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An Investigation Into The Role Of Glutamate In Nociception Using
Electrophysiological and Immunohistological Techniques
by Elise Morgan

In this study, in vitro spinal cord preparations have been used to investigate the possible role of excitatory
amino acids in nociceptive mechanisms. The in vitro spinal cord dorsal horns showed good viability which
was demonstrated by the development of spontaneous dorsal root activity and an evoked dorsal root reflex
(DRR) 2-3 hours following dissection. Both these activities were blocked by the addition of manganese to
the bathing medium, demonstrating them to be of synaptic origin. The DRR evoked by stimulation of an
adjacent dorsal root showed evidence of both excitatory and inhibitory phases, similar to that described for
hamster spinal cords (Bagust et al. 1982; Bagust et al. 1985a; Bagust et al. 1989).

Stimulation of a lumbar dorsal root gave rise to dorsal horn field potentials. Investigations were made into
the effects of the N-methyl-D-aspartate (NMDA) antagonists, D-AP5 and 7-Cl KYNA, arcaine sulphate, MK-
801 and the non-NMDA antagonist CNQX on fast and slow dorsal horn field potentials elictied by low and
high intensity dorsal root stimulation respectively. None of the NMDA antagonists had any significant effect
on fast wave dorsal root field potentials at concentrations up to 100uM, but D-AP5 7-Cl KYNA and MK-801
significantly inhibited the slow wave field potential. The non-NMDA antagonist CNQX significantly inhibited
the synaptic components of both the fast and slow wave dorsal horn field potentials. It was concluded that
low-threshold, non-noxious sensory transmission is mediated by non-NMDA glutamate receptors and that
NMDA glutamate receptors have a role in the transmission of high-threshold, noxious sensory information
in the dorsal horn of the spinal cord.

The metabotropic glutamate receptor (mGIuR) group | agonist trans-ACPD inhibited the synaptic
components of the fast wave field potential. However, neither the group | antagonist L-AP3 nor the group |l
antagonist EGLU had any significant effect. The group Il mGIuR agonist L-AP4 significantly reduced the
fast wave synaptic components. These results suggested a possible involvement of group |, Il and Il
mGluRs in the processing of non-noxious information in the dorsal horn. The slow wave field potential
elicited by high threshold dorsal root stimulation was inhibited by trans-ACPD, L-AP3 and EGLU. The group
| mGIuR agonist DHPG facilitated the slow wave at low concentrations. L-AP4 had no significant effect. It
was therefore concluded that group | and Il mGluRs but not group Ill mGluRs have a role in the processing
of noxious sensory information in the spinal cord.

Expression of ¢c-fos has previously been demonstrated in the dorsal horn of in vitro spinal cord preparations
taken from 19-23 day old rats following high intensity dorsal root stimulation (Zhang et al. 1998). The
expression of c-fos occurred only when dorsal root stimulation was sufficient to excite C fibres. Addition of
0.5uM capsaicin to the bathing medium induced intense c-fos staining in the absence of dorsal root
stimulation. This provided a positive control suggesting that C fibre activation induces c-fos expression.
Cords obtained from animals treated at 1 day old with capsaicin (50mg/kg) to destroy afferent C fibres
showed a significant decrease in the number of Fos-positive cells induced by high intensity dorsal root
stimulation when compared to vehicle treated animals. The effect of D-AP5, 7-Cl KYNA and CNQX on
pain-related expression of the immediate early gene c¢-fos was also investigated. Both D-AP5 and 7-Cl
KYNA significantly reduced the number of Fos-positive cells suggesting that NMDA receptors have a role in
mediating expression. CNQX had no significant effect.

This study has confirmed that the in vitro spinal cord is a valuable tool for the investigation of nociceptive
processing and modulation in the dorsal horn of the spinal cord. The results support the suggestion that
NMDA and group | and 1] metabotropic glutamate receptors acting at glutamatergic synapses in the dorsal
horn of the spinal cord have a role in processing or modulating nociceptive input from C-fibre afferents.
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Aims of the Project.

Until recently it was thought that the spinal cord was merely a relay system between the
peripheral nervous system and higher centres in the brain. It is now known that the spinal
cord has a role in the modulation and processing of sensory information. Modulation and
processing of nociceptive information occurs in the dorsal horn area and involves many
neurotransmitters. Spinal mechanisms of pain are therefore complex but allow diverse

therapeutic possibilites for the pharmacological control of the transmission of nociceptive

information to the brain.

Spinal cord research in recent years has made it apparent that generating mechanisms of
pain rather than inhibiting mechanisms may be more important to study in the search for
novel strategies to alleviate pain. Instead of activating antinociceptive processes or
inhibiting pro-nociceptive processes it would be better to eliminate altogether diseases
that cause chronic pain, such as multiple sclerosis, cancer and arthritis. However, so far
this has not been possible and remains a goal for the next century. In the meantime,
research into the mechanisms of induction and maintenance of chronic pain in the spinal

cord will make a major contribution to the search for novel, improved analgesics.

The excitatory amino acids, especially glutamate, are not the only major class of
excitatory transmitter in the central nervous system, but are released by primary afferent
fibres and have an important role in the spinal mechanisms of pain transmission. The aim
of this project is therefore to identify the specific roles of the different classes of glutamate
receptor (ionotropic and metabotropic) in pain processing and modulation within the

dorsal horn of the spinal cord.
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Chapter 1

Introduction

1.1 Cytoarchitectural Organisation of the Spinal Cord.

In the 1950s, Rexed divided the spinal grey matter of the cat into ten layers, most of which
extend the entire length of the spinal cord (Rexed 1952). The laminae are of varying
thickness and shape, but it is only in the dorsal horn (laminae | - V1) in which the laminae
are arranged in a layered sequence (Fig. 1.1). The divisions were based on a purely
cytoarchitectural scheme without reference to dendritic branching or axonal terminations
but it has still turned out to be of great value in studies of connectivity, both with
anatomical and physiological techniques, and in immunocytochemical and enzyme
histochemical studies. Most, if not all, of the major features that Rexed described in cats
can be seen in the rat spinal cord. However in the rat spinal cord, rather than the almost
perfectly horizontal placement of most of the laminae found in cat lumbar segments, there

is a more dorsolateral slant to the laminae in the rat lumbar enlargement (Wall 1968).

Fig 1.1: Cytoarchitecture according to Rexed. This diagram shows the laminae of Rexed in the spinal grey
matter of a lower lumbar segment of a cat. From Wilkinson (1992) The spinal cord. In Neuroanatomy for
medical students. Butterworth-Hienemann.
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1.2 Primary Afferent Projections to the Spinal Cord.

1.2.1 Major functional groups of primary afferent fibres.

On the basis of size and structure, peripheral afferent fibres are divisible into two main
groups, myelinated and unmyelinated, and these two categories may be further
subdivided into three principal conduction velocity subsets of cutaneous and visceral
afferent fibres: AB (large diameter myelinated afferents), A3 (small diameter myelinated
afferents), and C (unmyelinated afferents). Primary afferent neurones with fibres in
peripheral nerves encode sensory information from many tissues and organs, including
the skin, muscle and viscera. Cutaneous AR afferents are typically activated by low
intensity mechanical stimuli (brush, touch, pressure, vibration), while the most abundant
type of cutaneous Ad afferent is the high threshold mechanoreceptive afferent, which is
responsive to noxious mechanical stimuli (pinch, prick). A second type of Ad afferent, a
low threshold mechanoreceptive afferent responsive to brushing hairs, has been termed
the delta hair (D-hair) follicle afferent. In various mammalian species, at least six
functionally different kinds of cutaneous primary afferent unmyelinated (C) fibres have
been identified. These include three types of nociceptive afferents (polymodal, high
threshold mechanical and mechanical-cold), in addition to two types of thermoreceptors
(cooling and warming) and a single type of low threshold mechanoreceptor. Large
numbers of unmyelinated afferents innervate viscera, joints and skin that, in healthy
tissue, are unresponsive to any form of acute stimulus. But, in certain chronic
pathological states, such as inflammation, these nociceptive afferents may become

responsive to a variety of mechanical or chemical stimuli (McMahon and Koltzenburg

1990).

1.2.2 Nociceptive afferents.

The primary afferent nociceptor is generally the initial structure involved in nociceptive
processes. Nociceptors respond to chemical, mechanical and thermal stimuli. Depending

on the response characteristics of the nociceptor, stimulation results in propagation of

impulses along the afferent fibre toward the spinal cord. Two main fibre types, the faster-
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conducting myelinated A$ fibres and the slower-conducting unmyelinated C fibres, are
involved in the transmission of nociception and if conduction in these afferent fibres is
blocked, so is nociception; however, these fibres do not act simply as inert conductors of
sensory information but undergo a number of physiological, morphological and
biochemical changes in response to damage of a peripheral nerve. These changes

themselves act as a focus of pain sensation.

1.2.3 Laminar organisation of primary afferent profections in the rat spinal

cord.

Most nociceptive primary afferent fibres enter the spinal cord via the dorsal roots, each of
which is thought to represent the sensory channel of one body wall segment. The cell
bodies of primary afferent fibres are located in the dorsal root ganglion, which contains
both large (60 to 100 pm) and small (14 to 30 um) cells. The small unipolar cells give rise
to small myelinated and unmyelinated axons, whereas the large cells are connected to
larger myelinated fibres. After leaving the dorsal root ganglion, axons fork into a
peripheral fibre, which adjoins with a sensory receptor in skin, viscera or muscle, and a

centrally directed fibre, which enters the spinal cord (Fig. 1.2).

dorsal root
ganglion

dorsal

\

Sensory neuron
(< central / peripheral >)

\<

periphery

spinal cord

Fig. 1.2. Schematic diagram to show that from the dorsal root ganglia, the axon forks into a peripheral fibre
and a central fibre. Adapted from Dray et al. (1994) Trends Pharmacol. Sci. 15, 190-197.

