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ABSTRACT

The tachykinins, substance P (SP) and neurokinin A (NKA),
contained in primary afferent fibres, are thought to function as

nociceptive neurotransmitters in the spinal cord. This study addressed
the role of their receptors (NK^ and NK2, respectively) in mediating
responses of lamina I dorsal horn neurons, using selective agonists and
antagonists in a number of different approaches. A proportion of lamina
I cells may receive direct monosynaptic contacts from small diameter
primary afferents, respond to nociceptive stimuli and are believed to
undergo prolonged changes in responsiveness and receptive field
properties along with altered genomic expression, including increased
expression of preprodynorphin (PPD) mRNA during sustained noxious
activation, such as occurs in peripheral inflammation. Knowledge of the
mechanism of such central sensitisation could provide a highly selective
treatment for the severe clinical problems of inflammatory and perhaps
neuropathic pain.

Studies were carried out in a-chloralose/ urethane anaesthetised

rats. The effects of ionophoretic application of tachykinin receptor

agonists on the responses of single lamina I nociceptive neurons to brief
noxious cutaneous stimulation were investigated by extracellular
recording. The endogenous NK2 receptor agonist, NKA and a highly-
selective NK2 receptor agonist, GR 64349 markedly, but transiently
facilitated the spontaneous activity, leading to a selective attenuation of
the noxious thermal response. In contrast, the NK^ receptor selective
agonist, [Met-OMell]SP did not elicit such responses.

In situ hybridisation histochemistry (ISHH) detection of PPD
mRNA was employed as a tool to monitor the effects of tachykinin
receptor antagonists on the delayed central genomic changes associated
with carrageenan-induced inflammation. Sustained ionophoretic
administration of the NK2 receptor selective antagonist, L-659,874
unilaterally into the superficial dorsal horn of the lumbar spinal cord
caused a significant reduction of lamina I PPD mRNA expression that
had been induced by bilateral hindpaw carrageenan injections. Likewise,
in rats injected unilaterally with carrageenan, a significant reduction
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was obtained after repeated intravenous administration of an NK2
receptor-selective nonpeptide antagonist, SR 48968. Sustained unilateral
ionophoretic administration of highly-selective NK^ receptor antagonists,
L-668,169 or GR 82334 into the superficial dorsal horn was unable to

produce such inhibition of this genomic response in lamina I cells, with
the bilateral carrageenan model. Inhibition was obtained when the NK4
receptor-selective nonpeptide antagonist, RP 67580 was repeatedly
administered intravenously in rats injected unilaterally with
carrageenan, though this effect was not as marked as that obtained with
NK2 receptor blockade.

In conclusion, these results provide evidence that spinal NK2
receptors are involved in mediating both acute nociceptive transmission
and long-term genomic changes in rat lamina I neurons, that may be
associated with central sensitisation and behavioural hyperalgesia
during inflammation. In contrast, at least in these models, spinal NK^
receptors appear to have less involvement in processing either acute or

more sustained noxious stimulation.
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CHAPTER 1: General Introduction

l.l. Characterisation of spinal dorsal horn neurons

1.1.1. Cytoarchitectonic organisation
The dorsal horn of the spinal cord is the first relay site for

integrating sensory information received from the periphery via primary
afferent neurons. Anatomical studies, initially in the cat (Rexed 1952,
1954), then later in the rat (Molander et al, 1984), revealed a precise
laminar organisation of the neuronal perikarya of the grey matter, based
on morphological observations after histological staining.

In this scheme the dorsal horn is divided into six layers or

laminae which also form the basis of functional distinctions (see figure
1.1.). Lamina I is the most superficial layer of the grey matter, running
around the dorsal and about half the lateral edge of the dorsal horn
(Molander et al, 1984). Subsequent investigation has shown that inputs
from primary afferents, as well as axons descending from the brain,
terminate in defined patterns within each specific lamina in a discrete
rostrocaudal and mediolateral fashion (Brown, 1982; Cruz et al, 1987).

1.1.2. Cutaneous primary afferent nociceptive inputs
Peripheral nociceptors relay afferent information through both A8

-(small diameter myelinated fibres) and C- (non-myelinated and slower-
conducting) fibres in the dorsal roots (Besson and Chaouch, 1987;
Burgess and Perl, 1973; Cervero and Iggo, 1980; Lynn and Baranowski,
1987; Perl, 1984). The present project is focused on cutaneous
nociceptive innervation, though the dorsal horn also receives such
primary afferent fibre inputs from muscle, joint and visceral nerves

(Besson and Chaouch, 1987; Sugiura et al, 1989).
Electrophysiological recording in conjunction with intracellular

microinjection of horseradish peroxidase (HRP) or the plant lectin,
Phaseolus vulgaris leukoagglutinin (PHA-L), revealed that the majority
of A5 nociceptive primary afferents from high threshold
mechanoreceptors are directly received by Rexed laminae I, IV and V
with few terminating in laminae II and X (Cervero et al, 1976; Light and
Perl, 1979a; Mense, 1990; Rethelyi et al, 1982, 1983) (see figure 1.2.). In
contrast, most C-fibre cutaneous nociceptor afferents, responding to
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Figure 1.1.

Schematic drawings of the cytoarchitectonic subdivisions of the
lumbar segments of rat spinal cord

The location of the different laminae in the rat lumbar spinal cord are

shown diagrammatically. Abbreviations are as follows:- I to X, spinal
cord laminae; CC, column of Clarke; LSN, lateral spinal nucleus; Liss,
Lissauer's tract; L2, L4 and L6, respective segments of the lumbar spinal
cord.

(compiled from Molander et al, 1984)
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Area of major nociceptive afferent innervation
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polymodal nociceptors and high-threshold mechanoreceptors were shown
to be received by lamina I-II (Cervero and Iggo, 1980; McMahon et al,
1984; Sugiura et al, 1986) (see figure 1.2.). In one study approximately
100 identified C-fibre units with cutaneous receptive fields (over 80% of
which were found to be nociceptors) were tracked to lamina I-II of the
dorsal horn after injection of PHA-L into their cell bodies in the dorsal
root ganglion (Sugiura et al, 1986). Non-nociceptive A8 axons from Type
D hair follicle receptors and large diameter (Aa-7) myelinated afferent
fibres, innervating sensitive cutaneous mechanoreceptors, appear to
distribute their axons to the deeper dorsal horn laminae III-VI (Brown
and Iggo, 1967), with no evidence for major terminations in lamina I or

Il(outer) (Rethelyi et al, 1982) (see figure 1.2.).
Synapse degeneration studies after dorsal root section have

reinforced the above findings (Ralston and Ralston, 1979). HRP tracing
of primary afferent fibres in rat, cat and monkey have revealed a few
contralateral terminations of cutaneous high threshold mechanoreceptors
to the marginal zone (Light and Perl, 1979a, 1979b).

These findings strongly suggest that a large proportion of
cutaneous nociceptive primary afferent fibres terminate in lamina I. It is
on cells of this lamina that the present work has been focused.

1.1.3. Cytoarchitectonic organisation ofnociceptive afferent
processing
The terminals of nociceptive afferents have the potential to

synapse with neurons with outputs to distant sites, as well as local circuit
neurons, which may modulate nociceptive transmission (Besson and
Chaouch, 1987; Brown, 1982; Cervero and Iggo, 1980; Dubner and
Bennett, 1983; Melzack and Wall, 1965).

Potential areas of nociceptive processing have been studied by
utilising the rapid induction of immediate-early gene expression, such as

c-fos and c-jun, or the incorporation of 2-deoxy-D-[I4C]glucose (2-DG), all
of which occur in post-synaptic neurons in response to synaptic activation
(Hunt et al, 1987; Sokoloff et al, 1977). By studying the distribution of
these markers, it has been possible to identify an array of second-order
dorsal horn neurons, responding selectively to peripheral noxious inputs
(Dragunow and Faull, 1989). This has the advantage of
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Figure 1.2.

Schematic diagram of the cutaneous afferent input to the
superficial dorsal horn and neuronal organisation

A transverse section of the superficial dorsal horn is represented,
illustrating the morphology of afferent fibre innervation and second order
neurons. The receptor groups associated with these afferent fibres are

shown on the left. Standard neuron types in the dorsal horn, represented
schematically, are from top to bottom: a marginal cell, a substantia
gelatinosa limiting cell, two substantia gelatinosa central cells and two
neurons of the nucleus proprius. The laminar divisions of the superficial
dorsal horn are shown on the right of the diagram.

(taken from Cervero and Iggo, 1980)
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examining responses of populations of dorsal horn neurons, whereas
electrophysiological studies describe only a few cells per experiment.

Using noxious thermal stimulation within the range 45 - 49°C
(temperatures believed to activate polymodal C-fibre afferents; Bessou
and Perl, 1969; LaMotte and Campbell, 1978; Perl, 1984), increases in 2-
DG utilisation were restricted to the medial area of the ipsilateral dorsal
horn in laminae I-VI, V-VI and VII (Coghill et al, 1991). Similarly,
stimulation of small diameter cutaneous, sensory afferents by noxious
heat (52°C), by noxious mechanical (pinch) or by noxious chemical stimuli
(e.g. mustard oil, Complete Freund's Adjuvant (CFA) or formalin)
increased Fos protein-like immunoreactivity (Fos-ir) in the superficial
layers of the ipsilateral, medial dorsal horn; laminae I-II, IV-V, VII, VIII
and X (Bullitt, 1991; Hunt et al, 1987; Menetrey et al, 1989; Tolle et al,
1994; Williams et al, 1990) (see figure 1.1.). The persistence of this
elevation in expression was proportional to the duration of the stimulus,
as demonstrated in longer-term models of neuronal activation, such as

sciatic nerve transection (Chi et al, 1993). Some of the Fos-containing
neurons probably belong to tracts ascending to the brain (Menetrey et al,
1989). Non-noxious stimulation, activating low threshold cutaneous
afferents of A(3, A5 and Aa-fibres, induced Fos-ir in many fewer neurons

of different populations; predominantly those of laminae II-IV and not I
or V (Hunt et al, 1987).

The somatotopic organisation of primary afferent terminals has
been investigated, using c-fos or 2-DG mapping (Bullitt, 1991; Coghill et
al, 1991) or HRP tracing (LaMotte et al, 1991; Molander and Grant, 1986;
Rivero-Melian and Grant, 1991; Swett and Woolf, 1985). These showed
the rostrocaudal distribution of nociceptive cells, responding to inputs
from the rat hindpaw, were within spinal segments L2-5, with the focus
encompassing laminae I-IV and V-VI at the L4 region.

1.1.4. Electrophysiological classification ofdorsal horn neurons

Dorsal horn neurons, including those of lamina I, have been
categorised on the basis of their responses to electrical and/or cutaneous
stimuli (Handwerker et al, 1975; Iggo, 1974, 1977):-

Class 1 = Low-threshold mechanosensitive units, activated by A-, but not

C-fibres, responding to non-noxious mechanical stimuli only.
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Class 2 = Wide-dynamic range (WDR) or multireceptive cells, excited by
convergent inputs from sensitive mechanoreceptors, plus thermal and
mechanical nociceptors, mediated by A- and C-fibres.

Class 3 = Nocispecific neurons, only responding to noxious mechanical
stimuli, mediated by A8- and C-fibres and/or noxious thermal stimuli,
mediated largely by C-fibres.

All these neurons are found throughout the dorsal horn, though
there may be a higher proportion of nociceptive cells in the most
superficial layer, lamina I (see next section).

1.2. Role of lamina I neurons in nociceptive transmission

Lamina I neurons show a marked heterogeneity in morphology
(Coimbra and Lima, 1988), inconsistent with the existence of a single
population. When studied using retrograde labelling, neuronal Golgi
staining and three dimensional reconstruction, four basic cell types have
been characterised:- fusiform, pyramidal, flattened and multipolar
(Coimbra and Lima, 1988; Lima and Coimbra, 1986, 1989, 1990).
However, morphological criteria appear to bear no relation to either
function (Bennett et al, 1980; Hylden et al, 1986; Light et al, 1979), or

projection paths or targets (Hoffert et al, 1983; Lima and Coimbra, 1989;
Liu, 1983; Mense, 1990; Willis et al, 1979) (see later section 1.3. on

'Nociceptive somatosensory projecting tracts'). Despite this
heterogeneity, a large population of lamina I neurons respond to
nociceptive stimuli. Although there are a number of other roles that
neurons in this region may serve, such as cold thermoreception (Craig,
1993; Craig and Dostrovsky, 1991), these are beyond the scope of this
project.

1.2.1. Electrophysiological responses to briefnoxious stimulation
Lamina I neurons have been electrophysiological^ characterised

in terms of their responses to electrical and/or brief cutaneous stimuli.
Several early reports suggest that lamina I of the spinal (as well as

medullary) dorsal horn, primarily contain nociceptive-specific neurons,
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receiving projections from cutaneous high threshold (A8-)
mechanoreceptors and C-fibre thermal nociceptors (Cervero et al, 1976,
1979; Christensen and Perl, 1970; Kumazawa et al, 1975; Light and Perl,
1979a, 1979b; Light et al, 1979; Rethelyi et al, 1983). Cervero et al (1976)
stated there was a ratio of three class 3 neurons to each class 2 neuron, in
lamina I of the dorsal horn of chloralose-anaesthetised cats.

Nevertheless, the proportions of multireceptive versus nocispecific
neurons remains unclear, as more recent reports have showed that over

50% of rat lamina I neurons were multireceptive (McMahon and Wall,
1983; Menetrey and Besson, 1981; Woolf and Fitzgerald, 1983). A
common finding is that lamina I neurons characteristically had a low
background activity in a surgically-operated, but unstimulated state.

1.2.2. Electrophysiological responses to sustained noxious input
Superficial dorsal horn neurons, including those of lamina I are

capable of displaying increased responsiveness, reduced thresholds and
an enlargement of their receptive fields under the influence of certain
sustained peripheral noxious stimuli; such as electrical stimulation at C-
fibre strength (Cook et al, 1987), repetitive noxious mechanical stimuli
(Laird and Cervero, 1989), punctate burn (McMahon and Wall, 1984),
chemical stimulation by the irritant, mustard oil (Woolf and King, 1990),
CFA-induced inflammation (Dubner, 1990; Hylden et al, 1989b) and
chronic arthritis (Calvino et al, 1987; Menetrey and Besson, 1982). This
sensitisation is characterised, at least in rat lamina I nociceptive neurons

after 5 days of CFA, by expanded receptive fields (over 2 times) with
many exhibiting ongoing or bursting spontaneous activity (over 85% of
the population), which could not merely be ascribed to sensitisation of
peripheral nociceptors (Dubner, 1990; Hylden et al, 1989b). These effects
appear similar to those in deeper dorsal horn neurons under similar
inflammatory conditions (Grubb et al, 1993; Neugebauer and Schaible,
1990). The central changes are considered to contribute significantly to
the increases in sensitivity to noxious inputs, known as behavioural
hyperalgesia, accompanying such sustained pain states (Treede et al,
1992; Woolf, 1983; Woolf and Walters, 1991).
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1.3. Nociceptive somatosensory projecting tracts

Information received from the periphery and processed in the
spinal cord is eventually projected through tracts in the white matter to
rostral structures, including thalamic nuclei and medullary structures;
areas known to be involved in relaying nociceptive signals. Those
originating within lamina I will be focused on here.

1.3.1. The spinothalamic tract
The spinothalamic tract (STT) is carried in the ventrolateral

quadrant of the cord and terminates in the thalamus. Stimulation of this
quadrant in humans can produce painful sensations (Mayer et al, 1975;
White and Sweet, 1969), but also tactile sensations (Noordenbos and
Wall, 1976). Electrophysiological recordings, in the rat, cat and monkey
show that the majority of STT neurons respond to noxious stimuli
(Chung et al, 1979; Craig and Kniffki, 1985; Dennis and Melzack, 1977;
Kenshalo et al, 1979, 1982; Price et al, 1978; Surmeier et al, 1988). STT
cells have been found to originate from lamina I, lamina IV-VI and
lamina VII-VIII of the contralateral side of the lumbar spinal cord
(Apkarian and Hodge, 1989; Besson and Chaouch, 1987; Giesler et al,
1976; Kevetter and Willis, 1983; Kumazawa et al, 1975; McMahon and
Wall, 1983; Trevino et al, 1972, 1973; Willis et al, 1979). Varying
proportions of STT cells have been localised to lamina I, depending on the
species and the tracer used (Blomqvist et al, 1992; Burstein et al, 1990;
Craig et al, 1989; McMahon and Wall, 1985).

1.3.2. The spinomesencephalic tract
The spinomesencephalic tract (SMT) projects predominantly

contralateral^ from the spinal cord (Basbaum and Fields, 1984; Besson
and Chaouch, 1987). Stimulation of projections along the SMT induced
painful and emotional reactions in man (Nashold et al, 1969, 1974) and
fear-like and/or pain-like reactions in rats (Riser et al, 1978). From HRP
tracing studies, a large proportion of SMT neurons originate in lamina I
(approximately a third of SMT neurons in rats (Nahin et al, 1991)), with
a few also appearing in laminae V, X and the dorsal lateral funiculus
nucleus (DLFN) (Blomqvist et al, 1989; Hylden et al, 1989a; Liu, 1983;
Mantyh, 1982; McMahon and Wall, 1985; Menetrey et al, 1982; Swett et
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al, 1985; Wiberg and Blomqvist, 1984). Interestingly, the axons of a high
proportion of lamina I projecting neurons ascend via the SMT (as many

as 35% of lamina I neurons in the rat (Leah et al, 1988)) and that many

of these SMT cells, recorded from electrophysiologically, were nociceptive
(Fields et al, 1977; Hylden et al, 1985, 1986; Light et al, 1993; Menetrey
et al, 1980).

Other tracts may also contribute, to a lesser extent, to lamina I
projections to the brain

1.3.3. The spinoreticular tract
The spinoreticular tract (SRT) also ascends in the ventrolateral

quadrant of the spinal cord (Bowsher, 1976; Fields et al, 1977; Kevetter
and Willis, 1982). Lamina I neurons appear to contribute to the SRT,
conveying nociceptive information which may trigger autonomic
responses (Lima and Coimbra, 1990; Lima et al, 1991). Other authors
found the majority of SRT cells were nociceptive (Fields et al, 1977;
Haber et al, 1982; Maunz et al, 1978; Menetrey et al, 1980, 1984).
However, retrograde tracing studies in the monkey, cat and rat showed
most SRT cells to be concentrated in laminae VII and VIII, with few in
lamina I-II or V (Abols and Basbaum, 1981; Chaouch et al, 1983;
Kevetter et al, 1982; Kevetter and Willis, 1983; Lima et al, 1991).

1.3.4. The spinocervical tract

Very few spinocervical tract (SCT) neurons which project
ipsilaterally, have been found in lamina I-II (Brown et al, 1980; Brown,
1981; Bryan et al, 1973; Cervero et al, 1977; Craig, 1978). The majority
of SCT neurons respond to tactile stimuli from hair follicles. Some,
however, are also activated by intense cutaneous pressure, pinch and
thermal nociceptive stimulation; a very few appear to be nociceptive
specific (Brown, 1981; Bryan et al, 1973; Cervero et al, 1977; Fleetwood-
Walker et al, 1985; Lundberg and Oscarsson, 1961).

1.3.5. The postsynaptic dorsal column fibres
Another ipsilateral ascending tract implicated in nociceptive

transmission is the postsynaptic dorsal column system (PSDC), but none

appear to arise from lamina I and most do not respond to noxious stimuli
(Besson and Chaouch, 1987).
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1.3.6. Propriospinal projections
Throughout the spinal cord run both short and long ascending

and descending propriospinal fibres in Lissauer's tract, giving rise to
intersegmental connections which contribute to co-ordination of neural
activity. By HRP tracing, these connections have been found to originate
from lamina VII-VIII, X and also I-II and V (Menetrey et al, 1985). A
notable proportion of nociceptive lamina I neurons are considered to be
segmental interneurons (Cervero et al, 1979; Molenaar and Kuypers,
1978).

There are studies that suggest that a proportion of lamina I
projection neurons receive direct monosynaptic contacts from fine
primary afferents:-

1.4. Inputs onto lamina I projection neurons

Lamina I receives a complex array of synaptic interactions
originating from primary afferent inputs, interneurons or descending
tract fibres containing a wide variety of different neuropeptides,
including substance P, neurokinin A, galanin, enkephalin, calcitonin
gene related peptide (CGRP), somatostatin as well as aspartate,
glutamate, 5-hydroxytryptamine (5-HT) and GABA (Besson and
Chaouch, 1987; Duggan and Weihe, 1989; Salt and Hill, 1983).
Anatomical or immunocytochemical staining in conjunction with electron
microscopy, following electrophysiological recording from a particular
cell, have indicated some lamina I neurons (including those projecting
along the STT, in rat) receive monosynaptic inputs from both C- and Ad-
afferent fibre terminals (Alvarez et al, 1993; Light et al, 1981; Priestley
and Cuello, 1989). A direct synaptic input has been reported from
immunocytochemically identified CGRP-containing terminals to a high
proportion of retrogradely labelled primate lamina I STT cells (Carlton et
al, 1990) and to approximately 40% of rat lamina I SMT cells (Nahin et
al, 1991). CGRP appears to originate exclusively from primary afferent
fibres (Chung et al, 1988) and is contained in just under half of dorsal
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Table 1.1

Amino acid sequence of mammalian tachykinins

The amino acid sequences of the five natural tachykinins are listed with
the common C-terminal of the tachykinin family highlighted. The
authors responsible for these sequence determinations are cited to the
right.
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PEPTIDE

AMINOACIDSEQUENCE

REFERENCES

SubstancePArg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2Changetal.1971 NeurokininAHis-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2Kangawaetal,1983 NeuropeptideKAsp-Ala-Asp-Ser-Ser-lle-Glu-Lys-Gln-Val-Ala-Leu-Leu-Lys-Ala-Leu-Tyr-Gly-HisTatemotoetal,1985 -Gly-Gln-lle-Ser-His-Lys-Arg-His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2
NeuropeptideyAsp-Ala-Gly-His-Giy-Gln-lle-Ser-His-Lys-Arg-HisKageetal,1988 -Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2

NeurokininBAsp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2Minaminoetal,1984



root ganglion neurons (Carr and Nagy, 1993; O'Brien et al, 1989),
including many conveying nociceptive information (Alvarez et al, 1993;
Morton and Hutchison, 1989; Saria et al, 1986). CGRP is also known to
co-exist with a number of other putative transmitters, including the
tachykinins; substance P and neurokinin A (see next section) (Carr and
Nagy, 1993; Leah et al, 1985; Salt and Hill, 1983).

In primates, the responses of a proportion of antidromically-
identified STT cells (including those of lamina I) to high intensity
electrical stimulation of peripheral nerve fibres, produced latencies
consistent with there being monosynaptic connections (Forman et al,
1975, 1979).

1.5. The tachykinins

The tachykinins are a family of structurally related peptides,
containing the COOH-terminal amino acid sequence -Phe-X-Gly-Leu-
Met-NH2 (Maggio, 1988). The five known endogenous mammalian
peptides in this family being;

a) Substance P (SP)
b) Neurokinin A (NKA) (also known as Substance K)
c) Neuropeptide K (NPK) (also known as (3-PPT(72-107)NH2)
d) Neuropeptide 7 (NP7) (also known as 7-PPT(72-92)NH2)
e) Neurokinin B (NKB) (also known as Neuromedin K)

(see table 1.1).
An N-terminally extended form of SP has also been detected in human
cerebrospinal fluid and rat spinal cord, where it can be released along
with SP (Brodin et al, 1986; Toresson et al, 1988, 1990).

1.5.1. Synthesis and regulation of the tachykinins
The peptides SP, NKA, NP7 and NPK, are all produced by

differential RNA splicing and post-translational processing of the
preprotachykinin I gene (PPT I), whereas NKB is produced from a

separate preprotachykinin II gene (PPT II) (Bonner et al, 1987; Carter
and Krause, 1990; Helke et al, 1990; Krause et al, 1987; Nawa et al,
1983, 1984; Takeda et al, 1990) (see figure 1.3.). All three PPT I mRNA
transcripts possess the SP sequence (see figure 1.3.). They also have the
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Figure 1.3.

Transcription of the rat preprotachykinin I (PPT I) and
preprotachykinin II (PPT II) genes, their mRNA precursors and

peptide products after translation and posttranslational
processing

The rat PPT I and PPT II genes are represented at the top of the diagram
with the filled boxes along the PPT I sequence denoting the exons,

numbered 1-7. The genes undergo transcription and, in the case of PPT
I, alternative splicing of the primary transcript to produce a-, (3-, or 7-PPT
mRNA. The mRNAs are translated and posttranslationally processed to
form various combinations of the peptides displayed. Above each PPT
precursor peptide, the number of the amino acid residue is displayed,
while the numbers in the boxes represent the exons from which the
translated sequences are derived.
Abbreviations:- PPT, preprotachykinin.

(modified from Helke et al, 1990)
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potential to generate the N-terminally extended form of SP. NKA
precursor sequences can only be derived from (3- and 7-PPT mRNA.

Using a solution hybridisation-nuclease protection technique in
rat spinal cord and trigeminal ganglion (Carter and Krause, 1990) and in
situ hybridisation histochemistry (ISHH) in rat dorsal root ganglion
neurons (Marchand et al, 1993), the percentage of each mRNA type was

found to decrease in the order:

7-PPT mRNA (78%) >(3-PPT mRNA (22%) »cc-PPT mRNA (<1%)
implying that SP is practically never generated on its own. Indeed, both
SP and NKA peptides appear to co-localise throughout the CNS (Arai and
Emson, 1986; Dalgaard et al, 1985; Helke et al, 1990; Kanazawa et al,
1984). These findings suggest SP and NKA-related sequences are

produced together and may be co-released to act in concert.

1.5.2. Distribution ofsubstance P and neurokinin A within the
dorsal root ganglion and spinal cord
Numerous reports in the literature describe the distribution of

SP-immunoreactivity (SP-ir) to the dorsal root ganglion and the
nociceptive-receiving lamina I-II, V-VII, X and the ventral horns of the
spinal cord, a large proportion of which was showed by unilateral dorsal
rhizotomy, nerve section and ligation studies to be of primary afferent
origin (De Lanerolle and LaMotte, 1983; Hokfelt et al, 1975, 1977, 1980;
Jessell et al, 1979; LaMotte and De Lanerolle, 1981; Ljiingdahl et al,
1978; Takahashi and Otsuka, 1975). The distribution of PPT I mRNA in
the rat, detected by ISHH, confirmed the results of such
immunohistochemical studies (Warden and Young, 1988).

After the discovery in 1983, of NKA and NKB with carboxyl-
terminal homology to SP (see table 1.1.) the problem of cross-reactivity
was realised, and as a consequence, highly selective monoclonal
antibodies were developed to investigate the distribution of these
separate tachykinins. A selective radioimmunoassay in combination with
high performance liquid chromatography detected over 3 molar amounts
more SP-ir than NKA-ir in the dorsal root ganglion and dorsal horn of
the rat lumbar spinal cord; a segmental area containing the highest
concentration of tachykinins (Moussaoui et al, 1992; Ogawa et al, 1985;
Too et al, 1989). NPK or NP7 levels were not determined in parallel
studies.
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These investigations are at variance with the predicted 1:1 molar
ratio indicated by PPT I mRNA precursor presence (Carter and Krause,
1990). Possibly, synthesis of alternate post-translational products occurs,

instead of NKA, such as NPK or NPy, not detected by the specific
antiserum used. The possibility that stimulus-dependent mechanisms of
alternative splicing exist has yet to be investigated, though there is no

evidence for any alteration of the ratio of PPT mRNAs (i.e. <l%a :

approximately 20%(3 : approximately 80%'y) within rat lumbar dorsal root

ganglion, following an inflammatory noxious stimulus (McCarson and
Krause, 1994).

a). SP and NKA in primary afferent neurons

The noxious chemical capsaicin is believed to selectively activate
and then destroy the majority of polymodal primary afferent C-fibres
(Fitzgerald, 1983; Nagy et al, 1981). Neonatal capsaicin treatment of rats
showed that 50% of dorsal spinal NKA-ir and 55% of dorsal spinal SP-ir
was of capsaicin-sensitive primary afferent origin (Moussaoui et al,
1992). A similar percentage was obtained one week after unilateral
sectioning proximal to the dorsal roots in rats (Ogawa et al, 1985).
Moreover, this reduction in SP-ir was restricted to Lissauer's tract and
lamina I-II of the ipsilateral side only, with no accompanying
contralateral changes (Hirakawa and Kawata, 1992). NKA was not
studied here.

In an attempt to assign a physiological role to SP-containing
primary afferents, the somata of 30 cutaneous C- and A5- fibres in
colchicine-treated cats, were characterised electrophysiologically, stained
with Lucifer Yellow and then their peptide content determined by
immunocytochemistry (Leah et al, 1985). Interestingly, SP was found in
no A5-fibres and in just 16% of C-fibres, of which half responded to
noxious stimuli and half to innocuous stimuli only. NKA localisation has
not been investigated. Furthermore, SP-ir has been found more

commonly in muscle and joint afferents than skin afferents of rat
hindlimb (O'Brien et al, 1989).

b). SP and NKA in intrinsic neurons

SP-like immunoreactivity has been co-localised to a significant
population of enkephalin-ir neurons, presumed to be interneurons, in the
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rat superficial dorsal horn (Ribeiro-da-Silva et al, 1991). In cats,
approximately 30% of the total input onto nociceptive lamina I cells
contained SP-ir, as much as half of which also contained enkephalin-ir so

were identified as interneuron terminals (Cuello et al, 1993; De Koninck
et al, 1992). These findings have been substantiated by similar
immunocytochemistry studies in the rat (Senba et al, 1988).

Many STT neurons in the cat and rat are immunopositive for SP
(Battaglia and Rustioni, 1992). Tachykinin-containing descending fibres
were also identified in the ventral horn, using rostral cord transections
(Ogawa et al, 1985).

1.5.3. Distribution ofneurokinin B within the spinal cord
NKB has been found in the dorsal horn of the spinal cord, but it

has not been detected in the sciatic nerve nor in the dorsal root ganglion
of rats, nor could it be reduced after neonatal treatment with capsaicin
(Moussaoui et al, 1992; Ogawa et al, 1985). The distribution of PPT II
mRNA expression was also restricted to dorsal horn laminae I-IV and X
and was not detected in rat dorsal root ganglion neurons (Warden and
Young, 1988). Spinal transection increased NKB-like immunoreactivity
in the dorsal horn caudal to the lesion, while unilateral sectioning of the
dorsal root was without effect on spinal NKB levels, as compared to the
intact side (Ogawa et al, 1985). These results indicate NKB is localised
in nerve terminals belonging to interneurons or ascending fibres and is
therefore ruled out as a possible primary afferent neurotransmitter of
nociception.

1.5.4. Tachykinin biosynthesis with behavioural hyperalgesia
Adjuvant-induced inflammation and hyperalgesia leads to

increased biosynthesis of SP-ir and mRNA encoded by the PPT I gene

(and therefore potentially increased levels of NKA too) in the dorsal root
ganglion and spinal dorsal horn of rats (Donaldson et al, 1992; McCarson
and Krause, 1994; Minami et al, 1989; Noguchi and Ruda, 1992; Oku et

al, 1986). No increases were observed in the striatum, midbrain and
medulla oblongata (Minami et al, 1989). A significant fraction of the
spinal cord cells were found, by fluorogold-labelling, to be SMT neurons

originating from lamina I (a third of PPT mRNA-expressing neurons

observed in lamina I were identified as SMT neurons and two thirds of
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lamina I SMT neurons were detected to express PPT mRNA) (Noguchi
and Ruda, 1992). Other inflammatory models, such as formalin injection,
also increased PPT I gene expression in rat dorsal root ganglion
(McCarson and Krause, 1994; Noguchi et al, 1988).

The mechanism and role of this facilitated biosynthesis under
different noxious conditions in tachykinin-containing neurons of the
periphery or CNS is not understood, as yet.

1.6. Tachykinin receptors

The existence of three pharmacologically-distinct mammalian
tachykinin receptors has been established through physiological,
biochemical and molecular biological investigations (Buck et al, 1988;
Maggi et al, 1993; Regoli et al, 1987, 1988). These are:-

NK4 (selectively activated by SP)
NK2 (selectively activated by NKA, NKA(3-10), NPK, NP7)
NK3 (NKB having the highest affinity for this receptor)

Three separate genes encoding these receptors in the rat brain
have been isolated and characterised (Harada et al, 1987; Hershey and
Krause, 1990; Sasai and Nakanishi, 1989; Shigemoto et al, 1990; Yokota
et al, 1989). They are members of the G protein-coupled receptor family
(Krause et al, 1993; Maggi et al, 1993; Takeda et al, 1992).

1.6.1. Distribution of tachykinin receptors in the spinal cord
The distribution of the tachykinin receptors in the spinal cord has

been studied extensively by ligand binding assays and more recently by
mRNA expression. The pharmacological evidence that possible
tachykinin receptor subtypes may exist is also reviewed.

ai). NK2 binding sites
The density of the NK^ binding sites, identified using 125i_Bolton

Hunter SP (125j BH-SP), follows closely the distribution found for the SP
peptide; the preferred ligand of these sites. They are highly concentrated
in lamina I-II of the dorsal horn, intermediolateral cell column and
lamina X (Helke et al, 1986; Ninkovic et al, 1985; Yashpal et al, 1990).
They appear to be associated with both sensory and motor neurons.
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Lesioning of particular descending or peripheral nerve input pathways,
using a combination of toxins in conjunction with 125j BH-SP binding
studies, indicate that the NK4 receptors are located postsynaptically to
sensory nerve terminals, on preganglionic sympathetic neurons in the
intermediolateral cell column and on somatic motor neurons in the

ventral horn, rather than presynaptically on SP-ir processes or on

monoamine nerve terminals in the rat spinal cord (Helke et al, 1986;
Ninkovic et al, 1985; Yashpal et al, 1990, 1991). In situ hybridisation
histochemistry (ISHH) confirmed this pattern of NK^ receptor expression
in the cord (Elde et al, 1990; Schafer et al, 1993).

aii). Possibility ofNKj receptor subtypes
Possible subtypes of the NK4 have been suggested in light of both

interspecies (Beresford et al, 1991, 1992; Garret et al, 1991; Gitter et al,
1991; Petitet et al, 1993a; Watling et al, 1991) and intraspecies
(Beresford et al, 1992; Carruette et al, 1992; Fardin and Garret, 1991;
Lew et al, 1990) heterogeneity in tissue binding affinities, arising with
the use of NK]_ receptor selective antagonists. These observed variations
could indicate receptor diversity or simply differences in metabolic
breakdown by peptidases between tissue types. Distinct behavioural
responses have been reported to different NK]_ agonists and antagonists
intrathecally-applied to the mouse spinal cord (Sakurada et al, 1991).

The evidence that single genes encode each receptor may argue

against the possibility of any tachykinin subtypes, though alternative
splicing due to the existence of introns and different post-translational
modifications may occur. Two different length isoforms of the human
NK4 receptor have been isolated (Fong et al, 1992). As yet, there is no
evidence that variations in post-translational modifications, such as the
degree of glycosylation of the NK^ receptor, affect the affinity of SP (Kage
et al, 1991).

hi). NK2 binding sites
There is much debate concerning the presence of NK2 receptors

in the CNS. Studies of NK2 receptor distribution, carried out with the
rather nonselective ligand 125j_Bolton Hunter NKA (l^I-BH-NKA),
revealed high levels of binding in several regions of the rat and guinea
pig brain as well as a discrete band in laminae I-II of the spinal cord
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(Mantyh et al, 1984, 1989; Quirion and Dam, 1985); although this ligand
appears to preferentially label NK3 binding sites (Saffroy et al, 1988).
Very low quantities of [^H]-NKA binding sites were found in membrane
homogenates of rat brain and the cervical spinal cord, as compared to the
amount found in peripheral areas, such as duodenal smooth muscle
membrane (Bergstrom et al, 1987). The more selective ligand; 2-([l^I]-
iodohistidyll)-NKA, detected presumed NK2 receptor binding sites, in a
differential distribution pattern to that for NKq receptor sites, along the
dorsal and ventromedial borders of the rat dorsal horn, in a narrow band
connecting the two lateral horns, around lamina X and lamina IX
(Yashpal et al, 1990). Rhizotomy studies suggest that NK2 receptors are
located postsynaptically to afferent fibre terminals in lamina I,II and X of
the rat dorsal horn (Yashpal et al, 1991).

Interestingly, RNA blot hybridisation analysis revealed
expression of rat stomach NK2 receptor mRNA in the gastrointestinal
tract, but not in the brain or spinal cord (Sasai and Nakanishi, 1989).
Tsuchida et al (1990) also failed to find expression in the rat CNS and
periphery, investigated by blot-hybridisation and RNase-protection
analysis. However, more recently, others have detected low levels in the
CNS, using similar techniques (Poosch et al, 1991; Takeda and Krause,
1991), which showed distinct, but very low expression in hippocampus,
hypothalamus, substantia nigra and spinal cord, thus paralleling results
from ligand binding studies (Bergstrom et al, 1987). The technical
difficulties are highlighted by the amounts of mRNA detected, being
approximately 500 times lower than in the rat urinary bladder; where
NK2 receptors are expressed in abundance. As yet, no results have been
reported from ISHH in spinal cord.

bii). Possibility ofNK2 receptor subtypes
Pharmacological interspecies differences have lead to the

classification of NK2A and NK2B receptors (Advenier et al, 1992; Buck et
al, 1990; Maggi et al, 1990, 1991a, 1991b; Van Giersbergen et al, 1991).
The displacement of [125l]-i0dohistidyl NKA with the NK2 receptor
selective antagonist MEN 10207 appeared to highlight two intraspecies
populations of NK2 binding sites in the rat urinary bladder (Nimmo et al,
1992). Furthermore, rat peripheral tissues have been shown to express

several forms of NK2 receptor mRNA, in a tissue-specific manner
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(Tsuchida et al, 1990), but the functional significance of these are not
known. However, caution is required, because as yet no subtypes have
been convincingly discriminated pharmacologically, in either the brain or

spinal cord.

ci). NKg binding sites
Given the lack of selective ligands, the distribution of NK3

receptors (usually using l^I-Bolton-Hunter-eledoisin) in the CNS
reflects that initially reported for NK2 receptor sites (Helke et al, 1990;
Mantyh et al, 1989; Yashpal et al, 1990, 1991). The characterisation of
novel and more selective NK3 receptor radioligands, such as [12£>I]-
Bolton Hunter scyliorhinin II, should help to clarify this issue (Mussap
and Burcher, 1990).

NK3 receptor mRNA expression has been found predominantly in
the rat CNS as compared to the periphery (Tsuchida et al, 1990),
although the relative amount of NK3 receptor mRNA detected in spinal
cord was less than half that found for the NKq receptor and no precise
localisation was carried out.

cii). Possibility ofNKg receptor subtypes
Selective NK3 receptor agonists and antagonists are limited,

restricting the study of possible subtypes.

1.6.2. Tachykinin receptor biosynthesis during hyperalgesia
Six days after CFA-induced inflammation in rats, there was an

increase of almost two fold, in NKq receptor gene expression within small
to medium sized lamina I-II neurons, as detected by ISHH (Schafer et al,
1993). Similarly, an almost two fold increase in NKq and NK3 receptor
mRNA in the rat lumbar dorsal horn was found, using solution
hybridisation-nuclease protection techniques, after peripheral
inflammation, induced by CFA (4 days), or formalin (2 to 6 hours)
(McCarson and Krause, 1992, 1994).
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1.7. Tachykinin-mediated spinal nociceptive transmission

The tachykinins, SP and more recently NKA, have been proposed
as primary afferent nociceptor neurotransmitters, based on their
distribution to spinal cord laminae thought to receive major nociceptive
inputs, their increased biosynthesis during nociceptive stimulation (see
previous sections), along with the following findings from behavioural,
transmitter release and electrophysiological experiments (Fleetwood-
Walker and Mitchell, 1989; Leeman et al, 1991; Nicoll et al, 1980;
Pernow, 1983; Salt and Hill, 1983).

1.7.1. Effects of tachykinins on behavioural nociceptive responses

a). NKi receptor involvement
SP administered intrathecally (i.t.) around the spinal cord, evokes

a classical behavioural response of compulsive biting, licking and
scratching of the corresponding limb, believed to be indicative of
discomfort or pain (Hylden and Wilcox, 1981; Piercey et al, 1981; Seybold
et al, 1982). The NK^ receptor selective agonist, septide (i.t.) could mimic
this compulsive behaviour in rats, whereas selective activation of spinal
NK3 receptors, using senktide gave a distinct, suppressive response,

including delayed thermal and mechanical hypoalgesia and transient
flaccid paralysis (Papir-Kricheli et al, 1987, 1990). However, the
scratching response may not actually be pain related, but may represent
a spinal convulsive state or drug-related side effects (Frenk et al, 1988).

In more direct behavioural tests in rats, intrathecal
administration of SP, or an NK^ receptor-selective agonist, produced
mixed effects. In some instances the threshold for eliciting a reflex was

significantly reduced in both the thermal tail-flick test (Cridland and
Henry, 1986; Papir-Kricheli et al, 1987; Picard et al, 1993; Yashpal et al,
1982) and in the hot-plate test (Papir-Kricheli et al, 1987). Whereas,
another group found that higher doses of SP (i.t. in rats) had no effect on

reflex thresholds in the paw-pressure nor thermal tail-immersion tests
and was only transiently hyperalgesic in the paw-flick, hot-plate test

(Hayes and Tyers, 1979). Similarly, desensitising doses of SP (i.t.)
showed no change in the threshold of pressure tests (Sweeney and
Sawynok, 1986). Behavioural analgesia in the hot plate test has been
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obtained with selective NK^ antagonists (usually in relatively high
doses), including some hexapeptide analogues of SP (i.t.) (Piercey et al,
1986) or the nonpeptide CP-96,345 (i.t. or i.p.) (Garces et al, 1992; Lecci et

al, 1991), but CP-96,345 (i.t.) was ineffective in both tail-flick and paw

pinch tests (Garces et al, 1992).
In more long-term pain states, such as caused by sciatic nerve

constriction injury in a model of neuropathic pain (Yamamoto and Yaksh,
1992) or CFA (Hylden et al, 1992), thermal hyperalgesia was unaffected
by capsaicin treatment, despite the reduction of dorsal horn levels of SP-
ir measured in both of these studies. However, in contrast to Yamamoto
and Yaksh (1992) who used intrathecal capsaicin treatment, neonatal
treatment was able to prevent the hyperalgesia produced by such a model
of neuropathic pain (Meller et al, 1992). This does not necessarily imply
a role for SP though, as adaptive changes could accompany this model
(Basbaum et al, 1991; Hirakawa and Kawata, 1992) or other, possibly
more important, putative neurotransmitters (Salt and Hill, 1983) could
be affected by capsaicin treatment (Fitzgerald, 1983; Hua et al, 1986;
Nagy et al, 1981). [D-Pro^, D-Phe^, D-Trp^]SP was able to attenuate the
facilitated tail-flick reflex, produced by a concurrent noxious thermal
stimulus (Cridland and Henry, 1988). In the formalin model of
inflammation and hyperalgesia, the nonpeptide NK]_ receptor
antagonists, RP 67580 (i.t. or subcutaneously (s.c.)) (Chapman and
Dickenson, 1993; Garret et al, 1991) or CP-96,345 (s.c.) (Yashpal et al,
1993) were also antinociceptive. However, Chapman and Dickenson
(1993) dissolved RP 67580 in a high concentration of HC1, which
produced inhibitory effects of its own. Furthermore, the inactive
enantiomer RP 68651 had opposing facilitatory effects on the formalin
response, as compared to RP 67580. Similarly, Yashpal et al (1993) only
obtained effects of CP-96,345 at higher doses, which may be indicative of
the non-selective Ca^+ channel blocking effects associated with this
compound (Nagahisa et al, 1992; Schmidt et al, 1992).

b). NK2 receptor involvement
Intrathecal administration of NKA produced a reduction of the

response latency in the behavioural tail-flick reflex test and of the hot
plate test in rats (Cridland and Henry, 1986; Fleetwood-Walker et al,
1990; Gamse and Saria, 1986), but apparently, not in the hot plate test in
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mice (Gamse and Saria, 1986). The NK2 receptor-selective agonist, NKA-
(4-10) (i.t.) produced a much longer lasting hyperalgesia in the tail-flick
test in rats, than the same molar dose of the NK^ receptor agonist,
[Sar9,Met(02)H]SP (Picard et al, 1993).

