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PREFACE

For most people, myself included, the first contact with hypnosis is through watching a
demonstration of hypnosis either on television or as part of a live audience. Such
performances can be quite spectacular and are certainly entertaining. However, to me
they remained interesting stage phenomena, much like those performed by a skilled
magician, and did not arouse any scientific interest info hypnosis. Being interested in
pain management thought, one sooner or later comes across accounts of hypnotic
analgesia, that is the use of hypnotic suggestions to achieve relief of pain and
distress. Whatever ones opinion about hypnosis, it has been thoroughly proven, both
in clinical and expernmental setlings, that some people do achieve significant and
clinically important benefits when using hypnotfic suggestions over and above those
available to the average person using nonhypnotic coping methods. The interesting
question, which has been debated by some researchers for decades, is what are the
processes whereby hypnotic anaigesia is achieved, and are these fundamentally
different from those involved in the execution of nonhypnotic coping strategies.

More recently, pain research has increasingly emphasised the role of attention in pain
processing and in particular the ability of pain to have priority access to processing
resources and dominate conscious processing at the expense of other activity. This
interference with other ongoing activity is one of the major pain-related handicaps
experienced by peopie with chronic pain. The concept of attention, and in particular
the distinction between controlled and automatic processing, is crucial to an
understanding of both pain processing and hypnosis and provides an important and

fascinating approach for studying the two.

This thesis was written as part of a study investigating differences in attentional
interference effects between hypnotic and nonhypnotic analgesia. The main
hypothesis tested is whether: “Hypnotic analgesia, unliike nonhypnotic pain-coping
strategies, can be achieved without reliance on high-order (executive) attentional
resources and therefore results in no or only mirsmal interference with other ongoing

and attention-demanding activities.

XX




XXi

A proper understanding of this topic and the wider context wherein it occurs requires
some knowledge of the following key aspects: (1) pain and pain management; (2) pain
coping strategies; (3) attention, and in particular access to, and interference with,
attentional resources in multiple task environments; (4) consciousness; and (5)

hypnosis. The introduction to this thesis follows this outline.

Chapters one to six form the introduction. Some sections of the introduction provide
additional and more in-depth information (particularly on the neurophysiology of pain,
attention, and hypnosis) that are useful for a fuller appreciation of these topics and can
assist the reader in understanding how these main aspects are linked together.
However, strictly seen these are not necessary for a direct understanding of the main
research question. For the convenience of the reader, these sections are marked with
a red asterisk (@ ) following the section heading. They include sections 1.4, 3.6, 5.2,
5.5,56.2.2., 57, and all of chapter 4.

Chapter 1 provides an overview of the main aspects of our current understanding of
pain processing and the control mechanisms involved. Particular reference is given to
inhibitory control processes descending from cortical and subcortical brain structures.
As Chapter 6 will show, there is evidence for hypnosis-related differences in the
effectiveness of such inhibitory control mechanisms. The final section briefly covers

how the advances in pain research have influenced pain management practices.

Section 1.4 ® provides more in-depth information on the affective-emotional

dimension of pain, on the changes that take place when a pain condition becomes
chronic, and on the neurophysiology of cortical and subcortical brain structures
involved in pain processing and responding. It is in the management of chronic pain
where hypnotic analgesia may have its greatest advantage. The specific question of
the current study is part of an underlying research effort to enhance our understanding
of pain mechanisms and derive at more effective methods for the control of particularly
chronic pain. Developments in the area of neurophysiology are leading to a more
specific understanding of the theoretical mechanisms of pain, which in turn contributes
to the development of more specific and effective pain management practices. It is for
this reason that these areas are given substantial coverage in the introduction of this
thesis.
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Chapter 2 “Psychological methods of pain control” consists of two main parts. The first
part introduces behavioural and cognitive pain coping strategies, highlights factors that
may influence their utility, and evaluates evidence for the effectiveness of such
strategies. It then describes some of the influences of anxiety on pain responding,
outlines the cognitive costs of using attention diversion and pain suppression
strategies, and contrasts the effectiveness of attention diversion versus sensation
monitoring strategies. The second part describes the main characteristics of hypnotic
analgesia, looks at both clinical and experimental evidence for its effectiveness, and

outlines proposed mechanisms whereby hypnotic analgesia may reduce pain.

Chapter 3 “Attention, multi-task performance, and task interference.” This chapter
briefly describes the main characteristics of information processing: competition for
limited capacity processing resources, and the selection of information for further
processing. It continues with a description of how this latter process is influenced by
both bottom-up stimulus-driven biases and by top-down control. It then highlights the
development of models of attention with particular reference to Shiffren and
Schneider's (1977) distinction between controlled and automatic processing, and
outlines the main components of Norman and Shallice’s (1986) hierarchical model of
supervisory attentional control. This is followed by a description of how interference
and the demands of concurrent task performance are treated by traditional limited-
capacity models of attention, and by models based on multiple resource theory. The
next section describes the interruptive quality of pain, its specific (hard-wired) capacity
to capture attention, and factors that may moderate the interruption of ongoing activity.
This is followed by a brief section on biases in the processing of emotion-arousing
information and preliminary findings regarding the efficacy of distraction tasks with an

emotional theme.

Section 3.6 ® deals with the neurophysiology of attention. This section reviews the
different dimensions of attentional processing and their anatomical correlates,
including arousal and targeted readiness which are also important aspects in pain
processing, and novelty which is important for attentional capture and effective

distraction strategies.
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Particular attention is given to the mechanisms involved in the control of attention and
findings supporting the existence of anterior and posterior attentional systems. This
section provides a summary of the background knowledge that has led to the
development of the neuropsychophysiological model of hypnosis described in section
5.7.3.2

Chapter 4 briefly introduces the topic of consciousness and relates conscious and
unconscious processes with respectively controlled and automatic attention. It does so
with particular reference to Bernard Baars’ Global Workspace theory of consciousness
and briefly describes how this conceptualisation can be used to explain such
phenomena as hypnosis, absorption, dissociation and involuntariness. Many actions
and processes are either well established (learned and familiarised) or may be
programmed (hard-wired) as is the case with pain so that they, once activated, can be
executed on an automatic and subconscious level. As will be covered in section 5.6,

some researchers and theorists argued that hypnosis is one of these processes.

Chaper 5 “Hypnosis” starts with a description of the nature and characteristics of
hypnotic phenomena, and the factors that may contribute to the experience of
hypnosis. The next three sections deal more in-depth with the three main factors:

hypnotic susceptibility, absorption, and dissociation respectively.

Section 5.6 compares and critically evaluates the main models of hypnosis: the
dissociated experience and dissociated control models and the social-psychological
model of hypnosis, and the predictions they make regarding the involvement of
attention. The next part highlights some more recent findings that indicate that the
opposing views of social psychological and special process (i.e. dissociation)
explanations both appear to apply, but at different ends of the continuum of hypnotic
responding.

Section 5.2 ® covers the assessment and measurement of hypnotic susceptibility.
Experimental studies of hypnosis phenomena commonly use scores on standard
hypnotic susceptibility scales as the criterion for allocating subjects to experimental
conditions on the basis of their hypnotic ability. This section explores the argument as

to how well such measures capture the important components of hypnotic responding.
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This is relevant because there is increasing support for the notion that (1) individual
differences in hypnotic responding reflect differences in kind (i.e., underlying
mechanisms) rather than in dimension (i.e., position along the continuum of a single
trait), and (2) there exist subsamples of highly hypnotisables exhibiting distinct
patterns of responding and brain activity that are not differentiated by the standard
hypnotic susceptibility tests which treat highly hypnotisables as a homogeneous

group.

Section 5.5® “Unconscious influences in hypnosis” indicates how human behaviour in

general, and hypnotic responding in particular, can be influenced by information that is
perceived and processed outside of normal conscious awareness. It highlights how
the social psychological explanation of hypnosis emphasises the importance of Type I
unconscious influences such as demand characteristics, expectancies, and social
compliance; but, unlike the dissociation model of hypnosis, denies the influence of
Type II unconscious influences involving genuine alterations in the way information is
processed such as the down-regulation of nonessential functions and a shift towards
increased primary process thinking. This section also reviews experimental research
into the relative efficacy of direct and indirect hypnotic suggestions, and highlights how
a type of control experiment called the real-simulator design can be used to assess

the influence of demand characteristics.

Section 5.7 ® It is the area of neurophysiological research that provides important new
insights in the, otherwise largely stagnated, debate about the mechanisms underlying
hypnotic responding in general and hypnotic analgesia in particular. This section
reviews neurophysiological evidence for fundamental changes in brain activity that:
(1) can distinguish the hypnotic from the nonhypnotic state, and (2) can distinguish
between individuals with low and high hypnotic susceptibility in each of these states. It
concludes with a summary of a neuropsychophysiological model of hypnosis that is

based on the result of these studies.

Chapter 6 “The current study” starts with a description of the two studies by Miller and
Bowers (1986; 1993) that form the basis for the current experiment.
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This is followed by a description of the main aim of the current study and the ways in
which the methodology was changed in an effort to increase the sensitivity of the
design and allow for greater specificity when analysing the effects of the experimental

manipulation. The last section outlines the specific hypotheses of the current study.

Chapters 7 and 8 make up the method section for respectively the hypnotic

susceptibility screening stage and the experimental part of the study.

Chapters 9, 10, and 11 comprise the results section. Chapter 9 covers the results of
analysis of tracking performance data relating to the main research question. Chapter
10 lists the results of the assessment of pain intensity and pain unpleasantness
ratings as well as data on subjects’ level of absorption, strategy use, and hypnotic
depth. Chapter 11 briefly summarises the results of hypnotic susceptibility
measurements during the screening part of the study. The data in Chapters 10 and
11 does not directly relate to the main research question, but does provide additional
information used in interpreting the results and supports the arguments made and

conclusions reached in the discussion section.

Chapter 12 starts with a discussion of results relating to the main research question
(hypotheses 1 and 2) and evaluates possible reasons for the absence of hypothesised
differences in interference effects. The effectiveness of the tracking task is examined
with reference to the characteristics of attentional capture of visual motion, and
recommendations are made for future research and improvements to the current
design. This is followed by a discussion of the analyses of pain ratings (hypotheses 3
and 4). Finally, recent research of attentional processing during hypnosis is evaluated
with particular emphasis on neuroimaging studies providing direct measures of
localised cortical activation during hypnosis and performance of attention-demanding
tasks.



ABSTRACT

There is substantial evidence that hypnotic analgesia can be effective in reducing
pain and distress in both experimental and clinical settings in at least a sizeable
portion of the population. However, the mechanism whereby hypnosis achieves this
are not well-understood and various explanations have been proposed. These offer
fundamentally different predictions about the attentional involvement of hypnotic
analgesia, which are highly relevant to pain research as the disruption of ongoing
activity is one of the more debilitating aspects of pain. While cognitive-behavioural
coping strategies may attenuate pain of short duration, their effortful deployment
further interferes with ongoing activity, and there are strong indications that their
effectiveness rather rapidly decreases as pain perseveres. If, as dissociated-control
theory proposes, hypnotic analgesia does not require attentional effort for its
execution, it would provide significant advantages for individuals who can effectively
achieve it (i.e., those who are highly susceptible to hypnotic suggestions). This
hypothesis was further tested in an experimental study using a dual-task scenario
and repeated-measures design. One hundred and ninety student volunteers were
first screened for hypnotic susceptibility using the Hardvard Group Scale of Hypnotic
Susceptibility: Form A, and seventy-eight also completed a more demanding follow-
up assessment using the Waterloo-Stanford Group C scale. This resulted in fifty
individuals who qualified for participation in the experimental part of the study by
scoring as either high or low hypnotisable on both these measures. Of these, 12 lows
and 14 highs went on to take part in an experimental study that had high and low
hypnotisables performed a cognitively demanding tracking task while using either
hypnotic analgesia or cognitive-behavioural strategies to cope with iontophoretically
administered pain. Interruption of tracking performance during each coping method
was used as a measure of central attentional resources needed to execute that
coping strategy. Results did not find evidence for the hypothesised absence of
interference effects among high hypnotisables using hypnotic analgesia. Possible
reasons are examined and exploration of data indicates that the tracking task was
not difficult enough to require significant and continuous attention, and lacked

sensitivity to distinguish interference effects between treatment conditions.