Dorsal roots in the rat are grouped into pairs comprising of 31 segments which consist of

8 cervical, 13 thoracic, 6 lumbar, 4 sacral and 3 caudal (Fig. 1.3). The number of dorsal
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root ganglion cells in single pairs of dorsal roots may vary considerably between the two
sides (Ygge et al. 1981). A similar variation may therefore be expected to exist in the
number of dorsal root axons, but their actual number can be assumed to be larger than

the number of ganglion cells (Langford and Coggeshall 1979).

31 Segments :-

CERVICAL (8)

THORACIC (12)

LUMBAR (6)

SACRAL (5)

Fig. 1.3: The rat spinal cord comprises 31 segments of which 8 are contained in the cervical region, 13 in
the thoracic, 6 in the lumbar, 4 in the sacral and 3 in the caudal region.

Termination of the primary afferents in the spinal grey matter largely follow two principles
of organisation in the rat. First, fine calibre fibres distribute in superficial laminae of the
dorsal horn, whereas coarse calibre fibres distribute more ventrally (Light and Perl 1979a).
Second, the primary afferents terminate somatotopically along a mediolateral axis in the

dorsal horn (Ygge and Grant 1983).
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Laminae -1V, near the apex of the dorsal horn, are receptive zones for cutaneous
afferents. Both laminae | and Il (substantia gelatinosa) receive unmyelinated as well as
fine myelinated dorsal root afferents in the rat (Nagy and Hunt 1983). Lamina | is a major
target for small diameter myelinated and unmyelinated nociceptive and visceral afferents
whereas lamina Il receives projections from small diameter afferents signalling both
noxious and innocuous stimuli.  Within lamina I, the finely myelinated afferents,
supposedly A fibres with high threshold mechanoreceptors, appear to terminate
preferentially in the superficial parts (Nagy and Hunt 1983). Some fine myelinated fibres,
presumably D-hair, may in addition, reach the deepest part of lamina II, from the more
ventrally located lamina Ill. The unmyelinated, C fibre, afferents have been claimed to
have their main termination slightly deeper than the first group of fine myelinated fibres,

within lamina Il (Nagy and Hunt 1983).

The dorsal root afferents to the deep parts of the dorsal horn, which include laminae lI-V
and the enlargements in lamina VI, are, generally, of coarser calibre than those to the
superficial laminae. Exceptions to this seem to be certain types of afferents, including
visceral afferents, terminating in lamina V (Cervero and Connell 1984; Light and Perl
1979b). Laminae [lI-VI receive projections from myelinated mechanoreceptors and
muscle afferents: laminae V also contains terminations of high threshold
mechanoreceptors and visceral afferents. Figure 1.4 below illustrates the neuronal

organisation of the superficial dorsal horn.

The larger diameter primary afferents enter the dorsal horn from the dorsal funiculus and
have branches with a recurrent course distributing arborizations in lamina lll and the most
ventral part of lamina ll. Lamina IV has been found to have a dense plexus of primary
afferent fibres at thoracic levels in the rat (Smith 1983), but it is clear that lamina IV
receives primary afferents also at other levels of the spinal cord (Taylor et al. 1982).
Lamina V and VI also receive primary afferent projections in the rat and at least part of the

projection to lamina VI has been shown to be derived from muscle afferents (Smith 1983).
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Fig 1.4: Schematic diagram of the neuronal organisation of the superficial dorsal horn. The organisation of
cutaneous, primary afferent input to the dorsal horn of the spinal cord is shown. NS=nociceptive-specific;
WDR=wide-dynamic range; Non-N=non-nociceptive. From Millan (1999} Prog. Neurobiol. 57, 1-164.

Laminae VIl and IX, have been shown to be major targets of muscle spindle primary
afferents in the rat and, therefore, also receive primary afferent projections from muscle
nerves (Smith 1983). The sacral parasympathetic nucleus, at the dorsolateral border of
lamina VIl and located in L6 and S1 in the rat, has been shown to have visceral primary
afferent connections (Nadelhaft and Booth 1984). Lamina X, including the dorsal
commissural nucleus, has also been shown to receive visceral primary afferents in the rat

(Nadelhaft and Booth 1984) as well as input from high threshold afferents.

Within the developing spinal cord the somatotropic arrangement of A and C fibre afferent
terminals is established early in development. However, the laminar projections are not
fully developed until the end of the third postnatal week (Fitzgerald et al. 1994). A fibres
in the developing spinal cord project throughout laminae | to V, including the substantia
gelatinosa (lamina Il). This widespread termination of Ab fibres is gardually withdrawn
over the first three postnatal weeks. At the end of the third postnatal week, the terminal
field becomes restricted to the normal laminae il to V (Fitzgerald et al. 1994). The

widespread large AP fibre terminations in the developing spinal cord make synaptic
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contacts with postsynaptic targets that process nociceptive information. Therefore, non-
nociceptive information will cause a nociceptive sensation in neonates (Fitzgerald et al.
1994). The small unmyelinated C fibres in the developing spinal cord grow specifically to
laminae | and [, so that for a considerable postnatal period, the substantia gelatinosa is

occupied by both A and C fibre terminals (Fitzgerald and Jennings 1999).

It is apparent from the above that the principle of organisation of the spinal cord primary
afferent fibres, which states that fine calibre fibres terminate in superficial laminae of the
dorsal horn and coarse calibre fibres terminate more ventrally in the spinal gray matter, is
not an absolute one. Fine calibre primary afferents are found in lamina V and visceral
fibres, terminate both in laminae VIl and X. This led to the proposal in 1979 by Light and
Perl that a highly specialised central projection of primary afferent endings related to

sensory function and not to fibre diameter occurs in the spinal cord.

1.2.4 Projection neurones.

Second order projection neurones in the dorsal horn, as well as some in the ventral horn
and central canal region, project to supraspinal structures through several tracts. These
include the spinothalamic, spinoreticular, and spinomesencephalic tracts that ascend the

spinal cord in the contralateral anterolateral quadrant.

Spinothalamic tract: The importance of the spinothalamic tract is that it appears to be the
main pathway for information from receptors signalling pain and temperature. It consists
of the ascending axons of neurones located in the gray matter of the opposite half of the
cord. The cells of origin are mostly in lamina V, although smaller numbers are present in
laminae I, VII, and VIll. The axons cross the midline in the ventral white commisure close
to the central canal and then transverse the ventral horn to enter the ventrolateral and
ventral funiculi. The fibres of the spinothalamic tract end in the thalamic nuclei. As they
pass through the brain stem, these axons give off collateral branches to the reticular
formation in the medulla and pons and to the periaqueductal gray matter in the midbrain.

In the rat, spinothalamic cells have laminar locations in the spinal cord which depend on
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their terminations in the thalamus. This difference in laminar location seems to be
correlated with a difference in afferent input, so that those neurones projecting to the
medial thalamus, which are said to belong to the "medial" spinothalamic tract, are
activated by deep pressure and joint movement, while those projecting in the "lateral"

spinothalamic tract are activated by cutaneous stimuli, both noxious and non-noxious.

Spinoreticular tract: The spinoreticular tract originates in laminae V - VIII. It includes
crossed fibres that terminate in the pontine reticular formation and uncrossed fibres that
end in the medullary reticular formation. These fibres are involved in the perception of
pain and of various sensations originating in the internal organs. In fact, the spinoreticular
neurones located in the dorsal horn have similar physiological properties to spinothalamic
neurones in the rat: most respond to cutaneous input and have large receptive fields

(respond to a wide range of stimuli), while a minority are activated only by noxious

mechanical stimuli.

Spinomesencephalic tract: The spinomesencephalic tract originates in laminae |, V and X

at all levels of the spinal cord and the fibres terminate in the midbrain reticular formation.

Sectioning of these tracts using an anterolateral cordotomy has been suggested as a
useful way of abolishing or relieving pain. However, results are variable and often
transient as there is an ipsilateral pathway that progressively takes over from the

contralateral spinothalamic pathway after cordotomy.

1.3 Spinal Pain Mechanisms in the Dorsal Horn.

1.3.1 Nociceptive primary afferent terminations.

The dorsal horn of the spinal cord provides the first relay for structures that transmit
nociceptive information from the periphery. As described above, primary afferent
nociceptors in the rat terminate primarily in laminae |, It and V of the dorsal horn. Here
they terminate on several classes of neurones that either transmit or modulate nociceptive

signals. The first two classes are projection neurones that transmit information to
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supraspinal structures. The first class of projection neurones are termed "nociceptive-
specific" and appear to respond preferentially, although not exclusively, to noxious stimuli.
The second class of projection neurones are termed "wide dynamic range" and, as their
name suggests, they respond to a range of stimuli in the non-noxious and noxious range.
The third class of neurones comprise excitatory and inhibitory interneurones within the
spinal cord itself. Activation of these interneurones results in either an enhanced or

diminished responsiveness to sensory input from the periphery.