The only report to date of spinal actions of NK2 antagonists is
that [D-Pro4,Lys6,D-Trp7>9>10.PhelllSP4.il increased the response

latency in tail-flick and hot plate tests, in rats (Fleetwood-Walker et al,
1990). Intracisternally injected L-659,837 (a selective NK2 antagonist)
induced mild thermal analgesia in the tail-flick test in mice (where
selective NK4 antagonists, L-668,169 and L-668,100 were ineffective) and
potent analgesia in the hot plate test, although this action may not be at
spinal loci (Dourish et al, 1988).

No reports to date have studied the possible behavioural
responses mediated by NK2 receptors, evoked in more sustained pain
states.

1.7.2. Release elicited by nociceptive primary afferent activation

a). Substance P release
Electrical stimulation of A8- and C-fibres in the sciatic nerve

caused SP-ir release from superfused cat spinal cord, in vivo (Yaksh et al,
1980). Moreover, SP-ir was released in response to more natural
cutaneous noxious mechanical, noxious cold or chemical stimulation, but
not with noxious thermal (below 50°C) or innocuous cutaneous stimuli

(Duggan et al, 1987, 1988; Kuraishi et al, 1989; McCarson and Goldstein,
1991; Tiseo et al, 1990). Using an antibody microprobe detection
technique this release was found to occur in a discrete, focal area around
the substantia gelatinosa (SG) (Duggan et al, 1987, 1988). Duggan et al
(1987, 1988) did detect release in cat spinal cord, in response to intense
noxious stimulation (50°C-52°C). This suggests that SP is more likely to
be released with damaging levels of stimuli, resulting in inflammation.
Indeed, spinal release of SP-ir was evoked by kaolin and carrageenan-

induced inflammation (Garry and Hargreaves, 1992; Schaible et al,
1990), Mycobacterium-induced polyarthritis in rats (Oku et al, 1987) or a

subcutaneous injection of formalin to the rabbit hind leg (Kuraishi et al,
1989).
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It is possible that some of this release is not from primary
afferents, but from local neurons and descending tracts in the spinal
cord, where SP is also found. However, in spinalised rats, an intensity-
dependent release of SP-ir was still detected in the dorsal horn in

response to mechanical pinch (McCarson and Goldstein, 1991).
Interestingly though, a biphasic inhibition of SP-ir release was obtained
when more sustained noxious stimulation was provided by formalin
injection in these studies. It was suggested that intrinsic antinociceptive
systems are possibly involved in such responses and that SP is not

directly involved in the transmission of nociception, at least in this
model. Now, noxious pinch applied to these formalin-treated rats caused
a large and constant release of SP-ir, even after the pinch had ceased,
which the authors suggested may indicate that a hyperalgesic state had
been reached.

Therefore, it seems likely that SP may not be primarily
responsible for transmission of acute information by polymodal C-type
nociceptors, which respond to both mechanical and thermal stimuli and
form the majority of nociceptive afferent fibres (73% from rabbit
saphenous and sural nerve preparations (Lynn, 1979)).

b). Neurokinin A release
Noxious thermal (to 48°C) or noxious mechanical stimulation, or

kaolin- and carrageenan-induced peripheral inflammation, but not
innocuous mechanical joint stimulation, appear to evoke a rapid and
long-lasting release of NKA-ir throughout the dorsal horn and adjacent
white matter, as detected using an antibody microprobe technique, in
barbiturate-anaesthetised spinal cats (Duggan et al, 1990; Hope et al,
1990a). The pattern of this evoked release was distinct from that of SP-
ir, suggesting separate SP and NKA release, depending on the type of
noxious stimulus, despite evidence for co-production of SP with NKA (see
figure 1.3.). Alternatively, as suggested by peptidase inhibition studies
(Duggan et al, 1992), the two tachykinins may be degraded differentially,
effecting very different durations and locations of action. There is some

evidence for NKA release from fibre types other than nociceptors, during
stimulation of ventral roots (Duggan et al, 1991).
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1.7.3. Effects of tachykinins on electrophysiological responses to

nociception

a). NKi receptor involvement
Microionophoresis of SP directly into the area of the dorsal horn

of cats or rats results in a slowly-developing, long-lasting depolarisation,
leading to excitation of neurons in the spinal cord (Henry, 1976; Piercey
et al, 1980; Randic and Miletic, 1977; Salter and Henry, 1991; Sastry,
1979; Wienrich et al, 1989; Wright and Roberts, 1980; Zieglgansberger
and Tulloch, 1979).

However, the exact role of spinal NKq receptors in nociception
remains unclear. NKq receptor agonists were found to selectively excite
mechanically-nociceptive neurons (Randic and Miletic, 1977), or in other
studies, chemically-nociceptive neurons (Wright and Roberts, 1980), or

thermally-nociceptive neurons (responding to >45°C) were also excited
(Henry, 1976; Piercey et al, 1980; Randic and Miletic, 1977; Salter and
Henry, 1991; Sastry, 1979). Furthermore, both excitatory
(Zieglgansberger and Tulloch, 1979) and inhibitory (Randic and Miletic,
1977) effects of ionophoretically-applied SP have also been reported on

non-nociceptive dorsal horn neurons.

This array of conflicting results has made interpretation difficult,
hindered by the fact that i) none of the recorded neurons were identified
ii) the neurons studied originated from a wide range of laminae in the
spinal cord, with no consideration of variations in local circuitry iii)
methods of anaesthesia differed, which may be significant (Hartell and
Headley, 1990) iv) generally, the thermal stimuli were not quantitated
(Henry, 1976; Sastry, 1979), leading to speculation that in fact, a

response to damage was investigated.
In studies where one or more of these points were considered,

more complex mixed and inhibitory effects on nociceptive or WDR cells
have been observed (Davies and Dray, 1980; Duggan et al, 1979;
Fleetwood-Walker et al, 1988, 1990; Murase and Randic, 1984; Ryall and
Pini, 1987; Willcockson et al, 1984). When SP or the NKq-selective
agonist, SP methyl ester (SPOMe), were ionophoresed into the superficial
dorsal horn (where the tachykinins are prevalent), they inhibited non-

nociceptive responses of deeper dorsal horn SCT neurons, whilst leaving
nociceptive responses unaffected (Fleetwood-Walker et al, 1988, 1990).
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[Met-OH]SP, an inactive analogue, failed to give this response.

Similarly, ionophoretic application of either the NK4 receptor agonist,
[N-acetyl-Arg6,Sar9,Met(02)-'-l]SP-(6-ll) or antagonists, including GR
82334, L-668,169 and [D-Pro4,D-Trp7>9)10phe11]SP-(4-ll), directly
around rat lamina III-V neurons failed to change their evoked responses

to noxious heat or noxious pinch (Fleetwood-Walker et al, 1993a).
In contrast, others have found that SP administered

ionophoretically into the SG of cats failed to affect the excitation of
deeper spinal neurons (35 out of 39 lamina IV-V cells) elicited by non-

noxious (brush), as well as noxious (heat 45°C, 25-30 sec) cutaneous
stimuli (Duggan et al, 1979).

Yet, this differs again from another study where administration
of SP into the SG produced mixed effects; selectively enhancing the
responses to noxious thermal stimuli (45 - 50°C), of approximately two
thirds of neurons (mainly WDR neurons) in lamina I, IV and V, while
depressing the activity of approximately one third of others (mainly
lamina I) and had no effect on non-noxious stimulation (Davies and Dray,
1980). One explanation for this apparent ability of SP to facilitate
responses to noxious heat in some studies, may be due to the high
ejection currents (mean of 80 nA) and prolonged periods of SP release
(mean of 6.7 mins) needed to obtain these results. It should also be

pointed out that in these experiments SP actually reduced the noxious
heat response prior to enhancing it.

In antidromically-identified primate STT cells, SP caused mainly
biphasic or multiple effects, but also showed purely excitatory, purely
inhibitory or had no effect on glutamate-driven activity, background
activity or noxious pinch stimuli (Willcockson et al, 1984). The authors
concluded that SP may have an indirect inhibitory action, through
different sites to its excitatory action. Furthermore, in barbiturate-
anaesthetised, spinal rats and cats, approximately one third of laminae
IV-V WDR neurons exhibited an inhibitory action of ionophoretically-
applied SP, suggesting a possible GABAergic inhibitory interneuron as

mediator (Ryall and Pini, 1987). In fact, bath-applied SP evoked an

initial hyperpolarising response in approximately one third of dorsal
horn neurons, recorded intracellularly from rat in vitro slice preparations
(Murase and Randic, 1984). This hyperpolarisation was abolished by
blocking synaptic activity with either TTX or high-Mg2+, low Ca^+
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solutions, suggesting that the action of SP was indirect, through an

inhibitory interneuron that synapsed upon the recorded cell. An
alternative explanation has been proposed, that the depressant actions of
SP at higher concentrations may involve presynaptic inhibition of
primary afferents (Randic et al, 1982).

The newly developed NK^ antagonist, CP-96,345 has been
described, in an intracellular study, to specifically block the excitation of
cat dorsal horn neurons brought about by electrical stimulation of
afferents at C-fibre strength, or by brief noxious mechanical stimulation
(De Koninck and Henry, 1991). CP-96,345 also blocked the
afterdischarge of extracellularly recorded cat dorsal horn neurons evoked
by brief noxious thermal stimulation (Radhakrishnan and Henry, 1991).
However, its effects on excitation evoked by brief noxious pinch
stimulation, were variable. These results were interpreted to mean that
SP is not solely or specifically responsible for regulation of nociceptive
inputs. Again, a role of SP in more sustained pain states is suggested
because CP-96,345 was able to significantly reduce the ventral root
potentials evoked by C-fibre strength electrical stimulation in in vitro
hemisected spinal cords, isolated from rat pups with ultraviolet light-
induced thermal and mechanical hyperalgesia, but not in naive,
untreated rat spinal cords (Thompson et al, 1993). However, the Ca^+
ion channel blocking actions of this compound must be considered, when
drawing conclusions (Nagahisa et al, 1992; Schmidt et al, 1992). The
responses of WDR or nocispecific neurons to repetitive C-fibre strength
electrical stimulation can be selectively enhanced by SP and inhibited by
another NK^ selective antagonist [D-Pro2,D-Trp7>9]-SP (Kellstein et al,
1990). Interestingly, chronic sciatic nerve section which caused depletion
of primary afferent SP, failed to alter excitatory responses of rat dorsal
horn neurons to electrically-evoked A8- and C-fibre input (Wall et al,
1981). Unfortunately, any effects on hyperalgesia were not assessed in
this study.

In decerebrate, spinalised, unanaesthetised rats, SP (i.t.)
facilitated a flexor reflex evoked by noxious mechanical stimuli, but also
by very high noxious thermal stimulation at temperatures of 80°C to 100°
C (Wiesenfeld-Hallin, 1986; Xu and Wiesenfeld-Hallin, 1992). This
prolonged increase seen in the magnitude and duration of the flexor
reflex paralleled the response observed when a conditioning-C-fibre
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strength electrical stimulus was applied to the cutaneous sural nerve

(Wiesenfeld-Hallin, 1986). The peptide NK4 antagonist, spantide II
(Hakanson et al, 1990) or the nonpeptide NK^ receptor-selective
antagonists, CP-96,345 or RP 67580, all prevented facilitation of such a

flexor reflex elicited either by SP, or by conditioning stimulation of
unmyelinated fibres in the sural nerve (Laird et al, 1993; Wiesenfeld-
Hallin et al, 1990; Xu et al, 1992a). However, there are multiple sites of
action involved in this reflex, including motorneurons, inappropriate to
the perception of nociception. So it is feasible that this response does not
reflect an analgesic action at the first dorsal horn synapse.

In ionophoretic studies involving fewer synaptic sites for possible
action than in the reflex studies above, L-668,169 or GR 82334 were

unable to alter the responses of rat multireceptive laminae TV/V neurons

evoked by more sustained activation of C-fibres, using mustard oil
(Munro et al, 1993a, 1993b).

The role of NK^ receptors in acute nociceptive signalling
therefore remains contentious. There appears to be more compelling
evidence however, that SP functions as a neuromodulator of primary
afferent nociception in longer-term pain states.

b). NK2 receptor involvement
NKA can depolarise spinal neurons in isolated spinal cords of

newborn rats (Matsuto et al, 1984; Murase et al, 1989). In an in vitro rat

spinal cord/dorsal root ganglion preparation, NKA only depolarised
capsaicin-sensitive lamina II-IV dorsal horn neurons (Nagy et al, 1993)
(i.e. those neurons believed to be activated by polymodal C-fibres;
Fitzgerald, 1983). This was in contrast to SPOMe which, less selectively,
could also depolarise capsaicin-insensitive dorsal horn neurons in these
preparations. Furthermore, the capsaicin-evoked excitation of neurons

could be significantly inhibited (by 63%) with the NK2 receptor
antagonist MEN 10376, but not with the NK^ receptor antagonist CP-
96,345 (Nagy et al, 1993; Urban et al, 1992). In other in vitro studies C-
flbre strength electrically-evoked ventral root potentials in rat
hemisected spinal cords could be significantly reduced by MEN 10376
(Thompson et al, 1993). These data support a specific role for NK2
receptors in small-fibre-mediated sensory transmission of acute
nociception.
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In vivo, ionophoretically-applied NKA caused a delayed, slow and
prolonged increase in the firing rate in approximately 70% of nociceptive
but, interestingly, also 90% of non-nociceptive lamina I and III-VI dorsal
horn neurons of barbiturate- or a-chloralose-anaesthetised or

decerebrated cats (Henry and Salter, 1987; Salter and Henry, 1991).
This response generally lasted for approximately 20 seconds and took 60-
90 seconds to recover after ejection was stopped and was distinct from the
responses obtained to ionophoretically-applied SP, which showed a

similar but selective effect on nociceptive neurons (Salter and Henry,
1991). However, the receptor specificity of the effects was not
investigated using selective agonists or antagonists, nor was any

discrimination made between the responses of lamina I versus deeper
dorsal horn neurons.

NKA and also the selective NK2 agonists, [Glp6,D-Pro9]SPg_ii
and kassinin, ionophoresed in the vicinity of the SG (the site of
physiological NKA release), was found to potently and selectively amplify
thermal nociceptive responsiveness of deeper dorsal horn SCT neurons in
the cat, whilst leaving noxious mechanical, innocuous and spontaneous
activity unaltered (Fleetwood-Walker et al, 1988, 1990). Two early NK2
antagonists, [D-Pro^,Lys®,D-Trp^>9,10.Phell]SP4_n and [D-Tyr4,D-
Trp7>9,NlelT]SP4_ii ionophoresed into the SG, specifically inhibited the
responses of deep dorsal horn SCT cells to noxious thermal, but not other
cutaneous stimuli. Similar results were obtained when the NK2 receptor
selective agonist GR 64349 and antagonist L-659,874 were

ionophoretically-applied directly around lamina III-V neurons in the rat
(Fleetwood-Walker et al, 1993a). This was the first real evidence for the
involvement of NK2 receptors in the transmission of thermal nociceptive
inputs. This led to the suggestion of a dual role of co-released NKA and
SP from primary afferents, to regulate acute sensory transmission. With
NKA facilitating the noxious and SP attenuating the innocuous
responses, the responsiveness of a multireceptive dorsal horn neuron

would be shifted towards being predominantly nociceptive.
A role for NK2 receptors in mediating C-fibre afferent inputs in

models of both acute and sustained nociception, is supported by studies
on spinal cord flexor reflex facilitation, in decerebrate, spinalised,
unanaesthetised rats (Wiesenfeld-Hallin and Xu, 1993; Xu et al, 1991; Xu
and Wiesenfeld-Hallin, 1992). NKA (i.t.) facilitated this flexor reflex
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evoked by noxious pinch or C-fibre strength electrical stimulation, being
more effective at lower doses than was SP (Xu and Wiesenfeld-Hallin,
1992). The facilitation was significantly greater when the reflex was

evoked by thermal stimuli (although this stimulus was at damaging
levels; 80°C for 0.5 seconds). MEN 10207, a selective NK2 receptor
antagonist, effectively blocked the first phase and abolished the late,
prolonged phase of the reflex-facilitation (lasting up to 1 hour) that had
been induced by conditioning stimulation of unmyelinated fibres of the
gastrocnemius-muscle nerve (Xu et al, 1991). Interestingly, no inhibition
by MEN 10207 could be obtained after the relatively brief reflex-
facilitation (lasting just several minutes) induced by activation of the
sural nerve. However, these experiments measure the integrated effects
of drugs on reflex regulation of motorneuron activity which, although
providing an indication of the level of nociception, may not necessarily
reflect events in direct pain pathways. When studied more directly, the
responses of rat multireceptive laminae IV/V neurons, evoked by
sustained activation of C-fibres by mustard oil, could be selectively
blocked by local application of the NK2 receptor antagonist, L-659,874
(Munro et al, 1993a, 1993b).

1.8. Dynorphin

The opioid peptides a/(3 neoendorphin, dynorphin Al-8, Al-13,
Al-17 and dynorphin B are all transcribed and translated from the
processing of a single gene; the prodynorphin gene. The main exon of
this gene in rat has been isolated and sequenced (Civelli et al, 1985) and
the peptide products of the preprodynorphin (PPD) mRNA transcript
identified using high-performance liquid chromatography (Xie and
Goldstein, 1987). All the peptides have the common NH2-terminal amino
acid sequence of Tyr-Gly-Gly-Phe-Leu-, representing Leu-Enkephalin
(Leu-ENK). It is not known whether the production of Leu-ENK is
significant, or if it is simply a transient step on the path of further
degradation to single amino acids (Chaillet et al, 1983; Dixon and
Traynor, 1990; Molineaux and Ayala, 1990; Schwartz et al, 1981).

Whilst dynorphin Al-8 is the major peptide product of
prodynorphin expression, dynorphin Al-17 is thought to be the
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functionally active form of the peptide (Goldstein et al, 1979; James et al,
1984; Weber et al, 1982a, 1982b). An early study showed that dynorphin
Al-17 inhibited electrically-evoked twitches in guinea pig ileum
myenteric plexus longitudinal muscle (Goldstein et al, 1981). Since then
the analgesic/ modulatory role of endogenous dynorphins (and their
selective K-opioid receptor; Corbett et al, 1982) in the spinal cord have
been extensively investigated (for reviews see Dubner and Ruda, 1992;
Duggan and Fleetwood-Walker, 1993; Millan, 1986, 1990; Smith and Lee,
1988).

1.8.1. Distribution ofdynorphin in the spinal cord
The distribution of the dynorphin peptides has been extensively

studied, using immunohistochemistry in brain and spinal cord sections of
normal and colchicine-treated rats (Botticelli et al, 1981; Cho and
Basbaum, 1988, 1989; Iadarola et al, 1985; Lima et al, 1993; Miller and
Seybold, 1987, 1989; Nahin, 1988; Vincent et al, 1982; Zamir et al, 1983),
cats (Cruz and Basbaum, 1985; Hutchison et al, 1990; Miller and
Seybold, 1987, 1989), rabbits (Botticelli et al, 1981) and monkeys
(Carlton and Hayes, 1989). Dynorphin has also been found in dorsal root
ganglion (Botticelli et al, 1981). These studies showed that low
constitutive expression of dynorphin in cell bodies, dendrites and
terminals is restricted to lamina I, Il(outer) and V-VI with few in lamina
X of the spinal cord.

1.8.2. Increased dynorphin biosynthesis with inflammation
The expression of the dynorphin gene transcript (PPD mRNA)

and its peptide products can be facilitated above basal levels, during
prolonged nociception involving hyperalgesia, such as is produced in
acute and chronic peripheral inflammation (Draisci and Iadarola, 1989;
Hollt et al, 1987; Iadarola et al, 1988a, 1988b; Millan et al, 1987, 1988;
Nahin et al, 1989; Noguchi et al, 1991; Przewlpcka et al, 1992; Ruda et al,
1988; Weihe et al, 1988a, 1988b, 1989) (see figure 1.4. and 1.5.). Such
inflammation leads to peripheral erythema and oedema, at the site of
injury, together with prolonged functional changes in the central nervous

system which jointly result in mechanical and thermal hyperalgesia in
the affected paw (Hargreaves et al, 1988; Iadarola et al, 1988a) (see
figure 1.4.). There is also evidence for increased sensitivity of peripheral
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Figure 1.4.

Oedema, behavioural hyperalgesia and increased dynorphin
biosynthesis, during carrageenan-induced inflammation

During a peripheral inflammatory stimulus, induced by unilateral
injection of 4% carrageenan solution, oedema (top time course graph) and
behavioural thermal hyperalgesia (middle time course) were rapidly
evoked, as compared to saline-injected rats. Each point represents the
mean ± s.e.m., which was stated to be less than 5% for paw width values
and similar to saline controls for paw withdrawal values (not shown).
The withdrawal latencies were reported to be significantly different from
controls (P<0.05) for all 4 test days post-injection, using the Duncan's
multiple range test. The bottom table shows the accompanying
significant increase (P<0.0005, when the Duncan's multiple range test
was used) in preprodynorphin mRNA, as expressed as a percent of the
control side.

(compiled from Iadarola et al, 1988a).
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nociceptors innervating the damaged region, which exhibit increases in
spontaneous activity, lowered thresholds and increased responsiveness to
noxious stimuli (Dubner, 1990; Dubner and Bennett, 1983).

The pattern of facilitated PPD mRNA expression is similar for a

number of different acute, unilateral inflammation models, including
carrageenan, yeast, CFA and phorbol ester-induced inflammation
(Iadarola et al, 1988a). Northern blot analysis of ipsilateral spinal cord
homogenates showed that this facilitation was dramatic and rapid (over 2
fold increase within 6 hours post-stimulus; Draisci and Iadarola, 1989)
(see figure 1.5.). In situ hybridisation histochemistry consistently
revealed that up to 3-4 days after induction of inflammation dorsal horn
PPD mRNA facilitation remained limited to the ipsilateral side (Hylden
et al, 1992; Noguchi et al, 1991; Ruda et al, 1988). The contralateral
(non-injected) side appeared to express PPD mRNA to a level equivalent
to that in normal animals, thus providing an appropriate internal control
(Dubner and Ruda, 1992; Noguchi et al, 1991; Przewl0cka et al, 1992;
Ruda et al, 1988). Facilitation was greatest in lamina I and II, but was

also exhibited in the other dynorphin-containing areas of lamina V-VI
and X. On average there was a three fold increase in the number of PPD
mRNA-expressing cells detected four days after CFA and with
accompanying colchicine treatment (Ruda et al, 1988). A similar pattern
of labelling was also obtained with immunocytochemical detection of
dynorphin Al-8 (Ruda et al, 1988; Ruda et al, 1989). The time course of
increased PPD mRNA expression showed a peak between 2-5 days in the
rat lumbar dorsal horn, paralleling the duration of the accompanying
oedema and behavioural hyperalgesia (Iadarola et al, 1988a, 1988b;
Przewlqcka et al, 1992). The subsequent increases in dynorphin Al-8
were described to occur to a lesser extent and slightly later at 5-7 days,
consistent with its rate of generation via catabolic enzymes (Iadarola et

al, 1988b). Interestingly, no down-regulation of K-opioid receptors, as

assessed by [3H](-)bremazocine binding, was found to occur under such
conditions (Iadarola et al, 1988a).

Chronic polyarthritis, induced in rats by intradermal injection of
CFA, caused symptoms which peaked at 3 weeks, including arthritic
swelling, inflammation and hyperalgesia in the pressure paw test, along
with an enhancement in the concentration (by approximately 2.5 times)
of immunoreactive dynorphin Al-17 and PPD mRNA in identical laminae
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Figure 1.5.

The facilitation of rat preprodynorphin and c-fos mRNA with a

peripheral inflammatory stimulus

The time course for the increase in preprodynorphin (PPD) and c-fos gene

expression in the rat lumbar spinal cord was obtained by densitometric
quantification of two separate RNA blots performed after carrageenan

(4%)-induced peripheral inflammation. The levels of mRNA were

standardised to unaffected levels of mRNA for the structural protein, (3-
actin. The y-axis, therefore represents the percentage of PPD or c-fos
mRNA to that of (3-actin mRNA. The curves clearly illustrate that the
facilitation of PPD mRNA is dramatic and long-lasting, having an onset
of 4 hours and doubling in less than six hours. This facilitation being
preceded by a large increase in c-fos mRNA, which peaks between 0.5
and 2 hours and rapidly returns to control levels within 24 hours. The
magnitude of increase in PPD mRNA at 6 hours after induction of
inflammation has been extrapolated from this graph and is represented
in italics.

(adapted from Draisci and Iadarola, 1989)
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to those affected in acute inflammation (Hollt et al, 1987; Millan et al,
1987, 1988; Weihe et al, 1989). Progressively more labelling was seen in
deeper laminae V-VI with time; only after 3 weeks post-inoculation, could
an increase in dynorphin-ir be detected in the contralateral dorsal horn
and ipsilateral ventral horn, in these studies (Millan et al, 1988; Weihe
et al, 1989).

The distribution of neurons which respond with increased
dynorphin gene expression to peripheral inflammation, show remarkable
parallels with those neurons exhibiting, at least, increased NKq receptor
gene expression under similar conditions (Schafer et al, 1993). As yet, no

double labelling experiments have reported whether or not these are

actually identical populations of dorsal horn neurons.

1.8.3. Regulation ofdynorphin gene transcription
An AP-l-like binding site in the promoter region of the rat PPD

gene has been shown, in vitro, to bind the cellular immediate-early gene

products Fos and Jun proteins and to induce transcription of a fragment
of the rat prodynorphin gene (Naranjo et al, 1991). Indeed, preceding the
facilitated expression of PPD mRNA, there is a marked (up to 3 fold)
accumulation of c-fos mRNA, detected within 30 minutes and peaking 2
hours after induction of peripheral inflammation by carrageenan (Draisci
and Iadarola, 1989) (see figure 1.5.). In fact, over 80% of the
inflammation-induced PPD mRNA-expressing neurons in lamina I-II and
V-VI were shown to co-localise Fos-ir (Noguchi et al, 1991). In chronic
inflammatory pain states, the pattern of Fos-ir (Abbadie and Besson,
1992) was also similar to that obtained for dynorphin (Hollt et al, 1987;
Millan et al, 1987, 1988; Weihe et al, 1989).

These findings suggest that activation of nuclear Fos may be
involved in the induction of dynorphin gene expression following
peripheral inflammation and behavioural hyperalgesia.

1.8.4. Inputs onto dynorphin-containing dorsal horn neurons

The increased expression of spinal PPD mRNA in experimental
inflammation may require direct nociceptive primary afferent inputs.
High-frequency electrical stimulation, sufficient to activate unmyelinated
primary afferent fibres increased the release of dynorphin Al-17 in
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spinal lamina I and V-VI (Hutchinson et al, 1990). Some dynorphin Ai¬
d-containing lamina I cells are postsynaptic to postulated small,
myelinated and unmyelinated primary afferent terminals
immunoreactive for CGRP, in monkey dorsal horn (Carlton and Hayes,
1989). Furthermore, these CGRP-containing afferents directly contacted
approximately one third of dynorphin Al-8-ir neurons in lumbar lamina
I, II and V, in hyperalgesic rats (Takahashi et al, 1988); afferents also
likely to contain tachykinins (Cameron et al, 1988; Carr and Nagy, 1993;
Ribeiro-da-Silva et al, 1992; Wiesenfeld-Hallin et al, 1984). Rats pre-

treated with capsaicin, to destroy the majority of nociceptive
unmyelinated primary afferent fibres (Nagy et al, 1981); some containing
SP and NKA (Hua et al, 1986), displayed an 80% attenuation in the
number of CFA-induced PPD mRNA-expressing neurons in the
superficial dorsal horn (Hylden et al, 1992). However, this capsaicin
treatment had no significant effect on the CFA-induced oedema or

thermal hyperalgesia. This suggests that capsaicin-insensitive
nociceptive afferents not involved in stimulating dynorphin expression,
may contribute to the initiation and maintenance of behavioural
hyperalgesia, although the authors admit that the behavioural effects of
capsaicin are highly dependent on testing parameters. Another
possibility is that after capsaicin treatment the few remaining
unmyelinated primary afferent fibres (less than 15% by electron
microscopy (Hylden et al, 1992)) were responsible for the observed
thermal hyperalgesia. Unfortunately, it is not known whether capsaicin
treatment also attenuates the expansion of receptive fields and increased
responsiveness to mechanical and thermal stimulation which occurs in
superficial dorsal horn neurons during peripheral inflammation (Hylden
et al, 1989b). In addition, evidence which although not directly, but
potentially identifying dynorphin-containing cells (Noguchi et al, 1991),
revealed by double-label immunocytochemistry and light microscopy, a

Fos-ir-expressing population of rat lamina I-II neurons that received
direct inputs from SP-, 5-HT-, or enkephalin-immunoreactive varicosities
(Pretel and Piekut, 1991). These may be of primary afferent origin, but
of course could also be from intrinsic or descending neuronal inputs.
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1.8.5. Dynorphin-containing spinal projection neurons

Dynorphins are found in both local and projection neurons (Leah
et al, 1988; Nahin, 1988; Nahin et al, 1989, 1992; Standaert et al, 1986).
Nahin et al (1989) reported that during peripheral inflammation, nearly
19% of lamina I dynorphin-expressing neurons, ipsilateral to the CFA
injection, ascended in the SMT, of which approximately 11% contained
dynorphin. The remaining 80% of lamina I dynorphin-expressing
neurons may be local neurons, or project in other ascending tracts not
investigated here. Leah et al (1988), utilising retrograde transport of
wheatgerm agglutinin-apohorseradish peroxidase coupled to a colloidal
gold complex, to identify the origin of cells, combined with
immunocytochemical staining, mapped the distribution of ten

neuropeptides, including dynorphin B, substance P, Met-enkephalin and
CGRP at the lumbosacral spinal cord of normal rats. Although only 2 -

3% of cells ascending in the STT, SMT and SRT were immunoreactive to

any of these peptides, dynorphin B was common to the majority of
identified tracts and constituted over 13% of the total detected

neuropeptide content. Furthermore, dynorphin B was virtually the only
identified peptide present in tracts ascending from lamina I.

This leads to the hypothesis that a significant proportion of
dynorphin-containing dorsal horn cells, including some in lamina I,
receive monosynaptic connections from nociceptive small diameter
primary afferent fibres, containing many different neuropeptides
(possibly including tachykinins). These primary afferents can facilitate
dynorphin expression to ultimately relay information relating to the
noxious stimulus, to higher brain levels (see figure 1.6.).
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Figure 1.6.

Proposed mechanism for hyperalgesia, involving facilitated
expression of dynorphin

A sequence of events leading to hyperalgesia in lamina I neurons based
on the hypothesis proposed by Dubner and Ruda (1992). The release of
SP and NKA along with other putative neurotransmitters from
nociceptive primary afferents into the dorsal horn (shaded area), activate
local and projection neurons, including those that express dynorphin.
Persistent stimulation would result in activation of immediate-early
genes, such as c-fos, to ultimately affect the regulation of dynorphin gene

transcription (inset). Dynorphin-containing neurons have direct synaptic
connections with spinal cord projection neurons and with neurons at

supraspinal sites (and possibly with inhibitory local circuit neurons; not
shown). The hypothesis proposed that dynorphin local neurons may

directly excite projection neurons (or may cause disinhibition via
inhibitory local circuit neurons acting on projection neurons; not shown),
thus lead to dorsal horn hyperexcitability and expansion of receptive
fields. Feedback inhibition onto dynorphin-containing neurons by
inhibitory local circuit neurons (I, shaded neuron), would initially control
the hyperexcitability. However, excessive depolarisation caused by
sustained C-fibre afferent input could result in loss of inhibition via
dysfunction, further contributing to hyperexcitability and receptive field
expansion.

(adapted from Dubner and Ruda, 1992)
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1.9. Aims of current work

Previous work indicates that lamina I neurons of the spinal cord,
including rostrally projecting neurons, may be particularly important in
nociceptive transmission and that there may be a functional link between
this transmission and tachykinin neuropeptides
• the data reviewed indicate that lamina I neurons may receive direct

monosynaptic contacts from small diameter primary afferent fibres.
Some of these afferents have been shown to contain the tachykinins,
SP and NKA, which can be released under noxious conditions

• a large population of lamina I neurons have been shown to respond to
noxious cutaneous stimulation. The tachykinins, SP and NKA (and
their selective agonists and antagonists) have been found to alter
responses to a wide range of noxious stimuli in behavioural and
electrophysiological tests in a fashion consistent with tachykinin
mediation of nociceptive inputs.

• during certain prolonged noxious inputs, such as that caused by
inflammation, populations of lamina I neurons have been
demonstrated to exhibit enlargements of their receptive fields,
increased responsiveness and alterations in gene expression (such as

a facilitation of dynorphin gene expression). The biosynthesis of these
tachykinins and their receptors have also been reported to change
under such noxious activation.

This study aimed to investigate a possible involvement of SP and
NKA and their respective receptors (NK^ and NK2 respectively) in
mediating the responses of lamina I neurons to a variety of acute and
sustained noxious cutaneous stimuli. To do this:-

1. Electrophysiological techniques were employed to investigate the
actions of selective NK^ and NK2 receptor agonists on the responses of
multireceptive superficial dorsal horn neurons to brief noxious and
innocuous cutaneous stimuli.
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2. The induction of dynorphin gene expression elicited in dorsal
horn neurons by a peripheral inflammatory stimulus was utilised as a

marker in in situ hybridisation histochemistry. In this way, the role of
NKq and NK2 receptors was addressed in the development of long-term
changes in spinal neurons, accompanying the hyperalgesia known to
result from such sustained C-afferent input. The specific involvement of
the NKq and NK2 receptors within the superficial dorsal horn was

assessed by local ionophoretic administration of selective antagonists, in
an intraplantar carrageenan model. Intravenous administration of
selective nonpeptide antagonists, to access the central nervous system,
allowed a more general investigation of the involvement of all tachykinin
receptors in this spinal cord response.

3. Various techniques have localised NKq receptors to the
superficial dorsal horn. However, the existence of NK2 receptors in the
spinal cord remains contentious. A small preliminary study was

undertaken here to attempt to locate NK2 receptor mRNA expression in
rat tissues including the spinal cord, using in situ hybridisation
histochemistry. See Appendix 1.
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CHAPTER 2: Materials and Methods

2.1. Animals

Adult male Wistar rats (280-380 g) were supplied by Bantin and
Kingman Universal Ltd., Hull, UK. They were housed in standard
laboratory cages, usually in groups of 3-4, in a controlled environment
which had a 12 hour light cycle. Rat chow and water were available ad
libitum.

2.2. Materials

Anaesthetics: a-chloralose and urethane were supplied by
Sigma Chemical Company Ltd., Dorset, UK. a-chloralose was stored
under desiccant and used within one month of opening to minimise
oxidation. Anaesthetic solutions were freshly made, filtered and
maintained at 37°C for intravenous administration. Halothane

inhalation anaesthetic was supplied by ICI Pharmaceuticals,
Macclesfield, Cheshire, UK.

Drugs: [Met-0 Me11] SP (SPOMe), neurokinin A (NKA),
cyclo(Gln-D-Trp(NMe)Phe(R)Gly[ANC-2]Leu-Met)2 (L-668,169) and
Acetyl-Leu-Met-Gln-Trp-Phe-Gly-NH2 (L-659,874) were all from
Cambridge Research Biochemicals Ltd., Cambridge, UK. [Lys^,Gly^-R-y-
lactam-Leu9]-NKA(3_io) (GR 64349) and [D-Pro9[spiro-Y-
lactam]Leul0,Trpll]physalaemin(i_2x) (GR 82334) were gifts from
Glaxo Group Research, Ware, UK. Rhone-Poulenc Rorer, Vitry, France
kindly provided two nonpeptide compounds; 2-[l-imino-2-(2-
methoxyphenyl) ethyl]-7, 7 diphenyl-4 perhydroisoindolone (3aR,7aR)
(RP 67580) and its (3aS,7aS)-enantiomer (RP 68651). (S)-N-methyl-
N[4-(4-acetylamino-4-phenylpiperidino)-2-(3,4-dichlorophenyl)butyl]
benzamide (SR 48968) and its (R)-enantiomer (SR 48965) were both gifts
from Sanofi Recherche, Montpellier, France). Stocks of these drug
solutions were stored at -20°C and were prepared and used as detailed in
the following appropriate experimental procedures.
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D,L-homocysteic acid (DLH) and the inflammatory agent,
lambda (AO-carrageenan (type IV), were obtained from Sigma Chemical
Company Ltd., Dorset, UK.

Oligomer probes: All oligodeoxyribonucleotides used here
were synthesised and purified by high performance liquid
chromatography to requirements by Oswel Chemicals, Department of
Chemistry, University of Edinburgh, UK.

Radioactivity: Deoxyadenosine 5'-[a-^^S]-triphosphate
(with specific activity > lx 10^ Ci/mmol), used to label oligomer probes,
was obtained in 20 pi aliquots from New England Nuclear Research
Products, Du Pont de Nemors, Dreiech, Germany. Stock was stored in a

radiation controlled area at -20°C, thawed to remove aliquots, but not
refrozen more than three times.

Molecular biology reagents: These were of molecular biology
grade where possible or analar quality and stored as to specifications. All
chemicals were supplied by Sigma Chemical Company, Dorset, UK or

BDH Laboratory Supplies, Merck Ltd., Lutterworth, UK except for the
following:- terminal deoxynucleotidyl transferase and potassium
cacodylate tailing buffer were obtained from GIBCO BRL Ltd.,
Paisley, Scotland, mixed bed ion-exchange resin (20-50 mesh) was

supplied by Bio-Rad Laboratories Ltd., Hemel Hempstead, UK,
glycogen and ribonuclease A (RNase A) were both obtained from
Boehringer Mannheim UK Diagnostics and Biochemical, Lewes, UK and
K5 emulsion, Phenisol developer and Hypam fixer were all from
Ilford Ltd., Mobberley, UK.

Miscellaneous: general chemicals stated in the text were of
highest analytical grade and were handled as detailed in the instructions
for storage and use. These chemicals were obtained from Sigma
Chemical Company, Dorset, UK or BDH Laboratory Supplies, Merck
Ltd., Lutterworth, UK, unless otherwise stated.
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2.3. Extracellular neuronal recordings with acute

nociceptive stimulation

2.3.1. Surgical procedures for the rat preparation
Adult male rats (280-380 g) were anaesthetised with intravenous

a-chloralose (60 mg/kg) and urethane (1.2 g/kg) after induction with
halothane. Anaesthesia was maintained with further doses of a-

chloralose (10 mg per ml of 0.9% saline solution; given in 0.1 ml aliquots)
as required. Rectal temperature and on occasions, arterial blood pressure

were continuously monitored throughout the experiments and
maintained within physiological limits of 37°C-38°C and 100-150

mmHg, respectively. Temperature was maintained by a

thermostatically-controlled heating blanket. The rat was allowed to

respire spontaneously, but oxygen was supplied to the area of the
tracheal cannula to enrich the inspired air. The animal was fixed in a

stereotaxic frame, then secured by jaw and ear bars, three pairs of swan-

neck clamps to support the thoraco-lumbar vertebral spines and a rod to
hold the tail in place.

A dorsal laminectomy was performed under x 8 magnification to
expose spinal segments L2 to L5. To improve the stability of the
preparation for extracellular recording from dorsal horn neurons, a bath
was made with the skin flaps and a 2% agar solution made up in 0.9%
saline, at 40°C (agar being obtained from Oxoid Ltd, Basingstoke, UK)
was injected under the spinal bone at the rostral end of the laminectomy
and then allowed to flow over the exposed cord with the dura still intact
and over the surrounding muscle. Once set, a section of agar was

removed from above the exposed cord to allow access for
electrophysiological recording of dorsal horn neurons and ionophoresis.
The dura and pia were retracted, and then covered with paraffin oil at 37
°C to prevent dehydration (see figure 2.1.A). Animals were prepared in
the same manner for both recording and in situ hybridisation
histochemistry (ISHH) experiments. However, when tissue was to be
taken for ISHH, intrusive surgery was minimised by not allowing the
agar to contact the exposed cord and by leaving the pia intact.
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Figure 2.1.

Rat thoraco-lumbar laminectomy; preparative surgery for
extracellular neuronal recording

A. A 2% agar solution was carefully injected 0.5-1.0 cm beyond the
exposed spinal cord, with the dura still intact and was also poured on to
the exposed muscle and bone surrounding the laminectomy. This
procedure improved the stability of the preparation for extracellular
recording purposes. After the dura was removed, the exposed spinal cord
was covered with fresh, warm paraffin to prevent dehydration.

B. Extracellular recordings of the responses of dorsal horn neurons to

ionophoretically-applied tachykinin antagonists were then made using
multibarrelled electrodes, advanced by means of a microdrive, in the
superficial lumbar dorsal horn, of anaesthetised rats.

63



Injection
of

2% agar

Exposed spinal cord.
dura removed,

overlayed with paraffin
(37°C)

Rostral end
of the

laminectomy

Pool made by skin
flaps filled with 2%

agar solution

B

64



2.3.2. Electrophysiological recording and ionophoresis ofdrugs
Extracellular recordings from single, superficial dorsal horn

neurons (neurons found at < 200 pm depth from surface, as stated on the
microdrive) were made through the central barrel of a 7-barrelled
microelectrode, constructed from 1.5 mm external diameter, 1.2 mm

internal diameter fibred glass and containing 4 M NaCl, pH 4.0-4.5. The
tip diameter of these electrodes was 4.5 |im to 5 pm and the d.c.
resistance was 5-8 MO. The band-width of the recording amplifier was 1
Hz-7 kHz. The microelectrode was supported on a steel arc which
spanned the animal transversely, allowing the microelectrode to be
advanced by means of the microdrive in 4 pm steps at a l°-2° angle from
the vertical to allow observation of the microelectrode tip, as the dorsal
surface of the spinal cord was penetrated (see figure 2.1.B). Raw data
recorded from this central barrel were displayed on an oscilloscope. Care
was taken that the action potentials of a neuron could always be clearly
discriminated from other potentials, before the neuron was accepted for
testing. Activity was continuously monitored using a Digitimer Spike
Processor, D130, from the output of the oscilloscope. The neuronal firing
rate together with the analogue signal from the heat stimulator were

continuously recorded on FM tape, as well as being plotted on-line by a

customised analysis program on an IBM PS/2 computer (Scap 90, Dr. M.
Dutia, Department of Physiology, University of Edinburgh) and on a

chart recorder.

