase in 

Threshold" or "Decrease in Threshold" if a change in threshold of >1 OC was observed in the 

test cycle of stimulation following DLH injection at the site. The remaining sites were assigned 
the category of "No Change in Threshold". 

In Section 3.3.1.3 threshold values are expressed as mean ± standard error of the mean (SEM). 

In Sections 3.3.3.1 and 3.3.3.2 threshold values are expressed as medians ± semi-interquartile 

range (SIQR). In Section 3.3.3.2, the abbreviation IQR refers to interquartile range. The 

statistical test used to determine levels of significance in Section 3.3.3.1 was the Wilcoxon 

Matched Pairs Test and in Section 3.3.3.2 the Mann Whitney U-Test was used. In all figures: 

= Significant (0.01 <p<0.05), ** = Very significant (0.001 <p<0.01), Extremely significant 
(p<0.001), ns= Not significant (p>0.05). 
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3.3 Results 
3.3.1 Sites within LAAH 
3.3.1.1 Location of Injection Sites 

12 sites within LAAH, as defined by Bleier (1979) and Lumb and Lovick (1993), were tested for 

their effects on responses to slow (n=11) and/or fast (n=10) heating ramps. Stimulation sites 

are illustrated in figure 3.3. 

Bregma -1.6 mM' 

3V 

II Bregnria -1.6 mm 
dAHA iLHA, 

LAAH 

CAAH 

/ 

Bregnia -1.8 mm 
\ LRA 

dAHA 

Figure 3.3 Representative transverse sections through the rostral hypothalamus 
to show locations of stimulation sites in LAAH. Sections modified from Paxinos & 
Watson, 1986.3V =3 rd ventricle, CAAH = caudal area of the anterior hypothalamus, 
dAHA = dorsal anterior hypothalamic area, LAAH = lateral area of the anterior 
hypothalamus, iLHA = intermediate lateral hypothalamic area. 
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3.3-1.2 Effects of Hypothalamic Stimulation on the Proportion of Heating Ramps that 

Evoked a Withdrawal 

In the control period, before DLH injection, 100% of slow and fast heating ramps evoked a 

withdrawal reflex. Following DLH injection within LAAH ("test"), the proportion of slow heating 

ramps that evoked withdrawal decreased to 7/11 (63.6%, i. e. 36.4 % reached cut-off 
temperature, >550C). In contrast, 9/10 (90.0%) fast heating ramps evoked withdrawal in the test 

cycle of stimulation following DLH (see figure 3.4). 

UJ 
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0 Withdrawal D No withdrawal 
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Figure 3.4 Proportion of slow and fast heating ramps that evoked withdrawal 
reflexes. Control -30 min period pre-test (DLH), heating every 8 min. "Test"= the first 
cycle of stimulation following DLH injection into LAAH. Post-test -30 min period after 
"Test "ramp, heating every 8 min. n= no. of sites 
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3.3.1.3 Effects of Hypothalamic Stimulation on Thresholds of Withdrawal Reflexes 

Evoked by Slow and Fast Heating Rates 

Threshold to withdrawal in response to slow heating ramps was increased at 8/11 (72.7%) of 

the hypothalamic sites tested, from a control mean of 51.6 ± 0.4 OC to 53.0 -_ 0.7 OC in the test 

cycle of stimulation (immediately following DLH injection, n=4), or to above cut-off (>55 OC, n=4). 

In contrast, at half (5/10) of the sites tested the effect of hypothalamic stimulation on responses 

to fast heating ramps was a decrease in threshold from a control mean of 53.6 ± 0.7 OC to 49.8 

± 1.2 OC for test responses (see figure 3.5). 

L] No Change in Threshold 
0 Increase in Threshold 

SLOW /(, (n = 

(n=8) 

.- No Change in Threshold 
* increase in Threshold 
* Decrease in Threshold 

FAST 

50 '/,, 

(n=5) 

30%(n=3) 

2Y, o (n=2) 

Figure 3.5 Changes in response thresholds to slow and fast heating rates 
following injection of DLH into sites within LAAH. Changes expressed as a 
percentage of the number of sites ýn). 
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At nine of the 12 sites within LAAH, it was possible to test responses to both slow and fast 

noxious heating ramps. Differential effects on responses to slow and fast rates of heating were 

observed from all nine of these sites following injection of DLH (see table 3.1). 

SLOW HEATING FAST HEATING n 
RAMP RAMP 

increase decrease or 6 
Z 
00 no change 
i- = 00) no change decrease 1 
LU U- U. UJ no change increase 2 

9 

Table 3.1 Effects on withdrawal threshold to noxious heating ramps, following 
activation of sites within LAAH (n=no. of sites). 
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3.3.2 Sites Outside LAAH 
3.3.2.1 Location of Injection Sites 

Nine cardioreactive sites outside LAAH were also tested for their effects on responses to slow 
(n=8) and/or fast (n=9) heating ramps. 

Bregma -1.6 mm 
iLHA-ý% dAHA 

LAAH 
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LAAH 

------------ -- - -- ----- ------ 
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tVMH/ 

cAHAv 

Figure 3.6 Representative transverse sections through the rostral hypothalamus to 
show locations of stimulation sites outside LAAH. Sections modified from Paxinos & 
Watson, 1986.3V =3 rd ventricle, CAAH = caudal area of the anterior hypothalamus, 
cAHAd = caudal anterior hypothalamic area (dorsal aspect), cAHAv = cAHA (ventral 
aspect), dAHA = dorsal anterior hypothalamic area, LAAH = lateral area of the anterior 
hypothalamus, iLHA = intermediate lateral hypothalamic area, cl-HA = caudal LHA, VMH 
= ventromedial hypothalamic nucleus. 
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3.3.2.2 Effects of Hypothalamic Stimulation on the Proportion of Heating Ramps that 

Evoked a Withdrawal 

In the control period, before DLH injection, 100% of slow and fast heating ramps evoked a 

withdrawal reflex. Following DLH injection ("test"), the proportion of slow heating ramps that 

evoked reflexes decreased to 7/8 (87.5%, c. f. 63.6% for sites within LAAH) and the proportion 

of fast heating ramps that evoked withdrawal decreased to 7/9 (77.8% c. f. 90.0% for sites within 
LAAH), see figure 3.7. 
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Figure 3.7 Proportion of slow and fast heating ramps that evoked withdrawal reflexes. 
Control -30 min period pre-test, heating every 8 min. "Test" = the first cycle of stimulation after 
DLH injection at sites outside LAAH. Post-test -30 min period after "test" ramp, heating every 
8 min. n= no. of sites. 
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3.3.2.3 Effects of Hypothalamic Stimulation on Thresholds of Withdrawal Reflexes 

Evoked by Slow and Fast Heating Rates 

Effects of hypothalamic activation outside LAAH on the thresholds of responses to slow and fast 

heating ramps are summarised below (figure 3.8). 
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(n=l) 13% 

El No Change in Threshold 
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El Decrease in Threshold 

49% 
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34% 
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Figure 3.8 Changes in response thresholds to slow and fast heating rates 
following injection of DLH at sites outside LAAH. Changes expressed as a 
percentage of the number of sites (n). 

65 

33% (n=3) 



Chapter 3: Differential Modulation of Reflexes to Slow and Fast Rates of Paw Heating 

Compared to activation of sites within LAAH, activation of sites outside LAAH had a less 

pronounced effect on responses to both slow and fast heating ramps. At 4/8 (50%) sites at 

which the effects of DLH injection were tested on withdrawal responses to slow heating ramps 
there was no change in withdrawal threshold (c. f. 27.3% for sites within LAAH). Similarly, at 
33% of sites outside LAAH injection of DLH had no effect on withdrawal thresholds to fast 

heating ramps (c. f. a decrease in withdrawal thresholds at 50.0% of sites within LAAH). 

At eight of the nine sites outside LAAH, it was possible to test effects on responses to both slow 

and fast rates of noxious heating. Only 5/8 sites (62.5%) exhibited a differential effect on 
heating ramp responses, compared to 100% of sites tested (9/12) within LAAH. Thedifferential 

effects at sites outside LAAH are surnmarised in the table below. 

SLOW HEATING FAST HEATING N 
RAMPS RAMPS 

increase decrease or 2 

no change 

0 no change decrease I 

LU 
Ix no change increase 2 

z 
0 increase increase 1 
F- U 
LU U- decrease decrease 1 
U. w 

no change no change 1 

8 

Table 3.2 Effects on withdrawal threshold to noxious heating ramps, 
following activation of sites outside LAAH. (N=no. of sites). Arrows indicate 
an increase or decrease in nociceptive threshold. Differential effects are 
indicated by bold font. 
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3.3.3 Comparisons of Effects of Stimulation at Sites Within and Outside LAAH 
3.3.3.1 Threshold Values 

In experiments with the micropipette located within LAAH, during the control period responses 
to slow and fast heating ramps occurred at median thresholds of 51.7 (n =1 1) and 53.8 ± 1.5 OC 
(n =1 0) respectively. Following injection of DILH at sites within LAAH there was a significant 
increase (p=0.0068) in median slow ramp threshold to 53.7 ± 2.7 'C. Responses returned to 

within 99.6 ± 2.3 % of control values during the post-test period. Conversely, responses to fast 

ramps occurred at a lower, albeit not significant (p>0.05), median threshold (50.8 ± 1.9 OC, ) 
following DLH injection within LAAH. These findings are illustrated below in figure 3.9. 
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Figure 3.9 Scatter plot of response thresholds to slow and fast heating ramps 
before and in the first cycle of stimulation after DLH injection at sites within 
LAAH. Con = Control (-30 min period pre-test), each point represents the mean of 
3 heating ramps), "Test" = first cycle of heating post-DLH injection, PT = Post-test 
(-30 min period after the "test" heating ramp, each point represents the mean of 3 
heating ramps). Horizontal bars are medians. 
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In contrast, in experiments with the micropipette located at sites outside LAAH there were no 

significant changes (p>0.05) in the threshold of responses to either slow or fast heating ramps, 
tested with DLH injection (see figure 3.10). Median thresholds to slow and fast heating ramps in 

the control period were 51.0 ± 1.7 'C (n=8) and 51.9 ± 1.1 OC (n=9) respectively. The 

corresponding thresholds values for test responses were 52.1 ± 1.4 IIC (slow) and 51.7 ± 1.5 OC 

(fast). 
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Figure 3.10 Scatter plot of response thresholds to slow and fast heating 
ramps before and after DLH injection at sites outside LAAH. Con = Control 
(-30 min period pre-test, each point represents the mean of 3 heating ramps), 
"Test" = first cycle of heating post-DLH injection, PT = Post-test (-30 min period 
after the "test" heating ramp, each point represents the mean of 3 heating ramps). 
Horizontal bars are medians. 
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3.3.3.2 Comparison of Percentage Change in Withdrawal Threshold to Slow and Fast 

Heating Ramps Following DLH Injection at Sites Within and Outside LAAH 

In addition to the absolute threshold values pre- and post-DLH, the percentage change in 

thresholds was also analysed by calculating the difference between thresholds of control 

responses to heating ramps, i. e. before IDLH injection, and the thresholds of test responses 
following DLH injection at the hypothalamic sites (see figure 3.11 below). The median change 
in threshold of responses to slow heating ramps following injection of DLH at sites within LAAH 

was significantly higher (p=0.02) than the median change in threshold of responses to fast 

heating ramps (see figure 3.11). Median values for the percentage change in thresholds for 

slow and fast ramp evoked responses were +4.1 % (IQR: 2.1 - 11.7%) and -1.8 % (IQR: -7.0 - 
1.6%) respectively. 

In comparison, at sites outside LAAH there were no significant differences (p>0.05) in the 

median percentage change in thresholds of responses to slow or fast heating ramps, in the test 

cycle of heating following DLH injection. Median values for the percentage change in 

thresholds for slow and fast ramp evoked responses were +0.7% (IQR: -0.8 - 5.6%) and +0.3% 
(IQR: -2.3 - 1.2%) respectively. 
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3.4 Discussion 
3.4.1 Summary of Results 

The results of these experiments demonstrated that chemical activation of cardioreactive sites 

restricted to the LAAH produced an inhibition of withdrawal reflexes evoked by slow rates of 
heating, as indicated by the decrease in the proportion of ramps that evoked a response and by 

the increase in threshold of those responses that were present. This effect on reflexes evoked 
by slow rates of heating was significantly different from the effects on reflexes elicited by fast 

heating ramps, which were generally facilitated (occurred at lower thresholds) from the majority 

of LAAH sites stimulated. These data provide evidence that cardioreactive sites within LAAH 

exert differential effects on the responses to nociceptive input arising from activity in C-fibres 

(evoked by slow heating ramps) compared to input arising from A5-fibres (evoked by fast 

heating ramps). In contrast, activation of cardioreactive sites outside LAAH had no significant 

effect on the proportion of slow or fast ramps that evoked a response or the thresholds of 

evoked responses. 

3.4.2 Discussion of Methods 

3.4.2.1 Use of Saffan 

A formulation of the steroids alphadolone and alphaxalone called Saffan was used in the 

present study. Saffan has previously been shown (Timms, 1981) to be valuable in studies of 
hypothalamic function in cats because it does not distort synaptic transmission in the forebrain, 

and does not interrupt the expression of integrated activities evoked by stimulation of forebrain 

structures, in the same way as other anaesthetics (e. g. barbiturates). In addition, Saffan has 

been reported to preserve central ly-evoked changes in autonomic and sensory function at 

doses appropriate for maintaining general anaesthesia in rats (Lovick, 1986; Hilton & Redfern, 

1986; Lumb & Lovick, 1993). These observations are supported by the experiments described 

in the present chapter in which significant changes in cardiovascular function and responses to 

noxious stimuli could be evoked from the hypothalamus in Saffan-anaesthetised rats. 

Saffan has a relatively short plasma half-life (approximately seven minutes), is not cumulative 

when administered intravenously (Child et aL, 1972) and changes in anaesthetic depth can be 

achieved rapidly. In my experiments a small change in the rate of infusion (± 2mg kg_1 h-1) 

produced a new steady level of anaesthesia within 10 - 15min, similar experiences have been 

reported for use of this anaesthetic in cats (Timms, 1981). In addition, I found that a level of 

anaesthesia could be achieved in which there were no spontaneous organised motor 

behaviours or precipitous changes in blood pressure but good hindlimb withdrawal reflexes in 

response to noxious stimuli. Similar findings have been reported by others (e. g. Hartell & 

Headley, 1990; 1991). 
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3.4.2.2 Use of EMG[Withdrawal Reflex 

In the experiments described in this chapter, effects of brain stimulation on nociception were 
assessed by measuring the threshold of a hindlimb withdrawal reflex evoked by predominantly 
A8- (fast heating ramps) or by C-nociceptor (slow heating ramps) activation. EMG activity was 

recorded from the biceps femoris muscle that, upon reflex contraction, flexes the knee and 

extends the hip joint. In these experiments noxious stimuli (heat ramps) were applied to the 
dorsum of the hindpaw, well within the receptive field of biceps femoris (Schouenborg & 

Kalliomaki, 1990). Recordings of EMG from this particular muscle have been favoured in other 
studies that used noxious mechanical (Cueva-Rolon et aL, 1995; Ma & Woolf, 1996) and 
thermal (Carstens & Campell, 1988; 1992; Li et al., 1998) stimulation of the hindpaw. 

The principle advantage of recording EMG to assess changes in nociception is the relatively 

non-invasive nature of this approach compared to other methods. The surgery used to prepare 
the animal for other assays of nociception, for example extracellular recordings of motoneurone 

activity, may well activate the very descending control systems that are being investigated and 
thus confound any findings. For example, persistent noxious input has been reported to 

dynamically activate both inhibitory (Maione et al., 1998; 2000; Monhemius et al., 2001) and 
facilitatory (Urban et aL, 1996; Maione et al., 1998; Pertovaara, 1998; Maione et al., 2000) 

supraspinal influences on spinal nociception in rodents. Activation of such descending 

modulatory pathways may explain some of the profound effects of surgery on nociceptive 

processing previously reported for a number of species, including humans (e. g. Clarke & 

Matthews, 1990; Hartell & Headley, 1991 b; Houghton et al., 1995; Wilder-Smith, 2000). 

The effects of surgery may be reduced to an extent however with judicious use of local 

anaesthetic, and by performing surgical preparation under a lighter level of general anaesthesia 
(Simpson et al., 1997; Ogilvie et al., 1999). Deep levels of anaesthesia can enhance the 

depressive effects of noxious stimuli, at least in cats (Clarke & Matthews, 1985; 1990), and 

preparative surgery has been shown to enhance the potency of anaesthetics to inhibit 

withdrawal reflexes in the rat (Hartell & Headley, 1991 a). 

During noxious heat stimuli, the temperature at which the onset of EMG activity occurred was 

measured and defined as the threshold. Threshold values provided an objective measure of 

spinal nociception that could be related to the known average thresholds of nociceptor 

activation by noxious heating (Section 1.2). Comparisons of median thresholds between 

different experimental groups, e. g. control responses to slow heating ramps vs. test responses 

to slow heating ramps, were successful in revealing statistically significant differences. Apart 

from threshold, EMG activity can also be used to indicate the magnitude of withdrawal. For 

example, flexor EMG activity evoked by graded noxious heat stimuli has been shown previously 

to correlate approximately with withdrawal force (Carstens & Campell, 1988) and as such may 
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be an appropriate indication of the magnitude of reflex responses. However, it has been 

recognised (Tabo et al., 1998) that EMG activity provides only a relative measure of an animal's 

response and may not be directly comparable between animals and treatment groups. An 

analysis of EMG activity as an indicator of the magnitude of withdrawal was therefore not 
included in the current experiments. 

3.4.2.3 Chemical Stimulation of LAAH 

In the present study, the excitatory amino acid DL-homocysteic acid (DLH) was used to activate 

neurones within the anterior hypothalamus. The effects of DLH are localised to receptors 
located on the cell bodies or dendritic processes of central neurones unlike electrical 

stimulation, which also activates axons of passage and may antidromically fire spinal neurones 
(Stone, 1985). Chemical stimulation has subsequently been adopted as the method of choice 
in activating central neurones in several studies of supraspinal modulation of nociceptive 

processing (Workman & Lumb, 1997; Waters & Lumb, 1997; Semenenko & Lumb, 1999). In 

addition, it has been noted that electrical stimulation may not be as sensitive in revealing 
facilitatory supraspinal influences as chemical stimulation (Waters & Lumb, 1996). 

Different intensities of electrical stimulation can produce opposite effects on nociception with 
high intensities of stimulation evoking an inhibition of spinal nociception and low intensities 

evoking a facilitation (Urban & Gebhart, 1997; Zhuo & Gebhart, 1997; Urban & Gebhart, 1999). 

A similar effect on nociception has been observed for high and low doses of chemical stimuli in 

thebrain. For example, Zhuo & Gebhart (1997) demonstrated that at high doses (50W), 

microinjection of glutamate into the RVM produced an inhibition of a spinal nociceptive reflex 

whereas at lower doses (5nM) a facilitation of the same reflex was produced. Considering 

these observations, the doses of excitatory amino acid (e. g. 2nM DLH assuming a 40nl 

injection) used in the present experiments was probably low enough to reveal any descending 

facilitatory influences, such as those that may be responsible for the enhanced fast ramp (M) 

evoked responses observed at sites in the LAAH. 

In previous studies (Lumb & Lovick, 1993), injection of small volumes (<50nl) of DLH within an 

extremely localised area of the rostral hypothalamus, identified as LAAH, led to a modulation of 

cardiovascular and nociceptive reflex functions, and a small spread of injectate (approx. 

500lam). Similar effects on autonomic and nociceptive function were observed from this same 

brain area in the current study (Section 3.3) and an examination of the Pontamine sky blue 

deposits on several experimental histological sections revealed a similar spread of injectate. 

However, the use of DLH for stimulating central neurones is not without limitations. For 

example DLH has been reported (Lipski et al., 1988) to produce a depolarising block of 

neuronal activity at the site of injection in cats and rabbits and a cessation of activity may 
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therefore contribute to any observed effects of microinjection. This is unlikely to have been the 

case in the present study though, considering the low doses of DLH used (-2nM compared with 
5-15OnM used in the study of Lipski et al., 1988). It is also unlikely that the observed effects of 
IDILH injection in the present experiments were due to a cessation of activity, given previous 

reports that injections of the inhibitory amino acid y-aminobutyric acid (GABA) within the same 
hypothalamic region had no significant effects on blood pressure or dorsal horn neuronal activity 
(Workman & Lumb, 1997). 

3.4.2.4 Effects on Arterial Blood Pressure 

It is possible that the effects on withdrawal responses following DLH injection in the 
hypothalamus were secondary to the observed changes in arterial blood pressure, and 
consequent alterations in local blood supply to cutaneous nociceptors. Although this possibility 

was not tested directly in these experiments it is unlikely that the observed changes in 

nociception were a result of changes in blood pressure for several reasons. Firstly, the 
inhibition of nociceptive spinal reflexes reported here and in other studies (Lumb & Lovick, 

1993; Hudson & Lumb, 1995; Hudson, 1995) occurred independently of the direction of blood 

pressure changes evoked by chemical stimulation in the anterior hypothalamus. Secondly, in 

some experiments the effects of hypothalamic excitation on blood pressure outlasted the effects 

on evoked withdrawal responses. Similarly, changes in arterial pressure and neuronal activity 
did not always occur over the same time course in other studies of descending control from the 

anterior hypothalamus (Workman & Lumb, 1997). Finally, the present results demonstrate that 

there was no significant effect on withdrawal responses following activation of cardioreactive 

sites outside of LAAH, which suggests that the changes in nociceptive processing following 

LAAH activation occurred independently of cardiovascular change. 

3.4.3 Mechanism of Action of Descending Control 

The results presented in this chapter support the hypothesis that the LAAH may be an important 

source of descending control of spinal nociception, as indicated by changes in spinal reflex 

responses to noxious skin heating following activation of neurones within the LAAH. The 

underlying mechanisms mediating such descending control remain to be elucidated. Whatever 

descending pathways are engaged by stimulation of the LAAH they must ultimately impinge on 

the nociceptive withdrawal reflex pathway (illustrated below, figure 3.12) to bring about the 

observed changes in responses to noxious heat stimuli. 
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Figure 3.12 A simplified withdrawal reflex pathway. In this pathway, activation of 
nociceptive afferent neurones (sensory neurones) in the periphery produces an excitatory 
input to central dorsal horn interneurones. In turn, the propagation of impulses along the 
interneurones to their synaptic contacts with motoneurones evokes contraction of flexor 
muscle fibres. Arrows indicate direction of impulse propagation. 

A withdrawal reflex arc in its simplest form involves: 

1. nociceptive primary afferent fibre 

2. dorsal horn interneurones 

3. motoneurone 
Multiple possible targets thus exist for modulation by descending control. The available 

evidence strongly favours the dorsal horn interneurones as the principal final site of descending 

modulation from the anterior hypothalamus (Carstens et al., 1982-1 Lumb, 1990; Workman & 

Lumb, 1997) and as discussed in Section 1.6 the dorsal horn is a major target of descending 

control systems. For example, electrical stimulation of the anterior hypothalamus in the cat has 

been shown to inhibit the noxious heat-evoked responses of dorsal horn neurones (Carstens et 

al., 1982). Similarly, both electrical and chemical stimulation of neurones within the anterior 
hypothalamus-preoptic area evoked inhibition of dorsal horn neuronal responses to somato- 

visceral input in the rat (Lumb, 1990). In addition, a further study by Workman & Lumb (1997) 

demonstrated that chemical activation of anterior hypothalamic neurones elicited inhibitory 

effects on spinal nociceptive processing. 

It should be noted that alterations in dorsal horn neuronal activity do not always correspond with 

changes in reflex responses evoked by noxious stimuli. For example, microinjection of 

morphine into the brain has been shown to inhibit nociceptive withdrawal reflexes (Yaksh et al., 
1976; Carstens et al., 1990) but has been reported to have varying effects on the activity of 
dorsal horn neurones ranging from facilitation to inhibition (Bennett & Mayer, 1979; Clark et al., 
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1983; Dickenson & Le Bars, 1987; Gebhart & Jones, 1988). Also, withdrawal reflexes evoked 
by noxious skin heating can be suppressed following electrical stimulation of supraspinal sites in 
the absence of associated changes in dorsal horn neurone activity (Carstens & Campell, 1992). 

Considering the differential effect of the evoked descending control on A8- versus C-fibre 

mediated responses observed in this study the central nociceptive afferent fibre terminals may 
well present an important target for modulation. For example, a selective presynaptic inhibition 
of C-nociceptor input to the dorsal horn, from pathways originating in the LAAH, could produce 
a differential effect consistent with the present findings (however see section 3.4.3.1 below). It 
is difficult to understand how such a differential effect could be mediated by altering motor 
function directly since a direct effect on motoneurone activity (be it inhibitory or excitatory) would 
be expected to have the same effect on all withdrawal reflexes, irrespective of whether they 

were initiated by A5- or C-nociceptors. 

3.4.3.1 Spinal Mechanisms of Differential Control of A8- versus C- Nociceptor Evoked 
Responses 

There are at least two mechanisms that might mediate the observed differential modulation of 
responses elicited by A8- and C-nociceptors at the spinal level. Firstly, the evoked descending 

control may selectively target the central terminals of C-fibre nociceptors, i. e. pre-synaptically 
(see figure 3.13 below). A second mechanism might involve a descending projection from the 
LAAH that selectively targets and inhibits the responses of Class 2 dorsal horn neurones (i. e. 

post-synaptically) that receive C- and A8-fibre inputs, "C +ve" neurones, leaving transmission 
through dorsal horn neurones that receive only A-fibre inputs, "C-ve neurones", unaltered. This 

mechanism is also illustrated below (figure 3.14). The results presented in this chapter provide 

evidence for an augmentation of A6-nociceptor evoked reflexes so it is also possible that 

descending facilitatory mechanisms that target central neurones with A8-fibre inputs may 

contribute to the differential effects observed. 

75 



Chapter 3: Differential Modulation of Reflexes to Slow and Fast Rates of Paw Heating 

C-fibre 

A6-fibre 
LAAH ------ 

Ap-fibre 

(W(V 
DIR 

Inhibitory Synapse 

Excitatory Synapse 

Figure 3.13 Proposed model of presynaptic modulation of nociceptive C-fibre afferents. 
The central terminals of nociceptive afferents (C-, A5-, Ap-fibres) form excitatory synapses with 
wide-dynamic range neurones (WIDR) in the dorsal horn. The lateral area of the anterior 
hypothalamus (LAAH) sends projections, via an indirect pathway, that selectively suppress 
activity in the terminals of nociceptive C-fibres, whilst allowing uninterrupted transfer of 
information from A5- and AP-fibres to the dorsal horn neurones. 

LAAH 

Inhibitory Synapse 

Excitatory Synapse 

C-fibre 
A6-fibre 

Ao-fibre 

A6-fibre 

Ap-fibre 

Figure 3.14 Proposed model of Post-synaptic modulation of dorsal horn neurones 
receiving nociceptive C-fibre input. C +ve = wide dynamic range (WDR) DH neurone 
with C-fibre input, C -ve = WDR DH neurone without C-fibre input. In this model 
descending projections from the lateral area of the anterior hypothalamus (LAAH), via an 
indirect pathway, selectively inhibit C+ve DH neurones. 
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Recent studies investigating spinal cord mechanisms responsible for selective descending 

control of C- versus A5-nociceptor mediated withdrawal reflexes evoked by PAG stimulation 
favour a post-synaptic rather than a pre-synaptic action (McMullan, 2002). In the initial studies 

of McMullan (2002), the withdrawal responses of anaesthetised rats to slow rates of noxious 

skin heating (resulting from activation of predominantly C-nociceptors) were inhibited following 

chemical stimulation of the PAG, whereas responses to fast rates of heating (resulting from 

activation of predominantly A8-nociceptors) were unaltered. In later experiments, the activity of 
deep Class 2 dorsal horn neurones with C-fibre inputs (C +ve neurones) evoked by slow and 
fast rates of skin heating was recorded. Following chemical stimulation of the PAG, there was a 

strong inhibition of activity in all C+ve neurones tested, irrespective of whether the activity was 

evoked by slow or fast rates of heating. These data appear to rule out a pre-synaptic 
descending control mechanism because there was no differential modulation of C +ve neuronal 

responses to slow and fast rates of heating. Instead, the data support a model of post-synaptic 

modulation of dorsal horn neurone activity, perhaps as illustrated in figure 3.14 above, in which 
different functional groups of nociceptive dorsal horn neurone (C+ve versus C-ve) are targeted 

by projections descending from the PAG (McMullan, 2002). 