Findings do not allow a conciusion of support for either explanation of the
mechanisms underlying effective hiypnotic analgesia. Highly hypnotisable subjects
using hypnotic analgesia did achieve significantly greater reductions in both the
intensity and unpleasantness of the pain than iow hypnotisables using hypnotic
analgesia or high and low hypnotisables using cognitive-behavicural coping
strategies. Charactenistics of the attentionai capture of visual motion are discussed
and suggestions made for future research and improvementis to the design of the
current study. Considerable atiention is given to findings of a large body of
neurophysiclogicai studies of brain activity and a proposed neuropsychophysiological
meodel of hypnosis. When combined, results of these studies indicate that the
mechanisms of attentional control involved n the process of hypnosis are
fundamentaily different from those involved in the use of standard cognitive-
behavioural strategies, but that both processes do require central attentional effort

and resources.



INTRODUCTION

CHAPTER ONE

PAIN MECHANISMS AND MANAGEMENT

1.1. Development of Pain Theories and Treatments

Our understanding of pain and the mechanisms that influence the experience of pain
has increased enormously, specially during the second half of this century. Till then,
pain was seen o result from a straight-through sensory projection system (Melzack,
1993, Melzack & Wall, 1965). Specificily theory proposed that pain perception
resulted from activation of recepiors that only responded to intense noxious
stimulation and transmitted impulses i1 a direct iine {0 an exciusive pain centre in the
brain. The amount of pain experienced was seen to be directly proportional to the
amount of neoxious stimulation or tissue damage. Pain was sclely a function of
sensory input and varied according to the quality and intensity of the sensory

stimulus.

Accordingly, the majority of clinicians adhered largely to a medical model that treated
pain as a disease. As a result, pain treatment approaches consisted mainly of
attempts to remove the pain stimulus, either pharmaceutically {e.g., by administering
analgesics, narcohlics, or nerve blocks) or through reparative or destructive surgical
procedures. Yet, such medical and surgical interventions proved to be effective in no
more than 50% of chronic pain patients (Weisenberg, 1977). Psychological factors
were dismissed as merely reactions to pain, and comorbidities were generally
ignored (Long, 1994) Patients who reported pain for which there was no apparent
organic cause were frequently told it was ali in their head, and were dismissed as
“frauds” or send to psychiatrists (Merskey & Chandarana, 19292) Observant
clinicians, however, noticed that this conceptualisation of pain did not account for

some phenomena they frequently observed in practice.



Surgical lesions made at almost every level of the central and peripheral nervous
system had proven unsuccessful in abolishing the severe pain that frequently follows
frauma or lesions to peripheral or centrai nerve fibres (e.g., neuralgia, phantom limb
pain, causaigia, Melzack & Wall, 1965). These faciors argued strongly against a strict
direct-line, stimulus-response model of pain perception. A new theory was needed
that could account for, among others, such phenomena as: individual differences in
pain responding; pain that occurred or persisted long after the stimuius was removed
or the injury had healed; pain referred to unrelated areas where no pathology existed;
and the observation that low-threshald non-nociceptive stimuli, such as light touch,

did at times trigger severe pain.

Several versions of pattern theory emerged out of this quest. All included some form
of central summation of stimuli, which was propcsed {o take place in the dorsal horns
of the spinal cord. Levingstone (1843) suggested that continued stimulation set up
reverberating circuits in the dorsal horns. Activity evoked in such structures could
then be triggered by normaliy non-nociceptive stimull and generate the abnormal
firing patterns that are interpreted centrally as pain. Noordenbos (1953) proposed
that large-diameter fibres inhibit smali-diameter fibres and that the substaniia
gelatinosa in the superficial dorsal horm plays an important role in this central
summation and input control. These theories were still rather vague and none
included an explicit role for the brain other than as a passive receiver of messages.
Nevertheless, they moved the theoretical conception of pain in the right direction and
introduced the idea that nociceptive transmission can be modulated and is influence

by both nociceptive (slow) and non-nociceptive (fast) fibre systems.

1.2. Advances in the Understanding of Nociceptive Transmission

It is useful at this stage to distinguish between nociception and pain, as the two are
not synonymous. Nociception refers to neural activity in the pain-mediating nervous
system that is evoked by activation of nociceptors. Nociceptors are free nerve
endings that are preferentially sensitive to stimull that are damaging (noxious) to
normal tissues or to stimuli that would become noxious if prolonged (International
Association for the Study of Pain, 1986, p. S220).




Pain is a subjective experience based on cognitive mechanisms that are influenced
by the level of arousal in this nociceptive system (Bromm, 1995). Pain, like other
sensations, can be modulated by a wide range of behavioural experiences. Not all
nociception is experienced as pain, and nociception itself is neither a necessary nor a
sufficient condition for the conscious experience of pain. It is not until the brain
interprets the noxious stimulation, and provides it with an affective evaluation, that

nociception becomes pain.

The two main types of nociceptors in humans and other mammals are:
(1) mechanical and thermal nociceptors, which are activated by high intensity
mechanical stimuli (e.g., pinprick or cut) or noxious heat or cold (> 45°C or < 5°C);
and (2) polymodal nociceptors, which react to chemical events activated by tissue
damage resulting from high-intensity mechanical, thermal, or chemical means
(Bowsher, 1989). Nerve fibres can be classified from A to D according to the speed
at which they conduct nerve impulses (Tyrer, 1992). Nociceptors transmit impulses
along small-diameter axons. In the case of mechanical and thermal nociceptors,
these are thinly myelinated, relatively fast-conducting A¢ fibres; whereas for the
polymodal nociceptors they are unmyelinated, slow-conducting C fibres.
Mechanoreceptors form another type of receptors. These are activated by low-
threshold non-nociceptive stimuli (e.g., touch or light pressure) and transmit stimuli
along large-diameter, myelinated, fast-conducting Aa and Agfibres. Thus, the small-
diameter nociceptive (As and C) fibres convey high-threshold pain and thermal
sensations whereas the large-diameter non-nociceptive (Aa and Ap) fibres convey
low-threshold mechanical sensations. Together they are referred to as primary
afferents. There is a fourth category of nociceptors called silent receptors who are
not normally activated by noxious stimulation, but whose firing threshold can be

dramatically reduced by inflammation or various chemical insults.

The dorsal (posterior) horn of the spinal cord (see Figure 1) can be divided into
several layers, called the laminae of Rexed, based on structural differences and their
function in the transmission and modulation of afferent information. These laminae
are interconnected and exhibit a high degree of interaction. For an in-depth
description of nociceptive transmission and dorsal-horn organisation see, for
example, Brown (1981), Willis (1985) or Willis and Coggeshal (1978).
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Both naciceptive and non-nociceptive primary afferents enter the spinal cord via de
ventrolateral division of the dorsal (posterior) hom. Within the spinal cord they
ascend for one or two segments and then terminate on to neurons in several laminae
in the dorsal horn. From here they projection to second-order projection neurons also
referred to as fransmission or tract (7) cells which relay the incoming sensory
information along five major pathways or tracts to higher centres in the brain.

The lateral spinothalamic tract is concerned with the transmission of well-localised
discriminative pain and temperature sensations. The anterior spinothalamic tract
mainly carries light touch stimuli. Recent evidence suggests that some of its fibres
ascend ipsilateralty all the way to the midbrain, whera they crass in the posterior
commissure and project primarily on intralaminar neurons in the thalamus, with some
fibres reaching the periagueductal gray matter of the midbrain. This fract is
suggested to convey aversive and motivational nondiscriminative pain sensations,
atthough some guestion its existence as a separate entity {Afifi & Bergman, 1998).
The spinoreticular and spinomesencephalic tracts are also important in pain
transmission. The latter, consisting of axons of neurons in laminae 1 and V, is thought
to contribute to the affective component of pain (Basbaum & Jessell, 2000). The
spinothalamic fract ascends throughout the spinal cord and brainstem to project on
neurons N the ventral posterior lateral (VPL) nucleus of the thalamus. Axons of the

VPL neurons further project to the somafosensory corex.

Various neurofransmitters and neuromodulators are involved in the transmission and
modulation of nociceptive stimulation. The majority of primary sensory neurons in the
dorsal horn release glutamate, an amino acid that functions as a rapidly acting
excitatory neurotransmitter. In addition, many dorsal-horn neurons reacting to small-
diameter (AS and C) fibres also release neuropeptide neurotransmitters, notably
substance P (SP), somastatin (SOM), and vasoactive intestinal peptide (VIP), which
are believed to mediate slow synaptic transmission (Afifi & Bergman, 1998).
Substance P and glutamate are released from the intraspinal terminals of nociceptors
following noxious stimulation and have an excitatory action on dorsal-horn neurons
and facilitate pain transmission (Dickenson, 1896a). Excitatory neuropeptides such

as SP enhance and prolong the actions of glutamate.



Nociceptive activity can be inhibited by descending pathways containing serotonergic
fibres from the nucleus raphe magnus and nucleus gigantocellularis of the medulla
oblongata, noradrenergic fibres from the nucleus locus coerulus in the rostral pons
and caudal midbrain, and enkephalinergic fibres from the periaqueductal gray matter
in the midbrain (Afifi and Bergman, 1998). They transport, among others,
endogenous opiate peptides that are released following activation of various brain
structures. The main families of endogenous opiates are endorphins, enkepkalins,
and dynorphins. They are potent inhibitors of pain receptors. Met-enkephalin and
SOM inhibit the release of SP from primary afferents thereby inhibiting activity in
dorsal horn neurons. A number of other neuropeptides are also involved in the
modulation of pain transmission including neurokinins, galanin, and calcitonin gene-
related peptide (CGRP). While know to modulate pain mechanisms, the exact
functions of many of these neurotransmitters/modulators are still largely uncertain
(Dray, 1996). For a more thorough description of the function and distribution of

neurotransmittters and neuropeptides see, for example, Strand (1999).