Drugs were ionophoresed from the side barrels. One side barrel
contained 1 M NaCl (pH 4.5-5.0), for automatic current balancing, using
a Neurophore BH2 Ionophoresis system (Medical Systems Corporation)
and independent current controls. Another side barrel was filled with
Pontamine Sky Blue (PSB; 2% in 0.5 M sodium acetate) for marking the
position of recording sites. The other electrode barrels contained various
combinations of the following drugs :-

controls: D,L-homocysteic acid (DLH, aqueous solution 100 mM, pH 8.0
to 8.5) for direct testing of neuronal excitability, as well as an internal
control of neuronal stability. Also NaCl (1 M) at the appropriate pH, was

used to control for possible current effects.

NKq receptor-selective agonist: SPOMe (Cascieri et al, 1981)
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NK2 receptor-selective agonists: NKA and GR 64349 (Hagan et al,
1989)

NKq receptor-selective antagonists: L-668,169 (McKnight et al, 1988;
Williams et al, 1988) and GR 82334 (Hagan et al, 1991)

NK2 receptor-selective antagonist: L-659,874 (McKnight et al, 1988;
Williams et al, 1988).

All drugs were prepared as 1 mM solutions in distilled water at

pH 4.5-5.0 except L-668,169 and L-659,874, which were at a

concentration of 0.15 mM in aqueous solutions with 0.3%
dimethylformamide also at pH 4.5-5.0. These peptide solutions were

either freshly made and used immediately or stored at -20°C in small
(100 (il) aliquots over desiccant. Once thawed, aliquots were not refrozen
or used again. Ionophoresis was carried out by ejection from the
electrode with cathodal currents, except for DLH which was ejected on

the anodal current. Retaining currents of 10-15 nA were used to
minimise drug leakage between tests.

2.3.3. Quantification ofneuronal responses to acute cutaneous
stimuli

Multireceptive dorsal horn neurons were studied in order to

compare the effects of drugs on responses to both noxious and innocuous
cutaneous stimuli in the same cell. The ipsilateral cutaneous excitatory
receptive field was first mapped out, using a controlled innocuous
stimulus of light brushing, gentle squeeze or tap. The receptive fields of
the neurons studied were generally situated on the hind paw, toes and/or
hind leg. Controlled noxious and innocuous stimuli were applied to
adjacent sites within this mapped receptive field (see figure 2.2.). The
innocuous stimulus was provided by a hand-held brush (for 5 seconds).
The noxious stimulus was provided by either pinching the skin with
forceps (maintained at a steady level for a duration of 5 seconds),
determined as painful on application to the tester, or a thermistor-
controlled radiant heat lamp precisely raising the skin temperature from
30°C to 48°C within 5 seconds and maintained at 48°C for a chosen

66



Figure 2.2.

Methods for applying repeatable cutaneous stimulation

The effects of various drugs, ionophoresed in the vicinity of the
multireceptive neuron being tested, were assessed by the responses to

spontaneous, brush, pinch and thermally-evoked activity.

(A) Innocuous brush: was provided by a hand-held paint brush, gently
stimulating the receptive field for a duration of 5 seconds.
(B) Noxious pinch: was provided for a duration of 5 seconds using hand¬
held forceps quantifiable by means of a graded scale attached to the
pinch mechanism which was directly related to the pressure exerted,
allowing the pincher to be closed to the same extent on each test.
(C) Noxious heat: was administered via a thermistor-controlled radiant
heat lamp. The surface temperature was measured by a thermocouple, in
the centre of the heated area, placed within the mapped cutaneous
receptive field. The temperature was raised from 30°C to 48°C within 5
seconds and held at 48°C for a chosen duration of 10 to 15 seconds.

These stimuli were applied at 1 minute intervals over 3 minute cycles.
Continuous ionophoresis of drugs was started 1 minute before this test
regime.
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duration. This was routinely maintained for 10 seconds, but in
occasional examples, for 15 seconds to ensure a more robust response.

Activity evoked by ionophoretically-applied DLH was also often assessed
as an internal control of neuronal stability (70-106 nA for a duration of
either 10, 15 or 20 seconds). Neuronal stimulus-evoked responses were

recorded to regular cycles of these stimuli repeated every 3 minutes. Two
to three control cycles were obtained before carrying out the tests. The
sequence of stimuli was sometimes changed during test cycles to
eliminate the possibility that changes in evoked responses were due to
the testing order. Drugs were applied 1 minute before the start of each
test cycle and continued through that cycle. Ionophoretic currents were

often successively increased stepwise from 5 nA to 80 nA in order to plot
the current-dependence of drug effects on different responses of that
neuron. After each test the neuronal responses were allowed to recover

before applying the next drug.

2.3.4. Analysis of responses

Data were analysed by integrating the number of stimulus-
induced action potentials in selected constant time intervals, determined
by the duration of the stimulus-evoked control response. Responses to
DLH, mechanical brush and pinch stimuli were integrated over their
respective stimulus times, whereas responses to noxious thermal stimuli
were integrated from the start of the 48°C plateau over 10 to 40 seconds
depending on the duration of the long latency of activity evoked by this
stimulus. Spontaneous activity of the neuron was assessed by
integrating over an area distinct from the responses to the above stimuli,
over an interval of at least 14 seconds and where permitting up to 30
seconds. The spontaneous activity value was subtracted from the
response values when analysing the data. The evoked responses in the
presence of drugs were expressed as percentages of the mean pre-drug
control values and graphed to permit comparison of the drug-effects.
Responses were designated as being essentially unchanged if they
remained within 20% of the mean control response; this value being
selected to encompass the variation seen between control cycles. Data
were presented as mean percentage values ± s.e.m. A one-tailed pairwise
comparison Student's t-test was used on the raw data to determine the
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statistical significance of changes from control levels. P<0.05 was

considered significantly different.

2.3.5. Histological identification ofelectrode placement
At the end of the majority of experiments, Pontamine Sky Blue

(PSB; 2% in 0.5 M sodium acetate) was ejected from the tip of the
extracellular microelectrode at 10 |iA for 10 to 15 minutes. The spinal
cord area was removed, rapidly frozen with an aerosol spot freezing spray

and fixed in 10% formal saline. This tissue was then mounted in 0.25%

agar solution on a freezing microtome and sectioned at 52 pm. Sections
showing the blue dye were placed on 2% gelatin-subbed glass slides
(subbed according to Culling et al, 1985) and stained with 1% neutral red
to elucidate, under the light microscope, the laminar position of the
recording site.

2.4. Preprodynorphin mRNA detection after sustained

NOCICEPTIVE INPUTS

2.4.1. Induction of inflammation
The inflammatory model used here was based on a protocol

characterised by others (Draisci and Iadarola, 1989; Iadarola, et al,
1988a). Inflammation was induced in the rat hindpaw with a single
intraplantar injection of 1, 2 or 4% lambda (k)-carrageenan in sterile
saline solution (150 pi), warmed to 37°C. The injection was given, using a

21G sterile needle placed in the direction from the heel to the toes. The
carrageenan solution was always prepared freshly before use. Bilateral
injections were standardly given with unilateral tachykinin antagonist
treatment, whereas unilateral injections were given when drugs were

applied systemically (see later sections); thus providing a suitable
internal contralateral control for each type of experiment. A period of 6
hours post-injection was allowed to pass for significant peripheral and
central inflammatory changes to occur, such as inflammatory oedema,
hyperalgesia and increased PPD mRNA expression, as reported by others
(Draisci and Iadarola, 1989; Iadarola, et al, 1988a) (see Introduction
figure 1.5.).
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2.4.2. Ionophoresis of tachykinin antagonists
Adult male rats were surgically prepared and set up as outlined

in Methods section: 2.3.1. (Surgical procedures for the rat preparation).
A 7-barrelled microelectrode was placed in the central region of

the substantia gelatinosa of L3-L4 at a depth of 250 (im from the spinal
cord surface, as determined on the microdrive, in an area demonstrated
by extracellular recording to contain neurons with ipsilateral brush/touch
receptive field inputs. The receptive fields were mapped out to innocuous
stimuli, as outlined in section 2.3.3. These were generally restricted to
the foot and/or ankle, with some fields also extending up the hindleg.
Neuronal firing activity, recorded in this qualitative way, thus
established that the area around the electrode tip received afferent
inputs from the inflamed, ipsilateral hind paw.

Ionophoresis of the tachykinin antagonists (see section 2.3.2.) was

carried out at a cathodal current of 50 nA continuously for seven hours,
using a Neurophore BH2 Ionophoresis system. This current was chosen
so as to achieve substantial drug ejection without causing artefactual
depolarisations through excessively high currents. It was known from
previous experiments on acute nociceptive responses carried out in this
laboratory, that ionophoresis of tachykinin antagonists at or below 50 nA
was capable of causing effects in most neurons tested and that
ionophoresis of the vehicle (0.3% dimethylformamide in water) at up to
80 nA for 12 minutes had no discernible effects on neuronal activity
(Fleetwood-Walker et al, 1993a).

One hour after ionophoresis was begun, bilateral intraplantar
injections of ^.-carrageenan solution were given to the hindpaws, as

outlined in section 2.4.1. At hourly intervals the paw circumferences of
both injected paws were monitored and measured with a tape-measure to
assess the degree and development of inflammatory oedema. The
preparation was maintained for a further six hours after carrageenan

injection (see figure 2.3.). Ionophoresis was stopped and usually the
position of the ejection site was immediately marked at the cord surface
with blue coloured latex.
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Figure 2.3.

Rat thoraco-lumbar laminectomy; preparative surgery for
maintained ionophoresis of tachykinin antagonists

A laminectomy was performed around segments L2-L5 of the spinal cord,
the dura removed and the exposed cord covered with fresh, warm

paraffin. An electrode was positioned caudal to the floating rib, to one

side of the midline, at a depth of 250 pm, in an area receiving inputs from
the ipsilateral hindpaw. Ionophoresis was carried out for 7 hours at a

constant current of 50 nA. One hour after this was begun, carrageenan

was injected bilaterally and the inflammatory response allowed to
develop for six hours.
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2.4.3. Intravenous application ofnonpeptide drugs
Adult male rats (280-380 g) were anaesthetised with intravenous

a-chloralose (60 mg/kg) and urethane (1.2 g/kg), after induction with
halothane. Anaesthesia was maintained with further doses of a-

chloralose (10 mg per ml of 0.9% saline solution; given in 0.1 ml aliquots)
as required. Body temperature was maintained within normal

physiological limits by a thermostatically-controlled heating blanket.
Arterial blood pressure was not monitored in these experiments, so as to
keep invasive surgery to a minimum. One of the following nonpeptide
drugs was given intravenously (i.v.) every IV2 hours :- RP 67580; a

nonpeptide NKq selective antagonist (Garret et al, 1991) or its less active
enantiomer, RP 68651 (Garret et al, 1991) or SR 48968; a nonpeptide
NK2 selective antagonist (Advenier et al, 1992; Emonds-Alt et al, 1992)
or SR 48965 (the less active enantiomer of SR 48968) (Emonds-Alt et al,
1992). Each drug solution was freshly made, directly before use, to a

concentration of 0.5 mg per ml of 0.9% saline solution and given at a dose
of 0.5 mg/kg body weight. (The solid being initially mixed with several
drops of ethanol to aid dissolution.) Five drug doses were given in total,
over the 6V2 hour duration of the experiment. Half an hour after
administration of the first dose, a unilateral injection of 150 pi of 1% A-
carrageenan in sterile saline solution was administered by intraplantar
injection to the ipsilateral hindpaw, as detailed in section 2.1. At regular
intervals, paw circumference was measured to assess the development of
inflammatory oedema. The preparation was maintained for a further six
hours, at which point a dorsal laminectomy was performed, as already
outlined, to expose spinal segments L3-L4 (those segments containing
inputs from the foot and hind paw (as determined from extracellular
recording in ionophoretic preparations and also see section 1.1.3.
'Cytoarchitectonic organisation of nociceptive afferent processing').

The dose regime for the nonpeptide antagonists, described above,
was devised from preliminary experiments carried out in this laboratory
and from the small amount of data published by others. It was aimed so

as to have a concentration sufficient to potentially attenuate nociceptive
responses throughout the entire experimental period, yet avoid severe

side effects:-
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RP 67580: The minimal effective dose of RP 67580 required to
attenuate a nociceptive spinal flexion reflex facilitation, induced by
electrical stimulation in rats, was found to be 0.003 mg/kg (i.v.) (Laird et

al, 1993). From data provided by the plasma elimination profile of RP
67580 (3 mg/kg i.v.) carried out in that study and assuming a linear
relationship between dose and clearance rate, it was postulated that an

initial dose of 0.5 mg/kg would not be cleared to this minimal effective
concentration, for that particular nociceptive test, within the 90 minute
interval between doses.

SR 48968: Bronchoconstriction, induced by intravenous [NlelO]-
NKA(4-10) in guinea pigs, was effectively reversed by SR 48968 (at doses
of 0.0375 - 0.2 mg/kg, i.v.) for at least 60 minutes after administration
(Emonds-Alt et al, 1992). NKA-induced turning behaviour in mice can be
significantly blocked at least 30 minutes after injection of SR 48968 (0.3 -

1 mg/kg i.p.) and, given orally, SR 48968 (1 mg/kg) still showed a

significant central effect 12 hours after administration (Poncelet et al,
1993). In nociceptive tests, SR 48968 (0.5 mg/kg) was able to
significantly inhibit, for at least 45 minutes, the responses of rat thalamic
neurons to noxious thermal cutaneous stimulation (Santucci et al, 1993).

Unfortunately, the effectiveness of this dose was not tested for longer
than 45 minutes, in that study. However, as a severely altered
respiratory pattern, with ensuing death, occurred when SR 48968 was

used here at 1 mg/kg (i.v.) and data for duration of action were limited, it
was decided to keep to a dose of 0.5 mg/kg.

2.4.4. Experimental controls for ionophoretic and intravenous
preparations

a) Conscious controls To confirm and evaluate the ability of the
carrageenan injection to induce significant PPD mRNA increases, which
were restricted to the ipsilateral dorsal horn (an inflammatory response

characterised by other groups; Draisci and Iadarola, 1989; Iadarola et al,
1988a, 1988b; Ruda et al, 1988), male rats were anaesthetised with
halothane for administration of a unilateral hindpaw injection of 2% or

4% A.-carrageenan. No other drugs were administered. The rats were
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allowed to regain consciousness and inflammation permitted to develop
for 6 hours. The paw circumference was monitored at the beginning and
end of this time period and the behaviour pattern noted throughout.
After this 6 hour period the tissue was treated identically to the
experimental samples for ISHH (see section 2.4.5.).

b) Sham-operated animals To evaluate the level and laterality of
PPD mRNA expression due to carrageenan-induced inflammation with
anaesthesia and surgery, rats were prepared as outlined in section 2.3.1.,
then a unilateral injection of 4% X-carrageenan was administered to the
hindpaw. No other drugs were administered. The preparation was

maintained for a further 6 hours post-injection, after which tissue was

treated identically to the experimental samples for ISHH (see section
2.4.5.).

c) NaCl-ejection controls Using the protocol described in section
2.4.2., the effects of ionophoresing NaCl (1 M) at 50 nA for 7 hours were

assessed as current controls for ionophoretic experiments.

d) Enantiomer controls The effects of the less active enantiomers
of RP 67580 and SR 48968 (these being RP 68651 and SR 48965,
respectively) were assessed under procedures outlined in section 2.4.3. to
control for selective tachykinin receptor effects.

2.4.5. Tissue removal and sectioning
a). Rat spinal cord

Segments of cord containing the ejection site/ area of afferent
innervation from the inflamed paw were removed in lengths of 0.5 to 1.0
cm, with a sterile scalpel blade. A maximum of two samples were taken
from each rat. The rat was then immediately killed by anaesthetic
overdose. Each spinal cord sample was positioned vertically on an

autoclaved metal chuck by means of Cryo-M-Bed embedding medium and
rapidly frozen for 3 minutes in isopentane which had been cooled to -40°
C to -43°C in dry ice. The whole process of tissue removal and freezing
took no longer than 10 minutes from the point where ionophoresis was

halted (or in systemically-applied antagonist experiments, from when the
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laminectomy was begun). Segments were stored at -70°C in sealed,
water-tight containers ready for cutting.

Transverse sections were taken at 10 (im thickness using a

Cryotechnics Bright cryostat, which constantly maintained the uncut
tissue and cut sections at no higher than -17°C. A new disposable blade
was fitted for each segment. At all times precautions were taken to avoid
the risk of RNase contamination of the tissue. This included wearing
gloves and continually cleaning the cryostat blade with ethanol
throughout the cutting session. Where drugs had been applied to the
cord by ionophoretic ejection, the segment lengths were accurately
measured, on occasion using Vernier callipers, to help verify the latex-
marked area. For later identification of this area, an accurate note was

made of which sections had been taken. Before the cord was cut, a plug
of tissue was removed from the contralateral ventral horn, using a sterile
25G needle in order to provide an irrefutable means of distinguishing the
ipsilateral dorsal horn after ISHH (see figure 2.4.). Sections, covering a

rostro-caudal distance of at least 3 mm, were thaw-mounted onto glass
slides that had been previously cleaned in chromic acid then immediately
subbed with poly-L-lysine (mol. wt. >300,000); a 0.02% aqueous solution,
prepared with autoclaved distilled water which had been pre-treated
with an RNase inhibitor, diethylpyrocarbonate (DEP). Usually, serial or

alternate sections were thaw-mounted alternately onto pairs of slides so

that duplicate ISHH assays could be carried out. Otherwise, only every

alternate section was kept and mounted on serial slides. Each slide held
no more than 10 sections.

At regular intervals, of usually 220 (im, one section was cut for
histological examination under phase-contrast light microscopy to verify
tissue integrity and orientation. These sections were fixed in 10% formal
saline for 5 minutes, stained with 1% toluidine blue solution, dehydrated
in increasing steps of ethanol, then mounted in DePeX mounting medium
under a coverslip and retained for future histological reference. During
the cutting session all material for ISHH was maintained below -17°C in
the cryostat and thereafter was stored in sealed containers with desiccant
at -70°C until hybridisation.
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Figure 2.4.

Preparation of spinal cord for in situ hybridisation
histochemistry

Fresh-frozen segments of intact spinal cord were cut on a cryostat. The
orientation of the cord was established and then a plug of tissue removed
from the contralateral ventral horn using a sterile needle. The diagram
represents a 10 |im thick section with the grey matter containing neurons

(dark grey), surrounded by the white matter containing fibres only (light
grey). In unilaterally carrageenan-injected animals, the ipsilateral
dorsal horn represented the carrageenan-injected side and in bilaterally
carrageenan-injected animals this represented the drug (tachykinin
antagonist or NaCl) ejected side. Sections were prepared for in situ
hybridisation histochemistry, as outlined.

78



10pm tissue section

Ipsilateral dorsal horn
(experimental side)

Contralateral dorsal horn
(control side)

thawed and fixed
in 4% paraformaldehyde

acetylation

Needle lesion in
ventral horn to

distinguish the
two sides

hybridisation
35s-labelled oligonucleotide @ 37°C o/n

washes
in steps of decreasing SSC concentrations

dehydration
in ethanol

exposure
llford K5 nuclear Iq. emulsion for 9 weeks @ 6°C

79



b). Control tissue
In some cases, spinal cords and brains were obtained from

untreated male rats, which were sacrificed by rapid decapitation
following stunning; hence there was no administration of anaesthetic.
Spinal cord segments were frozen and sectioned as in the procedure
described above. Brains were mounted transversely on the
cerebellum/brainstem on autoclaved metal chucks by means of Cryo-M-
Bed embedding medium and rapidly frozen for 5 minutes in isopentane,
which had been cooled to a temperature of -40°C to -43°C in dry ice.
These were then stored at -70°C in sealed, water-tight containers ready
for cutting.

Tissue was sectioned coronally according to stereotaxic areas

defined by Paxinos and Watson (1986) at 10 gm thickness on a cryostat,

using the method as outlined above for spinal cord tissue. Brain regions
of particular interest included the caudate putamen (CP), dentate gyrus

and hippocampus, the supraoptic nucleus (SON) and the paraventricular
nucleus (PVN). All these being discrete, easily-identifiable areas, found
to be rich in dynorphin-ir content (Zamir et al, 1983).

Three alternate brain sections were thaw-mounted per poly-L-
lysine subbed slide. After every 15th section (or fifth slide), one section
was cut and stained for histological analysis, as outlined above.

Cut brain sections were stored under the same conditions as

spinal cord sections, before being used in ISHH assays.

2.4.6. In situ hybridisation histochemical detection of
preprodynorphin mRNA
In situ hybridisation histochemistry steps (as outlined in figure

2.4.) were carried out sequentially, covering a period of four days for each
assay.

a). Probe labelling
Two oligodeoxyribonucleotides, 48 bases long, were used (see

table 2.1.). The dynorphin oligomer (DYNO) was complementary to bases
862-909 of the rat preprodynorphin mRNA sequence (Civelli et al, 1985;
Lightman and Scott Young, 1987) (see figure 2.5.). The second oligomer
represented the corresponding sense strand to this dynorphin
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Table 2.1.

Oliogonucleotide probe sequences and properties

Each of the four oliogonucleotides used, was designed from appropriate
encoded sequences within their respective rat genes, to reflect similar
characteristics of length, GC content and lack of homology and therefore
maintain a comparable capacity for hybridisation within the limits of the
in situ hybridisation histochemical methodology devised.
(See appendix 1 for use of the two probes for NK2 receptor mRNA).
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probe base

length
GC

content

E

o

I-
sequence detected sequence

reference

DYNO 48 0.60 60 bases 862-909
of rat PPD gene

Civelli et al, 1985

Sense 48 0.60 60 complementary to DYNO -

NK2(1) 42 0.67 61 amino acids 377-390 of rat
stomach NK2receptor cDNA

Sasai and
Nakanishi, 1989

NK2(2) 44 0.68 62 amino acids 226-241 of rat
stomach NK2receptorcDNA

Sasai and
Nakanishi,1989

Formula

Tm = 81.5 + 16.6 x log[Na+] - 0.65 x (% formamide) + 41 x (G+C) - 500/ base length

where [Na+] represents the molar concentration of Na+
(G+C) is the fraction of GC bases in the sequence
500/ base length represents a correction factor for short probes

(Beltz et al, 1983; Britten et al, 1974; Hames and Higgins, 1985; Valentino et al, 1987)
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Figure 2.5.

Encoded region of the rat prodynorphin gene sequence, showing
the area of specific DYNO oligonucleotide hybridisation

The main exon of the rat prodynorphin gene is represented. The three
opioid domains (encoding a- or p-neoendorphin, dynorphin A and
dynorphin B) are outlined by boxes. These are transcribed into a single
preprodynorphin mRNA transcript, which can be subsequently
translated and then cleaved to form those possible peptide products. The
numbers above the boxes refer to the nucleotide residue number, labelled
from the 5' end of the gene. The DYNO oligomer (highlighted in bold) is
complementary to a unique nucleotide sequence within this exon,

comprising of bases 862-909 shown under the DYNO probe sequence.

The untranslated region of the gene contains regulatory sequences, such
as poly (A) recognition sites (crosses).

(adapted from Civelli et al, 1985)
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Rat Prodynorphin Gene
(single gene in rat genome)

main exon

3
ATA CCC CCG AAG GAC GCC GCG TAA GCG GGG TTC GAA TTC ACC CTG TTG 5

cx/p neoendorphin dynorphin A dynorphin B poly (A)
recognition sites

| transcription

preprodynorphin mRNA
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oligonucleotide (the 'Sense' probe). This was used to test the specificity of
hybridisation seen with the dynorphin probe. Each purified probe was

S^S-labelled at the 3'-hydroxyl terminal. The reaction was carried out at
32°C for 1 hour in an autoclaved Eppendorf tube, containing the
following (with final concentrations):- oligonucleotide (0.4 pM /0.5 pg),
potassium cacodylate tailing buffer (80 mM), terminal deoxynucleotidyl
transferase (60 units), deoxyadenosine [a-^^S]-triphosphate (0.6 pM)
made up to a final volume of 60 pi with autoclaved DEP distilled water

(dH20). After this time further aliquots of enzyme (30 units) and
radioactivity (0.6 pM) were added to the reaction to give a final
concentration of 3 moles of radioactive label : 1 mole of probe. This was

incubated for another hour at 32°C, to yield a higher specific activity of
labelling. The reaction was stopped by cooling on ice for 15 minutes and
the resultant labelled probe separated from unincorporated nucleotide in
a Nu-Clean D25 disposable spun column (International Biotechnologies,
Inc., New Haven, UK). Duplicate aliquots (1 pi) of the pre-spun and post-

spun mixture were (3-emission counted by liquid scintillation in order to
calculate the specific activity and percentage incorporation of
radioactivity. These values for both probes were 1.6 x 10^ - 4.4 x 10^
Ci/mmol and 55 - 85%, respectively. After labelling, each aliquot of
radioactive probe was used immediately in the hybridisation reaction or

stored at -70°C and used within a few days to minimise the risk of
degradation.

b). Fixing
Slides were brought to room temperature and immediately fixed

with 4% paraformaldehyde in phosphate-buffered saline solution (PBS;
0.1 M; pH 7.5) for 10 minutes, then rinsed with fresh PBS (0.1 M; pH 7.2-
7.4) in two 5 minute washes. Sections were acetylated and the non¬

specific hybridisation of the negatively charged probe to the positively
charged glass and tissue was reduced by treating the slides for 10
minutes in ethanolamine buffer solution (containing NaCl (0.15 M),
ethanolamine (0.25 M) and acetic anhydride (0.026 M)), then
subsequently dehydrated through steps (2 minutes each) of increasing
concentrations of ethanol (70%, 80%, 90%, 100%) each buffered with
ammonium acetate (0.3 M), followed by chloroform, then 100% and
finally 90% buffered ethanol. The slides were thoroughly dried before
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being hybridised in sealed containers kept moist using foam saturated
with a solution of 50% de-ionised formamide: 50% 4 X standard sodium

citrate (SSC) solution (4 X SSC = 600 mM NaCl + 60 mM trisodium

citrate). (Formamide was de-ionised with 1 g of mixed bed ion-exchange
resin per 10 ml of formamide, for 1 hour, at room temperature and then
stored at -20°C in 60 ml aliquots, ready for use.)

c). Hybridisation
Hybridisation was carried out with approximately 24 x 10^ dpm

of DYNO probe (or in control tissue; sense probe) per pi of hybridisation
buffer. Hybridisation buffer was always prepared previously and
immediately stored at -20°C, in 4 ml aliquots, until use. The final
concentration of this solution on the slides was: dextran sulphate (10%;
wt/vol), sodium chloride (600 mM), Tris pH 7.5 (10 mM), EDTA (1 mM),
Ficoll (0.02%, wt:vol), polyvinylpyrrolidone (0.02%, wt:vol), bovine serum

albumin (0.1%, wt:vol), salmon sperm DNA (0.01%, wt:vol), glycogen
(0.0005%, wt:vol) and Bakers yeast tRNA (0.005%, wt:vol, type X-SA).

To minimise the risk of RNase activity, which may have
destroyed the endogenous mRNA signal, distilled water (dH20) treated
with the nuclease inhibitor, DEP, was used to make up all the
hybridisation solutions where possible i.e. 10-12 drops of DEP were

added per litre of dH20, the solution left to stand for 20 minutes, shaken
and then allowed to stand at room temperature for 2 to 24 hours after
which it was autoclaved to destroy any excess DEP.

These previously-prepared stock solutions of hybridisation buffer,
de-ionised formamide and the labelled probe were brought to room

temperature then aliquoted together, to obtain a concentration of 50% de-
ionised formamide (vol/vol) and approximately 24 x 10^ dpm/ pi. The
resultant hybridisation solution was heated to 60-70°C for 10 minutes,
before being cooled on ice for 2-3 minutes. This heating process was

undertaken to ensure that the probe was maintained in a single stranded
form and thus achieve a good fidelity of hybridisation. The presence of
formamide, which destabilises nucleic acid duplexes, lowered the
temperature required to achieve this. At this stage, dithiothreitol (10
mM) was added to break any random bonds formed and to help keep the
35S in a reduced form, further maintaining the probe in this single
stranded state after the solution was cooled. This final solution was
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carefully pipetted on top of each section in volumes of 20 pi per spinal
cord section and 50 pi per brain section.

Hybridisation was carried out at 37°C, for 20 hours. This

temperature was determined from the calculated melting temperature
(Tm) for the probes:- the temperature at which a hybrid population is
half dissociated. In selecting this hybridisation temperature, the
generally accepted guide was followed, that hybridisation should be
conducted at approximately 20-25°C below the Tm, to provide a

temperature high enough to disrupt random, intrastrand hydrogen bonds
within denatured DNA, but not high enough to interfere with interstrand
pairing of complementary bases (Hames and Higgins, 1985; Valentino et

al, 1987) (see table 2.1.). The optimum concentration of probe used (dpm
per pi of hybridisation buffer) was determined after carrying out

experiments to assess a range of conditions, to establish which gave the
clearest signal to background ratio.

d). Post-hybridisation washes
After overnight incubation, excess buffer solution was blotted off

with fibre-free paper and post-hybridisation washes were carried out.
Racks of slides were washed, over 6 hours and at 40°C, in decreasing
concentration steps of SSC solution, buffered to pH 7 and containing
several drops of freshly added DEP (i.e. 2 X SSC; 2 hours, 1 X SSC; 2
hours, 0.5 X SSC; 2 hours). This calculated temperature being at a

slightly higher stringency than for hybridisation, as determined from the
Tm (see table 2.1.) and the salt concentration being inversely
proportional to the stringency of hybridisation, further optimising
conditions.

e). Emulsion coating
Slides were dehydrated through steps of ethanol buffered with 0.3

M ammonium acetate (i.e. 50% ethanol for 4 minutes, followed by 70%
ethanol for 2 minutes and lastly 90% ethanol for 2 minutes), then air
dried overnight. The dried slides were dipped, at 40°C, in Ilford K5
emulsion diluted 1:2 (vokvol) with distilled water; these being carefully
mixed together in chromic acid-washed glassware to prevent
contamination from previous emulsion-dipping sessions. The slides were

allowed to dry vertically in the dark, overnight, then sealed in light-tight
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Kartell boxes containing silica gel desiccant, wrapped in black plastic and
stored at 6°C for 8-10 weeks.

f). Developing and staining
After this time, the sections were brought to room temperature,

and exposed silver grains were developed at 16°C-18°C, in Ilford Phenisol
developer (diluted 1:4 (vol:vol) with distilled water) for 4 minutes, rinsed
for a few seconds in distilled water, then fixed in Ilford Hypam fixer
(diluted 1:4 (vol:vol) with distilled water) for 4 minutes. The developed
slides were rinsed in copious amounts of fresh distilled water (five sets of
10 minute washes) before being lightly counter-stained with Mayer's
haematoxylin (for 2Vz minutes) and 1% eosin in 80% alcoholic solution
(for 3 minutes), dehydrated through duplicate steps (1 minute each) of
95% followed by 100% ethanol, lipid extracted in fresh Histoclear solution
(two times 2 minute steps) and finally mounted in DePeX mounting
medium.

g). Emulsion testing
A blank poly-L-lysine subbed-slide was usually taken through the

ISHH procedure as described, dipped in emulsion and allowed to dry.
This was not boxed with the other slides, but was immediately developed
to check that the level of non-specific background was low (usually there
were only approximately 5 to 10 single silver grains per 10 pm^) and the
distribution of grains was uniform. Thus a safeguard was incorporated
against emulsion deterioration in storage, or unintentional light
contamination before the long exposure time period.

2.4.7. Optimisation and validation ofdetection
The DYNO probe sequence was chosen for minimal homology

with mRNA sequences of preproenkephalin and prepro-opiomelanocortin
(see figure 2.5.). Furthermore, the following evidence for specificity of
hybridisation was obtained and used as criteria for positively identifying
PPD mRNA-expressing cells under x400 magnification of the light
microscope:-
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i) a characteristic pattern of clustering of silver grains was always
clearly recognised, in a discrete halo around a nucleus, surrounded by
the pale pinkly stained cytoplasm

ii) the pattern of labelling in untreated male rat brain and spinal cord
areas was determined to test whether it paralleled results
documented from other laboratories, of immunocytochemistry and
ISHH studies (see section 1.8.1. 'Distribution of dynorphin in the
spinal cord').

iii) pre-incubation (for 1 hour at 37°C) with RNase A (1 mg/ml in buffered
solution, containing Tris pH 8.0 (10 mM), NaCl (0.5 M) and EDTA (1
mM)) or hybridisation with the sense probe, used under identical
conditions to the antisense probe, was carried out on adjacent sections
to those which were hybridised with the DYNO probe to determine the
specificity of hybridisation (sometimes the DYNO probed slides were

incorporated into the same assays as the RNase and sense slides, but
kept separate to prevent contamination).

2.4.8. Analysis ofpreprodynorphin mRNA-expressing cells

a). Cell number

Positively-labelled cells, where the halo pattern was more dense
than the background (by more than 5 fold, when confirmed by silver
grain counting) were counted under x400 magnification of the light
microscope. Cell counting was carried out in three separate regions
across the dorsal horn, on each side of the spinal cord section. These
were the medial area of the region of lamina I (where Ruda et al, 1988
found the largest effects of inflammatory stimuli on dynorphin
expression); the lateral area of the lamina I region; and the deep dorsal
horn region.

Raw data were collected as the number of PPD mRNA-containing
dorsal horn neurons on the ipsilateral (i.e. experimental) side versus the
number on the corresponding contralateral (i.e. control) side for each
section:-

i). In animals bilaterally injected with carrageenan, any effects due to
ionophoretic application of tachykinin antagonists were therefore
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monitored by the degree of deviation from the contralaterally-
equivalent level of carrageenan-induced PPD mRNA expression,

ii). In animals with unilateral carrageenan injections, any inhibitory
effects of nonpeptide neurokinin antagonists were reflected in
deviations of levels of PPD mRNA expression towards the basal, non-

induced contralateral level of expression.

It was noted that there were slight variations in the number of
labelled cells in individual sections, which may have been due to a

differential rostro-caudal clustering of dynorphin-expressing cells.
Therefore, results from sequential sections, covering a rostro-caudal
distance of approximately 250 (xm (up to ten such ratio values), were

pooled to obtain mean ratio points for each cord sample. This method
also allowed for the possibility of slight mismatch due to the introduction
of small angles in cryostat cutting. Results were regularly obtained from
a rostro-caudal distance of as much as 12 mm, in intravenous drug-
treated studies. In ionophoretic experiments, data for the lamina I region
from separate rats within each treatment group, were combined by
matching points at the marked ejection site and expressed as the mean

ratio of the number of PPD mRNA-expressing neurons on the
experimental side, divided by the number on the corresponding control
side. Cell profile graphs were plotted with respect to distance along the
cord, allowing clear visualisation of the area of maximal drug effect.
Camera lucida composites were made of positive cells over adjacent
sections. Photographs of brain controls and spinal cord sections were

taken under both bright and dark field, using a Leitz Vario Orthomat 2
automatic microscope camera.

b). Silver grain density
The total area over and around the nucleus of each labelled

lamina I neuron covered by silver grain particles, was measured with the
aid of an automated image analysis system on an Apple Macintosh II
computer, with 'IMAGE' software from Improvision. This area value,
referred to as the silver grain density (pm^ per cell), reflected the degree
of PPD mRNA expression. Sections to be analysed were chosen from the
region of maximum drug effect or, in cases where no drug effect was

observed, in the corresponding region of drug ejection and hind paw
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inputs to the spinal cord at L3-L4 level. Maps were drawn of the position
of every positively-labelled lamina I cell in up to four non-adjacent
sections per animal, under xlO and x40 objectives of a Zeiss Axioskop
light microscope. Each cell along the dorsal horn, working from medial to
lateral, was numbered and then analysed. This was done by first
capturing one field image, using a CCD video camera and Hamamatsu
C2400 CCD camera control. The image was calibrated to microns, blank
field adjusted to remove any artefacts present within the camera set-up,
contrast-enhanced and finally sharpened. For each PPD mRNA-
expressing cell, the approximate area of the nucleus was measured and
the total area covered by silver grains around this region was determined
by selecting the grey scale range which highlighted all silver grain
particles (this grey scale level fluctuated very little throughout each
analysis session).

Background counts were similarly measured at exactly the same

grey scale range over an identically sized area immediately adjacent to
positive cells. Background values were less than one fifth of values
covered by silver grain particles in positively-labelled cells.

Results were entered into a spreadsheet for statistical analysis,
using Excel software. Background values were subtracted from their
respective total silver grain areas, to give a 'net silver grain density'
value for each lamina I cell across the mediolateral extent of the dorsal

horn. The mean density of expression per labelled lamina I cell was then
calculated for each dorsal horn and histograms were drawn.
Representation of data in terms of mean silver grain density per labelled
cell, compensated for any variation in actual numbers of expressing cells
per section. In ionophoretic experiments, values were graphed as the
ratio of mean silver grain density per cell on the experimental side (drug
+ carrageenan-treated side), versus control side (carrageenan only-
treated side). Data were interpreted with respect to a value of 1; where
values less than 1 represent drug-induced inhibition and values greater
than 1 represent drug-induced facilitation of carrageenan-induced PPD
mRNA expression.

c). Controls for analysis
Data for each rat were obtained from a number of parallel assays

to minimise experimental variation. Furthermore, the contralateral side
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of the spinal cord was used as an internal control for each treatment.
Such quantification was considered possible since unilateral peripheral
inflammation (including this carrageenan-induced model) has been
demonstrated to produce no detectable contralateral changes in PPD
mRNA synthesis (Iadarola et al, 1988a, 1988b; Millan et al, 1988; Ruda et

al, 1988) and experiments presented in Chapter 4. Presentation of cell
counts and silver grain density data as ratios of test versus control side,
further standardised any inter-assay variations.

2.4.9. Statistical analysis
Data were presented as the mean ± s.e.m.

a). Cell numbers
A one-tailed pairwise comparison Student's t-test was used to

determine the differences in the number of PPD mRNA-expressing cells
on the ipsilateral versus the contralateral dorsal horn for each treatment.
P<0.05 was considered significantly different.

b). Silver grain densities
A one-tailed unpaired Student's t-test of 'the significance of the

difference between the means of two populations' was used to detect
whether the ipsilateral (experimental) dorsal horn showed a significant
deviation in mean silver grain density per cell, as compared to the
contralateral (control) dorsal horn. This test assumes the ipsilateral
neurons to be an independent population to those on the contralateral
side. A value of P<0.05 was considered to indicate a significant
difference.
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CHAPTER 3: Results

Extracellular recordings of single superficial dorsal horn
neurons: effects of ionophoretically-applied tachykinin agonists

3.1. Aims

The technique of local ionophoretic application of selective
tachykinin receptor agonists, while extracellularly recording from single
superficial dorsal horn neurons, was employed to investigate the possible
roles of NKq and NK2 receptors in mediating brief cutaneous sensory

responses of these neurons.

3.2. Characteristics and receptive field properties

3.2.1. Location

Results were obtained from a total of 28 cells located in the

superficial dorsal horns of 24 a-chloralose/urethane-anaesthetised rats.
Stereotaxic depth readings, as stated on the microdrive, showed these
neurons were never below 170 pm from the surface of the spinal cord (the
majority of neurons being located at or above 56 pm). The positions of
thirteen recording sites were verified by histological examination of PSB
dye spots in transverse sections of the spinal cord (see figure 3.1.). All
these lay within the superficial dorsal horn, as defined by Molander et al
(1984). In several cases no PSB dye spot was detected, possibly because
the recorded cells were so superficial that the PSB dye unavoidably
leached out of the cord, making localisation of the electrode position
impossible.

3.2.2. Receptive fields
The excitatory cutaneous receptive fields of all neurons tested

were carefully mapped, using innocuous (brush and/or tap) cutaneous
stimulation and were always located on the ipsilateral hindlimb. The
majority of neurons (a total of 21 neurons) had receptive fields localised
to an area on the hindpaw, 4 of these fields being restricted to just one or

two digits.
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Figure 3.1.

The recording sites of superficial dorsal horn neurons tested

Extracellular recording sites were marked with Pontamine Sky Blue at
the end of each experiment. Transverse sections were taken for
histological examination. A camera lucida drawing was made of the
location of some of these neurons, as represented in the diagram by open

circles.

94



S6

LULU|.



The other 7 neurons had much larger receptive fields, covering an area of
the leg, occasionally as far as the hip. All the receptive fields studied
remained topographically constant throughout the recording period
(usually over 2 hours). Inhibitory receptive fields were rarely seen and
neither these nor any contralateral components of the response were

tested. Examples of the receptive field areas for the rat are shown in
figures 3.2. to 3.9.

3.2.3. Electrophysiological properties
Only multireceptive neurons were examined, with prominent

excitatory responses to both innocuous (brush and/or tap) and noxious
(pinch and/or radiant heat at 45°C-48°C) cutaneous stimuli (see figure
3.2.). They exhibited a low background activity, of on average 1 Hz (see
figures 3.3., 3.4., 3.6. and 3.8.). The region of the receptive field most
intensely activated by noxious cutaneous stimulation was often found at
the centre of the area most responsive to innocuous cutaneous
stimulation. All except one neuron responded to noxious pinch stimuli,
as well. Eight neurons were unresponsive to noxious thermal
stimulation. Another five neurons were not tested for their responses to
this input. Nociceptive responses could not be elicited from outside the
innocuous field. Fourteen neurons were also tested with D,L-homocysteic
acid (DLH) at ejection currents of 70-106 nA, sufficient to elicit an

excitatory response. Reproducible neuronal responses could be evoked on

repetition (once every 3 minutes) of each stimulus, with no observable
tissue damage resulting. In a number of cases the effects of different
agonists were tested on the same cell.

3.3. IONOPHORETIC CONTROLS

In preliminary experiments, the drug effects usually appeared
after 30-45 seconds of ionophoresis at a given current. Therefore, a

period of one minute of ionophoresis was allowed to ensure a steady-state
effect before test responses to cutaneous stimuli were begun. Changing
the order of different tests within a cycle made no difference to the
results.
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Figure 3.2.