Other possible mechanisms could be put forward to explain the observed differential 

modulation, including alternatives to the traditional synaptic models in which direct synaptic 

contacts are assumed to exist between the descending pathways and the targeted neuronal 

elements of the dorsal horn. For example, there is evidence for volume transmission in the 

dorsal horn, a process whereby transmitters released from descending projections can diffuse 

to sites away from the synaptic cleft and modulate dorsal horn neurone activity via effects at 

receptors not necessarily in proximity to the terminals of the descending projections (Millan, 

2002). 

Evidence exists for the volume transmission of opioids in the central nervous system (Duggan, 

2000) and many descending projections have been shown to modulate nociceptive processing 

by affecting release of opioids in the spinal cord (for review see Millan, 2002, Section 9.3 and 

Dickenson & Sullivan, 1986 for further references). As described in section 2.1.1, several 

studies have demonstrated a preferential effect of morphine on central nociceptive neurones 

with C-fibre inputs compared to those with A8-fibre inputs, in a variety of animal species. If the 

postulated (indirect) descending projections from LAAH were opioidergic and targeted first or 

second order dorsal horn neurones then opioids released from projection terminals, or perhaps 

from local opioidergic interneurones, could spread by volume transmission and influence all 

opioid-sensitive neurones, even at some distance from the release sites. Thus, many opioid- 

sensitive dorsal horn neurones with C-fibre inputs (C+ve) could be affected whilst opioid- 

insensitive neurones (e. g. C-ve) would be unaffected. This would result in a 

selective/differential modulation of transmission of C-fibre evoked activity through the cord 

whilst transmission of activity evoked by A8-fibres would remain unaltered. 
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3.4.3.2 Possible Pathways Mediating Descending Control Originating in the LAAH 

Whatever spinal cord mechanisms may be responsible for the observed modulation of the 

nociceptive withdrawal reflex in the present study, if one is to assume the modulation is a result 

of descending control then it is clear that a pathway must exist between the LAAH and its final 

sites of action in the cord. However, anatomical studies in the rat and cat have failed to reveal 

direct projections from the anterior hypothalamus to the spinal cord, although more caudal and 

more lateral hypothalamic structures are the source of spinal projections (Holstege, 1987; 

Cechetto & Saper, 1988). It therefore seems likely that the descending controls from the 

anterior hypothalamus relay at other hypothalamic areas or at more caudal sites in the midbrain 

and/or medulla. 

Interestingly, the two integrated patterns of cardiovascular and sensory (nociceptive) controls 

evoked by stimulation at different sites in the anterior hypothalamus, described in section 3.1.1, 

are mirrored by stimulation in either the clorsolateral (Lovick, 1985) or ventrolateral PAG 

(Duggan & Morton, 1983; Carrive & Bandler, 1991). Anatomical studies (e. g. Beitz, 1982) have 

revealed a projection to the dorsal PAG from cells in the rostral anterior hypothalamus, in the 

region of LAAH. In addition, a descending pathway from the dorsal PAG has been shown to 

relay on spinally projecting nociceptive and cardiovascular control neurones in the RVLM, which 
in turn control, respectively, the level of activity of neurones in the dorsal and intermediolateral 

horns of the spinal cord (Lovick & Li, 1989). A hypothalamic-midbrain-medullary-spinaI cord 

axis has been proposed (Lovick & Lumb, 1991) as a potential pathway to mediate the effects of 

stimulation of neurones within the anterior hypothalamus, as represented in figure 3.15 below. 

to dorsal hom 
or IML 

Figure 3.15 Diagram illustrating possible pathways mediating descending control from 
anterior hypothalamus via dorsal PAG (adapted from Lovick & Lumb, 1991). AHA: anterior 
hypothalamic area; IML: intermediolateral cell column; PAG: periaqueductal grey-, RVLM: 
rostral ventrolateral medulla. 
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The PAG is therefore a likely candidate for the postulated anterior hypothalamic relay and this 
has stimulated several studies into the connections between these two brain areas. One such 
study by (Semenenko & Lumb, 1992) investigated the projections of anterior hypothalamic 

neurones to the PAG, using retrograde tracing techniques. The results of this study 
demonstrated that significantly more neurones in the LAAH project to the dorsolateral PAG than 
to its other sub-divisions (dorsal, ventral, ventrolateral). These results support the idea that the 
LAAH integrates descending control of spinal events after a relay in the dorsolateral PAG. 

As discussed in section 3.1.1, neuronal stimulation at sites within and adjacent to the LAAH can 
produce weak and more transient inhibitions of spinal nociception accompanied by depressor 

responses. It has been suggested (Lovick & Lumb, 1991; Lumb & Lovick, 1993) that these 

effects may be mediated by a parallel descending system operating through the ventral or 
ventrolateral PAG. This hypothesis is supported by Semenenko & Lumb (1992), as projections 
from the anterior hypothalamus to the ventral and ventrolateral PAG were also demonstrated. 
Thus, the anterior hypothalamus may be the source of at least two descending systems, one 
characterised by sympatho-inhibition; the other by sym path o-excitation, that relay in different 

regions of the PAG and whose functions are to co-ordinate autonomic and sensory controls. In 

addition, the results of a more recent study (Semenenko & Lumb, 1999) confirmed that 

projections from LAAH can activate medullo-output neurones in the PAG, an observation that 

provides further support for the hypothalamic-miclbrain-medullary pathway proposed above. 

Finally, as described in brief above, activation of cardioreactive sites within the PAG has 

recently been shown to have differential effects on withdrawal reflexes evoked by different rates 
of noxious skin heating (McMullan & Lumb, 2001; McMullan, 2002). Specifically, responses to 

slow rates of heating (mediated predominantly by C-nociceptors) were significantly reduced 
following chemical (DLH) activation of PAG sites. In contrast, responses to fast rates of heating 

(mediated predominantly by A5-nociceptors) were unaffected by PAG stimulation (McMullan, 

2002). The differential effects of LAAH stimulation on withdrawal reflexes evoked by A6- vs C- 

fibre activation observed in the present study may therefore be mediated after engaging 

appropriate descending pathways from the PAG. 

3.4.4 Conclusion 

These data provide evidence that cardioreactive sites within LAAH have differential effects on 
the responses to nociceptive input arising from activity in C-fibres (evoked by slow heating 

ramps) compared to input arising from A5-fibres (evoked by fast heating ramps). This may have 

important functional implications as it suggests that descending control can suppress the slowly 

conducted, poorly localised aspects of the pain signal and, simultaneously maintain or enhance 
the rapidly conducted, well localised signal that, from a behavioural point of view, conveys the 

protective aspects of the nociceptive input. 
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4. Changes in Somatosensory and Autonomic Processing in 

a Model of Illness 

4.1 Introduction 

Profound changes in nociceptive processing are known to occur in behaving animals during 
illness (for review see Watkins & Maier, 2000). In particular, an increased responsiveness to 

noxious stimuli is reported and similar changes in nociception have recently been observed in a 
model of illness in anaesthetised animals (Bleasdale et al., 2001). It has been proposed that at 
least some of these changes may be the result of descending facilitation of spinal nociception 
(Watkins et aL, 1994; Oka et al., 1994; Watkins & Maier, 1997; Oka et al., 1997a; 1997b). 

Whether or not a differential modulation of activity evoked by A6- versus C-nociceptors occurs in 

this model has yet to be investigated and this was the purpose of the present study. A5- and C- 

nociceptors convey different qualities of the nociceptive signal to the CNS and as such their 

differential modulation may have important functional implications, as discussed in 

Chapter 3. 

4.1.1 Acute Phase Response/Sickness Response 

Upon exposure to an infectious or inflammatory stimulus the body's immune system responds 

with two different strategies. One strategy is slow but selective and involves the recognition of 
foreign antigens by specialised immune cells; this strategy is often referred to simply as natural 
immunity (Tortora & Grabowski, 1996; Berczi et al., 2000). The other strategy is more rapid 

and more generalised and has been referred to as the innate immune response or non- 

specific defence (Tortora & Grabowski, 1996; Berczi et al., 2000). If this strategy fails to 

contain the invading pathogens then an array of systemic reactions may be evoked, known 

collectively as the acute phase response (Kluger, 1991; Maier & Watkins, 1998; Mackowiak, 

1998) a. k. a the sickness or febrile response. 

The acute phase response is a collection of physiological, behavioural and hormonal changes 

co-ordinated by the brain, including increased leukocyte production, increased sleep, decreased 

exploratory behaviour, decreased food and water intake, increased hypothalmo-pituitary- 

adrenal (HPA) axis activation and fever (Anisman et al., 1996; Maier & Watkins, 1998; Watkins 

& Maier, 1999). Of all of these changes, fever appears to be the most important in terms of 

benefit to the organism, raising the core body temperature to levels at which invading 

pathogens such as bacteria and viruses do not multiply rapidly, host leukocyte production is 

optimised, and phagocyte activity is intensified. Many of the other aspects of the sickness 

response can be viewed as providing energy for fever by either conserving energy, by reducing 

80 



Chapter 4: Somatosensory and Autonomic Processing During Illness 

nonessential behaviours (e. g. decreased exploration), or creating energy, by HPA hormone- 
induced release of free energy from body stores (Watkins & Maier, 1999; 2000). 

A common tool used to model illness experimentally is the systemic injection of 
lipopolysaccharide (LIPS), a glycolipid component of cell walls of Gram-negative bacteria. 
Injection of LIPS into behaving rodents evokes many components of the acute phase response, 
including the development of fever in a pattern similar to that observed in natural infections 
(Chen et al., 1992; Mason, 1993; Watkins et aL, 1994b; Romanovsky et al., 1996; Rothwell, 
1997; Blatteis & Sehic, 1998; Luheshi, 1998; Berczi et al., 2000; Beutler, 2000; Roth & de 
Souza, 2001). 

4.1.2 Control of Nociceptive Processing 

The above description of the acute phase response to an immune challenge represents the 

classical view of sickness. However, it has been argued (Watkins et al., 1995) that other 
physiological and behavioural changes that are known to occur during sickness should also be 

considered in the classical view. For example, an increased sensitivity to noxious stimuli 
(pronociception or hyperalgesia) has been shown to occur in animals following immune 

activation by agents such as LIPS (Mason, 1993; Wiertelak et al., 1994; Watkins et al., 1994a; 

1994b; Kanaan et al., 1996; Kemper et aL, 1998, for reviews see Watkins et al., 1995; Watkins 

& Maier, 2000). Some have postulated (Watkins et al., 1995) that an enhanced responsiveness 
to noxious insults during sickness might act to encourage healing by motivating recuperative 
behaviours. Furthermore, recuperative behaviours would be expected to reduce activity, and 
therefore reduce calorie expenditure, thus conserving energy for use in the generation of fever 

(Watkins & Maier, 1999). 

In keeping with other aspects of the acute phase response, the changes in nociception induced 

by illness are believed to be centrally-mediated (Oka et al., 1993; Watkins et aL, 1994; Oka et 

al., 1995; 1996; Wiertelak et al., 1997; Watkins & Maier, 1999; Hori et al., 2000). The available 

evidence suggests that some of the alterations in nociception that occur during illness are 

mediated via prostaglandins synthesised in the hypothalamus (Oka et al., 1995; Hosoi et al., 
1997; 1999; Hori et al., 2000; Abe et al., 2001). For example, Abe et al. (2001) recently 
demonstrated that systemic administration of LIPS in behaving rats led to a reduction in the paw- 

withdrawal latency (interpreted as a hyperalgesia) to noxious thermal stimuli that was 

attenuated by pre-treatment with the microinjection of a COX-1 and -2 inhibitor (diclofenac). 

The exact neuronal mechanisms underlying the observed pronociception have not been 

determined but there is evidence to suggest that it may be mediated by descending facilitatory 

influences acting at the level of the spinal cord (e. g. Oka et aL, 1994; 1997). In addition, it is not 

clear whether all components of the nociceptive signal are facilitated or whether, as described 
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for other descending control systems (see Chapter 3), specific functional classes of nociceptor 

are targeted. 

4.1.3 Aims 

The aim of the experiments described in this chapter was to characterise the changes in 

nociception that occur in a model of illness, with respect to the processing of A8- versus C-fibre 

evoked activity. A5-nociceptors convey the sharp, well-localised qualities of first pain, whereas 
C-nociceptors evoke the burning, more diffuse qualities of second pain. As described in 

Chapter 3, a differential modulation of A8- or C-fibre evoked nociception has important 

functional consequences. The immune challenge used in the present study was intraperitoneal 

injection of lipopolysaccharide. However, in contrast to previous studies described in this 

introduction, excluding work from this laboratory, in the present study LIDS was administered in 

anaesthetised animals. The model developed in this laboratory (Bleasdale et al., 2001; 2003) 

has several advantages over unanaesthetised models, including in the case of this study the 

ability to reliably activate predominantly A8- or C-nociceptors using different rates of noxious 

skin heating (see Chapter 2). Also, changes in cardiovascular function, e. g. blood pressure and 
heart rate, can easily be monitored and indeed these parameters were studied presently in 

addition to changes in nociception. 
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4.2 Methods 

Experiments were performed on 18 male Wistar rats prepared initially as described in Section 
2.2. Anaesthesia was induced with halothane (4.0%) and the jugular vein, carotid artery and 
trachea were cannulated. Following cannulation anaesthesia was maintained by continuous 
infusion of Saffan (1 1-28mg kg_1 h-1 i. v. ) and arterial blood pressure was recorded. Animals 
were placed on a homeostatic blanket with a set-point of -37.50C. The head was fixed in the 
flat-skull position in a stereotaxic frame. Animals were prepared for recording EMG from the left 
hindlimb muscle biceps femoris and ECG electrodes were positioned either side of the thorax in 
order to obtain measures of heart rate. One hour was then allowed for any effects of surgery to 
wear off and for anaesthesia to stabilise before the experimental protocols were started. 

The main differences between the experimental setup described in the last chapter and the 
setup used in the following experiments are: i) heart rate measurements were made in all 
animals, ii) noxious pinch stimuli were used in addition to the different rates of noxious skin 
heating. 

4.2.1 Noxious Pinch Stimulus 

The fourth toe of the left hindpaw was placed between the jaws of a (home-made) pneumatic 
pinching device. Each of the jaws of the pincher had a circular smooth plastic disc affixed. 
Each disc formed a contact area of approximately 22 MM2 with the toe. The lower jaw of the 
device housed a strain gauge that produced an output voltage proportional to the pinch force 

applied (Newtons, N). The output voltage was calibrated and fed to a PC for online analysis via 
a 140Plus (CED Ltd, UK). The pincher was connected to a digital output from the 140PIus such 
that a 15s pinch could be initiated by a transistor-transistor logic (TTL) pulse. Pinches were 

applied at a force of threshold + 0.2N. Evoked hindlimb muscle EMG activity was recorded and 

analysed as described in Section 4.2.3.2. 

4.2.2 Experimental Protocol 

Six different protocols were carried out in this study, as detailed below: 

1) In six animals, a slow rate (2.70C s-) of noxious skin heating applied to the left hindpaw 

dorsum was cycled alternately with a 15 s noxious toe pinch every five minutes until three 

consecutive, consistent withdrawal responses to both stimuli were obtained. These responses 

constituted the control or baseline responses to the stimuli. During this control period core 

temperature was monitored continuously via a K-type thermocouple (calibrated to within 0.1 OC) 

attached to the rectal probe, and noted every five minutes. In addition, the output current to the 

homeostatic blanket was recorded and averaged during this period. 
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In the next phase of the protocol, the output current to the blanket was set at the average 

control value and an intraperitoneal injection of lipopolysaccharide (ILPS, 026: 136,0.2mg kg-', 

Sigma, UK) made up in 9% sterile saline was administered (typical injection volume -0.6ml i. p. ). 

Following LIDS injection withdrawal responses to slow heating ramps and pinches were 

monitored for a maximum period of eight hours post-injection. Core temperature was monitored 

continuously, and the time-course of any ensuing fever observed. 

11) Same as protocol 1) except slow rates of noxious skin heating were replaced by fast rates 

(7.60C s-) of heating (n=6). 

Protocols I and 11 are illustrated below in figure 4.1. 
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CONTROL 

5 min 
H-p -H -P-H-P 
EI 
AN 
Tc H 

Avg. Duration 
i. p. LPS 1 

-2.5 h 

V 
@ PEAK FEVER 

H5 
min P-H -P-H-P 

EI 
AN c 
TH 

Avg. Duration 
-3.5 h 

POST-PEAK 

H5 min P-H -P-H-P 
EI 
AN c 
TH 

Figure 4.1 Protocols I and II. HEAT = slow or fast ramp of noxious 
heating. PINCH = noxious toe pinch. i. p. LPS = intraperitoneal injection 
of lipopolysaccharide. 
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111) Slow and fast rates of noxious skin heating were alternated every eight minutes until three 

consecutive, consistent withdrawal responses to both stimuli were obtained (n=6). These 

responses constituted the control or baseline responses to the stimuli. As in the control periods 
for protocols 1) and 11) core temperature was monitored continuously and noted every five 

minutes and the output current to the homeostatic blanket was recorded and averaged. 

In the next phase of this protocol the output current to the blanket was set at the average control 

value and an intraperitoneal injection of 0.9% sterile saline (2ml kg-') was administered. 
Following saline injection withdrawal responses to slow and fast heating ramps were monitored 
for a maximum period of 3.5h post-injection. Core temperature was again continuously 

monitored, as in the control period. This protocol is illustrated below in figure 4.2. 

CONTROL 

8 min 
S-F-S -F-S-F- 
LA 
0S 
wT 

i. p. saline 
Avg. Duration 

-2.5 h 

V 
2.5 h POST-SALINE 

8 min 
S-F-S -F-S-F- 
LA 
0S 
wT 

Figure 4.2 Protocol Ill. SLOW = Slow ramp of noxious skin heating. 
FAST = fast ramp of noxious skin heating. i. p. saline = intraperitoneal 
injection of sterile saline. 
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IV) Slow or fast rates of noxious heating were applied to the skin of the hindpaw dorsum 

alternately with noxious pinch stimuli applied to the toe every five minutes until three 
consecutive, consistent withdrawal responses to both stimuli were obtained, as for protocols I 
andll(n=8). Core temperature was then gradually raised over approximately 2.5h using a 
combination of the heating blanket and an overhead radiant lamp. The core temperature was 
held at an elevated level for 30-60 min in which withdrawal responses to noxious stimulation 
were assessed. Core temperature was then allowed to cool passively to within two standard 
deviations of the mean control temperature and withdrawal responses to noxious stimulation 
were then assessed once more. 

V) In three experiments, noxious stimulation was carried out as for protocol 11 initially, i. e. a fast 
ramp of noxious skin heating was alternated every five minutes with a noxious toe pinch. 
However, once three consistent baseline responses to heat and pinch stimuli had been 

obtained the protocol was changed such that only pinch stimuli were delivered (i. e. fast heating 

ramps were discontinued). Pinch stimuli were continued for a two-hour period and evoked 
withdrawal EIVIG responses quantified. 

VI) This was the reverse of protocol V. Noxious stimulation started with just noxious pinch 
stimuli applied every 10 min (n=3). After control responses were established fast ramps of 
noxious heating were introduced and cycled with the pinch stimuli such that a noxious 
mechanical or heat stimulus was applied every five minutes. 

4.2.3 Data Analysis 

4.2.3.1 Responses Evoked by Noxious Heat 

Data from protocols I and 11 were analysed in the same way. The thresholds (temperature at 
onset of EMG activity) of the three withdrawal responses to either slow or fast heating in the 

control period of the experiments were pooled and the median was calculated. Similarly, the 
thresholds of three consecutive heat responses at the peak of fever were pooled from each 
experiment and the median calculated for comparison with the control median. Finally, the 

thresholds of three consecutive heat responses post-fever, when core temperature had returned 

within two standard deviations of mean control temperature, were pooled from each experiment 
and the median determined. For protocol 111, three control responses to slow and fast heating 

ramps were pooled from each experiment and the median compared to the equivalent median 

of responses evoked 2.5h post-i. p. -saline. Heat response data from protocol IV was compared 

as for data from protocol III except that the data groups were control, 2.5h post-heating, and 

cooled. The heat response data resulting from protocol V and VI experiments were not 
analysed, instead the pinch data were analysed as described below (Sections 4.2.3.2-4.2.3.4). 
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4.2.3.2 Responses Evoked by Noxious Pinch 

The magnitude of withdrawal responses evoked by noxious pinch stimuli was quantified by 

measuring the amplitude of EMG activity. Responses were analysed automatically using a 
Spike2 script written by myself in conjunction with Simon Lishman. Essentially, the script 

performed the following operations (please also refer to figure 4.3 below)ý 

1. Measured the modulus of 5s of background EMG activity before the pinch started (5s 

BKGRND) 

2. Approximately 1.5s after the pincher was activated it achieved a constant force (mean 

of 1.38 ± 0.03N). The modulus of 5s of EMG activity was measured from this point (1st 

5s) 

3. The modulus of the next 1 Os of EMG was calculated (2nd 10s) and finally the same 

operation was performed for the next 5s of activity (after the pinch, 3 rd 5s) 

4. Each block of EMG activity was divided by the time over which it was calculated in order 
to allow comparisons of activity between blocks with different time-bases (e. g. 1s' 5s c. f. 

2 nd los) 

The calculated values were exported to a spreadsheet wherein the background activity was 

subtracted from each of the three blocks of measured activity (1st 5s, 2 nd 10s, 3 Id 5s). The 

maximum force of each pinch was also noted alongside the activity values. 

5sBKGRND Ist Ss 2nd 10s 3rd Ss 

-94 -4 iý"o 00. -49 

Pinch 
(N) 

0 

EMG 
(V) 

15S 

Figure 4.3 Analysis of EMG activity evoked by noxious pinch stimulus. The top 
trace shows the pinch force trace from a typical 15s pinch, the lower trace shows the 
EMG activity evoked by the pinch. Dotted lines indicate how the EMG data was split up 
for analysis. BKGRND = background activity. 
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4.2.3.3 Normalisation of Responses Evoked by Noxious Pinch 

For the control period of each experiment, the three consecutive, consistent pinch responses 

were analysed as follows (also, see figure 4.4 below). The mean magnitude of the three pinch 

responses was calculated for the 1 St 5s, 2 nd 10s and 3 rd 5s (Step ). Each block of EMG activity 

of each pinch response was expressed as a percentage of the corresponding block mean (Step 
). This had the effect of normalising the data such that the mean EMG activity for each block 

was 100% for the controls. As for the heat-evoked responses, three consecutive responses to 

pinch at the peak of fever and three responses post-fever were analysed for comparison with 
the control responses (protocols I and 11). Individual EMG magnitude values were expressed as 
a percentage of the corresponding control mean values (Step , ). 

Modulus - background As %age of Control Mean 
1st Block 2nd 3rd 1 st 2nd 3rd 

CONTROL 
Pinch 1 0.034212 0.016112 0.006486 94.44393 104.5532 232.3343 
Pinch 2 0.034977 0.014838 0.001446 96.55575 96.28604 51.79701 
Pinch 3 0.039485 0.015281 0.000443 109.0003 99.16074 15.86866 
Mean 0.0362 0.0154 0.0028 100 100 100 
SEM 0.0016 0.0004 0.0019 4.6 2.4 67.0 

@PEAK 
0.046764 0.023516 0.001886 129.0944 152.5989 67.55821 
0.049507 0.017597 0.00722 136.6665 114.1896 258.6269 
0.047047 0.015438 0.000454 129.8756 100.1795 16.26269 

Mean 0.0478 0.0189 0.0032 132 122 114 
SEM 0.0009 0.0024 0.0021 2.4 16.7 73.7 

POST-PEAK 
0.051655 
0.039254 
0.054374 

Mean 0.0484 
SEM 0.0047 

0.008489 0.004008 
0.013499 0.004856 
0.005288 0.00013 

0.0091 0.0030 
0.0024 0.0016 

142.5962 55.08641 143.5701 
108.3626 87.59707 173.9463 
150.1021 34.31464 4.656716 

134 59 107 
12.8 16.5 52.1 

Figure 4.4 Example of analysis of raw pinch response data. Circled numbers correspond 
with descriptions in the text (Section 4.2.3.3). Columns on the left show the "modulus - 
background" values for EMG activit evoked by a 15 s noxious pinch stimulus. The evoked 
response was separated into the Ils 

Y 
5s, 2nd 10s and the 3 rd 5s (post-pinch). Columns on the right 

show normalised equivalents (%age of control mean) of the values shown in the left columns. 
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4.2.3.4 Statistics 

For protocols I and 11 the median threshold of responses to slow or fast heating ramps and the 

median pinch magnitude (expressed as %age of control mean) from the control period were 
compared with equivalent values at the peak of fever and post-peak (approximately 30 min 
period in which core temperature had returned to within two S. D. s of baseline values). The 

statistical test used to compare these values was the Mann-Whitney U-Test. Threshold values 
quoted in the results sections 4.3.2 and 4.3.3 are medians ± semi-inter-quartile range (SIQR). 

Similarly, for protocol III the median threshold of responses to slow or fast heating ramps from 
the control period were compared with the equivalent median value 2.5h post saline injection. 
2.5h was the average latency to peak fever in anaesthetised LPS-treated rats in a previous 
study (Bleasdale et al., 2001) and close to the average latency to peak fever in preliminary 
experiments with LPS in the present study. 2.5 h was therefore deemed as an appropriate 
time-point at which to compare post-injection values with controls in these experiments. Core 

temperature values quoted in results section 4.3.5.1 are means ± standard error of the mean 
(SEM). Threshold values quoted in results section 4.3.5.2 are medians ± SIQR. 

For protocol IV the median threshold of responses to slow or fast heating ramps and the mean 

pinch magnitude (expressed as %age of control mean) from the control period were compared 

with equivalent values after 2.5h of exogenous heating and after core temperature was cooled. 
The statistical tests used to compare these values were the Mann-Whitney U-Test (heat 

thresholds) and parametric t-test (pinch magnitudes). Values quoted in results section 4.3.7.2 

are means ± SEM, values in section 4.3.7.3 are medians ± SIQR. 

For protocols V and VI the median pinch magnitude (expressed as %age of control mean) from 

the control period was compared with equivalent values at 30,60,90 and 120min after removal 

or addition of fast heating ramp stimulation. Values quoted in results sections 4.3.9.1 - 4.3.9.2 

are medians ± SIQR and these values were compared using the Mann-Whitney U-Test. 

In results sections 4.3.8 and 4.3.9.3 differences in the non-normalised magnitude values of 

responses evoked by noxious pinch stimuli were tested using the Mann-Whitney U-Test. Core 

temperature data (sections 4.3.1,4.3.5.1 and 4.3.7.1) were suitable for parametric analysis and 

as such values are expressed as mean ± SEM and were compared using an unpaired 

parametric Mest. 

Mean arterial pressure (MAP) and heart rate (HR) data were obtained in all of the experiments. 

These data were suitable for parametric analysis and as such values quoted in Section 4.3.6 

are means ± SEM, the means of different groups were compared using an unpaired parametric 

t-test. In all figures: *= Significant (0.01 <p<0.05), ** = Very significant (0.001 <p<0.01), 

Extremely significant (p<0.001), ns= Not significant (p>0.05). 
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4.3 Results 
4.3.1 Changes in Core Temperature Following i. p. LPS 

In 12 animals experiments were carried out according to Protocols I and 11 (see Section 4.2.2). 

In these animals an intraperitoneal injection of LPS resulted in an increase in core temperature 

after an average of 83 ± 13 min that reached a peak temperature (see figure 4.5 below) after 

160 ± 19 min and persisted for 227 ± 30 min. 

During the control period (before LIPS injection) core temperature was an average of 37.4 ± 

0.020C. However, following LIPS injection at the peak of fever core temperature reached an 

average of 38.1 ± 0.050C (see figure 4.5 below). This increase in core temperature following 

LIPS injection was significant (p<0.0001, n=6). 

OOM ci 
0 

CL 
E 
(D 

0 
0 

38.5 

38.0 -] 

*** 

3 7.5 

37.0 
CONTROL PEAK 

Figure 4.5 Changes in core temperature following i. p. LPS treatment. Columns 

represent the mean core temperature during the control period (pre-LPS) and at the 
peak of fever (post-LPS). Error bars represent the standard error of the mean. 

91 



Chapter 4-. Somatosensory and Autonomic Processing During Illness 

4.3.2 Slow Heating Ramp + Pinch + LPS (Protocol 1) 

4.3.2.1 Responses to Slow Rates of Noxious Skin Heating 

In six animals it was possible to test responses to slow rates of noxious skin heating and 

noxious toe pinch before (Control) and during (Peak) a fever evoked by i. p. LPS. In five of 
these six animals it was possible to also test responses to the same stimuli over a half hour 

period (Post-Peak) in which core temperature had returned to within two standard deviations of 
the control mean. During the control period, the median threshold of withdrawal to slow skin 

heating was 52.7 ± 0.90C, see figure 4.6 below. At the peak of fever following LIPS injection 

median threshold of responses to slow skin heating was significantly reduced (p<0.0001, n=6) 

to 50.6 ± 0.90C. During the post-peak period, in five animals the median threshold of responses 

to slow skin heating was still significantly reduced (51.1 ± 3.21C, p=0.0162). 