1.3.2 Neurotransmitters.

Pharmacological studies have been important in identifying the many neurotransmitters
and neuromodulators that act on receptors in the spinal cord dorsal horn. These receptors
include opioid (i, x, and 8), a-adrenergic, y-aminobutyric acid (GABA), serotonin (5-HT),
adenosine, neurokinin, N-methyl-D-aspartate (NMDA) and non-NMDA receptors such as
AMPA (a-amino-3-hydoxy-5-methyl-4-isoxazolepropionic acid) receptors and kainate

receptors.

These receptors are located both presynaptically and postsynaptically at the termination
of primary nociceptive afferents. Glutamate and Substance P coexist in some primary
afferent terminals (Battaglia and Rustioni 1988), and primary afferent stimulation results in
release of substance P, glutamate, and calcitonin gene-related peptide, either singly or in
combination (co-release). Following release, glutamate acts at AMPA receptors, and
substance P acts at neurokinin receptors on the postsynaptic membrane. It appears that
non-NMDA receptors such as the AMPA receptor may mediate responses in the
physiological processing of sensory information. With prolonged release of glutamate or
activation of neurokinin receptors, however, a secondary process occurs that appears to
be crucial in the development of abnormal responses to further sensory stimuli. This
sustained activation of non-NMDA or neurokinin receptors "primes" the NMDA receptor so

that it is in a state ready for activation (Urban et al. 1994).
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Fig 1.5: Comparative properties of primary afferent C and AB fibres under normal condidtions showing the principal neurotransmitters involved

SP=substance P; NKA=neurokinin A; CGRP=calcitonin-gene related peptide; EAA=excitatory aminc acid; NS=nociceptive specific; WDR=wide
dynamic range; NON-N=non-nociceptive. Adapted from Millan 1999.



There is strong evidence that NMDA receptors are involved in a number of phenomena
that may contribute to the medium or long-term changes that are observed in chronic pain
states. These phenomena include the development of "windup" (Davies and Lodge 1987;
Dickenson and Sullivan 1987), facilitation, central sensitisation (Woolf and Thompson
1991; Coderre and Melzack 1992), changes in peripheral receptive fields which may
include the recruitment of previously ineffective inputs (Woolf and King 1990), induction of
oncogenes (Chapman et al. 1995), and long-term potentiation (Pockett 1995). Long-term
potentiation, in particular, refers to the changes in synaptic efficacy that occur as part of
the process of memory and may play a role in the development of a cellular "me'mory" for
pain or enhanced responsiveness to noxious inputs. It appears that NMDA antagonists

can attenuate these responses, indicating a role for NMDA antagonists in the prevention

of chronic pain states.

1.3.3 Central Sensitisation and Windup.

Nociception is a specialised form of sensory signalling which conveys information to the
CNS about impending (or actual) tissue damage. Pain perception is related to heightened
sensitivity to sensory information from the region of the body which experienced the
nociceptive stimuli. This phenomenon is termed sensitisation and it consists of an
increased neuronal responsiveness set up by sustained noxious stimulation. Once
sensitisation has developed it may last for long periods and is characterised by enhanced
responses to weaker stimuli and continues even when the initial nociceptive stimuli
ceases. A major part of the sensitisation to pain occurs in the spinal cord and is termed
the "central component" (Woolf 1983). Although studies on spinothalamic tract neurones
indicate that there are other areas of the CNS that contribute to central sensitisation
(Dougherty and Willis 1992; Lin et al. 1996), most research on the mechanisms of pain-

induced sensitisation focus on the spinal cord.

Changes occur in the periphery after trauma that lead to the phenomena of peripheral
sensitisation and pyrimary hyperalgesia. However, the sensitisation that occurs can only
be partly explained by the changes in the periphery. After injury, there is also an

increased responsiveness to normally innocuous mechanical stimuli (allodynia) and a
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zone of "secondary hyperalgesia" in uninjured tissue surrounding the site of injury. These
changes are believed to be a result of central sensitisation (Woolf and Thompson 1991).
These changes indicate that, in the presence of pain, the central nervous system is not
hard-wired, but plastic. A barrage of nociceptive input, such as that which occurs with
surgery, results in changes to the response properties of dorsal horn neurones and

increases their excitability (Woolf 1983).

Central sensitisation in the spinal cord manifests as "a decrease in the threshold and an
increase in the responsiveness and size of the cutaneous receptive fields of dorsal horn
neurones” (Sivilotti and Woolf 1994). Changes which have been noted to occur in the
dorsal horn with central sensitisation include an expansion in the receptive field size
(Woolf and King 1990). There is also an increase in the magnitude and duration of the
response to stimuli that are above the C fibre threshold level and a reduction in threshold
so that stimuli that are not normally noxious activate neurones that would normally
transmit nociceptive information. The experimental model used for the study of central
sensitisation was developed by Woolf and his colleagues (Woolf 1983; Woolf and Wall
1986; Thompson et al. 1990). However, it was first observed by Mendell and Wall (1965)
who found that when a peripheral nerve was stimulated at sufficient intensity to activate C
fibres, repetition of the same stimulus at low frequencies resulted in a progressive build-up
in the amplitude of the response. They gave the phenomenon the vivid name "windup”.
Windup is the increase in the number of spikes generated by a neuron after each
successive stimulus (of appropriate strength) during a pulse train (Fig 1.6). It has been
demonstrated that a noxious stimulus at a level sufficient to activate C fibres not only
activates dorsal horn neurones, but also results in a progressive increase in the neuronal
activity throughout the duration of the stimulus (Mendell 1966). Therefore, with
nociceptive input, there is not a simple stimulus-response relationship, but a "windup" of

spinal cord neuronal activity (Davies and Lodge 1987; Dickenson and Sullivan 1987).
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Fig 1.6: Low frequency stimulation response (a) and the response to high frequency stimulation (b) which
causes an activity dependent hyperexcitability known as windup. From Urban et al. (1994) Trends
Neurosci. 17, 432-438.

The definition of windup is similar to sensitisation and both appear to be related to
nociception although the two are not equivalent. Windup only occurs in a particular and
artificial situation, in response to a slowly repeated stimulus with a frequency of greater

than 0.3Hz, which synchronously activates many C-fibres (Fig. 1.7).

Central sensitisation is more general than windup and can be produced asynchronously
by the activation of skin, joint, muscle or visceral afferents in response to chemical
irritants, heat, inflammation, nerve ligation etc. Central sensitisation produces no
detectable pattern of progressively increasing action potential discharge (Woolf 1996).
The synaptic processes that produce windup are sufficient to produce central sensitisation
and therefore, windup is likely to lead to the development of central sensitisation (Wall and
Woolf 1986; Woolf and Wall 1986). However, the assumption that central sensitisation
does not occur in the absence of windup is incorrect. Windup can initiate central
sensitisation because it produces an elevation of intracellular calcium not because of the

progressive increase in action potential discharge (Woolf 1996).
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Fig. 1.7: Diagram illustrating the release of excitatory transmitters from C fibres and the subsequent effects
on a dorsal horn nociceptive neuron. From Dickenson (1995) Brit. J. Anaesth. 75, 193-200.

The major distinction between central sensitisation and windup is that windup does not
persist following a conditioning stimulus whereas central sensitisation is very long lasting.
Windup is more analogous to being one particular component of a highly complex
pathway which will ultimately lead to hyperalgesia. Evidence suggests there is a
relationship between central sensitisation and windup (Cook et al. 1997) but the ability of
windup to trigger central sensitisation has only recently been investigated by Li et al.
(1999) using receptive fields of wide dynamic range neurones. This study concluded that
although central sensitisation and windup are separate phenomenons, they share several
mechanisms and stimuli which cause windup also produce central sensitisation.
Stimulation at 0.5Hz, sufficient to induce windup, caused an expansion of the receptive
field size which also occurs after central sensitisation. However, central sensitisation is
associated with an increase in response to AB fibre activity. This is thought to contribute to
allodynia, and windup did not alter responses to stimulation of AB fibres. it was therefore
concluded that windup is not sufficient to produce all the characteristics of central
sensitisation. However, it remains a useful tool for investigating mechanisms which lead to
central sensitisation and hence to chronic pain states. Figure 1.8 shows the mechanism
by which windup is thought to trigger central sensitisation. It explains why NMDA receptor

antagonists continue to be active once central sensitisation has been established.
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Fig. 1.8: Windup initiates central sensitisation in the spinal cord through a number of events. Primarily, the
summation of synaptic potentials causes windup. The resultant cumulative depolarisation produces a
substantial increase in the intracellular calcium via (i) the activation of NMDA receptor channels, allowing a
direct calcium influx, (ii) the activation of voltage-dependent calcium channels, and (iii) the activation of G-
protein coupled neurokinnin (NK) receptors which cause the release of calcium through intracellular stores.
The increase in calcium causes the activation of protein kinases (in particular protein kinase C). PKC then
phosphorylates the NMDA receptor which partially removes the Mg2+ channel block causing an increased
glutamate sensitivity and a generation of an inward current. Subthreshold inputs now generate action
potentials and the whole system becomes hypersensitive, although NMDA antagonists will continue to
inhibit the sensitised NMDA receptor and hence inhibit the hypersensitive system.
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Central sensitisation can also manifest itself as a change in synaptic efficacy following
inflammation which is generated by AB sensory neurones innervating the inflammed area.
AB fibre input in inflammed animals generates an action potential after-discharge in dorsal
horn neurones which only Aé and C fibres normally evoke (Neumann et al. 1996). AB
fibre-mediated ventral root potentials have also been shown to produce windup, normally
only seen in C fibres, in an in vitro spinal cord preparation from inflammed neonatal rats
(Thompson et al. 1994). These changes in synaptic efficacy are a result of an increased
sensitivity of A8 and C fibres following inflammation which causes a phenotypic switch of
Ap fibres to a phenotype resembling pain fibres as they begin to express substance P,
thereby enhancing synaptic transmission in the spinal cord and exaggerating the central
response to innocuous stimuli (Neumann et al. 1996). Nerve injury and the resulting
phenotypic switch of AB fibres also resulis in the terminals of myelinated afferents
sprouting into neighbouring regions of the dorsal horn. Thus, the central changes involved
in inflammation may result in the facilitation of Ag-mediated synaptic input to neurones in
the superficial dorsal horn, especially lamina Il.  This means that nerves which do not
normally transmit pain sprout into a more superficial region of the dorsal horn, which
normally acts as a relay in pain transmission (Woolf et al. 1992). The novel recruitment of
low threshold AB-evoked synaptic potentials into areas which predominantiy consist of A
and C fibres alters sensory processing and contributes to abnormal hypersensitivity. [f
functional contact is made between these terminals that normally transmit non-noxious
information and neurones that normally receive nociceptive input, this may provide a
framework for the pain and hypersensitivity to light touch that is seen after nerve injury.
These pathophysiological changes may also be important in acute pain states as well as

chronic pain states.