Typical example of action potentials obtained of a lamina I cell
from an oscilloscope output

Typical response of a lamina I neuron to a graded thermal noxious
stimulus, when the resting cutaneous temperature of 30 °C was raised to
48 °C, as shown on the lower trace. The cutaneous receptive field on the
ipsilateral hindpaw is shown at the top of the figure.
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Ejection of NaCl (1M) and the vehicle which was used to dissolve
L-668,169 and L-659,874 (0.3% dimethylformamide in water) around
WDR superficial dorsal horn neurons, at currents equivalent to those of
the experimental cycles (up to 60 nA) for 6 minutes failed to reproduce
any of the observed drug actions described below (see figure 3.3.). This is
further substantiated from results from similar control experiments on

deeper dorsal horn neurons (Fleetwood-Walker et al, 1993a). Though the
above mentioned solvent was not added to any of the peptides used in the
current study, its effects on neuronal firing were assessed here, as it was

required in related experiments (see Chapter 5).

3.4. Effects of the NKj receptor selective agonist, SPOMe

The effects of ionophoretic application of the selective NKq
receptor agonist, SPOMe (Cascieri et al, 1981) were tested on eleven
multireceptive neurons. Despite the hypothesis that NKq agonists may
well be expected to have had excitatory effects on these neurons, the
predominant effect of SPOMe was no consistent increase in spontaneous
activity (9 out of 11 cells tested), or the sensory responses to brush (11
out of 11 cells), noxious pinch (10 out of 10 cells tested) or noxious
thermal inputs (5 out of 5 neurons tested), suggesting that selective
activation of any NKq receptors accessed here had little overt
involvement in regulating activity of these cells or processing sensory

inputs to them (see table 3.1.). A typical example of the effects of
ionophoretically-applied SPOMe on the continuous firing record of a

WDR lamina I neuron is shown in figure 3.4.

3.4.1. Spontaneous activity
SPOMe had no overall facilitatory or inhibitory effects on the

spontaneous activity in the majority of cells. This remained
characteristically very low in 9 out of 11 neurons tested (see figures 3.4
and 3.5.). The most consistent finding was demonstrated by six of these
neurons, which showed a mean activity, as compared to controls, of 103%
± 3% (mean ± s.e.m.) over a period of drug ejection from 3 to 15 minutes
at currents of as high as 80 nA (see table 3.1.). Figure 3.5. shows a

typical example, illustrating that SPOMe at up to 40 nA has no effect on
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Figure 3.3.

Typical effects of ionophoretically-applied NaCl (1M) on a wide
dynamic range lamina I neuron

A continuous firing record of a neuron plotted as the number of action
potentials per 400 ms bins against time. The cutaneous receptive field on

the ipsilateral hindlimb, behind the knee area is shown at the top of the
figure. Prominent excitatory responses to innocuous brush and noxious
pinch are displayed on the top row. The bar under the middle row

represent continuous drug ejection. NaCl (1M) at up to 60 nA failed to
cause any significant change to spontaneous activity or the evoked
responses, which remained within 12% of pre and post (bottom row) drug
ejection levels.
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Table 3.1.

Summary of the effects of tachykinin receptor agonists on

lamina I neurons

The values shown in the table were calculated as a percentage of the
mean pre-drug control value and are expressed as the mean ± s.e.m.

Values in parentheses represent the number of multireceptive neurons.

Responses were designated as being essentially unchanged if they
remained within 20% of the mean control value. A pairwise comparison
t-test on raw firing frequency records was carried out to test statistical
significance on changes from the corresponding mean control response.
* represents P<0.05.
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Stimulus-evokedneuronalfiringrate (%ofmeanpre-drugcontrol)
Tachykinin agonist

Spontaneous

Brush

Pinch

Heat

nochange

t

1

nochange

t

1

nochange

t

1

nochange
T

i

SPOMe (n=11)

103±3% (6)

180% (2)

52±11% (3)

107±3% (11)

(0)

(0)

105±3% (10)

(0)

(0)

99±8% (3)

(0)

50% (2)

NKA (n=12)

96% (2)

*1340±510% (10)

(0)

102±3% (7)

*187±22% (5)

(0)

95±2% (8)

*159±9% (3)

(0)

(0)

164% (2)

*30±9% (4)

GR64349 (n=10)

100% (2)

*700±240% (8)

(0)

104±4% (6)

mixed(Tthen1) (1)

171±13% (3)

(0)

99±4% (4)

165±14% (3)

48% (2)

102% (1)

(0)

*34±9% (4)



spontaneous activity. The other three neurons of this group did show
slight reductions in the spontaneous activity, which were exhibited after
as little as one minute of drug ejection at currents of 10-20 nA, lasting
throughout the ejection period (up to 18 minutes in one case) and up to
21 minutes after cessation of SPOMe ionophoresis. However, in absolute
terms, these represented very minor changes in the already very low
spontaneous activity, so it is doubtful whether or not functional
conclusions could be drawn from such results.

For the two remaining neurons tested the spontaneous activity
showed a moderate increase to 160% and 200% of controls within the first

6 minutes of drug ejection (see table 3.1.). This facilitation first appeared
at currents of 20-40 nA and lasted for the duration of SPOMe application.

3.4.2. Sensory responses

In 11 out of 11 neurons tested with SPOMe (for up to 80 nA for
12-18 minutes) there were no significant effects on the brush response,

which remained at a mean of 107% ± 3% as compared to control
responses (see table 3.1. and figure 3.4.). Two of these neurons did
exhibit a delayed decrease in responses to the brush stimulus, at the
highest current used (70-80 nA) and 12 to 18 minutes after the start of
drug ejection. However, this reduction was small and transient;
responses only being decreased to an average of 74% of control values.

Under the same ionophoretic conditions as tested on the brush
response, the pinch response was consistently unchanged throughout the
entire ejection period of SPOMe, remaining at a mean of 105% ± 3% of
control levels for all of the 10 neurons tested (see table 3.1. and figure
3.4.).

The responses to noxious thermal stimulation displayed slightly
more variable effects with ionophoretic application of SPOMe around the
recorded cell (see table 3.1.). The overall effect, in three cells, was no

change in this response in the presence of SPOMe (20-80 nA), which
remained at 99% ± 8% of controls, taken at the time of greatest apparent

change in heat responses (within 3 to 6 minutes) (see figure 3.4.).
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Figure 3.4.

Typical effects of ionophoretically-applied substance P methyl
ester on a wide dynamic range lamina I neuron

A continuous firing record of a neuron plotted as the number of action
potentials per 400 ms bins against time. The cutaneous receptive field on

the ipsilateral hindpaw is shown at the top of the figure. Prominent
excitatory responses to noxious heat, innocuous brush and noxious pinch
are displayed on the top row. The bars under the subsequent two rows

represent continuous drug ejection. SPOMe at up to 20 nA failed to
cause any significant change to spontaneous or response evoked-firing;
with spontaneous activity remaining at 112%, noxious heat at 102%,
innocuous brush at 115% and noxious pinch at 100% of control levels in
this neuron.
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Figure 3.5.

Typical effects of ionophoretically-applied substance P methyl
ester on spontaneous activity of a wide dynamic range lamina I

neuron.

Background firing frequencies were analysed by integrating the number
of action potentials per second at different time points through the
duration of SPOMe application. The insert shows the cutaneous

receptive field to be on the ipsilateral hind knee area. SPOMe ejected at
currents of up to 40 nA failed to affect spontaneous activity, which
remained at 104% of controls.
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Two neurons did show a clear but moderate reduction in the heat

response to a mean of 50% of controls, within 3 minutes of SPOMe
ejection at a current of 20 to 30 nA, despite the fact that the DLH
response remained constant throughout. This response began to recover

9 minutes after drug ejection was stopped, recovering essentially to
control values after 21 minutes.

3.5. Effects of the endogenous NK2 receptor agonist, NKA

Ionophoresis of NKA (an endogenous agonist ligand for the NK2
receptor) around WDR superficial dorsal horn neurons produced quite
different effects from those obtained with SPOMe. In the majority of the
12 neurons tested there was a large, yet transient facilitation of
spontaneous activity (10 out of 12 cells tested), no effect on the responses

to innocuous brush (7 out of 12 cells tested) or noxious pinch (8 out of 11
neurons tested), and a selective inhibition of the response to noxious heat
(4 out of 6 neurons tested) (see table 3.1.). Figure 3.6. shows typical
results obtained when NKA was ionophoretically applied to lamina I,
displayed as a continuous raw firing frequency record of a single WDR
lamina I neuron.

3.5.1. Spontaneous activity
A significant increase in the spontaneous activity of 13.4 ± 5.1

fold (mean ± s.e.m. as compared to controls) was obtained, in 10 out of 12
neurons tested, with ionophoretic application of NKA for 3 to 15 minutes
at currents of 10-60 nA; currents insufficient to produce such effects with
SPOMe application (see table 3.1.). The degree of this marked increase
varied between neurons within a range of 1.6 to 42 fold and was

transient in nature; typically lasting for a duration of approximately 6
minutes and declining thereafter, despite continued application of NKA.
Figures 3.6. and 3.7. show typical examples of the effect on this activity,
evoked by NKA. One neuron did show a maintained facilitation in
spontaneous activity, lasting 12 minutes, with the ejection of NKA at 40
nA. This increase was, however, attenuated immediately on cessation of
ionophoresis.
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Figure 3.6.

Typical effects of ionophoretically-applied neurokinin A on a

wide dynamic range lamina I neuron

A continuous firing record of a neuron plotted as the number of action
potentials per 400 ms bins against time. The cutaneous receptive field on

the ipsilateral hindpaw is shown at the top of the figure. Prominent
excitatory responses to noxious pinch, innocuous brush and noxious heat
are displayed on the top row. The bars under the subsequent two rows

represent continuous drug ejection. NKA (ejected at 20 nA) caused a

marked facilitation of spontaneous activity (by up to 39 fold of controls)
followed by a selective inhibition of the noxious heat response (to 8% of
controls), whilst the responses to brush and pinch were unaffected,
remaining at 109% and 107% of controls, respectively. No recovery of
this thermal nociceptive response was obtained 15 minutes after
cessation of NKA ionophoresis.
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Figure 3.7.

Typical effects of ionophoretically-applied neurokinin A on

spontaneous activity of a wide dynamic range lamina I neuron.

Background firing frequencies were analysed by integrating the number
of action potentials per second at various time points through the
duration of NKA application. The insert shows the cutaneous receptive
field to be on the knee area of the ipsilateral hindleg. NKA (ejected at
currents of 40 nA) caused a marked increase in spontaneous activity (to
over 40x controls), which was transient in nature (lasting approximately
6 minutes).
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Ionophoretic application of NKA failed to have any effect on

spontaneous activity in two other neurons tested (see table 3.1.).
Background values remained at 91% and 100% of control levels, despite
ejection of NKA at currents of 20 nA and 30nA, respectively, for 6 to 12
minutes.

No consistently decreased spontaneous activity was observed in
any neurons tested with NKA at any of the ionophoretic currents applied.

3.5.2. Sensory responses

In 7 out of 12 neurons tested, the brush response remained at
102% ± 3% of controls, despite current ejection at 15-80 nA for up to 18
minutes (see table 3.1. and figure 3.6. for typical example).

Five neurons showed a significant increase in the innocuous
brush response compared to mean pre-drug control levels, which
interestingly occurred in parallel with the observed increase in
background activity when NKA was ionophoresed at currents of 20-40 nA
for 3 to 6 minutes (see table 3.1.). This increase reached an average of
187% ± 22% of control levels and was in stark contrast to the results

obtained with SPOMe. The NK^ agonist caused no such increase in any

of the 11 neurons tested, indicating that this facilitated brush response

may be a selective NK2 receptor-mediated effect. This conclusion is
substantiated by the fact that a proportion of these neurons (seven of the
neurons studied) had been sequentially tested with both NK^ and NK2
agonists. Recovery to control levels was seen in all but one case, within 9
minutes after cessation of NKA.

None of the WDR neurons tested exhibited a decreased response

to innocuous brush stimulation with application of NKA at currents up to
80 nA for up to 18 minutes, even after the phase of reversal of increased
spontaneous activity.

Ionophoresis of NKA, at currents from 10 nA up to 80 nA for a

maximum duration of 18 minutes, had no significant effect on the
responses to noxious pinch stimuli of 8 of the 11 neurons (see table 3.1.).
These responses remained at a mean of 95% ± 2% of controls for these 8
neurons (see figure 3.6. for typical example) One of these neurons did
however initially show what appeared to be a very transient increase (by
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50% of controls) in the pinch response at very low currents of NKA (5
nA).

Three neurons displayed a more sustained facilitation in the
pinch response (see table 3.1.). This significant increase, to 159% ± 9% of
controls, occurred in a dose-dependent manner at moderate currents of
NKA (20-40 nA) for 3 to 6 minutes and remained at least 6 minutes after

drug ejection had ceased. This is in contrast to the tachyphylaxis
generally seen in the excitation of spontaneous activity by NKA. All
three of these neurons exhibited transient NKA-evoked increases in

spontaneous activity and usually also increased brush or heat responses

together with this accompanying and long-lasting facilitation of the pinch
response. Unfortunately, it was not possible to assess whether DLH
responses were affected in these three neurons.

None of the neurons tested showed an overall reduction in the

pinch response.

The predominant effect of ionophoretically-applied NKA, in 4 out
of 6 neurons tested with noxious thermal stimuli, was a delayed and
significant depression, corresponding to the declining phase of the
facilitated spontaneous activity (see table 3.1.). A typical example of this
is shown in figure 3.6. The prominent excitatory response to DLH, at
currents of 50-85 nA, when tested in 3 of these neurons, remained
essentially unaffected throughout this recording period, indicating that
cellular responsiveness in general was not compromised but that there
was a highly selective reduction of thermal nociceptive responses. In 3
out of these 4 neurons, the inhibition of thermal nociceptive responses

represented a severe reduction to 21% ± 5% of controls with 3 to 9
minutes of NKA ejection at currents of 20-60 nA. This reduced response

took at least 15 minutes to recover. In the remaining one neuron, a

smaller reduction to 60% of controls, was seen after a period of 12
minutes of NKA ionophoresis and only at a current of 80 nA. This
inhibition recovered to control levels 6 minutes after NKA ejection was

stopped.
Two out of 6 neurons tested showed a facilitated noxious thermal

response, to a mean of 164% of control levels, which occurred, in
conjunction with the facilitated spontaneous activity and noxious pinch
response, after ionophoretic application of NKA at currents of 10-20 nA
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for 3 minutes (see table 3.1.). In one case this appeared to be a dose-
dependent increase, which remained detectable for at least 6 minutes
after NKA ejection had been terminated. In the other case, this response

was transient, occurring at low currents of NKA ejection of 20 nA,
immediately prior to an observed increase in spontaneous activity and
disappearing rapidly to control levels within 3 minutes, despite continued
application of drug.

3.6. Effects of the NK2 receptor selective agonist, GR 64349

The novel and highly-selective NK2 agonist, GR 64349 (Hagan et
al, 1989) produced essentially equivalent effects to those obtained with
NKA. In the ten WDR superficial dorsal horn neurons tested, GR 64349
predominantly caused a significant, though transient, facilitation of the
spontaneous activity (8 out of 10 cells tested), no overall effect on the
response to innocuous brush (7 out of 10 cells tested) or to noxious pinch
(4 out of 9 cells tested), but did induce a late selective inhibition of the
noxious thermal response (4 out of 5 cells tested) (see table 3.1.). Figure
3.8. shows a typical example of the effects of locally-applied GR 64349 on

the continuous firing record of a multireceptive lamina I neuron.

3.6.1. Spontaneous activity
In 8 out of the 10 multireceptive neurons tested, GR 64349 at

currents ranging from 10 to 90 nA ionophoresed for 3 to 12 minutes,
resulted in a significant, yet transient, increase in the spontaneous
activity by a mean of 7.0 ± 2.4 fold over control values (see table 3.1.).
Figure 3.9. shows a typical example of the effects of GR 64349 on

spontaneous activity in a single lamina I neuron.

In 2 out of 10 cells the spontaneous activity remained unaffected
(staying at a mean of 100% of control levels) even though GR 64349 was

ejected at currents of up to 70 nA for as much as 27 minutes (see table
3.1.).
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Figure 3.8.

Typical effects of ionophoretically-applied GR 64349 on a wide
dynamic range lamina I neuron

A continuous firing record of a neuron plotted as the number of action
potentials per 400 ms bins against time. The cutaneous receptive field
over the ipsilateral dorsal surface of the hindlimb and heel is shown at
the top of the figure. Prominent excitatory responses to innocuous brush,
noxious pinch and noxious heat are displayed on the top row. The bar
under the middle row represents continuous drug ejection. As with NKA
application, GR 64349 caused a marked facilitation of spontaneous
activity (to over 5 times control levels, in this example) followed by a

selective inhibition of the noxious heat response (to less than 60% of
controls), whilst the responses to brush and pinch were unaffected,
remaining at 97% of controls, in both cases. Signs of recovery of this
thermal nociceptive response were observed 6 minutes after cessation of
GR 64349 ionophoresis, as shown on the bottom row.
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Figure 3.9.

Typical effects of ionophoretically-applied GR 64349 on

spontaneous activity of a wide dynamic range lamina I neuron.

Background firing frequencies were analysed by integrating the number
of action potentials per second at time periods through the duration of
GR 64349 ejection and expressed graphically in response/ time curves.

The insert shows the cutaneous receptive field to be on the flank of the
ipsilateral hindleg. GR 64349 (ejected at currents of 40 nA) caused a

marked increase in spontaneous activity (up to 24 fold of controls), which
was transient in nature (lasting less than 6 minutes).
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3.6.2. Sensory responses

GR 64349 application did not produce any significant effects on

the innocuous brush response in any of the 10 WDR superficial dorsal
horn neurons tested. In 6 of these neurons the response remained at a

mean of 104% ± 4% of controls throughout the ejection period of up to 27
minutes, with a current range of 20-80 nA (see table 3.1. and figure 3.8.
for a typical example). In one other neuron, an initial small increase to
124% of controls was observed in the brush response at currents of 20-40
nA of GR 64349, followed by an equivalent fall in the response at 80 nA.
Therefore, the overall effect of GR 64349 on this neuron was to cause no

consistent change to this innocuous response.

Three neurons exhibited a marked but not significant increase in
the innocuous brush response to a mean value of 171% ± 13% of controls
at currents of 10-40 nA for 3 to 15 minutes, which remained facilitated
for at least 9 minutes (see table 3.1.). These neurons also displayed
accompanying increases in background activity but not in brush nor

noxious heat responses.

In no case, even with currents up to 100 nA for up to 27 minutes,
did GR 64349 elicit a consistent decrease in the innocuous brush

response. This is in accordance with the action of NKA, which also failed
to inhibit the brush response on any occasion.

The noxious pinch response was rather variable in the presence of
GR 64349 (see table 3.1.). In 4 out of 9 neurons tested the response

remained unaffected (99% ± 4% of controls) at currents of GR 64349 of
40-100 nA for up to 12 minutes. Figure 3.8. shows a typical example of
this. Three out of 9 neurons showed a selective, but not significant,
increase in the response to pinch to 165% ± 14% of controls in a dose-
dependent manner, from 10-80 nA of GR 64349 for 3 to 27 minutes,
which did not recover to control levels for at least 12 minutes after drug
cessation. Two neurons displayed a decreased pinch response; this was a

moderate inhibition (by 52%) and only occurred approximately 6 minutes
after commencing GR 64349 ejection at higher currents of 30-40 nA.
Inhibition remained for at least 9 minutes after drug ejection was

stopped. Unfortunately, the response to DLH was not tested on either of
these two cells. However, it was noted and was particularly apparent in
one cell, that along with the inhibition of pinch, there was also an
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accompanying inhibition of the heat response and a quite marked
facilitation of spontaneous activity by GR 64349 (over 7 fold), consistent
with the idea that perhaps there was a desensitisation of these NK2
receptor-mediated nociceptive responses.

The only consistent change in sensory responses of WDR
superficial dorsal horn neurons under the influence of GR 64349 occurred
(as in the case of NKA) with responses to noxious heat (see table 3.1.). In
4 out of 5 neurons tested a marked and statistically significant
depression of thermal nociception, to 34% ± 9% of controls, was observed
at 10-80 nA for 3 to 15 minutes, which corresponded in each case to the
declining phase of the effect on spontaneous activity (see figure 3.8.).
Responses generally did not return to control levels within 12 minutes of
drug ejection being stopped. Where tested in 3 neurons, the DLH
response (at currents of 70 nA applied for 15 seconds) remained
essentially unaltered throughout this period of apparent desensitisation.
With one of these neurons this inhibition of the thermal response was

followed by a subsequent facilitation of this response to 144% of controls
at 20 nA of GR 64349.

In one out of the 5 neurons tested, GR 64349 caused no detectable
change in thermal nociceptive responses, which remained at 102% of
controls at up to 100 nA for 12 minutes, even though a clear, yet
transient facilitation of spontaneous activity was observed (see table
3.1.).

3.7. Discussion

The neuronal population sampled here had the location and
electrophysiological characteristics indicative of lamina I neurons. Only
multireceptive neurons were studied, a high proportion of which appear

to exist in lamina I (McMahon and Wall, 1983; Menetrey and Besson,
1981; Woolf and Fitzgerald, 1983) and are of interest because, by
definition these can integrate nociceptive and innocuous information
(Handwerker et al, 1975; Iggo, 1974, 1977). Electrophysiological^, they
displayed close similarities with rat multireceptive lamina I neurons

reported by others, such as very low background activity (Hope et al,
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1990b; Woolf and Fitzgerald, 1983). In comparison, deeper dorsal horn,
laminae IV/V neurons exhibit higher spontaneous activity, of on average

4-5 Hz, in similar rat preparations (Fleetwood-Walker et al, 1993a).
Their position was substantiated by depth measurements and blue spot
histology and corresponded to the superficial dorsal horn, as defined in
rats by Molander et al (1984). The general excitant DLH caused clear
excitation, reducing the possibility that recordings were from primary
afferent fibres (Goodchild et al, 1982). Ejection of NaCl and vehicle (0.3%
dimethylformamide in water) were unable to reproduce any of the
observed drug actions described below. Also, the NK^ receptor agonist
produced different effects to those of the NK2 receptor agonists,
indicating that these are highly likely to be tachykinin receptor selective
events and not due to current effects. However, with the use of any

analogue it is always possible that unknown side-effects or that more

complex interactions may exist.

Under the present experimental conditions, the selective NK^
receptor agonist, SPOMe, which shows high potency in rat bioassays
(Cascieri et al, 1981), ionophoresed locally around superficial dorsal horn
neurons, induced no marked effects on their spontaneous activity, nor the
responses to either noxious or innocuous brief cutaneous stimulation.

The lack of effect of SPOMe on spontaneous activity of these
neurons was in contrast to the direct excitation readily evoked by NK4
receptor agonists in single nociceptive deeper dorsal horn neurons

(Fleetwood-Walker et al, 1988, 1990, 1993a; Fleetwood-Walker and
Mitchell, 1989; Henry, 1976; Piercey et al, 1980; Randic and Miletic,
1977; Salter and Henry, 1991; Sastry, 1979; Wright and Roberts, 1980).
Also at variance with effects in deeper dorsal horn neurons (Fleetwood-
Walker et al, 1988, 1990, 1993a), no NK4 receptor-mediated reductions in
innocuous responses were found here. At low ejection currents of SPOMe
(20 nA) a very few neurons did show either a facilitation or an inhibition
of the spontaneous activity, or an inhibition in the thermal response.

Furthermore, ionophoresis of another SP agonist at similar currents as

used here, was able to directly excite rat laminae III-V neurons

(Fleetwood-Walker et al, 1993a). These points indicate that the apparent
lack of NKi receptor-mediated involvement in this aspect of nociception,
despite SPOMe being regularly ejected at currents up to 80 nA, was not
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due to failure to reach effective concentrations, nor technical reasons. It

may be that there are differences between lamina I versus deeper dorsal
horn neurons with respect to specific synaptic organisation of tachykinin
inputs and their receptors, so relevant sites of action have possibly not
been accessed in these lamina I studies. Although on a broader scale,
binding studies indicate that functional NK^ receptors exist within the
superficial dorsal horn (Liu et al, 1994; Yashpal et al, 1990, 1991), when
studied using electron microscopy and double labelling, a significant
mismatch was found between SP and the NK^ receptor at the synaptic
level within this area of the rat dorsal horn (Liu et al, 1994).
Interestingly, the presynaptic terminals onto these NK^ receptor-
expressing cells were often GABA-immunoreactive. It may be that SP,
which is released around lamina I (Duggan et al, 1987, 1988), actually
diffuses some way to its physiological site of action. Distinct
subpopulations of spinal cord neurons also appear to differentially
express, at least NKj and NK3 tachykinin receptors in culture (Wienrich
et al, 1989).

Few studies have directly investigated the involvement of
tachykinins in nociceptive (potentially monosynaptic) processing within
lamina I; the physiological site for termination of a large proportion of
nociceptive A5- and C-afferent fibres (Cervero et al, 1976; Cervero and
Iggo, 1980; Light and Perl, 1979a; Light et al, 1981; McMahon et al, 1984;
Mense, 1990; Priestley and Cuello, 1989; Rethelyi et al, 1983; Sugiura et

al, 1986). Those studies which have examined this, showed that SP
produced mixed, inhibitory and excitatory effects on such nociceptive
responses (Davies and Dray, 1980; Willcockson et al, 1984), indicative of
more complex dual actions of SP, consistent with differential patterns of
receptor distribution on inhibitory and excitatory cells. This proposed
theory is further supported by the SP-evoked hyperpolarisation of dorsal
horn interneurons, described by Murase and Randic (1984) and the
inhibitory actions of ionophoretically-applied SP on multireceptive dorsal
horn neurons, reported by Ryall and Pini (1987). A similar lack of
involvement of NK^ receptors in mediating brief nociceptive inputs (both
thermal and mechanical) to deeper dorsal horn neurons has also been
reported by our laboratory and several other groups (Duggan et al, 1979;
Fleetwood-Walker et al, 1988, 1990, 1993a; Willcockson et al, 1984).
Interestingly, both Duggan et al (1979) and Davies and Dray (1980) also
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noted that a minor population of dorsal horn neurons displayed a

selective inhibition of the noxious thermal response, further supporting a

rather more complex role of SP, possibly through specific localisation of
the preferred NK^ receptor on different subpopulations of dorsal horn
neurons. These effects are not consistent with other reports, such as

those of De Koninck and Henry (1991) and Radhakrishnan and Henry
(1991) where the NK4 receptor selective antagonist, CP-96,345 inhibited
responses of nociceptive dorsal horn neurons to C-fibre strength electrical
stimulation or to brief noxious cutaneous stimulation. However, they
reported little effect on the initial phase of the excitatory responses to
brief noxious thermal stimuli and inconsistent effects on the pinch-
evoked response (Radhakrishnan and Henry, 1991). The Ca^+ channel
blocking actions of CP-96,345 must also be considered when interpreting
these experiments (Nagahisa et al, 1992; Schmidt et al, 1992).

In contrast, application of NKA around this population of
superficial dorsal horn neurons caused a prominent, but transient
excitation of background activity to a level apparently sufficient to
subsequently produce a selective and severe reduction of thermal
nociception. This effect is consistent with rapid desensitisation of NK2
receptors, as has been suggested to occur at tachykinin receptor sites
(Guard and Watson, 1991).

NKA is the preferred endogenous ligand for the NK2 receptor, but
also shows a low, yet discernible affinity for NK^ and NKg receptors,
present in spinal cord tissue (for review see Maggi et al, 1993).
Therefore, to further elucidate a possible role specifically for NK2
receptors in nociception, the highly-selective NK2 receptor agonist, GR
64349 was employed, which shows good potency in rat tissues (Hagan et

al, 1989). Local ionophoresis of GR 64349 displayed exactly equivalent
effects to those with NKA application. The facilitated spontaneous
activity evoked by GR 64349 was not as great as obtained with NKA,
which may suggest GR 64349 does not ionophorese so well. However,
despite this possibility, GR 64349 still appeared capable of causing a

desensitising-block of the thermal nociceptive response. The other
sensory responses of innocuous brush and noxious pinch, remained
generally unaffected by NK2 receptor agonist application.
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Although it does seem that the influence of NK2 receptors on
lamina I neurons is rather different from that on lamina IV/V cells, in
similar experiments, where no such rapid desensitisation occurred
(Fleetwood-Walker et al, 1988, 1990, 1993a), these lamina I effects are

still consistent with those latter findings that spinal NK2 receptors
mediated specifically the responses of deeper dorsal horn neurons to brief
noxious thermal stimuli. Correspondingly, NK2 receptor agonists could
also directly excite nociceptive dorsal horn neurons (Fleetwood-Walker et

al, 1993a; Salter and Henry, 1991). Consistent with this specific role of
NK2 receptors, the nonpeptide NK2 receptor antagonist, SR 48968
inhibited thalamic responses to brief noxious thermal stimulation, but
not to brief noxious mechanical stimulation (Santucci et al, 1993).

These results would suggest that for these tachykinin receptors, it
is actually the NK2 receptor, which plays an important role in mediating
brief noxious responses within lamina I and in particular, in thermal
nociception. This is despite the fact that the majority of C-fibre afferents
are believed to be polymodal, contributing greatly to both thermal and
mechanical noxious stimulation, although subpopulations, specifically
sensitive to either of these, may exist (Besson and Chaouch, 1987; Perl,
1984; Treede et al, 1992). Furthermore, the tachykinins, which are

evidently contained in some of these fibres (Carr and Nagy, 1993;
Dalgaard et al, 1985; Leah et al, 1985) are likely to be co-expressed from
a single gene transcript and therefore, are postulated to coexist (Carter
and Krause, 1990; Marchand et al, 1993). Nevertheless, dorsal root

ganglion neurons do show much heterogeneity in terms of their
neuropeptide content, suggesting that substantial subpopulations of C-
fibre afferents exist with distinct sensory functions (Carr and Nagy,
1993; Leah et al, 1985; Levine et al, 1993; O'Brien et al, 1989). Indeed,
there is evidence for differential release and effects of tachykinins. SP is
released with brief noxious pinch, but not with non-damaging levels of
noxious heat nor innocuous stimulation (Duggan et al, 1987, 1988;
Kuraishi et al, 1989; Tiseo et al, 1990). Furthermore, this tachykinin is
degraded rapidly, indicating that it has a very localised site of action
around the SG (Duggan et al, 1992). In contrast, NKA is released in
response to brief, non-damaging levels of noxious thermal as well as

noxious mechanical stimulation, but not with innocuous stimulation and
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remains much longer, spreading and therefore possibly acting,
throughout the dorsal horn (Duggan et al, 1990). Also, NKA selectively
depolarised only capsaicin-sensitive superficial dorsal horn neurons

(believed to specifically activate polymodal C-fibre nociceptors;
Fitzgerald, 1983; Nagy et al, 1981), whilst, SPOMe could also depolarise
capsaicin-insensitive neurons (Nagy et al, 1993). Correspondingly, the
NK2 receptor antagonist, MEN 10376 inhibited such capsaicin-evoked C-
fibre excitation of dorsal horn neurons, in a receptor-selective manner

(Urban et al, 1992), along with the ventral root potentials evoked by C-
fibre strength electrical stimulation of the ipsilateral dorsal roots (Nagy
et al, 1993; Thompson et al, 1993). Whereas, the NK^ receptor-selective
nonpeptide antagonists, CP-96,345 or RP 67580 were inactive in both of
these tests (Nagy et al, 1993; Thompson et al, 1993). In decerebrate,
spinalised, unanaesthetised rats, NKA (i.t.) was able to dose-dependently
facilitate the flexor-reflex induced by brief noxious cutaneous or electrical
stimulation, more effectively at lower doses than SP (Wiesenfeld-Hallin
and Xu, 1993; Xu and Wiesenfeld-Hallin, 1992). This effect of NKA could
be blocked by MEN 10207 pretreatment, suggesting this to be selectively
an NK2 receptor-mediated event (Xu et al, 1991). In acute behavioural
studies NKA (i.t.) evoked significant hyperalgesia in the tail-flick and rat

hot-plate tests (Cridland and Henry, 1986; Fleetwood-Walker et al, 1990;
Gamse and Saria, 1986). These results were further substantiated using
the NK2 receptor selective agonist, NKA-(4-10), which was more effective
than the NK^ receptor agonist, [Sar^,Met(02)^^]SP at equivalent molar
doses (Picard et al, 1993). Similarly, NK2 receptor antagonists (locally
ionophoresed or intracisternally applied) were able to increase threshold
times in the tail-flick and hot-plate tests (Dourish et al, 1988; Fleetwood-
Walker et al, 1990).

It may be that NK^ receptors are of greater importance in
mediating responses to noxious stimuli in more prolonged pain states.
Behavioural studies have provided relatively little compelling evidence
for a role of spinal NK^ receptors in acute nociception. The classic
response of compulsive biting, licking and scratching of the effected limb,
may not be indicative of pain (Frenk et al, 1988). Some groups found SP
reduced thermal tail-flick and hot plate thresholds (Cridland and Henry,
1986; Papir-Kricheli et al, 1987; Picard et al, 1993; Yashpal et al, 1982).
Others found SP or the NKi receptor antagonist, CP-96,345 was unable
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to markedly affect acute behavioural reflex thresholds (Garces et al,
1992; Hayes and Tyers, 1979). Some authors have reported the
occurrence in the tail-flick test of SP-induced hyperalgesia, which was

then followed by naloxone-sensitive hypoalgesia, indicating some opioid
involvement (Yashpal and Henry, 1983). Furthermore, RP 67580 or CP-
96,345 could only inhibit ventral root potentials, evoked in conditions of
UV-induced hyperalgesia and not by C-fibre strength electrical
stimulation in naive animals (Thompson et al, 1993). Indeed, spinal NKj
receptors appear to contribute little to the baseline flexor-reflex and more

to prolonged facilitation induced by SP, damaging levels of thermal heat
stimulation, or conditioning stimulation of the nerve (Laird et al, 1993;
Wiesenfeld-Hallin, 1986; Wiesenfeld-Hallin et al, 1990; Xu et al, 1992a;
Xu and Wiesenfeld-Hallin, 1992).

Studies using highly-selective antagonists, now available, which
should avoid activating mechanisms leading to desensitisation, may

provide a better understanding of the role of NK4 and NK2 receptors in
processing brief nociceptive information within lamina I. It is likely that
NKA is not solely responsible for mediating the noxious thermal response

within the dorsal horn. There is evidence that co-factors may also be
involved in this response, such as somatostatin (Fleetwood-Walker et al,
1993b; Kuraishi et al, 1985; Morton et al, 1989; Tiseo et al, 1990;
Wiesenfeld-Hallin, 1986). Similarly, NK4 and NK2 agonists appeared
unable to affect the noxious pinch response in the majority of these
superficial dorsal horn neurons, suggesting that other of the many

neuropeptides and amino acids co-localised in the dorsal root ganglion
(Cameron et al, 1988; Carr and Nagy, 1993; Levine et al, 1993; Salt and
Hill, 1983) may be released to mediate this response. Investigations of
the effects of some of these neuropeptides, ionophoretically-applied
around lamina I neurons, may reveal more information about the
mechanisms underlying possible modality-selective acute nociception.
Antidromic identification of neurons would allow investigations of any

potential differences between the various nociceptive tracts, especially
tracts of likely importance in pain perception, such as the SMT and STT
neurons (see section 1.3.).
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CHAPTER 4: results

Characterisation of preprodynorphin (PPD) mRNA expression, as

detected by in situ hybridisation histochemistry (ISHH)

4.1. Aims

The facilitated expression of preprodynorphin (PPD) mRNA
within the spinal cord, elicited by a peripheral inflammatory stimulus,
such as carrageenan, has been well documented. The aim of these
experiments was to further characterise and quantitate the expression
displayed in discrete populations of lamina I dorsal horn neurons with
such an inflammatory stimulus. In situ hybridisation histochemistry
(ISHH) was utilised to do this, allowing detection of the specific
cytoarchitectonic details of these mRNA changes. Control studies were

carried out to exactly determine the constitutive and facilitated levels of
PPD mRNA expression, its distribution within the spinal cord and the
effects of anaesthetics and surgery on this expression. With such
quantification, the standardised technique of PPD mRNA detection could
then be employed as a marker to study the effects of tachykinin
antagonist application on the spinal changes accompanying the
carrageenan model of inflammation (see Chapter 5 and Chapter 6).

4.2. controls: validation of the ISHH detection method

To verify the sensitivity and specificity of the ISHH methodology
employed here, the distribution of preprodynorphin mRNA was

characterised in the brain and spinal cord of normal rats.

4.2.1. Constitutive expression in untreated rat brain
The highest concentrations of positively-labelled cells (identified

as defined by the criteria detailed in section 2.4.7.: 'Optimisation and
validation of detection') were located in the supraoptic nuclei (SON), the
paraventricular nuclei (PVN), the caudate putamen (CP) and discrete
layers of the cortex (see figure 4.1.). Figure 4.1. also demonstrates the
very low background levels of silver grains (usually less than 10 silver
grains per 10 pm^ of tissue).
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Figure 4.1.

Preprodynorphin mRNA expression in untreated rat brain
regions

Low and high power lightfield photographs showing in situ hybridisation
histochemical identification of PPD mRNA expression, restricted to
discrete areas within the brains of normal, untreated rats (see the
schematic diagram of a brain section, taken from Paxinos and Watson
(1986)). Positively-labelled neurons, as shown by a dense aggregation of
silver grains around their nuclei (filled arrows), are present in A; the
caudate putamen (CP) as seen at low power (Ai) and higher power (Aii),
B; the paraventricular nuclei (PVN) and C; two examples of labelling in
the supraoptic nuclei (SON) at low power (Ci) and higher power (Cii).
Note in comparison, the low and evenly distributed background density
of silver grains (approximately 10 grains per 10 pm^) overlying non-

expressing nuclei (open arrows) and the cytoplasm and also in non-

expressing areas of the brain, such as surrounding the CP (Ai) and SON
(Ci). Adjacent sections pretreated with RNase A before hybridisation
with the DYNO probe or hybridised with a complementary sense probe to
the DYNO oligomer display a similar level of even background with no

evidence of clustering characteristic of labelled cells, as shown for the
SON region in D and E, respectively.
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4.2.2. Constitutive expression in untreated rat spinal cord
There was a low constitutive level of PPD mRNA expression, in

terms of both cell number and density of expression, along L3-4 of the
spinal cord of untreated rats. Labelled neurons were found mainly in the
mediolateral area of the region of lamina I of the rat spinal cord. A few
cells were labelled in the neck of the dorsal horn; in laminae IV to VI (see
camera lucida figure 4.3.). No labelling was seen in the ventral horn nor

in the white matter. Approximately equal numbers of labelled cells, with
a similar distribution pattern, were found on each side of the untreated
spinal cord. An average of 14 ± 1 PPD mRNA-containing lamina I cells
(mean ± s.e.m.; value obtained from 23 sections) were identified per

dorsal horn in L3-4 spinal cord sections and the mean silver grain
density was 33 ± 2 pm^ per labelled cell (from a sample of 87 cells) (see
table 4.1.). Figure 4.2.A. shows the typical constitutive level of
expression around the nuclei of this subpopulation of dynorphin-
containing neurons in lamina I, as seen under high power.

4.2.3. RNase controls

No positively labelled cells were detected in brain or spinal cord
when respective sections were pre-treated with RNase A. This treatment
produced a low, even distribution of silver grains equivalent to the non¬

specific background obtained when the DYNO probe was employed (see
figure 4.1.D and figure 4.2.D).

4.2.4. Sense probe controls
When ISHH was carried out with the complementary sense probe,

there was a complete absence of silver grains clustered around any

nuclei. Background levels were comparable to the low levels of non¬

specific hybridisation observed on adjacent spinal cord sections which, in
separate assays, exhibited PPD mRNA-expressing lamina I cells (see
figure 4.1.E and figure 4.2.E).
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Figure 4.2.

Preprodynorphin mRNA expression in lamina I of rat lumbar
spinal dorsal horn

High power lightfield photographs of additional sections to those
analysed, showing the typical levels of PPD mRNA expression obtained
in the mediolateral aspect of lamina I of the rat lumbar spinal cord, as

identified by ISHH. The boxed areas on the schematic diagram of a

typical spinal cord section, show the regions in which each photograph
was taken. Examples of positively-labelled neurons, as shown by a dense
aggregation of silver grains around haematoxylin stained, small
(approximately 10 pm in diameter) ovoid nuclei, are represented by filled
arrows. Other cells clearly showed no such accumulation (open arrows).
Typical constitutive levels of PPD mRNA expression in this area of the
lumbar dorsal horn of untreated rats is displayed in A. B shows the
typical magnitude of PPD mRNA expression in conscious control rats Bi)
basal expression, in the side contralateral to a unilateral injection of 4%
carrageenan and Bii) the facilitated expression obtained in the opposite
dorsal horn, ipsilateral to injection of 4% carrageenan. C shows the
corresponding level of PPD mRNA expression obtained in sham-operated,
anaesthetised rats Ci) basal expression, in the side contralateral to a

unilateral injection of 4% carrageenan and Cii) the facilitated expression
obtained in the opposite dorsal horn, ipsilateral to a unilateral injection
of 4% carrageenan. No clustering, characteristic of labelled cells, was

seen in adjacent sections which had been pretreated with RNase A before
hybridisation with the DYNO probe or hybridised with a complementary
sense probe to the DYNO oligomer, as displayed here for corresponding
areas of dorsal horn ipsilateral to a carrageenan injection in D and E,
respectively.
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4.3. CONTROLS: INDUCTION OF SPINAL PREPRODYNORPHIN MRNA

EXPRESSION DURING CARRAGEENAN-INDUCED PERIPHERAL

INFLAMMATION

ISHH revealed that six hours after a unilateral, intraplantar
injection of carrageenan to the rat hindpaw of both anaesthetised and
conscious control groups, there was a significant, detectable facilitation of
PPD mRNA-expression in lamina I of the ipsilateral dorsal horn, as

compared to contralateral levels (see figure 4.2. and table 4.1.). The
laminar distribution pattern of this facilitated PPD mRNA expression
remained unchanged from basal expression pattern in untreated animals
(see camera lucida figure 4.3. and figure 4.2.). Discrete populations of
cell bodies were found mainly in the region of lamina I and the neck of
the dorsal horn (lamina IV-VI). Increases were observed across the whole
mediolateral aspect of the dorsal horn in the lumbar region of the spinal
cord, which receives innervation from the inflamed hindpaw (see
Introduction section 1.1.3). Occasionally a few cells were also found in
lamina X, around the central canal.

4.3.1. Conscious controls

The magnitude of the facilitation in three unilateral carrageenan

injected conscious control rats was reflected in the number of PPD
mRNA-expressing lamina I neurons (table 4.1A). These increased to an

average of 22 ± 1 labelled cells per dorsal horn (taken from 41 sections)
which, when compared to 14 ± 2 (from 118 sections) in the contralateral
dorsal horn, represented a recruitment of approximately 50% more

lamina I PPD mRNA-expressing cells in this inflammatory state. Not
only was there a significant increase in the number of expressing cells,
but also the mean density of expression per lamina I cell was almost
doubled as compared to the contralateral dorsal horn side, to 79 ± 13 pm^
(from 101 cells) (see table 4.IB). Figure 4.2.B shows high power

photographs of the typical level of carrageenan-induced lamina I PPD
mRNA facilitation, as compared to the corresponding non-injected side, in
a conscious control rat. When the mean density of expression per cell
was multiplied by the mean number of labelled lamina I cells, the
theoretical total degree of facilitation along the dorsal horn could be
calculated. If this value was then divided by the total basal expression
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Figure 4.3.