55 

50 

2 

45 

* 

*** 

n=6 

11 Control 

n6 

11 Post-Peak 

Figure 4.6 Median withdrawal thresholds to slow rates of noxious skin heating before, 

during, and after LPS injection. Error bars show SIQR. Control=30 min period pre-LPS, 
Peak=30 min period at peak of fever (highest core temp. ) post-LPS, Post-Peak=30 min 

period after peak fever, in which core temperature had returned to within two standard 
deviations of control mean. 
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4.3.2.2 Responses to Noxious Toe Pinch 

During the control period the median magnitudes of EMG responses to noxious pinch stimuli 

were 96.1 ± 10.1,101 ± 5.95 and 99.5 ± 22.3% of the control mean for the 1 st 5s, 2 nd 1 Os and 
3 rd 5s components. Following an i. p. inj . ection of LIPS, at the peak of fever the corresponding 

values were significantly increased (p=0.0009, p=0.0012, p=0.0142; n=6) to 130 ± 16.3,120 

20.8 and 159 ± 59.8% of control means (see figure 4.7 below). In contrast, the median 

magnitude of the 2nd 1 Os component of pinch responses in the post-peak period was 

significantly reduced (p=0.0079, n=5) compared to the control median to a value of 83.3 

15.8%. 

El Control (n=6) 0 peak (n=6) El Post-Peak (n=5) 

C 
m 225 

200 
C 0 

175 
0 

150 M m 

m 125 

100 

75 
75 
'a 0 50 
2 

** 

*** ** 

lst 5s 2nd 1 Os 3rd 5s 

Figure 4.7 Magnitude of withdrawal responses to noxious pinch before and after LPS 
injection. Columns are medians, bars are SIQRs. Control=30 min period pre-LPS, Peak=30 
min period at peak of fever (highest core temp. ) post-LPS, Post-Peak=30 min period after 
peak fever, in which core temperature had returned to within two standard deviations of 
control mean. 
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4.3.3 Fast Heating Ramp + Pinch + LPS (Protocol 11) 

4.3.3.1 Responses to Fast Rates of Noxious Skin Heating 

As for protocol I (see Section 4.3.2.1 above) it was possible to test responses to fast rates of 

noxious skin heating and noxious toe pinch before (Control) and during (Peak) a fever evoked 
by i. p. LPS in six animals. Again, in five of the six animals it was possible to also test responses 
to the same stimuli over a half hour period (Post-Peak) in which core temperature had returned 
to within two standard deviations of the control mean. During the control period, the median 

threshold of withdrawal to fast skin heating was 55.0 ± 0.8'C, see figure 4.8 below. At the peak 

of fever following LIPS injection the median threshold of responses to fast skin heating was 

significantly reduced (p=0.01 14, n=6) to 53.8 ± 1.70C. During the post-peak period, in five 

animals the median threshold of responses to fast skin heating was still significantly reduced 

(52.6 ± 1.20C, p=0.0046). 

57 

52 

2 

47 

** 

* 

n=6 
n=6 

1: 1 Control 

n=5 

El Post-Peak 

Figure 4.8 Median withdrawal thresholds to fast rates of noxious skin heating 
before, during, and after LPS injection. Error bars show SIQR. Control=30 min 
period pre-LPS, Peak=30 min period at peak of fever (highest core temp. ) post-LPS, 
Post-Peak=30 min period after peak fever, in which core temperature had returned to 
within two standard deviations of control mean. 
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4.3.3.2 Responses to Noxious Toe Pinch 

During the control period the median magnitudes of EMG responses to noxious pinch stimuli 
were 100 ± 9.37,99.9 ± 12.3 and 93.3 ± 17.2% of the control mean for the 1sI 5s, 2 nd 10s and 
3 rd 5s components. Following an i. p. injection of LIPS, at the peak of fever the corresponding 
values were not significantly different (p>0.05, n=6) from control medians (see figure 4.9 below). 
However, during the post-peak period the median magnitude of the 2 nd 1 Os component of pinch 
responses was significantly decreased (p=0.0237, n=5) compared to the control median to a 
value of 66.9 ± 19.5%. 
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Figure 4.9 Magnitude of withdrawal responses to noxious pinch before and after LIDS 
injection. Columns are medians, bars are SIQRs. Control=30 min period pre-LIPS, Peak=30 
min period at peak of fever (highest core temp. ) post-LIPS, Post-Peak=30 min period after peak 
fever, in which core temperature had returned to within two standard deviations of control mean. 
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4.3.4 Comparison of Responses to Slow and Fast Rates of Noxious Skin Heating After 
LPS Injection 

The median difference in threshold of responses evoked by slow and fast heating ramps in the 

control compared to the peak period (following LIDS injection) of stimulation was calculated. 
The median difference in threshold of responses evoked by slow heating ramps was 3.01 ± 
0.460C, the corresponding value for responses to fast heating ramps was 1.74 ± 0.74'C. These 

values were not significantly different (p>0.05, n=6). 

4.3.5 Slow Heat Ramp + Fast Heat Ramp + NaCl (Protocol 111) 

4.3.5.1 Core Temperature Pre- and Post-NaCl Injection 

In six animals experiments were carried out according to Protocol III (see Section 4.2.2). In 
these experiments core temperature was measured continuously before (Control) and 2.5 h 

after an intraperitoneal injection of 0.9% sterile saline (NaCI). The mean core temperature 

during the control period was 37.3 ± 0.020C. 2.5h post-NaCl mean core temperature was 37.3 

± 0.020C and this was not significantly different from the control period mean (p>0.05, n=6) 

4.3.5.2 Responses to Slow and Fast Rates of Noxious Skin Heating Before and After NaCl 
Injection 

The thresholds of withdrawal responses evoked by slow and fast rates of skin heating were 

recorded before and after i. p. NaCl injection. Control median thresholds to slow (52.0 ± 1.70C) 

and fast (53.8 ± 0.90C) heating rates were not significantly different (p>0.05, n=6) from median 

thresholds 2.5h following an i. p. injection of NaCl (51.1 ± 2.1 OC for slow-, 52.9 ± 1.10C for fast- 

heating rates). 
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4.3.6 Blood pressure and Heart Rate Analysis 

4.3.6.1 Mean Arterial Blood Pressure (MAP) 

2.5h following i. p. injection of NaCl there was a significant decrease in MAP (p=0.0006, n=6) 
compared to the control mean (control=141 ± 1.89 mmHg, 2-5h post-injection=128 ± 
3.35mmHg). Similarly, at the peak of fever following LPS injection MAP was significantly lower 
(p<0.0001, n=6) compared to the control mean (control=143 ± 1.37mmHg, peak of fever post- 
injection=128± 1.30mmHg). The MAP of animals in the control period of NaCl experiments was 
not significantly different (p>0.05) from the MAP of animals in the control period of LPS 
experiments. Also, the decrease in blood pressure following NaCl-injection was not significantly 
different (p>0.05) from the decrease observed following LPS-injection. These results are 
represented in figure 4.10 below. 

m 
x 
E 

Lb A 
150- 

ägA6 
Laa Iß A k A ' 1 Ißt 

Iß 

A, A, 

AA 

loo- 

Aä 

Iß A, & 

(0 

50J 

0 () 
C, 

C)a () 
0 10 

00 
Oo 00 

08 000 080C. 08 
C)OC, 

C) o 0000 0 CDO OOE300 
0 08 

0000 0 cl, 00000 

00 ::. slo memo 

" S. 1' 

5, 

'S.... 

NaCl Con NaCl Post LPS Con LPS Post 

Figure 4.10 Scatter plot of Mean Arterial Pressure (MAP) changes following NaCl- and 
LPS-injection. NaCl Con = Control period of NaCl experiments, NaCI Post = -1 h period 
2.5h post-injection. LPS Con = Control period of LPS experiments, LPS Post = Period of 
peak fever post-injection. The lines amongst data points represent means. 
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4.3.6.2 Heart Rate 

As shown in figure 4.11 below, during the control periods of NaCl and LPS experiments the 

mean heart rate values were 421 ± 4.80 and 413 ± 3.91 bpm, respectively, and these values 
were not significantly different from each other (p>0.05, n=6). At the peak of fever following 
LPS injection the mean heart rate had increased significantly (p<0.0001, n=6) to a mean value 
of 447 ± 4.65bpm. The mean heart rate of animals treated with i. p. NaCl was not significantly 
different (p>0.05, n=6) from the control mean at 2.5h post-injection. 
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Figure 4.11 Scatter plot of heart rate changes following NaCl- and LPS-injection. NaCl 
Con Control period of NaCl experiments, NaCl Post = -1h period 2.5h post-injection. LPS 
Con Control period of LPS experiments, LPS Post = Period of peak fever post-injection. 
The lines amongst data points represent means. 
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4.3.7 Exogenous Heating Experiments (Protocol IV) 

4.3.7.1 Changes in Core Temperature 

In the experiments in which core temperature was raised exogenously, core temperature was a 

mean of 37.1 ± 0.10C during the control period. After approximately 2.5h of gradual body 

heating core temperature had risen to a mean of 38.0 ± 0.10C. 

4.3.7.2 Changes in Responses to Noxious Toe Pinch Following Exogenous Heating 

During the control period, the mean magnitudes of EMG responses to noxious pinch stimuli 

were 100 ± 5.5,100 ± 2.3 and 100 ± 29.0% of the control means for the 1s' 5s, 2 nd 10s and 3 rd 

5s components. After 2.5h of exogenous heating the mean magnitudes of the 1st 5s and 2 nd 

10s were significantly reduced (p<0.0001, n=8) to 55.7 ± 7.3 and 52.7 ± 4.8%, respectively, of 
the corresponding control means. The mean magnitude of the 3 rd 5s component of pinch 

responses was also reduced after exogenous heating but not significantly (p>0.05, n=8). After 

heating, the animals were gradually cooled such that core temperatures were within the range 

observed in the control period. The 1 st and 2 nd components of the cooled animals' responses to 

noxious pinch were still significantly reduced compared to control responses (1st: 58.6 ± 8.8%, 

p=0.0002,2 nd : 59.1 ± 7.1%, p<0.0001). These data are summarised in figure 4.12 below. 
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Figure 4.12 Magnitude of withdrawal responses to noxious pinch before and after 
exogenous heating. Columns are means, bars are SEMs. Control=30 min period before 
exogenous heating, 2.5h Post-heating =30 min period 2.5h after start of exogenous heating, 
Cooled =30 min period in which core temperature had returned to within 2 SlDs of control mean. 
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4.3.7.3 Changes in Responses to Slow and Fast Rates of Noxious Skin Heating 

The effect of exogenous heating was tested on withdrawal responses evoked by slow and fast 

rates of noxious skin heating. 2.5h after exogenous heating there were no significant changes 
(p>0.05, n=3) in the median withdrawal thresholds to either slow (49.0 ± 1.60C) or fast (51.3 ± 

1.3'C) heating ramps, compared to controls (50.0 ± 0.90C for slow, 49.6 ± 1.8'C for fast). 

4.3.8 Comparison of Absolute Magnitudes of Pinch-Evoked Responses in the Presence 

of either Slow or Fast Rates of Skin Heating 

The absolute magnitudes of withdrawal responses (expressed as modulus - background) 

evoked by a noxious toe pinch in the control period of experiments carried out according to 

protocol I (pinch alternated with slow heating ramp) were compared to the corresponding 

magnitudes of responses from protocol 11 (pinch alternated with fast heating ramp) experiments. 

The median magnitude of all components of the pinch response was significantly higher in the 

protocol 11 experiments, i. e. in the presence of fast heating ramps (1st 5s: 0.15 ± 0.02, p<0.0001, 
nd 1 OS. 0.10 ± 0.01, rd 2 p<0.0001,3 5s: 0.03 ± 0.01, p=0.0005, n=6), see figure 4.13 below. 
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Figure 4.13 Magnitude of pinch responses from experiments in which either slow or fast 
heating ramps were present. Bars represent SIQRs. 

100 



Chapter 4: Somatosensory and Autonomic Processing During Illness 

4.3.9 Fast Heating Ramp Control Experiments (Protocols V and VI) 

4.3.9.1 Experiments Starting with Fast Heating Ramps (Protocol V) 

Results were obtained from three experiments in which responses to pinch stimuli were 

quantified before (control) and after the removal of fast heating ramp stimulation. After 30 min 

of discontinuing fast heating ramp stimuli there was no significant change in the magnitude of 

pinch-evoked EIVIG activity. However, within the next 30 minute period (60 min after heat ramps 

discontinued) there were significant decreases in the magnitude of all components of pinch- 

evoked responses (1st 5s: 51.9 ± 5.3%, p=0.004,2 nd 1 Os: 51.4 ± 4.5%, p=0.0008,3 rd 5s: 54.5 

7.5%, p=0.0028) compared to control responses. In the remaining 60min of the experiments, 

the magnitude of pinch-evoked responses was still significantly lower than the magnitude of 

control responses (1s' 5s: 80.6 ± 10.9%, p=0.0015,2 nd 10s: 60.3 ± 4.7%, p<0.0001,3 rd 5s: 49.3 

13.9%, p=0.0056). These data are surnmarised in figure 4.14 below. 
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Figure 4.14 Magnitude of pinch-evoked responses before and after removal of fast heating 
ramp stimulation. Columns represent medians, bars represent SIQRs. Control=30 min period 
before fast heating ramps discontinued. 30 - 120 min= 30-120 min after fast heating ramps 
discontinued. 
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4.3.9.2 Experiments Starting without Fast Heating Ramps (Protocol VI) 

Results were obtained from three experiments in which responses to pinch stimuli were 

quantified before (control) and after the addition of fast heating ramp stimulation. There were 

no significant changes (p>0.05) in the magnitude of pinch-evoked responses after 90 min of the 

addition of fast heating ramp stimuli. However, 120 min after the fast heating ramps were 

added the magnitude of the 2 nd 10 s and 3d 5s components of pinch-evoked responses were 

significantly reduced (2 nd 1 Os: 74.0 ± 5.6%, p=O. 0078,3 rd 5s: 66.9 ± 17.7%, p=0.0188) 
compared to controls. These data are summarised in figure 4.15 below. 
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Figure 4.15 Magnitude of pinch-evoked responses before and after addition of fast heating 
ramp stimulation. Columns represent medians, bars represent SIQRs. Control=30 min period 
before fast heating ramps discontinued. 30 - 120 min= 30 - 120 min after fast heating ramps 
discontinued. 
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4.3.9.3 Comparison of Magnitudes of Pinch Responses in Experiments with and without 
Fast Heating Ramp Stimuli 

The median magnitude of withdrawal responses evoked by pinch stimuli in the control period of 

protocol V (with fast heating ramps) experiments was compared with the median magnitude of 

responses obtained in the control period of protocol VI (without fast heating ramps) 

experiments. The median magnitude of all components of the pinch-evoked responses in 

protocol V experiments was higher than the magnitude of responses to pinch in protocol VI 

experiments, although not significantly (p>0.05, n=3). 
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Figure 4.16 Magnitude of pinch-evoked responses in the control period of protocol 
V (without fast heating ramps) and VI (with fast heating ramp) experiments. 
Columns represent medians, bars represent SIQRs 
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4.4 Discussion 

4.4.1 Changes in Core Temperature 

4.4.1.1 Time Course of "Fever" 

These experiments have demonstrated that in anaesthetised rats intraperitoneal injections of 
LIPS (0.2mg kg-') resulted in a monophasic increase in core temperature (hyperthermia) that 

began approximately 1.5h after injection and that was maximal within 2.5h. The time course 

and pattern of core temperature changes induced by LIPS injection in unanaesthetised, loosely- 

restrained rats varies depending on factors such as route of administration (e. g. intraperitoneal, 

intravenous, or intracerebroventricular), dose and bacterial serotype (Horan et al., 1989; 

Romanovsky et al., 1998a; 1998b). If the dose of LIPS injected is low Oust above threshold to 

evoke fever) then a monophasic hyperthermia usually results but if the dose is several times 

higher a bi- or poly-phasic hyperthermia is observed (Hare et al., 1995; Romanovsky et al., 
1996; Goldbach et al., 1996; Romanovsky et al., 1997; 1998; Szekely et al., 2000). At even 
higher doses of LPS, endotoxic shock has been reported to occur, in which core temperature 

decreases (Kluger, 1991; Romanovsky et al., 1996). Generally though, peaks in core 

temperature evoked by a low to moderate dose of intravenous LIDS tend to occur between 60 

and 300 min post-injection (Romanovsky et al., 1996; 1998). When LIPS is administered 
intraperitoneally, peripheral neural and/or humoral immune mechanisms introduce a delay in 

transmission of the immune signal to the brain, and is likely to result in a longer latency to peak 

fever compared to intravenous administration. 

However, apart from work from this laboratory there are no reports in the literature of studies in 

which the time course of changes in core temperature in response to intraperitoneal LPS has 

been characterised in anaesthetised rats, and it is therefore difficult to compare the present 

results with those of others. Despite this it is noteworthy that in a study by Cao et al. (1995) an 

intraperitoneal injection of the same serotype of LIPS used in the present study (026: 136) at a 

similar dose (0.1 mg kg-1) resulted in a hyperthermia after 70-90 min and that peaked after 160 

min, i. e. very similar to the time course reported presently. In addition, recent work from this 

laboratory, demonstrated a similar time course with i. p. injection of LIPS in Saffan-anaesthetised 

rats (Bleasdale et al., 2003). 

Fever is defined as a "regulated rise in body temperature" in which the thermoregulatory set- 

point is raised, whereas hyperthermia is a "condition in which body temperature is passively 

elevated above the thermoregulatory set-point" which may or may not be normal (Kluger, 1991; 

1998). Although this is an important distinction it is not possible to say whether or not the 

increases in core temperature observed in the present experiments were febrile or 

hyperthermic, as this was not tested directly. However, it is probable that the measured 

increases in core temperature were febrile because other physiological changes indicative of a 

104 



Chapter 4: Somatosensory and Autonomic Processing During Illness 

febrile response, such as increased heart rate (quantified) and piloerection (qualified) were 
observed following LIPS administration and appeared to occur over the same time course as the 
increase in core temperature. 

4.4.1.2 Magnitude 

The mean change in core temperature following i. p. LPS was 0.70C. This increase is smaller 
than the change observed in a previous study using the same serotype of LPS (026: 136) and 
route of injection (Cao et a/., 1995), in which the mean magnitude of fever, although not stated, 

appeared to be -1.30C (judging by their figure 1). In the study of Cao et al. however the 

animals were awake and so the magnitude of fever would be expected to be higher than that 

observed in the present study, in which animals were under general anaesthesia that reduces 

an animal's ability to thermoregulate and generate heat by behavioural mechanisms. Another 

noticeable difference, aside from anaesthesia, is that in the previous study core temperature 

was assessed by recording intra-abdominal temperature with a telemetry system. The 

magnitude of fever evoked by LPS in other studies that used unanaesthetised rats varies from 

0.4 - 1.1 OC (Mason, 1993; Romanovsky et al., 1998a; Hansen et al., 2000). The findings of 
these studies are even less comparable with the current results as different routes, doses, and 

serotypes were used. The one study in anaesthetised rats in which the exact same LPS 

protocol was used (Bleasdale et al., 2003) reported an average increase of 0.60C and this 

compares favourably with the average increase observed here (0.7'C). 

It should be noted that the effects of LPS-administration on core body temperature (fever) was 

not the main focus of this study. Rather, changes in core temperature were taken as a sign of 

immune activation, in combination with observations of other indicators of illness (e. g. 

piloerection), and as an objective reference-frame for analysing changes in nociception. 

However, the data obtained in this study have provided useful information about the changes in 

core temperature that occur in this novel model of illness. 

4.4.2 Changes in Responses to Noxious Skin Heating During Fever 

The main aim of this study was to test the hypothesis that different components of the 

nociceptive signal, i. e. A8- and C-nociceptor mediated components, are differentially modulated 

during the acute phase response of illness. This was achieved by monitoring thresholds to 

withdrawal in response to activation of A5-nociceptors, using fast rates of skin heating, and C- 

nociceptors, using slow rates of heating before, during and after the course of a fever induced 

by LIPS-injection. 

105 



Chapter 4: Somatosensory and Autonomic Processing During Illness 

At the peak of fever median withdrawal thresholds to both slow and fast rates of noxious skin 
heating were significantly reduced compared to controls, and this effect persisted into the post- 
peak period. The enhanced responses (lowered thresholds) to heat stimuli are consistent with 
other reports of thermal hyperalgesia evoked by an immune challenge (Mason, 1993; Wiertelak 

et al., 1994; Watkins et al., 1994a; 1994b; Wiertelak et al., 1997). These results do not support 
the hypothesis that the modulation of nociception during illness is selective for either A6- or C- 

nociceptive inputs. However, the current findings relate to the acute phase response of illness 

and it remains to be determined whether or not a selective modulation of different types of 
nociceptive input is important during later stages of illness. 

The dose (0.2mg kg-'), route (i. p. ) and serotype (026: 136) of LIPS administration used in the 

present experiments was selected because this same regime had been used to investigate 

changes in nociceptive processing previously (Watkins et al., 1994a; 1994b; Wiertelak et aL, 
1997) and so may allow some comparisons to be drawn. However, such comparisons are 
limited by several factors. Firstly, the studies cited used awake animals and as such the time 

course and magnitude of hyperalgesia are likely to be different to the changes in nociception in 

anaesthetised animals. For example, significant decreases in tail flick latency were observed 

approximately 25 - 30 min following i. p. injection of LIPS (Watkins et al., 1994a; 1994b). The 

onset times for the maximal effect of LIPS on slow and fast heating ramp evoked responses in 

my experiments (i. e. times at which lowest threshold responses were observed) were highly 

variable, they occurred at 3-8h and 1.5-8h post-LIPS, respectively. In another study in which 

rats were treated with an i. p. injection of LIPS, thermal hyperalgesia was reported to be present 
between 1 and 4h post-injection (Cahill et aL, 1998). 

A second factor limiting direct comparison of the cited studies with my own relates to the type of 

nociceptive testing methods used previously and this may have important implications for the 

interpretation of the data of others. The studies of Watkins et al. (1 994a; 1994b) and Wiertelak 

et al. (11997) all used the tail flick (TF) test to assess changes in nociception, in which a 

reduction in tail-flick latency (TFL) was taken as an indication of hyperalgesia. A potential 

source of misinterpretation of data obtained using the TF test exists in that the TFIL is directly 

related to tail temperature (Tjolsen et al., 1988; Berge et al., 1988; Sapsed-Byrne et al., 1995). 

As the tail is the main thermoregulatory organ in the rat any experimental manipulations that 

affect core temperature and/or peripheral blood flow (e. g. injection of pyrogens) will affect tail 

temperature and thus TFL. The use of the TF test in experiments in which changes in core 

temperature are induced is therefore ill-advised unless measures are taken to carefully control 

for changes in tail-skin temperature. 
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The drawback of the TF test can be partially circumvented by applying thermal stimuli to other 
parts of the body, for example the skin of the hind paw dorsum as performed in the experiments 
described in this chapter. However, although this is an improvement on the TF test there is still 
a possibility that changes in cutaneous blood flow and as a consequence paw temperature 

could affect responsiveness to thermal stimuli at the level of the nociceptor. A generalised 
hyperthermia for example might evoke vasodilation in the periphery, including the paw, and this 
in turn might enhance responses due to increased blood flow to nociceptive terminals. 
Conversely, during fever (a regulated rise in body temperature around an elevated set-point) 

peripheral blood flow, and therefore temperature, is generally reduced by vasoconstriction 
(Kluger, 1991; Romanovsky et al., 1996). 

In the present study an alteration in paw temperature was probably not a significant issue 

because the stimulated paw was maintained at a temperature of 300C in order to ensure 

consistency in the rate of noxious skin heating (as explained in Section 2.4.2). In addition, 

control experiments were performed in which core temperature was raised artificially 
(exogenous heating) and in these experiments withdrawal thresholds were not reduced at 
higher core temperatures. In several experiments, contralateral paw temperature was 

monitored and in some cases was found to decrease post-LIPS, which is consistent with 

peripheral vasoconstriction during fever, and the observations of others (Romanovsky et al., 
1996; Bleasdale et al., 2003), and support the view that the increase in core temperature seen 
in these experiments was a fever (c. f. hyperthermia). These findings are in accord with the 

results of other work from this laboratory (Bleasdale et al., 2003). 

A further issue regarding the type of nociceptive test used in models of illness should be 

considered. An alternative to the tail flick test in assessing thermal hyperalgesia is the hot plate 

test, and this has been employed in an LPS-model of illness (Cahill et al., 1998). Under normal 

conditions of testing, in behaving animals, variations in the heat stimulus applied can occur 

even when the plate is kept at constant temperature due to alterations in paw contact with the 

plate (Yeomans & Proudfit, 1994). During illness, this complication may be exacerbated by 

alterations in paw contact due to postural changes (Romanovsky et al., 1996) such as lying on 

the side or assuming a "belly down" posture (Meachurn & Bernstein, 1990). Indeed some 

authors (Wiertelak et al., 1994; Watkins et al., 1994b) have rejected the hot plate test as a 

method for assessing behavioural algesia because of the confounding effects of postural 

changes following immune activation. 

A final consideration is that none of the studies that used the same LPS-regime actually 

monitored changes in core temperature at the same time as the observed changes in 

responses to nociceptive stimuli (and this is not uncommon in the literature). Interpretation of 

the findings of these studies is therefore limited by the lack of an objective measure of immune 

activation. 
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4.4.3 Changes in Responses to Noxious Toe Pinch During Fever 
4.4.3.1 Pinch Alternated with Slow Rate of Noxious Skin Heating (Protocol I Experiments) 

In the Protocol I experiments, the effects of intraperitoneal injection of LIDS on withdrawal 
reflexes evoked by slow rates of noxious skin heating and a noxious mechanical (pinch) 

stimulus applied to the toe were studied. The results showed that the median magnitude of 
pinch-evoked reflexes was significantly increased at the peak of fever following ILPS-injection 

compared to reflexes evoked in the control period. Similar effects on pinch-evoked reflexes 
were not observed in control animals injected with saline. The largest pinch response tended to 

occur 0.5 - 3.5h after LPS injection, and the magnitude of response was significantly (p<0.0001, 

n=6) positively correlated (r=0.5059, Pearson's correlation test) with the increase in core 
temperature (data not shown). These data are supported by recent work from this laboratory in 

which an increase in the magnitude of pinch-evoked responses was observed over a similar 
time course following i. p. LPS (Bleasdale et al., 2003). In addition to hyperalgesia, mechanical 
allodynia to stimuli applied to the paw in the rat has also been reported following i. p. LPS (Cahill 

et aL, 1998). Although no attempts were made to quantify mechanical allodynia in the current 
investigation it is of interest to note that occasional small bursts of EIVIG activity were observed 
during lamp placement on the paw, following an LPS-induced fever. This type of activity was 
not observed during the control period of these experiments. 

As discussed above (Section 4.4.2.1) it is unlikely that changes in peripheral blood flow, as a 

consequence of changes in core temperature, would have affected responsiveness to noxious 

stimuli in these experiments. This view is further supported by the finding that exogenous 
heating of the animals did not result in a facilitation of reflexes evoked by noxious pinching. 
Furthermore, recent work by Bleasdale et al. (2003) showed that not only were pinch-evoked 
EMG responses reduced by exogenous body heating but also that a direct change in the 

temperature of the paw (either increase or decrease) produced no significant effect on 

responses. Thus, the changes in nociception observed in the previous study were not 

secondary to changes in paw temperature and consequent alterations in peripheral blood flow. 

4.4.3.2 Pinch Alternated with Fast Rate of Noxious Skin Heating (Protocol 11 Experiments) 

In the Protocol 11 experiments, the effects of intraperitoneal injection of LIDS on withdrawal 

reflexes evoked by fast rates of noxious skin heating and a noxious mechanical (pinch) stimulus 

applied to the toe were studied. In contrast to Protocol I experiments, the results of these 

experiments showed that the median magnitude of pinch-evoked reflexes, expressed as a 
%age of the control mean, was not significantly different at the peak of fever following LPS- 

injection compared to control reflexes. This finding was unexpected, and intriguing, considering 

responses to fast ramps were enhanced following LPS in these same experiments, and so 

prompted further analysis and an additional series of experiments. 
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A comparison of the absolute magnitudes of pinch-evoked responses in the control periods of 
Protocol I (pinch and slow heating ramps) versus Protocol 11 (pinch and fast heating ramps) 
experiments revealed that the median magnitude of control responses in Protocol 11 

experiments was actually significantly higher than responses in Protocol I experiments. In 

addition, subsequent analysis of the mean threshold force required to initiate a sustained EMG 

response to the pinch stimulus was found to be significantly lower (p<0.0001, unpaired 
parametric Mest, data not shown) in Protocol 11 experiments. A comparison of the increase in 

core temperature evoked by LIPS in the two sets of experiments was made but revealed no 
significant differences in either the magnitude of (p>0.05, Mann-Whitney Test) or the latency to 
(p>0.05, Mann-Whitney Test) peak core temperature (data not shown). It is important to 

emphasise here that the only obvious difference between the protocols was the type of heating 

ramp stimulus delivered. This therefore led to the hypothesis that some form of stimulus 
interaction might have occurred during the control period of these experiments. 