There are two possible mechanisms for the recruitment of fast AB fibre-evoked synaptic
responses in the substantia gelatinosa. The first mechanism could be that pre-existing
inefficient or silent synapses are strengthened and the second is a possible establishment

of novel synaptic connections by a structural alteration in synaptic connectivity.
Ineffective synapses result from a small postsynaptic current that fails to depolarise the
cell to threshold for an action potential or from a cell with normal postsynaptic current but

an increased threshold for action potentials. Silent glutamatergic synapses have been
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reported in various parts of the central nervous system (Malenka and Nicoll 1997).
However, the existence of silent glutamatergic synapses in the spinal cord has only
recently been reported (Li and Zhuo 1998). The neurotransmitter 5HT, important in
descending modulation of nociceptive processing, transforms silent glutamatergic
synapses into functional ones. Transformation of silent glutamatergic synapses may
therefore be part of a cellular mechanism for central plasticity in the spinal cord.
Recruitment of silent synapses on a wide dynamic range cell enhances its response to
sensory stimuli, especially non-noxious stimuli. Recruitment on a nociceptive-specific
neuron may change the phenotype and cause a response to non-noxious stimuli.
Understanding the mechanism by which silent glutamatergic receptors become functional

will contribute to the design of new drugs to alleviate chronic pain.

1.4 Excitatory Amino Acids in the Spinal Cord.

Since the discovery that glutamate exerts a powerful excitatory action on neurones (Curtis
and Watkins 1950s) L-glutamate has been considered to be the major excitatory
neurotransmitter in the CNS (Fagg and Foster 1983; Fonnum 1984). Most neurones use
the excitatory amino acid glutamate for communication with other neurones. As has been
previously mentioned, glutamate plays a key role in the spinal cord along with peptides, in
determining the levels of pain transmission. In the dorsal horn, the metabotropic, AMPA

and NMDA receptors for glutamate have distinct actions (Fig. 1.9).
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Fig. 1.9: Diagram to show the three different subtypes of excitatory amino acid receptors. From Young and
Fagg (1990) Trends RPharmacol. Sci. 11, 126-1383.

1.5 lonotropic Glutamate Receptors

lonotropic glutamate receptors can be divided into two groups: N-Methyl-D-aspartate
(NMDA) receptors and non-NMDA receptors. Both are coupled to ion channels, though
their conductances and ion selectivites are very different. Of the four different glutamate
receptor subtypes, the NMDA receptor channel is the most clearly defined. This is
because of the development of highly selective ligands such as N-methyl-D-aspartate
(NMDA) (Watkins 1962) and D-2-amino-5-phosphono-valerate (D-AP5) (Davies et al.
1981). The NMDA receptor differs from the non-NMDA receptors in some very important
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ways. First, the NMDA glutamate receptor is highly permeable to calcium (Ascher and
Nowak 1986; MacDermott et al 1986). It also has a voltage-dependence which is brought
about by a magnesium ion in the receptor channel that is only removed with sufficient
depolarisation (Mayer et al 1984; Nowak et al. 1984). The NMDA receptor also requires
glycine as a co-agonist (Johnson and Ascher 1987; Thomson 1989) (Fig 1.10). The non-
NMDA receptors, in contrast, do not gate calcium, have a greater selectivity for sodium

and potassium and are not voltage-dependent (Monaghan et al. 1989).
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Fig. 1.10: Diagram of the NMDA receptor showing sites for antagonist action. From Leeson and Iversen
(1994) J. Med Chem. 37, 4053-4064.

Non-NMDA receptors are further divided into AMPA and kainate receptors by their
selective binding of o-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) and
kainate (KA) (Cotman and lversen 1987). Like NMDA receptors they gate monovalent
ions (Nat and Kt) but unlike NMDA receptors they have a low permeability to calcium
(Seeburg 1993). AMPA receptors were initially characterised by rapid activation kinetics
and fast desensitisation, and kainate receptors were differentiated from AMPA receptors
in that they were non-desensitising (Mayer and Westbrook 1987). Studies using
molecular biology have indicated that all non-NMDA glutamate receptor channels can be
assembled from structurally homologous subunits which can be grouped into subfamilies
according to sequence characteristics (Sommer and Seeburg 1992). On the basis of

ligand affinity, the GIuR A-D (GIuR 1-4) subunits are constituents of AMPA receptor
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channels (Kienanen et al. 1990; Boulter et al. 1990; Nakanishi et al. 1990; Sakimura et al.
1992), while the GIuR 5, GIuR 6, GIuR 7 and KA subunits form recombinant receptors
with a high affinity for kainate (Bettler et al. 1990; Herb et al. 1992; Sommer et al. 1992).
However, kainate can gate AMPA receptors and AMPA can gate kainate receptors formed
by particular combinations of the high-affinity kainate receptor subunits (Sommer and

Seeburg 1992).

A subpopulation of AMPA receptors have been found which are permeable to calcium
(Kyrozis et al. 1995). These calcium permeable AMPA receptors were found to induce
reversible inhibition of NMDA receptors which was mediated via an increase in the
intracellular calcium concentration (Kyrozis et al. 1995). Indeed, calcium entry through the
calcium permeable AMPA receptors alone was found to be sufficient for NMDA receptor
desensitisation (Kyrozis et al. 1995). The GIuR2 appears to be the dominant determinant
of calcium permeability for AMPA receptors (Ozawa and Rossier 1996) and it is the GIuUR2
subunit which confers low calcium permeablility (Petralia et al. 1997). Calcium permeable
AMPA receptors are often co-localised with NMDA receptor channels on dorsal horn
neurons indicating that the calcium mediated interaction between AMPA and NMDA

receptors may occur within small dendritic domains (Petralia et al. 1997).

The NMDA glutamate receptor appears to be involved in complex physiological
phenomena in the CNS including long-term potentiation (Nicoll et al. 1988). The high
calcium permeability of the NMDA receptor underlies its role in all these phenomena, the
increase in intracellular calcium being thought to trigger the biochemical processes
responsible. The cloning of cDNA encoding rat NMDA receptor subunits has revealed five
subfamilies of subunits designated as NMDA NR1 and NR2A-D (Ishii et al. 1993). The
NMDA NR1 subunit yields eight possible splice variants by three alternative splicing
events (Mori and Mishina 1995; Sugihara et al. 1992), and is the essential component for

the formation of functional NMDA receptors (Mori and Mishina 1995).

The NMDA receptor channel complex has a number of regulatory sites that are targets for
modulation by endogenous as well as exogenous compounds. The regulatory sites
(Figure 1.11) include a binding site for the endogenous agonist glutamate (and the
synthetic agonist NMDA), a high-affinity binding site at which glycine acts to allow agonist-
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induced channel opening, which is different from the strychnine-sensitive, chloride-
permeable, glycine receptor; and sites within the channel lumen where magnesium and
phenylcyclidines (PCP, MK-801, TCP, Ketamine) bind to produce a voltage-dependent
open channel block. There is an additional site or sites where Zn2+ acts to inhibit
allosterically the agonist-induced response in a voltage-independent manner. The
endogenous polyamines, spermine and spermidine, allosterically potentiate the response
to NMDA acting on an additional site. (For refs. see Lerma et al. 1998). Studies
investigating the localisation of NMDA receptor subunit mMRNAs in the spinal cord indicate
that NMDA réceptors are abundant in the substantia gelatinosa of the dorsal horn
(Furuyama et al. 1993) and that the functional receptors consist of mainly NMDAR1 and
NMDAR2B subunits (Yung 1998).

Na* Ca?