Glutamate is likely to be the main neurotransmitter of the projection neurons
(Dickenson, 1996a). Some of the projection neurons are nociceptive specific (i.e.,
they are only excited by Aé or C fibres). Other projection neurons in the deeper
laminae (particularly lamina V), called wide-dynamic-range (WDR) or convergent
neurons, receive input from both high-threshold nociceptors that facilitate pain
perception and low-threshold mechanoreceptors that normally inhibit pain
transmission. Noxious stimulation of As and C fibres results in the high-frequency
discharge of WDR neurons associated with the perception of pain, whereas tactile
stimulation of Aa and Ap fibres normally results in only low-frequency activation
(Abram, 1990). The WDR neurons have receptors for both SP and glutamate and the
interplay of these receptors determines the excitatory component of spinal pain
transmission. One of the subtypes of glutamate receptors is the N-methyl-D-
aspartate (NMDA) receptor. Low-frequency stimulation of C fibres produces an acute
constant response of the WDR neurons. The NMDA receptor does not appear to
participate in this normal baseline response. However, repeated (i.e., high-frequency)
noxious stimulation sensitises the WDR neurons and lowers their threshold so that
they then also respond to low-threshold stimulation.



This results In a dramatic increase in both magnitude and duration of the neuronal
response, a phenomenon referred to as ‘wind-up’ (Diamond & Coram, 1997;
Dickenson, 1996a). The wind-up of WDR neurons is NMDA recepior dependent.
lon channels of NMDA receptors are normally closed by voltage-dependent
magnesium (Mg>") blocks, but the release of peptides and glutamate, combined with
a postsynaptic depolarisation, opens the positively charged 1on channels and allows
for an influx of calcium ions (Ca**). This sets off several intracellutar actions that lead
to a persistent increase in the excitability of the WDR neuron (see Carstens, 13996;
Dickenson, 1996b). Under these conditions, even gentie non-noxious stimulation of
normal skin {e.g., the rubbing of clothes against the skin), which produces only a low-
level afferent barrage, can result in the high-level spinal output that s experienced as
pain. This pain condition is known as allodynia, and is one example of the piasticity in
the behaviour of central nervous system (CNS) neurons. There are indications that
such NMDA events play a crucial role in the maintenance of prolonged pain, which is
frequently accompanied by hyperalgesia (i.e., increased sensitivity to noxious
stimulation) and allodynia (Dickenson, 1996a). There 1s clear evidence for the
effectiveness of NMDA antagonists in inflammatory pain, neuropathic pain, and
experimental models of allodynia (e.g., Yaksh, 1989). NMDA antagonists (anti-
hyperalgesics) differ from conventional analgesics in that they prevent or block the

hypersensitivity, but leave baseline responses unaffected.

1.3. The Gate-Control Theory of Pain

in the early 1960's, newophysiclogical studies started to provide evidence for
modulation of dorsal-horm neurons (Jessel & Kelly, 1991). Melzack and Wall (1965)
integrated the earlier work by Noordenbos and others with the new evidence for
neural modulation at the spinal level and developed it into a theory that could account
for many of the previously confusing ciinical observations. They called this the
gate-controf theory. Although a lot of detaif has been added to the initial formulation
of this theory, its original propositions remain largely intact today. However, rather
than seeing this as an empirically proven theory, it is more helpful to view it as a
conceptual model that provides a useful representation of the vastly complex and
only partially understood neural interactions that take place at the spinal level.




When entering the dorsal root, the fast conducting Ao fibres excite synapses of
dorsal-horn neurons in laminae 1 and 1V, while some also terminate on laminae 1, 111,
and V. The slow-conducting C fibres terminate on and excite neurons in particularly
laminae 11, buif some also project to laminae 1 and 1l The substantia gelatinosa
(lamina 1) is made up almost exclusively of inhibitory and excitatory interneurons.
The more inner laminae (particularly lamina V) are increasingly excitable by non-
noxious, low-threshold, stimulation from A« and Af fibres. The majority of neurons in
laminae V are WDR neurons which receive low-threshold input from large-diameter
Ap fibres as well as, both direct and indirect, input from the smail-diameter
nociceptive afferents {As and C fibres). Some of the Ags fibres provide direct input to
projection neurons in the marginal layer (lamina 1) which also receive indirect input

from C fibres via statk-cell interneurons in lamina 11.

There exists a cascading interaction (inhibition and excitation) between neurons in
these progressively deeper layers within the dorsal horn which, with the exception of
lamina I, all send fibres to the brain (Diamond & Coniam, 1997) Lamina V contains
primarily second-order projection neurons that send information up the spinal cord to
the brainstem and thalamus for further processing. What will be transmitted upwards
depends on the summation of informatioin received from the more dorsal laminae,
direct input from periheral stimulation, and central imhubition descending from higher
up in the nervous system. The combined interaction of all these factors determines
the integrated firing pattern of the projection neurons. When this exceeds a critical
preset level, it triggers a sequence of responses in what Melzack and Wall (1965)
referred to as the Action System. This invoives many areas of the brain including
specialised systems that are involved in the sensory-discriminative, affective-
motivational, and cognitive-evaluative dimensions of pain. k also directs motor
pathways that facilitate motor responses including somatic and autonomic activity.
The entire system operates through complex feedforward and feedback mechanisms
(see Figure 3, p. 13). Furthermore, nociceptive signals can aiso be modulated at
successive synapfic relays along the central spinal pathway up the dorsal columns.
The entire nervous system exhibits a high level of integrity, particularly with regard to

pain sensation.
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The gate-controf theory of pain transmisston proposes a control system, located (n
the substantia gelatinosa (lamina Ii) of the superficiat dorsal horns, that modulates
the flow of nerve impulses from peripheral fibres to higher centres in the CNS. This
gate-controt mechanism is sensilive to the level of activity in both nociceptive and
non-nociceptive fibres, and is moduiated by the interaction of excitatory and inhibitory

interneurcns plus inhibitory controt pathways that descent from higher centers.

The following is a brief description of the updated version of the gate-controi
mechanism. Both small- and large-diameter fibres project into the substantia
gelatinosa {SG) which is suggested to be the modular center for pain. The small-
diameter, nociceptive Ad and C fibres directly (postsynapfically) inhibit SG neurons,
whereas the large-diameter Aa and Ap fibres directly faciiitate (excite) these SG
neurons. The large-diameter, non-nociceptive fibres and smalt-diameter, nociceptive
Ad fibres also provide postsynaptic excitatory nput to the T cells (see Figures 1
and 2).

Neurai connections in the substantia gelatinosa can modulate the transmission of
primary sensory afferents unto the second-order projection celis by regulating

{closing) the gate in two basic ways.

Normatly there is always some ongoing stimulation carried by tonic, slowly adapting
fibres which keeps the gate open. The discharge of these large-diameters fibres
initially wilt fire the T celts through the direct route and then partially close the gate
through their activation of SG neurons which provide presynaptic inhibition of T celis.
Substance P, the probable neurotransmitter of the C fibres (Bowsher, 1889, Tyrer,
1992), is found abundantly in dorsal-root ganglion neurons of C fibres and in the
areas of the dorsal horn where they terminate. It facilitates fransmission in second-
order projection neurons (T cells), opens the gate, and increases the perception of
pain. Nociceptive AS fibres directly activate projection neurons, and C and Aé fibres
also inhibit activity of the SG cells. In the case of the latter, this occurs both directly
and by some segmental collaterals that activate enkephalin-releasing inferneurons
{1y, see Figure 3).
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Figure 1. Superficial layers of the dorsal horn receiving postsynaptic facilitation from tactile fibres
and inhibition from nociceptive fibres. Deeper layers receiving postsynaptic facilitation from both
noxious Ad and non-noxious fibres. Substantia gelatinosa neurons presynaptically inhibit projection
neurons. Descending control and some A/ collaterals activate inhibitory interneurons. Output of
projection neurons crosses to the other side of the cord and ascends up the spinal column.

However, collaterals of the large-diameter, non-nociceptive Af fibres, whose main
axons ascend the dorsal columns, can activate GABA-energic interneurons that
presynaptically inhibit the central terminals of nociceptive C fibres, thereby reducing

their capacity to secrete the SP that would normally inhibit the SG cells.

Thus, one way of closing the gate is through non-nociceptive (low-threshold high-
frequency) input from large-diameter tactile fibres. Therefore, rubbing the skin or
applying gentle heat to the area around a painful spot can alleviate the pain. This
process is used therapeutically by techniques such as massage, transcutaneous

electrical nerve stimulation (TENS), or vibratory stimulation (Wall & Sweet, 1967
Woolf, 1989).
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Figure 2. Simplified schematic representation of the gate-control theory of pain transmission.

A second and much more powerful way involves closing the gate from the inside
through descending inhibitory control. Prior to reaching the SG, the main axons of
some of the very fast conducting A fibres branch off and travel up the dorsal
columns and connect with certain structures in the medulla, pons, and periaqueductal
grey matter of the brainstem (see Figure 3). Neurons in these brainstem structures
have ascending projections to the thalamus, which modulates pain responding (Lenz,
1992). When activated either directly or by low-threshold high-frequency peripheral
stimulation, they release endogenous opioids that activate descending inhibitory
pathways (see Dickenson, 1994). Descending inhibition can reduce or prevent
nociceptive signals from being transmitted upwards to conscious levels of the brain
(see Basbaum & Fields, 1984; Fields & Basbaum, 1978, 1989; Willis, 1985, 1995).
This feed-forward loop enables these central control centres to activate descending
inhibitory control (feedback loop) before activity in the projection neurons has

triggered the action system (Bullingham, 1985, Melzack & Wall, 1965).
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Figure 3. Major ascending and descending pathways in the central nervous system
related to nociception.

The superficial dorsal horn contains a high density of enkephalin- and dynorphin-
containing inhibitory interneurons. Enkephalins have similar properties to morphine,
they modulate the effect of SP and consequently tend to close the gate and reduce
pain (Tyrer, 1992). Descending neurotransmitters and some collaterals from Adfibres
excite these inhibitory interneurons, whose enkephalin-releasing terminals inhibit
activity of the C fibres (see Figure 1). This occurs both presynaptically, by decreasing
their ability to release SP, and postsynaptically, by hyperpolarising the membrane of
the dorsal-horn neurons and increasing membrane permeability thereby reducing the
size of the excitatory postsynaptic potential (see Netter, 1983, p. 160). Descending
axons of serotonergic, noradrenergic, and enkephalinergic fibres also exert direct
inhibitory control through contacts with the dendrites of projection neurons.
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There is another way that descending control can reduce the activity of the WDR
projection neurons, namely through noxious stimulation elsewhere in the body at
sites that are distant from the excitatory receptive fields of these WDR neurons.
This is referred to as diffuse noxious inhibitory control (DNIC). It operates through a
control loop that is independent from the descending inhibitory control that originates
from structures in the midbrain and medulla that are part of the endogenous pain-
inhibition system mentioned above (LeBars, Bouhassira, & Villaneuva, 1995).
The DNIC loop involves the subnucleus reticulus dolaris, which contains neurons that
are exclusively responsive to nociceptive stimuli and have “whole-body” receptive
fields. These send descending projections that are relayed through the dorso-lateral

funiculus and terminate in the dorsal horn at all levels of the spinal cord.

1.4. Current Understanding of Pain®

1.4.1. Lateral and medial pain systems - phasic and tonic pain

The two types of nociceptive afferents (Ad and C) are not only activated by distinct
types of stimuli, but transmit impulses along separate pathways and facilitate
distinct types of pain responses. These are referred to as phasic or first pain and
tonic or second (slow) pain.