A further series of experiments (Protocols V and VI) was therefore designed to test this 
hypothesis. These preliminary experiments quantified the magnitude of responses to pinch 

stimuli before and after the removal or addition of fast heating ramp stimulation. The results 

showed that in experiments that started with fast heating ramp and pinch stimuli, when the heat 

stimulus was removed the magnitude of responses to noxious pinch became significantly 

reduced within 60 min of removal. In contrast, the results of experiments that started without 
fast heating ramp stimuli, showed that addition of the heat stimulus had no significant effect on 
the magnitude of pinch-evoked responses, up to 120 min later. These findings indicate that fast 

ramps of noxious skin heating can facilitate withdrawal responses to noxious pinch stimuli, but 

only when these stimuli are applied together at the start of an experiment. This is to my 
knowledge the first report of such an interaction. One interpretation of these findings, with 

respect to the results of the LPS experiments (Protocol 11 - pinch and fast heating ramp stimuli 
before and after LPS), is that any LPS-induced facilitation of pinch responses may have been 

obscured by the higher baseline magnitudes, or it is possible that pinch responses started to 

adapt earlier. These results heed caution in the use of multiple noxious stimulus modalities (i. e. 

heat and mechanical) in the same experiment. 

4.4.4 Changes in Autonomic Function During Fever 

The effects of LPS-induced fever on autonomic function were also analysed in this investigation. 

The first point to be noted from these data is that the mean arterial blood pressure (MAP) and 

heart rate (HR) were remarkably similar in the control period of all of the experiments. This 

indicates that the level of anaesthesia was consistent both between and within experiments. 

MAP decreased following injection of LPS but was not significantly different (p>0.05, unpaired 

parametric t-test) from the MAP of rats injected with saline. On the other hand, HR was 
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elevated significantly following LIPS injection but not significantly affected by injection of saline. 
These results indicate that a change in heart rate may be a more reliable indicator of illness, at 
least in this model in anaesthetised animals, than changes in blood pressure. Furthermore, 

these data are consistent with the findings of the only other study to have investigated the 

effects of sub-septic doses of LPS on the cardiovascular system. In this study (Xia & Krukoff, 
2001) intravenous injection of LPS in awake rats produced a significant increase in HR but no 
significant change in MAP. 

4.4.5 Conclusion 

The findings of this study support the use of intraperitoneal injection of LIDS in anaesthetised 

rats as an effective model to study the effects of illness or fever on nociceptive processing. 
There are numerous advantages of this model compared to models that use awake animals, 

particularly in the study of nociceptive processes. Firstly, many physiological variables 
(including blood pressure, EMG, heart rate, paw temperature) can be easily and precisely 

measured, and appropriately controlled. Also, the use of complex nociceptive testing and more 
invasive surgical techniques are possible in anaesthetised animals, without the need for 

prophylactics (e. g. antibiotics) that may alter the immune status of the animal and affect its 

ability to respond to an immune challenge (e. g. LPS). Finally, general anaesthesia confers 

additional benefits because it reduces i) the effects of environmental stimuli that may distract 

the animal and consequently alter responses to noxious stimuli, and ii) the effects of handling- 

stress, which may alter nociceptive processing (Vidal & Jacob, 1982; Vidal & Jacob, 1986; 

Yokoyama & Sasaki, 1999) and produce hyperthermia in itself (Briese & Cabanac, 1991). 

Limitations of this approach include the depressive effects of general anaesthesia on 

thermoregulation, and the effects of surgical preparation on nociceptive (Clarke & Matthews, 

1985; 1990; Hartell & Headley, 1991; Houghton et al., 1995; Ogilvie et al., 1999) and immune 

(Dantzer & Kelley, 1989; Hensler et al., 1997) processes. 

This study did not reveal any evidence for a differential control of A& vs C-nociceptor evoked 

activity during illness. Rather, a generalised increase in sensitivity to noxious stimuli was found 

(hyperalgesia). This generalised alteration of nociceptive processing is in keeping with previous 

studies and may have adaptive value as part of the constellation of physiological changes that 

occur during the acute phase response. 
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5. Distribution of Fos Positive Neurones in the 
Hypothalamus Following an Immune Challenge 

5.1 Introduction 

In the previous chapter, the host of centrally-mediated physiological changes that constitute the 
acute phase or sickness response in the behaving animal were described (Section 4.1). 
Particular attention was given to the changes in nociceptive processing that occur during illness. 
Experiments were conducted to characterise the changes in nociception that occurred in a 
model of illness, in anaesthetised animals. The results showed an increased responsiveness to 
noxious stimuli following injection of the immune activator bacterial I ipopolysaccha ride (LPS). It 
has been suggested (Section 4.1.2) that the changes in sensitivity to noxious stimuli that occur 
in models of illness may be, in part, mediated by control mechanisms arising in the anterior 
hypothalamus. The aim of the present study, as detailed below was to test this further by 

examining the expression of Fos protein in the brain, as a marker of neuronal activation, 
following an immune challenge in the anaesthetised rat. 

5.1.1 Use of Fos as a Marker of Neuronal Activation 

The proto-oncogene c-fos is the normal cellular sequence from which the viral oncogene (v-f6s) 
is encoded by the Fin kel-B iskis-J inkins murine osteogenic sarcoma virus. The c-fos gene is 

rapidly and transiently expressed in neuronal cells in response to external signals, without the 

need for de novo synthesis of proteins, and as such is referred to as an immediate-early gene. 
Transcriptional activation of this gene occurs within minutes of stimulation and the accumulation 
of mRNA reaches peak levels at 30-45 minutes post-stimulation (for review see Morgan & 
Curran, 1991). The mRNA is translated into the 56kDa nuclear protein Fos, which reaches 

maximal levels approximately two hours after the initiation of transcription (Harris, 1998). Fos is 

believed to function as part of the signal transduction cascade in coupling extracellular signals 

with long-term intracellular changes, by regulating expression of "target" genes (Morgan & 

Curran, 1991). Of particular interest to the current study are the findings of in vivo studies (e. g. 
Morgan et aL, 1987; Hunt et aL, 1987; Sagar et al., 1988; Dragunow et aL, 1989) that have 

demonstrated the induction of c-fos expression in the CNS following increased nervous activity, 
thus supporting a role for c-fos in neuronal functioning. 

5.1.2 Aim 

The aim of the current series of experiments was to determine patterns of Fos expression in the 

hypothalami of anaesthetised rats injected intraperitoneally with LIDS at doses previously shown 
(see Chapter 4) to induce fever and enhanced responses to noxious stimuli. In other words, to 

investigate the activity of neurones in the hypothalamus, using Fos-like immunoreactivity (FLIR) 

as an indicator, at a time when the acute phase response is fully engaged. Particular focus was 

given to Fos expression in the anterior hypothalamus to further investigate the role of this brain 

area during illness. 
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5.2 Methods 

Twelve animals were prepared surgically as described previously (Sections 2.2.2-2.2.3). 
Anaesthesia was induced with halothane (4.0%) and the jugular vein, carotid artery and trachea 

were cannulated. Following surgery, anaesthesia was maintained by continuous intravenous 
infusion of sodium pentobarbitone (Sagatal, Rhone Merieux, UK; -8 - 25mg kg-1 h-1 i. v. ). 
Anaesthesia was maintained at a level sufficient to prevent any spontaneous motor activity but 

with withdrawal reflexes to noxious pinching of the forepaw intact. Rectal temperature was 
maintained at -37.50C with a homeostatic blanket and the temperature noted every 10 min. 

5.2.1 Experimental Protocol 

In previous experiments (see Chapter 4), intraperitoneal injection of 0.2mg kg-1 

Ii popo lysaccha ride (LIPS) produced an increase in core temperature (fever) and peak core 
temperature was found to occur at approximately 2.5h post-injection. At this time point 

significant changes in nociceptive processing were evident. Taking into account the fact that 

maximal expression of Fos has been shown to occur at 2h post-stimulus (see Section 5.1.1), 

4.5h post-ILIPS injection was selected as an appropriate time point to assess Fos expression at 
the peak of fever. Accordingly, experiments commenced with a one hour control period in 

which basal core temperature was assessed, followed by injection of either LIPS (0.2mg kg_1 i. p. ) 

or an equivalent volume of 0.9% sterile saline (as a control), then experiments were terminated 

4.5h post-injection. Six animals were used for the experimental group (ILPS) and six animals for 

the control group (saline). At the termination of these experiments animals were transcardially 

perfused with paraformaldehyde in order to fix the brain tissue for subsequent 
immunohistochemical examination of the tissue. 

5.2.2 Perfusion 

Animals were killed with an overdose of Sagatal (-60mg kg-1 i. v. ). The thorax and underlying 

diaphragm were incised mediolaterally and the ribs on both sides cut away rostrally and 

clamped in place to provide access to the heart. Heparin (0.05-0.1 ml, 1000 iu ml-1, Multiparin, 

UK) was injected directly into the left ventricle. A small incision was then made in the left 

ventricle to allow a cannula (blunted hypodermic needle, inside diameter I mm) to be inserted 

into the aorta. The cannula was secured in place with forceps. The right atrium was severed to 

allow perfusate to flow out of the heart. Solutions were perfused through the ventricular cannula 

under a pressure of 100-120mmHg, using a pressurized air system. To improve fixation, the 

animal was first perfused with approximately 200-300ml of 0.1 M phosphate buffer (see 

Appendix, Section 7.4.5) until the outflow became clear, indicating that most of the blood had 

been washed out of the circulatory system. At this point, perfusion was switched to the fixative 

4% paraformaldehyde (see Appendix, Section 7.4.3). After perfusion of approximately 500- 
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600ml of fixative the animal was usually well fixed. The brain was removed and post-fixed in 
4% paraformaldehyde overnight and then transferred to a solution of 25% sucrose phosphate 
buffered solution (see Appendix, Section 7.4.7) for at least 24h. 

5.2.3 Histology 

5.2.3.1 Preparation of Sections for Immunohistochemistry 

The fixed brain was sectioned coronally into a block containing the forebrain and the block was 
then frozen in embedding medium (Tissue Tek, Miles Inc., US). Three series of 40ýim-thick 

transverse sections of the forebrain were made using a Reichart freezing microtome (Leica, UK) 

and the sections collected in phosphate buffer. All cutting work was carried out by Annette 
Goodall and Dave Gee. One series was immunostained for Fos protein, one series was lightly 

stained with Neutral Red (Appendix, Section 7.5) and the other series was kept in buffer in 

reserve. 

5.2.3.2 Immunohistochemistry Protocol 

Free-floating sections of the hypothalamus were processed for Fos-like immunoreactivity (FLIR) 

using a similar method to that described previously (Parry et al., 2002). The sections were 

washed in 0.1 M phosphate-buffered saline (Appendix, Section 7.4.6) + 0.2 % Triton X-1 00 

(PBS-T) and then incubated in a polyclonal rabbit anti-Fos antibody (Santa Cruz Biotechnology, 

US; 1: 5000 in 0.1 M phosphate buffer containing 1% bovine serum albumin, 0.1 % Triton and 
0.01 % sodium azide) for 2-4 days at 40C. The sections were washed again in PBS-T and 
incubated in biotinylated goat anti-rabbit antibody (Sigma, UK; 1: 300 in 0.1 M phosphate buffer) 

for 1h at room temperature. After washing again in PBS-T the sections were incubated in 

ExtrAvidin Peroxidase (Sigma, UK; 1: 1000 in PBS-T) for 1-2h. The sections were washed 

again and the peroxidase visualised with a solution containing 3,3-diaminobenzidine 

tetrahydrochloride (DAB, Sigma, UK; 0.015% in 0.21M phosphate buffer, 0.4% ammonium 

chloride, 20% glucose + azide and distilled water) with nickel intensification (nickel ammonium 

sulphate) and glucose oxidase (Sigma, UK) to generate the hydrogen peroxide. 

All sections were mounted on gelatine-coated slides and air-dried. For viewing, the sections 

were dehydrated in ascending concentrations of alcohol, cleared with Histoclear (National 

Diagnostics, US) and cover-slipped with dibutyl phthalate xylene (DPX; BDH Laboratory 

Supplies, UK). Sections were then examined using bright-field illumination for the expression of 

Fos protein. 
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5.2.3.3 Counting of Fos-immunoreactive Neurones 

Fos-positive (immunoreactive) neurones were counted approximately every 200ýtm throughout 

the hypothalamus (from 0.4 - 2.2mm caudal to bregma) on both sides of the brain. The location 

of neurones identified as Fos-positive were mapped onto representative transverse sections 
from the atlas of Paxinos & Watson (1986). Templates of the hypothalamus were subdivided 
into stylised regions, according to the atlas of Bleier et al (1979) and based on the work of 
others from this laboratory (Semenenko & Lumb, 1992; Semenenko et al., 1994; Semenenko & 
Lumb, 1999; Parry et al., 2002). The templates were laid over the section maps and Fos- 

positive neurones were assigned to the appropriate regions. All counting was performed by the 

same person (DAAS) and this person was unaware which type of experimental protocol (saline 

or LPS) the brain had been exposed to, i. e. all counting was done blind. 

5.2.4 Data Analysis 

Counts of Fos-labelled neurones were made throughout the rostrocaudal extent of each of the 

hypothalamic regions/subdivisions and median and semi-interquartile range (SIQR) values were 

calculated. Median values were compared using the Mann Whitney U Test. Out of the 12 

experiments, 10 were suitable for counting and analysis. 

In each experiment three core temperature readings were taken from the control period and 
three from the period immediately following the 2.5h time-point after injection of saline or LPS. 

These core temperature readings were pooled into four groups: Saline-treated Control, Saline- 

treated 2.5h Post-injection, LPS-treated Control, LPS-treated 2.5h Post-injection, as appropriate 

and median and SIQR values were calculated. Median values were compared using the Mann 

Whitney U Test. In all figures: *= Significant (0.01 <p<0.05), ** = Very significant 
(0.001 <p<0.01), *** = Extremely significant (p<0.001), ns= Not significant (p>0.05). 
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5.3 Results 
5.3.1 Changes in Core Temperature After Injection of Saline or Li popolysacc ha ride 

Core temperature was monitored continuously before and after intraperitoneal injection of either 

saline (NaCI) or lipopolysaccharide (LIPS). In animals injected with LIPS there was a significant 
increase in core temperature 2-5h after the injection (p<0.0001, n=5), see figure 5.1 below. The 

core temperature of animals injected with NaCl was not significantly altered at 2.5h post- 
injection (p>0.05, n=5). In addition, the median core temperature of animals at 2.5h post-LIPS 
injection was significantly higher than the equivalent median value for NaCkinjected animals 
(p=0.0149, n=5). 

CL 

E 

0 

2 

38.0 
El Control 0 2.5h Post-injection 

ns 

37.5 

37.0 

*** 

LPS NaCl 

Figure 5.1 Median core temperatures before and after injection of saline (NaCl) or 
lipopolysaccha ride (LIPS). Error bars are semi-interquartile ranges (SIQRs). 
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5.3.2 Total Fos Expression in the Hypothalamus 

Fos-immunoreactive (IR) neurones were counted throughout the hypothalamus in saline and 
LIPS-treated rats. The total Fos counted in the hypothalamus of each experimental brain was 
tabulated and the medians calculated for the saline and LIPS groups. The median total number 
of Fos-IR neurones counted in the hypothalarni of saline-treated rats was 1969 ! 685. The 

corresponding value for LPS-treated rats was higher (2485 ! 125) but not statistically significant 
(p>0.05, n=5). 

5.3.3 Regional Analysis of Fos Expression in the Hypothalamus 

The expression of Fos was analysed for 24 selected hypothalamic regions. The total number of 
Fos-IR neurones counted from each region was calculated. Fos counts from all of the 

experiments were pooled into their respective treatment groups (i. e. saline versus LPS) and 
median and semi-interquartile range values were calculated. These data are presented in 
Table 5.1 and figure 5.2 below. 

Out of the 24 regions analysed, only one region showed a signficant difference in median Fos 

expression in saline- compared to LPS-treated animals. The median number of Fos-IR 

neurones counted in the caudal anterior hypothalmic area (cAHA) was signifcantly greater 
(p=0.01 15, n=5) in the brains of LPS- (60.5 ! 58.5) compared to saline- (36 ! 33) treated 

animals, see figure 5.2 below. Examples of Fos staining in the cAHA are shown in figure 5.3. 

The median number of Fos-IR neurones counted in the lateral area of the anterior hypothalmus 

(LAAH) was not significantly different (p>0.05, n=5) between the brains of LPS- and saline- 
treated animals. 
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500ýtm 

Figure 5.3 Examples of Fos staining in the cAHA. Top panel (A) is a digital 
photo taken from a section from the brain of an LPS-treated animal. The lower 
panel (B) is a digital photo taken from a section from the brain of a saline- 
treated animal. Magnification xi 00. 
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5.4 Discussion 

5.4.1 Discussion of Methods 

5.4.1 .1 Fos Expression as a Marker of Neuronal Activity 

Immunohistochernical localisation of Fos has been propounded as a useful technique for 

mapping patterns of neuronal activity (Sagar et al., 1988), especially as a "marker of pain" 
(Harris, 1998). In combination with methods such as retrograde tracing, Fos immunostaining 
has proven to be a powerful tool in delineating the organisation of the central pathways of 
nociceptive processing. For example, the central representation of different types of nociceptive 
input (e. g. A& vs. C-fibre or somatic vs. visceral) in the different functional columns of the 

midbrain periaqueductal grey (PAG) has been revealed using these methods (Keay & Bandler, 
1993; Keay et al., 1997; Mangan et al., 1999; Keay et al., 2001; Lumb, 2002). Furthermore, as 
discussed in Section 3.4.3.2, our understanding of the mechanisms underlying such central 

representations has been advanced by using Fos immunostaining to determine the functional 

organisation of descending projections from the anterior hypothalamus to the different columns 

of the PAG (Semenenko & Lumb, 1992; 1999; Snowball et al., 2000; Lumb, 2002; Lumb et al., 
2002; Parry et al., 2002). The potential of Fos localisation in mapping patterns of central 

neuronal activity with single-cell resolution is particularly useful when very restricted areas of the 

brain (e. g. LAAH) are being studied that are difficult to target/isolate electrophysiologically. In 

addition to localising precise areas activated by a stimulus, the expression of Fos is also useful 
in identifying the overall distribution of responsive neuronal populations (Harris, 1998). 

5.4.1.2 Choice of Anaesthetic 

In Chapter 4 the effects of LIPS-injection on withdrawal reflexes to noxious mechanical and 

thermal stimuli were investigated in rats anaesthetised by continuous intravenous infusion of 
Saffan. Saffan was not considered a viable anaesthetic for the current experiments because it 

is known to induce Fos expression in the brain (Kevin Keay, pers. comm. ), creating a high 

background expression and therefore reducing the signal: noise ratio. Sagatal on the other hand 

does not appear to promote Fos expression centrally (Krukoff et al., 1992; Takayama et al., 

1994) and has been used successfully in Fos studies from our laboratory (e. g. Semenenko & 

Lumb, 1999; Snowball et al., 2000; Lumb et a/., 2002) and others (e. g. Amir et al., 1994; Takeda 

et al., 1998; Kozlowski et al., 2000). In these previous studies Sagatal was administered at 

doses that give a deep level of anaesthesia. Also, the route of anaesthetic administration in 

previous studies was intraperitoneal, which does not always produce a consistent plane of 

anaesthesia and does not easily allow for precise alterations in anaesthetic depth. Whilst these 

factors have not been problematic in the previous studies, for the current study it was desirable 

to have animals anaesthetised in a fashion that was comparable with the earlier experiments, in 

which Saffan anaesthesia was used. Sagatal was therefore administered intravenously in the 
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present experiments and this was found to produce a stable level of anaesthesia comparable 
with previous experiments (e. g. Chapters 3 and 4), the depth of which could be altered with 
relative ease. 

5.4.1.3 Time Point 

In any study of neuronal activation in the CNS using Fos expression as a marker of activity the 
time point at which expression is assayed, relative to the "stimulus", is critical (Dragunow & 
Faull, 1989). In the current experiments Fos-like immunoreactivity (FLIR) was examined at 4.5h 

post LIPS or NaCI injection. As noted in Section 5.2.1 this time point was chosen based on 
previous experiments in which intraperitoneal injection of lipopolysaccharide (LIPS) produced a 
peak increase in core temperature and significant changes in nociceptive processing after 
approximately 2.5h post-injection, combined with observations that maximal expression of Fos 

occurs at 2h post-stimulus (Harris, 1998). Although the Fos expression observed at this time 

may have been associated with the changes in temperature and/or nociception it is possible 
that peak neuronal activity could have occurred earlier, i. e. during initiation of the changes. 
Despite this potential limitation similar time points have been used successfully in this laboratory 

and also allow sufficient time for any non-specific Fos expression induced by experimental 

procedures at the start of anaesthesia to return to near normal levels (see Snowball et al., 
2000). It should be noted that the majority of previous investigations (e. g. Hare et al., 1995) 

have concentrated on the central expression of Fos in awake and behaving animals between 2 

- 31) after intravenous LIPS injection. However, the maximal effect of systemic LPS on core 
temperature and nociceptive processing is likely to occur later in anaesthetised animals, 
injected intraperitoneally (see Section 4.4.1.1). 

5.4.2 Summary of Findings 

Intraperitoneal injection of LPS led to a significant rise in core temperature 2.5h post-injection, 

whereas in control animals (injected with NaCl) there was no significant change in core 

temperature. The levels of FUR throughout the hypothalamus were compared between the 

brains of LPS- and NaCl-treated animals. Distribution of FUR in the hypothalamus was 

remarkably similar between the two groups, however one hypothalamic region did exhibit a 

statistically significant difference, the caudal part of the anterior hypothalamic area (cAHA). In 

this area there was an increase in FUR in the brains of ILIPS- compared to NaCl-injected 

animals. 

6.4.3 Functional Significance of Fos Expression in the Anterior Hypothalamus 

One interpretation of the finding that significantly more neurones within the cAHA were 

metabolically active (Fos-immunoreactive) following injection of LPS compared to control 
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experiments may be that these neurones are involved in mediating some of the components of 
the acute phase response. This interpretation is consistent with the body of evidence that 

supports a role for the anterior hypothalamus in effecting physiological changes such as fever 

and hyperalgesia that occur in models of illness in awake animals. 

5.4.3.1 Role of Anterior Hypothalamus in Thermoregulation During Illness 

It is well established that, under normal conditions, the anterior hypothalamus and preoptic area 
are the major centres of thermoregulation in the brain (Gilbert & Blatteis, 1977; Boulant & Dean, 
1986; Kluger, 1991; Chen et al., 1998; Nagashima et al., 2000; Boulant, 2000; Ishiwata et al., 
2001; Takahashi et al., 2001). The anterior hypothalamus has also been implicated in 

mediating changes in body temperature under conditions of infection or inflammation. For 

example, Gourine et al. (11996) demonstrated that in awake rats, previously implanted with 
cannulae in the anterior hypothalamus and body temperature telemetry transmitters, the fever 

evoked by bacterial sepsis could be blocked by intrahypothalarnic injection of human 

recombinant interluekin-1 receptor antagonist (lhurl L-1 ra). These findings and the results of 
several other studies (Murakami et al., 1990; Klir et al., 1992; Xin & Blatteis, 1992; Klir et aL, 
1993; 1994; Cartmell et al., 1999) support the hypothesis that endogenous cytokines act within 
the anterior hypothalamus in the mediation of bacterial and LPS-induced fever. However, it 

should be noted that brain areas outside of the anterior hypothalamus may also be important in 

mediating fever in response to an immune challenge (see Cartmell et al., 1999). 

5.4.3.2 Role of Anterior Hypothalamus in Changes in Nociception During Illness 

The hypothalamus is also believed to be involved in mediating changes in nociceptive 

processing during illness (Sellami & De Beaurepaire, 1995; Oka et aL, 1995; Hosoi et aL, 1997; 

1999; Hori et al., 2000; Abe et aL, 2001). For example, Abe et al. (2001) recently demonstrated 

that systemic administration of LIPS in behaving rats led to a reduction in the paw-withdrawal 
latency (interpreted as a hyperalgesia) to noxious thermal stimuli. In the same study it was 

shown that the LPS-induced hyperalgesia could be blocked by pre-treatment with a 

cyclooxygenase (COX) inhibitor. Furthermore, systemic injection of LIDS increases the 

concentration of prostaglandin E2 (PGE2) in the preoptic/anterior hypothalamus (Sirko et al., 

1989; Sehic et al., 1996) and microinjection of PGE2 into this same area produces hyperalgesia 

in rats (Hosoi et al., 1997). The available evidence therefore suggests that some of the 

pronociceptive effects observed during illness may be mediated by central release of 

prostaglandins in the anterior hypothalamus. The actions of prostaglandins in the 

hypothalamus have also been shown to be important in effecting changes in body temperature 

(fever) in experimental models of illness (Feldberg & Saxena, 1971; Sirko et al., 1989; Milton, 

1998; Saper, 1998). 
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5.4.4 Previous Studies of Fos Expression in the Brain Following an Immune Challenge 

Fos-like immunoreactivity (FLIR) in the hypothalamus has been demonstrated previously 
following the systemic injection of LIPS in rodents (Wan et al., 1993; Wan et al., 1994; Watkins 

et al., 1994; Hare et al., 1995; Tolchard et al., 1996; Elmquist & Saper, 1996; Elmquist et al., 
1996; Konsman et al., 1999; Oka et al., 2000; Zhang et al., 2000; Matsunaga et al., 2000). 
However, there are several limiting factors evident in interpreting data from the studies cited. 
Firstly, in contrast to the present study, all of the experiments described previously were 
performed in awake animals. Whilst the use of behaving animals may provide physiological 
information relevant to an animal's natural reactions to an antigenic challenge it is difficult to 

ascribe the pattern of Fos expression to one particular behaviour or physiological change. For 

instance, it may not be possible to separate Fos expression induced by the immune response 
from that induced by the stress of restraint, which has been shown to induce Fos expression in 

the brain (Senba et al., 1993; Yokoyama & Sasaki, 1999). Secondly, only two groups of 
investigators (Hare et al., 1995; Tolchard et al., 1996; Elmquist et al., 1996) confirmed that the 

animals they treated with LPS actually developed a physiological response indicative of an 

acute phase response, e. g. change in core temperature. Finally, although LIPS-induced Fos 

expression has been demonstrated in hypothalamic areas including the PVN, SON and lateral 

hypothalamus (e. g. Sagar et al., 1995) none of these studies have directly examined Fos 

expression in specific subdivisions of the anterior hypothalamus that have been implicated in 

the central control of nociceptive processing, for example the lateral area of the anterior 
hypothalamus (LAAH). 

Thus, the findings presented in this chapter are unique because they provide information about 

the expression of Fos in the brains of anaesthetised animals after injection of LPS, including a 

detailed analysis of expression patterns in the different sub-regions of the anterior 

hypothalamus. Although direct comparisons cannot be drawn with previous work it is 

noteworthy that in several studies that employed the same route and a similar dose of ILIPS- 

administration (Konsman et al., 1999; Yokoyama & Sasaki, 1999; Konsman et al., 2000) the 

levels of FUR measured post-LPS were within the same order of magnitude as those measured 

presently in some of the same brain regions (including PVN, BST, VMPO and MPA). It is not 

possible to attribute the presumed neuronal activity in the cAHA following i. p. LIDS with a 

particular physiological component of the acute phase response. However, it is noteworthy that 

in a recent study (Snowball et al., 2000) neurones within the caudal anterior hypothalamic area 

were found to project to the ventrolateral periaqueductal grey, an area of the brain known to 

exert potent modulation of autonomic and nociceptive processes. 
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5.4.5 Interpretation of the Observed Changes in Fos-Like Immunoreactivity (FLIR) in the 
Hypothalamus 

As discussed above (Section 5.4.3), one interpretation of the observed increase in Fos 
expression in the cAHA following LIPS injection is that this area may be involved in mediating 
some of the physiological components of the acute phase response. However, several factors 
should be considered with respect to this interpretation of the results: 

i) a limitation associated with all studies that use Fos as a marker of neuronal activation is that 
the absence of FUR cannot be taken as an indication of an absence of neuronal activity (Harris, 
1998). Indeed, inhibitory processes that may be equally important in the physiological response 
studied would not be expected to promote Fos expression (Chan et al., 1993; Kovacs & 
Sawchenko, 1993). Thus, the participation of other hypothalamic areas that did not express 
significantly higher levels of Fos, compared to controls, cannot be excluded as potential 
mediators of the acute phase response to LIPS-injection in the present model. 
ii) in previous experiments (Chapter 4), Saffan-anaesthetised animals injected with LIPS 

exhibited an increase in core temperature and an increased responsiveness to noxious stimuli, 
and it was concluded that these results most likely represented components of an acute phase 
response. The efficacy of LIPS in evoking an acute phase response in animals anaesthetised 
with Sagatal, or any other anaesthetic for that matter, has not been directly tested outside of this 
laboratory. The present data are therefore the first to demonstrate a significant increase in core 
temperature in Sagatal-anaesthetised rats following LIPS injection and these data may indicate 

that an acute phase response was indeed initiated in these animals. 
iii) although the Fos expression seen in the present experiments is unlikely to have been a 

result of handling stress or experimental procedures per se it is not possible to assert that the 

expression was due to one particular component of the acute phase response induced by LIPS, 

i. e. expression could have been a result of changes in nociception, changes in core temperature 

or both. 