Glutamate

extracellular

intracellular

® K Phosphorylation
Site

Fig. 1.11: The NMDA receptor complex and its sites of modulation. At least six sites of modulation can be
distinguished on the NMDA receptor: the agonist site, where glutamate and NMDA bind to operate the
channel; the glycine site, where glycine acts to allow channel opening and to decrease desensitisation; the
polyamine site, where spermine and spermidine act to regulate desensitisation and glycine affinity; the
channel, where Mg2+ and phenylcyclidines (PCP, MK-801, ketamine) block permeation in a voltage-
dependent manner. In addition, there is a site (S-S) which confers receptor sensitivity to redox agents.
Antagonists at each site are indicated within shaded boxes. Modified from Lerma et al. (1998) Excitatory
amino acid-activated channels. In lon Channel Pharmacology (Ed. Soria, B. and Cena, V.) Oxford

University Press.
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The neurophysiological functions of the ionotropic glutamate receptors can be
summarised as follows: AMPA receptors, found in the majority of excitatory synapses,
mediate almost all fast excitatory neurotransmission. Their fast kinetics make them ideally
suited for this purpose. The excitatory post-synaptic potential (EPSP) mediated by NMDA
receptor channels displays a prolonged time course relative to that mediated by non-
NMDA channels due to the slower kinetics of the channel (Dale and Roberts 1985). In
NMDA channels, calcium flux is an important consequence of glutamate activation. This
receptor-mediated calcium signal can trigger different processes ranging from movement
of neuronal growth cones to an activity dependent resetting of the synaptic strength
underlying some forms of learning and memory. In the spinal cord, NMDA receptors are
involved in phenomena such as windup (Dickenson and Sullivan 1987; Davies and Lodge
1987) and central sensitisation (Woolf and Thompson 1991; Coderre and Melzack 1992)

and are responsible for the maintenance of persistent pain states.

1.5.1 lonotropic Glutamate Receptors and Nociception:

Numerous findings suggest that spinal cord NMDA receptors play a role in the
development and expression of acute and chronic pain states (Wong et al. 1995; Yaksh et
al. 1995; Dickenson et al. 1997). The first experimental evidence for the involvement of
excitatory amino acids in nociception came from behavioural studies in which NMDA
agonists induced nociceptive effects and the competitive NMDA antagonist D-AP5 had
analgesic effects (Cahusac et al. 1984). Other evidence for the physiological contribution
of the NMDA receptor to spinal nociception was shown with the use of subcutaneous
formalin as an inflammatory stimulus (Haley et al. 1990). The spinal nociceptive neuronal
and behavioural responses to formalin were found to be reduced by blocking NMDA
function. It is only the prolonged, second phase of the formalin response, where tissue
damage occurs, that is affected by NMDA receptor inhibition (Coderre and Melzack 1992;
Haley et al. 1990; Dickenson and Aydar 1991; Hunter and Singh 1994; Millan and Seguin
1994). This indicates that acute pain can be distinguished from inflammatory pain by

sensitivity to NMDA antagonism.

NMDA receptors are found in the spinal cord of all species including man. If a C-fibre
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stimulus is maintained with enough frequency and intensity to activate NMDA receptors,
the resultant amplification and prolongation of the response will underlie many forms of
central hyperalgesia (Coderre et al 1993; Dickenson and Sullivan 1990; Dray et al 1994;
Dubner and Ruda 1992; McMahon et al. 1993; Woolf 1994). The channel of the NMDA
receptor is normally blocked by magnesium so that acute noxious inputs into the spinal
cord pain circuits are transmitted via the AMPA and not the NMDA receptor, so a baseline
level of transmission is established. The conditions required for NMDA receptor activation
are much more complex and only occur by repeated C-fibre activation (Dickenson and
Sullivan 1987; Dickenson and Sullivan 1990). Activation of the NMDA receptor requires
not only the release of glutamate and its binding to the receptor but also the presence of
glycine and the means to remove the magnesium block of the channel, which can only be
overcome by sufficent depolarisation of the membrane. If the painful stimulus is
continued, peptides start to accumulate and it is likely that the depolarisation produced by
the co-release of tachykinins with glutamate from C-fibres cause peptide receptor-
mediated depolarisations which remove the magnesium block of the NMDA channel
(Dickenson and Sullivan 1987; Urban et al. 1994). Thus, the cooperation between these
spinally released peptides and glutamate activates the NMDA receptor. Once the
magnesium block is removed, and the NMDA receptor is activated, massive neuronal
depolarisations occur resulting from the increased calcium influx into the cell. This causes
a delayed increase in activity that is superimposed on the baseline activity and so marked

increases occur in the level of excitability of the neuron.

The first evidence that NMDA receptors were also involved in the generation of central
hypersensitivity was when Woolf and Thompson (1991) showed that high frequency
stimulation of C fibres causes a marked and prolonged increase in the flexion withdrawal
reflex in rats. These experiments provided the first evidence for the existence of central
sensitisation. NMDA receptor antagonists have since been shown to prevent the
sensitisation of spinal cord neurones evoked by high-frequency stimulation of sensory
fibres (Liu and Sandkuhler 1995), by experimental nerve injury (Seltzer et al. 1991; Leem
et al. 1996) and by the treatment of sensory nerves with noxious agents (Woolf and
Thompson 1991; Neugebauer et al. 1993a; Ma and Woolf 1995; Chaplan et al 1997).
Also, spinal application of NMDA receptor antagonists reduce pain-related behaviours that

‘are evoked by noxious agents or peripheral nerve injury (Coderre and Melzack 1992;
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Kristensen et al. 1992, 1993; Mao et al. 1993; Rice and McMahon 1994; Eisenberg et al.
1994,1995; Chaplan et al. 1997).

In addition, other studies provided evidence for a contribution of the NMDA receptor to the
central hyperalgesia associated with the carrageenan model of inflammatory pain
(Eisenberg et al. 1994; Ren et al. 1992). A common role of the NMDA receptor has now
been found regardless of the inflammatory model (Schaible et al. 1991). Hypersensitivity
in models of peripheral and central ischemia is also reduced by NMDA antagonism (Sher
and Mitchell 1990). In all these cases, NMDA antagonists remove the hyperalgesia
without influencing the baseline responses, so that activity is markedly reduced without
being completley abolished. This concurs with the hypothesis that the NMDA receptor

enhances rather than transmits noxious information.

Nerve injury pain (neuropathic pain) is another common clinical problem. Studies in
animals with peripheral nerve damage provide evidence for a role of NMDA receptors in
these neuropathic pain states. The initial discharges resulting from the injury involve
windup and consequently NMDA activation which contribute to pain states associated with
nerve injury (Seltzer et al. 1991). Again, the use of antagonists of the NMDA receptor has
shown that the hyperalgesia in animal models of nerve injury as well as allodynia (touch-

evoked pain) are mediated by the receptor (Bennett 1994; Mao et al 1993; Yaksh 1989).

There is therefore evidence for an involvement of the NMDA receptor in all types of
persistent clinically important pains, namely inflammatory pain, neuropathic pain, allodynia
and ischemic pain (Fig. 1.12). Since NMDA systems seem to be implicated in
pathological rather than acute physiological pain, they may be useful in the treatment of
chronic clinical pain. NMDA antagonists have the potential not to abolish pain, but to

prevent central hypersensitive states associated with chronic clinical pain states.

NMDA activation may be a site through which further profound changes in nociceptive
processing occur. The influx of calcium into neurones through the NMDA channel can
induce transcription of certain immediate early genes such as c-fos (Wisden and Hunt
1989). It is possible that NMDA is involved in triggering the expression of c-fos since the

NMDA receptor gates calcium, and it is this cation which is thought to be the intracellular
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mediator of transcriptional activation (Morgan 1991). The role of NMDA receptors in the
induction of c-fos is particularly interesting in view of the evidence for the involvement of
NMDA receptors in the production of C-fibre evoked slow depolarisations and in the
sensitisation to the repeated C-fibre stimulation in the spinal cord, both of which are likely
to contribute to post-injury pain states. This evidence suggests that NMDA receptors are
exaggeratedly activated during chronic pain states, and contribute to the development of

hyperalgesia at the spinal level.

physiological (acute) pain

. C-fibres , .
high-intensity stimulation ‘ » acute pain (protective)
(thermal, mechanical, chemical)

o AB-fibres , .
low-intensity stimulation > innocuous sensation

(touch, pressure, brush)

pathological (chronic) pain

, C-fibres .
tissue damage, inflammation, ! » hyperalgesia

disease
| %
C-fibres

nerve injury

AM
low-intensity stimulation

(touch, pressure, brush)

allodynia

Under normal physiological conditions, nociceptive signals generated by C-
fibres initiate acute pain and a protective reflex. Activation of low-threshold Afi-fibres
by innocuous stimuli does not induce pain. In pathological pain following various types
of injury or nerve damage, C-fibres become hypersensitive and induce hypersensitivity
in sensory pathways, resulting in an enhanced and persistent response following
sensory nerve stimulation. Under these conditions, low-intensity AB-fibre stimulation
induces pain (allodynia). .

Fig. 1.12: Physiological and pathological pain states. From Dray et al. (1994) Trends Pharmacol. Sci. 15,
190-197.

1.5.2 Interactions of glutamate and neuropeptides:

The central terminals of small calibre primary afferents contain both neurokinins (NK)'and
excitatory amino acids (EAA) (Battaglia and Rustioni 1988) which can be released
stimulateously to activate EAA and NK receptors in the spinal dorsal horn (Gerber and

Randic 1991). Some dorsal horn cells express both receptor types and interactions
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between the two have been indicated (for refs. see Haley and Wilcox 1992). The
combined administration of NK and NMDA antagonists produce a greater inhibitory effect
than either antagonist alone suggesting a synergism between the two (Coderre and
Melzack 1991; Rusin et al. 1992). Upon release, neurokinins act predominantly at the
NK-2 receptor in the rat dorsal horn (Nagy et al. 1993; Dalsgaard et al. 1985). Studies
using the protein kinase C (PKC) inhibitor staurosporine, which blocks the NK
enhancement of NMDA responses, have suggested that NKs enhance actions of
excitatory amino acid-evoked currents in the spinal cord dorsal horn via the activation of
PKC (Urban et al. 1994). It is hypothesised that the activation of NK receptors induce
PKC activity and the subsequent changes initiated, such as protein phosphorylation,
produce a modulation of the NMDA receptor activity (Chen and Huang 1992).
Enhancement of NMDA receptor activity will then cause the maintenance of spinal

hyperexcitability via a heightened sensitivity of the receptor to glutamate.