Camera lucida plot of the typical distribution of
preprodynorphin mRNA expression in rat lumbar spinal cord

Camera lucida drawings were made at 25x magnification using a light
microscope, displaying the distribution of spinal cord neurons labelled
with the DYNO probe for a composite of three 10 |im thick sections. One
section being taken from each rat within the three treatment groups.

Positively-labelled cells were represented by crosses on the diagram. The
total number of PPD mRNA-expressing neurons on each side of the
dorsal horn is shown in the parentheses. The three treatment groups

are:

A. untreated rats, where the distribution pattern of constitutive
expression was restricted to discrete areas of lamina I, IV-VI (and
occasionally lamina X of the dorsal horn in other examples, not
represented).
B conscious controls with the right dorsal horn being ipsilateral to a

unilateral hindpaw injection of 2 or 4% carrageenan. The distribution
pattern on each side of the cord and the number of PPD mRNA-
expressing cells on the contralateral (left) side remained similar to that
in untreated rats. There was an obvious facilitation in the number of

PPD mRNA-expressing cells restricted to the ipsilateral dorsal horn in
response to the peripheral inflammatory stimulus.
C. sham-operated, anaesthetised rats, which showed an exactly
equivalent distribution pattern and number of PPD mRNA-expressing
neurons within the side ipsilateral to a unilateral hindpaw injection of
4% carrageenan (right) and the contralateral (left) side of the spinal cord,
as compared to conscious control rats (B).
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on the contralateral side (calculated similarly), it was found that such
carrageenan treatment, as detailed here in conscious control rats,
represented a total possible increase in PPD mRNA expression within
lamina I of the range of 2.0 to 4.6 fold, with a theoretical mean increase
of 3.1 fold over contralateral control, basal levels.

4.3.2. Sham-operated controls
In three anaesthetised rats the carrageenan-induced facilitation

of PPD mRNA expression developed in a similar manner and proportions
to conscious controls (see camera lucida figure 4.3. and table 4.1.). Figure
4.2.C shows high power photographs of the typical level of carrageenan-

induced lamina I PPD mRNA facilitation, as compared to the
corresponding non-injected side, in a sham-operated control rat. The
mean number of labelled lamina I cells increased to 19 ± 1 (from 40

sections) as compared to 13 ± 1 cells in the corresponding contralateral
side, and the mean density was almost doubled to 59 ± 8 prn^ per cell
(from 84 cells). This indicated a total theoretical mean fold increase in

expression, as calculated for conscious controls detailed above, to 2.6
times contralateral levels (range of 1.8 to 3.9 fold) within the lumbar
spinal cord examined.

In these and other preliminary experiments there appeared to be
no detectable differences in any aspect of the facilitated PPD mRNA
expression within lamina I neurons between injections of 1%, 2% or 4%
carrageenan.

4.3.3. Lateralisation offacilitation
In neither of the control groups did a unilateral peripheral

injection of carrageenan affect the constitutive central expression of PPD
mRNA in the contralateral dorsal horn:- A similar magnitude of
constitutive PPD mRNA expression, with respect to both cell number and
mean density per cell, was found in the separate control groups, to that
basal expression found in untreated rats (see figure 4.2., camera lucida
figure 4.3. and table 4.1.).

The basal expression found in three untreated (unanaesthetised,
uninjected and unoperated) rats was 14 ± 1 lamina I neurons per dorsal
horn (from 23 sections) and the mean density of expression for these cells
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Table 4.1.

A. Mean number of preprodynorphin mRNA-expressing lamina I
neurons

The mean number of preprodynorphin (PPD) mRNA-expressing lamina I
neurons was facilitated in carrageenan-injected groups undergoing
different surgical treatments. Values in parentheses represent the total
number of sections counted, covering an extensive area of spinal cord
segments L3-4. * represents a significant difference in cell number
compared to the corresponding contralateral dorsal horn (PcO.Ol, using a

pairwise comparison Student's t-test on the raw data for the three
animals). Note that there was no significant difference between values
within each column.

B. Mean silver grain density per preprodynorphin mRNA-
expressing lamina I neuron

The mean silver grain density per preprodynorphin (PPD) mRNA-
expressing lamina I neuron was facilitated in carrageenan-injected
groups undergoing different surgical treatments. Values in parentheses
represent the total number of cells counted. * represents a significant
increase in mean density of expression per cell as compared to the
corresponding contralateral dorsal horn (PcO.Ol, using an unpaired
Student's t-test on the raw data). Note that there were no significant
differences between any of the values within each column.
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A

Treatment Number of
rats

Mean number of PPD mRNA-expressing lamina 1
cells per dorsal horn ipsilateral tor-

non-injected paw carrageenan-injected paw

none 3 14 ± 1 N/A

(23)

conscious 3 14 + 2 22 ±1*

(118) (41)

sham-operated 3 13 + 1 19±1*

(86) (40)

B
Treatment Number of

rats
Mean silver grain density per PPD

mRNA-expressing lamina I cell (jam2/cell) in the
dorsal horn ipsilateral tor-

non-injected paw carrageenan-injected paw

none 3 33 ±2 N/A

(87)

conscious 3 40 ±4 79 ± 13*

(96) (101)

sham-operated 3 33 + 4 59 ±8*

(119) (84)
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was 33 ± 2 gm^ per cell (from 87 cells). For the contralateral sides of
three conscious control rats, the number of lamina I PPD mRNA-
expressing cells remained at 14 ± 2 per dorsal horn (value obtained from
118 sections along L3-4 of the spinal cord) and the mean density was only
slightly, but not significantly raised to 40 ± 4 gm^ per labelled lamina I
neuron (from 96 cells). These results were paralleled in the three sham-
operated animals, where the number of lamina I PPD mRNA-expressing
cells detected was 13 ± 1 per dorsal horn (value obtained from 86 sections
along the spinal cord) and the mean density was 33 ± 4 gm^ per labelled
lamina I neuron (from 81 cells). Thus, importantly, it was demonstrated
that with this model of carrageenan-induced inflammation there was no

indication of a detectable contralateral input from a unilateral
carrageenan injection, under the various experimental conditions
employed.

4.4. CONTROLS: EFFECTS OF ANAESTHETIC AND SURGERY ON

EXPRESSION

There appeared to be no significant variations in the magnitude
of expression of PPD mRNA between the control groups. These showed
very similar constitutive levels of PPD mRNA expression in the dorsal
horn ipsilateral to the non-injected hindpaw and very similar facilitated
levels of PPD mRNA expression in the dorsal horn ipsilateral to the
injected hindpaw, despite the wide differences in treatment to which
these control groups were subjected (see table 4.1. and figure 4.2.).

4.5. CONTROLS: OEDEMA PRODUCED BY THE CARRAGEENAN MODEL

4.5.1. Peripheral oedema as an indicator ofcarrageenan-induced
inflammation
Intraplantar injection of carrageenan led to visibly obvious

oedema and erythema. The onset of oedema was rapid, being apparent 1
hour post-injection, and thereafter paw circumference gradually
increased, by the end of the experiment, to a mean value of 121% ± 2%
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Figure 4.4.

Time course of hindpaw oedema induced by intraplantar
carrageenan injection

Changes in paw circumference following an intraplantar injection of 1 -

4% X-carrageenan as compared to the pre-injection size were plotted as a

percentage with respect to time. Open squares represent mean data from
the uninjected hindpaws of 10 sham-operated and conscious control rats.
Closed circles show the mean percentage change in the injected hindpaws
of 11 anaesthetised rats (sham-operated and NaCl controls). Open circles
represent the mean increase in the injected hindpaws of 7 conscious
controls. A pairwise comparison Student's t-test on raw data was used to
test the significance of increases above injection volume induced increase
at 0 hours post-drug administration, where * represents P<0.025 and **
represents PcO.Ol. It was clearly demonstrated that a significant degree
of swelling was obtained in both groups of injected paws. Whereas, the
contralateral uninjected paws showed no such increases in circumference.
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(for 11 anaesthetised rats; maximum increase being from 3.0 cm to 4.0
cm) and 144% ± 3% (for 7 conscious rats; maximum increase being from
3.0 cm to 4.8 cm) (see figure 4.4. and table 4.2.). There was therefore a

marked difference in the magnitude of peripheral oedema between
conscious and anaesthetised rats, which was not reflected in the
magnitude of central PPD mRNA expression obtained (see table 4.1.).

There was no detectable difference in the efficiency of 1%, 2% or

4% carrageenan injections to induce this level of peripheral oedema in
either anaesthetised or conscious animals.

4.5.2. Lateralisation of induced oedema
There were several points to indicate that no major contralateral

hindpaw effects were produced in the model of peripheral inflammation
utilised here:-

The contralateral, untreated hindpaw of unilaterally-carrageenan
injected rats showed no signs of oedema or erythema; the mean paw

circumference remained unchanged (within the capacity of experimental
measurement accuracy) from a mean of 3.0 ± 0.1 cm at the beginning of
the experiment to a mean of 3.1 ± 0.1 cm, 6 hours post-injection (for 10
sham-operated and conscious control rats) (see figure 4.4.). Secondly, the
magnitude of oedema was evenly matched between both paws of
bilaterally-injected laminectomised rats and this magnitude was

equivalent to levels obtained in the ipsilateral hindpaw of similarly
laminectomised, but unilaterally-injected sham-operated rats (see table
4.2.:- column 2 vs column 3).
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Table 4.2.

Percentage increase in hindpaw oedema six hours after
intraplantar carrageenan injection

Six hours after unilateral and bilateral injections of 1 - 4% X-
carrageenan, significant increases in ipsilateral hindpaw circumference
(reflecting oedema) were observed. A pairwise comparison Student's t-
test on raw data showed both unilateral and bilateral carrageenan

injections lead to a significant oedema after 6 hours, as compared to the
circumference at injection, for all treatment groups. * represents PcO.Ol.
Contralateral uninjected paws showed no such increase. Groups treated
in similar ways displayed similar magnitudes of oedema.
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Hindpaw circumference following
carrageenan treatment

(% of pre-injection value)

Treatment contralaterally unilaterally bilaterally

Anaesthetised controls:

sham-operated (3)
NaCI (8)

100% 125 ± 4% *
119 ± 2% *

Conscious controls:
conscious (7) 102 ± 1 % 144 ± 3% * -

lonophoretic experiments:
drug treated (28) - - 121 ± 1% *

Intravenous experiments:
RP 67850 (3)
RP 68651 (4)
SR 48968 (5)
SR 48965 (7)

100%
103 ± 2%
102 ± 1 %
100 ± 1%

126 ± 1% *
135 ± 1% *
139 ± 4% *
135 ± 5% *

-
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4.6. Discussion

The distribution pattern of cells expressing preprodynorphin
(PPD) mRNA in normal, untreated rat brain closely followed that found
previously by other groups, using similar ISHH techniques (Lightman
and Scott Young, 1987; Scott Young et al, 1986) and was reflected in the
distribution pattern of the peptide products, found using
immunocytochemical techniques (Zamir et al, 1983). Furthermore, the
laminar distribution of PPD mRNA-expressing neurons in the dorsal
horns of three untreated (i.e. unanaesthetised, uninflamed, unoperated)
rats was found to be similar to the distribution of dynorphin peptides in
colchicine-treated, normal rats as reported previously (Cho and Basbaum,
1988; Miller and Seybold, 1987). Lastly, RNase and sense treatments

clearly demonstrated the specificity of the ISHH technique to selectively
hybridise an RNA sequence, which displayed greater homology to the
probe than was provided for by more general nonspecific properties, such
as length or GC content. All these findings indicate that the ISHH
technique employed here was highly likely to be specifically and clearly
detecting PPD mRNA expression.

The model of intraplantar carrageenan-induced inflammation led
to the facilitation of central PPD mRNA expression, which was both
reproducible and quantifiable, making it suitable for manipulation as a

marker. (It should be noted that although the term expression is used
throughout, the increase in PPD mRNA concentration could also be due
to other factors, such as decreased degradation and increased stability of
the mRNA sequence.) The pattern of this facilitation was in agreement
with other similar ISHH studies on inflamed rat lumbar spinal cords
(Hylden et al, 1992; Noguchi et al, 1991; Przewlpcka et al, 1992; Ruda et

al, 1988). Not only was the distribution pattern paralleled, but the
magnitude of this PPD mRNA elevation was also very similar to
previously published studies: Rat lamina I neurons were found to
display a theoretical mean increase in preprodynorphin mRNA
expression of 2.6 and 3.1 fold over contralateral control basal levels, for
sham-operated and conscious controls, respectively. This compares very

favourably to the results of others, where Northern blot analysis revealed
approximately a 2.4 fold increase in total PPD mRNA in the lumbar
spinal cord six hours after an intraplantar injection of carrageenan
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(Draisci and Iadarola, 1989; see Introduction figure 1.5.). However, the
actual number of labelled cells consistently detected 6 hours after
carrageenan treatment, with the ISHH methodology detailed here (mean
of 19 ± 1 and 22 ± 1 cells per ipsilateral dorsal horn to the carrageenan

injection in sham-operated and conscious rats, respectively), was higher
than would be expected by extrapolating results reported for more long-
term, inflammatory studies. An average of only 21 ipsilateral dorsal horn
neurons were shown to express PPD mRNA in rat spinal cord 4 days
after CFA treatment (Ruda et al, 1988); the time required to obtain
maximum CFA-induced facilitation (Iadarola et al, 1988b). It may be
that the ISHH technique performed in the present study was more

sensitive than that of Ruda et al (1988), who used very slightly thicker,
12 pm spinal cord sections. Alternatively, the criteria employed by that
group for counting a cell as positively labelled could have been more

rigorous than the ones employed here. It is possible that differences
between the duration required for full development of inflammation in
these two studies may also have contributed to the variations in the
absolute levels of PPD mRNA expression. This latter explanation
appears unlikely, as comparison studies of different behavioural
parameters for up to four days, show carrageenan and CFA-induced
inflammation to develop at similar rates (Iadarola et al, 1988a).

Control experiments established the suitability of using the
contralateral dorsal horn as an internal standard, to compare possible
effects of tachykinin antagonists in later experiments (see Chapter 5 and
6). In these experiments the facilitated PPD mRNA expression remained
entirely ipsilateral to the unilateral inflammatory input, indicating that
there were no detectable contralateral inputs to affect the cellular
response. These results are in full accord with the findings of other
groups (Dubner and Ruda, 1992; Noguchi et al, 1991; Przewl0cka et al,
1992; Ruda et al, 1988).

Evidence was provided to strongly suggest that gross surgery,

including a laminectomy and anaesthetic administration had no

significant effect on the expression of PPD mRNA in this population of
lamina I neurons, within this 6 hour time course of study. Although
previously published data indicated that in mice, a-chloralose (120 mg/kg
i.p.) or urethane (1 g/kg i.p.) were capable of altering the actions of spinal
dynorphin A (Wang et al, 1994), the results here would suggest that this
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effect was not predominantly at the mRNA level of dynorphin
biosynthesis. There did appear to be a small elevation in the mean

density of expression per lamina I cell in conscious contralateral controls
as compared to untreated rats, though, as stated earlier, these changes
were not significant (table 4.1.B). It may be that acute stress

accompanying carrageenan-induced inflammation, which has been
suggested to be able to influence opioid biosynthesis (Millan et al, 1981;
Przewlpcki et al, 1987), or movement/ use of the affected paw featured to
marginally facilitate expression in the conscious, inflamed animals. It
should be noted though, that a comparison of the groups of conscious and
anaesthetised animals showed the striking stability of the basal number
of lamina I cells expressing PPD mRNA under different conditions (table
4.1.A).

Lastly, intraplantar injection of carrageenan lead to visibly
obvious oedema and erythema, as reported to be indicative of the
development of inflammation and behavioural hyperalgesia (Hargreaves
et al, 1988; Iadarola et al, 1988a). Correspondingly, the carrageenan

model has been extensively and adequately characterised previously by
others and found to produce central sensitisation of neurons, including
those in lamina I (see Introduction section 1.2.2.) and behavioural

hyperalgesia (Hargreaves et al, 1988; Iadarola et al, 1988a).
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CHAPTER 5: RESULTS

Carrageenan-induced preprodynorphin mRNA expression in
lamina I neurons: effects of ionophoretically-applied tachykinin

receptor antagonists

5.1. Aims

Experiments were carried out to determine the involvement of
NKq and NK2 receptors in mediating the long-term response changes in
lamina I dorsal horn neurons which accompany sustained inflammatory
stimulation, using as a marker the facilitation of PPD mRNA expression
induced by bilateral carrageenan injections to the hindpaws
(characterised in Chapter 4). Local ionophoretic application of selective
antagonists provided a powerful and controlled way of directly accessing
the area of primary afferent termination and therefore, the presumed
spinal site of their receptor-mediated actions.

5.2. Evaluation of drug effects on carrageenan-induced

facilitation of PPD MRNA expression

Exactly equivalent patterns of PPD mRNA facilitated expression
were displayed within the dorsal horn ipsilateral to drug-free
carrageenan treatment, as compared to that in rats treated unilaterally
with tachykinin antagonists and in the sham-operated control rats, all of
which were anaesthetised throughout the duration of the experiment.
This distribution pattern was restricted to lamina I-II, IV-VI and
occasionally also to lamina X. Furthermore, in all ionophoretic
experiments, the number of carrageenan-induced PPD mRNA-positive
lamina I neurons (mean of 22 ± 1 cells per dorsal horn, for 12 rats) and
their mean silver grain density (mean of 74 ± 10 pm^ per cell, for 12 rats)
on this control side were similar to the facilitated levels obtained in

unilaterally-inflamed control rats (see table 4.1.).
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Figure 5.1.

The effects of tachykinin receptor antagonists on the number of
lamina I cells expressing preprodynorphin mRNA in response to

carrageenan

PPD mRNA expressing cells were counted for each dorsal horn across

sequential sections from rostral to caudal, covering 2 mm surrounding
the drug ejection site for each rat. A bar above each graph marks the
respective drug ejection site. The mean ratios of expression on the
ipsilateral side divided by that on the corresponding contralateral side,
were obtained by pooling data (from 15 to 30 sections) over a distance of
250 pm2 for each treatment group. A pairwise comparison Student's t-
test on the raw counts was used to test the significance of changes as

compared to the corresponding control side, where * represents P<0.05
and ** represents P<0.025. L-659,874 produced a marked inhibition,
whereas GR 82334 caused a slight facilitation in the number of PPD
mRNA-expressing lamina I cells.
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5.3. The NKi receptor selective antagonist; L-668,169

The effects of the selective NKj receptor antagonist, L-668,169
(Williams et al, 1988) were investigated in three rats injected bilaterally
with carrageenan. Ionophoretic ejection of L-668,169 (50 nA for 7 hours)
into the substantia gelatinosa (SG) region of one side of the spinal cord,
failed to significantly inhibit the number of carrageenan-induced PPD
mRNA expressing lamina I cells. This number remained at a mean of
108 ± 4% of contralateral levels (from 109 sections from 3 rats) over a

rostrocaudal distance of approximately 700 pm, encompassing the
ejection site (see figure 5.1.). The lack of effect of L-668,169 was also
reflected in the mean density of expression per lamina I labelled neuron

(see figure 5.2.), which remained at a mean value of 93% ± 17% of
contralateral levels (149 cells pooled from 3 rats). Figure 5.3. (A vs B)
clearly shows the lack of effect of L-668,169 ionophoresis on either the
number of PPD mRNA-expressing dorsal horn cells or their silver grain
density.

5.4. The NKi receptor selective antagonist; GR 82334

In three rats bilaterally injected with carrageenan, GR 82334 (a
structurally different NK4 receptor antagonist from L-668,169; Hagan et
al, 1991) displayed a similar lack of inhibition of induced PPD mRNA
expression. Figure 5.3. (C vs D) clearly shows that when compared to the
contralateral (carrageenan only) side, ejection of the NK4 antagonist did
not impair the carrageenan-induced increase in PPD mRNA expression.
In fact, the mean number of PPD mRNA-expressing lamina I cells, over a

rostrocaudal distance of approximately 700 pm surrounding the site of
GR 82334 ejection, showed a slight increase to a mean of 115 ± 3% (91
sections from 3 rats) of that on the control (contralateral, carrageenan

only) side (see figure 5.1.). There was a significant facilitation to a mean

of 125 ± 6% of contralateral levels, over a limited distance of
approximately 200 pm. This represented a mean absolute number of 27 ±
2 expressing lamina I cells per ipsilateral dorsal horn section, for the 3
rats. The mean silver grain density per lamina I PPD mRNA-expressing
cell was also increased by GR 82334 application (see figure 5.2.); this
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Figure 5.2.

The effects of ionophoretically-applied tachykinin receptor
antagonists on the density of preprodynorphin mRNA expression

in lamina I cells responding to carrageenan

The ratios of the mean silver grain density per PPD mRNA-expressing
lamina I cell are displayed for the drug-treated side versus that for the
carrageenan only-treated side, for 3 rats in each treatment group. Each
bar represents the data from one rat, calculated from all positively-
labelled lamina I cells in representative sections within the area of
maximal drug effect (an average of 80 cells counted per rat). An
unpaired Student's t-test on raw data was used to test the significance of
the difference between the mean density in the presence of drug
treatment as compared to that on the corresponding control side of the
same animal. * represents P<0.05, ** represents P<0.025 and ***
P<0.01. Ionophoresis of L-659,874 clearly lead to a significant inhibition
of PPD mRNA density of expression in all three rats, whereas,
ionophoretic administration of GR 82334 caused a significant facilitation
of this carrageenan-induced response, in another three animals.

154



NK2 NKi NKi Control
(L-659,874) (L-668,169) (GR 82334) (NaCI)

Treatment

155



representing a significant and consistent increase in cells sampled across

the whole 700 pm area which exhibited an effect of GR 82334 application,
to 125% ± 16% (342 cells pooled from 3 rats), as compared to that on the
contralateral side. There was no evidence that the increased expression
extended contralateral^, indicating the laterality of drug ejection (as
shown in figure 5.3 C vs D).

5.5. THE NK2 RECEPTOR SELECTIVE ANTAGONIST; L-659,874

In three rats injected bilaterally with carrageenan, ionophoretic
ejection of the selective NK2 antagonist L-659,874 (at 50 nA for 7 hours)
into the SG region of one side of the spinal cord, resulted in a significant
inhibition of the number of PPD mRNA expressing cells in lamina I of the
dorsal horn to 76 ± 2% (78 sections from 3 rats) of the corresponding
contralateral side, extending over a rostrocaudal distance of
approximately 700 pm (see figure 5.1.). The absolute number was

reduced to a mean of 17 ± 2 PPD mRNA-expressing lamina I cells per

ipsilateral dorsal horn section. There was a significant inhibition
(reaching a maximal effect of 72 ± 3% of controls), over a distance of at
least 200 pm around the region of ejection. Inhibition was evident over

the whole mediolateral extent of the ipsilateral dorsal horn, but showed
no sign of extending contralaterally, indicating the laterality of drug
ejection (as shown in figure 5.3. E vs F). Concomitantly, as was found
with GR 82334, there appeared to be a more marked effect on the density
of expression within these dorsal horn neurons than on actual number of
labelled lamina I neurons recruited (see figure 5.2.). A significant and
pronounced reduction was observed in the mean density of PPD mRNA
expression per cell in this population of neurons, to 54% ± 10% of
contralateral carrageenan-induced expression (168 cells pooled from 3
rats), taken from representative sections over 700 pm of the ejection site.

5.6. IONOPHORESIS CURRENT CONTROLS

The effects of unilateral ionophoretic ejection of NaCl (1M) at 50
nA for 7 hours into the lumbar spinal SG region was quantitated in three
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Figure 5.3.

Photomicrograph examples of the effects of ionophoretically
applied tachykinin antagonists on carrageenan-induced

preprodynorphin mRNA expression

Low power lightfield photographs of different sections to those analysed,
showing the typical levels of PPD mRNA expression over the superficial
dorsal horn, as identified by ISHH. Photographs were taken of
overlapping areas and then these aligned to show the full mediolateral
extent of the superficial region of each dorsal horn. Examples of
positively-labelled neurons, characterised by a dense aggregation of silver
grains around haematoxylin-stained nuclei, are represented by filled
arrows. The effects on carrageenan-induced PPD mRNA expression are

shown for A) the NK^ antagonist, L-668,169; C) the NKi antagonist, GR
82334; E) the NK2 antagonist, L-659,874 and G) NaCl (1M), as compared
to the level of expression on their corresponding contralateral
carrageenan-only treated sides (B) (D) (F) and (H), respectively.
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rats bilaterally injected with carrageenan. With NaCl application, no

significant changes were detected in the number of lamina I PPD mRNA-
expressing cells nor the density of their expression along the cord; these
levels of carrageenan-induced expression paralleling that obtained in
unilaterally-carrageenan injected control studies (see Chapter 4 vs

figures 5.1., 5.2., and 5.3.). The mean number of positively-labelled
lamina I neurons over an area of approximately 700 (im, covering the
ejection site remained within 104 ± 3% of the contralateral control side
(from 84 sections pooled from 3 rats) (see figure 5.1.). Similarly, the
mean silver grain density per lamina I PPD mRNA-expressing cell
remained within 91 ± 12% (from 343 cells pooled from 3 rats), as

compared to the contralateral side (see figure 5.2.). Figure 5.3.(G vs H)
clearly shows the lack of effect on lamina I PPD mRNA expression, of
NaCl ionophoresed unilaterally into the SG.

5.7. Peripheral oedema

A significant increase in hindpaw circumference after bilateral
carrageenan injections (mean 121 ± 1% of pre-injection levels, for 28 rats)
was still observed consistently in experiments with ionophoretic
administration of tachykinin antagonists (see table 4.2). The time course

of development and magnitude of increase was very similar in each paw

and was also comparable with the level of oedema described for the
respective similarly injected paws of NaCl and sham-operated controls
(see table 4.2; mean, as compared to pre-injection levels of 119 ± 2% for 8
rats and 125 ± 4% for 3 rats, respectively). Therefore, it appeared that
local administration of either NK^ or NK2 antagonists to the spinal cord,
failed to affect this observable peripheral inflammatory response.

5.8. Discussion

The experimental model of inflammation employed here, using
bilateral intraplantar injections of carrageenan, provided a clear and
reproducible method with which to assess the effects of locally-
administered tachykinin receptor antagonists on a cellular response to
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sustained activation of nociceptive afferents, which is known to be
accompanied by behavioural hyperalgesia (Dubner and Ruda, 1992;
Hargreaves et al, 1988; Iadarola et al, 1988a).

In the ipsilateral dorsal horn of these bilaterally carrageenan-

injected rat preparations, ionophoresed unilaterally with NaCl (1M) and
similarly in the contralateral dorsal horns of rats treated unilaterally
with tachykinin antagonists, the magnitude and distribution of
carrageenan-induced lamina I PPD mRNA expression were exactly
comparable to those obtained in the ipsilateral dorsal horns of controls
injected unilaterally with carrageenan (see Chapter 4). These results
indicate that local ionophoretic drug application in one dorsal horn was

without effect in the other dorsal horn and further confirmed the validity
of using the carrageenan-induced expression of PPD mRNA in the
corresponding contralateral dorsal horn as a suitable internal control of
drug effects.

With the present approach of using PPD mRNA as a marker for
sustained C-fibre stimulation of nociceptive neurons, it is probable that
the responsive cells (including some of those in lamina I with long
ascending projections, which may play a significant role in the perception
of pain; Leah et al, 1988; Nahin et al, 1989) represent only one particular
subpopulation of dorsal horn neurons that can respond to these more

sustained noxious inputs. For example, other potential genomic
responses accompanying inflammation, such as the facilitation of c-fos
expression, are elicited in a larger population of dorsal horn neurons

(Noguchi et al, 1991). As yet, it remains unclear exactly what role
facilitated PPD mRNA and dynorphin expression, accompanying
inflammation (Chapter 4; Draisci and Iadarola, 1989; Iadarola et al,
1988a; Ruda et al, 1988) may play in endogenous hyperalgesia or

analgesia (Dubner and Ruda, 1992; Hylden et al, 1991; Millan, 1990;
Stanfa and Dickenson, 1994).

The results presented here show that the NK2 but not the NK4
receptor antagonists inhibited carrageenan-induced expression of PPD
mRNA in lamina I neurons (in terms of both number of expressing cells
and silver grain density within these cells). The evidence suggests that
this inhibition is specifically an NK2 receptor-mediated event, as L-
659,874 shows extremely good selectivity for NK2 over NK^ and NK3
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receptors (McKnight et al, 1988; Williams et al, 1988), although the
possibility of unidentified side effects playing a role can not be ruled out.
Evidence that the observed reduction was not due to any potential
adverse effects of the vehicle (0.3% dimethylformamide) or continuous
drug ejection was provided by the findings that L-668,169, ejected in the
same vehicle, did not change PPD mRNA expression, as compared to
contralateral control levels. Similarly, NaCl current control experiments
showed no effects on this carrageenan-induced mRNA expression.
Furthermore, earlier experiments showed that ionophoresis of 0.3%
dimethylformamide at currents up to 80 nA for 12 minutes, caused no

alterations to the firing pattern of rat dorsal horn neurons (Fleetwood-
Walker et al, 1993a). It is therefore indicated that (at least within this

experimental model) NK2 receptors are important in bringing about a

delayed mRNA response change, which occurs in association with
inflammatory hyperalgesia. On first inspection, the contribution of NK2
receptors in this response appears to be a major one; the level of
inhibition in the mean density per labelled lamina I neuron (to 54% ±
10% of controls) was very similar to basal levels exhibited in three sham-
operated rats injected unilaterally with carrageenan, where the side
contralateral to this injection displayed a mean density per expressing
lamina I cell of only 56% ± 9% of that on the side ipsilateral to the
injection (see table 4.IB: column 1 vs column 2). This would suggest that
L-659,874 ejected into the dorsal horn, completely prevented
carrageenan-induced facilitation of PPD mRNA expression in rat lamina
I neurons. However, local L-659,874 application only reduced the mean

carrageenan-induced number of lamina I cells expressing PPD mRNA to
17 ± 2 cells per dorsal horn section, which was still substantially higher
than that in the dorsal horns ipsilateral to the uninjected paw of sham-
operated animals (13 ± 1 lamina I neurons per dorsal horn section).
Therefore, the total PPD mRNA expression exhibited by lamina I cells
with L-659,874 administration, was not completely reduced to
uninflamed basal levels and the involvement of other inputs, as well as

those mediated by NK2 receptors, seems likely.
In support of the role of NK2 receptors in mediating sustained

spinal nociceptive processing, other studies have shown that
inflammation and hyperalgesia leads to increased biosynthesis of PPT I
mRNA (and therefore possibly NKA too) in rat dorsal root ganglion
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(Donaldson et al, 1992; Minami et al, 1989) and evokes release of NKA-ir
into the dorsal horn (Hope et al, 1990a). Furthermore, sustained
activation of lamina IV/V neurons, induced by repeated peripheral
application of the selective C-fibre afferent stimulant, mustard oil (over
10-20 minutes) could also be inhibited by ionophoretic application of L-
659,874 around these neurons, whereas the two selective NKq receptor
antagonists, L-668,169 and GR 82334 were largely ineffective (Munro et

al, 1993a, 1993b). The flexor reflex facilitation evoked by damaging
cutaneous thermal stimuli (80°C for 0.5 seconds) was significantly
potentiated by NKA (i.t.) (Xu and Wiesenfeld-Hallin, 1992). Likewise,
MEN 10207, a selective NK2 receptor antagonist, effectively blocked the
prolonged facilitation of the flexor reflex (lasting for up to 1 hour) that
had been induced by C-fibre strength conditioning stimulation of the
gastrocnemius-muscle nerve (Xu et al, 1991). All these experiments
provide evidence that NK2 receptors are indeed important in more

prolonged nociception.

The effect of the NKq receptor antagonists was surprising. L-
668,169 caused no alteration in PPD mRNA expression in lamina I
neurons that was induced by intraplantar carrageenan injections,
whereas GR 82334 lead to a small facilitation of this response, in terms of
silver grain density per lamina I PPD mRNA-expressing neuron and to
some extent, the number of these cells. It may be that inadequate
concentrations were reached to block such a sustained inflammatory
input, even though it is clear that ionophoretic currents of either L-
668,169 or GR 82334 lower than used here, are sufficient to reverse NKq-
mediated effects on single dorsal horn neurons, when responses to brief
cutaneous stimuli were studied (Fleetwood-Walker et al, 1993a). The fact
that an effect was seen with GR 82334 and not L-668,169 may be due to
the higher affinity that GR 82334 shows for the rat NKq receptor site
(Beresford et al, 1992), whilst L-668,169 displays markedly lower potency
at the rat NKq receptor than in other species (Patacchini et al, 1992).
There is good evidence to believe that the effect of GR 82334, seen here, is
specifically a NKq receptor-mediated event, because this antagonist
shows high selectivity for NKq over NK2 and NK3 receptors (Hagan et al,
1991), though the possibility always remains of unidentified side-effects
playing a role. Evidence against the GR 82334-evoked increase in PPD
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mRNA expression being due to any spurious effects of the vehicle or

continuous drug ejection, is provided by the lack of effects obtained with
similar ionophoretic application of NaCl (1M) or L-668,169.

The actions of GR 82334 indicate that spinal NK^ receptors play
an opposing role to that of spinal NK2 receptors, at least in this model of
sustained nociception. A number of studies have revealed that NK^
receptors may have an important role in mediating sustained nociceptive
responses, but appear to be less involved in acute nociception (see
Chapter 3). Consistent with this idea, formalin or CFA-induced
inflammation leads to an increased biosynthesis of PPT I mRNA and SP-
ir in dorsal root ganglion and dorsal horn neurons and also an increased
expression of NK4 receptor mRNA within the dorsal horn (Donaldson et
al, 1992; McCarson and Krause, 1994; Minami et al, 1989; Noguchi and
Ruda, 1992; Oku et al, 1986; Schafer et al, 1993). The release of SP-ir
into the spinal dorsal horn, close to lamina I, is evoked by sustained C-
fibre activity, such as occurs during inflammation, especially with
accompanying movement of the inflamed limb (Duggan et al, 1987, 1988;
Garry and Hargreaves, 1992; Kuraishi et al, 1989; McCarson and
Goldstein, 1991; Oku et al, 1987; Schaible et al, 1990) or with potentially
damaging thermal stimuli (Kuraishi et al, 1989), but not non-damaging
noxious thermal stimuli (Duggan et al, 1987, 1988; Kuraishi et al, 1989;
Tiseo et al, 1990). The NK^ receptor antagonist, CP-96,345 was able to
reduce C-fibre-evoked ventral root potentials in UV-induced hyperalgesic
rats, yet was ineffective in naive rats (Thompson et al, 1993).
Furthermore, NK^ receptors appear to be involved in the facilitation of
the flexion-reflex induced by C-fibre strength conditioning stimulation,
believed to lead to central sensitisation, but do not affect the baseline
flexor reflex response (Laird et al, 1993; Wiesenfeld-Hallin, 1986;
Wiesenfeld-Hallin et al, 1990, Xu et al, 1992a). Equally, SP was able to
enhance and a NK^ receptor antagonist was able to inhibit the responses
of nociceptive dorsal horn neurons to repetitive C-fibre strength
stimulation (Kellstein et al, 1990). The prolonged depolarisation
produced in dorsal root neurons by similar electrical stimulation can be
mimicked by SP and inhibited by SP antagonists (Urban and Randic,
1984). Also, in behavioural tests, the NK^ receptor antagonists, CP-
96,345 and RP 67580 were antinociceptive in the formalin model of
inflammation and hyperalgesia (Chapman and Dickenson, 1993; Garret
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et al, 1991; Yashpal et al, 1993), though spurious non-NK^ receptor-
mediated effects may have been involved with some of these compounds
(Chapman and Dickenson, 1993; Nagahisa et al, 1992; Schmidt et al,
1992) or in another case, non-spinal NK^ receptor sites may have made a
contribution (Garret et al, 1991). Interestingly, in an alternative, more

clinically-relevant model the nonpeptide NK^ receptor selective
antagonist, RP 67580 (s.c.) reduced diabetic neuropathy-induced chronic
mechanical hyperalgesia, but was without effect in normal rats (Courteix
et al, 1993).

The above findings appear to be at odds with results obtained
here. This may reflect differences between the carrageenan model and
other models of sensitised states in their ability to activate NK4 receptor-
mediated nociceptive responses, though it must be remembered that the
physiological significance of inflammation-induced PPD mRNA increase
is not fully understood. Certainly, the carrageenan model, as used here
and other models of sustained nociception and hyperalgesia, which are

possibly less severe, or less able to evoke the classic inflammatory
response (Hargreaves et al, 1988), have failed to reveal any NK^ receptor
actions. Spinally-applied NK^ receptor antagonists were unable to
inhibit mustard oil-induced sustained C-fibre activity of dorsal horn
neurons (Munro et al, 1993a, 1993b) and showed no effect on thermal
hyperalgesia induced by partial sciatic nerve ligation (Yamamoto and
Yaksh, 1992). Furthermore, highly-selective NK4 receptor antagonists,
which were demonstrated to be profoundly effective in the acetylcholine-
induced abdominal constriction test in mice and the formalin test in rats,
were found to have no effect on mechanical behavioural hyperalgesia in
the rat carrageenan model (Birch et al, 1993). In a more intensely
inflamed system, either access of SP to other more distant NK4 sites or
cellular sensitisation of dorsal horn neurons could result in a more

obvious contribution of NKj receptors in actually mediating the
increased amplitude responses. The exact basis for differential
involvement of NK^ receptors in different types of inflammatory response
remains to be demonstrated and is a matter of considerable interest.

Alternatively, it may be that the experimental model employed
here, which allows a selective study of the effects of accessing a specific
population of superficial dorsal horn NK4 receptors, has revealed a more

complex involvement of these receptors in nociceptive processing. Such
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an inhibitory component of these NK4 receptors, as implicated here, may

well be obscured when multiple targets are accessed via intravenous or

subcutaneous drug application and when employing behavioural and
reflex models, which presumably incorporate many different circuitry
steps. Certainly, an inhibitory role of NK^ receptors would help explain
the reports of inhibitory or mixed effects of ionophoretically applying SP
on the acute nociceptive responses of dorsal horn neurons (including
those of lamina I, some also being identified projection neurons) (Davies
and Dray, 1980; Duggan et al, 1979; Fleetwood-Walker et al, 1988, 1990;
Willcockson et al, 1984). There is evidence that SP can act through an

inhibitory neuron (Murase and Randic, 1984; Ryall and Pini, 1987). It
may therefore be of some relevance that carrageenan-induced peripheral
inflammation also evokes C-fibre dependent upregulation in GABA-ir
dorsal horn cells, following a similar time course to that of dynorphin-ir
(Castro-Lopes et al, 1994). Consistent with this, the effect of formalin on

SP-ir release into the dorsal horn of spinalised rats showed inhibition in
the first 40 minutes, followed by a return to basal levels and then a

second inhibitory phase at 60 minutes post-injection (McCarson and
Goldstein, 1991). This was interpreted as an indication that segmental
antinociceptive systems were activated, to block SP release from primary
afferent neurons. If this is the case, the above findings along with the
results presented here, would suggest that SP has limited central
involvement in sustained nociception and inflammation-induced PPD
mRNA expression.

In the carrageenan model presented here, tachykinin antagonists
were administered 1 hour pre-carrageenan injection and continuously
thereafter, up to the end of the experiment six hours later. Using this
methodology it is not possible to determine whether there is a critical
period for NK2 receptor involvement or whether these receptors
participate throughout the stimulation period. More information may be
provided by varying the start of antagonist ionophoresis with respect to
carrageenan injection or continuing ionophoretic application for shorter
durations over the inflammatory period. It may be beneficial to identify
(using for example, retrograde tracing) whether the observed effects occur

in particular subpopulations of the dynorphin-containing interneurons
and projection neurons found in the superficial dorsal horn (Leah, et al,
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1988; Nahin, 1988; Nahin et al, 1989, 1992; Standaert et al, 1986).
Populations of expressing neurons may change over time, with
progressively more labelling occurring in deeper laminae after
inflammation. It may be that differently located dynorphinergic cells
play different roles in nociception. A study of the possible effects
mediated by tachykinin receptors on PPD mRNA expression reported to
be induced in other types of sustained nociceptive states, such as in some

neuropathic pain models, would indicate whether there is a common

mechanism (Draisci et al, 1991; Kajander et al, 1990). A knowledge of
the function of increased PPD mRNA could help elucidate the
significance of these findings. Alternatively, behavioural studies, using
intrathecally-applied tachykinin antagonists, may reveal any

involvement of spinal tachykinin receptors in mediating the hyperalgesia
reported to accompany carrageenan-induced peripheral inflammation
(Hargreaves et al, 1988; Iadarola et al, 1988a). More specific knowledge
of the spinal role of tachykinins in this model, might be provided by
electrophysiological recordings of single lamina I neurons of carrageenan-

treated rats, along with ionophoresis of selective tachykinin receptor
antagonists. Lamina I receives many descending inputs (Duggan and
Weihe, 1989), including some from certain autonomic regions, suggesting
that this lamina may have an important role in homeostasis along with
behavioural arousal, affect and sensation (Craig, 1993; Craig and
Dostrovsky, 1991). To minimise potential involvement of higher brain
regulatory mechanisms and directly study the role of tachykinins in
primary afferent-evoked PPD mRNA expression, it may be valuable to

spinalise the preparations. However, it can be envisaged that problems
could arise in maintaining viable preparations, which already undergo a

certain degree of invasive surgery, for 7 hours.
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CHAPTER 6: results

Carrageenan-induced preprodynorphin mRNA expression in
lamina I neurons: effects of intravenously-applied tachykinin

receptor antagonists

6.1. Aims

Local administration of tachykinin antagonists provided a way to
study the actions of a discrete population of NKq and NK2 receptors in
the dorsal horn (see Chapters 3 and 5). That technique in conjunction
with in situ hybridisation histochemistry revealed that NK2 rather than
NKq receptors appear to play a role in mediating long-term changes, such
as facilitated PPD mRNA expression, induced by sustained primary
afferent input (see Chapter 5). With the advent of selective nonpeptide
tachykinin antagonists, it has become possible to assess whether such
tachykinin receptor-mediated effects can be confirmed in systemic drug
administration protocols, which could also encompass possible actions at
additional central as well as peripheral tachykinin receptor sites.

6.2. The NKi receptor selective antagonist; RP 67580

The effects of intravenous application of the NKq receptor
selective nonpeptide antagonist, RP 67580 (Garret et al, 1991) on

carrageenan-induced PPD mRNA expression in lamina I were

investigated in 3 unilaterally-inflamed rats. These effects on induced
PPD mRNA expression were assessed in comparison with; expression in
the corresponding contralateral non-carrageenan injected side of the
same animal; expression in the spinal cords of 4 unilaterally-inflamed
rats treated with the less active enantiomer RP 68651 (Garret et al,
1991); and also expression in the unilaterally-inflamed ISHH control
rats, characterised in Chapter 4.