5.4.6 Conclusions 

The results of the present study demonstrated that intraperitoneal administration of LPS was 

effective as an immune activator in barb itu rate-a n aesth etised rats as demonstrated by a 

significant elevation in core temperature (fever), accompanied by increased Fos expression in 

the anterior hypothalamus. These results provide novel information on the regional patterns of 

activity of hypothalamic neurones in a model of illness and support a role for the cAHA in the 

initiation and/or regulation of physiological aspects of the acute phase response. 

124 



Chapter 6: General Discussion 

6. General Discussion 

6.1 Overall Summary of Findings 

The initial aim of this thesis was to investigate the centrally co-ordinated control of autonomic 
and sensory functions originating from the anterior hypothalamus. More precisely, to 
characterise the effects of activation of cardioreactive hypothalamic sites on the different 

components of the nociceptive signal, i. e. A5- compared to C-nociceptor input. It was first 
necessary to design a non-invasive model with which to reliably and repeatedly activate either 
A5- of C-nociceptors. The approach taken was to construct a constant-intensity contact heat 
lamp that, when applied to the hindpaw dorsum of anaesthetised rats, produced different rates 
of noxious skin heating and withdrawal reflexes (Chapter 2). The reflexes evoked by the 
different rates of heating were tested for their sensitivity to capsaicin. It was concluded that 

reflexes evoked by the slow rate of heating were a result of capsaicin-sensitive C-nociceptor 

activation, whereas the fast rate of heating produced withdrawal reflexes that resulted from 

capsaicin-insensitive A5-nociceptor activation. 

Having established the heat lamp model the next set of experiments successfully characterised 
the modulation of A8- and C-nociceptor evoked withdrawal reflexes following chemical 

stimulation of neurones within the lateral area of the anterior hypothalamus, LAAH (Chapter 3). 
The results of these experiments indicated that the LAAH can exert a selective descending 

inhibitory control of C-nociceptor input combined with changes in blood pressure. Previous 

studies demonstrated that the inhibitory effects of anterior hypothalamic stimulation were 

selective for the nociceptive responses of Class 2 dorsal horn neurones (Workman & Lumb, 

1994; 1997). The current work has therefore extended these earlier observations showing that 

the anterior hypothalamus is even more discriminative in its descending control of different 

types of nociceptive input. These findings are consistent with direct (McMullan & Lumb, 2001; 

McMullan, 2002) and indirect evidence (Waters, 1999) that other brain areas, e. g. the 

periaqueductal grey (PAG), can exert a differential modulation of A5- versus C-fibre input. 

These experimental findings may underlie some of the observations made by Beecher (1946). 

In a footnote of his paper Beecher noted: 

"A badly injured patient who says he is having no wound pain will protest as vigorously as a 

normal individual at an inept venipuncture". (Beecher, 1946) 

In light of the current evidence it could be speculated that the analgesia reported in those 

patients was targeted at throbbing, aching C-fibre evoked pain rather than the "pricking" A8-fibre 

pain that would have been evoked from the venipuncture. The functional significance of the 

findings of Chapter 3 is discussed in the next section. 
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Profound changes in nociception also occur during the acute phase response of illness, 
however it has not been established whether or not the changes in nociceptive processing are 
specific to different components of the pain signal. The experiments described in Chapter 4 
directly tested this hypothesis by monitoring withdrawal reflexes evoked by A& or C-nociceptor 
activation induced by an immune-challenge (injection of lipopolysaccharide, LPS) in the 
anaesthetised rat. An enhanced responsiveness to all types of noxious stimuli occurred, with 
no evidence of a differential modulation of different components of the pain signal. These 
pronociceptive effects most likely represent the hyperalgesia noted in the many studies of 
illness in awake animals. Models of the acute phase response of illness in anaesthetised 
animals have not been reported in the literature outside of our laboratory. On the one hand this 
is surprising because there are many benefits of studying illness in anaesthetised animals, 
including the ability to characterise the effects of illness on different noxious inputs to the CNS. 

The changes in nociceptive processing that occur during illness are believed to be mediated in 

part by the descending facilitation of spinal nociception (Section 4.1.2). The anterior 
hypothalamus has been strongly implicated in the changes in nociception and the 
thermoregulation that occur during the acute phase response (Section 5.4.3). The aim of the 
final series of experiments described in this thesis (Chapter 5) was to determine which parts of 
the hypothalamus are active during illness by studying the patterns of Fos expression in the 
brains of immune-challenged (LIPS) anaesthetised rats. No previous studies outside of our 
laboratory have examined Fos expression in anaesthetised animals exposed to LIPS and 

previous work in behaving animals has not described patterns of Fos expression in the different 

areas of the hypothalamus in detail. The data presented lend further support to the importance 

of the anterior hypothalamus, in particular the caudal part of the anterior hypothalamic area 
(cAHA), in the co-ordinated control of autonomic and sensory functions during illness. The 

functional implications of the findings from Chapters 4 and 5 are discussed further in Section 6.3 

below. 

6.2 Functional Significance of Co-ordinated Hypothalamic Control of 
Nociceptive and Autonomic Functions: Defence Against an "External" 

Threat 

The major finding of the work described in Chapter 3 of this thesis was that chemical activation 

of the LAAH produced an inhibition of nociceptive processing of C-fibre input. The exact 

function of such antinociception in the conscious animal is not known, however it may be 

important as part of the defensive strategies of animals faced with an external threat (e. g. 

Harris, 1996). In order to survive in its natural habitat an animal will continually adjust its 

physiology and behaviour according to motivational needs such as territory marking, 

environmental exploration, reproduction, and hunger (seeking food). In fulfilling such needs the 

animal will inevitably encounter aversive or noxious stimuli. A striking example of this is when 
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an animal attacks its prey and becomes injured in the process. The activation of antinociceptive 
processes in this situation might allow the animal to complete its attack, and subsequent meal, 
without the distraction and attendant reflexes associated with the injury (for review see Amit & 
Galina, 1986). Equally, in the same situation antinociceptive processes may benefit the victim, 
assuming it survives the initial attack, because a decrease in nociceptive sensitivity would allow 
the animal to employ defensive behaviours (e. g. escape) without being hindered by a competing 
motivation to attend any injuries (Harris, 1996). When considered in this context, the finding 
that hypothalamic stimulation attenuated C- but not A8- fibre evoked nociception (Chapter 3) 

may assume special significance. Such a selective descending control system might enhance 
survival by blocking responses to the less discriminative, more distracting, slowly-conducted, C- 
fibre mediated nociceptive signals of second pain whilst maintaining the ability to respond 
appropriately to the more rapidly conducted, higher resolution, A6-fibre mediated nociceptive 
signals of first pain. 

The changes in nociceptive processing described in Chapter 3 were associated with changes in 
blood pressure, which is consistent with previous studies of anterior hypothalamic function 
(Lovick & Lumb, 1991; Lumb & Lovick, 1993; Hudson, 1995; Workman & Lumb, 1997). The 
functional significance of this integration of autonomic and sensory control may also be 

considered as part of the defensive responses of an animal that faces an external threat. For 

example, in studies of behaving rats in the resident-intruder aggression test, intruders exhibit 

species-specific defence behaviours that are accompanied by increases in blood pressure and 
heart rate, decreases in cutaneous blood flow and increases in blood flow to skeletal muscle 
(Viken et al., 1991). The hypothalamus is believed to be a pivotal brain site in mediating these 

behavioural and physiological responses in a number of species including the rat (Hilton & 

Redfern, 1986; Viken et al., 1991; Canteras et al., 1997), cat (Adams et al., 1969; Mancia et al., 
1972), and monkey (Smith & Flynn, 1980). Importantly, a pattern of autonomic change that 

closely resembles the defence reaction, including increased blood pressure, heart rate and 
hindlimb muscle blood flow, has been obtained in the anaesthetised rat following chemical 

stimulation of the LAAH (Lovick & Lumb, 1991; Hudson, 1995). These autonomic effects were 

accompanied by an inhibition of nociceptive reflexes and it has been proposed that together 

these changes may represent part of the integrated response of an animal to aversive 

environmental stimuli (Lovick & Lumb, 1991; Lumb & Lovick, 1993). In addition, decreases in 

blood pressure and heart rate associated with antinociception were also reported following 

chemical stimulation of neurones within LAAH (Lumb & Lovick, 1993; Hudson, 1995). Similar 

observations have been made following stimulation of the ventrolateral PAG and in behaving 

animals stimulation within the same region causes a cessation of spontaneous locomotion and 

general movement, which may represent a passive coping strategy called "immobility" or 

"freezing" (Zhang et al., 1990; Lovick, 1991). The present work has extended these previous 

observations and strongly suggests that a selective descending inhibitory control of C- versus 
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A8-nociceptor input, combined with autonomic change, should be included as part of the 
defensive strategies of animals. 

6.3 Functional Significance of Enhanced Nociception During Illness: 
Defence Against an "Internal" Threat 

As discussed above, the functional significance of the work presented in Chapter 3 can be 
considered within the context of physiological strategies directed towards an external aversive 
stimulus or environment. In contrast the significance of the results described in Chapter 4 are 
probably best considered in terms of physiological responses directed towards a threat in the 
animal's internal environment, e. g. an immune challenge. The chief finding of these studies 
was that responsiveness to noxious stimuli was enhanced following immune activation by LPS. 
These pronociceptive or hyperalgesic effects may have adaptive value as part of the 

constellation of physiological changes that occur during the acute phase response of illness. As 
discussed in Section 4.1.2 some investigators have postulated (Watkins et aL, 1995) that an 
enhanced responsiveness to noxious insults during the early stages of sickness might act to 

encourage healing by motivating and directing recuperative behaviours to the site of infection or 
injury, for example favouring and licking. In later stages, defensive behaviours such as curling 
up, remaining immobile, and decreased exploratory behaviour would be expected to reduce 
activity, and therefore reduce calorie expenditure and enhance energy conservation (for review 
see Watkins & Maier, 1999). The energy conserved as a result of these behaviours might 

assist in the animal's main physiological strategy against illness - fever. The generation of 
fever requires the central co-ordination of a host of physiological changes, including changes in 

autonomic function such as increased cutaneous vasodilation. The integrated control of 

changes in autonomic function and nociceptive processing that occurs during the acute phase 

response may therefore represent a defensive physiological strategy directed towards an 
internal stressor. The pronociception, fever and increased heart rate observed following LIPS 

injection in the experiments described in this thesis (Chapter 4) is consistent with this view. 

The anterior hypothalamus is of considerable importance in the regulation of changes in core 

body temperature and nociceptive responsiveness during the acute phase response, as 

reviewed in Section 5.4.3.1. As regards changes in nociception it is possible that these effects 

are mediated via descending facilitatory pathways originating in the anterior hypothalamus 

(Sellami & De Beaurepaire, 1995; Oka et al., 1995; Hosoi et aL, 1997; 1999; Hori et al., 2000; 

Abe et al., 2001). However, the neurocircuitry and mechanisms that underlie this descending 

control have not been elucidated. The work presented in Chapter 5 offered a first step in the 

investigation of some of these mechanisms through the examination of hypothalamic neurones 

activated by an immune stimulus (LIPS). The findings of this work identified the cAHA as a 

potential brain region involved in the pronociceptive responses to illness observed previously 

(Chapter 4). Future studies would be needed to confirm this hypothesis, perhaps by employing 
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a similar approach to that used in the characterisation of descending control from LAAH 
(Chapter 3). For example, a micropipette could be stereotaxically placed in the cAHA in 
anaesthetised animals and the effects of microinjection of excitatory amino acids on withdrawal 
reflexes evoked by noxious peripheral stimuli assessed. 

6.4 Relevance of Work to Pathological Pain Processes 
6.4.1 Cardiovascular Disorders 

From the above discussion it is clear that nociception, and the control thereof, has considerable 
adaptive value in the normal life of animals. However, under many conditions nociception can 
be maladaptive and chronic pain, that is persistent pain after all possible tissue healing has 
occurred, represents a serious challenge to sufferers, clinicians and scientists alike. 
Interestingly, the physiological responses associated with aggressive and defensive behaviour 
in animals have been linked to several pathological conditions that may be related to these 

responses (Randich & Maixner, 1984; Viken et aL, 1991). In particular, the repeated induction 

of autonomic changes characteristic of some defensive behaviours have been suggested to 

play a role in the aetiology of essential hypertension (Alexander, 1974; Diamond, 1982; Viken et 
al., 1991). Also, a hyperactivity of the sympathetic nervous system may be responsible for 

some symptoms of complex regional pain syndromes, for example sym pathetical ly-mai ntained 
pain (Blumberg et aL, 1997; Baron & Janig, 1997; 1998; Raja et aL, 1999). An improved 

understanding of the mechanisms that govern interactions between autonomic and nociceptive 
functions is therefore relevant and important in these clinical areas. 

6.4.2 Pain Disorders 

A wide range of pain disorders exist in humans and the difficulties related to treating these 

disorders perhaps relates in part to our lack of understanding of "basic" nociceptive 

mechanisms under "normal" conditions. It is not possible to investigate all of the detailed 

mechanisms of nociception in humans, given existing technology, and animal research has 

therefore been invaluable in attaining our current understanding of some of these processes. 
However, caution should be heeded in the interpretation of findings from animal work, especially 

when the nociceptive tests are inappropriately designed. For example tests of thermal 

nociception in rodents may not be appropriate if the stimuli are applied to thermoregulatory 

organs, such as the tail (Tjolsen et al., 1988; Berge et al., 1988; Sapsed-Byrne et al., 1995). 

Furthermore, it is not possible to replicate the tail flick test in humans to determine the 

psychophysical correlates of the test. In contrast, nociceptive tests that activate distinct 

functional classes of nociceptor and distinct sensations in man, e. g. A8-fibre evoked first pain 

and C-fibre evoked second pain, may be more useful in the clinical setting. 
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As emphasised in Chapters 2 and 3 of this thesis the type of nociceptive afferent (A5- or C-fibre) 

activated by a particular nociceptive test will have important functional implications in the 
interpretation of data obtained. This observation has also been made, although indirectly, by 
Amit & Galina (1986) in their review of behavioural nociceptive tests applied in the study of 
stress-induced analgesia. For example, it was reported that using the flinch-jump method 
(predominantly A5-fibre mediated) nociceptive thresholds were decreased following inescapable 

tail pinch, whereas in the hot plate or writhing test (predominantly C-fire mediated) nociceptive 
thresholds were increased (Amit & Galina, 1986). The authors noted that: 

"... the pain measure chosen to test pain thresholds can determine the direction of results. " (Amit 
& Galina, 1986) 

This finding is of considerable importance in the development of new strategies to treat pain, for 

example in assessing the potential efficacy of novel compounds in pre-clinical trials. In other 

words, depending on which nociceptive test is used one could observe either an analgesic or 
hyperalgesic effect of the same compound. The use of carefully controlled heat stimuli that 

activate known nociceptive fibre types, such as the method presented in Chapter 2 of this 

thesis, may prove advantageous in resolving these difficulties. In addition, it should be noted 
that the increasing activation of C-fibre nociceptors and the summation of second pain with 

repetitive stimuli are likely to be important components of neuropathic pain (Price, 1996; Vierck, 

Jr. et aL, 1997; 2000). Thus, in experimental studies designed to test the validity of new 

treatments for neuropathic pain it is crucial that the nociceptive tests are activating 

predominantly C-nociceptors. 

6.5 Future Work 

As discussed previously (Section 2.5.3.4) there are important differences in the relative 

contributions of the different nociceptors to the generation and maintenance of secondary 

hyperalgesia (Treede et al., 1992; Ziegler et al., 1999; Fuchs et al., 2000; Magerl et al., 2001; 

Yucel et al., 2002). This may be clinically-relevant because secondary hyperalgesia is 

considered as a model of neuropathic pain. In human studies, the secondary hyperalgesia to 

punctate stimuli induced by intradermal capsaicin injection appears to be generated and 

maintained by activity in capsaicin-sensitive C-fibre nociceptors but signalled by activity in 

capsaicin-insensitive A-fibre nociceptors (Ziegler et al., 1999; Magerl et al., 2001). The 

mechanisms underlying these differential effects are unknown at present but may involve 

heterosynaptic descending influences (Magerl et aL, 2001), which have been suggested to be 

important in other studies of secondary hyperalgesia (e. g. Pertovaara, 1998). The methods for 

studying differential control of activity in A& or C-nociceptors described in Chapters 2 and 3 

may be useful in this context in order to further investigate mechanisms of secondary 

hyperalgesia. In future studies this might be achieved by examining the effects of secondary 

hyperalgesia, e. g. intradermal capsaicin or topical mustard oil, on withdrawal reflexes evoked by 
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slow and fast rates of noxious skin heating. If a differential effect was found then the 

experimental protocol could be modified to include the supraspinal microinjection of neuronal 
activators (e. g. DLH) or inhibitors (e. g. GABA). Further refinements could include intrathecal 
injection of receptor-agonists or antagonists in order to determine the spinal pharmacology of 
any observed effects. 

6.6 Conclusions 

The work presented in this thesis provides evidence for a differential modulation by neurones 
originating the lateral area of the anterior hypothalamus (LAAH) of different components of the 

nociceptive message, i. e. A8- vs. C-nociceptor mediated. The changes in nociceptive 

processing were accompanied by changes in cardiovascular function. Together these changes 

may represent part of the integrated defensive strategies of animals exposed to an 

environmental challenge, e. g. predation. The non-invasive method developed to study the 

differential control may be useful in future studies to investigate the mechanisms that underlie 

some pathological pain states. 

Using a model of illness, a non-selective pronociception was observed, accompanied by 

increased heart rate, with no evidence for a differential modulation. These pronociceptive 

effects most likely represent the hyperalgesia reported in studies of illness in awake animals 

and may be mediated by as yet undetermined descending facilitatory pathways. With this in 

mind, the activation of hypothalamic neurones by the same immune challenge was studied. 

The caudal part of the anterior hypothalamic area (cAHA) was identified as a potential brain 

region involved in the pronociceptive responses to illness observed previously. These findings 

lend further support to the importance of the anterior hypothalamus, in particular the cAHA, in 

the co-ordinated control of autonomic and sensory functions during illness. 
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7. APPENDIX 

7.1 Triple-barrel Micropipette Construction 

Micropipettes were constructed from three borosilicate glass capillary tubes (Clark 
Electromedical Instruments, UK). The two tubes that were used to eject solution were 
filamented, to aid filling, and had an outside diameter of 1.2mm and an inside diameter of 
0.69mm (GC120F). A tube that was used for electrolytic lesions was unfilamented and had an 
outside diameter of 1.5mm (GC150). In order to construct a triple-barrelled micropipette the 
three tubes were bound together using heat shrink tubing (2.4mm i. d., IRS, UK) as illustrated 
below, figure 7.1. 

GC1 20F 

Heat Shrink 

E 
U 
0 

Figure 7.1 Triple-barrel 
micropipette construction. 

150 

The micropipette was inserted into a vertical electrode puller (multi-barrel electrode puller 50- 

2047, Harvard Apparatus, UK) with the top end secured in the upper chuck and the bottom end 
in the lower chuck, which was held in place by the support bar. The centre of the micropipette 

was heated for 30s and then rotated through 2700.1 Os was allowed for cooling to take place 
before the support bar was removed. Then heat was applied again to the centre and finally the 

micropipette was pulled. Typical heat and pull settings were 9 and 2 respectively. 

A hand-held butane flame torch (IRS Electronics, UK) was used to heat and then bend one of 

the GC1 20F tubes and the single unfilamented GC1 50 tube to an angle of -3011 to the vertical 

axis, forming two side arms as illustrated in figure 7.2 below. Finally, 1- 2mm of the 

micropipette tip was broken off using fine forceps to form a tip diameter of -25pm, as measured 

under a graduated microscope. 
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Figure 7.2 Diagram of the pulled 
triple-barrelled micropipette, 
illustrating the bent side arms. 

A 1cm length of an alloy of 13% Indium in Woods metal (Goodfellow, UK) was inserted into the 
GC1 50 capillary tube, followed by a 6cm length of tinned copper wire. The electrode was then 

placed in close proximity to the tip of a soldering iron and the molten alloy forced to the tip of the 

micropipette with the copper wire. Upon cooling, the alloy solidified and secured the copper 

wire in place in the glass tube. The copper wire could be attached to a constant current 

stimulator (isolator HG203/100, Himed, UK) to produce electrolytic lesions as required. The 

remaining two GC120F barrels were then filled with solutions as described below. 

7.2 Micropipefte Filling 

10 cm lengths of polyethylene tubing (4mm i. d., Portex Ltd., UK) were gently heated over a 
Bunsen burner flame and pulled to form fine lengths of tubing. Syringes containing the required 

solution (DLH or PSB, see Section 7.4) were connected to the fine tubing via Millipore Swinnex 

filters. The tubing was then fed into the GC120F barrels, as close to the tip as possible, and the 

solutions injected to fill the barrels. The filaments in these barrels encouraged capillary action 

to make sure that solutions reached the pipette tip. Filled pipettes were stored in moist 

containers in the refrigerator to prevent dehydration and crystal formation in the pipette tip. 
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7.3 Pressure Ejection of Drugs 

The micropipette was mounted in a pressure port (WPI, US) in a micromanipulator via the top 
end of the central vertical GC120F barrel. The pressure port and the remaining GC120F side 
arm barrel were connected to air-filled syringes via fine lengths of polyethylene tubing. After 
stereotaxic insertion into the hypothalamus (Section 3.2.2), drugs were ejected with positive 
pressure from the syringes. The meniscus in each barrel was visualised using a microscope 
fitted with a calibrated eyepiece graticule. Upon ejection, the drop in the meniscus level was 
determined and the volume of ejectate calculated using the following formula: 

Tir 1 

Where V= volume, r= radius of barrel, I= drop in meniscus level 

7.4 Solutions (all chemicals from BDH Laboratory Supplies, unless otherwise stated) 

7.4.1 D-L-Homocysteic Acid (0.05M DLH) 

1.0.092g of D-L-homocysteic acid (Sigma, UK) were dissolved in 5ml physiological saline 
(0.9%) 

2. pH wasadjusted to7.4 using 2mM NaOH or 1mM HCI 

3. Volume brought up to 10ml with saline 

7.4.2 Pontamine Sky Blue (2% PSB) 

1.0.68g of sodium acetate cryohydrate was dissolved in 10ml distilled water 
2.0.2g pontamine sky blue was then added 
3. pH was adjusted to 7.7 using 2mM NaOH or lmM HCI. 

7.4.3 Paraformaidehyde (8%) 

1.80g of paraformalclehyde were added to 1L distilled water 

2. Mixture was heated to 600C 

3.1M NaOH was added drop-wise until the paraformaldehyde was completely dissolved 

4. Solution was filtered and stored at room temperature in the dark 

5. For perfusions a 4% solution was made by diluting with equal volumes of 0.2M phosphate 

perfusion buffer 
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7.4.4 Phosphate Buffer (0.2M, pH7.4) 

1.32.2g of sodium clihydrogen phosphate (NaH2PO4.2H20) were added to 1L of distilled water 
to make Solution A 

2.28.4g of disodium hydrogen phosphate (Na2HP04) were added to 1L of distilled water to 
make Solution B 

3. Solution A was added to Solution B until pH 7.4 was reached (-19ml of A to 81ml of B) 

7.4.5 Phosphate Perfusion Buffer (OAM) 

1.8. Og of NaCl, 0.25g KCI and 0.5g NaHC03 were added to 1L of 0.2M phosphate buffer 
2. Solution was diluted 50: 50 with distilled water for perfusion 

7.4.6 Phosphate Buffered Saline (PBS, OAM) 

1.500ml of 0.2M phosphate buffer were mixed with 500ml distilled water 
2.9. Og of NaCl and 0.2g KCI were added 

7.4.7 Sucrose Phosphate Buffer (25%) 

25g of sucrose were added to 100ml PBS 

7.5 Neutral Red Staining 

1. Sections were mounted onto gelatinised glass slides 
2. Slides were immersed in distilled water for 5 minutes. 
3. Immersed in ascending concentrations of industrial methylated spirit (70%, 90%, 100% IMS 

diluted in distilled water) then rinsed in distilled water 
4. Placed in 1% solution of Neutral Red ('Gurr Certistain', 3g neutral red in 300ml 1% glacial 

acetic acid) for 5- 10 minutes. 
5. Slides rinsed in distilled water 
6. Rinsed in 70%, 90% and then left in 100% IMS for 5 minutes 
7. Transferred to Histoclear (National Diagnostics, US) for 10 minutes 
8. Coverslipped with dibutyl phthalate xylene (DPX) mounting medium 

135 



References 

REFERENCES 

Abe, M., Oka, T., Hori, T., & Takahashi, S. (2001). Prostanoids in the preoptic hypothalamus 
mediate systemic lipopolysaccharide-induced hyperalgesia in rats. Brain Research 916,41-49. 

Adams, D. B., Baccelli, G., Mancia, G., & Zanchetti, A. (1969). Cardiovascular changes during 
naturally elicited fighting behavior in the cat. Am. J. Physiol 216,1226-1235. 

Adams, D. B., Boudreau, W., Cowan, C. W., Kokonowski, C., Oberteuffer, K., & Yohay, K. 
(1993). Offense produced by chemical stimulation of the anterior hypothalamus of the rat. 
Physiol Behav. 53,1127-1132. 

Adriaensen, H., Gybels, J., Handwerker, H. 0., & Van Hees, J. (1983). Response properties of 
thin myelinated (A-delta) fibers in human skin nerves. Journal of Neurophysiology 49,111-122. 

Adriaensen, H., Gybels, J., Handwerker, H. 0., & Van Hees, J. (1984). Nociceptor discharges 
and sensations due to prolonged noxious mechanical stimulation--a paradox. Hum. Neurobiol. 3, 
53-58. 

Akopian, A. N., Souslova, V., England, S., Okuse, K., Ogata, N., Ure, J., Smith, A., Kerr, B. J., 
McMahon, S. B., Boyce, S., Hill, R., Stanfa, L. C., Dickenson, A. H., &Wood, J. N. (1999). The 
tetrodotoxin-resistant sodium channel SNS has a specialized function in pain pathways. 
Nat. Neurosci. 2,541-548. 

Albe-Fessard, D., Berkley, K. J., Kruger, L., Ralston, H. J., 111, &Willis, W. D., Jr. (1985). 
Diencephalic mechanisms of pain sensation. Brain Research 356,217-296. 

Alexander, N. (1974). Psychosocial hypertension in members of a Wistar rat colony. 
Proc. Soc. Exp. Biol. Med. 146,163-169. 

Allen, G. V. & Cechetto, D. F. (1992). Functional and anatomical organization of cardiovascular 
pressor and depressor sites in the lateral hypothalamic area: 1. Descending projections. J. Comp 
NeuroL 315,313-332. 

Allen, G. V. & Cechetto, D. F. (1993). Functional and anatomical organization of cardiovascular 
pressor and depressor sites in the lateral hypothalamic area. 11. Ascending projections. J. Comp 
NeuroL 330,421-438. 

Amaya, F., Decosterd, I., Samad, T. A., Plumpton, C., Tate, S., Mannion, R. J., Costigan, M., & 
Woolf, C. J. (2000). Diversity of expression of the sensory neuron-specific TTX-resistant 
voltage-gated sodium ion channels SINIS and SNS2. Mol. Ce// Neurosci. 15,331-342. 

Amir, S., Robinson, B., & Woodside, B. (1994). Induction of Fos protein in the piriform cortex 
after brain injury in pentobarbital-anaesthetized rats: lack of effect of lactation, Brain Research 
652,341-345. 

Amit, Z. & Galina, Z. H. (1986). Stress-induced analgesia: adaptive pain suppression. Physiol 
Rev. 66,1091-1120. 

Andrew, D. & Craig, A. D. (2001). Spinothalarnic lamina I neurones selectively responsive to 
cutaneous warming in cats. J. Physiol 537,489-495. 