Presynaptic NMDA receptors have recently been found in afferent terminals in the dorsal
horn (Liu et al. 1994) and it is these autoreceptors which are thought to control the release
of neuropeptides (Marvizon et al. 1997; Liu et al. 1994; Liu et al. 1997). The duration and
intensity of pain behaviour produced by intrathecal injection of substance P in rats is less
than that produced by NMDA, emphasising that the substance P released in response to
NMDA injection is not the exclusive mediator of pain behaviour. Rather, the release of
substance P exacerbates and prolongs the pain behaviour generated when NMDA
interacts with postsynaptic receptors (Liu et al. 1997). Presynaptic NMDA receptors
located on the terminals of small-diameter pain fibres are therefore thought to facilitate
and prolong the transmission of nociceptive information via enhanced release of
substance P and glutamate. The glutamate released from C fibres following tissue or
nerve injury not only depolarises postsynaptic neurones, but also acts on the presynaptic
NMDA autoreceptors to maintain depolarisation of the presynaptic terminal, increasing
intracellular calcium and prolonging the release of and the postsynaptic effects of
substance P, and possibly further enhancing the effect of glutamate via the activation of
PKC. Therapies directed at the presynaptic NMDA receptor could therefore provide a
novel target for the treatment of persistent pain states. A model for the synergistic action

of neurokinins and glutamate in the dorsal horn is shown in Figure 1.13.
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Presynaptic

Postsynaptic

Fig. 1.13: Model for the synergistic action of neurokinins and glutamate in the dorsal horn. Noxious stimuli
induce high frequency action potentials in A8 and C fibres, producing presynaptic depolarisation and
glutamate (Glu) release (1). Extracellular glutamate activates presynaptic NMDA autoreceptor channels
allowing the influx of calcium (2). The increased intracellular calcium triggers the release of substance P
(SP) from core vesicles (3), and substance P then binds to neurokinin 1 (NK1) receptors in surrounding
neurones triggering internalisation (4). Activated NK1 receptors increase postsynaptic responses to
glutamate through the activation of protein kinase C, leading to an increase in neuronal excitability via the
phosphorylation of NMDA receptors. Adapted from Marvizén et al. (1997) J. Neurosci. 17, 8129-8136.

1.5.3 The role of non-NMDA receptors in sensory transmission:

Synaptic activation of dorsal horn neuons by C fiber primary afferents is qualitatively
different from that produced by A fibers. Large fiber afferents usually evoke a brief EPSP
in dorsal horn neurones (Jessell et al. 1986) which can be blocked by non-NMDA receptor -
antagonists (Yoshimura and Jessell 1990). It is well known that glutamate acting on

NMDA receptors in the spinal cord is involved in triggering the development of chronic
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pain states. But how are the non-NMDA receptors involved? The formalin response (a
well characterised model of inflammatory pain) is biphasic and lasts for about 60 minutes.
Studies on the effect of intrathecal administration of the selective AMPA receptor
antagonist 6-cyano-7-nitroquinoxaline-2-3-dione (CNQX) (Honore et al. 1988) reveals that
AMPA receptor activation during the first phase initiates events which prime or sensitise
the dorsal horn neurones to the second phase of nociceptive inputs. Furthermore, again
using the formailn model of inflammatory pain Chapman and Dickenson (1995a) showed
that pre-administration of the non-NMDA antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) dose-relatedly inhibited the first and second phases of the response. In contrast,
post-administration of the same doses of CNQX were less effective at inhibiting the
second phase. These results agree with another behavioural study (Hunter and Singh
1994) which revealed that post-administration of CNQX failed to inhibit the associated
hyperalgesia whereas pre-administered CNQX effectively inhibited the hyperalgesic
response. It could be concluded from these results that AMPA receptor activation primes
or sensitises dorsal horn neurones to the nociceptive inputs so contributing to the

induction of central NMDA receptor mediated hypersensitivity.

However, Harris et al. (1996) reported that non-NMDA, AMPA receptors are upregulated
in the dorsal horn following sciatic nerve ligation in the rat which suggests that they are
directly involved in the nociceptive response. This upregulation was not blocked by the
NMDA receptor antagonist MK-801, and since it has been reported that NMDA receptors
do not contribute to mechanical hyperalgesia (Tal and Bennett 1994), it is suggested that
AMPA receptors are selectively involved in the mechanical hyperalgesia which was
induced by sciatic nerve ligation. Consistent with this hypothesis, AMPA receptors have
been shown to underlie transmission of both nociceptive and non-nociceptive mechanical
stimulation in the spinal cord (Cumberbatch et al. 1994). Non-NMDA receptor
upregulation causing alterations in the density and distribution of these receptors could
therefore lead to the lowering of nociceptive thresholds so that consequently innocuous

mechanical stimuli come to evoke nociceptive responses.
If AMPA receptors are involved in mechanical hyperalgesia, then AMPA receptor

antagonists could be used as therapy to supress pain states in which mechanical

hyperalgesia is involved. AMPA receptor antagonists have indeed been shown to inhibit
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pain behaviours in a rat model of post-operative pain (Zhan et al. 1998). A common
cause of persistent pain and hyperalgesia in humané is post-operative pain. Mechanical
stimuli and hence mechanical hyperalgesia are the most relevent to this type of pain state.
Consistent with previous results indicating that NMDA receptor antagonists do not affect
mechanical hyperalgesia, Zahn et al. (1998) found their model of post-operative pain was
not affected by intrathecal NMDA receptor antagonist injections. However, a marked
supression of mechanical hyperalgesia and pain behaviours in response to i.t.
administration of the non-NMDA antagonists NBQX and DNQX was observed. In the
future, the development of non-NMDA receptor antagonists could improve postoperative
pain management. However, because the AMPA receptor plays an important role
throughout the CNS (Barnard and Henley 1990), the use of AMPA antagonists for pain

control is likely to produce widespread side-effects unless the spinal receptor differs from

those elsewhere.

1.5.4 NMDA receptor antagonists as potential analgesics:

The administration of opioids have traditionally been used for the treatment of chronic pain
and are effective as analgesics. However, these drugs are not free from side-effects.
Opioids have a risk of severe, potentially lethal respiratory depression, and there is also
the tendency for tolerence to develop. It is therefore important to find alternative therapies

for the treatment of chronic pain.

The use of NMDA receptor antagonists for the relief of pain in humans has so far been
limited to only a small number of clinical trials, mainly because of the high toxicity and the
numerous side effects of the drugs (Kristenson et al.1992; Backonja et al.1994; Gordh et
al. 1995; Price et al. 1994; Eisenburg and Pud 1998). The predicted side effects of NMDA
receptor antagonists, such as amnesia and psychosis could also prove to be a problem.
The regulatory sites on the NMDA receptor-channel complex, such as the glycine or
polyamine binding sites may prove to be better targets. However, some 'old' drugs used

for other purposes have been found to be NMDA receptor antagonists.

Dextromethorphan is a widely used non-opioid cough supressant and has a wide margin
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of safety. It does not have psychotic side effects that many other NMDA receptor
antagonists possess and is therefore a promising drug for use in the treatment of pain
control in humans. Studies in rats show that dextrorphan, the primary metabolite of
dextromethorphan, alleviates neuropathic hyperalgesia in rats (Mao et al. 1993; Tal and
Bennett 1993) and in humans, dextromethorphan is effective in reducing temporal
summation (‘windup') pain (Price et al. 1994). Another drug possessing NMDA receptor
antagonist activity is memantine which has previously been used to treat Alzheimers and
Parkinsons disease and is clinically avaliable. Memantine has been shown to reduce the
responses of spinal neurones to noxious stimuli (Neugebauer et al. 1993b) and

suppresses neuropathic pain in rats (Eisenberg et al. 1994; Eisenburg et al. 1995).

A more recent study has used amantadine, an agent avaliable for long-term use in
humans that has recently been shown to have NMDA antagonist activity (Eiysenburg and
Pud 1998). Amantadine (and memantine) exerts its effects by binding at a site on the
NMDA receptor where it gets trapped after channel closure and agonist unbinding. This is
known as a "trapping channel block" (Blanpied et al. 1997). Amantadine has fewer side
effects than other "channel blocking" drugs such as ketamine, PCP and MK-801. The
resons for these very diverse side-effect profiles are not known but it is plausible that this
variation arises in part from a diversity of mechanisms by which the channel is blocked.
Three patients suffering from chronic neuropathic pain were given an acute administration
of amatadine which completely resolved not only the pain but also the associated
hyperalgesia and allodynia (Eisenburg and Pud 1998). Results using amantadine in this

clinical trial were highly significant and suggest that further investigation should be carried

out.