Phasic or first pain is activated by stimulation of mechanical or thermal nociceptors.
These are located in the skin, subcutaneous tissues, and around muscles and joints
and respond to pinprick or phasic heat stimuli (> 45°C or < 5°C). They transmit
impulses along AJ fibres that have a conduct velocity of approx. 5-25 m/s
(Adriaensen, Gybels, Handwerker, & van Hees, 1983; Holmes, 1990). Phasic pain,
which occurs immediately following an injury, has a mean latency of 240 msec
(Bromm, 1995). It is brief, has a sharp stinging or pricking quality, and can rapidly
rise and fall in intensity. It causes phasic withdrawal reflexes designed to quickly

withdraw from the emergency and avoid further damage.
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Melzack (1990) suggest that the lateral pain-signalling system is most active during
such phasic pain. The tracts of the lateral system travel upward along both sides of
the brainstem’s central core and project onto the sensory cortex. Thus, activation
of the lateral system can give rise to rapid, sudden, sharp pain in clearly identified
sites. Phasic or first pain provides information about the sensory qualities of the pain

including the location, duration, and intensity of the noxious stimulus (Price, 1976).

Following injury, the body’s own opioids activate the descending control system,
which quickly dampens activity in the lateral system. This rapid inhibition is
necessary from an evolutionary and biological standpoint. In situations where other
demands are particularly urgent and dominant (e.g., life threatening), powerful stress-
induced analgesia is activated (Bolles & Fanselow, 1980). This enables an animal to
defend itself or escape from danger, rather than become overwhelmed by fear or the
pain of the injury and, therefore, an easy prey. In humans it manifests itself, for
example, in the fact that people often report little or no pain immediately following a
serious injury, or can rescue somebody else while being apparently oblivious of their
own injuries. Only in such exceptional circumstances of extreme environmental
stress can severe pain be relegated and momentarily lose its attention demanding

character. As the imminent danger diminishes, pain will again demand attention.

Tonic pain is activated by tissue damage relayed by polymodal nociceptors that are
distributed in tissues throughout the body with the exception of the CNS. Stimuli
are transmitted along small-diameter, unmyelinated, C fibres that have a slower
conduction velocity of about 0.5-2 m/s (Adriaensen et al., 1983; Holmes, 1990).
Tonic or second pain, therefore, has a mean latency of approx. 1.200 msec (Bromm,
1995). It has a burning or throbbing quality, and causes tonic muscle contractions
that strongly motivate us to recuperate and refrain from activities that could further

aggravate the injury. They promote natural healing and limit the spread of infection.

The medial pain signalling system is thought to be largely responsible for tonic pain
that can linger long after the initial injury has occurred, and is seen to control the
affective-motivational component of pain (Melzack, 1990). Its tracts ascend through
the central core of the brainstem and send impulses to structures in the limbic system

which influences emotions.
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Because of its slow conduction velocity, the medial pain signalling system is not well-
suited for immediate responses. Rather, activation of the medial system results in the
emotional responses that influence actions taken following the initial threat. Tonic or
second pain can in many cases be compietely or significantly suppressed by
psychological factors or peripheral skin stimulation (Price, 1376).

in summary: The lateral pain system is proposed to include the primary (S;) and
secondary {S;) somatosensory cortex, and be involved in the processing of sensory-
discriminative aspects of pain. The medial pain sysiem is proposed to include timbic
structures such as the anterior cingulate cortex and the mid and anterior insula, and
be invoived in the processing of the affective-motivational aspect of pain.

1.4.2. The affective~emotional component of pain experience

So far, | have mainly dealt with nociception; however, this by itself is neither
necessary nor sufficient for the experience of pan. The neural activity is enly the
initiator that opens the door to the conscious experience of pain. Emotional distress
is a fundamental part of the pain experience. It can be a cause of pain,
a consequence of pain, and a state concusrent with pain (Craig, 1993). The
International Association for the Study of Pain (IASP) clearly acknowledged the
importance of affective distress in pain by defining pain as: "an unpleasant sensory
and emotional experience associated with actual or potential tissue damage, or
described in terms of such damage” {IASP, 1986, p. $217).

The sensory perception of pain (nociception) would not be experienced as pain
without the evaluation of emotional distress. It is not so much the sensory intensity of
pain, but rather its negative emotional quality and disruption of normal ongoing
activity that tead to suffering. Although it is useful to distinguish between nociception
ang pain (Fields, 1987), this should not lead to duatistic thinking as the two are highly
interrelated and are not amenable to a tidy separation (Fernandez & Turk, 1992).
The sensory experience may give rise to the emotional distress of pain, but
emotional distress can amplify the sensory experience. Emotions are seen as

adaptive and motivating organisers of experience and behaviour {Chapman, 1996).
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Emotions compel action and expression, and have an important role in memory and
learning processes. What is stored in long-term memory depends heavily on its
emotional value. Memories of emotional events have a powerful influence on current
and future behaviour and expectations. Associated cues can bring them back to
immediate and heightened attention. Emotional events are also highly effective

reinforcers (positive or negative) that influence operant learning (Fordyce, 1990).

The emotional reaction to pain is related to the perceived threat of the situation.
Perceived threat to our biological integrity results in heightened arousal and a
generalised stress response that prepares us for immediate and effective actions
needed to safeguard our wellbeing (e.g., the fight or flight response, withdrawing
from injurious behaviour, and/or efforts to seek help). Fear conditioning supports
survival by fostering avoidance of potentially dangerous situations. However, the fear
accompanying pain can become associated with non-noxious stimuli through
classical conditioning and lead to avoidance of activities that are not painful in
themselves, but have become associated with pain. Furthermore, environmental
stimuli, including the behaviour of others, can become reinforcers or punishers that
either directly or indirectly reward pain behaviour (e.g., attention from others,
possibility of financial compensation) or punish it (e.g., loss of mobility and possibly
loss of job and/or status). These influences can become powerful shapers of coping
behaviour that either enhance recuperation or lead to maladaptive coping styles and

produce chronicity of the pain condition.

Emotional experiences are not simply universal (i.e., inherent and immutable), but
are to an important extent determined by societal and cultural influences (Mesquita
and Frijda (1992). There is reasonable evidence to suggest that the experience of
pain is at least partially a social construction (Craig, 1986). The complex interactions
of emotions, previous pain experiences, cultural and societal influences, and
subjective expectations and interpretations influence whether and how a particular
person experiences pain (see e.g., Craig, 1995; Crawford Clark & Bennett Clark,
1980; Levine & De Simone, 1991; Otto & Dougher, 1985; Zatzick & Dinsdale, 1990).
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There is both clinical and experimental evidence for the interaction of emotions and
pain. Romano and Turner (1985), for exampte, observed a bidirectional relationship
between pain and depression. Depression can provoke pain by increasing pain
sensitivity and reducing pain tolerance, and pain can serve as a stressor that evokes
subsequent depression. Zelman, Howland, Nichols, and Cleeland (1991) found that
tolerance to cold-pressor pain was reduced by viewing depressive statements and

enhanced by viewing reduced elation statements.

Thus the affective-emotionat response to imjury or tissue ftrauma is a compiex
interaction of the perceived threat of the situation; the level of physical arousal and
resufting stress response; and the combination of learned behaviours, memories of

previous experiences, expectations, and social influences.

The discrimination between sensory and affective pain processing first arises at the
dorsal horn of the spinal cord. From here sensory information is transmitted along
the spinothalamic tracts, while information destined for affective processing ascends
the spinai cord along the spinoreticular tract (Chapman, 1995). The afferent
pathways of the spinoreticular tract arrive at different levels of the brain stem from
where they project along four major pathways to various areas in the neocortex.
These reticulocortical pathways use various neurotransmitters, all of which play a
role in the complex experience of emotion during pain. The noradrenergic pathway,
consisting of a dorsal and a ventral noradrenergic bundie, is most closely linked to

negative emotional states {Gray, 1987).

The dorsal noradrenergic bundle (DNB) is the ascending projection from the locus
coeruleus (LC). The DNB has widespread projections throughout the limbic system
and neocartex. Through these; the LC, which accounts for about 70% of all
noradrenaline in the brain, may exert an almost global influence on brain activity (see
Chapman, 1995). The LC reacts to stimuli that threaten or signai damage to the
biological integrity of the individual. These do not have to be nociceptive specific, but
nociception inevitably increases activity in LC neurons. Enhanced activity in the LC
and DNB results in negative emotional arousal and hypervigilance that can even
progress into panic.
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The DNB is the mechanism for vigilance and orientation to affectively relevant and
novel stimuli. It also regulates attentional processes and facilitates motor responses
(Foote & Morrison, 1987; Gray, 1987). This enables the individual to exercise global
vigilance for harmful or threatening stimuli and to respond quickly and effectively
when needed. Excitation of the LC is also evident in anaesthetised animals and does
not appear to require cognitively mediated attention (Chapman, 1996). The emotional
experience of pain is thus linked with the awareness of immediate biological threat

and shares central mechanisms with vigilance.

The ventral noradrenergic bundle (VNB) innervates the hypothalamus. The medullary
reticular formation projects through the ventral noradrenergic bundle (VNB) to the
hypothalamus (Bonica, 1990b). These projections supply up to 90% of all
the catecholaminergic innervation to the hypothalamus and provide the major
neurophysiological link between tissue trauma and the hypothalamic response
(Chapman, 1996). The hypothalamus plays an important role in the affective
response to pain. The medial and lateral hypothalamus receive input from
nociceptive projection neurons at all levels of the spinal cord (Burstein, Cliffer, &
Geisler, 1988).

The paraventricular nucleus (PVN) of the hypothalamus is an important coordinating
centre that links nociceptive input with autonomic arousal and hormone release in the
hypothalamus, pituitary and adrenal cortex also referred to as the HPA axis (see
Chapman, 1995). The PVN evokes autonomic arousal through neural as well as
hormonal pathways, and neural activation and hormone release in HPA structures is
regulated by Iintricate feedback mechanisms. The HPA axis takes executive
responsibility for coordinating behavioural readiness with physiological capability,
awareness, and cognitive function (Chapman, 1996). The PVN receives afferent
information from other nuclei in the hypothalamus, several nuclei in the reticular
system including the LC, and from the hippocampus and amygdala. The PVN
synthesises corticotrophin-releasing hormone (CRH), and in response to afferent
input that signals threat or injury (e.g., noxious stimulation) secrets CRH into the
portal circulation. This, in turn, stimulates the anterior pituitary, which leads to the
release of several neuropeptides including adrenocorticothrophic hormone (ACTH)
into the systemic circulation (see Chapman, 1996, p. 71; Strand, 1999, pp. 170-174).
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ACTH stimulates the adrenal medulla to release adrenaline and noradrenaline and
corticosteroids such as hydrocortisone and corticosterone. Corticosteroids inhibit the
inflammatory response and provide inhibitory feedback to regulatory processes that
can return immune system disturbances to normal, preventing excessive responses
to stress that could produce seff-injury, that is, autoimmune disease (Strand, 1998).
The widespread activation of excitatory and inhibitory processes produce a complex

adaptive stress response that involves both neural and endocrinologic changes.