Andrew, D. & Craig, A. D. (2002). Responses of spinothalarnic lamina I neurons to maintained 
noxious mechanical stimulation in the cat. Journal of Neurophysiology 87,1889-1901. 

Andrew, D. & Greenspan, J. D. (1999a). Mechanical and heat sensitization of cutaneous 
nociceptors after peripheral inflammation in the rat. Journal of Neurophysiology 82,2649-2656. 

Andrew, D. & Greenspan, J. D. (1999b). Peripheral coding of tonic mechanical cutaneous pain: 
comparison of nociceptor activity in rat and human psychophysics. Journal of Neurophysiology 
82,2641-2648. 

136 



References 

Anisman, H., Baines, M. G., Berczi, I., Bernstein, C. N., Blennerhassett, M. G., Gorczynski, R. 
M., Greenberg, A. H., Kisil, F. T., Mathison, R. D., Nagy, E., Nance, D. M., Perdue, M. H., 
Pomerantz, D. K., Sabbadini, E. R., Stanisz, A., &Warrington, R. J. (11996). Neuroimmune 
mechanisms in health and disease: 2. Disease. CMAJ. 155,1075-1082. 

Arbuckle, J. B. & Docherty, R. J. (1995). Expression of tetrodotoxin-resistant sodium channels in 
capsaicin-sensitive dorsal root ganglion neurons of adult rats. Neuroscience Letters 185,70-73. 

Baker, M. L. & Giesler, G. J., Jr. (1984). Anatomical studies of the spinocervical tract of the rat. Somatosens. Res. 2,1-18. 

Balagura, S. & Ralph, T. (11973). The analgesic effect of electrical stimulation of the 
diencephalon and mesencephalon. Brain Research 60,369-379. 

Bandler, R., Keay, K. A., Floyd, N., & Price, J. (2000). Central circuits mediating patterned 
autonomic activity during active vs. passive emotional coping. Brain research bulletin 53,95- 
104. 

Baron, R. & Janig, W. (1997). Complex regional pain syndromes: Taxonomy, diagnostic criteria, 
mechanisms of vascular abnormalities, edema, and pain. Behavioral and Brain Sciences 20, 
437-439. 

Baron, R. & Janig, W. (1998). Pain syndrome with causal participation of the sympathetic nerve 
system. Anaesthesist 47,4-23. 

Basbaum, A. 1. & Fields, H. L. (1978). Endogenous pain control mechanisms: review and 
hypothesis. Ann. Neurol. 4,451-462. 

Beal, J. A. & Bicknell, H. R. (1981). Primary afferent distribution pattern in the marginal zone 
(lamina 1) of adult monkey and cat lumbosacral spinal cord. J. Comp Neuro/. 202,255-263. 

Beecher, H. K. (1946). Pain in men wounded in battle. Ann. Surg. 123,96-105 

Beitz, A. J. (1982). The organization of afferent projections to the midbrain periaqueductal gray 
of the rat. Neuroscience 7,133-159. 

Belemonte, C. & Cervero, F. (1996). Neurobiology of Nociceptors Oxford University Press, 
Oxford. 

Benham, C. D., Davis, J. B., & Randall, A. D. (2002). Vanilloid and TRP channels: a family of 
lipid-gated cation channels. Neuropharmacology42,873-888. 

Bennett, G. J. & Mayer, D. J. (1979). Inhibition of spinal cord interneurons by narcotic 
microinjection and focal electrical stimulation in the periaqueductal central gray matter. Brain 
Research 172,243-257. 

Berczi, I., Bertok, L., & Chow, D. A. (2000). Natural immunity and neuroimmune host defense. 
Ann. N. Y. Acad. Sci. 917,248-257. 

Berge, 0. G., Garcia-Cabrera, I., & Hole, K. (1988). Response latencies in the tail-flick test 
depend on tail skin temperature. Neuroscience Letters 86,284-288. 

Bester, H., Chapman, V., Besson, J. M., & Bernard, J. F (2000). Physiological properties of the 
lamina I spinoparabrachial neurons in the rat. Journal of Neurophysiology 83,2239-2259. 

Beutler, B. (2000). Endotoxin, toll-like receptor 4, and the afferent limb of innate immunity. 
Curr. Opin. MicrobioL 3,23-28. 

Blatteis, C. M. & Sehic, E. (1998). Cytokines and fever. Ann. N. Y. Acad. Sci. 840,608-618. 

Bleasdale, C. B., Paton, J. F. R., & Lumb, B. M. (2003). Novel preparation in which to study 
immune-brainstem signalling: Role of abdominal vagal afferents. J. Physiol Submitted. 

137 



References 

Bleasdale, C. L., Lumb, B. M., & Paton, J. F. R. (2001). Hyperalgesia evoked by an immune 
challenge is not secondary to changes in core temperature. Journal of Physiology-London 536, 
40P. 

Bleier, R. & Byne, W. (1985). Septum and Hypothalamus. In The Rat Nervous System, ed. 
Paxinos, G., pp. 87-117. Academic Press, London. 

Bleier, R., Cohn, P., & Siggelkow, D. (1979). A cytoarchitectonic atlas of the hypothalamus and hypothalamic third ventricle in the rat. In Handbook of the Hypothalamus: Anatomy of the 
Hypothalamus, eds. Morgane, P. J. & Panskepp, J., pp. 137-220. Marcell Dekker Inc., New 
York. 

Blumberg, H., Hoffmann, U., Mohadjer, M., & Scheremet, R. (1997). Sympathetic nervous 
system and pain: A clinical reappraisal. Behavioral and Brain Sciences 20,426-434. 

Boulant, J. A. (1981). Hypothalamic control of thermoregulation. In Handbook of the 
Hypothalamus: Behavioural Studies of the Hypothalamus, eds. Morgane, P. J. & Panskepp, J., 
Marcell Dekker Inc., New York. 

Boulant, J. A. (1998). Hypothalamic neurons. Mechanisms of sensitivity to temperature. 
Ann. N. Y. Acad. Sci. 856,108-115. 

Boulant, J. A. (2000). Role of the preoptic-anterior hypothalamus in thermoregulation and fever. 
Clin. InfectDis. 31 Suppi 5, S157-S161. 

Boulant, J. A. & Dean, J. B. (1986). Temperature receptors in the central nervous system. 
Annu. Rev. Physiol 48,639-654. 

Briese, E. & Cabanac, M. (1991). Stress hyperthermia: physiological arguments that it is a fever. 
Physiol Behav. 49,1153-1157. 

Buck, S. H. & Burks, T. F. (1986). The neuropharmacology of capsaicin: review of some recent 
observations. Neuropharmacological Reviews 38,179-225. 

Burgess, P. R. & Perl, E. R. (1967). Myelinated afferent fibres responding specifically to noxious 
stimulation of the skin. J. Physiol 190,541-562. 

Burgess, P. R., Petit, D., & Warren, R. M. (1968). Receptor types in cat hairy skin supplied by 
myelinated fibers. Journal of Neurophysiology 31,833-848. 

Burstein, R. (1996). Somatosensory and visceral input to the hypothalamus and limbic system. 
In The Emotional Motor System, eds. Holstege, G., B., R., & Saper, C. B., pp. 257-267. 
Elsevier, Amsterdam. 

Burstein, R., Cliffer, K. D., & Giesler, G. J., Jr. (11987). Direct somatosensory projections from 
the spinal cord to the hypothalamus and telencephalon. Journal of Neuroscience 7,4159-4164. 

Burstein, R., Cliffer, K. D., & Giesler, G. J., Jr. (1990a). Cells of origin of the spinohypothalarnic 
tract in the rat. J. Comp Neurol. 291,329-344. 

Burstein, R., Dado, R. J., Cliffer, K. D., & Giesler, G. J. (1991). Physiological characterization of 
spinohypothalarnic tract neurons in the lumbar enlargement of rats. Journal of Neurophysiology 
66,261-284. 

Burstein, R., Dado, R. J., & Giesler, G. J., Jr. (1990b). The cells of origin of the spinothalarnic 
tract of the rat: a quantitative reexamination. Brain Research 511,329-337. 

Cahill, C. M., Dray, A., & Coderre, T. J. (1998). Priming enhances endotoxin-induced thermal 
hyperalgesia and mechanical allodynia in rats. Brain Research 808,13-22. 

Campbell, J. N. & LaMotte, R. H. (1983). Latency to detection of first pain. Brain Research 266, 
203-208. 

Campbell, J. N. & Meyer, R. A. (1996). Cutaneous nociceptors. In Neurbiology of Nociceptors, 
eds. Belemonte, C. & Cervero, F., pp. 117-145. Oxford University Press, New York. 

138 



References 

Canteras, N. S., Chiavegatto, S., Valle, L. E., & Swanson, L. W. (1997). Severe reduction of rat 
defensive behavior to a predator by discrete hypothalamic chemical lesions. Brain research 
bulletin 44,297-305. 

Cao, C., Matsumura, K., Yamagata, K., & Watanabe, Y. (1995). Induction by lipopolysaccharide 
of cyclooxygenase-2 mRNA in rat brain; its possible role in the febrile response. Brain Research 
697,187-196. 

Carr, K. D. & Uysal, S. (11985). Evidence of a supraspinal opioid analgesic mechanism engaged 
by lateral hypothalamic electrical stimulation. Brain Research 335,55-62. 

Carrive, P. & Bandler, R. (1991). Viscerotopic organization of neurons subserving hypotensive 
reactions within the midbrain periaqueductal grey: a correlative functional and anatomical study. 
Brain Research 541,206-215. 

Carstens, E. & Campell, 1. G. (11988). Parametric and pharmacological studies of midbrain 
suppression of the hindlimb flexion withdrawal reflex in the rat. Pain 33,201-213. 

Carstens, E. & Campell, 1. G. (1992). Responses of motor units during the hindlimb flexion 
withdrawal reflex evoked by noxious skin heating: phasic and prolonged supression by the 
midbrain stimulation and comparision with simultaneously recorded dorsal horn units. Pain 48, 
215-226. 

Carstens, E., Hartung, M., Stelzer, B., & Zimmermann, M. (1990). Suppression of a hind limb 
flexion withdrawal reflex by microinjection of glutamate or morphine into the periaqueductal gray 
in the rat. Pain 43,105-112. 

Carstens, E., MacKinnon, J. D., & Guinan, M. J. (1982). Inhibition of spinal dorsal horn neuronal 
responses to noxious skin heating by medial preoptic and septal stimulation in the cat. Journal 
of Neurophysiology 48,981-989. 

Carstens, E., Tulloch, I., Zieglgansberger, W., & Zimmermann, M. (1979). Presynaptic 
excitability changes induced by morphine in single cutaneous afferent C- and A-fibers. Pflugers 
Arch. 379,143-147. 

Cartmell, T., Luheshi, G. N., & Rothwell, N. J. (1999). Brain sites of action of endogenous 
interleukin-1 in the febrile response to localized inflammation in the rat. J. Physiol 518 ( Pt 2), 
585-594. 

Caterina, M. J. & Julius, D. (11999). Sense and specificity: a molecular identity for nociceptors. 
Curr. Opin. Neurobiol. 9,525-530. 

Caterina, M. J. & Julius, D. (2001). The vanilloid receptor: a molecular gateway to the pain 
pathway. Annu. Rev. Neurosci. 24,487-517. 

Caterina, M. J., Leffler, A., Malmberg, A. B., Martin, W. J., Trafton, J., Petersen-Zeitz, K. R., 
Koltzenburg, M., Basbaum, A. 1,, & Julius, D. (2000). Impaired nociception and pain sensation in 
mice lacking the capsaicin receptor. Science 288,306-313. 

Caterina, M. J., Rosen, T. A., Tominaga, M., Brake, A. J., & Julius, D. (1999). A capsaicin- 
receptor homologue with a high threshold for noxious heat. Nature 398,436-441. 

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D., & Julius, D. 
(1997). The capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389, 
816-824. 

Cechetto, D. F. & Saper, C. (1988). Neurochernical organisation of the hypothalamic projection 
to the spinal cord in the rat. Journal of Comparative Neurology 272,579-604. 

Cervero, F. (11994). Sensory innervation of the viscera: peripheral basis of visceral pain. Physiol 
Rev. 74,95-138. 

Cervero, F, Iggo, A., & Ogawa, H. (1976). Nociceptor-d riven dorsal horn neurones in the 
lumbar spinal cord of the cat. Pain 2,5-24. 

139 



References 

Chan, R. K., Brown, E. R., Ericsson, A., Kovacs, K. J., & Sawchenko, P. E. (1993). A 
comparison of two immediate-early genes, c-fos and NGFI-B, as markers for functional 
activation in stress-related neuroendocrine circuitry. Journal of Neuroscience 13,5126-5138. 

Chen, C. C., England, S., Akopian, A. N., & Wood, J. N. (1998a). A sensory neuron-specific, 
proton-gated ion channel. Proc. Natl. Acad. Sci. U. S. A 95,10240-10245. 

Chen, T. Y., Lei, M. G., Suzuki, T., & Morrison, D. C. (1992). Lipopolysaccharide receptors and 
signal transduction pathways in mononuclear phagocytes. Curr. Top. Microbiol. Immunol. 181, 
169-188. 

Chen, X. M., Hosono, T., Yoda, T., Fukuda, Y., & Kanosue, K. (1998b). Efferent projection from 
the preoptic area for the control of non-shivering thermogenesis in rats. J. Physiol 512 ( Pt 3), 
883-892. 

Child, K. J., Gibson, W., Hamby, G., & Hart, J. W. (1972). Metabolism and excretion of Althesin 
(CT 1341) in the rat. Postgrad. Med. J. 48, Suppl-43. 

Clark, S. L., Edeson, R. 0., & Ryall, R. W. (1983). The relative significance of spinal and 
supraspinal actions in the antinociceptive effect of morphine in the dorsal horn: an evaluation of 
the microinjection technique. Br. J. Pharmacol. 79,807-818. 

Clarke, R. W. (1994). Central Control of Pain. In Brain Control of Responses to Trauma, eds. 
Rothwell, N. J. & Berkenbosch, F., pp. 295-331. Cambridge University Press, Cambridge. 

Clarke, R. W., Brown-Reid, K., Kasher, P., & Harris, J. (2003). Tetrodotoxin block of A-fibre 
conduction and its effect on reflex responses evoked by electrical stimulation of the sural nerve 
in the decerebrated rabbit. Exp. Physiol 88,13-18. 

Clarke, R. W. & Matthews, B. (1985). The effects of anaesthetics and remote noxious stimuli on 
the jaw-opening reflex evoked by tooth-pulp stimulation in the cat. Brain Research 327,105- 
ill. 

Clarke, R. W. & Matthews, B. (1990). The thresholds of the jaw-opening reflex and trigeminal 
brainstern neurons to tooth-pulp stimulation in acutely and chronically prepared cats. 
Neuroscience 36,105-114. 

Cooper, B. Y., Vierck, C. J., Jr., & Yeomans, D. C. (1986). Selective reduction of second pain 
sensations by systemic morphine in humans. Pain 24,93-116. 

Cox, V. C. & Valenstein, E. S. (1965). Attenuation of aversive properties of peripheral shock by 
hypothalamic stimulation. Science 149,323-325. 

Craig, A. D., Krout, K., & Andrew, D. (2001). Quantitative response characteristics of 
thermoreceptive and nociceptive lamina I spinothalamic neurons in the cat. Journal of 
Neurophysiology 86,1459-1480. 

Craig, A. D. & Serrano, L. P. (1994). Effects of systemic morphine on lamina I spinothalarnic 
tract neurons in the cat. Brain Research 636,233-244. 

Cruz, F, Lima, D., & Coimbra, A. (1987). Several morphological types of terminal arborizations 
of primary afferents in laminae 1-11 of the rat spinal cord, as shown after HRP labeling and Golgi 
impregnation. J. Comp Neurol. 261,221-236. 

Cueva-Rolon, R., Gomez, L. E., Komisaruk, B. R., & Munoz-Martinez, E. J. (1995). Inhibition of 
withdrawal responses by pelvic nerve electrical stimulation. Brain Research 679,267-273. 

Cunningham, P. M. & Goldsmith, G. E. (1985). Suppression of trigerninal noxious responses by 
hypothalamic stimulation in conscious unrestrained rats. Journal of Physiology 358,25P. 

Cunningham, P. M., Goldsmith, G. E., & Hellon, R. F (1986). Medial hypothalamic stimulation 
produces analgesia to facial heating in unrestrained rats. Neuroscience Letters 68,107-111. 

140 



References 

Dantzer, R. & Kelley, K. W. (1989). Stress and immunity: an integrated view of relationships 
between the brain and the immune system. Life Sci. 44,1995-2008. 

Davis, J. B., Gray, J., Gunthorpe, M. J., Hatcher, J. P., Davey, P. T., Overend, P., Harries, M. 
H., Latcham, J., Clapham, C., Atkinson, K., Hughes, S. A., Rance, K., Grau, E., Harper, A. J., 
Pugh, P. L., Rogers, D. C., Bingham, S., Randall, A., & Sheardown, S. A. (2000). Vanilloid 
receptor-1 is essential for inflammatory thermal hyperalgesia. Nature 405,183-187. 

Davis, K. D., Meyer, R. A., & Campbell, J. N. (1993). Chemosensitivity and sensitization of 
nociceptive afferents that innervate the hairy skin of monkey. Journal of Neurophysiology 69, 
1071-1081. 

Diamond, E. C. (1982). The role of anger and hostility in essential hypertension and coronary 
heart disease. Psychol. Bull. 92,410-433. 

Dickenson, A. H. & Le Bars, D. (1987). Supraspinal morphine and descending inhibitions acting 
on the dorsal horn of the rat. J. Physiol 384,81-107. 

Dickenson, A. H. & Sullivan, A. F. (1986). Electrophysiological studies on the effects of 
intrathecal morphine on nociceptive neurones in the rat dorsal horn. Pain 24,211-222. 

Dickenson, A. H. & Sullivan, A. F. (1990). Differential effects of excitatory amino acid 
antagonists on dorsal horn nociceptive neurones in the rat. Brain Research 506,31-39. 

Djouhri, L., Bleazard, L., & Lawson, S. N. (1998). Association of somatic action potential shape 
with sensory receptive properties in guinea-pig dorsal root ganglion neurones. J. Physiol 513 
Pt 3), 857-872. 

Doucette, R., Theriault, E., & Diamond, J. (1987). Regionally selective elimination of cutaneous 
thermal nociception in rats by neonatal capsaicin. J. Comp Neurol. 261,583-591. 

Dragunow, M., Abraham, W. C., Goulding, M., Mason, S. E., Robertson, H. A., & Faull, R. L. 
(1989). Long-term potentiation and the induction of c-fos mRNA and proteins in the dentate 
gyrus of unanesthetized rats. Neuroscience Letters 101,274-280. 

Dragunow, M. & Faull, R. (1989). The use of c-fos as a metabolic marker in neuronal pathway 
tracing. J. Neurosci. Methods 29,261-265. 

Duggan, A. W. (2000). Neuropeptide spread in the brain and spinal cord. Prog. Brain Res. 125, 
369-380. 

Duggan, A. W., Griersmith, B. T., Headley, P. M., & Maher, J. B. (1978). The need to control 
skin temperature when using radiant heat in tests of analgesia. Experimental Neurology 61, 
471-478. 

Duggan, A. W. & Morton, C. R. (1983). Periaqueductal grey stimulation: an association between 
selective inhibition of dorsal horn neurones and changes in peripheral circulation. Pain 15,237- 
248. 

Duggan, A. W. & Morton, C. R. (1988). Tonic descending inhibition and spinal nociceptive 
transmission. Prog. Brain Res. 77,193-211. 

Egger, M. D., Freeman, N. C., Jacquin, M., Proshansky, E., & Semba, K. (1986), Dorsal horn 
cells in the cat responding to stimulation of the plantar cushion. Brain Research 383,68-82. 

Elmquist, J. K. & Saper, C. B. (1996). Activation of neurons projecting to the paraventricular 
hypothalamic nucleus by intravenous lipopolysaccharide. J. Comp Neurol. 374,315-331. 

Elmquist, J. K., Scammell, T. E., Jacobson, C. D., & Saper, C. B. (1996). Distribution of FOS-like 
immunoreactivity in the rat brain following intravenous lipopolysaccharide administration. 
J. Comp Neurol. 371,85-103. 

141 



References 

Fang, X., Djouhri, L., Black, J. A., Dib-Hajj, S. D., Waxman, S. G., & Lawson, S. N. (2002). The 
presence and role of the tetrodotoxin-resistant sodium channel Na(v)1.9 (NaN) in nociceptive 
primary afferent neurons. Journal of Neuroscience 22,7425-7433. 

Feldberg, W. & Saxena, P. N. (1971). Fever produced by prostaglandin El. J. Physiol 217,547- 
556. 

Fields, H. L. & Basbaum, A. 1. (1999). Central nervous system mechanisms of pain modulation. In Textbook of Pain, eds. Wall, P. D. & Melzack, R., pp. 309-329. Churchill Livingston, 
Edinburgh. 

Fitzgerald, M. (1983). Capsaicin and sensory neurones -A review. Pain 15, (pp 109-130). 

Fitzgerald, M. & Woolf, C. J. (1982). The time course and specificity of the changes in the 
behavioural and dorsal horn cell responses to noxious stimuli following peripheral nerve 
capsaicin treatment in the rat. Neuroscience 7,2051-2056. 

Floyd, N. S., Price, J. L., Ferry, A. T., Keay, K. A., & Bandler, R. (2001). Orbitomedial prefrontal 
cortical projections to hypothalamus in the rat. J. Comp Neurol. 432,307-328. 

Fuchs, P. N., Campbell, J. N., & Meyer, R. A. (2000). Secondary hyperalgesia persists in 
capsaicin desensitized skin. Pain 84,141-149. 

Fuchs, S. A., Edinger, H. M., & Siegel, A. (1985a). The organization of the hypothalamic 
pathways mediating affective defense behavior in the cat. Brain Research 330,77-92. 

Fuchs, S. A., Edinger, H. M., & Siegel, A. (1985b). The role of the anterior hypothalamus in 
affective defense behavior elicited from the ventromedial hypothalamus of the cat. Brain 
Research 330,93-107. 

Gebhart, G. F. (1995). Visceral Pain IASP Press, Seattle. 

Gebhart, G. F. & Jones, S. L. (1988). Effects of morphine given in the brain stem on the activity 
of dorsal horn nociceptive neurons. Prog. Brain Res. 77,229-243. 

Gelsema, A. J., Roe, M. J., & Calaresu, F. R. (1989). Neurally mediated cardiovascular 
responses to stimulation of cell bodies in the hypothalamus of the rat. Brain Research 482,67- 
77. 

Giesler, G. J., Jr., Cannon, J. T., Urca, G., & Liebeskind, J. C. (1978). Long ascending 
projections from substantia gelatinosa Rolandi and the subjacent dorsal horn in the rat. Science 
202,984-986. 

Giesler, G. J., Menetrey, D., Guilbaud, G., & Besson, J. M. (1976). Lumbar cord neurons at the 
origin of the spinothalarnic tract in the rat. Brain Research 118,320-324. 

Giesler, G. J., Jr., Nahin, R. L., & Madsen, A. M. (1984). Postsynaptic dorsal column pathway of 
the rat. 1. Anatomical studies. Journal of Neurophysiology 51,260-275. 

Gilbert, T. M. & Blatteis, C. M. (1977). Hypothalamic thermoregulatory pathways in the rat. 
J. Appl. Physiol 43,770-777. 

Goldbach, J. M., Roth, J., Storr, B., & Zeisberger, E. (1996). Repeated infusions of TNF-alpha 
cause attenuation of the thermal response and influence LIDS fever in guinea pigs. Am. J. Physiol 
270, R749-R754. 

Gordon, C. J. (1990). Thermal biology of the laboratory rat. Physiol Behav. 47,963-991. 

Goren, M. Z., Akici, A., Berkman, K., & Onat, F. (2000). Cardiovascular responses to NMDA 
injected into nuclei of hypothalamus or amygdala in conscious rats. Pharmacology 61,257-262. 

Gourine, A. V., Leon, L. R., Rudolph, K., Korsak, A. S., & Kluger, M. J. (1996). Anterior 
hypothalamic interleukin-1 receptors are involved in mediation of fever during bacterial sepsis in 
rats. Annals of the new york academy of science 813,266-269. 

142 



References 

Grant, G. (1995). Primary Afferent Projections to the Spinal Cord. In The Rat Nervous System, 
ed. Paxinos, G., Academic Press, San Diego. 

Gregor, M. & Zimmermann, M. (1972). Characteristics of spinal neurones responding to 
cutaneous myelinated and unmyelinated fibres. J. Physiol 221,555-576. 

Grosskreutz, J., Quasthoff, S., Kuhn, M., & Grafe, P. (1996). Capsaicin blocks tetrodotoxin- 
resistant sodium potentials and calcium potentials in unmyelinated C fibres of biopsied human 
sural nerve in vitro. Neuroscience Letters 208,49-52. 

Hallin, R. G. & Torebjork, H. E. (1973). Electrically induced A and C fibre responses in intact 
human skin nerves. Exp. Brain Res. 16,309-320. 

Hansen, M. K., Daniels, S., Goehler, L. E., Gaykema, R. P., Maier, S. F., &Watkins, L. R. 
(2000). Subdiaphragmatic vagotomy does not block intraperitoneal lipopolysaccharide-induced 
fever. Auton. Neurosci. 85,83-87. 

Hare, A. S., Clarke, G., & Tolchard, S. (1995). Bacterial lipopolysaccharide-induced changes in 
FOS protein expression in the rat brain: correlation with thermoregulatory changes and plasma 
corticosterone. J. Neuroendocrinol. 7,791-799. 

Harper, A. A. & Lawson, S. N. (1985). Conduction-Velocity Is Related to Morphological Cell 
Type in Rat Dorsal-Root Ganglion Neurons. Joumal of Physiology-London 359,314. 

Harris, J. A. (1996). Descending antinociceptive mechanisms in the brainstem: their role in the 
animal's defensive system. J. Physiol Paris 90,15-25. 

Harris, J. A. (1998). Using c-fos as a neural marker of pain. Brain research bulletin 45,1-8. 

Hartell, N. A. & Headley, P. M. (1990). Spinal effects of four injectable anaesthetics on 
nociceptive reflexes in rats: a comparison of electrophysiological and behavioural 
measurements. Br. J. PharmacoL 101,563-568. 

Hartell, N. A. & Headley, P. M. (1991 a). Preparative surgery enhances the direct spinal actions 
of three injectable anaesthetics in the anaesthetized rat. Pain 46,75-80. 

Hartell, N. A. & Headley, P. M. (1991 b). The effect of naloxone on spinal reflexes to electrical 
and mechanical stimuli in the anaesthetized, spinalized rat. J. Physiol 442,513-526. 

Hensler, T., Hecker, H., Heeg, K., Heidecke, C. D., Bartels, H., Barthlen, W., Wagner, H., 
Siewert, J. R., & Holzmann, B. (1997). Distinct mechanisms of immunosuppression as a 
consequence of major surgery. Infect. Immun. 65,2283-2291. 

Herrero, J. F. & Cervero, F. (1996). Supraspinal influences on the facilitation of rat nociceptive 
reflexes induced by carrageenan monoarthritis. Neuroscience Letters 209,21-24. 

Herrero, J. F., Laird, J. M., & Lopez-Garcia, J. A. (2000). Wind-up of spinal cord neurones and 
pain sensation: much ado about something? Prog. NeurobioL 61,169-203. 

Hilton, S. M. & Redfern, W. S. (1986). A search for brain stem cell groups integrating the 
defence reaction in the rat. J. Physiol 378,213-228. 

Hinrichsen, C. F. (1988). Projections of the midlateral posterior hypothalamic area influencing 
cardiorespiratory function in rats. Brain Behav. Evo/. 32,108-118. 

Hodge, C. J., Jr., Apkarian, A. V., Owen, M. P., & Hanson, B. S. (1983). Changes in the effects 
of stimulation of locus coeruleus and nucleus raphe magnus following dorsal rhizotomy. Brain 
Research 288,325-329. 

Hodges, P. W. & Bui, B. H. (1996). A comparison of computer-based methods for the 
determination of onset of muscle contraction using electromyography. 
Electroencephalogr. Clin. Neurophysiol. 101,511-519. 

143 



References 

Holstege, G. (1987). Some anatomical observations on the projections from the hypothalamus 
to brainstern and spinal cord: an HRP and autoradiographic tracing study in the cat. Thejoumal 
of comparative neurology 260,98-126. 

Horan, M. A., Little, R. A., Rothwell, N. J., & Strijbos, P. J. (1989). Comparison of the effects of several endotoxin preparations on body temperature and metabolic rate in the rat. Can. J. Physiol PharmacoL 67,1011-1014. 

Hori, T., Oka, T., Hosoi, M., Abe, M., & Oka, K. (2000). Hypothalamic mechanisms of pain 
modulatory actions of cytokines and prostaglandin E2. Ann. N. Y. Acad. Sci. 917,106-120. 