With RP 67580 treatment (at a dose of 0.5 mg/kg i.v. every IV2
hours for the 6V2 hour duration of the experiment) there remained a

significant elevation of the number of PPD mRNA-expressing lamina I
neurons on the carrageenan-injected side, as compared with the
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corresponding contralateral dorsal horn (see table 6.1.). This value was

19 ± 1 lamina I expressing cells per dorsal horn (mean ± s.e.m. for 260
sections from 3 rats) which paralleled the corresponding number found in
the ipsilateral dorsal horn of 4 rats treated with the less active
enantiomer, RP 68651 (mean of 19 ± 1 cells from 290 sections; 4 rats) (see
table 6.1.). These data initially indicate that RP 67580 was unable to
inhibit the delayed expression of PPD mRNA induced by a peripheral
inflammatory stimulus and therefore that NKq receptors played no part
in the inflammation-induced response assessed here. This conclusion
was reinforced when the numbers of PPD mRNA-expressing lamina I
neurons were compared with those obtained with a unilateral
carrageenan injection in ISHH control studies (see table 4.1.A: column 2).

However, when the mean silver grain density per expressing lamina
I neuron was examined, more subtle effects of RP 67580 administration
became apparent. Density analysis clearly showed that application of the
less active enantiomer, RP 68651 appeared unable to affect the mean

silver grain density per lamina I neuron ipsilateral to carrageenan

injection, as compared with those increased levels obtained in ISHH
controls (see figure 6.1. vs table 4.1.B). In contrast, RP 67580 caused a

significant reduction in the carrageenan-induced mean silver grain
density, when compared to RP 68651 (P<0.05) (see figure 6.1.). This
inhibition being to 48 ± 4 pm^ per cell (from 252 cells), which is
approximately 75% of levels for the equivalent region of the dorsal horn
in RP 68651-treated rats (mean 62 ± 7 pm^ per cell; from 185 cells) (see
figure 6.1.). However, this reduced response still remained significantly
higher (P<0.05) than the corresponding contralateral dorsal horns of
either RP 67580 or RP 68651-treated rats, which displayed a mean silver
grain density of 38 ± 3 and 37 ± 3 pm^ per cell for 236 and 163 cells
analysed, respectively (see figure 6.1.). Figure 6.2.A to D clearly shows
that treatment with RP 67580 reduced the total expression of
carrageenan-induced PPD mRNA, as compared to treatment with RP
68651 and that this reduction was to levels only slightly higher than in
the contralateral, non-injected side. Furthermore, the basal,
contralateral levels of mean silver grain density per cell also paralleled
those found in the contralateral side of unilaterally-carrageenan injected
ISHH controls (see table 4.1.B), indicating that the effects of intravenous
drug administration and unilateral carrageenan injection on mean silver
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Table 6.1.

The effects of intravenously-applied tachykinin receptor
antagonists on the number of lamina I cells expressing
preprodynorphin mRNA in response to carrageenan

The effects of intravenous drug application (five single doses of 0.5 mg/kg
at IV2 hour intervals, covering the 6V2 hour duration of the experiment)
were calculated from a substantial number of sequential sections from
rostral to caudal, covering segments L3-4 of the spinal cord. A pairwise
comparison Student's t-test on the raw data revealed no significant
differences in the number of PPD mRNA expressing lamina I cells
between the ipsilateral and contralateral dorsal horns of SR 48968
treated rats, yet did reveal a difference between the two sides in the other
three drug treatments. * represents P<0.05, ** represents P<0.005.
When the data with tachykinin antagonists were compared with the
laterally corresponding data with the respective less active enantiomers
(using an unpaired Student's t-test), the only significant difference was

between RP 67580 and RP 68651 on the side contralateral to carrageenan

(this being to P<0.005).
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Mean number of PPD mRNA-expressing lamina I
cells per dorsal horn ipsilateral to:-

Drug treatment
(0.5 mg/kg i.v.)

Number of
sections non-injected paw carrageenan-injected paw

RP 67580

(n=3 rats)
260 17 ± 1 19 ± 1*

RP 68651

(n=4 rats)
290 12 ± 1 i9±r*

SR 48968

(n=5 rats)
340 17 ± 1 18 + 1

SR 48965

(n=3 rats)
205 17 ± 1 20 ± 1*
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grain density per cell were restricted to the ipsilateral dorsal horn.
Interestingly, although RP 67580 treatment apparently failed to

affect the contralateral mean silver grain density per expressing neuron,

there was an observable contralateral increase in the number of PPD

mRNA-expressing lamina I cells; this being 17 ± 1 expressing cells per

dorsal horn (mean ± s.e.m. for 260 sections; 3 rats), whereas RP 68651
treatment showed a mean of 12 ± 1 PPD mRNA-expressing lamina I cells
for 290 sections, from 4 rats (see table 6.1.). Similarly, this increase was

obvious when compared to levels obtained in anaesthetised and conscious
ISHH controls, which showed means of 13 ± 1 and 14 ± 2 PPD mRNA-

expressing lamina I cells per dorsal horn on the uninflamed side,
respectively (see table 4.1.A; column 1).

6.3. THE NK2 RECEPTOR SELECTIVE ANTAGONIST; SR 48968

The effects of intravenous application of the NK2 receptor
selective nonpeptide antagonist, SR 48968 (Emonds-Alt et al, 1992) on

carrageenan-induced lamina I PPD mRNA expression, were studied in 5
unilaterally-inflamed rats. The degree of effect on this induced PPD
mRNA expression was assessed against expression in the corresponding
contralateral non-carrageenan injected side of the same animal, in the
spinal cords of 3 unilaterally-inflamed rats treated with its less active
enantiomer, SR 48965 (Emonds-Alt et al, 1992) and also against
expression in the unilaterally-inflamed ISHH control rats, characterised
in Chapter 4.

SR 48968 (at a dose of 0.5 mg/kg i.v. every IV2 hour for the 6V2 hour
duration of the experiment) failed to cause any change in the number of
carrageenan-induced PPD mRNA-expressing lamina I cells (mean of 18 ±

1 cells from 340 sections pooled from 5 rats), as compared to that found in
the ipsilateral side of unilaterally-carrageenan injected ISHH control rats
(see table 4.1.A). Furthermore, this number was similar to those levels
found in the ipsilateral dorsal horn of rats treated with the less active
enantiomer, SR 48965 (mean of 20 ± 1 lamina I cells, taken from 205
sections in 3 rats) (see table 6.1.). However, the uninflamed contralateral
dorsal horn of SR 48968-treated rats, clearly showed an increased
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Figure 6.1.

The effects of intravenously-applied tachykinin receptor
antagonists on the density of preprodynorphin mRNA expression

in lamina I cells responding to carrageenan

The histogram displays the effects of intravenous drug application (at a

dose of 0.5 mg/kg every IV2 hours for 6V2 hours) on the mean silver grain
density per PPD mRNA-expressing lamina I neuron induced by
carrageenan. Values in parentheses under the x-axis show the number of
rats from which the data were pooled. Means were calculated from all
positively-labelled lamina I cells in representative sections within the
area of maximal drug effect (an average of 73 cells were counted per rat).
Hatched bars represent the dorsal horn ipsilateral to a unilateral
injection of 1% X-carrageenan. The plain bars represent the contralateral
uninjected dorsal horn. An unpaired Student's t-test was used to test the
significance of differences in the mean densities. When compared to their
corresponding contralateral sides, a significant increase in the mean cell
density of PPD mRNA expression was induced by carrageenan injection
in rats treated with the less active enantiomers, SR 48965 and RP 68651
(P<0.01) and to a lesser extent with RP 67580 (P<0.05). * represents
P<0.05, ** represents P<0.01. No such induced increase was found after
SR 48968 administration. Furthermore, when compared to the
corresponding side of their respective less active enantiomer controls, SR
48968 and RP 67580 administration clearly lead to a significant
reduction of carrageenan-induced PPD mRNA density of expression to
P<0.01 and P<0.05, respectively and were both without significant effect
on the contralateral basal levels of expression. + represents P<0.05, ++

represents PcO.Ol.
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expression compared with drug-free rats (mean of 17 ± 1 cells from 340
sections pooled from 5 rats) (see table 6.1. versus table 4.1.A).

Interestingly, the contralateral dorsal horn (i.e. ipsilateral to the
uninjected side) of rats treated systemically with SR 48965, also
displayed an increased number of PPD mRNA expressing lamina I cells
(to a mean of 17 ± 1 neurons from 205 sections; 3 rats), as compared to
results with the inactive enantiomer, RP 68651 or the corresponding non-

injected side of unilaterally-carrageenan injected ISHH controls (see
table 6.1. vs table 4.1.A).

However, analysis of the mean density of expression indicated
that systemic SR 48968 application lead to a significant reduction
(P<0.01) in the carrageenan-induced mean silver grain density of PPD
mRNA expression per lamina I cell, to approximately 60% of the mean

levels expressed in corresponding lamina I cells of SR 48965-treated rats
(see figure 6.1.). The carrageenan-induced mean silver grain density
expressed in experiments with the less active enantiomer, SR 48965
paralleled the levels found in the ipsilateral dorsal horn of ISHH controls
(see figure 6.1. vs table 4.1.B) and remained significantly higher (P<0.01)
than the corresponding contralateral levels in the same animal (see
figure 6.1.). In contrast, this induced response in the five SR 48968-
treated rats (mean density of 48 ± 6 pm^ per expressing cell, for 182 cells)
was practically inhibited to contralateral values (mean density of 39 ± 4 |i

m^ per expressing cell, for 175 cells) to an extent that there was no

statistically significant difference between these levels on each side of the
spinal cord (see figure 6.1.).

There was no indication that SR 48968 produced any

enhancement of mean silver grain density in the contralateral dorsal
horn, despite the observed increase in expressing-cell number. The mean

density of expression contralaterally in these SR 48968-treated rats was

of remarkably similar magnitude to that level in the contralateral dorsal
horn of unilaterally-carrageenan-injected rats treated with RP 67580,
with RP 68651 and also in the contralateral dorsal horn of unilaterally-
carrageenan injected ISHH controls (see figure 6.1. and table 4.1.B).
Interestingly, SR 48965 appeared to cause a slight increase in the mean

silver grain density contralaterally (mean density of 48 ± 4 pm^ per

expressing cell, for 123 cells analysed), as compared to the other
nonpeptide drugs, but this was found not to be a significant increase,
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Figure 6.2.

Photomicrograph examples of the effects of systemically-applied
nonpeptide tachykinin antagonists on carrageenan-induced

preprodynorphin mRNA expression

Low power lightfield photographs of separate examples to the sections
analysed, showing the typical levels of PPD mRNA expression over the
superficial dorsal horn, as identified by ISHH. Photographs were taken
of overlapping areas and then these aligned to show the full mediolateral
extent of the superficial region of each dorsal horn. Examples of
positively-labelled neurons, characterised by a dense aggregation of silver
grains around haematoxylin-stained nuclei, are represented by filled
arrows. The effects on PPD mRNA expression are shown for the
nonpeptide NK^ antagonist, RP 67580 (A and B); the less active
enantiomer, RP 68651 (C and D); the nonpeptide NK2 antagonist, SR
48968 (E and F) and the less active enantiomer, SR 48965 (G and H).
The level of lamina I carrageenan-induced PPD mRNA expression
obtained in the presence of these antagonists (B, D, F and H) can be
compared with the basal level in their corresponding contralateral sides
(A, C, E and G, respectively).
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when the values were compared using the unmatched Student's t-test

(see figure 6.1.). However, this enhancement with SR 48965 was

additional to that already noted for the number of PPD mRNA-expressing
lamina I cells contralaterally, giving a higher total expression in both
sides of the dorsal horn overall, than observed with RP 68651. Figure
6.2.E to H shows a typical example of the attenuation of carrageenan-

induced PPD mRNA expression found in SR 48968-treated rats, as

compared to SR 48965-treated animals.

6.4. Peripheral effects of intravenous tachykinin

antagonist treatment

6.4.1. Peripheral oedema
Paw circumferences were measured to assess the development of

peripheral oedema with intraplantar carrageenan injection. Repeated
intravenous applications of SR 48968 (0.5 mg/kg) did not cause a

reduction in the development of peripheral oedema, as compared to the
injected paw of the respective enantiomer-treated control rats, despite
potential access to any peripheral as well as central NK2 receptors with
this route of drug administration. In both SR 48968 and SR 48965
experiments, unilateral carrageenan injection lead to a large increase in
paw circumference to on average 139% ± 4% and 135% ± 5% of the
contralateral paw, respectively after 6 hours (see table 4.2.).

In contrast, successive intravenous doses of RP 67580 (0.5 mg/kg)
appeared to cause a slight, yet not statistically significant, reduction in
the magnitude of local oedema at each time point up to and including 6
hours after carrageenan injection, when compared to that found in the
injected paws of RP 68651-treated rats. The maximum increase in
circumference with RP 67580 was to 126% ± 1% (for 3 rats) of the

corresponding contralateral side, as compared to 135% ± 1% (for 4 rats) of
the contralateral paw, with RP 68651 (see table 4.2.). However, it was

noted that the actual time course of development of paw oedema for these
two drug treatments remained similar.
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6.4.2. Other peripheral effects
Intravenous administration of the NK2 receptor antagonist, SR

48968 (0.5 mg/kg) lead to some degree of respiratory disturbance;
displayed as wheezing and gasping in 3 out of the 5 rats treated. No
observable side-effects were discerned in rats treated with the less active

enantiomer SR 48965, nor with RP 67580 or its less active enantiomer,
RP 68651.

6.5. Discussion

The results presented in this chapter indicate that NK^ and NK2
receptors accessed here appear to be involved in mediating carrageenan-

induced PPD mRNA expression within lamina I neurons. Systemic
application of antagonists to either of these receptor types lead to a

significant inhibition, to very similar levels in actual terms, in the
carrageenan-induced mean density of PPD mRNA expression per lamina
I neuron. However, there appeared to be no discernible effects on the
number of induced-lamina I cells displaying this potentially genomic
response.

These experiments were designed so that any actions of the
nonpeptide antagonists could be assessed against those of their
respective inactive analogues. Additionally, levels of expression induced
in other ISHH control animals injected unilaterally with carrageenan,

were used as a general baseline for comparison, even though those
treatments differed greatly from the preparations used here.

RP 67580 is reported to be a highly-selective and potent
nonpeptide antagonist for the rat NK^ receptor (Fardin et al, 1993a;
Garret et al, 1991; Petitet et al, 1993a), indicating that the results
obtained with this drug are likely to represent selective NK4 receptor-
mediated actions, although unknown effects cannot be ruled out. RP
67580, at similar doses to those used here, has been suggested to have a

sedative action, at least in mice (Saria et al, 1993; Zernig et al, 1993).
The respective enantiomer, RP 68651 reportedly shows no significant
affinity for the NK]_ binding site (Garret et al, 1991), supporting its use
as a suitable control. Indeed, the results presented here indicated RP
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68651 was largely inactive, both centrally in terms of carrageenan-

induced lamina I expression of PPD mRNA and peripherally, in terms of
paw oedema development after carrageenan injection. Furthermore, RP
68651 showed remarkable consistency in its effects on the magnitude and
laterality of expression, as compared with untreated, conscious, sham-
operated and NaCl ionophoretic controls (see Chapter 4 and 5). Other
groups have also previously studied the actions of RP 67580 in relation to
its less active enantiomer, RP 68651 under a variety of sustained
nociceptive conditions (Chapman and Dickenson, 1993; Courteix et al,
1993; Laird et al, 1993). All these studies showed that RP 67580 had
significant antinociceptive actions when given systemically or

intrathecally. In contrast, systemic administration, in rats, of RP 68651
at doses much higher than used here (up to 3 mg/kg i.v. and 9 mg/kg s.c.)
displayed no discernible NKq receptor activity on the facilitation of a

nociceptive spinal flexion reflex (Laird et al, 1993) nor on diabetes-
induced chronic mechanical hyperalgesia (Courteix et al, 1993),
respectively. Similarly, in the formalin test in rats, intrathecal RP 68651
(5 jig) showed no actions equivalent to NKq receptor blockade by RP
67580 (5 |ig i.t.) (Chapman and Dickenson, 1993). However, in that
study RP 68651 produced significantly opposing effects to those of RP
67580, suggesting that it had some important non-NKq receptor activity,
at least with the i.t. method of drug administration; though the high
concentration of HC1 (12.5%) in the vehicle may have complicated the
findings.

In the present studies, RP 67580 administration was unable to
completely inhibit the carrageenan-induced PPD mRNA expression to
contralateral levels. It may be that other mechanisms or neuropeptides
are involved. Alternatively, it may be that the true effects are not
detectable, as RP 67580 is known to have a short duration of action and
in these experiments relatively low doses of this drug were used (see
Laird et al, 1993, also see methods section 2.4.3.). This short duration of
action may explain the low penetration of RP 67580 to the rat CNS (0.1 -

10 mg/kg i.p., given 60 mins before sacrifice), found by Fardin et al
(1993b). Certainly, a central effect was apparently obtained with
systemic application of RP 67580 here, using repeated doses and by
others, using a single application, including studies on the nociceptive rat
flexor reflex (Laird et al, 1993), on SP-induced excitation of locus
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coeruleus neurons (Allam et al, 1992) and on SP-induced extravasation in
the dura mater (Moussaoui et al, 1993a).

The inhibition of lamina I cell density of PPD mRNA expression,
obtained with RP 67580 administration here, appears contradictory to
the effects of ionophoresing the NK4 receptor selective antagonist, GR
82334 locally around superficial dorsal horn neurons (see Chapter 5).
Also in contrast to those ionophoretic experiments described in Chapter
5, the number of these carrageenan-induced PPD mRNA-expressing
lamina I cells appeared less affected by tachykinin antagonist treatment,
remaining relatively static as compared to the effects on their mean

density of PPD mRNA expression. It is conceivable that systemic
administration, in accessing additional sites, highlights an overall
antinociceptive action of NK^ receptor-selective antagonists mediated
through NKi receptors not accessed in the ionophoretic experiments.
Certainly, other groups have shown that NK4 receptor-selective
antagonists can have potentially antinociceptive actions at additional
central NK4 receptors sites to those receptors in the spinal cord.
Systemic injection of RP 67580 in rats, depressed SP-induced excitation
of locus coeruleus neurons (Allam et al, 1992) and also reduced the
plasma extravasation in the dura mater induced by electrical stimulation
of the trigeminal ganglion (Shepheard et al, 1993), or induced by
intravenous injection of SP (Moussaoui et al, 1993a). Interestingly, albeit
in acute tests, systemic application of the NK^ receptor antagonist, CP-
96,345 was able to produce apparent antinociceptive actions (Lecci et al,
1991; Yashpal et al, 1993), whereas topical application showed no effect
(Garces et al, 1992), indicating perhaps other non-spinal sites may be
involved in these behavioural responses. Although, known Ca^+ channel
blocking effects of this antagonist must be considered with its use

(Nagahisa et al, 1992; Schmidt et al, 1992). However, it is also evident
that with RP 67580 treatment here, the number of PPD mRNA-
expressing lamina I neurons contralateral^ actually increased, possibly
correlating with ionophoretic experiments where GR 82334 facilitated
carrageenan-induced PPD mRNA expression in lamina I neurons (see
Chapter 5). It is feasible that this contralateral effect is an NK^-selective
action, as it is enantiomer-specific. This result may possibly indicate
opposing roles for different NK^ receptor sites in this carrageenan-
induced cellular response.
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SR 48968 has been demonstrated to be a highly potent and
selective antagonist of NK2 receptors (Advenier et al, 1992; Emonds-Alt
et al, 1992, 1993). The (R)-enantiomer, SR 48965 was reported to be
largely inactive in in vitro binding and bioassay studies, along with in
vivo tests of NKA-induced bronchoconstriction in guinea pigs, although at
lower doses than used here, of 0.2 mg/kg (i.v.) (Emonds-Alt et al, 1992,
1993). Both compounds appear to cross the blood-brain barrier (Poncelet
et al, 1993; Santucci et al, 1993). However, there is growing evidence
that these compounds also show additional effects. In this study, both SR
48968 and SR 48965 increased the number of PPD mRNA-expressing
lamina I neurons contralateral to a unilateral carrageenan injection, as

compared to RP 68651 and drug-free controls. Also, SR 48965 appeared
to slightly (but not significantly) raise the mean density of expression
within these cells. These results would suggest that some other action
common to these two compounds was featuring in these experiments.
Certainly, p. agonist actions at higher concentrations of SR 48968 (and
potentially also SR 48965) have been indicated (Martin et al, 1993),
although it is not clear how g agonist activity could increase central PPD
mRNA expression within spinal cord lamina I neurons. In guinea pig
ileum tissue there is some indication that SR 48968 has activity at NK3
receptors, but in rat it appears, at least in cortical binding studies, to
remain NK2 receptor selective (Petitet et al, 1993b). It is conceivable
that, if non-NK2 receptor-selective actions of these molecularly-identical
compounds mediate the enhanced expression of PPD mRNA on either
side of the spinal cord, a proportion of the carrageenan-induced response

observed by NK2 receptor blockade would be obscured. Despite this
spurious contralateral effect however, a significant and selective
reduction in the mean density of expression per lamina I cell, induced by
unilateral carrageenan injection was noted with SR 48968 treatment as

compared to SR 48965 application, suggestive of an important
involvement of NK2 receptors in the carrageenan-induced response with
inflammation. It is not possible with these experiments to hypothesise
further on the possible degree of potential additional non-selective
actions or their effects on the number of PPD mRNA-expressing lamina I
cells nor the density of expression displayed by these cells. Ideally, a set
of vehicle control experiments (in addition to these enantiomer controls)
should have been carried out to see the effects in the absence of any drug.
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The experiments presented here represent the only study to date,
investigating the roles of systemically-accessed NK2 receptors in longer-
term nociceptive states. Although this methodology gives no indication of
the site of such action, a spinal component is suggested in light of similar
ionophoretic experiments (see Chapter 5). In further support of a central
involvement, NK2 receptors were highlighted to be important in
mediating thalamic responses to acute thermal nociception (Santucci et
al, 1993).

Significant oedema developed in the carrageenan-injected paw of
all drug-treated animals, indicative that a state of inflammation and
accompanying behavioural hyperalgesia was reached (Hargreaves et al,
1988; Iadarola et al, 1988a). Only RP 67580 treatment was able to

slightly, but not significantly inhibit this carrageenan-induced oedema.
This result is in agreement with other studies in rats, where peripheral
NKq receptor blockade by systemically-applied RP 67580 (interestingly,
at doses less than required to block nociceptive transmission) or CP-
96,345, inhibited peripheral plasma protein extravasation and
neurogenic inflammation (Delay-Goyet et al, 1993; Garret et al, 1991;
Moussaoui et al, 1993b; Nicolau et al, 1993; Xu et al, 1992b). RP 68651 at
doses of up to 1 mg/kg (i.v.) failed to inhibit this response (Delay-Goyet et

al, 1993; Garret et al, 1991; Moussaoui et al, 1993b). Similarly, others
found that the NK2 receptor-selective antagonists, MEN 10207 or SR
48968 showed no effects on peripheral extravasation, indicating these
responses to be mediated selectively by NKq receptors (Nicolau et al,
1993; Xu et al, 1992b).

The other potentially peripheral effects on respiration, seen here
using SR 48968, may possibly have been due to actions at bronchial
smooth muscle NK2 receptors, which are believed to alter bronchial tone.
NK2 receptor antagonists are reported to block bronchoconstriction
induced by endogenous NKA (Maggi et al, 1993). Therefore, the
respiratory gasping observed here, might suggest some agonist action of
SR 48968. However, others found no such agonist action on resting
bronchial tone when SR 48968 was given at doses of up to 0.2 mg/kg (i.v.)
in guinea pigs (Emonds-Alt et al, 1992). Along with the observed
peripheral effects, intravenous administration of either RP 67580 or RP
68651 might have been expected, at the concentrations used here, to
produce mild depressor responses on systemic blood pressure, suspected
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to occur through receptors other than the NK4 type (Laird et al, 1993).
However, such measurements were not undertaken in these experiments.
The contribution of peripheral actions of intravenous tachykinin
antagonist treatment on central carrageenan-induced PPD mRNA
expression remains unknown.

To further study the involvement of NKi and NK2 receptors in
inflammation, using the central expression of PPD mRNA as a marker,
similar experiments could be carried out, using a series of tachykinin
antagonist concentrations, to investigate whether any of the observed
effects on carrageenan-induced PPD mRNA expression within lamina I
neurons are dose-dependent. In conjunction with these experiments it
may be useful to conduct behavioural studies on corresponding, but
conscious preparations, to investigate any correlation between changes in
carrageenan-induced PPD mRNA expression per lamina I neuron and
alterations in behavioural hyperalgesia, reported to occur with such
peripheral inflammation (Hargreaves et al, 1988; Iadarola et al, 1988a).
Intrathecal application of nonpeptide antagonists may yield more clear
information on central (spinal) receptor action, by avoiding the potential
complications of also incorporating peripheral sites. However, such
topical application does not ensure that all spinal sites are accessed and
the systemic model is likely to reflect the circumstances under which
agents such as these would be potentially used in a therapeutic context.
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CHAPTER 7: CONCLUSIONS

This project has combined electrophysiological and molecular
biological techniques to investigate the role of the tachykinin
neuropeptides, SP and NKA in mediating responses of rat superficial
dorsal horn neurons, during a variety of nociceptive stimuli. Firstly, the
involvement of these tachykinins in acute nociceptive responses was

investigated by electrophysiological extracellular recordings from
multireceptive dorsal horn neurons. Subsequently, the characteristic
expression of carrageenan-induced PPD mRNA within lamina I neurons

(Draisci and Iadarola, 1989; Iadarola et al, 1988a; Noguchi et al, 1991)
was followed, as a marker, to study their possible involvement in an

inflammatory model of sustained nociception and sensitisation (Dubner,
1990; Hylden et al, 1989b). Lamina I neurons may be particularly
important in nociceptive transmission (Cervero et al, 1976, 1979;
Christensen and Perl, 1970; Kumazawa et al, 1975; Light and Perl,
1979a, 1979b; Light et al, 1979; McMahon and Wall, 1983; Menetrey and
Besson, 1981; Rethelyi et al, 1983; Woolf and Fitzgerald, 1983) and
(including some dynorphin-containing lamina I neurons) these are

thought to receive a significant number of monosynaptic inputs from
primary afferents (Alvarez et al, 1993; Carlton et al, 1990; Carlton and
Hayes, 1989; Foreman et al, 1975; 1979; Light et al, 1981; Nahin et al,
1991; Priestley and Cuello, 1989; Takahashi et al, 1988), some of which
contain tachykinins (Leah et al, 1985; O'Brien et al, 1989). A proportion
of these lamina I neurons may also play a special role in the transfer of
sensory information directly to higher brain centres involved in
nociceptive processing, such as the thalamus (Leah et al, 1988; Nahin et

al, 1989).

7.1. NKq RECEPTOR INVOLVEMENT IN NOCICEPTION

No evidence was found in the models presented here, that NKq
receptors play any clear role in acute nociceptive processing within the
superficial dorsal horn. This finding highlights differences between this
population and lamina IV/V wide dynamic range rat neurons (Fleetwood-
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Walker et al, 1993a), where NKj receptor agonists were shown to be
excitatory when applied directly around the cell. Other
electrophysiological studies, where identified populations of neurons were

considered, showed either no effect of SP, direct excitation, mixed or

inhibitory actions on nociceptive responses of dorsal horn neurons,

including some in lamina I (Davies and Dray, 1980; Willcockson et al,
1984). One explanation may be that there is a dual action of substance P
via NK4 receptors situated on different neuronal types. SP appears

capable of hyperpolarising dorsal horn interneurons (Murase and Randic,
1984) and inhibiting certain responses of other multireceptive deeper
dorsal horn neurons when ionophoresed into the superficial dorsal horn
(Duggan et al, 1979; Fleetwood-Walker et al, 1988, 1990, 1993a). If
indeed, NK^ receptors were also located on an inhibitory interneuron, a

possible mechanism could be envisaged to regulate the extent of any

excitatory contribution of SP to the final nociceptive response. The
degree of this contribution may be dependent on the nature of the
stimulus. In the acute studies carried out here, it could therefore be
postulated that any involvement of NK^ receptors may be obscured by
the action of this hypothetical inhibitory neuron population. The
observed effects of NK4 antagonists on carrageenan-induced PPD mRNA
expression may also be explained by an inhibitory action of NK^
receptors. In those sets of experiments the NK4 receptor antagonist, GR
82334 increased carrageenan-induced PPD mRNA expression.
Interestingly, an overall, excitatory role for NK^ receptors was implied
when these were accessed systemically, using intravenously-applied
nonpeptide antagonists. The NK4 receptor antagonist, RP 67580
decreased the magnitude of such facilitated expression. Although
initially the results of ionophoretic and intravenous application of NK4
receptor drugs appear contradictory, perhaps they are actually more

suggestive of the complex interactions that are postulated here to exist in
nociceptive processing. It may be of importance that SP is released into a

focal region of the superficial dorsal horn (Duggan et al, 1987, 1988), but
spreads in the presence of peptidase inhibitors (Duggan et al, 1992).
Interestingly, the endogenous neuropeptide CGRP has been postulated to
have a protective role over SP degradation, like these peptidase
inhibitors (Le Greves et al, 1985). CGRP co-localises with SP (Carr and
Nagy, 1993; Levine et al, 1993) and is known to be co-released during
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carrageenan-induced inflammation (Garry and Hargreaves, 1992). It
therefore seems credible that SP has limited involvement in situations

when the major site of its action includes proposed inhibitory neurons,

located around the area of release, such as may occur in acute

nociception, perhaps. However, SP may have greater role in more

prolonged pain states, when theoretically the combination of higher
concentrations of SP, accessing more widespread sites of action and the
interactions of many more synapses than those of lamina I, could produce
an overall pro-nociceptive contribution to the final output response. It is
possible that the carrageenan model of sustained inflammation was not
the most appropriate for revealing NK4 receptor effects. Others found
that NKi receptor antagonists failed to alter behavioural hyperalgesia
induced in normal rats or in the carrageenan model, but were

antinociceptive in more severe pain states, such as the formalin test and
diabetic neuropathy (Birch et al, 1993; Chapman and Dickenson, 1993;
Courteix et al, 1993; Garret et al, 1991; Yashpal et al, 1993). Similarly,
others found NK^ receptors could not be implicated in normal, baseline
nociceptive processes, but were important in sustained nociceptive states
involving damage and central sensitisation (Laird et al, 1993; Thompson
et al, 1993; Wiesenfeld-Hallin et al, 1990, Xu et al, 1992a).

7.2. NK2 RECEPTOR INVOLVEMENT IN NOCICEPTION

The results presented here are consistent with the concept that
NKA released from C-fibre primary afferents is important in mediating
(via NK2 receptors within the superficial dorsal horn) both acute noxious
thermal responses and also sustained, carrageenan-induced
inflammation, which is reported to lead to behavioural hyperalgesia
(Hargreaves et al, 1988; Iadarola et al, 1988a). In other models, NK2
receptors were also demonstrated to display a significant role in both
acute and sustained nociceptive states (Dourish et al, 1988; Munro et al,
1993a, 1993b; Nagy et al, 1993; Picard et al, 1993; Thompson et al, 1993;
Urban et al, 1992; Xu et al, 1991; Xu and Wiesenfeld-Hallin, 1992).
Interestingly, others have found that carrageenan pretreatment affected
the noxious thermal response much more than the noxious mechanical
response. These effects were manifest as an enhancement of the
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sensitivity of C-fibre polymodal nociceptors (Kocher et al, 1987), a

decrease in the paw withdrawal latency (Hargreaves et al, 1988) and in
the threshold of nociceptive thalamic neurons (Guilbaud et al, 1987a,
1987b), all to thermal stimuli. It has also been reported that NK2
receptors selectively mediated the acute noxious thermal response of
thalamic neurons (Santucci et al, 1993). From the studies here it may be
envisaged that in fact, NK2 receptors may be playing a pre-eminent role
in all these observations of selective alterations in the noxious thermal

responsiveness.
There is a lack of conclusive evidence for the expression of NK2

receptors in the spinal cord (Poosch et al, 1991; Sasai and Nakanishi,
1989; Takeda and Krause, 1991; Tsuchida et al, 1990). This is believed to
be because of insufficiently sensitive detection techniques. Despite the
therefore presumably very low levels of this receptor, the results of local
administration of selective tachykinin analogues, in both acute and
sustained nociception presented in this project, suggest that they have an

important role in the rat superficial dorsal horn. It seems highly unlikely
that the events observed are due to cross-reactivity with another receptor

type, as the agonists and antagonists used have been reported to show a

high degree of selectivity. In fact, the characteristics of the NK2
receptor-mediated events in the acute studies (with apparent rapid
desensitisation, pre-empting the ability of thermal nociceptive afferents
to activate lamina I cells), indicate that this receptor type may be on (or
at least very close to) lamina I cells. This is supported by ligand binding
studies (Yashpal et al, 1990, 1991), though no localisation of NK2
receptor mRNA has been successfully carried out as yet, to confirm such
data (see Appendix 1).

Tachykinin neuropeptide-ir has been found in abundance in
primary afferents (i.e. in approximately 30% of rat lumbar dorsal root
ganglion neurons; Ju et al, 1987). Some of these afferents also contain
other putative neurotransmitters, including excitatory amino acids,
somatostatin, CCK, VIP and galanin (Carr and Nagy, 1993; Levine et al,
1993; Salt and Hill, 1983). It may be that one or more of these
substances are also required, possibly acting in conjunction with NKA, to
evoke a complete thermal nociceptive response, under physiological
conditions. There is mounting evidence that somatostatin (which is
found in over 10% of rat lumbar dorsal root ganglion neurons; Ju et al,
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1987) also has an important function in thermal nociception (Fleetwood-
Walker et al, 1993b; Kuraishi et al, 1985; Morton et al, 1989; Tiseo et al,
1990; Wiesenfeld-Hallin, 1986). Likewise, the carrageenan-induced
facilitation of PPD mRNA expression could not be completely blocked by
NK2 receptor antagonists here, perhaps suggesting the involvement of
other additional, possibly similar factors.

7.3. The contribution of NKj and NK2 receptors to different
FORMS OF NOCICEPTION

There is good evidence that the tachykinins, SP and NKA are

synthesised together and co-exist in primary afferents (Carter and
Krause, 1990; Dalgaard et al, 1985; Helke et al, 1990). However,
differential effects of these ligands were found here, in activating either
NKi or NK2 receptors. Furthermore, evidence suggests that SP and
NKA may be released (and/or possibly metabolised) separately,
depending on the nature of the stimulus. NKA-ir was released with
acute noxious (mechanical and thermal) and also inflammatory stimuli
(Duggan et al, 1990; Hope et al, 1990a), whereas SP-ir could not be
released with noxious, undamaging thermal stimuli, but was released by
noxious mechanical and inflammatory stimuli (Duggan et al, 1987, 1988;
Garry and Hargreaves, 1992; Kuraishi et al, 1989; Schaible et al, 1990;
Tiseo et al, 1990). Likewise, SP and somatostatin appear to be released
separately and according to the cutaneous stimulus applied (Kuraishi et

al, 1985; Wiesenfeld-Hallin, 1986). One explanation for such findings
could be that there are subpopulations of polymodal nociceptive afferents,
which may be preferentially activated by thermal or mechanical stimuli,
as have been suggested to exist by others (Treede et al, 1992). Dorsal
root ganglion of identified nociceptive afferent fibres have been shown to
contain different combinations of neuropeptides, though the physiological
functions of these remains unclear (Carr and Nagy, 1993; Leah et al
1985; O'Brien et al, 1989). One or a number of these other putative
neurotransmitters could be important in mediating the noxious pinch
response within superficial dorsal horn neurons; a response which does
not appear to be mediated by the tachykinins SP or NKA, at least under
the conditions studied here. This latter finding seems at odds with the
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reports that both NKA and SP could be released with brief noxious pinch
stimuli (Duggan et al, 1987, 1988, 1990; Kuraishi et al, 1989). It may be
that one or both of these tachykinins have a role in this response, but
only in addition to other cofactors, which conceal their involvement. It is
likely that noxious mechanical stimulation recruits A6- high threshold
mechanoreceptors in addition to C-fibre nociceptors, which are

additionally activated by temperatures known to cause noxious thermal
responses (Bessou and Perl, 1969; LaMotte and Campbell, 1978; Perl,
1984), thus providing a mechanism of differential neuropeptide release
and action, dependent on the stimulus provided. An alternative
explanation for the lack of effect of the tachykinins in mediating the
noxious pinch response here, could be that not all the relevant receptor
sites were accessed by sufficient concentrations of receptor ligands.

Only cutaneous noxious stimulation has been considered here.
There is evidence that other types of pain, such as elicited from joint,
muscle or viscera, may involve different processing. For the tachykinins,
SP-ir at least, has been found more commonly in muscle and joint
afferents than skin afferents of rat hindlimb (O'Brien et al, 1989). Flexor
reflex studies also highlight such apparent differences, where NK2
receptors showed more involvement in mediating prolonged facilitation
after conditioning stimulation of a muscle nerve than a cutaneous nerve

(Xu et al, 1991).

7.4. Potential therapeutic value

This project lays the foundations for the possible development of
novel analgesic agents, selectively directed against NKi and especially
NK2 receptors. With the advent of selective nonpeptide drugs it may be
possible to test whether systemic NK2 receptor blockade could be a

potentially useful analgesic strategy. NK^ receptor blockade could
possibly be useful in treating sensitised pain states, although, from the
data presented here, it can be envisaged that this may be of limited
success. NKi and NK2 receptor analogues were unable to affect the
entire complement of nociceptive responses. It seems probable that there
is an array of cofactors/neurotransmitters involved in mediating these
and other nociceptive responses. Therefore, it appears plausible that
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greater success may be achieved with a variety of drugs directed against
a range of other afferent chemicals or combinations of these with opioids.
Furthermore, NKq and NK2 receptors are found throughout the body and
are known to be involved in regulating many physiological processes,

including smooth muscle contraction in the cardiovascular and
respiratory systems (Maggi et al, 1993). Therefore, the use of tachykinin
analogues may be limited by major side effects or could require specific
routes of administration, thus hampering their suitability as general
therapeutic agents.
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APPENDIX Is

Localisation of NK2 receptors by in situ hybridisation
histochemistry

Al. Aims

A knowledge of the exact cellular locations of NK2 receptor
synthesis within the spinal cord would further increase knowledge of the
involvement of the tachykinins in nociceptive transmission. Evidence for
the existence of NK2 receptors in the rat spinal cord, from binding
studies and molecular biological experiments remains rather contentious
(see Introduction section 1.6.l.b). However, the localisation of the
endogenous NK2 agonist, NKA to dorsal root ganglia and the spinal cord,
along with behavioural and electrophysiological studies (see Introduction
sections 1.5.2. and 1.7.) in addition to the results presented in this
project, would strongly suggest the presence of functional NK2 receptors
within the superficial dorsal horn.

Here, in situ hybridisation histochemistry (a technique which
provides detailed anatomical information) was employed to attempt to
localise NK2 receptor mRNA expression, implicating possible functional
receptor presence.

A2. Materials and Methods

A protocol to detect NK2 receptors in the rat spinal cord was

designed, based largely on the working protocol developed for in situ
hybridisation histochemical detection (ISHH) of preprodynorphin mRNA
(see Methods section 2.4.6.).

A2.1. Tissue removal and sectioning
Various rat tissue types, previously reported by others to contain

high levels of postulated NK2 receptor-ligand binding or mRNA, were
selected to try to establish the optimum ISHH methodology. These were

spinal cord and brain areas, including the external plexiform layer of the
olfactory bulbs, the lateral septum, the supraoptic nucleus (SON), the
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substantia nigra and the hippocampal areas, along with the external
smooth muscle of the bladder and the muscularis mucosae of oesophageal
tissue (Bergstrom et al, 1987; Dam et al, 1990; Mantyh et al, 1989; Poosch
et al, 1991; Takeda and Krause, 1991; Yashpal et al, 1990, 1991).

Spinal cord sections were obtained from untreated control rat
tissue (see Methods section 2.4.5.b) and unilaterally-carrageenan-treated,
conscious control rat tissue (see Methods section 2.4.4.a). Brain and

peripheral tissues were dissected out of unanaesthetised rats which had
been stunned then killed by rapid decapitation. All the above samples
were obtained and treated as outlined in section 2.4.5.: 'Tissue removal

and sectioning'. Peripheral tissue was mounted and transverse sections
cut then processed, using the protocol as described outlined above for
spinal cord tissue.

A2.2. Probe labelling
A cocktail of two oligodeoxyribonucleotide probes was used

(NK2U) and NK2(2); see table 2.1. and figure A2.1.). They represented
different areas of the characterised rat stomach NK2 receptor cDNA
sequence (Sasai and Nakanishi, 1989). Two probes were used to increase
the chances of detecting the NK2 receptor mRNA, which is believed to be
present in low abundance and it is thought for this reason other such
molecular biology techniques have failed in the past to readily detect this
mRNA in the CNS (see Introduction section 1.6.l.b: 'Distribution of NK2
binding sites in the spinal cord').

The sequences were selected so that they would both have a

similar length and GC content and therefore Tm value to the DYNO
probe (see table 2.1.). Each probe was derived from a separate area of the
transcribed portion of the gene to avoid overlapping hybridisation
hindrance, and possessed minimal nucleotide base homology with the
equivalent areas in the rat NK^ or NK3 receptor gene sequences.

The probes were labelled separately following an identical
protocol to that for the DYNO oligomer (see Methods section 2.4.6.a) then
finally mixed together before storage at -70 °C.
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Figure A2.1

Encoded region of the rat NK2 receptor gene sequence, showing
the areas of specific NK2(1) and NK2(2) oligonucleotide

hybridisation

The one letter nucleotide sequence represents the cloned rat stomach
NK2 receptor cDNA. The residue numbers of its deduced amino acid
sequence are shown below this sequence. The two NK2 receptor probes
used, NK2(1) and NK2(2) were complementary to non-overlapping bases,
encoding amino acids 377-390 and 226-241, respectively, of the rat NK2
receptor. These probes are highlighted in bold above the nucleotide
sequence and were designed for minimal common homology with the
other, NKq or NK3, tachykinin receptor genes. Furthermore, these
sequences did not include any regions encoding the putative, highly
conserved transmembrane segments.