Activation of structures in the HPA axis can alter the normal balance in endocrine
function to help ready the organism for the extracordinary behaviours that will
maximise its chances to cope with the threat at hand (Selye, 1978). Intricate
feedback mechanisms help to regulate hormone activity and re-establish normai
homeostasis again. If the spinoreticular activation s particularly strong, these
processes can lead to powerful stress-induced analgesia that minimises peripherai
sensitisation and atienuates nociceptive signaliing, thereby helping the organism to
cope with the threat without the distraction of severe pain. When the activation
persists after the immediate threat is gone and is not, or cannot be, controlled with
medication, the stress response will reduce, but some low to moderate level of stress
response action is likely to remain. When this persists for days, weeks, or longer, the
prolonged dysriwthmia of the HPA axis may become counterproductive and, in
particular, disrupt circadian rhythms. This is evident in the frequent reports of sleep
disturbances, fatigue, general lethargy, poor concentration, loss of appetite, and
diminished sexual interest by chronic pain patients, although some may undoubtedly
also result from side effects of medication taken. These consequences of HPA axis
dysrhythmia contribute to the development and maintenance of depression that is a
frequent comerbidity of chronic pain {Chapman, 1996).

In summary, tissue trauma results in: (1) activation of both spinothalamic and
spinoreticular pathways, (2) the concurrent generation of sensory and affective
pracesses that subserve adaptive functions, (3) activation of predominantly
noradrenergic structures in the limbic system {o produce the affective dimension of
pain, and (4) in a hypothaiamically mediated stress response that plays a role in pain
chronicity {Chapman, 1996).
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Thus, pain is not synonymous with nociception, and cognitive and affective factors
play a crucial role in the experience of pain. Accordingly, interventions for the
management of pain should target both emotional and sensory processes
(Chapman, 1995). Exactly how the nociceptive activity becomes conscious and
induces feelings of pain (the mind-body problem) remains still largely unresolved
(Crick & Koch, 1992). For further reading on the particular utility of hypnosis in

integrating mind and body aspects of pain and healing, see Rossi and Cheek (1988).

1.4.3. Plasticity in the CNS and the development of acute and chronic pain

1.4.3.1. Different pain states, changes in response patterns, and underlying
neurophysiological mechanisms

There are many different pain conditions or syndromes, each with their own specific
physiological and psychological characteristics (e.g., low back pain, neuralgia,
migraine, visceral pain, deafferentation pain, cancer pain, fibromyalgia etc).
An understanding of their underlying mechanisms, combined with psychosocial
information, is invaluable in determining the most effective pain-management

program for each pain patient or patient group.

There are different criteria along which the various pain conditions can be grouped
into broader categories, for example: (i) acute and chronic pain; (ii) nociceptive and
nocigenic pain; or (ii) Phase 1, Phase 2, and Phase 3 type pain, which combines the

previous two classifications.

Acute pain sensations are usually related to a specific and locally definable injury.
They evoke a generalised pain response that involves various characteristic
physiological and behavioural changes such as elevation of blood pressure,
peripheral vasoconstriction, inhibition of gastrointestinal activity, glycogen release by
the liver to increase blood sugar, and extreme anxiety or hostility. These are intended

to alert the organism to impending damage and prepare it for rapid response.
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Acute pain normally subsides gradually. It responds well to analgesics and usually
does not develop tolerance to them (Bullock, 1986, Swonger & Matejski, 1988).

Chronic pain is prolonged, defined by persistence, and often progresses in severity
as pathology increases. 1t is generaily less clearly localised and described (Swonger
& Matejski, 1988). It is now well-understood that chronic pain is not simply acute pain
that lingers on, but involves distinct characteristics, neural changes, and pain

behaviours that require different treatment approaches.

Nocigenic or nocicepfive pain results from direct activation of nociceptors due to
tissue damage caused by trauma, inflammation, or disease, while neurogenic or
neuropathic pain is due to lesions of nerves in the peripheral or central nervous
system and can occurs in the absence of nociceptor stimulation. Neurogenic pain
includes pain conditions such as deafferentation and central pain syndromes (e.g.,
reflex sympathetic dystrophy, phantom limb pain, postherpic neuralgia, thalamic pain)
and often has a burning or electric sensation (Basbaum & Jesseill, 2000).

Cervero and Laird (1998) have proposed a conceptual framework that can be used to
understand the changes in neurophysiclogical mechanisms that occur along the
transition from acute to chronic pain states. They have identified three major stages
or phases of pain, which they refer to as Phase 1, Phase 2, and Phase 3 pain. This
classification is based on the changes in the nature and time course of the originating
stimuli and the subsequent fundamentatl changes in resporise properties of various
components of the nociceptive system. The three pain phases range from
nociceptive pain in a stable, intact, and normally functioning nociceptive system to
more abnormal, neuropathic, pain states. Although each phase has its own distinct
underlying neurophysiological mechanisms, these are not mutually exclusive and

several mechanisms may coexist in the same individual.

Phase 1 pain: Phase 1 pain is of short duration and relates to the processing of brief
noxious stimuli (i.e., acute pain of nociceptive origin). [t is characterised by a close
relationship between the level of aclivity in peripheral nociceptors and the subjective
experience of pain. Experimental pain research has predominantly studied Phase 1

pain.
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The features of Phase 1 pain can best be explained by models based on specificity,
that is a direct transmission along neural circuits that specifically process simple
noxious events with possible modulation occurring at synaptic relays along the way.
Localised, brief, noxious stimulation does not result in the extrasynaptic spread of
neuropeptides (volume transmission) in dorsal-horn neurons that is evident following

inflammation or prolonged noxious stimulation (Sandkuhler, 1996).

Phase 2 pain: Phase 2 pain is persistent and relates to intense and prolonged
noxious stimulation resulting from tissue damage or inflammation (i.e., chronic pain of
nociceptive origin). Repeated, high-frequency stimulation not only greatly increases
afferent inflow, but also changes the sensitivity of nociceptive neurons both
peripherally and centrally. Phase 2 pain is characterised by this shift in stimulus-
response function that is triggered and maintained by repeated, high-frequency input
and results in increased excitability. Prolonged noxious stimulation and inflammation
also activate the release of various neuropeptides that modulate postsynaptic
transmission. Sandkuhler and colleagues have observed a synchronisation of
discharges in multireceptive neurons following inflammation that was not present
following acute, noxious stimulation. (Sandkuhler, 1996). Synchronisation of
converging neurons is a powerful mechanism whereby information transfer may be
strengthened. While, SP superfusion significantly enhanced background activity, by

itself it did not result in synchronisation of discharges in converging neurons.

Peripherally, there are two main changes in the response pattern of nociceptors that
contribute to Phase 2 pain. First, a lowering in threshold to the extent that stimulation
in the area of injury that would normally only be mildly painful results in an excessive
response and becomes much more painful (primary hyperalgesia; LaMotte, Shain,
Simone, & Tsai, 1991). Mildly painful stimulation to normal skin surrounding the
injured area may also become more painful (secondary hyperalgesia; Cervero,
Meyer, & Campbell, 1994; LaMotte et al., 1991; Torebjork, Lundberg, & LaMotte,
1992). This sensitasation of nociceptors after injury or inflammation results from the
release of a variety of chemicals including bradykinin, histamine, prostoglandins,
leukotrines, acetylcholine, serotonin and SP by the damaged cells and tissue in the
vicinity of the injury (see Basbaum & Jessell, 2000).
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Second, this increased responsivity is further enhanced by the appearance of
spontaneous activity. Together they result in a continuous barrage of nociceptive
afferent input that is likely to contribute {0 the development of spontaneous pain
{(Cervero & Laird, 1996). There is evidence that certain noxious stimuli can evoke not
only an acute excitation of nociceptors, but also cause prolonged sensitisation of

both “normal” and “silent” nociceptors {for a review see Cervero, 1994).

Central sensitisation also plays a role in the development of Phase 2 pain. Repeated,
high-frequency, peripheral stimulation also sensitises nociceptive neurcns in the
spinal cord s¢ that they become more easily excited. Activity in low-threshold
mechanoreceptors (e.g., by light touch) is now able to evoked not only tactile
sensations, but alsc the high-frequency ouiput that is associated with pain. This
condition is known as allodynia. While allodynia only occurs in responds to a stimulus
(i.e., patients with allodynia feel no constant pain), patients with hyperalgesia often
perceive pain spontaneously (Basbaum & Jessell, 2000).

This development of spontaneous pain, allodynia, and hyperalgesia is dependent on
ongoing afferent input from the site of injury and can be abolished by the injection of
a local anaesthetic into the site of peripheral nociceptive activity (Gracely, Lynch,
& Bennetit, 1992). The knowledge that certain pain states activate subsequent
hyperalgesia triggered the idea of using pre-emptive analgesia (i.e., analgesia
administered before a painful procedure) to reduce, for example, postoperative pain
{Wall, 1988). This is an interesting concept, particuiarly if it would also apply to
neuropathic pain. So far, outcome studies have revealed no significant advantage for
the pre-emptive use of non-steroidal anti-inflammatory drugs or local anaesthetics,
but some tentative positive results have been reported for the pre-emptive use of
opioids (for a review see McQuay, 1994). Mare research is needed using improved

designs and larger sample sizes that provide greater statistical power.

Phase 3 pain: Whereas nocigenic pain (i.e., Phase 1 and Phase 2 pain) results from
peripheral injury, Phase 3 pain, also calted neurogenic or neuropathic pain, results
from ioss of sensory input due to iesions of peripheral nerves or damage to the CNS
itsetf. A characteristic feature of Phase 3 pain states is the lack of correlation

between injury and pain.
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There are a number of Phase 3 pain states and their particular features and
underlying mechanisms depend not only on the location and nature of the nerve
damage, but also on genetic, developmental, emotional, and psychological
influences, as well as the influence of instrumental learning, conditioning, and the
development of pain memories. Therefore, even seemingly similar injuries might

result in greatly different expressions of pain and disability.

There are three main groups of mechanisms that account for the abnormal sensory
symptoms that typically accompany most Phase 3 pain states: (1) reactive changes
in response to nociceptive afferent input, (2) pathological changes in damaged
neurons, and (3) altered response patterns resulting from a functional reorganisation
in the CNS following the loss of normal afferent input. Reactive changes in response
to nociceptive input are a normal consequence of injury or inflammation.
This process also operates in neuropathic pain and is likely to account for the
allodynia and secondary hyperalgesia frequently seen in neuropathic pain patients.
The pathological changes in damaged neurons and the functional reorganisation in
the CNS, however, are largely unique to Phase 3 pain (see e.g., Devor, 1988).
Pathological activity in nociceptors and abnormal ongoing activity in damaged, large-
diameter, non-nociceptive afferents can results in the particularly prolonged and
intense, secondary, hyperalgesia-like and allodynia-like changes observed In

neuropathic pain patients following loss of afferent input (Willis, 1994).

We have already seen that the level of ascending spinal nociceptive transmission is
determined by the balance between excitatory and inhibitory systems. Differences in
this interaction help to explain why Phase 3 pain is often much harder to attenuate
than Phase 2 pain, and why, for example, NMDA receptor antagonists are much
more effective in the control of inflammation than in the control of neuropathic pain.
Tissue damage and inflammation cause activation of nociceptive afferents that excite
dorsal-horn neurons. In neuropathic pain this peripheral nociceptive input either is
reduced or absent (e.g., following complete transection of the spinal cord).
Remaining peripheral input and abnormal firing of damaged neurons may aggravate
the condition. Additional excitation can arise from descending excitatory tracts that
can be activated by stimulation of the motor cortex, stimulation in the reticular
activation system, or emotional responses (Willis, 1991).
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Preiiminary findings indicate that changes in descending excitation may be involved
in the expression of Phase 2 and Phase 3 pain (Cervero & Penderieith, 1985;
Cervero & Wolstencroft, 1984).