1.6 Metabotropic Glutamate Receptors.

In 1985 it became apparent that glutamate had more complex roles than was first thought
since it was reported to stimulate phospholipase C (PLC) in cultured striatal neurones via
a receptor that did not belong to the NMDA, AMPA or KA receptor families (Sladeczek et
al. 1985). Soon after, a similar effect of glutamate was described in hippocampal slices

(Nicoletti et al. 1986a, b), cultured cerebellar granule cells (Nicoletti et al. 1986¢) and

page 31



cultured astrocytes (Pearce et al. 1986). These results strongly suggested that glutamate,
like GABA, 5-HT and acetylcholine, not only activated ligand-gated channel receptors but
also receptors coupled to GTP-binding proteins (G proteins). The existence of such novel
glutamate receptors, now known as metabotropic glutamate receptors (mGIuRs), was
then confirmed using the Xenopus oocyte model and new pharmacological tools

(Sugiyama et al. 1987).

It has been shown that metabotropic glutamate receptor (MGIuR) activation in the spinal
cord can result in hyperalgesia (Meller et al. 1993) and sustained activation of dorsal horn
neurones (Young et al. 1994). The mechanisms underlying such mGIluR-mediated effects
are not known and indeed, there is relatively little research into the role of mGluRs in
spinal sensory processing. The potential importance of these receptors is highlighted by
evidence for their role in gating NMDA-receptor-dependent and -independent forms of
long-term potentiation (LTP) in the hippocampus (Bortolotto and Collingridge 1993;
Bortolotto et al. 1994) and by the facilitation of AMPA and NMDA responses in dorsal horn
neurones by the mGIuR agonist (15,3R)-1-Aminocyclopentane-1,3-dicarboxylic acid

[(1S,3R)-ACPD] (Bleakman et al. 1992; Cerne and Randic 1992).

Molecular cloning of the G-protein coupled mGIluRs has identified eight subtypes
(mGIluR1-8) whose heterogeneity is increased by the existence of several splice variants
(Fig 1.14). On the basis of sequence homology, agonist potency and signal transduction
mechanisms the mGIluRs have been subdivided into three different groups (Pin and
Duvoisin 1995) (Fig. 1.15). Group | (mGluR1a-d and mGluR5a,b) receptors are
characterised by the stimulation of phospholipase C (PLC) which is revealed by an
increase in phosphoinositide turnover, and calcium release from internal stores (Pin and
Duvoisin 1995; Nakanishi 1992; Simoncini 1993). The G proteins involved in the
activation of PLC by group | mGluRs have not been clearly identified. However,
stimulation of PLC by mGluR1a is found to be partly sensitive to pertussis toxin (PTX) in
chinese hamster ovary (CHO) cells, indicating that G proteins of the Gi-G, family are
involved (Aramori and Nakanishi 1992). Activation of PLC catalyses the hydrolysis of
phosphatidylinositol-4,5-biphosphate (PIP,) to yield diacylglycerol (DAG) and free inositol-
1,4,5-triphospahe (IP3), both of which act as second messengers. IP3 formation stimulates

the release of calcium from intracellular stores, while DAG activates protein kinase C (Fig.
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1.16). The group | receptors have been found to be a class of postsynaptic mGluRs
which may mediate neuronal depolarisation and increased excitability in transfected cells,

and rat thalamic and hippocampal neurones (see refs. in Watkins and Collingridge 1994).

Glutamate
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Fig. 1.14: Schematic representation of an mGIuR. The segment in the second intracellular loop that is
important for G-protein coupling specificity is indicated in grey. Modified from Conn and Pin (1997) Ann.
Rev. Pharmacol. Toxicol. 37, 205-237.

Expression in mammalian cells reveals that group Il mGIluRs (mGIuR2 and mGIuR3)
inhibit adenylyl cyclase which catalyses the conversion of ATP to cAMP. Group Il
mGlIuRs repress cAMP formation stimulated by either forskolin or a Gs-coupled receptor
(Tanabe et al. 1992; Tanabe et al. 1993). This effect is blocked by PTX treatment of the
cells, which indicates the involvement of a Gi-type of G-protein. Group Il mGluRs have
also been shown to potentiate CAMP independently of kinase activity in the hippocampus

(Winder and Conn 1995).
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Like group Il mGluRs, group Ill mGluRs (mGluR4a,b, mGluR6, mGIluR7a,b and mGIuR8)
also inhibit adenylyl cyclase via a PTX-sensitive G-protein when expressed in CHO cells
or baby hamster kidney (BHK) cells (Okamoto et al. 1994; Saugstad et al. 1994; Tanabe
et al. 1993). The inhibition observed, however, is often smaller than that obtained with
group Il mGluRs (50%), which suggests that either group Il mGluRs do not have a very
high density of expression in the membrane of these cells or that there is an inappropriate
coupling of these receptors to this transduction pathway. However, the tranduction is
totally inhibited by PTX suggesting that the G-protein in this coupling is of the G; family
(Pin and Duvoisin 1995). The mGIuR6 subtype which is found exclusively in retinol cells,
however, is thought to have a different transduction pathway since it is thought to couple

to a cGMP phosphodiesterase in its native environment (Shiells and Falk 1992).

subtype transduction rou
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Figure1.15: The classification and transduction pathways of the metabotropic glutamate receptors.
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Fig. 1.16: Diagram showing the effector systems of mGluRs.

1.6.1 Localisation of mGluRs in the Spinal Cord.

To aid the characterisation of the various subtypes of mGluRs in the spinal cord, a range
of highly selective agonists and antagonists are required. Since there is only a limited
availability of these selective ligands, molecular studies aimed at detecting the expression
and distribution of the different mGIuR isoforms are of great importance. Using a reverse
transcriptase-polymerase chain reaction (RT-PCR) methodology, Valerio et al. (1997)
demonstrated the presence of mGluR1a, mGIluR2, mGIluR3, mGIuR4, mGIuR5 a and b,
and mGIuR7 mRNAs in the rat spinal cord. The selective expression of the mGluR1a
subtype in the spinal cord is the only known example of selective mGIuR1 splicing in the
CNS. In all other mGluR1-expressing tissues examined, both isoforms of the subtype are
expressed albeit with differing intensities (Hampson et al. 1994). This is of particular

importance since it has recently been shown that the long carboxyl-terminal domain which
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characterises the mGluR1a isoform is able to confer specific properties to the receptor, in
comparison with the shorter mGluR1b-d variants, including a better coupling efficiency to

the G proteins, and an agonist-independent activity (Prezeau et al. 1996).

Expression of the different group | mRNAs have been shown to have a different
distribution within the spinal cord. While the level of mGIuR1 mRNA is relatively low and
broad in spinal grey matter, the expression of mGIuUR5 mRNA is very intense and
localised to the dorsal horn (Anneser et al. 1995; Boxall et al. 1998). Other studies using
antibodies specific for mGIuR5 have found the receptor to be located in the superficial
laminae of the rat and human spinal cord, mainly in laminae | and Il of the dorsal horn
(Vidnyanszky et al. 1994). Of all the mGIuR subtypes, the mRNA for the mGIuR5 subtype
shows the greatest expression in the dorsal horn. This is closely followed by the group lli
subtypes mGIluR7 and mGIuR4 (Boxall et al. 1998). mGIuR7 has been found to be
located on primary afferent fibres in the dorsal horn (Ohishi et al. 1995) and has been
described using immunocytochemical methods in a broad population of dorsal root
ganglia (DRG) cells containing glutamate/aspartate (Li et al. 1996). Based on the
avaliable data, mGIuR7 receptors have been suggested to act as presynaptic
autoreceptors. It has not yet been possible to determine if mGluR4 receptors are located
pre- or postsynaptically although it is thought they have a postsynaptic location in the
DRG (Boxall et al. 1998).

Although Valerio et al. (1997) found mRNA encoding for mGluR2 and mGIuR3 (group Il)
receptors in the rat spinal cord, expression levels were low. Conversely, Boxall et al.
(1998) and Ohishi et al. (1993) found strong expression of mGIuR3 mRNA in the
superficial medial edge of the dorsal horn. The mRNA for mGIluR3 has been shown to be
upregulated after UV induced peripheral inflammation in all areas of the spinal cord except
motorneurones (Boxall et al. 1998). This may indicate a specific role for the mGIuR3
receptor in the modulation of primary sensory transmission. No expression of mGiuR3

has been found in the motoneurones of the spinal cord.
Expression of mGluR4 and mGIuR7 receptor mRNAs in the rat spinal cord show differing
distributions. mGIuR4 mRNA is expressed in a disperse manner over the grey matter. In

contrast, mGIuR?7 is localised with a high concentration in the superficial dorsal horn, and

page 36



to a lesser extent in the deep dorsal horn and the ventral horn (Boxall et al. 1998). MRNA
for mGluR6 and mGIuR8 was not detected at all in any area of the spinal cord (Valerio et
al. 1997). Thus, group Il and group lll mGIuRs are relatively poorly represented on
intrinsic neurones in the spinal cord of normal animals. However, electrophysiological
studies have suggested that group Il and/ or [ll mGluRs may be distributed presynaptically
on primary afferent terminals and could inhibit transmitter release (Jane et al. 1994; Kemp
et al. 1994). Specifically, presynaptic location of mGIuR7 receptors has been reported in
the spinal cord (Ohishi et al. 1995; Valerio et al. 1997). The predominant presynaptic
location of the group Il and lll receptor subtypes means that mRNA coding would not be
expected to be found in the dorsal horn of the spinal cord. Antibody studies have yet to
demonstrate whether primary afferent neurones entering the dorsal horn of the spinal cord

do show staining for these other group Il and Il mGluRs.

Figure 1.17 summarises the location of the different metabotropic glutamate receptors in

the spinal cord, while figure 1.18 shows their pre- and postsynaptic locations.