Hosoi, M., Oka, T., Abe, M., Hori, T., Yamamoto, H., Mine, K., & Kubo, C. (1999). Prostaglandin 
E(2) has antinociceptive effect through EP(1) receptor in the ventromedial 
hypothalamus in rats. Pain 83,221-227. 

Hosoi, M., Oka, T., & Hori, T. (1997). Prostaglandin E receptor EP3 subtype is involved in 
thermal hyperalgesia through its actions in the preoptic hypothalamus and the diagonal band of Broca in rats. Pain 71,303-311. 

Houghton, A. K., Gorringe, C. M., & Clarke, R. W. (1995). Tachykininergic tone in the spinal 
cord of the rabbit: dependence on nociceptive input arising from invasive surgery. Neuroscience 
69,241-248. 

Hudson, P. M. (1995). An anatomical and functional investigation of the role of the ventral 
medulla in the modulation of cardiovascular and sensory processing evoked from the 
hypothalamus in the rat. Thesis Submitted to the University of Bristol. 

Hudson, P. M. & Lumb, B. M. (1995). Evidence that autonomic and antinociceptive effects 
evoked from the hypothalamus invloves a relay in the rostroventrolateral medulla in the 
anaesthetised rat. Japanese Journal of Physiology. 

Hudson, P. M., Semenenko, F. M., & Lumb, B. M. (1993). Projections from the rostral 
hypothalamus to the ventral medulla in the rat. Journal of Physiology 473,120P. 

Hunt, S. P. & Mantyh, P. W. (2001). The molecular dynamics of pain control. Nat. Rev. Neurosci. 
2,83-91. 

Hunt, S. P., Pini, A., & Evan, G. (1987). Induction of c-fos-like protein in spinal cord neurons 
following sensory stimulation. Nature 328,632-634. 

IASP Task Force on Taxonomy (1994). Classification of Chronic Pain: Descriptions of Chronic 
Pain Syndromes and Definitions of Pain Terms, Second ed., pp. 209-214. IASP Press, Seattle. 

Ishiwata, T., Hasegawa, H., Yasumatsu, M., Akano, F., Yazawa, T., Otokawa, M., & Aihara, Y. 
(2001). The role of preoptic area and anterior hypothalamus and median raphe nucleus on 
thermoregulatory system in freely moving rats. Neuroscience Letters 306,126-128. 

Janig, W., Schmidt, R. F., & Zimmermann, M. (1968). Two specific feedback pathways to the 
central afferent terminals of phasic and tonic mechanoreceptors. Exp. Brain Res. 6,116-129. 

Jessell, T. M. & Kelly, D. D. (1992). Pain and analgesia. In Principles of Neuroscience, eds. 
Kandel, E. R., Schwartz, J. H., & Jessell, T. M., pp. 385-399. Elsevier, New York. 

Jurna, 1. & Heinz, G. (1979). Differential effects of morphine and opioid analgesics on A and C 
fibre-evoked activity in ascending axons of the rat spinal cord. Brain Research 171,573-576. 

Kanaan, S. A., Saade, N. E., Haddad, J. J., Abdelnoor, A. M., Atweh, S. F., Jabbur, S. J., & 
Safieh-Garabedian, B. (1996). Endotoxin-induced local inflammation and hyperalgesia in rats 
and mice: a new model for inflammatory pain. Pain 66,373-379. 

Kauppila, T. (1997). Spinalization increases the mechanical stimulation-induced withdrawal 
reflex threshold after a sciatic cut in the rat. Brain Research 770,310-312. 

144 



References 

Kavaliers, M. (1988). Evolutionary and comparative aspects of nociception, Brain research bulletin 21,923-931. 

Keay, K. A. & Bandler, R. (1993). Deep and superficial noxious stimulation increases Fos-like immunoreactivity in different regions of the midbrain periaqueductal grey of the rat. Neuroscience Letters 154,23-26. 

Keay, K. A., Clement, C. I., Depaulis, A., & Bandler, R. (2001). Different representations of inescapable noxious stimuli in the periaqueductal gray and upper cervical spinal cord of freely 
moving rats. Neuroscience Letters 313,17-20. 

Keay, K. A., Feil, K., Gordon, B. D., Herbert, H., & Bandler, R. (1997). Spinal afferents to functionally distinct periaqueductal gray columns in the rat: an anterograde and retrograde tracing study. J. Comp Neurol. 385,207-229. 

Kemper, R. H. A., Spoelstra, M. B., Meijler, W. J., & Ter Horst, G. J. (1998). Lipopolysaccharide- 
induced hyperalgesia of intracranial capsaicin sensitive afferents in conscious rats. Pain 78, 
181-190. 

Klir, J. J., McClellan, J. L., & Kluger, M. J. (1994). Interleukin-1 beta causes the increase in 
anterior hypothalamic interleukin-6 during LPS-induced fever in rats. Am. J. Physiol 266, R1845- 
R1848. 

Klir, J. J., Roth, J., & Kluger, M. J. (1992). Interleukin-6 (11-6) and Tumor-Necrosis-Factor jnf) 
Increase in Hypothalamus of Rats During Li po po lysaccha ride (Lps)-Induced Fever. Faseb 
Journal 6, Al 200. 

Klir, J. J., Roth, J., Szelenyi, Z., McClellan, J. L., & Kluger, M. J. (1993). Role of hypothalamic 
interleukin-6 and tumor necrosis factor-alpha in LPS fever in rat. Am. J. Physiol 265, R512-R517. 

Kluger, M. J. (1991). Fever: role of pyrogens and cryogens. Physiol Rev. 71,93-127. 

Kluger, M. J., Kozak, W., Leon, L. R., Soszynski, D., & Conn, C. A. (1998). Fever and 
antipyresis. Progress in Brain Research 115,465-475. 

Koerber, H. R., Druzinsky, R. E., & Mendell, L. M. (1988). Properties of somata of spinal dorsal 
root ganglion cells differ according to peripheral receptor innervated. Journal of 
Neurophysiology 60,1584-1596. 

Konsman, J. P., Kelley, K., & Dantzer, R. (1999). Temporal and spatial relationships between 
lipopolysaccharide-induced expression of Fos, interleukin-1 beta and inducible nitric oxide 
synthase in rat brain. Neuroscience 89,535-548. 

Konsman, J. P., Luheshi, G. N., Bluthe, R. M., & Dantzer, R. (2000). The vagus nerve mediates 
behavioural depression, but not fever, in response to peripheral immune signals; a functional 
anatomical analysis. Eur. J. Neurosci. 12,4434-4446. 

Kovacs, K. J. & Sawchenko, P. E. (1993). Mediation of osmoregulatory influences on 
neurcendocrine corticotropin-releasing factor expression by the ventral lamina terminalis. 
Proc. Nat/. Acad. Sci. U. S. A 90,7681-7685. 

Kozlowski, C. M., Green, A., Grundy, D., Boissonade, F. M., & Bountra, C. (2000). The 5-HT(3) 
receptor antagonist alosetron inhibits the colorectal distention induced depressor response and 
spinal c-fos expression in the anaesthetised rat. Gut 46,474-480. 

Kruger, L. & Halata, Z. (1996). Structure of nociceptor "endings". In Neurbiology of Nociceptors, 
eds. Belemonte, C. & Cervero, F., pp. 37-71. Oxford University Press, New York. 

Krukoff, T. L., Morton, T. L., Harris, K. H., & Jhamandas, J. H. (1992). Expression of c-fos 
protein in rat brain elicited by electrical stimulation of the pontine parabrachial nucleus. Journal 
of Neuroscience 12,3582-3590. 

Kumazawa, T. & Perl, E. R. (1977). Primate cutaneous sensory units with unmyelinated (C) 
afferent fibers. Journal of Neurophysiology 40,1325-1338. 

145 



References 

LaMotte, R. H. & Campbell, J. N. (1978). Comparison of responses of warm and nociceptive C- 
fiber afferents; in monkey with human judgments of thermal pain. Journal of Neurophysiology 41, 
509-528. 

Lawson, S. N. (2002). Phenotype and function of somatic primary afferent nociceptive neurones 
with C-, Adelta- or Aalpha/beta-fibres. Exp. Physiol 87,239-244. 

Le Bars, D., Dickenson, A. H., & Besson, J. M. (1979). Diffuse noxious inhibitory controls 
(DNIC). 1. Effects on dorsal horn convergent neurones in the rat. Pain 6,283-304. 

Le Bars, D., Gozariu, M., & Cadden, S. W. (2001). Animal models of nociception. 
Pharmacol. Rev. 53,597-652. 

Le Bars, D., Guilbaud, G., Jurna, I., & Besson, J. M. (1976). Differential effects of morphine on 
responses of dorsal horn lamina V type cells elicited by A and C fibre stimulation in the spinal 
cat. Brain Research 115,518-524. 

Leem, J. W., Willis, W. D., & Chung, J. M. (1993a). Cutaneous Sensory Receptors in the Rat 
Foot. Journal of Neurophysiology 69,1684-1699. 

Leem, J. W., Willis, W. D., Weller, S. C., & Chung, J. M. (1993b). Differential activation and 
classification of cutaneous afferents in the rat. Journal of Neurophysiology 70,2411-2424. 

Lewis, T. (1942). Pain Macmillan, New York. 

Li, H. S., Monhemius, R., Simpson, B. A., & Roberts, M. H. (1998). Supraspinal inhibition of 
nociceptive dorsal horn neurones in the anaesthetized rat: tonic or dynamic? J. Physiol 506 ( Pt 
2), 459-469. 

Light, A. R. & Perl, E. R. (1979). Spinal termination of functionally identified primary afferent 
neurons with slowly conducting myelinated fibers. J. Comp Neurol. 186,133-150. 

Lima, D. & Coimbra, A. (1986). A Golgi study of the neuronal population of the marginal zone 
(lamina 1) of the rat spinal cord. J. Comp Neurol. 244,53-71. 

Lima, D. & Coimbra, A. (1988). The spinothalamic system of the rat: structural types of 
retrogradely labelled neurons in the marginal zone (lamina 1). Neuroscience 27,215-230. 

Lingueglia, E., de Weille, J. R., Bassilana, F., Heurteaux, C., Sakai, H., Waldmann, R., & 
Lazdunski, M. (1997). A modulatory subunit of acid sensing ion channels in brain and dorsal 
root ganglion cells. J. Biol. Chem. 272,29778-29783. 

Lipski, J., Bellingham, M. C., West, M. J., & Pilowsky, P. (1988). Limitations of the technique of 
pressure microinjection of excitatory amino acids for evoking responses from localized regions 
of the CNS. J. Neurosci. Methods 26,169-179. 

Lovick, T. A. (1985). Ventrolateral medullary lesions block the antinociceptive and 
cardiovascular responses elicited by stimulating the dorsal periaqueductal grey matter in rats. 
Pain 21,241-252. 

Lovick, T. A. (1986). Analgesia and the cardiovascular changes evoked by stimulating neurones 
in the ventrolateral medulla in rats. Pain 25,259-268. 

Lovick, T. A. (1991). Central-Nervous-System Integration of Pain Control and Autonomic 
Function. News in Physiological Sciences 6,82-86. 

Lovick, T. A. (1993). Integrated activity of cardiovascular and pain regulatory systems: role in 

adaptive behavioural responses. Prog. Neurobio/. 40,631-644. 

Lovick, T. A. (1996). Midbrain and medullary regulation of defensive cardiovascular functions. In 
The Emotional Motor System, eds. Holstege, G., B., R., & Saper, C. B., pp. 301-313. Elsevier, 
Amsterdam. 

Lovick, T. A. & Li, P. (1989). Integrated function of neurones in the rostral ventrolateral medulla. 
Prog. Brain Res. 81,223-232. 

146 



References 

Lovick, T. A. & Lumb, B. M. (1990). Association between inhibition of a noxious viscerosomatic 
reflex and cardiovascular changes evoked by stimulation in the rostral hypothalamus in 
anaesthetised rats. Journal of Physiology 425,33P. 

Lovick, T. A. & Lumb, B. M. (1991). The defence reaction and inhibition of viscerosomatic 
reflexes. In Proceedings of the Vlth World Congress on Pain, eds. Bond, M. R., C., J. E., & 
Woolf, C. J., pp. 385-389. Elsevier, Amsterdam. 

Luheshi, G. N. (1998). Cytokines and fever. Mechanisms and sites of action. Ann. N. Y. Acad. Sci. 
856,83-89. 

Lumb, B. M. (1984). Mechanisms of stimulus-produced analgesia. The Neurobiology of Pain 
188-196. 

Lumb, B. M. (1989). Effects of electrical and chemical stimulation of ventromedial forebrain 
structures on transmission through viscero-somatic spinal neurones in the anaesthetised rat. 
Journal of Physiology. 

Lumb, B. M. (1990). Hypothalamic influences on viscero-somatic neurones in the lower thoracic 
spinal cord of the anaesthetized rat. Journal of Physiology 424,427-444. 

Lumb, B. M. (2002). Inescapable and escapable pain is represented in distinct hypothalamic- 
midbrain circuits: specific roles for A[delta]- and C-nociceptors. Exp. Physiol 87,281-286. 

Lumb, B. M. & Cervero, F. (1989). Modulation of a viscerosomatic reflex by electrical and 
chemical stimulation of hypothalamic structures in the rat. Brain Research 500,400-404. 

Lumb, B. M. & Lovick, T. A. (1993). The rostral hypothalamus: An area for the integration of 
autonomic and sensory responsiveness. Journal of Neurophysiology 70,1570-1577. 

Lumb, B. M., Parry, D. M., Semenenko, F. M., McMullan, S., & Simpson, D. A. (2002). C- 
nociceptor activation of hypothalamic neurones and the columnar organisation of their 
projections to the periaqueductal grey in the rat. Exp. Physiol 87,123-128. 

Lynn, B. (1990). Capsaicin: actions on nociceptive C-fibres and therapeutic potential. Pain 41, 
61-69. 

Lynn, B. (1994). The fibre composition of cutaneous nerves and the classification and response 
properties of cuataneous afferent, with particular reference to nociception. Pain Reviews 1,172- 
183. 

Lynn, B. (1995). The design of nociceptive sensory systems at the body surface for detecting 
hazardous environmental conditions. Environmental Medicine 39,93-105. 

Lynn, B. & Carpenter, S. E. (1982). Primary afferent units from the hairy skin of the rat hind limb. 
Brain Research 238,29-43. 

Ma, Q. P. &Woolf, C. J. (1996). Progressive tactile hypersensitivity: an inflammation-induced 
incremental increase in the excitability of the spinal cord. Pain 67,97-106. 

Mackowiak, P. A. (1998). Concepts of fever. Arch. Intern. Med. 158,1870-188 1. 

Magerl, W., Fuchs, P. N., Meyer, R. A., & Treede, R. -D. (2001). Roles of capsaicin-insensitve 
nociceptors in cutaneous pain and secondary hyperalgesia. Brain 124,1754-1764. 

Maier, S. F. &Watkins, L. R. (1998). Cytokines for psychologists: implications of bidirectional 
immune-to-brain communication for understanding behavior, mood, and cognition. Psychol. Rev. 
105,83-107. 

Maione, S., Marabese, L, Leyva, J., Palazzo, E., de, N., V, & Rossi, F. (1998). Characterisation 

of mGIuRs which modulate nociception in the PAG of the mouse. Neuropharmacology 37, 
1475-1483. 

147 



References 

Maione, S., Oliva, P., Marabese, I., Palazzo, E., Rossi, F., Berrino, L., & Filippelli, A. (2000). 
Periaqueductal gray matter metabotropic glutamate receptors modulate formalin-induced 
nociception. Pain 85,183-189. 

Mancia, G., Baccelli, G., & Zanchetti, A. (1972). Hemodynamic responses to different emotional 
stimuli in the cat: patterns and mechanisms. Am. J. Physiol 223,925-933. 

Mancia, G. & Zanchetti, A. (1981). Hypothalamic control of autonomic functions. In Handbook of the Hypothalamus: Behavioural Studies of the Hypothalamus, eds. Morgane, P. J. & Panskepp, 
J., pp. 147-202. Marcell Dekker Inc., New York. 

Mangan, E. V., Ahmed, I., McMullan, S., Semenenko, F. M., Parry, D. M., & Lumb, B. M. (1999). 
Differential distribution of Fos-positive neurones in the lateral and ventrolateral periaqueductal 
grey (PAG) in repsonse to different rates of skin heating. Society for Neuroscience Abstracts 25, 
669.4. 

Mansikka, H., Idanpaan-Heikkila, J. J., & Pertovaara, A. (1996). Different roles of alpha 2- 
adrenoceptors of the medulla versus the spinal cord in modulation of mustard oil-induced 
central hyperalgesia in rats. Eur. J. Pharmacol. 297,19-26. 

Mansikka, H. & Pertovaara, A. (1997). Supraspinal influence on hindlimb withdrawal thresholds 
and mustard oil-induced secondary allodynia in rats. Brain research bulletin 42,359-365. 

Mason, P. (1993). Lipopolysaccharide induces fever and decreases tail flick latency in awake 
rats. Neuroscience Letters 154,134-136. 

Mason, P. (1999). Central mechanisms of pain modulation. Curr. Opin. Neurobiol. 9,436-441. 

Matsunaga, W., Miyata, S., Takamata, A., Bun, H., Nakashima, T., & Kiyohara, T. (2000). LPS- 
induced Fos expression in oxytocin and vasopressin neurons of the rat hypothalamus. Brain 
Research 858,9-18. 

Matsushita, M. & Hosoya, Y. (1979). Cells of origin of the spinocerebellar tract in the rat, studied 
with the method of retrograde transport of horseradish peroxidase. Brain Research 173,185- 
200. 

Mayer, D. J. & Price, D. D. (1976). Central nervous system mechanisms of analgesia. Pain 2, 
379-404. 

Mayer, D. J., Wolfle, T. L., Akil, H., Carder, B., & Liebeskind, J. C. (1971). Analgesia from 
electrical stimulation in the brainstern of the rat. Science 174,1351-1354. 

McCormack, K., Prather, P., & Chapleo, C. (11998). Some new insights into the effects of opioids 
in phasic and tonic nociceptive tests. Pain 78,79-98. 

McMahon, S. B., Dmitrieva, N., & Koltzenburg, M. (1995). Visceral pain. BrJ. Anaesth. 75,132- 
144. 

McMahon, S. B., Lewin, G., & Bloom, S. R. (1991). The consequences of long-term topical 
capsaicin application in the rat. Pain 44,301-310. 

McMullan, S. (2002). Descending control of spinal nociception: investigations of differential 
control by the periaqueductal grey of C- and A delta- evoked activity. Thesis Submitted to the 
University of Bristol. 

McMullan, S. & Lumb, B. M. (2001). Descending midbrain control of responsiveness to C- and A 
delta-nociceptor activation. Journal of Physiology 533-P, 72P. 

Meachum, C. L. & Bernstein, 1. L. (1990). Conditioned responses to a taste conditioned stimulus 
paired with lithium chloride administration. Behav. Neurosci. 104,711-715. 

Menetrey, D., Chaouch, A., & Besson, J. M. (1980). Location and properties of dorsal horn 
neurons at origin of spinoreticular tract in lumbar enlargement of the rat. Journal of 
Neurophysiology 44,862-877. 

148 



References 

Menetrey, D., Chaouch, A., Binder, D., & Besson, J. M. (1982). The origin of the 
spinomesencephalic tract in the rat: an anatomical study using the retrograde transport of horseradish peroxidase. J-Comp Neurol. 206,193-207. 

Menetrey, D., Giesler, G. J., Jr., & Besson, J. M. (1977). An analysis of response properties of 
spinal cord dorsal horn neurones to nonnoxious and noxious stimuli in the spinal rat. Exp. Brain 
Res. 27,15-33. 

Meyer, R. A. & Campbell, J. N. (1981). Myelinated nociceptive afferents account for the 
hyperalgesia that follows a burn to the hand. Science 213,1527-1529. 

Meyer, R. A., Davis, K. D., Cohen, R. H., Treede, R. D., & Campbell, J. N. (1991). Mechanically 
insensitive afferents (MlAs) in cutaneous nerves of monkey. Brain Research 561,252-261. 

Michael, G. J. & Priestley, J. V. (11999). Differential expression of the mRNA for the vanilloid 
receptor subtype 1 in cells of the adult rat dorsal root and nodose ganglia and its 
downregulation by axotomy. Journal of Neuroscience 19,1844-1854. 

Millan, M. J. (1999). The induction of pain: an integrative review. Prog. Neurobiol. 57,1-164. 

Millan, M. J. (2002). Descending control of pain. Prog. NeurobioL 66,355-474. 

Milton, A. S. (1998). Prostaglandins and fever. Prog. Brain Res. 115,129-139. 

Mitchell, D. & Hellon, R. F. (1977). Neuronal and behavioural responses in rats during noxious 
stimulation of the tail. Proc. R. Soc. Lond B Biol. Sci. 197,169-194. 

Mokha, S. S., Goldsmith, G. E., Hellon, R. F, & Puri, R. (1987). Hypothalamic control of 
nocireceptive and other neurons in the marginal layer of the dorsal horn of the medulla 
(trigeminal nucleus caudalis) in the rat. Exp. Brain Res. 65,427-436. 

Molander, C., Xu, Q., & Grant, G. (1984). The cytoarchitectonic organization of the spinal cord 
in the rat. 1. The lower thoracic and lumbosacral cord. J. Comp Neurol. 230,133-141. 

Molander, C., Xu, Q., Rivero-Melian, C., & Grant, G. (1989). Cytoarchitectonic organization of 
the spinal cord in the rat: 11. The cervical and upper thoracic cord. J. Comp Neurol. 289,375-385. 

Monhemius, R., Green, D. L., Roberts, M. H. T., & Azami, J. (2001). Periaqueductal grey mediated 
inhibition of responses to noxious stimulation is dynamically activated in a rat model of neuropathic pain. 
Neuroscience Letters 298,70-74. 

Monhemius, R., Li, H. S., & Roberts, M. H. T. (1997). Descending influences differentially 
modulate superficial lamina I and deep multireceptive dorsal horn neurones in the rat. Journal of 
Physiology-London 505P, 38P. 

Montell, C., Birnbaumer, L., Flockerzi, V., Bindels, R. J., Bruford, E. A., Caterina, M. J., 
Clapham, D. E., Harteneck, C., Heller, S., Julius, D., Kojima, I., Mori, Y., Penner, R., Prawitt, D., 
Scharenberg, A. M., Schultz, G., Shimizu, N., & Zhu, M. X. (2002). A unified nomenclature for 
the superfamily of TRP cation channels. Mol. Cell 9,229-231. 

Morgan, J. I., Cohen, D. R., Hempstead, J. L., & Curran, T. (1987). Mapping patterns of c-fos 
expression in the central nervous system after seizure. Science 237,192-197. 

Morgan, J. 1. & Curran, T. (1991). Stimulus-transcription coupling in the nervous system: 
involvement of the inducible proto-oncogenes fos and jun. Annu. Rev. Neurosci. 14,421-451. 

Murakami, N., Sakata, Y., & Watanabe, T. (1990). Central action sites of interleukin-1 beta for 
inducing fever in rabbits. J. Physiol 428,299-312. 

Nagashima, K., Nakai, S., Tanaka, M., & Kanosue, K. (2000). Neuronal circuitries involved in 
thermoregulation. Auton. Neurosci. 85,18-25. 

Nagy, 1. & Rang, H. (2000). Comparison of currents activated by noxious heat in rat and chicken 
primary sensory neurons. Regul. Pept. 96,3-6. 

149 



References 

Nagy, J. 1. & Hunt, S. P. (11983). The termination of primary afferents within the rat dorsal horn: 
evidence for rearrangement following capsaicin treatment. J. Comp Neuro/. 218,145-158. 

Nahin, R. L., Madsen, A. M., & Giesler, G. J., Jr. (1983). Anatomical and physiological studies of the gray matter surrounding the spinal cord central canal. J. Comp Neurol. 220,321-335. 

Ogilvie, J., Simpson, D. A., & Clarke, R. W. (1999). Tonic adrenergic and serotonergic inhibition 
of a withdrawal reflex in rabbits subjected to different levels of surgical preparation. 
Neuroscience 89,1247-1258. 

Oka, T., Aou, S., & Hori, T. (1993). Intracerebroventricular injection of interleukin-1 beta induces 
hyperalgesia in rats. Brain Research 624,61-68. 

Oka, T., Aou, S., & Hori, T. (1994). Intracerebroventricular injection of interleukin-11 beta 
enhances nociceptive neuronal responses of the trigerninal nucleus caudalis in rats. Brain 
Research 656,236-244. 

Oka, T., Hori, T., Hosoi, M., Oka, K., Abe, M., & Kubo, C. (1997a). Biphasic modulation in the 
trigerninal nociceptive neuronal responses by the intracerebroventricular prostaglandin E2 may 
be mediated through different EP receptors subtypes in rats. Brain Research 771,278-284. 

Oka, T., Hosoi, M., Oka, K., & Hori, T. (11 997b). Biphasic alteration in the trigerninal nociceptive 
neuronal responses after intracerebroventricular injection of prostaglandin E2 in rats. Brain 
Research 749,354-357. 

Oka, T., Oka, K., Hosoi, M., Aou, S., & Hori, T. (1995). The opposing effects of interleukin -1 beta microinjected into the preoptic hypothalamus and the ventromedial hypothalamus on 
nociceptive behavior in rats. Brain Research 700,271-278. 

Oka, T., Oka, K., Scammell, T. E., Lee, C., Kelly, J. F, Nantel, F., Elmquist, J. K., & Saper, C. 
B. (2000). Relationship of EP(11 -4) prostaglandin receptors with rat hypothalamic cell groups 
involved in lipopolysaccharide fever responses. J. Comp Neurol. 428,20-32. 

Oka, T., Wakugawa, Y., Hosoi, M., Oka, K., & Hori, T. (1996). Intracerebroventricular injection of 
tumor necrosis factor-alpha induces thermal hyperalgesia in rats. Neuroimmunomodulation. 3, 
135-140. 

Oleson, T. D., Kirkpatrick, D. B., & Goodman, S. J. (11980). Elevation of pain threshold to tooth 
shock by brain stimulation in primates. Brain Research 194,79-95. 

Palecek, J., Paleckova, V., Dougherty, P. M., Carlton, S. M., & Willis, W. D. (1992). Responses 
of spinothalamic tract cells to mechanical and thermal stimulation of skin in rats with 
experimental peripheral neuropathy. Journal of Neurophysiology 67,1562-1573. 

Panksepp, J. (1971). Aggression elicited by electrical stimulation of the hypothalamus in albino 
rats. Physiol Behav. 6,321-329. 

Parry, D. M., Johns, N., Semenenko, F. M., Snowball, R. K., Hudson, P. M., & Lumb, B. M. 
(1996). Glutamatergic projections from the rostral hypothalamus to the periaqueductal grey. 
NeuroReport 7,1536-1540. 

Parry, D. M., Semenenko, F M., Conley, R. K., & Lumb, B. M. (2002). Noxious somatic inputs to 
hypothalamic-m id brain projection neurones: a comparison of the columnar organisation of 
somatic and visceral inputs to the periaqueductal grey in the rat. Exp. Physiol 87,117-122. 

Paxinos, G. & Watson, C. (11986). The rat brain in stereotaxic coordinates Academic, 
Orlando, FL. 

Pertovaara, A. (11998). A neuronal correlate of secondary hyperalgesia in the rat spinal dorsal 
horn is submodality selective and facilitated by supraspinal influence. Experimental Neurology 
149,193-202. 

150 



References 

Peschanski, M., Kayser, V., & BessOn, J. M. (11986). Behavioral evidence for a crossed 
ascending pathway for pain transmission in the anterolateral quadrant of the rat spinal cord. Brain Research 376,164-168. 

Petruska, J. C., Hubscher, C. H., & Johnson, R. D. (1998). Anodally focused polarization of 
peripheral nerve allows discrimination of myelinated and unmyelinated fiber input to brainstern 
nuclei. Experimental brain research 121, (pp 379-390). 

Petsche, U., Fleischer, E., Lembeck, F., & Handwerker, H. 0. (1983). The effect of capsaicin 
application to a peripheral nerve on impulse conduction in functionally identified afferent nerve fibres. Brain Research 265,233-240. 

Price, D. D. (11996). Selective activation of A-delta and C nociceptive afferents by different 
parameters of nociceptive heat stimulation: a tool for analysis of central mechanisms of pain. 
Pain 68,1-3. 

Price, D. D., Hu, J. W., Dubner, R., & Gracely, R. H. (1977). Peripheral suppression of first pain 
and central summation of second pain evoked by noxious heat pulses. Pain 3,57-68. 

Proshansky, E. & Egger, M. D. (1977). Dendritic spread of dorsal horn neurons in cats. 
Exp. Brain Res. 28,153-166. 