Even more important than the differences in excitatory input are the very significant
changes in inhibitory mput. Neuropathic damage result in the reduction of a number
of key inhibitory contrals, including: {i} loss of afferent input resulting in loss of large-
diameter non-nociceptive inhibition; (i) a reduction in the number of, particufarly
pre-synaptic, inhibitory opiocid receptors; (iii) a reduced ability of morphine to produce
analgesia at the spinal level;, and (iv) a reduction in the transmitter levels of GABA
and glycine, leading to malfunctioning of inhibitory interneurcons {Dickenson, 1996a).
in contrast, inflammation results in increased activity in inhibitory mechanisms once a
certain level of excitation is produced. This might represent physiological attempts to
counter the increased peripheral drive. Neurons with fow excitability become more
excitable, but, within one to three hours of inflammation, neurons with a high degree
of peptide or NMDA-receptor-mediated excitation (wind-up) become less active
(Stanfa, Sullivan, & Dickenson, 1992). Inflammation increases the ability of morphine
to inhibit nociception as it rapidly induces a novel peripheral site of opioid action and
enhances the spinal effect of morphine (Dickenson, 1994). Thus, whereas
neurcopathic damage resuits in reduced inhibition that helps to maintain a prolonged
and constant level of high excitation, inflammation results in a brief period of high
excitation followed by an increase in inhibition and a gradual decline in excitation.
The effectiveness of morphine anaigesia is enhanced after inflammation, yet reduced

in neuropathic states,

The magnitude of supraspinal descending inhibition over spinal nociceptive neurons
is directly related to the amount of afferent input they receive (Brinkhus &
Zimmermann, 1983; Cerverc & Plenderleith, 1985). Thus, loss of afferent input not
only causes changes at the spinal level, but also leads to reduced descending
inhibition from supraspinal mechanisms. This disinhibition may be an important factor
in the high spontaneous discharges and exaggerated afterdischarges in dorsai-horn
neurcns recorded in animals with peripheral or cenfral nerve damage (Brinkhus &
Zimmermann, 1983). It may also be responsible for the abnormally enhanced pain

perception (hyperpathia) in some patients with neuropathy (Cervero & Laird, 1996).
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1.4.3.2. Changes in neurotransmitter systems

The different pain phases not only involve different neurophysiological mechanisms,
but also changes in pharmacology as different transmitter systems become involved.
Opiates, for example, are extremely effective in inhibiting both Phase 1 and Phase 2
pain states. Although there is no obvious theoretical reason why they should not be
effective in treating Phase 3 pain, their usefulness in neuropathic pain is subject to
some debate (see e.g., Arnér & Meyerson, 1988; Portenoy, Foley, & Inturrisi, 1990).
The opioid inhibitory system appears to be less sensitive following deafferentation
than following inflammation (Lombard & Besson, 1989; Mao, Price, & Mayer, 1995;
Mayer, Mao, & Price, 1995). Neuropathic pain can be very severe and, for
extraneous opioids to be effective, their dosage may need to be so high that side
effects become intolerable. The extent of changes in the opiate system following

nerve damage may also depend on the time elapsed after injury.

Phase 2 pain resulting from tissue damage secondary to inflammation is activated by
the increased formation and release of prostaglandins due to the de novo synthesis
of the cyclo-oxygenase (COX-2) enzyme (Cervero & Laird, 1996). Cyclo-oxygenase
enzymes produce and release prostaglandins, which sensitise nociceptors and
stimulate the production of other substances that activate nociceptors such as
bradykinins, SP, histamines, and acetylcholine (Stimmel, 1997). This facilitative effect
is cumulative and may persist for relatively long periods. The COX-1 enzyme is
present in most tissues were it produces prostaglandins as part of normal healthy
tissue regulation. The COX-2 enzyme is absent from healthy tissues, but is rapidly
induced under conditions of inflammation, resulting in an accumulation of
prostaglandins at the injury site (Cervero & Laird, 1996). The effectiveness of non-
steroidal anti-inflammatory drugs (NSAIDs) results from their ability to inhibit the
activity of, in particular, the COX-2 enzyme. Although NSAIDs can inhibit Phase-1-

type pain, they are more effective in conditions of inflammation.

As noted earlier (p. 7), glutamate is a major transmitter in the spinal cord, and the
NMDA glutamate receptor subtype is suggested to have an important role in
mediating persistent pain and hyperalgesia (Dickenson, 1996a,b).
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NMDA receptors are thought to be responsibie for the hyperexcitability seen in
chronic pain states through their ability to increase the discharge frequency of dorsal-
horn neurons (Stimmel, 1997, Woolf, 1983). Severe and persistent injury results in
the repetitive firing of C fibres and a progressivly increasing response of dorsai horn
neurcns referred to as wind-up. This wind-up phencmenon is dependent on the
release of glutamate from C fibres and the consequent opening of postsynaptic ion
channels by the NMDA-type glutamate receptor These long-term changes in the
excitability of dorsal horn neurons constitute a memory of the C-fibre input that has

an important influence on chronic pain states.

NMDA receptor antagonist are not very effective in Phase 1 type pain, but can
reverse hyperaigesia evoked by local inflammation and some, but not alt, types of
abnormal pain behaviours. There is some indication that NMDA receptor antagonists
can reduce abnormal neurcgenic "wind-up” pain in humans (Kristensen, Svensson, &
Gordh, 1992). The development of new NMDA antagonists that are active at the
glycine modulatory site of NMDA receptors, thereby greatly reducing the potential for
adverse CNS side-effects present in currently available agents, couid provide an
alternative therapy for Phase 2 and Phase 3 type pain {Cervero & Laird, 1996).

Substance P is another intermediary that is important in the fransmission and
modulation of neural activity in the peripheral and central nervous system. 1t binds at
the NK1 tachykinin receptor, to which it has the highest chemical attraction of ail
endogencus molecules. Recently discovered selective NK1-receptor antagonists do
not affect responses of dorsal-horn neurons or spinal reflexes to brief noxious stimuli
(De Konick & Henry, 1991). This suggests that NK1 receptors are not invoived in the
transmission of Phase-1-type pain. They do, however, appear to play a role in the
processing of Phase 2 pain as they inhibit responses in dorsal-horn neurcns {o
prolonged or intense stimulation and enhanced responding evoked by inflammation
{De Konick & Henry, 1991). Furthermore, peripheral inflammation increases the
expression of both SP and NK1 receptors in the spinal cord (Cervero & Laird, 1996).
Preliminary evidence from animal studies indicates that NK1-receptor antagonists
may be effective in Phase 3 pain states (Yamamoto & Yaksh, 1992). These
compounds have oniy been developed quite recently and little published information
is available on their effects in experimenial or clinical pain in humans.
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Substance P has been found to differentially influence the discharge behaviour of the
various types of nerve endings (Mense, Hoheisel, & Reinert, 1996). In the peripheral
nerve endings of primary afferents, SP did increase background activity in
nociceptors and simultaneously decreased responsiveness in low-threshold
mechanoreceptors, but had little or no effect on the sensitivity of nociceptors.
Increased background activity has been associated with the occurrence of
spontaneous pain. The above pattern was reversed at the spinal level. Here, the
release of SP resulted in a heightened sensitivity and an increase in the receptive-
field size of dorsal-horn neurons, but had no influence on the level of background
activity. Thus, SP may contribute to spontaneous pain at the primary afferent level
without producing tenderness, while at the spinal level it may be involved in the
development of allodynia and hyperalgesia, but has no effect on spontaneous pain.
These findings indicate that spontaneous pain and increased sensitivity
(hyperalgesia and allodynia) are controlled by different mechanisms and can occur
independently. Activation of C fibres resulted in increased responsiveness of dorsal-
horn neurons that, before SP release, were only responsive to large-diameter Ap
fibre input. Mense et al. (1996) propose that a proportion of dorsal-horn neurons may
have afferent connections that normally are ineffective in driving the cell. The release
of SP from spinal terminals of nociceptive afferents may strengthen synaptic
connections in these otherwise silent neurons, thereby unmasking additional input

and changing dorsal horn connectivity.

1.4.3.3. Functional plasticity in the CNS

Although sprouting and the formation of new synapses may occur following nerve
injury, damaged neurons in adult mammals have little capacity for successful
regeneration (Bullitt, 1991) and, even if this occurs, regenerated receptors generally
exhibit significantly lower response thresholds and chemical responsiveness
(Zimmermann & Herdegen, 1996). However, parts of the CNS can exhibit
considerable plasticity in other forms, both at a functional level and a genetic level
(see e.g., Carli & Zimmermann, 1996).
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Deafferentation (i.e., ioss of sensory input) results in substantial synaptic alterations
in normal nociceptive function and a reduction in the immunoreactivity of dorsal-horn
neurons to a number of neurotransmitters or medulators (Bullitt, 1991). These include
the amino acid glutamate (fast transmitter) and various neuropeptides (slow
transmitters and/or modulators) such as SP, neurokinins, galanin, caicitonin gene-
related peptide (CGRP), vasoactive intestinal peptide (VIP), and somastatin (SOM).
Peripheral nerve section in primary afferents can initiate dramatic and long-lasting
changes in the expression of neurotransmitters/modulators and their receptors (see
e.qg., Dray, 1996, Wiesenfeld-Hallin & Xu, 1986). Glutamate has an important role in
the sensitisation and wind-up of WDR neurcns. The involvement of NMDA receptors
in mediating this activity-dependent hyperexcitability is substantially reduced
following peripheral nerve lesions. This is possibly a reflection of the reduced release
of glutamate by primary sensory neurons (Wiesenfeld-Hallin, & Xu, 1996). The
NMDA receptor appears to play a particularly important role in the development and
maintenance of neural plasticity Iin the spinal cord following tissue damage and
inflammation {Coderre, Katz, Vaccarino, & Melzack, 1893).

Indications are that protein kinase C may be involved in the reguiation of
postsynaptic NMDA and NK1 receptors and is a crucial mediator in the intraceliular
processes, including protein phosphorylation, that tead to enhanced excitability of
central neurons following noxious stimulation (Chen & Huang, 1992; Coderre et al.,
1993). Protein kinase C has been found to be particularly abundant in the substantia
gelatinosa of the dorsal horn (Mori, Kose, Tsujine, & Tanaka, 1989; Worley, Baraban,
& Snyder, 1996, both cited in Tolle, Berthele, Schadrack, & Zieglgénsberger, 1996).

Glutamate and the neuropeptides SP, CGRP, and galanin all coexist in dorsal root
ganglion cells (De Biasi, & Rustioni, 1988; Weihe, 1980). There are strong indications
that peptides that coexist in the same cells have a functional interaction that can be
substantially altered following foss of normal afferent input (Weisenfeld-Haliin & Xu,
1986). Galanin functions as an antagonist to the excitatory effects of SP and CGRP
when nerves are intact. A number of changes take place following peripheral nerve
section. These include a downregulation in the reactivity of SP, CGRP, and SOM,
while that of galanin is intensely upreguiated, thereby enhancing its inhibitory role.
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In addition, there is a switch in the role of excitatory peptides. This involves a gradual
decline of SP in the dorsal root ganglion cells. At the same time, VIP, which normally
has no excitatory or facilitatory role, is upregulated and becomes a major excitatory
mediator (see Weisenfeld-Hallin & Xu, 1996). On the other hand, galanin now no
longer inhibits the excitatory effect of SP, has a greatly reduced inhibitory effect on

CGRP, and becomes an antagonist of VIP.