(taken from Sasai and Nakanishi, 1989).
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ATGGGGACCCGTGCCATTGTTTCTGACGCCAACATCTTGTCTGGCCTCGAGAGCAATGCCACGGGTGTTACAGCCTTCTCCATGCCTGGCTGGCAGCTGGCGTT 1 ATGGGCCACAGCCTACCTGGCCCTGGTGCTGGTGGCTGTGACAGGCAATGCCACAGTCATCTGGATCATTCTGGCCCACGAGAGGATGCGCACAGTCACCAACT 40 ATTTCATCATCAACCTGGCCTTGGCGGACCTCTGCATGGCAGCCTTCAACGCGACCTTCAACTTCATCTACGCCAGTCACAACATCTGGTACTTCGGCTGTGCC 80 TTCTGCTATTTCCAGAACCTCTTTCCCATCACAGCCATGTTCGTCAGCATCTACTCCATGACCGCCATTGCTGCTGACAGGTACATGGCCATCGTTCACCCCTT 120 CCAGCCACGGCTCTCGGCCCCCAGCACCAAGGCGATTATCGCTGGCATCTGGCTGGTAGCCCTGGCTCTCGCCTCCCCGCAATGCTTCTACTCCACCATCACTG 160

to
CO

Oi

GGCCAAGAAGAAGTTTGTGAAGGCCATGGTACTGGTGGTGCTGACATTTGCCATCTGCTGGCTGCCCTACCACCTCTACTTCATCCTGGGGACCTTCCAAGAGG ACATCTACTACCACAAGTTTATCCAGCAGGTCTACCTGGCGCTCTTCTGGCTGGCCATGAGCTCCACAATGTACAACCCTATCATTTATTGCTGCCTTAACCAC 280 AGGTTTCGCTCTGGATTCCGGCTTGCTTTCCGGTGCTGCCCCTGGGTGACACCAACTGAGGAAGACAGGCTGGAGCTGACTCACACGCCATCCCTCTCCAGGAG 320

GTCCTACCCCTCGGAC

AGTCAACCGGTGTCATACCAAGGAGACTTTGTTCATGACGGGGGACATGACCCACTCTGAGGCTACCAATGGACAGGTTGGGAGTCCCCAGGATGGGGAGCCTG 360

GACCTGGGTAGACGTTCCGGGTCCGA CTGGACCCATCTGCAAGGCCCAGGCT
390TGGACGAGGGGGCCACCAAGTGTGTGGTGGCCTGGCCCAATGACAACGGAGGCAAGATGCTCCTACTGTATCATCTGGTCGTGTTTGTCCTCATCTACTTCCTG

200 CGCGCGCCATGGGTCTGTGGTCCGAGTGCCTCGGTTGAATGCGG CCTCTCCTGGTGATGTTCGGGGCTTACAGTGGCATCGGCCTCACACTGTGGAAGCGCGCGGTACCCAGACACCAGGCTCACGGAGCCAACTTAGGGCATCTACA
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A2.3. In situ hybridisation histochemistry
Slides were fixed and hybridised as outlined above for PPD

mRNA detection except that a range of probe concentrations were tried
from approximately 5 x 10^ - 60 x 10^ dpm per pi of hybridisation
buffer, applied to rat peripheral and spinal cord tissue in volumes of 20-
30 pi per section and to rat brain tissue in aliquots of 50 pi per section.
After several preliminary assays, the stringency of the post-hybridisation
washing conditions was also increased to three 2 hour steps of firstly 2 X
SSC (40°C), followed by 1 X SSC (40°C) and finally 0.1 X SSC (50°C).
Different exposure durations were also tried, from 6 to 10 weeks, to
discover the optimum time course which provided a suitable signal to
background ratio for NK2 receptor mRNA detection.

A2.4. Analysis
Sections were viewed under light and dark field illumination at

x400 of the light microscope to detect any presence of NK2 receptor
mRNA positively-labelled nuclei.

A3. Results

The ISHH methodology employed here failed to yield any

unequivocal indication of NK2 receptor mRNA expression within the rat
tissues assessed. In sections of rat bladder, oesophagus, olfactory bulbs,
lateral septum, SON and hippocampal areas, previously reported to
display NK2 receptor binding, it was not possible to detect whether there
were more concentrated aggregations of silver grains than in other non-

NK2 receptor binding areas or than in adjacent RNase-treated control
sections, which all unfortunately also displayed quite high background
levels. Similarly, the working protocol to date gave no signs of specific
hybridisation of the two probes in particular areas of the rat spinal cord.
These sections merely showed a generally diffuse pattern of silver grains
over the whole tissue. Figure A3.1. shows typical photomicrograph
examples of oesophageal tissue and spinal cord, probed for NK2 receptor
mRNA expression.
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Figure A3.1.

Photomicrographs of possible NK2 receptor mRNA within
peripheral and central rat tissues

Lightfield photomicrographs of potential NK2 receptor mRNA detection
in A; rat oesophageal tissue, at both low power (Ai) and higher power

(Aii) and B; rat superficial dorsal horn, at low power (Bi) and higher
power in the region of lamina I (Bii), after incubation with two 35g_
labelled NK2 receptor oligomer probes.
Abbreviations are as follows:- L, lumen; E, epithelium; MM, Muscularis
mucosae; ME, Muscularis externa.
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A4. Discussion

The peripheral and brain regions studied here included those
which have previously been reported to express NK2 receptor mRNA and
showed NK2 receptor binding (Bergstrom et al, 1987; Dam et al, 1990;
Mantyh et al, 1989; Poosch et al, 1991; Takeda and Krause, 1991;
Yashpal et al, 1990, 1991). However, the results presented here, clearly
indicate that further refinement of the in situ hybridisation technique is
required before localisation of NK2 receptor mRNA expression within the
spinal cord can be convincingly and thoroughly investigated. There may

be potential for manipulating this methodology to achieve higher
selectivity over the accompanying high background hybridisation. It may

be that the stringency of hybridisation and post-hybridisation washes
need to be increased, to reduce the non-specific background for better
discrimination of actual hybridisation within brain and peripheral
tissues. However, the reverse may be required for spinal cord tissues, as

there is controversy to whether this tissue actually expresses NK2
receptors in very low abundance (Poosch et al, 1991; Sasai and
Nakanishi, 1989; Takeda and Krause, 1991; Tsuchida et al, 1990).

There are some reports that NK2 receptor subtypes exist (for
reviews see Maggi et al, 1993). If this is true it may be that the rat
stomach NK2 receptor cDNA sequence, from which the two
oligonucleotide probes were designed, is sufficiently distinct from the
NK2 receptor mRNA expressed in the spinal cord to hinder detection.
However, the evidence for the existence of subtypes rests mainly on

interspecies differences and not intraspecies variations, though the latter
have been intimated to arise in rat peripheral tissues, such as the
bladder (Nimmo et al, 1992; Tsuchida et al, 1990).

It is important to point out that the only evidence to date for NK2
receptor mRNA expression in the CNS has been derived by sensitive
techniques based on solution hybridisation (Poosch et al, 1991; Takeda
and Krause, 1991). This cannot give any detailed anatomical
information. However, another approach may be to utilise the modified
ISHH technique, as reported by Schafer et al (1993). This group used
two riboprobes, with much longer sequences than the cDNA probes
employed here, to detect NK^ receptor mRNA in the spinal cord, where it
is apparently expressed in low abundance. Although these probes were
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used at similar concentrations to those stated here, it is reported that
RNA probes produce less background than DNA probes (Hames and
Higgins, 1985). Furthermore, one of the cRNA probes was cleaved into
many smaller fragments by mild alkaline hydrolysis, to aid penetration.
Thus, this method directed multiple complementary sequences to the
mRNA to increase the probability of detection.

If indeed cellular sites of NK2 receptor synthesis were localised in
the spinal cord by ISHH, this could potentially provide a very powerful
tool to investigate the possibly of activity-dependent alterations in
expression. It is conceivable that such alterations might occur in
mechanisms which have been shown to involve NK2 receptor responses,
as in the carrageenan model of peripheral inflammation (see Chapter 5
and 6). ISHH could perhaps be exploited in conjunction with differential
labelling, to establish where these receptors were situated in relation to
identified superficial dorsal horn neurons exhibiting inflammation-
induced responses, such as increased PPD mRNA expression.
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1. Fleetwood-Walker, S.M., Hope, P.J., Parker, R.M.C., Mitchell, R.
(1991) Effects of antagonists selective for NK^ and NK2 receptors on
somatosensory responses of rat dorsal horn neurones. Br. J.
Pharmacol. 104:472P.

2. Fleetwood-Walker, S.M., Parker, R.M.C., Munro, F.E., Mitchell, R.,
Birch, P. (1992) Excitation of rat dorsal horn lamina I neurons by
selective agonists at NK2 but not NK][ receptors. Neuropeptides
22:P23.

3. Fleetwood-Walker, S.M., Parker, R.M.C., Munro, F., Young, M.R.,
Mitchell, R. (1993) The role of NK4 and NK2 receptors in nociceptive
inputs to rat dorsal horn lamina I and lamina IV/V neurons.

Neuropeptides 24:P82.

4. Fleetwood-Walker, S.M., Parker, R.M.C., Munro, F., Young, M.R.,
Mitchell, R. (1993) Evidence for a role of NK2 receptors in mediating
acute and sustained nociceptive inputs to dorsal horn neurons.

Congress Abstracts, IASP Publications, 7th World Congress on Pain
11.

5. Fleetwood-Walker, S.M., Parker, R.M.C., Munro, F., Young, M.R.,
Hope, P.J., Mitchell, R. (1993) Evidence for a role of NK2 receptors in
mediating brief nociceptive inputs to rat dorsal horn (laminae III-V)
neurons. Eur. J. Pharmacol. 242:173-181.

6. Fleetwood-Walker, S.M., Parker, R.M.C., Munro, F., Young, M.R.,
Hope, P.J., Mitchell, R. (1993) The role of tachykinins and
somatostatin in spinal nociceptive processing. The Journal of Pain
Society 11:22-26.

7. Parker, R.M.C., Fleetwood-Walker, S.M., Rosie, R., Munro, F.E.,
Mitchell, R. (1993) Effects of neurokinin receptor antagonists on

carrageenan-induced expression of preprodynorphin mRNA in rat
dorsal horn lamina I neurons. Br. J. Pharmacol. 108:289P.

8. Parker, R.M.C., Fleetwood-Walker, S.M., Rosie, R., Munro, F.E.,
Mitchell, R. (1993) Inhibition by NK2 but not NKi antagonists of
carrageenan-induced preprodynorphin mRNA expression in rat dorsal
horn lamina I neurons. Neuropeptides 25:213-222.

see overleaf
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472P EFFECTS OF ANTAGONISTS SELECTIVE FOR NEUROKININ-! AND NEUROKININ-2 RECEPTORS ON
SOMATOSENSORY RESPONSES OF RAT DORSAL HORN NEURONES

S.M. Fleetwood-Walker, P.J. Hope, R.M.C. Parker & "R. Mitchell. Department of Preclinical Veterinary Sciences, Royal
(Dick) School of Veterinary Studies, Edinburgh and *MRC Brain Metabolism Unit, 1 George Square, Edinburgh EH8 9JZ.

Although for many years substance P (SP) has been a candidate for the transmitter of polymodal nociceptive
somatosensory afferents, there is now considerable evidence that neurokinin A (NKA) or related peptides may be
important (Fleetwood-Walker et al, 1990). Neurokinin A (NKA) and related structures show selectivity for NK-2 receptors
and there is increasing evidence for the presence of not only NK-1, but also NK-2 and NK-3 receptors in superficial
dorsal horn (Yashpal et al, 1990). In the present study, the effects of ionophoretically-applied L-668169 and L-659874
(highly-selective antagonists at NK-1 and NK-2 receptors respectively; McKnight et al, 1988) were investigated on the
somatosensory responses of neurones in rat dorsal horn. Extracellular recordings were made from lamina IV/V
neurones in segments T12 - L4 of chloralose/urethane-anaesthetised rats, as described previously (Hope et al, 1990).
Neuronal responses to repeated peripheral stimuli were recorded using the central barrel of a glass microelectrode, with
ionophoresis of drugs (as 0.15 mM, pH 4.5 - 5, aqueous solutions with 0.3% dimethylformamide) from the side barrels.
In none out of 6 neurones tested with L-668169 (at 20 nA for 6 min), was there any marked inhibition of responses to
noxious heat (84 ± 6% of controls) noxious pinch (104 ± 9% of controls) or spontaneous activity (94 ± 6% of controls),
(mean ± s.e. mean in each case). However, in 5 out of 6 cases there was clear enhancement of responses to innocuous
brush or tapping, reaching a mean of 143 ± 7% of control values (n = 5). In one neurone, spontaneous activity and
sensory responses were all increased. In contrast, the NK-2 antagonist L-659874 selectively inhibited thermal
nociceptive responses in all except one neurone tested. In the other 6 cases, thermal nociceptive responses were
reduced to 43 ± 7% of controls by L-659874 at 10 nA for 3 min (n = 3) and to 23 ± 10% of controls by 20 nA for 3 to 6 min
(n = 3). Corresponding mean responses to pinch, brush/tap and spontaneous activity remained within 10% of control
values. These results are entirely in accord with those on antidromically-identified neurones in the cat (Fleetwood-
Walker et al, 1990) indicating that NK-2 receptors serve a crucial role in the transmission of thermal nociceptive inputs. It
is possible that NK-1 receptors also subserve a role in nociception; but at sites not well accessed here. A robust
influence of NK-1 receptors in the regulation of non-nociceptive responses was also apparent (as observed in previous
experiments on cat dorsal horn neurones; Fleetwood-Walker et al, 1990). Furthermore, the direct effects of L-668169
observed here suggest that a tonic influence of an endogenous NK-1 agonist such as SP may be present during our
testing protocol.

Fleetwood-Walker, S.M., Mitchell, R., Hope, P.J., El-Yassir, N., Molony, V. & Bladon, C.M. (1990) Brain Res. 519, 169-182-
Hope, P.J., Fleetwood-Walker, S.M. & Mitchell, R. (1990) Brit. J. Pharmacol. 101, 477-483.
McKnight, A.T., Maguire, J.J., Williams, B.J., Foster, A.C., Tridgett, R. & Iversen, L.L. (1988) Regul. Peptides 22, 127.
Yashpal, K., Dam, T.V. & Quirion, R. (1990) Brain Res. 506, 259-266.
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Excitation of Rat Dorsal Horn Lamina I
Neurons by Selective Agonist at NK-2 but not
NK-1 Receptors
S. Fleetwood-Walker. R. Parker. F. Munro. *R.
Mitchell and tP. Birch
Department of Preclinical Veterinary Sciences.
University of Edinburgh. Edinburgh EH9 1QH; *MRC
Brain Metabolism Unit, 1 George Square, Edinburgh
EH8 9JZ and fDepartment ofNeuropharmacology,
Glaxo Group Research, Ware, Herts, SG12 ODP. UK

We have previously shown that tachykinin NK-2 recep¬
tors have an essential and selective role in mediating or
amplifying thermal nociceptive inputs to dorsal horn lam¬
inae IV/V neurons in cat and rat (1, 2) . Here we investi¬
gated the effects ofNK-1 and NK-2 selective agonists on
histologically identified multireceptive lamina I neurons
of chloralose/urethane-anaesthetized rats. Drags were
applied by ionophoresis while making extracellular
recordings during cycles of quantified cutaneous stimuli.
In 9 out of 11 lamina I cells, NKA (10-60 nA, 3-12 min)
caused an increase in spontaneous activity which varied
from 1.6 to 42 fold (means ± s.e.m.: 11.2 ± 4.9) and was
transient. The only consistent change in sensory responses
was a severe depression of thermal nociception, corre¬
sponding to the declining phase of the effect on sponta¬
neous activity. The novel, highly-selective NK-2 agonist

GR 64349 (3) produced entirely equivalent effects in 7
out of 9 cells. The selective NK-1 agonist [MetM-OMe]
substance P consistently had no marked effect. These
results further support a role of NK-2 receptors in noci¬
ceptive processing in dorsal horn and show that their
influence on lamina 1 neurons is quite different from that
on laminae IV/V cells. No influence of NK-1 receptors
was apparent. The N K-2 receptor may be on (or very close
to) lamina I cells, seems to desensitize quite rapidly and
apparently such desensitization may prevent the ability of
thermal nociceptive afferents to activate lamina I cells.

1. Fleetwood-Walker. S. M.. Mitchell, R.. Hope. P. J.. El-Yassir.
N. and Molonv. V. (1990). Brain Res. 519: 169-182.

2. Fleetwood-Walker. S. VI.. Hope. P. J.. Parker, R. M. C. and
Mitchell. R. (1991). Brit. J. Pharmacol. 104: 472P.

■ 3. Hagan. R. M., Ireland, S. J.. Jordan, C. C.. Beresford, I. J. M..
Deal, M. J. and Ward. P. (1991). Neuropeptides 19: 127-135.
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P82 The Role of NKi and NK2 Receptors in
Nociceptive Inputs to Rat Dorsal Horn Lamina
I and Laminae IV/V Neurons
S. Fleetwood-Walker. R. Parker, F. Munro,
M. Young and R. Mitchell*
Royal (Dick) School of Veterinary Studies.
Summerhall, Edinburgh and *MRC Brain Metabolism
Unit, George Square, Edinburgh. UK

Single neurons of chloralose/urethane anaesthensed rats
were extracellularly-recorded and drugs applied by
ionophoresis.1 In lamina I, [Met-OMell]SP (NKi agonist)
had no effect in 9/10 cells whereas NKA and GR 64349
(NK2) produced a marked but transient excitation in nearly
all cases. However, in laminae IV/V, [Ac-Arg6, Saf\
Met(0:ll]SP^u(NK,), NKA and GR 64349 were all effec¬
tive excitants. In experiments with antagonists on lami¬
nae IV/V neurons, L-659874 (NK2) selectively inhibited
brief thermal nociceptive responses in 9/9 cases but L-
668169 (NKi) had no effect in 7/9. Similar results were
obtained in models of sustained neuronal activation by
mustard oil2 or induction of preprodynorphin mRNA by
intraplantar carrageenan.3 Our results suggest that NK2 but
not NKi receptors may be important in nociceptive
responses of laminae I and IV/V neurons to brief thermal
and modest inflammatory stimuli. NK receptors may be
more important in profound inflammatory conditions,
since in contrast to NKA, SP is released only by damag¬
ing levels of thermal stimuli.

1. Fleetwood-Walker. S. M., Hope, P. J., Parker. R. M. C. and
Mitchell. R. (1991). Effects of antagonists selective forNKi
and NK receptors on somatosensory responses of rat dorsal
horn neurons. Br. J. Pharmacol. 104: 472P.

2. Munro. F. E.. Fleerwood-Walker, S. M.. Parker. R. M. C. and
Mitchell, R. Mustard oil-evoked activation of rat dorsal horn
neurons is inhibited by NK but not NK receptor antagonists.
Br. J. Pharmacol (in press).

3. Parker. R. M. C..Fleetwood-Walker. S. M.. Rosie. R.. Munro.
F. E. and Mitchell, R. Effects ofNK receptor antagonists on
carrageenan-induced expression of preprodynorphin mRNA
in rat dorsal hom lamina I neurons. Br. J. Pharmacol. (in press).
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EVIDENCE FOR A ROLE OF NK, RECEPTORS IN
MEDIATING ACUTE AND SUSTAINED NOCICEP¬
TIVE INPUTS TO DORSAL HORN NEURONS. T
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Brain Metabolism Unit, 1 George Square, Edinburgh
EH8 9JZ.

Aim of Investigation: In view of reports that tachy¬
kinins with selectivity for NK( and NK7 receptors (sub¬
stance P and neurokinin A respectivelyj are contained in
fine somatosensory afferents and can be released upon
noxious stimulation, we assessed the role of these recep¬
tors in nociceptive processing.

Methods: The activation of single dorsal horn neu¬
rons during cutaneous stimulation was investigated in
two models (i) acute natural stimuli to the peripheral
receptive field (over 10-30 s) and (ii) peripheral inflam¬
mation induced by intraplantar injection of carrageenan
(over 6 h). Experiments were carried out in anaesthetised
rats. Neuronal responses were measured in model (i) by
extracellular electrical recording and in model (ii) by in
situ hybridisation histochemistry for preprodynorphin
(PPD) mRNA. Antagonists selective for NK or NK^
receptors were delivered by ionophoresis into the spinal
dorsal horn.

Results: Acute sensory responses to noxious heat but
not innocuous brush or noxious pinch were inhibited by
the NK_, antagonist L-659874 (9/9 cells) but not by L-
668169~(NK]; no effect in 7/9 cells), confirming earlier
work in cats. In 3 out of 3 animals with bilateral carra¬

geenan inflammation, unilateral L-659874 inhibited the
increased expression of PPD mRNA in ipsilateral super¬
ficial dorsal horn whereas L-668169 or GR 82334 were

ineffective.
Conclusion: These results indicate that dorsal horn

NK7 receptors play a more important role than NK^ in
the present models of acute and sustained nociception.
However, since laminae IV/V (although not lamina I)
cells are excited by NKt as well as NK2 agonists it seems
likely that NKj receptors do play some role in nocicep¬
tive processing, perhaps under circumstances of more
profound inflammation than assessed here.
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The role of tachykinins and somatostatin in spinal

nociceptive processing

S.M. Fleetwood-Walker, R.M.C. Parker. F. Mitnro. \l. Young, P.J. Hope and R. Mitchell*.
Department ofPreclinical Veterinary Sciences.University ofEdinburgh, Edinburgh:

*M.R.C. Brain Metabolism Unit. Edinburgh

Summary

Since not only substance P (SP) but also neurokinin A (NKA)
appears to be released from fine primary afferents upon
noxious cutaneous stimulation we have addressed the role of
their preferential targets (NK, and NK- receptors respec¬

tively) in mediating nociceptive responses of spinal dorsal
horn neurons. By making extracellular recordings of neurons
in anaesthetised rats (and cats) whilst applying drugs locally
by ionophoresis it was shown that NK, agonists facilitate and
NK, antagonists prevent responses to brief thermal noxious
stimuli in a highly selective manner. NK! receptor drugs had
no marked effect, although NK, agonists could readily excite
laminae IV/V but not lamina 1 neurons. NK, agonists excited
both deep and superficial cells, apparently producing a selec¬
tive desensitising block of thermal nociception in lamina I.

NK, and NK. receptor drugs were also assessed in two
models of sustained C-afferent input associated with periph¬
eral inflammation, hyperalgesia and increased responsive¬
ness of dorsal horn. Neuronal activity wind-up over tens of
minutes by cutaneous application of mustard oil was inhibited
by NK, but not NK. antagonists. Expression of mRNA for
preprodynorphin elicited over 6 hours by intraplantar injec¬
tion of Kcarrageenan was similarly affected.

Experiments with another peptide released from fine noci¬
ceptive afferents, somatostatin (SS) indicated that just like
NK, receptors, the SS, subtype of SS receptor may well be an
essential component in mediation of brief thermal nocicep¬
tive inputs.

The interrelations between the roles played by NK., SS,
and NK, receptors (and indeed receptors for other factors co-
released from nociceptive afferents) will be important to
elucidate.

Introduction

For a number of years there has been strong interest in the
possibility that substance P (SP) is a transmitter mediating the
input from fine primary afferent C fibres to dorsal horn
neurons. In support of this hypothesis there is a body of early
work describing prominent excitatory effects of SP on dorsal
horn neurons, especially those responding to nociceptive

inputs (sec [1] for review). More recent work with in vitro
preparations describes facilitation by SP of responses to
excitatory amino acids [2], In behavioural experiments,
intrathecally-applied SP and NK, receptor agonists elicit a
localised biting/scratching response, perhaps consistent with
irritation or pain [3] while some but not all NK, antagonists
produce behavioural analgesia [4,5], However, when the
release of tachykinins into dorsal horn has been examined by
antibody microprobe or push-pull cannula techniques, it is
clear that SP is released by noxious levels of mechanical
stimulation but surprisingly not by noxious thermal stimula¬
tion at temperatures which selectively activate poiymodal C-
afferents [6.7], Higher skin temperatures however which are

likely to cause inflammatory damage, do release SP [8]. In
contrast, both noxious pinch and heat cause release of neuro¬
kinin A (NKA) which originates in dorsal hom very largely
from primary afferents [9] where it is generated by alternative
splicing of the mRNA for the SP precursor [10].

At the level of sensory responses of single neurons or
nociceptive reflexes there has been relatively little decisive
data implicating tachykinins as mediators of nociception: due
in large part to the low specificity and potency of the early
antagonists. Although SP was reported [11] to excite only
those neurons that received nociceptive inputs, this has not
been observed by other workers [12], Only recently with the
advent of non-pepttde NK, antagonists has solid evidence
been presented for an actual role of NK, receptors in mediat¬
ing responses of single neurons to high intensity afferent
stimulation or peripheral noxious stimuli [13,14], More ex¬
tensive studies are needed because these new agents have
been found to exert prominent and very relevant effects on
Ca;" channels [15], Facilitation of a flexor reflex elicited
either by SP or by conditioning stimulation of sural nerve was
prevented by an improved peptide antagonist. Spantide II (a
more potent blocker of NK, than NK, or NK. receptors) [16],

Our earlier studies, carried out on single neurons of anaes¬
thetised cats, pointed clearly to a role of NK. rather than NK,
receptors in mediating brief responses to noxious thermal
stimuli [17], NKA and other NK, agonists specifically facili¬
tated such responses, whereas the early NK. antagonists
[D-Pro".Lys",D-Trp" ') l".Phe"]SP4 ,, and " [D-Tvr.D-
TrpANleMSP^,, abrogated thermal nociceptive responses,
reversed the effect of NKA on these responses and demon¬
strated behavioural analgesia in rat tail flick and hot plate

22 The Journal of the Pain Society Vol. I 1 No. I



The Edinburgh Meeting

tests. Interestingly, selective NK agonists had no etfect on
dorsal horn neurons in those studies whereas NK, agonists
merely inhibited nonnociceptive responses, without modify¬
ing thermal or mechanical nociceptive responses; despite
clear evidence [6] that noxious pinch releases SP into dorsal
horn.

The experiments described here were carried out to further
investigate the relative importance of NK. and NK. receptors
in spinal nociceptive processing. There is evidence that ligand
binding sites and mRNA corresponding to both NK, and to a
lesser extent NK. receptors arc present in superficial dorsal
horn [18-20].

Methods

Experiments were carried out in ehloralose/urethane-anaes-
thetised rats examining the responses of single dorsal horn
neurons during localised ionophoresis ofNK receptor antago¬
nists and employing a range of sensory stimuli. Some experi¬
ments, particularly comparing the effects of tachykinins and
somatostatin (SS; shown to be released into dorsal hom by
noxious, but not damaging levels of thermal stimuli [6,7])
were carried out in cats. The detailed methods, and sources

and specificity of the relevant pharmacological agents are
described in the publications indicated.

Results

In lamina 1. NK. agonists reliably produced a marked yet
transient excitation and the declining phase of this (desensi-
tisation?) coincided remarkably with a selective diminution
of responses to noxious heat. NK, agonists were without
detectable effect in lamina I cells (Table 1).

Fraction of cells excited

(mean fold increase in tiring rate)

[Ac-Artr'.SarTMenOZ) ]SP
i NK.) "
(MetfOMei ISP
tNk )

NKA

(Nk.)
(1R 64349
(Nk.)

Lamina I

2/11 ' 0.ft fold)

•HI (xl 1.2 Ibid)

7/9 (x7.8 told)

Laminae II' I
ft 6 1x5.4 told;

4/4 (\3/> told)

ft.X (\3.5 Ibid)

5/5 1x4.0 fold)

In the first series of experiments, novel and highly selective
NK, and NK, antagonists were tested on the nociceptive/non-
nociceptive responses of rat laminae IV/V neurons [21,22], In
17 out of 19 neurons tested with the NK, antagonist L-659874
there was clear and selective inhibition of thermal (but not

mechanical) nociceptive responses. In contrast, the NK, an¬
tagonists L-668169 and GR 82334 were without effect on

nociception in 6 out of 8 and 4 out of 6 cases respectively, yet
caused facilitation of non-nociceptive responses in over 75%
of the cells. It seems clear that not only in cat but also in rat,
NK. receptors play an important role in thermal (if not
mechanical) nociception.

One possible reason for the lack of forthcoming evidence
for a role of NK, receptors is that they are not present at a
location accessible to the drugs as applied. To address this
issue we carried out experiments with agonists. Drugs were

applied ionophoretically close to laminae IV/V neurons and
as a comparison, lamina I neurons [22,23]. The ascending
cells of lamina I were of interest for two reasons: (i) they are

reported to show a greater predominance of nociceptive cells
and (ii) they are reported to receive direct synaptic contacts
from fine primary afferents (including some SP reactive
terminals). In laminae IV/V, selective NK, and NK, agonists
produced clear excitatory effects of a similar order of magni¬
tude which gradually declined despite continued ionophoresis.

Experiments were earned out in anaesthetised rats and drugs were applied by
microionophoresis (10-S0 nA for 3-12 mini from side barrels of the multibarrelled
extracellular recording electrode.

Table I. Effects of NK receptor agonists on spontaneous electrical
activity of multireceptive neurons in lamina I and laminae IV/V.

Since the sensory models investigated relied on very brief
(10 sec) cutaneous stimuli, we earned out further experiments
utilising models of sustained inflammatory nociceptive input
to ascertain whether these in contrast would provide evidence
for a role of NK, over NK receptors. Two models were
selected; (i) electrical recording of cells during topical appli¬
cation of mustard oil (a C-fibre selective chemical irritant) to
the cutaneous receptive field, and (ii) measurement of the
expression of preprodvnorphin (PPD) mRNA in dorsal horn
neurons (using in situ hybridisation histochemistry) follow¬
ing localised inflammation induced by intraplantar injection
of k-carrageenan. These models provide sustained C-afferent
input for relatively prolonged periods and covered the experi¬
mental time domains of tens of minutes and six hours respec¬

tively. NK receptor antagonists were administered locally to
the spinal dorsal hom by lonophoresis in each case (Table 2).
In the mustard oil model, several NK, but not NK, antagonists
again prevented mustard oil-induced excitation of spontane¬
ous neuronal activity [24,25], In the carrageenan model, the
same profile was apparent [26,27] with no discernible evi¬
dence for a role of NK, receptors. It is possible that more
profound or qualitatively different inflammatory stimuli would
reveal a contribution from NK, receptors, but (at least in the
present experimental conditions) it appears that NK receptors
have a more prominent role in mediating nociception. Thus,
there is evidence mainly from release studies to suggest that
NK, receptors may play a greater role in nociception elicited
by prolonged mechanical stimuli, noxious cold or formalin
[6.7,28,29],

Since release experiments [6,7] have shown that in contrast
to SP, SS (as well as NKA [9]) is released into dorsal hom by
noxious heat, we compared the effects of agonists and antago¬
nists for neurokinin [ 17,21,22] and somatostatin [30] receptors
on brief sensory responses of laminae IV/V neurons (Table 3).
Whilst SS-14 had broad antinociceptive effects on responses

The Journal of the Pain Society Vol. i I No. I 23
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Antagonist Proportion of neurons Mean percentage inhibition
inhibited in affected cells (t s.c. mean)

L 668164 (NK.) I ll
GR 82334 INK i 3/11 (31 - 14)
L 659X74 (NK.) 23 24 50 ± -
MEN 103""6 (NK.) 4/4 IS 10

R 396 (NK.) 3/3 44 n 10

Electrical activity of multircceptive laminae iV< V neurons was recorded (.is in Table I)
during topical application of mustard oil (5-20% in paralTin oil): a C-tibre selective
chemical irritant [24.25]. One to live repeated applications over 10-15 min caused
marked increases in tinnu rate (138 +■/- 33 fold ofbackground, mean - - s.e. mean) which
were sustained for more than 20 min and allowed testing of NK antagonists bv
lonophoresis < I0-S0 nA for !-<> inin>.

a) Mustard oil-induced electiical activity.

L (>68164 ( N K )

GR 82334 (NK.)
L 650874 (NK )

Number of PPD mRN'A

expressing laminae I cells
l"<> ofcontralateral controls,
mean ± s.e.mean)

48 £ 7
103 ± 8

68 ±5

PPI) mRN'A silver grain density
in expressing cells
('■«i of contralateral controls:

i".mean iiicun r a

44 ±

I 13 i 8

The expression of preprodvnorphin mRNA in lamina I neurons of anaesthetised rats

subjected to bilateral intrapiantar injection of the inflammatory agent A.-carrageenan
(I50ul of 1.4% in saline: n=l2) was measured by in situ hybridisation histochemistry
[26.27], Neurokinin receptor antagonists were continuously lonophoresed unilaterally
into the superficial dorsal hom of spinal segments shown to display corresponding
receptive field areas. Drugs were ejected (50nA) for I hour prior to and then throughout
the 6 hours of carrageenan stimulation. Drug effects were observed over aboutTOOum
centred on the ejection site; the data shown are for the 200pm in closest proximity to the
electrode.

b) Cairageenan-induced PPD mRNA expression

Table 2. Effects of NK receptor antagonists on the responses
of dorsal horn neurons in models of sustained inflammatory
nociception.

Drug
(Predominant target)

Predominant effects on sensory responses

(proportion ofcells so influenced)
Noxious
heat

Noxious

pinch
Innocuous
brush

a) Agonists
SS-14 (SS, >SSJ >(9/11) >(5/5) 0(10/12)
SS-28 (SSi > SSJ "(5/6) 0(5/5) 0(6/6)
[D-Trps.D-Cys-JjsS-l4 "(5/6) 0(5/6) 0(5/6)

(SS, > SS,?)
[Met-Ome'']SP 0(13/16) 0(6/9) >(12/16)

(NK, > NKj
NKA "(17/18) 0(11.14) 0(16/18)

(NK, > NK.)

b) Antagonists
cyclo-[7-aminoheptanoyl. >(7/10) 0(8/10) 0(10/11)
Phe.D-Trp,Lys.O-benzyl-Thr]

(SS/SS,?)
[D-Arg1 ,D-Trp: M.Leu:1 ]SP 0(10/12) 0(9/10) 0(10/12)

(NK, > NKJ
[D-Pro\Lys6,D-Trp7®10- >(11/13) 0(8/9) 0(11/13)

Phe"]SPi.lI
(NK, > NK.)

Experiments were earned out as desenbed previously [17JO] on anaesthetised cats,
applying drugs by microionophoresis from a multibarrelled electrode located in lamina
II immediately dorsal to the recording electrode. Since the required diffusion distances
in the cat are much greater than in the rat. ionophoresis was at higher currents (350-400
nA for 6-15 min). which in ejection of IM NaCl were shown to have no discernible effect
alone on neuronal activity.

to both thermal and mechanical noxious stimuli (just as in rat

[30]). SS-28 and [D-Trp\ D-Cvs'4]SS-I4 selectively facili¬
tated solely thermal nociceptive responses. This is analogous
to the effect of the NK, agonist NKA and the parallel between
effects of NKA and SS-28 is further indicated by the identical
effects of their antagonists ([D-Pro4.Lys".D-Trp: ' "'.Phe"]SP4_u
and eyclo-[7-aminoheptanoyl.Phe.D-Trp,Lys-0-benzyl-Thr]
respectively) in selective abrogation of thermal nociception.
As in the other experimental models described above, there
was little evidence for a significant role of NK. receptors.

Discussion

The present results provide strong support for a functionally-
important role of dorsal horn NK, receptors in thermal
nociception. Although present at much lower levels than NK,
receptors, both ligand binding sites and mRNA for NK,
receptors are present in spinal cord [18.20], In support of our
contention, the flexor reflex facilitation elicited by NKA or by
conditioning stimulation of the gastrocnemius nerve is pre¬
vented by selective NK. antagonists [31]. Furthermore, the
excitation of dorsal horn neurons brought about by capsaicin
applied to the dorsal roots of an in vitro spinal cord/dorsal root
preparation is similarly prevented by NK. and not NK,
antagonists [32],

NK, receptors may be more important in nociception which
may rely more on different classes of fine afferent inputs, for
example high threshold mechanoreceptive afferents in pro¬
longed and severe pinch-mediated responses. Both noxious
cold [7] and profoundly damaging inflammatory stimuli such
as intrapiantar formalin [29] or ultraviolet radiation-induced
burning [33] may invoke a greater NK, contribution.

It is clear that the two main processing variants from
preprosomatostatin (SS-14 and SS-28) exert quite different
effects on somatosensory processing. Both are present in
dorsal horn [34], show selectivity for the two subtypes of SS
receptor (SS, and SS,, respectively [35]) and have been shown
in other CNS regions to exert quite distinct electrophysiological
effects [36]. It appears that just like NKA. SS-28 may act as
a transmitter of thermal nociceptive afferents. Whilst the
antagonist experiments show each is necessary for main¬
tained mediation of inputs, the full range of consequences of
a thermal nociceptive input may not be felt by dorsal hom
neurons unless they receive combined signals from NKA. SS-
28 and possibly other co-released factors.
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289P EFFECTS OF NEUROKININ RECEPTOR ANTAGONISTS ON CARRAGEENAN-INDUCED EXPRESSION OF
PREPRODYNORPHIN mRNA IN RAT DORSAL HORN LAMINA I NEURONS

R.M.C. Parker. S.M. Fleetwood-Walker, R. Rosie1, F.E. Munro & R. Mitchell1, Department of Preclinical Veterinary Sciences, Royal
(Dick) School of Veterinary Studies, Edinburgh EH9 1QH and iMRC Brain Metabolism Unit, 1 George Square, Edinburgh EH8 9JZ
Sustained activation of nociceptive afferents for example by experimental inflammation or peripheral application of chemical irritants,
has been shown to lead to prolonged changes in responsiveness and recepdve field properties of dorsal hom neurons (Hylden et al,
1989; Woolf & King, 1990). Increases in die levels of preprodynorphin (PPD) mRNA lamina I neurons are elicited by peripheral
inflammatory stimuli (Ruda et al, 1988) and these neurons include those with long ascending projections to higher levels of the central
nervous system (Nahin, 1988). The neurotransmitters responsible for bringing about the increased expression of preprodynorphin
mRNA are unknown and the present experiments were carried out to address any role of NKi or NK2 receptors.

Using in situ hybridisation histochemistry (ISHH), we investigated the expression of PPD mRNA in the superficial dorsal hom of
male Wistar rats (280 - 380 g) anaesthetised with a-chloralose/urethane and thereafter subjected to bilateral intraplantar injection of
carrageenan (150 pi of 1 - 4% solution in sterile saline per hindpaw). Neurokinin receptor antagonists (Fleetwood-Walker et al, 1991;
Hagan et al, 1991) or vehicle (0.15-1 mM, pH 4.5 - 5.0 in water with or without 0.3% dime thy Iformamide) were locally administered
unilaterally into the spinal cord by continuous ionophoresis (50 nA) for 1 hour prior to induction of inflammation and for a further
duration of 6 hours. Spinal segments encompassing drug injection sites (L3.4) were sectioned at 10 pm on a cryostat for ISHH and
histology. The probe was a 48-base oligomer complementary to the base sequence 862 - 909 of the PPD mRNA (Lightman et al,
1987) 3'-labelled with dATP[a-35S] using terminal deoxynucleotidyl transferase. The corresponding sense probe or RNAse A-treated
sections showed no specific hybridisation above background.
Unilateral injection of carrageenan in laminectomised. sham preparations elicited a 2 - 4 fold increase in the number of ipsilateral
lamina I cells expressing silver grain counts more than 5 fold greater than background. Typical values were 10 - 25 and 3 - 6 cells per
dorsal hom (for carrageenan and control respectively); largely maintained through segments L3.4. In 3 animals treated with the NK2
antagonist L-659874 there was a marked inhibition of carrageenan-stimulated PPD mRNA expression in lamina I cells (to 59 ± 1% of
contralateral controls; mean ± s.e. mean) extending consistently over a rostro-cauda! range of 200 - 400 pm. In animals tested with the
NK[ antagonists L-668169 or GR-82334 (or with equivalent ionophoresis of vehicle) there was no evidence for any consistent change
in PPD mRNA expression. These results indicate that dorsal hom 1NK2 receptors play a role in the delayed expression of a
neuropeptide gene in lamina I cells that was elicited by a peripheral inflammatory stimulus. In support of this conclusion, both
responses of dorsal hom neurons to brief thermal noxious stimuli (Fleetwood-Waiker et al. 1991) and their medium term activation by
the chemical irritant mustard oil (Munro et al, this meeting) also appear to rely on transmission though dorsal hom NK2 receptors.
Reetwood-Walker. S.M.. Hope. P.J.. Parker. R.M.C. & Mitchell, R. (1991) Br. I. Pharmacol. 104. 472P.
Hasan. R.M.. Ireland, S.J., Bailey, F„ McBride. C.. Jordan, C.C. & Ward. P. (1991) Br. J. Pharmacol. 102, 622-626.
Hvfden, J.L.K.. Nahin, R.L., Traub, R.J., Dubner, R. (1989) Pain 37, 229-243.
Lightman, S.L. & Scott Young, W. III. (1987) J. Physiol. 394. 23-39.
Munro, F.E., Reetwood-Walker, S.M., Parker. R.M.C. & Mitchell. R., this meeting.
Nahin, R.L. (1988) Brain Res. 443. 345-349.
Ruda. M.A., Iadorola, M.J., Cohen, L.V. & Scott Young III. W. (1988) Proc. Natl. Acad. Sci. (USA) 85, 622-626.
Wnolf. C.J. & Kins. A.E. 11990) J. Neurosci. 10. 2717-2726.
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Inhibition by NK2 but not NKi Antagonists of
Carrageenan-induced Preprodynorphin mRNA
Expression in Rat Dorsal Horn Lamina I Neurons
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Abstract—Previous evidence indicated that NK2 rather than NKi receptors play a central role
in mediating the electrophysiological responses of dorsal horn neurons to brief cutaneous
stimuli such as noxious heat (but not noxious pinch) and moderately sustained stimuli such
as mustard oil, topically applied over 10-20 min. The present experiments were designed to
investigate, by in situ hybridisation histochemistry, a delayed genomic response in dorsal
horn neurons (the expression of preprodynorphin mRNA induced by intraplantar carrageenan
injection) and explore the role of NKi and NK2 receptors in mediating this response. In
anaesthetised rats with bilateral intraplantar injections of carrageenan, neurokinin receptor
antagonists were administered unilaterally by prolonged ionophoresis into the superficial
dorsal horn. The marked increase in preprodynorphin mRNA expression elicited by
carrageenan was inhibited (both in terms of number of expressing cells and their level of
expression) by NK2 but not NKi antagonists.