Receptor Group Location in the Spinal Cord

mGIuR1 I o low expression
® broadly expressed throughout the grey matter

mGIuR5 I e very highly expressed
@ localised in the superficial laminae of the dorsal horn

mGluR2 / Il @ [ow expression

mGIuR3
® mGIuR3 localised to the medial edge of the dorsal horn
and upregulated after peripheral UV inflammation

® none found on motorneurones

mGIuR7 i @ localised in high concentrations in the supetficial
dotrsal horn

® located on primary afferent fibres in the dorsal horn
and in DRG cells containing glutamate

® presynaptic

mGluR4 il ® disperse location in the grey matter
@ postsynaptic (?) in DRG

mGIuR6 / none found in any area of the spinal cord
mGIuR8 i ® none y P

Fig. 1.17: a summary showing the locations of the different metabotropic glutamate receptors in the spinal
cord.
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Presynaptic

mGluR2/3

mGIuR7

mGIuR1/5 mGluR1/5

mGluR2/3

Postsynaptic

Fig. 1.18: Organisation of glutamate receptors at the synapse. lonotropic receptors are located in the
central postsynaptic specialisation while group | mGluRs are found at the perisynaptic annulus. mGIuR7
(group 1) is found presynaptically at the active zone while group Il mGluRs (mGluR2 and mGIuR3) occur at
extrasynaptic membrane domains both pre- and postsynaptically. Group | mGluRs and several types of
ionotropic receptor have also been reported to be located presynaptically; these are not included as the
precise distribution is unknown. Modified from Ottersen and Landsend (1997) Eur. J. Neurosci. 9, 2219-

2224,

1.6.2 The involvement of mGIuRs in sensory transmission in the spinal cord.

It is well known that modulation and processing of nociceptive information occurs in the
dorsal horn area. The prominence of mGIuR mRNA in the superficial dorsal horn of the
spinal cord suggests that these receptors may play an important role in nociceptive
processing (Young and Fagg 1990). Evidence of glutamate uptake into small ganglion
cells in 1983 was a strong indicator of a sensory transmitter role for glutamate in fine
afferent fibres (Duce and Keen 1983). The different classes of mGluRs have a variety of
potential roles depending on their differing locations and effector mechanisms. Activation
of mGIluRs may induce excitation (McBain et al. 1994) or inhibition (Gereau and Conn
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1994), depending on the presence of the subtype and location of the mGIuR. A major role
for the mGIuR has been suggested in plastic changes within the CNS. Both long-term
potentiation (LTP) (Bashir et al. 1993) and long-term depression (LTD) (Aiba et al. 1994;

Pin and Duvoisin 1995) may depend upon the activation of mGluRs.

In vivo observations have revealed that mGIuR activation contributes to the development
of spinal hyperexcitability (Cerne and Randic 1992; Meller et al. 1993; Neugebauer et al.
1994; Young et al. 1994). Also, the potentiating effect of the mGIuR agonist (1S,3R)-
ACPD occurs at concentrations lower than that by which it causes an increased calcium
influx (Bleakman et al. 1992). The effect is, therefore, dissociated from its ability to
increase intracellular calcium and is thus a direct effect. These observations presented
the first evidence that mGIuR activation during hyperalgesia is associated with peripheral
inflammation. Such potentiation could represent a key link in the activity dependent
synaptic plasticity seen in the spinal cord. However, until recently the pharmacological
tools avaliable could not adequately distinguish between the different receptor types
involved in these changes. With the advent of newer, more specific drugs it has been

possible to investigate the separate roles of the three mGIUR subgroups.

The effect of mGIUR compounds on activity at the NMDA receptor channel is of particular
interest, as this receptor has an important role in spinal nociceptive modulation. Several
studies have demonstrated an interaction between the NMDA receptor and mGIuRs. In
electrophysiological experiments in vitro (Bleakman et al. 1992; Cerne and Randic 1992)
and in vivo (Bond and Lodge 1995; Palacek et al. 1994), NMDA-evoked responses are
enhanced when mGIuR agonists are applied in combination. Also, in the behavioural
studies using the formalin model, the co-administration of NMDA with mGIuR agonist ((£)-
1-aminocyclopentane-trans-1,3-dicarboxylic acid (trans-ACPD) results in a much greater

increase in nociceptive behaviours than seen with either agonist given alone (Coderre and

Melzack 1992).

Investigations using selective ligands which differentiate between the different mGIuR
subgroups have found that it is the group | receptors which have the most important role
in inducing and sustaining nociceptive behaviour. A study by Fisher and Coderre (1996a)

using the formalin model of pain revealed that an increase in nociceptive behaviour is
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induced by the group | mGIuR agonist (A, S)-dihydroxyphenylglycine (DHPG) and the non-
selective agonist (1S, 3S)-ACPD, but not by the group Il agonist (2S,1'R,2'R,3'R)-2-(2',3'-
dicarboxy-cyclopropyl)-glycine (DCG-1V). The study also showed that this effect could be
blocked by the administration of the NMDA antagonist D-AP5 prior to testing. Other
studies using electrophysiological as well as behavioural techniques demonstrated how
antagonists acting preferentially at group | receptors have a much more pronounced effect
in an inflammed state (Young et al. 1997; Neugebauer et al. 1994). A previous
electrophysiological study also demonstrated that the mGIuR antagonists L(+)-2-amino-3-
phophophonopropionic acid (L-AP3) and (R,S)-4-carboxy-3-hydroxyphenyl-glycine
(CHPQG) attenuated the responses of single dorsal horn neurones to sustained noxious

input (Young et al. 1994).

In order to distinguish between the roles of the different mGIuR group | receptors, Young
et al. (1997) tested both a selective mGIuR5 agonist, trans-azetidine dicarboxylic acid (i-
ADA) and an drug described to selectively inhibit mGIuR1 receptors compared to mGIuR5
receptors, cyclothiazide (CTZ). In elecrophysiological experiments, it was found that t-
ADA activated a smaller proportion of dorsal horn cells than was activated by the mGIuR
group | agonist DHPG implying that mGIuR1 receptors and to a lesser extent mGIuR5
receptors have a role in the activation of dorsal horn neurones. These results agree with
another study which reported that intrathecally administered 3,5-DHPG, but not t-ADA,
elicits spontaneous nociceptive behaviour (Fisher and Coderre 1996b). CTZ was shown
to have no effect on innocuous stimulation but did attenuate the response of single dorsal
horn neurones to repeated topical application of mustard oil, which suggests that mGIuR1
receptors are selectively involved in mediating a sustained C fibre input to dorsal horn

neurones, but not an innocous A fibre input (Young et al. 1997).

The mechanism by which mGluRs may contribute to sustained nociceptive input still
remains unsolved. Numerous downstream cellular changes mediated by mGluRs have
been described (Chavis et al. 1994; Pin and Duvoisin 1995; Swartz and Bean 1992;
Swartz et al. 1993). Enhancement of NMDA receptor activity has been described both in
electrophysiolgical experiments in vitro (Bleakman et al. 1992; Cerne and Randic 1992)
and in vivo (Baker et al. 1993; Bond and Lodge 1995; Jones and Headley 1995) and also

in behavioural studies (Fisher and Coderre 1996a). Examinations of the NMDA
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(Moriyoshi et al 1991) and the AMPA/KA (Hollmann et al 1989) receptors reveal the
presence of a large number of concensus phosphorylation sites, suggesting the possibility
that these receptors may be modulated through second messenger-mediated
mechanisms. In fact, potentiation of NMDA and KA/AMPA responses after activation of
protein kinase C (Kelso et al. 1992; Cerne et al. 1993) and cAMP dependent protein
kinases (Wang et al. 1991; Keller et al 1992), has been demonstrated previously.
However, the effects of (1S, 3R)-ACPD appear to be dissociated from its ability to
increase intracellular calcium and potentiation is rather short lived (Bleakman et al. 1992).
Previous reports on the potentiation of NMDA responses showed it to be long lasting, as
might be expected for a phosphorylation-mediated effect (Chen and Huang 1991; Rusin
and Randic 1991; Rusin et al. 1992).

Activity at group | mGluRs may result in initiation of a number of downstream signal
transduction steps, including PKC activation (Manzoni et al. 1990) and inhibitors of PKC
(as well as Ca/Calmodulin-dependent kinase Il and phospholipase A2) have been shown
to block mGIluR agonist evoked activation of dorsal horn neurones (Young et al. 1995).
PKC inhibitors can block long-term potentiation in the hippocampus (Lovinger et al. 1987;
Malenka et al. 1989; Manlinow et al. 1988), as well as the sustained activity in dorsal horn
neurones elicited by C fibre activation (Munro et al. 1994). PKC inhibitors, however, do
not block activity due to innocous brushing (Munro et al. 1994). Binding assays using
[3H]phorbol-12,13-dibutyrate ([BH]PDBu) have shown how sustained noxius inputs result
in the translocation of PKC to the membrane compartment of spinal cord dorsal horn cells
in a mustard-oil model (Munro et al. 1994) and also in formalin-evoked hyperalgesia
(Yashpal et al. 1995). These results have been shown to correlate with behavioural
studies in which hyperalgesia is observed with PKC activation (Mao et al. 1992; Mao et al.
1993) and hyperalgesia induced by subcutaneous formalin is reduced if PKC activation is

prevented (Coderre and Yashpal 1994; Yashpal et al. 1995).

PKC-mediated enhancement of the activation of NMDA receptors has been reported by
several groups (Ben-Ari et al. 1992; Cheng and Huang 1992; Tin