Inflammation can also result in substantial synaptic alterations in normal nociceptive
function, but its effects on neurotransmitters or modulators differ from those following
deafferentation. Prolonged immunogenic inflammation results in an upregulation of
SP and CGRP synthesis in the dorsal-root ganglion neurons of C fibres and an
enhanced release of SP and CGRP at the peripheral and central axonal endings.
At the central (spinal) synapses, SP and CGRP act as excitatory transmitters or
modulators and facilitate nociceptive transmission. At peripheral terminals (e.g., in
an inflamed joint) the enhanced release of SP and CGRP induces neurogenic
inflammation that contributes to the maintenance of total joint inflammation. When
prolonged, this may initiate a viscious circle of inflammation — nociceptor excitation -
neuropeptide upregulation — prolonged neurogenic inflammation — nociceptor
excitation and sensitisation -- and so on (see Zimmermann and Herdegen, 1996).
This mechanism of prolonged inflammation and Phase 2-type pain is another
example of long-term changes in nociceptive function due to plasticity of the
peripheral and central nervous system. Initial findings indicate that the increased
production of CGRP may result at least in part from the synthesis of CGRP in
neurons that under normal conditions do not produce CGRP in detectable quantities
(see Schaible & Schmidt, 1996). The development, maintenance, and decline of
inflammation is a reflection of the changes in the balance between excitatory
influences (e.g., SP and CGRP) and inhibitory influences (e.g., dynorphin and
enkephalin) on spinal-cord neurons.

1.4.3.4. Plasticity at the gene-expression level

Neuropeptides are expressed through gene duplication and there is also evidence for
plasticity at the gene-expression level. For a more detailed account of the
neuropeptides see Strand, 1999).
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Stimulation of nociceptive C fibres releases neurctransmitters/modulators (e.qg.,
glutamate and various neuropeptides) that activate postsynaptic receptors
{e.g, NMDA and NK1} which release second-order messengers (e.g., protein
kinases) that in turn trigger a multi-enzymatic cascade of intracelluiar events in the
nucleus of the postsynaptic cell. These may induce the phosphorylation {i.e.,
enzyme-activated catalysis) of genetranscription factors that then bind to promoter
elements of immediate—early genes (IEGs). The proteins produced by these [EGs in
turn divide and bind to promoter or enhancer elements of target genes that include
genes for varicus peptides, hormones, receptors or enzymes (see Zimmermann &
Herdegen, 1996). Any stimulation-induced long-lasting phenotypic changes in nerve
cells require de novo protein synthesis that is initiated by some |[EGs (Zimmermann,
1891). Such induced expression of |EGs has been observed foltowing loss of afferent

input and following noxious stimulation resulting from tissue damage or inflammation.

Gene transcription is the rewriting of the genetic message of DNA into RNA. A gene
contains the information required to synthesise a protein, and messenger RNA
serves as the template for this protein synthesis (Eigen, 1992, Kolb & Wishaw, 1890).
fmmediate-early genes are the master switches of this transcription process,
and inducible transcription factors (e.g., CREB, ATF-2, Fos, Jun) are enzymes
(i.e., transcription proteins) that, when activated by second-order messengers, can
act as catalysts for the franscription of IEGs. The ability to change the rate of gene
transcription is important during the development of the nervous system, but adult

nerve cells do not normally grow and undergo mitosis.

Hunt, Pini, and Evan (1987) were able to show that expression of the c-Fos protein in
the nuclei of dorsal-horm neurons followed noxious stimulation of spinal neurons.
Subsequent studies have reliably and repeatedly observed the pronounced
expression of not only c-Fos, but also several other IEGs following either strong
noxious stimufation, inflammation of peripheral tissues, nerve-fibre transection, or
experimental superfusion with SP or neurokinin A {e.g., Herdegen, Leah, Walker,
Bassier, Bravo, & Zimmermann, 1881; see also Sandkiihler, 1996). The ability to
change gene expression in adult nerve celis might be an essential part of the
mechanisms that enable cells to modify their working range at the molecuiar level in

response to the requirements of changing conditions.
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Induced gene transcription may be involved in the long-term plasticity seen in Phase
2 and particularly Phase 3 pain. Zimmermann and Herdegen (1996) suggest that it is
conceivable that virtually all long-term changes in CNS function involve modified

gene expression in nerve cells.

Stimulation of nociceptice C fibres has been found to evoke a dramatic expression of
IEG-encoded proteins in the superficial and deeper layers of the dorsal horn except
lamina III, while stimulation of large-diameter non-nociceptive Ag fibres was not
effective in inducing IEG expression (e.g., Hunt et al., 1987; Molander, Hongpaisan,
& Grant, 1992, cited in Zimmermann & Herdegen, 1996). Two experimental animal
studies, however, found a strong expression of c-Fos in lamina 1II following
subsequent electrical stimulation of the transected nerve stump or when the animal
(rat) was allowed to walk freely or run in a running wheel (Jasmin, Cogas Ahlgren,
Levine, & Basbaum, 1994: Molander et al., 1992, both cited in Zimmermann &
Herdegen, 1996). This suggests that the quality of synaptic transmission can be

substantially altered and may result in induction of otherwise nonresponsive genes.

Changes in IEG expression are an example of plasticity at the gene-transcription
level. Zimmerman and Herdegen (1996) suggest that they are interrelated with
plasticity at the functional level and together result in the enhanced sensitivity of the
pain system. This plasticity at the genetic level may enable the organism to alter
protein synthesis in an effort to adapt to changing conditions evoked by extra- and
intra-cellular stimulation, toxins, and tissue or nerve damage in the peripheral and
central nervous system, including the brain. However, this plasticity at the genetic

level has to be balanced with the organism’s need for stability.

Inducible transcription factors such as the Fos and Jun proteins are potent modifiers
of cellular functions and their capacity for synaptic re-arrangement and reactive gene
expression should, for example, not be able to result in alterations of the body map.
This is relatively fixed for life and the plasticity at the genetic level, therefore, needs

to be carefully controlled, most likely by some intraneural mechanisms.
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The induction of transcription-factor encoding genes depends in part on intracellular
elevation of calcium levels (Ghosh & Greenberg, 1995). There are indications that
the control of transcription-factor induced gene expression might involve calcium-
binding proteins that absorb (scavenge) calcium ions. Neural stimulation wouid then
only result in transcription-factor induced gene expression when the scavenger
system had been saturated. Such a mechanism wouid protect neurons from large
alterations in gene expression that might shift the balance between stability and
plasticity at the level of gene expression (Zimmermann & Herdegen, 1996).

The number of c-Fos expressing neurons in the spinal cord and medulla varies with
stimuiation intensity and their distribution in the various dorsal horn laminae is in part
related to the modality (mechanical or thermat} of the noxious stimulus. The protein
praducts of elevated levels of induced IEG expression have been found in the nuclei
of darsal-horn neurons, meduila, limbic system, hypothalamus, and certain thalamic
nuclei, but not in areas that are excited by acute noxious stimulation such as the
cerebellum and hippocampus or in the ventrobasal complex of the thalamus or in
dorsal-celumn nuciei. Thus, the expression of IEGs appears to label selective neurai
poputations which aiter their neural program and their initial protein synthesis in

response to a prolonged noxious stimulation (Zimmermann & Herdegen, 1996).

The expression of [EGs i1s subject to both potentation from co-occurring painfui
events and habituation over time. The potentation of IEG expression in dorsal-horn
neurons parallels the increased sensitivity (hyperalgesia) following noxious
stimuiation and is fikely to have some mechanism in common with long-term
potentation of synaptic transmission in the hippocampus. Continuous C-fibre
stimulation leads tc spontaneous activity and hypersensitivity in dorsal-horm neurons
and a strong expression of [EGs. After a period of several days o a few weeks,
depending on whether the injury is localised to one site or more diffuse
(e.g., monoarthritus or polyarthritus), the IEG expression disappears. This occurs
while spinal neurons remain hyperexcitable and continue {¢ show spontaneous firing
and while there is an increased release of giutamate and excitatory neuropeptides
from the affected C-fibre afferents. All of these influences excite dorsal-norn neurons

and would be expected to maintain the tevel of IEG expression.
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The reason for this dissociation of nociceptive activity and IEG expression is not
clearly known, but the desensitisation at the transcriptional and genetic level might be
related to the loss of novelty of the stimuli that induce IEG expression (Zimmermann
& Herdegen, 1996). Prolonged and repeated noxious stimulation might generate
lasting, genetically fixed, memory traces (engrams) for pain memories. Thus, chronic
events can result in loss of responsiveness and plasticity on a genetic level that could
possibly contribute to the progression of the condition and a reduced access for

therapeutic interventions (Zimmermann & Herdegen, 1996).

Transection of primary afferent neurons, motoneurons, or preganglionic nerve fibres
results in the selective expression of c-Jun when the axotomy is proximal to the
cell body and evokes a cell-body response (Zimmermann & Herdegen, 1996).
The expression of the c-Jun protein is an early (possibly first) indicator of genetic
alteration following axonal injury and is closely related to synaptic remodelling and to
the increased regenerative propensity of injured neurons. This has led to the
hypothesis that the expression of c-Jun might be an intrinsic molecular-genetic
prerequisite for the induction of regeneration-associated genes (Zimmermann &
Herdegen, 1996). A greater capacity for axon sprouting and elongation carries with it
a higher vulnerability for dysfunctional regeneration and an increased rate of cell
death. The level of expression of c-Jun remains elevated until regeneration has
established a new target connection, whereupon it gradually returns to basal levels
again. A subsequent transection re-induces a dramatic upregulation of c-Jun,
indicating that the slow decrease following successful regeneration is not due to
neural cell death or a reduced neural capacity for protein synthesis (see

Zimmermann & Herdegen, 1996).

The c-Jun IEG has the capacity to associate with a variety of transcription-factor
proteins, which gives it a wide operative range to modulate gene transcription.
The expression of c-Jun has been found to precede and covary with the expression
of nitric oxide synthase (NOS) and the peptides galanin in dorsal-root ganglion
neurons and CGRP in motoneurons (see Zimmermann & Herdegen, 1996).
Following axotomy, both galanin and NOS are upregulated in the same selective
neural populations that include dorsal-root ganglion neurons, but not motoneurons.
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Here they act at presynaptic terminals and preduce long lasting changes of
transsynaptic impulse transfer to second-order spinal neurons. Gatanin inhibits the
excitation of deafferentated spinal neurons and counteracts the hyperalgesia
following peripheral nerve-fibre lesion. It may also have neurotropic effects that could
be beneficial to axotomised neurons. The expression of c-Jun and NOS are very
closely related in both quantity and time course. Enhanced NOS ievels result in an
increase of released nitric oxide (NO, the product of enzymatic catalysis of NOS),
which facilitates the excitatory input and hyperalgesia of dorsal-horn neurons (Anbar
& Gratt, 1997). Furthermore, NO is also involved in the expression of c-Fos in spinal-
cord neurons following peripheral noxious stimulation and is colocalised with AP-1
transcription-factor proteins (see Zimmermann & Herdegen, 1996). The synthesis of
CGRRP triggers the reformation of acetylcholine receptors in muscle fibres resulting in
functional re-establishment of neuromuscuiar transmission (New & Mudge, 1986).