Quasthoff, S., Grosskreutz, J., Schroder, J. M., Schneider, U., & Grafe, P. (1995). Calcium 
potentials and tetroclotoxin-resistant sodium potentials in unmyelinated C fibres of biopsied 
human sural nerve. Neuroscience 69,955-965. 

Quilliam, T. A. (11956). Some characteristics of myelinated fibre populations. J. Anat. 90,172- 
187. 

Raja, S. N., Meyer, R. A., Ringkamp, M., & Campbell, J. N. (1999). Peripheral Neural 
Mechanisms of Nociception. In Textbook of Pain, ed. Wall, P. D. M. R., pp. 11-57. Churchill- 
Livingston, Edinburgh. 

Randich, A. & Maixner, W. (11984). Interactions between cardiovascular and pain regulatory 
systems. Neurosci. Biobehav. Rev. 8,343-367. 

Rexed, B. (11952). The cytoarchitectonic organization of the spinal cord in the cat. J. Comp 
Neurol. 96,415-496. 

Rexed, B. (1954). A cytoarchitectonic atlas of the spinal cord in the cat. J. Comp Neurol. 100, 
297-379. 

Reynolds, D. V. (11969). Surgery in the rat during electrical analgesia induced by focal brain 
stimulation. Science 164,444-445. 

Rhodes, D. L. (11979). Periventricular system lesions and stimulation-produced analgesia. Pain 
7,51-63. 

Ribeiro-da-Silva, A. (11995). Substantia Gelatinosa of Spinal Cord. In The Rat Nervous System, 
ed. Paxinos, G., pp. 47. Academic Press, San Diego. 

Ritter, A. M. & Mendell, L. M. (1992). Somal membrane properties of physiologically identified 
sensory neurons in the rat: effects of nerve growth factor. Journal of Neurophysiology 68,2033- 
2041. 

Roeling, T. A., Kruk, M. R., Schuurmans, R., & Veening, J. G. (1993). Behavioural responses of 
bicucculline methiodide injections into the ventral hypothalamus of freely moving, socially 
interacting rats. Brain Research 615,121-127. 

Roeling, T. A., Veening, J. G., Kruk, M. R., Peters, J. P., Vermelis, M. E., & Nieuwenhuys, R. 
(11994). Efferent connections of the hypothalamic "aggression area" in the rat. Neuroscience 59, 
1001-1024. 

151 



References 

Roeling, T. A. P. (1993). The neuronal substrate of hypothalarnically induced behaviour in the 
rat: an anatomical and behavioural study. PhD Thesis. 

Romanovsky, A. A., Kulchitsky, V. A., Akulich, N. V., Koulchitsky, S. V., Simons, C. T., Sessler, 
D. I., & Gourine, V. N. (1996). First and second phases of biphasic fever: two sequential stages 
of the sickness syndrome? AmJ Physiol 271, R244-R253. 

Romanovsky, A. A., Kulchitsky, V. A., Akulich, N. V., Koulchitsky, S. V., Simons, C. T., Sessler, 
D. I., & Gourine, V. N. (1997). The two phases of biphasic fever--two different strategies for 
fighting infection? Ann. N. Y. Acad. Sci. 813,485-490. 

Romanovsky, A. A., Kulchitsky, V. A., Simons, C. T., & Sugimoto, N. (1998a). Methodology of fever research: why are polyphasic fevers often thought to be biphasic? Am. J. Physiol 275, 
R332-R338. 

Romanovsky, A. A., Simons, C. T., & Kulchitsky, V. A. (1 998b). "Biphasic" fevers often consist 
of more than two phases. Am. J. Physiol 275, R323-R331. 

Rosenbach (1884). Deutsche med. Wehnschr 10,338 as cited by Lewis, 1942. 

Rossler, W., Gerstberger, R., Sann, H., & Pierau, F. K. (1993). Distribution and binding sites of 
substance P and calcitonin gene-related peptide and their capsaicin-sensitivity in the spinal cord 
of rats and chicken: a comparative study. Neuropeptides 26,241-253. 

Roth, J. & de Souza, G. E. P. (2001). Fever induction pathways: evidence from responses to 
systemic or local cytokine formation. Brazilian journal of medical and biological research 34, 
301-314. 

Rothwell, N. J. (1997). Sixteenth Gaddum Memorial Lecture December 1996. Neuroimmune 
interactions: the role of cytokines. Br. J. Pharmacol. 121,841-847. 

Rudomin, P. & Schmidt, R. F. (1999). Presynaptic inhibition in the vertebrate spinal cord 
revisited. Exp. Brain Res. 129,1-37. 

Sagar, S. M., Sharp, F. R., & Curran, T. (1988). Expression of c-fos protein in brain: metabolic 
mapping at the cellular level. Science 240,1328-1331. 

Sampson, L. D., Schneiderman, N., Wallach, J., Gavin, W. J., & Francis, J. S. (1977). 
Differential cardiovascular changes as a function of stimulation electrode site in rabbit 
hypothalamus. Physiol Behav. 19,111-120. 

Sann, H., Harti, G., Pierau, F. K., & Simon, E. (1987). Effect of capsaicin upon afferent and 
efferent mechanisms of nociception and temperature regulation in birds. Can. J. Physiol 
Pharmacol. 65,1347-1354. 

Saper, C. B. (1998). Neurobiological basis of fever. Ann. N. Y. Acad. Sci. 856,90-94. 

Sapsed-Byrne, S., Holdcroft, A., & Ridout, D. (1995). The influence of colonic temperature 
changes in anaesthetised rats on tail skin temperatures and repeated testing of tail-flick 
latencies. Pain 63,255-261. 

Schmidt, R. F., Senges, J., & Zimmermann, M. (1967). Presynaptic depolarization of cutaneous 
mechanoreceptor afferents after mechanical skin stimulation. Exp. Brain Res. 3,234-247. 

Schomburg, E. D., Steffens, H., & Mense, S. (2000). Contribution of TTX-resistant C-fibres and 
Adelta-fibres to nociceptive flexor-reflex and non-flexor-reflex pathways in cats. Neurosci. Res. 
37,277-287. 

Schouenborg, J. & Kalliomaki, J. (1990). Functional organization of the nociceptive withdrawal 
reflexes. 1. Activation of hindlimb muscles in the rat. Exp. Brain Res. 83,67-78. 

Schouenborg, J. & Sjolund, B. H. (1983). Activity evoked by A- and C-afferent fibers in rat 
dorsal horn neurons and its relation to a flexion reflex. Journal of Neurophysiology 50,1108- 
1121. 

152 



References 

Schouenborg, J., Weng, H. R., Kalliomaki, J -, & Holmberg, H. (1995). A survey of spinal dorsal 
horn neurones encoding the spatial organization of withdrawal reflexes in the rat. Experimental 
brain research 106,19-27. 

Sehic, E., Szekely, M., Ungar, A. L., Oladehin, A., & Blatteis, C. M. (1996). Hypothalamic 
prostaglandin E2 during lipopolysaccharide-induced fever in guinea pigs. Brain research bulletin 
39,391-399. 

Sellami, S. & De Beaurepaire, R. (1995). Hypothalamic and thalamic sites of action of interleukin-1 beta on food intake body temperature and pain sensitivity in the rat. Brain Research 
694,69-77. 

Semenenko, F. M. & Lumb, B. M. (1992). Projections of anterior hypothalamic neurones to the 
dorsal and ventral periqueductal grey in the rat. Brain Research 582,237-245. 

Semenenko, F. M. & Lumb, B. M. (1999). Excitatory projections from the anterior hypothalamus 
to periaqueductal gray neurons that project to the medulla: a functional anatomical study. 
Neuroscience 94,163-174. 

Semenenko, F. M., Williams, C. J., & Lumb, B. M. (1994). Enkephalinergic rostral hypothalamic 
neurones do not project to the intermediate PAG in the rat. NeuroReport 5,2613-2616. 

Senba, E., Matsunaga, K., Tohyama, M., & Noguchi, K. (1993). Stress-induced c-fos expression 
in the rat brain: activation mechanism of sympathetic pathway. Brain research bulletin 31,329- 
344. 

Sherrington, C. S. (1910). Flexion-reflex of the limb, crossed extension-reflex and reflex 
stepping and standing. J. Physiol 34,1-50. 

Siegel, A., Roeling, T. A. P., Gregg, T. R., & Kruk, M. R. (1999). Neuropharmacology of brain- 
stimulation-evoked aggression. Neuroscience & Bidbehavioral Reviews 23,359-389. 

Simerly, R. B. (1995). Anatomical substrates of hypothalamic integration. In The Rat Nervous 
System, ed. Paxinos, G., pp. 353-376. Academic Press, San Diego. 

Simpson, D., Ogilvie, J., & Clarke, R. W. (1997). Tonic inhibition of spinal reflexes mediated 
throught 5-HTlA-receptors in decerebrated and in anaesthetised rabbits subjected to different 
levels of surgical preparation. Journal of Physiology 505,36P-37P. 

Sirko, S., Bishai, I., & Coceani, F. (1989). Prostaglandin formation in the hypothalamus in vivo: 
effect of pyrogens. Am. J. Physiol 256, R616-R624. 

Smith, D. A. & Flynn, J. P. (1980). Afferent projections to affective attack sites in cat 
hypothalamus. Brain Research 194,41-51. 

Snowball, R. K., Semenenko, F. M., & Lumb, B. M. (2000). Visceral inputs to neurons in the 
anterior hypothalamus including those that project to the periaqueductal gray: a functional 
anatomical and electrophysiological study. Neuroscience 99,351-361. 

Spencer, S. E., Sawyer, W. B., & Loewy, A. D. (1989). Cardiovascular effects produced by L- 
glutamate stimulation of the lateral hypothalamic area. Am. J. Physiol 257, H540-H552. 

Spencer, S. E., Sawyer, W. B., & Loewy, A. D. (1990). L-glutamate mapping of cardioreactive 
areas in the rat posterior hypothalamus. Brain Research 511,149-157. 

Stamford, J. A. (1995). Descending control of pain. BrJAnaesth. 75,217-227. 

Staud, R., Vierck, C. J., Cannon, R. L., Mauderli, A. P., & Price, D. D. (2001). Abnormal 
sensitization and temporal summation of second pain (wind-up) in patients with fibrornyalgia 
syndrome. Pain 91,165-175. 

Stone, T. W. (1985). IBRO Handbook Series: Methods in the Neurosciences, pp. 214. 

153 



References 

Strassman, A. M, & Raymond, S. A. (1999). Electrophysiolog ical evidence for tetrodotoxin- 
resistant sodium channels in slowly conducting dural sensory fibers. Journal of Neurophysiology 
81,413-424. 

Sugiura, Y., Lee, C. L., & Perl, E. R. (1986). Central projections of identified, unmyelinated (C) 
afferent fibers innervating mammalian skin. Science 234,358-361. 

Sugiura, Y., Terui, N., & Hosoya, Y. (1989). Difference in distribution of central terminals 
between visceral and somatic unmyelinated (C) primary afferent fibers. Journal of 
Neurophysiology 62,834-840. 

Svensson, P., Rosenberg, B., Beydoun, A., Morrow, T. J., & Casey, K. L. (1997). Comparative 
psychophysical characteristics of cutaneous C02 laser and contact heat stimulation. 
Somatosens. Mot. Res. 14,113-118. 

Swanson, L. W. & Sawchenko, P. E. (1983). Hypothalamic integration: organization of the 
paraventricular and supraoptic nuclei. Annu. Rev. Neurosci. 6,269-324. 

Szallasi, A. & Blumberg, P. M. (1999). Vanilloid (Capsaicin) receptors and mechanisms. 
Pharmacol. Rev. 51,159-212. 

Szekely, M., Balasko, M., Kulchitsky, V. A., Simons, C. T., Ivanov, A. I., & Romanovsky, A. A. 
(2000). Multiple neural mechanisms of fever. Auton. Neurosci. 85,78-82. 

Szolcsanyi, J., Anton, F., Reeh, P. W., & Handwerker, H. 0. (1988). Selective excitation by 
capsaicin of mechano-heat sensitive nociceptors in rat skin. Brain Research 446,262-268. 

Tabo, E., Eisele, J. H., Jr., & Carstens, E. (1998). Force of limb withdrawals elicited by graded 
noxious heat compared with other behavioral measures of carrageenan-induced hyperalgesia 
and allodynia. J. Neurosci. Methods 81,139-149. 

Takahashi, A., Ishimaru, H., lkarashi, Y., Kishi, E., & Maruyama, Y. (2001). Hypothalamic 
cholinergic regulation of body temperature and water intake in rats. Auton. Neurosci. 94,74-83. 

Takayama, K., Suzuki, T., & Miura, M. (1994). The comparison of effects of various anesthetics 
on expression of Fos protein in the rat brain. Neuroscience Letters 176,59-62. 

Takeda, M., Matsumoto, S., & Tanimoto, T. (1998). C-Fos-like immunoreactivity in the upper 
cervical spinal dorsal horn neurons following noxious chemical stimulation of the nasal mucosa 
in pentobarbital-anesthetized rats. Arch. Histol. Cytol. 61,83-87. 

Tavares, 1. & Lima, D. (2002). The caudal ventrolateral medulla as an important inhibitory 
modulator of pain transmission in the spinal cord. Journal of Pain 3,337-346. 

Tillman, D. B., Treede, R. D., Meyer, R. A., & Campbell, J. N. (1995a). Response of C fibre 
nociceptors; in the anaesthetized monkey to heat stimuli: correlation with pain threshold in 
hu mans. J. Physiol 485 ( Pt 3), 767-774. 

Tillman, D. B., Treede, R. D., Meyer, R. A., & Campbell, J. N. (1 995b). Response of C fibre 
nociceptors in the anaesthetized monkey to heat stimuli: estimates of receptor depth and 
threshold. J. Physiol 485 ( Pt 3), 753-765. 

Timms, R. J. (1981). A study of the amygdaloid defence reaction showing the value of Althesin 
anaesthesia in studies of the functions of the fore-brain in cats. Pflugers Arch. 391,49-56. 

Tjolsen, A., Berge, 0. G., Eide, P. K., Broch, 0. J., & Hole, K. (1988). Apparent hyperalgesia 
after lesions of the descending serotonergic pathways is due to increased tail skin temperature. 
Pain 33,225-231. 

Todd, A. J. (2002). Anatomy of primary afferents and projection neurones in the rat spinal dorsal 
horn with particular emphasis on substance P and the neurokinin 1 receptor. Exp. Physiol 87, 
245-249. 

154 



References 

Todd, A. J. & Lewis, S. G. (1986). The morphology of Golgi-stained neurons in lamina 11 of the 
rat spinal cord. J. Anat 149,113-119. 

Todd, A. J., McGill, M. M., & Shehab, S. A. (2000). Neurokinin 1 receptor expression by neurons in laminae 1,111 and IV of the rat spinal dorsal horn that project to the brainstem. Eur. J. Neurosci. 
12,689-700. 

Tolchard, S., Hare, A. S., Nutt, D. J., & Clarke, G. (1996). TNF alpha mimics the endocrine but 
not the thermoregulatory responses of bacterial lipopolysaccharide (LPS): correlation with FOS- 
expression in the brain. Neuropharmacology 35,243-248. 

Tominaga, M., Caterina, M. J., Malmberg, A. B., Rosen, T. A., Gilbert, H., Skinner, K., 
Raumann, B. E., Basbaum, A. I., & Julius, D. (1998). The cloned capsaicin receptor integrates 
multiple pain-producing stimuli. Neuron 21,531-543. 

Torebjork, H. E. & Hallin, R. G. (1973). Perceptual changes accompanying controlled 
preferential blocking of A and C fibre responses in intact human skin nerves. Exp. Brain Res. 16, 
321-332. 

Torebjork, H. E., LaMotte, R. H., & Robinson, C. J. (1984). Peripheral neural correlates of 
magnitude of cutaneous pain and hyperalgesia: simultaneous recordings in humans of sensory 
judgments of pain and evoked responses in nociceptors with C-fibers. Journal of 
Neurophysiology 51,325-339. 

Torebjork, H. E. & Ochoa, J. L. (1980). Specific sensations evoked by activity in single identified 
sensory units in man. Acta Physiol Scand. 110,445-447. 

Tortora, G. J. & Grabowski, S. R. (1996). Principles of Anatomy and Physiology, 8th ed 
HarperCollins, New York. 

Tracey, D. J. (1995). Ascending and Descending Pathways in the Spinal Cord. In The Rat 
Nervous System, ed. Paxinos, G., pp. 67-80. Academic Press, San Diego. 

Treede, R. D., Meyer, R. A., & Campbell, J. N. (1998). Myelinated mechanically insensitive 
afferents from monkey hairy skin: heat-response properties. Journal of Neurophysiology 80, 
1082-1093. 

Treede, R. D., Meyer, R. A., Raja, S. N., & Campbell, J. N. (1992). Peripheral and central 
mechanisms of cutaneous hyperalgesia. Prog. Neurobiol. 38,397-421. 

Urban, M. 0. & Gebhart, G. F. (1997). Characterization of biphasic modulation of spinal 
nociceptive transmission by neurotensin in the rat rostral ventromedial medulla. Journal of 
Neurophysiology 78,1550-1562. 

Urban, M. 0. & Gebhart, G. F. (1999). Supraspinal contributions to hyperalgesia. 
Proc. Nat/. Acad. Sci. U. S. A 96,7687-7692. 

Urban, M. 0., Jiang, M. C., & Gebhart, G. F (1996). Participation of central descending 
nociceptive facilitatory systems in secondary hyperalgesia produced by mustard oil. Brain 
Research 737,83-91. 

Van Hees, J. & Gybels, J. (1981). C nociceptor activity in human nerve during painful and non 
painful skin stimulation. J. Neurol. Neurosurg. Psychiatry 44,600-607. 

Van Hees, J. & Gybels, J. M. (1972). Pain related to single afferent C fibers from human skin. 
Brain Research 48,397-400. 

Vidal, C. & Jacob, J. (1982). Hyperalgesia induced by non-noxious stress in the rat. 
Neuroscience Letters 32,75-80. 

Vidal, C. & Jacob, J. (1986). Hyperalgesia induced by emotional stress in the rat: an 
experimental animal model of human anxiogenic hyperalgesia. Ann. N. Y. Acad. Sci. 467,73-81. 

155 



References 

Vierck, C. J., Jr., Cannon, R. L., Fry, G., Maixner, W., & Whitsel, B. L. (1997). Characteristics of 
temporal summation of second pain sensations elicited by brief contact of glabrous skin by a 
preheated thermode. Journal of Neurophysiology 78,992-1002. 

Vierck, C. J., Jr., Siddall, P., & Yezierski, R. P. (2000). Pain following spinal cord injury: animal 
models and mechanistic studies. Pain 89,1-5. 

Viken, R. J., Johnson, A. K., & Knutson, J. F. (1991). Blood pressure, heart rate, and regional 
resistance in behavioral defense. Physiol Behav. 50,1097-1101. 

Villanueva, L. & Le Bars, D. (1995). The activation of bulbo-spinal controls by peripheral 
nociceptive inputs: Diffuse noxious inhibitory controls. Biological Research 28, (pp 113-125). 

Vulchanova, L., Riedl, M. S., Shuster, S. J., Stone, L. S., Hargreaves, K. M., Buell, G., 
Surprenant, A., North, R. A., & Elde, R. (1998). P2X3 is expressed by DRG neurons that 
terminate in inner lamina 11. Eur. J. Neurosci. 10,3470-3478. 

Wall, P. D. & Fitzgerald, M. (1981). Effects of capsaicin applied locally to adult peripheral nerve. 
1. Physiology of peripheral nerve and spinal cord. Pain 11,363-377. 

Wan, W., Janz, L., Vriend, C. Y., Sorensen, C. M., Greenberg, A. H., & Nance, D. M. (1993). 
Differential induction of c-Fos immunoreactivity in hypothalamus and brain stem nuclei following 
central and peripheral administration of endotoxin. Brain research bulletin 32,581-587. 

Wan, W., Wetmore, L., Sorensen, C. M., Greenberg, A. H., & Nance, D. M. (1994). Neural and 
biochemical mediators of endotoxin and stress-induced c-fos expression in the rat brain. Brain 
research bulletin 34,7-14. 

Waters, A. J. (1999). Control of Spinal Nociception by the Midbrain Periaqueductal Grey Matter. 
Thesis Submitted to the University of Bristol. 

Waters, A. J. & Lumb, B. M. (1996). Opposite effects of chemical and electrical stimulation in 
the periaqueductal grey (PAG) on the A-delta mediated nociceptive responses of rat dorsal horn 
neurones. Journal of Physiology 497-P, 106P. 

Waters, A. J. & Lumb, B. M. (1997). Inhibitory effects evoked from both the lateral and 
ventrolateral periaqueductal grey are selective for the nociceptive responses of rat dorsal horn 
neurones. Brain Research 752,239-249. 

Watkins, L. R. & Maier, S. F. (11997). The case of the missing brain: Arguments for a role of 
brain to spinal cord pathways in pain facilitation. Behavioral and Brain Sciences 20,469-+. 

Watkins, L. R. & Maier, S. F. (11999). Implications of immune-to-brain communication for 
sickness and pain. Proc. Natl. Acad. Sci. U. S. A 96,7710-7713. 

Watkins, L. R. & Maier, S. F. (2000). The pain of being sick: implications of immune-to-brain 
communication for understanding pain. Annu. Rev. Psychol. 51,29-57. 

Watkins, L. R., Maier, S. F., & Goehler, L. E. (1995). Immune activation: the role of pro- 
inflammatory cytokines in inflammation, illness responses and pathological pain states. Pain 63, 
289-302. 

Watkins, L. R., Wiertelak, E. P., Goehler, L. E., Mooney-Heiberger, K., Martinez, J., Furness, L., 
Smith, K. P., & Maier, S. F. (1994a). Neurocircuitry of illness-induced hyperalgesia. Brain 
Research 639,283-299. 

Watkins, L. R., Wiertelak, E. P., Goehler, L. E., Smith, K. P., Martin, D., & Maier, S. F. (1994b). 
Characterization of cytokine-induced hyperalgesia. Brain Research 654,15-26. 

Welk, E., Petsche, U., Fleischer, E., & Handwerker, H. 0. (1983). Altered excitability of afferent 
C-fibres of the rat distal to a nerve site exposed to capsaicin. Neuroscience Letters 38,245-250. 

156 



References 

Wesselmann, U., Kerns, J. M., & Rymer, W. Z. (1994). Laser effects on myelinated and 
nonmyelinated fibers in the rat peroneal nerve: a quantitative ultrastructural analysis. 
Experimental Neurology 129,257-265. 

Wiertelak, E. P., Roemer, B., Maier, S. F., & Watkins, L. R. (1997). Comparison of the effects of 
nucleus tractus solitarius and ventral medial medulla lesions on illness-induced and 
subcutaneous formalin-induced hyperalgesias. Brain Research 748,143-150. 

Wiertelak, E. P., Smith, K. P., Furness, L., Mooney-Heiberger, K., Mayr, T., Maier, S. F., & 
Watkins, L. R. (1994). Acute and conditioned hyperalgesic responses to illness. Pain 56,227- 
234. 

Wilder-Smith, 0. H. (2000). Changes in sensory processing after surgical nociception. 
Curr. Rev. Pain 4,234-241. 

Willis, W. D. (1985). Nociceptive pathways: anatomy and physiology of nociceptive ascending 
pathways. Philos. Trans. R. Soc. Lond B Biol. Sci. 308,253-270. 

Willis, W. D., Jr. (1985). The pain system. The neural basis of nociceptive transmission in the 
mammalian nervous system. Pain Headache 8,1-346. 

Willis, W. D. & Coggeshall, R. E. (1991). Sensory Mechanisms ofthe Spinal Cord, 2nd ed. Plenum 
Press, New York. 

Willis, W. D., Westlund, K. N., & Carlton, S. M. (1995). Pain. In The Rat Nervous System, ed. 
Paxinos, G., Academic Press, San Diego. 

Winter, J., Bevan, S., & Campbell, E. A. (1995). Capsaicin and pain mechanisms. Br. J. Anaesth. 
75,157-168. 

Woolf, C. J. & Fitzgerald, M. (1982). Do opioid peptides mediate a presynaptic control of C-fibre 
transmission in the rat spinal cord? Neuroscience Letters 29,67-72. 

Workman, B. J. & Lumb, B. M. (1994). Selective inhibitory effects of anterior hypothalamic 
stimulation on spinal dorsal horn neuronal responses to noxious versus innocuous stimulation of 
somatic stuctures. Journal of Physiology 78P. 

Workman, B. J. & Lumb, B. M. (1997). Inhibitory effects evoked from the anterior hypothalamus 
are selective for the nociceptive responses of dorsal horn neurons with high- and low-threshold 
inputs. Journal of Neurophysiology 77,2831-2835. 

Xia, Y. & Krukoff, T. L. (2001). Cardiovascular responses to subseptic doses of endotoxin 
contribute to differential neuronal activation in rat brain. Brain Res. Mol. Brain Res. 89,71-85. 

Xin, L. & Blatteis, C. M. (1992). Hypothalamic neuronal responses to interleukin-6 in tissue 
slices: effects of indomethacin and naloxone. Brain research bulletin 29,27-35. 

Yaksh, T. L., Yeung, J. C., & Rudy, T. A. (1976). Systematic examination in the rat of brain sites 
sensitive to the direct application of morphine: observation of differential effects within the 
periaqueductal gray. Brain Research 114,83-103. 

Yarnitsky, D. & Ochoa, J. L. (1990). Studies of heat pain sensation in man: perception 
thresholds, rate of stimulus rise and reaction time. Pain 40,85-91. 

Yarnitsky, D., Simone, D. A., Dotson, R. M., Cline, M. A., & Ochoa, J. L. (1992). Single C 
nociceptor responses and psychophysical parameters of evoked pain: effect of rate of rise of 
heat stimuli in humans. J. Physiol 450,581-592. 

Yeomans, D. C., Cooper, B. Y., & Vierck, C. J., Jr. (1 996a). Effects of systemic morphine on 
responses of primates to first or second pain sensations. Pain 66,253-263. 

Yeomans, D. C., Pirec, V., & Proudfit, H. K. (1996b). Nociceptive responses to high and low 
rates of noxious cutaneous heating are mediated by different nociceptors in the rat: behavioural 
evidence. Pain 68,133-140. 

157 



References 

Yeomans, D. C. & Proudfit, H. K. (1994). Characterization of the foot withdrawal response to 
noxious radiant heat in the rat. Pain 59,85-94. 

Yeomans, D. C. & Proudfit, H. K. (1996). Nociceptive responses to high and low rates of 
noxious cutaneous heating are mediated by different nociceptors in the rat: electrophysiological 
evidence. Pain 68,141-150. 

Yokoyama, C. & Sasaki, K. (1999). Regional expressions of Fos-like immunoreactivity in rat 
cerebral cortex after stress; restraint and intraperitoneal lipopolysaccharide. Brain Research 
816,267-275. 

You, H. J., Dahl, M. C., Chen, J., & Arendt-Nielsen, L. (2003). Simultaneous recordings of wind- 
up of paired spinal dorsal horn nociceptive neuron and nociceptive flexion reflex in rats. Brain 
Research 960,235-245. 

Yucel, A., Andersen, 0. K., Nielsen, J., & Arendt-Nielsen, L. (2002). Heat hyperalgesia in 
humans: assessed by different stimulus temperature profiles. Eur. J. Pain 6,357-364. 

Zhang, S. P., Bandler, R., & Carrive, P. (1990). Flight and immobility evoked by excitatory 
amino acid microinjection within distinct parts of the subtentorial midbrain periaqueductal gray of 
the cat. Brain Research 520,73-82. 

Zhang, Y. H., Lu, J., Elmquist, J. K., & Saper, C. B. (2000). Lipopolysaccharide activates 
specific populations of hypothalamic and brainstern neurons that project to the spinal cord. 
Journal of Neuroscience 20,6578-6586. 

Zhang, Y. H., Yanase-Fujiwara, M., Hosono, T., & Kanosue, K. (1995). Warm and cold signals 
from the preoptic area: which contribute more to the control of shivering in rats? J. Physiol 485 
Pt 1), 195-202. 

Zhuo, M. & Gebhart, G. F. (1990). Characterization of descending inhibition and facilitation from 
the nuclei reticularis gigantocellularis and gigantocellularis pars alpha in the rat. Pain 42,337- 
350. 

Zhuo, M. & Gebhart, G. F. (1997). Biphasic modulation of spinal nociceptive transmission from 
the medullary raphe nuclei in the rat. Journal of Neurophysiology 78,746-758. 

Ziegler, E. A., Magerl, W., Meyer, R. A., & Treede, R. D. (1999). Secondary hyperalgesia to 
punctate mechanical stimuli. Central sensitization to A-fibre nociceptor input. Brain 122 ( Pt 12), 
2245-2257. 

VBRaTOL 

158 
LTRARY 