Only some of the major mechanisms involved in long-term changes in nociceptive
function have been described above. Many other, in general not fully understood,
factors are eifther known to be or likely to be involved. The combined evidence
indicates that the following phenomena and mechanisms may be nvolved in the
development and maintenance of chronic {neurcpathic) pain: (1) a decrease in
the strength of descending inhibition, (2) a decrease In the efficacy of moncaminergic
inhibitory systems, (3) a decrease in responsivengss of the opioid antinociceptive
system, (4) an increase in excitatory synaptic transmission within the ascending
naciceptive system due to an increasing involvement of NMDA receptors, and
(5) complex processes at the level of nuclear gene transcription as indicated by
induced IEG expression (Zimmermann, 1991). A thorough understanding of the
molecular and genetic processes in the nervous system will have much to contribute

to our current understanding of the mechanisms inveived in the chronification of pain.

Research findings so far suggest that the structural changes following induced gene
expression have the potential to result in functional changes in the circuitry of dorsal-
horn neurons. They also suggest the potential for the development of new
therapeutic interventions that prevent or reduce the ifong-term alterations that

underlie, currently often hard to treat, chronic pain conditions.
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Further research might also clarify whether some kinds of chronic pain can best be
understood and treated as diseases of acquired gene-transcription failures, which
could result in new therapies (Zimmermann & Herdegen, 1996). The possibility for
the development of new NMDA antagonists with reduced side effects that could
provide an alternative therapy for Phase 2 and Phase 3-type pain has already been
mentioned (Cevero & Laird, 1996). The fact that the moderate galaninergic control of
nociceptive input is greatly enhanced following nerve injury suggests that galanin
agonists may be useful analgesics for the treatment of neuropathic pain.
The observed changes in induced gene expression and protein synthesis also
suggest the potential for possible interventions aimed at the level of second-order
messenger systems. However, second-order messenger systems have many and
diverse effects, and pharmacological attempts to block these interactions are likely to

result in unexpected side effects (Willis, Sluka, Rees, & Westlund, 1996).

A few cautionary comments are appropriate here. It is not known what happens
beyond the few transcription factors that have been observed so far, and many new
processes and modulators of nervous system function might still be discovered.
The initial observation by Hunt et al. (1987) that expression of IEGs followed noxious
stimulation of the nervous system led to the hypothesis that the induced expression
of IEGs may play a role in the long-term changes in nociceptive function observed in
Phase 2 and Phase 3 pain states. However, despite the many studies that have
supported and extended this observation, no evidence of a direct causal relationship
between altered gene expression and changes in nociception has as yet emerged
(Sandkihler, 1996). Furthermore, the same transcription processes can activate a
variety of target genes and the final outcome of these processes is still largely
unknown. Finally, virtually all of these experimental studies have been conducted on
animals and it is known that there are considerable interspecies differences in the

reaction of nervous cells to injury.
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In summary, it can be concluded that: (i) the three major pain phases have different
underlying neurophysiological mechanisms and involve differences in the action of
neurctransmitter/modulator systems; (1) prolonged high-frequency stimulation can
result in long-term changes in the CNS inciuding spontaneous activity and increased
sensitivity of nociceptive neurons; (iif) nerve damage and loss of afferent input can
result in functional reorganisation at both the spinal and corticai level; (iv) there is
evidence of considerabie plasticity in the CNS at the systemic, ceiiular, and
moliecular ievels; (v) the effects of this plasticity and reorganisation are imporiant
factors in the development and maintenance of chronic pain and the abnormal pain
features that are characteristic of neuropathic pain; and (vi) nociceptive stimulation of
spinal neurons is accompanied by changes in the expression of IEGS, which, at the
moment only speculatively, have been linked to long-term changes in nociception

and the rewiring of the dorsal horn.

1.4.4. The diathesis-stress model of chronic pain

Pain responding involves three interacting response systems: the physiociogic-
organic, the motor-behavioural, and the psychologic-cognitive (see Birbaumer, Flor,
Lutzenberger, & Elbert, 1895). The resulting pattern of interaction plays a decisive
role in the development, maintenance, and extinction of chronic pain. The specific
response pattern can vary over time and between individuals, as well as between
differert pain syndromes. Flor, Birbaumer, and Turk (1890} have proposed a
diathesis-stress mode! of chronic pain. Flor and colieagues (see Birbaumer et al.,
1995) found that, at the physiclogical-organic ievel, pain patients develop excessive
muscular tension when exposed to personally relevant stressful situations and
episodes of pain. The increased muscle responsivity was localised to those muscle-
fiore groups in which the patient subjectively experienced the pain and resulted
in either a local sensitisation of nociceptors or the direct activation of nociceptors in
contracted muscle fibres. Furthermore, pain patients exhibited a reduced capacity to
consciously perceive and voluntarily regulate their levels of muscle tension (Fior,

Birbaumer, Schugens, & Lutzenberger, 1992).
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Birbaumer et al. (1995) proposed that chronic pain involves a response pattern (both
peripheral and central) that is learned through classical and instrumental (operant)
conditioning The muscular response is contingently preceded by physical, motor, or
psychological stimuli. When these are perceived as pain cues, their originally pain-
neutral characteristics elicits the pain response with which they are associated
(classical conditioning). The pain response is typically followed by various actions to
achieve pain relief (e.g., assuming certain body positions, avoiding certain activities)
and other forms of positive reinforcement (e.g., attention from significant others, time
of work, injury compensation). These constitute the instrumental learning element in

the maintenance of the classically conditioned pain response (Fordyce, 1976; 1990).

Chronic pain seems to change fundamentally the way in which the cortex processes
painful stimulation. It results in learned changes in cortical brain activity. These are
apparent in changes in the amplitude and localisation of electroencephalographic
(EEG) and magnetoencephalographic (MEG) recordings of pain-evoked brain
potentials. Chronic pain patients have been found to exhibit both an early
(pre-conscious) site-specific and a late, nonspecific, overactivation of cortical areas
involved in the processing of painful stimuli (see Birbaumer et al., 1995).
Central cortical processes are clearly involved in the development and maintenance
of pain. Birbaumer et al. (1995) regard the early, site-specific, increase in pain
response as a learned increase in the facilitation of pain related information by the
projection areas in the primary somatosensory cortex (S;). Late (slow) potentials
indicate a nonspecific increase in responsivity for conscious evaluative-cognitive
processing in chronic pain patients. Memory forms a crucial component of perception
(Adolphs & Damasio, 1995), and the mental representation of an experience
engages the vast knowledge accumulated in distributed neural networks.
The learned response patterns described above can become habituated and develop
into stable pain memories that are independent of actual tissue damage and form the
basis for patients’ continued suffering. Birbaumer et al. (1995) found that patients
who continued to avoid anticipated, but no longer existing, pain exhibited a change in
the dynamics of widespread cortical cell assemblies responsible for the storage and
retrieval of pain memories. This involved a characteristic sequence of depolarisation
(negative potential) before the conditioned avoidance response, followed by a
repolarisation by a reinforcing (positive) inhibitory potential after the response.
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Thus, chronic pain causes changes in the pattern of physiological and psychological
responses. Sympathetic nervous-system responses may become habituated and
nerve damage may cause sensitisation and reorganisation of other, including central,
parts of the nervous system. Pain tolerance is frequently lowered, and pain may be
evoked not only by actual stimuli, but also by expected (i.e., conditioned) stimuli.
Comorbidities (e.g., depression, anxiety, sleep disturbances, irritability, and changes
in eating habits) are frequently manifested and can play an important role in the
manifestation of pain. Pain behaviours may include maladaptive responses such as
catastrophising and avoidance of a wide range of activities. Fear relevant stimuli
(e.g., certain activities or movements) are particularly likely to become associated
with aversive events (e.g., pain) and produce long-lasting conditioned automatic
responses (Ohman, 1993). Such fear-conditioned learning may lead to severe
malfunction in home and work situations. Real or perceived secondary gain can also
become powerful motivators of avoidance behaviours (Eisendrath, 1995). For a
review of scientific evidence for secondary gains, see Fishbain, Rosomoff, Cutler,
and Steele-Rosomoff (1995).

Unlike acute pain, chronic pain serves no biologically useful purpose. It is less
responsive to analgesic mediation and tolerance usually develops. As Bonica has
stated: “... chronic pain rarely, if ever, has a biological function, but is a malefic force
which imposes severe physiological, emotional, economic and social stresses on the

patient, on his family, and on society as a whole.” (Bonica, 1979, p. 206).

1.4.5. Pain in absence of nociceptive input - the neurosignature

Certain phenomena such as phantom-limb pain could not be explained by the gate-
control theory as it was and clearly indicated that additional mechanisms had to be
involved. Observations in people with total spinal sections did reveal that the brain,
despite being completely disconnected from the spinal cord, may still perceive the
presence of, and sensations in, extremities that are no longer, or never were, part of
the body. This suggests that the brain itself, without sensory input, can generate
every quality of experience normally triggered by sensory input (Melzack, 1989).
Apparently, “you don’'t need a body to feel a body”.
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Therefore, to arrive at a more complete understanding of pain mechanisms, it was
necessary to include cortical structures above the level of the medulla oblongata and
the midbrain. While these are normally triggered by sensory stimuli, they do not rely
on them.

The body is normally perceived as a unity and is identified as the self, distinct from
other people and its surroundings. Melzack (1991) has proposed that the neural
substrate for this body-self consists of a widespread network of neural circuits (loops)
that include structures in the thalamus, cortex, and limbic system. He has called this
network the neuromatrix. The particular structure of the neuromatrix (i.e., the pattern
of synaptic connections) is genetically programmed and subsequently modified by

sensory input and experiences including e.g., pain memories (Katz & Melzack, 1990).

All input from the body undergoes repeated cyclical processing and synthesis
through the circuits of synaptic connections in the neuromatrix. This transformation
imparts a characteristic pattern, or neurosignature, on all input flowing through it
(Melzack, 1991, 1993). Parts of the neuromatrix are specialised to process input
related to major sensory events (e.g., injury, temperature change, and erogenous
stimulation), and such neuromodules may impress subsignatures on the larger
neurosignature. Thus, the neuromatrix acts like a template for the whole body that
generates a continuous representation of the body and includes patterns for the

myriad qualities we experience (Melzack, 1995).

The constantly varying nerve-impulse patterns resulting from this cyclical processing
and synthesis are superimposed on the main signature pattern. The resulting
continuous stream of neurosignature output is diverted into two systems (Melzack,
1993, 1995). In one, the neurosignature is projected to areas in the brain known as
the sentient neural hub. Here the stream of nerve impulses is converted into a
continually changing stream of awareness (e.g., the experience of movement).
A similar neurosignature pattern proceeds through an action neuromatrix that
produces activation of neurons in the spinal cord resulting in several possible

patterns of muscle activity for complex actions (e.g., riding a bicycle).
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Continued feedback ensures that possible action patterns are successively

eliminated until the pattern emerges that is most appropriate for the existing

circumstances. In this way, input and output are synthesised simultaneously and in

parallel, thereby ensuring a smooth and continuous stream of action patterns.

The split in neurosignature output can account for the fact that impulses originating in

the brain may generate the awareness of movement of a phantom limb even though

there is no limb to move and no proprioceptive feedback.
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It has become obvious that the qualities of the experience of sensations are
generated In the brain and are not inherent in the peripheral nerve stimulation as
suggested by classical specificity theory. Furthermore, we do not learn the quaiities
of experience; our brains are built to produce them. The e