Introduction

The carrageenan model of peripheral inflammation
and hyperalgesia, involving unilateral subplantar
injection into the rat hindpaw, has been extensively
characterised.1 In this model there is rapid develop¬
ment of local oedema and hyperalgesia towards both
thermal and mechanical stimuli to the affected paw.
These phenomena are accompanied by an increased
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Correspondence to: S. M. Fleetwood-Walker, Department of
Preclinical Veterinary Sciences, Royal (Dick) School of
Veterinary Studies, University of Edinburgh, Summerhall,
Edinburgh EH9 1QH, UK.

expression ofpreprodynorphin (PPD) mRNA within
the superficial dorsal horn that is detectable by 4 h
and around two-fold of basal levels after 6 h.2 This

pattern of increased PPD mRNA expression elicited
by peripheral inflammatory stimuli remains ipsilat-
eral and is restricted to the superficial laminae I—II
with lesser increases in the deeper laminae V and X
of the dorsal horn.3 The neurons involved have been
shown to include those with long ascending projec¬
tions to higher levels of the central nervous system
such as in subpopulations of spinothalamic neurons
projecting to the medial thalamus.4 The stimulus for
the increased expression is believed to involve inputs
from small diameter unmyelinated primary afferents5
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and sustained activation of such nociceptive affer
ents (as in the carrageenan model) is reported to lead
to prolonged changes in responsiveness and recep¬
tive field properties of dorsal hom neurons.6'7

There is substantial evidence suggesting that the
tachykinins, substance P (SP) and neurokinin A
(NKA) are released from fine primary afferent noci¬
ceptive fibres within the mammalian spinal cord.8
Both SP (in part) and NKA (to a large extent) appear
to be associated with fine primary afferent terminals
in dorsal hom and with small dorsal root ganglion
cells, where preprotachykinin mRNA has also been
measured.9"14 Receptors for these tachykinins, NKi
(selectively activated by SP) and NK2 (activated
preferentially by NKA) have been identified in the
superficial dorsal hom by radioligand binding
autoradiography.15'16 High levels of mRNA for the
NKi receptor and much lower, but distinct expres¬
sion ofNK2 receptor mRNA have also been reported
in spinal cord.17-18 Although some functional exper¬
iments have implicated NK receptors in dorsal hom
responses to brief noxious peripheral stimuli,19'20 the
antagonists used also affect Ca2+ channels or have
neurotoxic effects.21,22 In behavioural analgesia
experiments there are some reports of antinocicep¬
tive effects ofNKi antagonists on responses to brief
non-inflammatory noxious stimuli,23,24 although the
data is more compelling (and where comparable the
doses required are much lower) in models of sus¬
tained inflammatory pain or responses subsequent
to C-fibre conditioning stimuli.25-29 In contrast, our
electrophysiological experiments in both cat and rat
suggest that NK2 rather than NK receptors mediate
the responses of dorsal hom neurons to brief nox¬
ious thermal, but not mechanical stimuli.30,31

In order to investigate the role of NKi and NK2
receptors in mediating the effects of sustained noci¬
ceptive inputs to dorsal hom neurons, we have
utilised the carrageenan model; assessing the effect
on increased preprodynorphin mRNA expression of
the highly selective NK2 receptor antagonist L
659,874, and the highly selective NK receptor
antagonists L 668,169 or GR 82334.32-34

Materials and methods

Surgery
Experiments were carried out on 13 adult male
Wistar rats (280-380 g), anaesthetised with intra¬

venous a chloralose (60 mg/kg) and urcthanc (1.2
g/kg), after induction with halothane. Anaesthesia
was maintained with further doses of a-chloralose

(60 mg/kg) as required. Rectal temperature and, on
occasion, arterial blood pressure were continuously
monitored throughout the experiments and main¬
tained at 37-38°C and 100-150 mmHg, respec¬
tively. Rats were allowed to respire spontaneously
but oxygen was supplied to the area of the tracheal
cannula to enrich the inspired air. The rat was fixed
in a frame, then secured by jaw and ear bars, swan-
neck clamps to support the thoraco-lumbar vertebral
spines and a rod to immobilise the tail.
Laminectomies were performed under x20 magni¬
fication to expose Li-L5. The exposed muscle was
covered with an agar solution (2% in 0.9% saline)
at 40°C, and the exposed cord covered with paraf¬
fin at 37°C, to protect the surface once the dura had
been retracted.

Electrophysiological recording and ionophoresis
A 7-barrelled microelectrode (constmcted from 1.5
mm diameter fibred glass) oftip size 4.5-5.0 pm was
advanced into the central region of the substantia
gelatinosa, to a depth of 250 pm from the surface
(as stated on the microdrive), unilaterally in seg¬
ments L3^ of the spinal cord. Extracellular record¬
ings were made via the central barrel (containing 4
M NaCl, pH 4.0^4.5), to identify the receptive fields
of neurons in the area of drug ejection. These
responses to bmshing were displayed on an oscillo¬
scope. The other barrels of the multibarrelled elec¬
trodes contained 1 M NaCl (pH 4.0^4.5, for
automatic current balancing and independent cur¬
rent controls and one of the following neurokinin
receptor antagonists (in distilled water with 0.3%
dimethylformamide at a concentration of 0.1 mM
pH 4.5-5.0 unless otherwise indicated): L 659,874,
L 668,169, GR 82334 (1 mM) or NaCl (1 M).
Previous experiments31 indicated that ionophoresis
of 0.3% dimethylformamide at up to 70 nA (for 20
min) had no discernible effect on neuronal activity.
Peptides were purchased from Cambridge Research
Biochemicals or were a gift from Glaxo Group
Research. All peptide solutions were either freshly
made or stored at -20°C in small (100 pi) aliquots
which once thawed were not refrozen, or used again.
After establishing the ipsilateral brush/touch recep-
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tive field inputs to this region of the spinal cord,
ionophoresis was carried out with cathodal currents
of 50 nA continuously for 7 h, using a Neurophore
BH2 Ionophoresis system (Medical Systems
Corporation).

Induction ofinflammation
1 h after ionophoresis was begun, each hindpaw was
injected with a single intraplantar dose of 150 pi of
sterile saline solution containing 1.5-6 mg of
lambda carrageenan (Sigma, type IV). Increase in
paw circumference was measured as a guide to the
development of inflammatory oedema.1

In situ hybridisation histochemistry (ISHH)
The preparation was maintained for a further 6 h,
after which ionophoresis was stopped and the posi¬
tion of the ejection area marked at the surface with
latex. The segments of cord containing this site were
rapidly removed and frozen in isopentane at
-40—43°C for 3 min. The tissue was stored at -70°C
until transverse sections were cut at 10 pm thickness
on a cryostat, thaw-mounted on to poly-L-lysine
subbed slides and stored at -70°C until hybridisation.

Probe labelling
Two 48mer oligodeoxyribonucleotides were syn-
thesised and HPLC purified by Oswel Chemicals,
Department ofChemistry, University ofEdinburgh,
UK. The dynorphin oligomer was complementary
to the bases 862-909 ofthe preprodynorphin mRNA
sequence35 as described by Lightman et al, 1987.36
The second oligomer represented the corresponding
sense strand to this dynorphin cDNA. This was used
to test the specificity of the hybridisation due to the
dynorphin anti-sense probe. Each purified probe was
3'-labelled with deoxyadenosine [a-35S]-triphos-
phate (<1 x 103 Ci/mmol; New England Nuclear,
USA) using terminal deoxynucleotidyl transferase
(Gibco BRL). The specific activity of the resultant
probe [separated from unincorporated nucleotide in
a Nu Clean D25 disposable spun column (IBI)] was
1—2 x 103 Ci/mmol.

Hybridisation
Slides containing 5-10 sections were brought to
room temperature, fixed in 4% paraformaldehyde in
phosphate-buffered saline (0.1 M), acetylated to

reduce non-specific binding, dehydrated through
increasing concentration steps of buffered ethanol,
and then hybridised in sealed containers at 37°C for
20 h with 24 x 103 dpm of probe per pi of hybridis¬
ation buffer containing 10% (wt/vol) dextran sul¬
phate, NaCl (600 mM, vokvol), Tris pH 7.5 (10
mM), EDTA (1 mM), Ficoll (0.2%, vokvol),
polyvinylpyrolidone (0.2%, vokvol), bovine serum
albumin (0.1%, vokvol), salmon sperm DNA
(0.01%, wtrvol), glycogen (0.005%, wt:vol), yeast
tRNA (0.002%, wfivol) formamide (50%, vokvol),
dithiothreitol (10 pi, IM per ml). After this time,
post-hybridisation washes were carried out over 6 h
at 20°C below the calculated melting temperature
for the probe in decreasing concentrations of stan¬
dard sodium citrate solution from 30 mM NaCl plus
3 mM trisodium citrate to 7.5 mM NaCl plus 0.75
mM trisodium citrate. Slides were dehydrated
through steps of 50% up to 90% buffered ethanol,
air dried then dipped in Ilford K5 emulsion diluted
1:2 (vokvol) with distilled water. Exposure took
place at 6°C for 8-10 weeks, after which time the
sections were developed in Ilford Phenisol devel¬
oper and Ilford Hypam fixer (both diluted 1:4
(vokvol) with distilled water). The slides were
rinsed in copious amounts of distilled water before
being lightly counter-stained with Mayer's haema-
toxylin/1% alcoholic eosin and mounted in DePex
mounting medium (B.D.H.).

Controls

Control experiments for specificity ofhybridisation
were carried out in the following manner:

1. The probe sequence was chosen for minimal
homology with mRNA sequences of pre-
proenkephalin and prepro-opiomelanocortin.
2. No specific hybridisation was detectable when
sections were incubated with 1 mg RNase A per
ml buffer before hybridisation nor when sections
were incubated with the dynorphin sense probe
used under identical conditions to the antisense

probe.

Analysis
Cell counting. Cells were counted as labelled under
the light microscope at x400 magnification using the
following criteria:
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1. Silver grains showed a halo pattern around a
nucleus, clearly seen surrounded by the pale
pinkly stained cytoplasm.
2. The halo pattern was more dense than the back¬
ground (by more than five-fold, as confirmed with
silver grain counting).
3. Grains representing hybridisation were on a
different focal plane to background.

Silvergrain counting. Densities ofsilver grains were
measured with the aid of an automated image analy¬
sis system on a Macintosh II computer with
'IMAGE' software from Improvision. Silver grain
areas were measured across each dorsal horn in the

region ofmaximum drug effect or the region ofdrug
ejection where no effect was observed. Background
counts were measured in an area immediately adja¬
cent to positive cells, and were always much less
than one-fifth of the density value for positive cells.
Background values were subtracted from total count
values to give net density for each lamina I cell
across the dorsal hom.

Data Analysis
Data are presented as mean ±SEM. Pairwise com¬
parison t-test was used to determine ipsilateral vs
contralateral differences in cell number for each ani¬
mal. Normal Student t-test was used to test the sig-

Fig. 1 Light field black/white photographs of PPD mRNA
expression in dorsal horn neurons as identified by in situ hybridi¬
sation histochemistry, (a-d) at high power (scale bar 50 pm)
showing the lateral aspect of lamina I. (a) Basal expression, in
the side contralateral to a unilateral injection of 4% carrageenan
in a sham (surgically prepared), anaesthetised rat without
ionophoresis; (b) ipsilateral to injection of 4% carrageenan.
Positively labelled neurons were identified by a dense accumu¬
lation of silver grains around haematoxylin stained nuclei (solid
arrows). Other cells clearly showed no such accumulation (open
arrows). No silver grain clustering was seen in corresponding
areas when sections were hybridised with a complementary sense
probe; (c) or pretreated with RNaseA (1 mg/ml) before hybridi¬
sation, (d). (e-i) at low power (scale bar 200 pm) showing the
full extent of the superficial dorsal horn, (e) The effect of the NK,
antagonist GR 82334 on PPD mRNA expression as compared to
(f) the corresponding contralateral 4% carrageenan alone treated
side; (g) the whole dorsal area of the spinal cord where the NK:
antagonist L 659,874 had been ionophoretically applied to the
left side, together with bilateral injection of 1% carrageenan. The
camera lucida drawing ofsection (g) where the shaded area shows
the region of the band of larger marginal cells at the dorsal limit
of the grey matter; lamina I. (h) Another example of the inhibi¬
tion of carrageenan (l%)-induced PPD mRNA expression by L
659,874 as compared to (i) the corresponding contralateral side.

nificance of ipsilateral vs contralateral differences
in silver grain densities. P < 0.05 was considered
significantly different.

Results

Carrageenan-induced inflammation in anaes¬
thetised laminectomised rats

Intraplantar injections of carrageenan f 1 —4%) lead
to visibly obvious oedema and erythema, indicative
of inflammation. The onset of oedema was apparent
1 h post-injection, and thereafter, paw circumfer¬
ence gradually increased to a mean value of 122 ±
2.5% (mean ± SEM, n = 13) by the end of the exper¬
iment. In all three sham rats (surgically prepared,
but without ionophoresis) no paw oedema or ery¬
thema was detected (mean paw circumference
remained at 100% (n = 3) 6 h post-injection).

Furthermore, ISHH revealed that this car¬

rageenan-induced inflammation resulted in an
increase in: 1) the number of spinal cord neurons
expressing PPD mRNA, and 2) in the density of this
expression, over sham control rats. The distribution
of labelling was restricted to a discrete population
of cell bodies contained mainly within lamina I—II
and fewer in lamina V. Very occasionally PPD
mRNA expression was also detected in lamina X
around the central canal. For the population of lam¬
ina I neurons studied here, there was as much as a
four-fold increase in the number of PPD mRNA
labelled cells ipsilateral to inflammation as com¬
pared to the contralateral side, (Fig. la & b).
Increases were seen right across the dorsal horn, in
both the medial and lateral aspects.

The specificity of the ISHH technique was shown
by demonstrating that both hybridisation with the
sense probe or RNaseA treatment prior to hybridis¬
ation with the antisense probe produced a complete
absence of clustered cell labelling (Fig. lc & d) on

spinal cord sections adjacent to ones previously
shown to contain PPD mRNA-expressing lamina I
cells (Fig. le & f).

Trial experiments showed no clear difference in
the effects of 1% or 4% carrageenan injections both
on inflammation and on PPD mRNA expression. For
the pharmacological experiments, any differences
between rats were internally controlled by compar¬
ing PPD mRNA expression ipsilateral to NK antag-
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onist administration to that on the contralateral side
in rats given bilateral intraplantar injections of car-

rageenan.

Effect of neurokinin antagonists on carrageenan-
induced PPD mRNA expression in lamina I neurons

Ionophoresis current controls. Ionophoretic ejec¬
tion of NAC1 (1 M) at 50 nA for 7 h into the sub¬
stantia gelatinosa region of one side of the spinal
cord had no significant effect on the number of car-
rageenan-induced lamina I PPD mRNA neurons
(Fig. 2). The mean number of positively labelled
lamina I neurons over an area ofapproximately 700
pm of the ejection site being 104 ± 3% of contra¬
lateral side in 3 animals.

NKi antagonists. Ionophoretic ejection of the NKi
antagonist L 668,169 (50 nA for 7 h) failed to sig¬
nificantly inhibit either the number of cells or the
silver grain density within those cells of car-
rageenan-induced PPD mRNA expression (n = 3
rats) (Figs 2 & 3). Over a rostrocaudal distance of
approximately 700 pm, encompassing the ejection

site in these 3 rats, the mean number ofpositive cells
as compared to the contralateral side was 108 ±
3.5%. This was also reflected in the density of
expression with a value of 93 ± 2% of contralateral
levels. The evidence that L 668,169 ejected from
0.3% dimethylformamide had no effect (in contrast
to L 659,874 below) serves to control for any poten¬
tial effect of that vehicle; consistent with earlier
experiments31 showing that ionophoresis of 0.3%
dimethylformamide at up to 70 nA had no effect on
spinal cord neurons over at least 20 min.

In one case where GR 82334 (a structurally dif¬
ferent NKi receptor antagonist from L 668,169) was
used, a similar lack of effect was observed (Figs le
& f; 2 & 3). Figure 1 clearly shows the typical car-
rageenan-induced pattern of PPD mRNA still pre¬
sent despite ejection of either NKi antagonist, with
PPD mRNA expression ipsilateral to the NKi antag¬
onist (Fig. le) closely matching that on the con¬
tralateral (carrageenan only) side (Fig. If).

The mean number of PPD mRNA lamina I cells
over a rostrocaudal distance of approximately 700
pm surrounding the site of GR 82334 ejection was
100 + 3% of that on the contralateral (carrageenan
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Fig. 2 Effects ofneurokinin receptor antagonists on the number of lamina I cells expressing PPD mRNA in response to carrageenan.
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sequential sections over 2 mm surrounding the drug ejection site. Each point represents a mean taken from up to 21 sections. The
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only) side and the mean silver grain density of cells
in this area was 114 ± 14% of the contralateral side.

NK.2 antagonist. Ionophoretic ejection of the selec¬
tive NK: antagonist L 659,874 (at 50 nA for 7 h)
resulted in a significant inhibition of the number of
PPD mRNA expressing cells in lamina I of the dor¬
sal horn (Fig. 2), reaching a maximal effect close to
the site of drug ejection at 76 ± 2% of contralateral
levels (n = 3 rats). Concomitantly there was an even
more marked reduction in the density ofPPD mRNA
expression in this population of neurons (Fig. 3) at
47 ± 5% (n = 3 rats) of contralateral carrageenan-
induced expression. This inhibition was not seen
with surgery alone in sham (no ionophoresis) or
NaCl ejection controls. The effect of L 659,874
extended over a rostrocaudal distance of approxi¬
mately 700 pm, with a maximal inhibition over a dis¬
tance of 200^100 pm around the region of ejection.
Inhibition was evident over the whole mediolateral

extent ofthe ipsilateral dorsal horn (as shown in Fig.
lg, h & i) but showed no sign of extending con-
tralaterally.

Discussion

The present results demonstrate that unilateral intra-
plantar injection of carrageenan in chloralose/ure-
thane anaesthetised rats leads to a marked increase
in expression ofPPD mRNA in the ipsilateral super¬
ficial dorsal horn of relevant spinal segments. It is
not yet clear how great a role any such increased
release of dynorphin at spinal or supraspinal levels
may play in endogenous hyperalgesia or analgesia.37
Trial experiments showed that anaesthesia produced
relatively minor reductions in the response com¬
pared to that in unanaesthetised preparations,1-3 in
contrast to the induction of c-fos mRNA expression
elicited by formalin and other noxious stimuli.38,39
The experimental set-up provided a clear and repro¬
ducible model with which to assess the effects of

locally-administered NK receptor antagonists on a
genomic response to sustained activation of noci¬
ceptive afferents. Whilst the responsive cells include
some of those in lamina I with long ascending pro-
jections, which may play a significant role in the per¬
ception of pain, it is clear that we are considering
only one particular subpopulation ofthe dorsal horn
neurons that can respond to such nociceptive inputs.
Nevertheless, under the present conditions, the car¬

rageenan-induced expression ofPPD mRNA in neu¬
rons in the region of lamina I was clearly inhibited
(in terms of both number of expressing cells and sil¬
ver grain density within these cells) by NK: but not
NKi receptor antagonists. L 659,874 and its con¬
geners32,33 show extremely good selectivity for NK2
over NKi and NK3 receptors, although, there is
always the possibility of unidentified side effects
playing a role. The local route of administration of
the drugs used here leads to further evidence for a
population ofNK: receptors being present in the dor¬
sal horn. This is consistent with radioligand auto¬
radiography16 and solution hybridisation18 evidence
for the presence of NK: receptors in this area.
Previous experiments pointed to the importance of
NK: receptors in mediating the responses of dorsal
horn neurons to brief (10 s) noxious thermal stim¬
uli30,31 and to repeated cutaneous applications (over
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10-20 min) of the selective C-afferent stimulant,
mustard oil.40 Furthermore, ionophoresis of selec¬
tive NK.2 agonists adjacent to lamina I neurons led
to their marked but transient excitation with the

phase of apparent desensitisation being accompa¬
nied by occlusion of further responses to noxious
heat.41 Other reports have described that the facili¬
tation of the nociceptive flexor reflex brought about
by exogenous NKA or by conditioning stimulation
of the gastrocnemius nerve (at C-fibre intensity) is
inhibited by a selective NK2 receptor antagonist42 as
are responses of neurons in the in vitro spinal cord-
dorsal root preparation to brief application of cap¬
saicin at the dorsal root ganglia.43 The present
experiments indicate that, at least within this exper¬
imental model, NK2 receptors are also important in
bringing about a delayed genomic response to sus¬
tained activation ofnociceptive inputs. It is not clear
whether there is a critical period for NK2 receptor
involvement or whether they participate throughout
the stimulation period. Similarly it is unclear
whether models based on other stimuli or end-points
might invoke different or additional mechanisms.
Clearly the present results with locally-applied pep¬
tide antagonists, would need to be underpinned by
data with systemic non-peptide drugs before one
could reasonably consider that they identified NK2
receptor blockade as a potentially useful analgesic
strategy.

Although it may relate entirely to the particular
model and conditions investigated, it was surprising
that NKi antagonists were without effect. It is pos¬
sible that the relevant receptor sites were not
accessed in these experiments and further studies
with non-peptide NKi antagonists would again be
informative. It is possible that adequate concentra¬
tions were not reached and indeed L 668,16944 but
not GR 823 3445 shows markedly lower potency at
the rat NKi receptor than in other species. Flowever,
it is clear that ionophoretic currents of L 668,169
and GR 82334 lower than used here are adequate to
reverse NIC-mediated effects on dorsal horn neu¬

rons.31 It is also possible that a more prolonged, more
severe or quite different noxious inflammatory stim¬
ulus may produce a response more dependent on
NKi receptors or that the dynorphin neurons stud¬
ied are not representative of the overall population.
Several behavioural reports indicate that NIC antag¬
onists are indeed antinociceptive in a range of other

inflammatory pain models25'27"2945 although it is
interesting that some reflex models display the NKi
sensitivity only on re-challenge after a (C-fibre
intensity) conditioning stimulus.26'47-48 Perhaps such
differences in model configuration are crucial. In
electrophysiological studies there is very little evi¬
dence19 that NKi receptors mediate briefnociceptive
responses but rather that they may be important in
the potentiation of such responses following pro¬
longed noxious stimulation, perhaps by means ofthe
late prolonged (but not the brief) epsps induced in
dorsal hom neurons by C-fibre activation, noxious
stimuli or exogenous SP.49-54

NKA is released into superficial dorsal hom by
noxious heat,55 whereas corresponding release of SP
is detected only at skin temperatures that will cause

inflammatory damage.56 The use of noxious heat at
48°C (but not > 52°C) will circumvent any involve¬
ment ofnon-C fibre mechanoreceptive afferents.57 It
seems likely therefore that both neurokinins are
released during the present carrageenan stimulus, as

they are in other inflammatory pain models.58
In summary, the present data provide further sup¬

port for the idea that NK2 receptors in dorsal hom
play an important role in the processing of inputs
from nociceptive afferents. In the present model and
conditions at least, it appears that NK2 rather than
NKi receptors play a cmcial part in a delayed
genomic response to a sustained noxious stimulus.
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Since the NK2 receptor-selective tachykinin, neurokinin A is present in fine primary afferent neurons in addition to the NK,
receptor-selective tachykinin, substance P, we have addressed the relative role of NK, and NK2 receptors in somatosensory
processing in spinal dorsal horn. Recording extracellularly from rat laminae III-V neurons whilst ionophoresing drugs nearby,
the selective NK, receptor antagonists L 688,169, GR 82334 and [D-Pro4,D-Trp7-910Phe"]substance P-(4—11) failed to influence
neuronal responses to cutaneous pinch or noxious heat but often enhanced responses to innocuous brush. In contrast, the highly
selective NK2 receptor antagonist L 659,874 profoundly inhibited responses to noxious heat but not pinch or brush. Highly
selective synthetic agonists for both NK, and NK2 receptors ([N-acetyl-Arg6,Sar9,Met(02)n]substance P-(6—11) and GR 64349,
respectively) and also NKA showed the inverse effects on sensory responses to those brought about by their antagonists. At
higher ionophoretic currents, both NK, and NK2 receptor agonists increased spontaneous activity. This increased basal firing
induced by GR 64349 and neurokinin A (but not that due to [N-acetyl-Arg6,Sar9,Met(02)H]substance P-(6—11) appeared to
partially pre cmpt further excitatory responses to noxious heat. It is concluded that although both NK, and NK2 roccptors can
clearly mediate excitation of dorsal horn neurons, it is not NK,, but rather NK2 receptors that are important as the physiological
transducer of brief thermal nociceptive inputs in this model.

Tachykinins; Neurokinins; Pain; Analgesia; Spinal cord

1. Introduction

The tachykinins substance P and neurokinin A
(which display selectivity for NK, and NK2 receptors
respectively) are both present in fine somatosensory
afferents (Hokfelt et ah, 1975; Sundler et ah, 1985) and
for some time substance P has been a candidate trans¬

mitter of nociception (Henry, 1976). There is consider¬
able evidence from electrophysiological, behavioural,
biochemical and transmitter release experiments that
substance P is involved in nociception (see Fleetwood-
Walker and Mitchell, 1989, for review). Nevertheless,
the crucial experiments with antagonists have provided
mixed results. Early substance P antagonists [D-
Pro2,D-Trp7,9]substance P and [D-Pro2,D-Phe7,D-
Trp9]substance P failed to reliably reverse the excita-

Correspondence to: S.M. Fleetwood-Walker, Department of Preclin¬
ical Veterinary Sciences, Royal (Dick) School of Veterinary Studies,
University of Edinburgh, Summerhall, Edinburgh EH9 1QH, UK.
Tel. 031 650 6091, fax 031 650 6576.

tory effects of substance P on trigeminal neurons (Hill
et ah, 1985) and [D-Arg^D-Trp^Leu'^substance p
(spantide) failed to antagonise the substance P facilita¬
tion of the nociceptive flexor reflex in vivo (Wiesen-
feld-Hallin and Duranti, 1987) and only inhibited noci¬
ceptive reflexes in vitro at rather high concentrations
(Otsuka and Yanagisawa, 1988; Brugger et ah, 1990).
However, recent NK, receptor antagonists spantide II
[D-NicLys'^-Pal^D-Cl 2 Phe5,Asn6,D-Trp7-9,Nle'1 Sub¬
stance P (Maggi et ah, 1991b) and CP 96,345 (Snider et
ah, 1991) have been described to block the facilitation
of the flexor reflex and the excitation of dorsal horn
neurons brought about by electrical stimulation of af¬
ferents at C-fibre intensity (Wiesenfeld-Hallin et ah,
1990; De Koninck and Henry, 1991). In behavioural
reflex experiments only certain of the early substance P
antagonists effective elsewhere on smooth muscle
preparations, elevated response thresholds to nocicep¬
tive stimuli (Post and Folkers, 1985; Piercey et ah,
1986), although several newer NK, receptor antago¬
nists were effective in models of inflammatory pain
(Yamamoto and Yaksh, 1991; Murray et ah, 1991;
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Garret et al., 1991; Birch et al., 1992; Boyce et al.,
1992).

Little has been done to address any possible role of
NK2 receptors in dorsal horn, but ionophoretic admin¬
istration of two early NK2 receptor antagonists [D-
Pro4,Lys6,D-Trp7'9'10,Phen]substance P-(4— 11) and [D-
Tyr4,D-Trp7'9,NIen]substance P-(4-ll) (Regoli et ah,
1985) but not an N^ receptor antagonist, spantide,
into the substantia gelatinosa, specifically inhibited the
responses of cat dorsal horn neurons to noxious ther¬
mal, but not other, cutaneous stimuli (Fleetwood-
Walker et ah, 1990).

Whilst several reports have described direct excita¬
tory effects of substance P on dorsal horn neurons

(Henry, 1976; Murase et ah, 1989; Urban and Dray,
1992), not only the selective NK! receptor agonist
[Met-OMen]substance P (Fleetwood-Walker et ah,
1990) but also the NK2 receptor agonist neurokinin A
(Salter and Henry, 1991) have been reported to excite
dorsal horn lamina IV/V neurons when ionophoreti-
cally ejected nearby.

The present experiments were carried out with a

range of recently developed agonists and antagonists
which are highly selective for NKj and NK2 receptors
in order to further address their relative contribution
to mediating spinal nociceptive transmission.

2. Materials and methods

2.1. General

Experiments were carried out, broadly as described
previously (Fleetwood-Walker et ah, 1991), on male
rats (270-350 g), anaesthetised with intravenous a-
chloralose (60 mg kg~') and urethane (1.2 mg kg-1),
after induction with halothane. Supplementary doses
of a-chloralose were given as required. Core tempera¬
ture was maintained at 37-38°C with a thermostatically
controlled heated blanket, and in the majority of exper¬
iments carotid blood pressure was monitored through¬
out the experiment. Oxygen (0.1 1 min"1) was passed
over the end of the tracheal cannula to enrich the

inspired air. The thoraco-lumbar spinal column was

supported by three pairs of clamps. A laminectomy
(segments L1-L4) was then carried out and agar in¬
jected under the most rostral clamped vertebra and
then over the whole area of the laminectomy. A core of
agar was removed from above the recording region, the
dura carefully cut and a pool of liquid paraffin applied
to the region.

2.2. Electrophysiological methods and ionophoresis

Extracellular recordings were made via the central
barrel (4 M NaCl, pH 4.0-4.5) of a 7-barrelled glass

microelectrode. Electrode tip sizes were 4.0-4.5 ^m
and DC resistances were 5-8 Mfi. The band-width of
the recording amplifier was 1 Hz-7 kHz. One side
barrel contained 1 M NaCl (pH 4.0-4.5) for automatic
current balancing and current controls (Neurophore
Ionophoresis System, Medical Systems Corporation).
Another side barrel contained Pontamine Sky Blue dye
(2% in 0.5 M sodium acetate for marking recording
sites by ejection for 100 p. A min). The locations of
recording sites in laminae III-V verified histologically
in 15 /u.m cryostat sections lightly counterstained with
neutral red. Other barrels contained the following neu¬
rokinin receptor agonists and antagonists: neurokinin
A; L 659,874 (acetyl-Leu,Met,Gln,Trp,Phe-NH2), L
668,169 (cyclo(Gln,D-Trp,Me-Phe,(R)Gly[ANC-
2]Leu,Met)2), L 659,877 (cyclo(Gln,Trp,Phe,GIy,Leu,
Met)) (all from Cambridge Research Biochemicals);
[D-Pro4,D-Trp7,9'10,Pheu]substance P-(4-ll) (from
Bachem UK); GR 82334 ([D-Pro9[spiro-y-lactam]-
Leu10,Trpn]physaIaemin-(l-l 1) and GR 64349
([Lys3,Gly8-R-"y-lactam-Leu9]neurokinin-(3-10) (gifts
from Glaxo Group Research) and [N-acetyI-Arg6,Sar9,
Met(02)H]substance P-(6—11) (a gift from Professor D.
Regoli). Solutions were either 1 mM in distilled water
(GR 82334, neurokinin A and GR 64349) or 0.1 mM in
0.3% dimethylformamide, diluted from concentrated
stocks in pure dimethylformamide (other compounds)
and were, adjusted to pH 4.5 with HC1. All peptide
solutions were either freshly made or stored at — 20°C
in small (100 /x 1) aliquots which once thawed were not
refrozen, or used again. All drugs were applied with
cathodal currents. Retaining currents of -10 nA were
used to minimise drug leakage between tests. Action
potentials of the recorded cells were clearly discrimi¬
nated from other field potentials throughout the test.
Neuronal firing was recorded on FM tape (Racal) and
firing rates were plotted on-line by computer (IBM
PS/2-70-121) together with stimulator and ionophore¬
sis markers.

All the neurons recorded were selected as having
cutaneous excitatory receptive fields on the hairy skin
of the ipsilateral hind limb that were multireceptive
(i.e. mediated responses to both noxious and innocuous
stimuli). Receptive fields were initially located by brief
manual brush/pinch stimuli, prior to characterisation
with timed and quantified stimuli, including also nox¬
ious heat. Controlled stimuli were applied to adjacent
cutaneous areas within the receptive field on the dorsal
surface of the paw or the hind limb were regularly
repeated over 3-4 min cycles. The innocuous stimulus
used was a motorised, rotating brush. Noxious stimuli
were provided by a calibrated pinch (serrated forceps
with a graduated controlled displacement) or a thermo-
couple-controlled radiant heat lamp (giving a skin sur¬
face temperature ramp of 30-48°C). Like the other
stimuli, the noxious heat stimulus was set routinely for
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10 s at 48°C, but in occasional examples for 15 s to
ensure a more robust response. Skin temperatures
never exceeded the 45°C definition of noxious levels
(Duggan et al., 1988) for longer than 1.5 s beyond the
10 or 15 s duration of the pre-set 48°C stimulus. The
marker bars in the figures indicate the period of skin
temperature in excess of 45°C. The cycle of stimuli was
repeated every 3 min, with the ejection of the drugs
initiated 1 min before the start of a cycle and continu¬
ing through that cycle. The different responses and
epochs of spontaneous activity prior to each cycle of
stimuli were integrated over 10-15 s periods as appro¬

priate and compared to pre-drug control values,
meaned from at least two consecutive tests. The stimu¬
lus-evoked responses were always submaximal and ap¬

proximately matched in terms of neuronal firing rates.
Duplicate or triplicate control responses were required
to vary by less than 15-20%.

3. Results

The present results were obtained from a total of 61
neurons which were all located in laminae III-V of the
dorsal horn. Peptide antagonists highly selective for
NK, and NK2 receptors (L 668,169/GR 82334/[D-
Pro4,D-Trp7'9'I0Phe11]substance P-(4—11) and L
659,874, respectively; Regoli et al., 1987; McKnight et
al., 1988; Hagan et al., 1991) were tested by ionophore-
sis close to the recorded cells. The vehicle (0.3%
dimethylformamide in water) had no effect on 3 out of
3 neurons when ejected at up to 80 nA for 12 min. The
rather more potent cyclic analogue of L 659,874, L
659,877, could not be tested because of its low solubil¬
ity in acceptable vehicles.

Fig. 1 shows typical results (displayed as raw activity
records) obtained with the NK, receptor antagonist L
668,169 in 6 out of 8 neurons tested. There was little
effect of this antagonist on spontaneous activity or any

sensory-evoked response apart from a small but consis¬
tent enhancement of activity evoked by innocuous brush
(fig. 1, table 2). In the remaining 2 cells there were no
detectable changes. In 4 cells where recovery was as¬
sessed there was 50% (n = 1) and over 85% (n = 3)
reversal of the effect of L 668,169 on brush responses

by 4 and 9-24 min respectively, after cessation of
ionophoresis. Entirely similar results were obtained
with GR 82334 in 5 out of 6 cells, showing a small
increase in responses to brush, but no effect on those
to noxious heat (fig. 2, Table 2). In 2 neurons tested
with [D-Pro4,D-Trp7-9,10,Phen]substance P-(4—11) (30-
40 nA, 6 min) brush responses were increased by 33
and 41% with no consistent change in other activity.
Ionophoretic currents up to 50, 45 and 80 nA were
tested for L 668,169, GR 82334 and [D-Pro4,D-
Trp7,9'10,Phe11]substance P-(4-ll) respectively, until ei¬
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Fig. 1. Ongoing firing frequency records showing typical effects of
the NK, receptor antagonist L 668,169 on somatosensory responses
of a laminae III-V neuron. A modest facilitation of responses to
innocuous brush was observed in 6 out of 8 neurons tested, with no

other consistent changes. Recovery from drug effects was not exam¬
ined closely, but in 3 out of 4 cells examined, responses to brush had
recovered to within ±15% of control levels within 9-24 min after
stopping ionophoresis of the drug. The fourth cell showed approxi¬
mately 50% recovery within 4 min. The inset shows the position of
the cutaneous receptive field on the ipsilateral hind limb. The
duration of each of the stimuli is indicated, in the case of noxious
heat, this representing the period for which the skin temperature

exceeded the generally accepted noxious threshold of 45°C.

ther spike reduction or technical factors prevented
further study. The effects on sensory responses at these
currents were similar to those at lower currents, no¬

tably there still being no consistent inhibition of re-

ponses to noxious heat.
The NK2 receptor antagonist L 659,874 produced a

quite different result: a highly selective inhibition of
responses to noxious thermal stimuli without altering
responses to noxious pinch, innocuous brush or sponta¬
neous activity (fig. 3, table 2). This was seen in 8 out of
10 neurons tested at just 10 nA of L 659,874 (mean
49% inhibition), with no detectable effect in the others.
At a higher ejection current (20 nA) the selective
inhibition was seen in all cells tested (9 out of 9) and
was of a greater degree (mean 66% inhibition) (this
was particularly clear in 4 cases where both currents
were tested on the same cell). In 3 neurons where
recovery was investigated, the inhibition of heat re¬
sponses by L 659,874 had partially recovered (to 50-
85% of controls) within 6-15 min after cessation of
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TABLE 1

Time dopcndonco of the effects of neurokinin receptor antagonists on thermal nociceptive responses.

All values represent evoked activity (corrected for background) and are shown as percentages of the mean stimulus-induced activity oecunirig
during the stimulus. Values are expressed as mean + S.E.M.

Noxious heat-induced increase in neuronal firing rate (% of control response during stimulus)

During stimulus 0-10 s after stimulus 10-20 s after stimulus

(a) L 668,169 (n = 6)
Control

Drug (20 nA for 6 min)

(b) GR 82334 (n = 5)
Control

Drug (32 + 4 nA for 6 min)

(c) L 659,874 (n = 9)
Control

Drug (20 nA for 6 min)

100(11 + 1 s)
90+ 6

100 (10 s)
93+10

100(11 + 1 s)
36+ 6

21+7
20+11

28+ 7
23+12

25+9
10+ 6

15 + 9
9 + 7

9 + 5
8 + 7

11 + 9
7 + 7

ionophoresis. In the majority of cells tested here, re¬

sponses to noxious heat declined rapidly on cessation
of the stimulus (to less than 20% of the response

during the stimulus, within the subsequent 10 s). For
each of the drugs tested there were, however, examples
of relatively prolonged after discharges, retaining
around 50% of the peak activity during the first post-
stimulus period. There was no evidence that effects of
any of the drugs were greater (or in any way different)
in post-stimulus periods than during application of the
heat stimulus (table 1).

A number of NKj and NK2 receptor agonists were
also examined (table 2). The highly selective NKt re¬
ceptor agonist [N-acetyl-Arg6,Sar9,Met(02)n]sub-
stance P-(6— 11) (Regoli et al., 1988) was tested either

on neuronal responses to cycled cutaneous stimuli ei¬
ther at low or higher ionophoretic currents. In 9 out of
13 cells [N-acetyl-Arg6,Sar9,Met(02)H]substance P-(6-
11) (when ejected at relatively low currents: mean
31 + 4 nA) caused an inhibition of the activity evoked
by innocuous brush with no apparent effect on sponta¬
neous activity or nociceptive responses. In 6 out of 6
cells, higher ejection currents (mean 57 + 5 nA) of
[N-acetyl-Arg6,Sar9,Met(02)"]substance P-(6—11) in¬
creased spontaneous activity, causing marked and sus¬
tained rises to around 5-fold of pre-drug controls.
Recovery was observed in all 5 cases examined within
5-10 min after terminating ionophoresis and the drug
effect was not replicated in current (NaCl) or vehicle
control tests.

TABLE 2

Summary of the effects of neurokinin receptor antagonists and agonists on laminae III V neuron3.

All values are calculated as a percentage of the mean pre-drug control value and are expressed as the mean + S.E.M. Responses were designated
as being essentially unchanged if they remained within 20% of the mean control value. Neurons in the population tested which were not
influenced in the characteristic predominant fashion illustrated, all showed no (or no consistent) changes in their responses. For the
subpopulations of neurons affected by the drugs, the statistical significance of changes was assessed by Wilcoxon test.

Drug and conditions Stimulus-evoked neuronal firing rate (% of mean pre-drug control)

Spontaneous Brush Pinch Noxious Number of Number of
heat neurons neurons

influenced tested

Antagonists
L 668,169 (NK,) 20 nA for 6 min 95+ 7 141 + 9 a 105 ± 10 82 + 9 6 8
GR 82334 (NK,) 32 + 4 nA for 6 min 103+ 8 131 + 8 a - 91 + 11 5 6
L 659,874 (NK2) 10 nA for 6 min 93+ 7 103 + 9 99+ 8 51 + 6 a 8 10

20 nA for 6 min 95 + 12 104 + 6 85 + 11 34 + 5 a 9 9

Agonists
[Ac-Arg6,Sar9, Met(02)u]-

substance P-(6-ll) (NK,) 31 + 4 nA for 5 ± 1 min 121 + 13 52 + 5 a 98+ 5 92 + 6 9 13
57 + 5 nA for 6 ± 2 min 536 + 88 a 67 + 9 a 91 + 14 106 + 11 6 6

Neurokinin A (NK2) 11+5 nA for 7 ± 1 min 112+10 89 + 11 108 + 10 155 + 13 a 6 6
44 ± 4 nA for 6 ± 1 min 354 + 61 a 79 + 19 120 + 21 64 + 16 a 6 8

GR 64349 (NK2) 66 + 6 nA for 7 ± 1 min 398 + 54 a 111 + 13 88 + 20 75 + lla 5 5

a P < 0.05, compared to mean pre-drug control.
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Fig. 2. Ongoing firing frequency records showing typical effects of
the NK[ receptor antagonist GR 82334 on somatosensory responses
of a laminae III—"V neuron. Facilitation of responses to innocuous
brush (with no other consistent change) was observed in 5 out of 6
cells examined. The lower trace shows recovery 3 min after termina¬
tion of ionophoresis. Similar effects were observed in 3 further cells
where recovery was assessed. The inset shows the position of the

cutaneous receptive field on the ipsilateral hind limb.

tude of reduction in heat responses. In all other cases
this magnitude of reduction was greater (mean 3-9-
fold) than the actual increase in spontaneous activity.
Recovery was observed within 6-12 min after terminat¬
ing ionophoresis and none of the effects was repro¬
duced in current control tests. In 4 cells where [N-
acetyl-Arg6,Sar9,Met(02)u]substance P-(6—11) and
neurokinin A were each tested, clear excitatory re¬

sponses to both the NK, and NK2 receptor agonist
were seen.

Fig. 4 (representative of 3 out of 3 neurons) shows
the selective facilitation of thermal nociceptive re¬

sponses by a low current of neurokinin A and a reduc¬
tion in those facilitated responses when L 659,874 was

additionally applied. This is consistent with reversal of
the effect of exogenous neurokinin A by the selective
NK2 receptor antagonist but cannot be unequivocal,
since the antagonist alone had inhibitory effects on
thermal nociceptive responses (fig. 3). Analogous re¬
sults were obtained in 3 experiments when the effect of
GR 82334 was tested on the inhibition of innocuous

E
o
o

Pinch Noxious heat

The NK2 receptor agonists, neurokinin A and the
novel highly selective compound GR 64349 (Hagan et
al., 1991) also increased spontaneous activity of lami¬
nae III-V neurons in a consistent manner. Neurokinin
A (44 + 4 nA) and GR 64349 (66-6 nA) produced
marked and sustained excitation of spontaneous activ¬
ity in 6 out of 8 and 5 out of 5 cases respectively. When
neurokinin A was tested at low currents (mean 11+5
nA) which did not raise spontaneous activity in the
recorded neuron, there was a selective facilitation of
the responses to noxious thermal stimuli (in 6 out of 8
cells). Responses to innocuous brush and noxious pinch
were essentially unaltered. Although one cell showed a
30% increase in the noxious pinch response, this was
not reproduced in the other examples. At the higher
ionophoretic currents of neurokinin A and GR 64349
that increased spontaneous activity, noxious heat-
evoked responses were attenuated when corrected for
the elevated baseline. Other responses were essentially
unaltered. In 2 cases with neurokinin A, the increment
in spontaneous activity was equivalent to the magni-

L-659874, 15nAfor9min
o 112

96

80

64

48

32

16

0

Pinch Noxious heat

R689N1 10S

Fig. 3. Ongoing firing frequency records showing typical effects of
the NK2 receptor antagonist L 659,874 on somatosensory responses
of a laminae III-V neuron. A marked attentuation of responses to
noxious heat but not other stimuli or spontaneous activity was seen
in all 11 neurons tested at currents of 15-20 nA. Recovery from drug
effects was not examined closely, but in 3 out of 3 cells examined
there was recovery of the noxious heat response to within 50-85% of
control at 6-15 min after terminating ionophoresis of the drug. The
inset shows the position of the cutaneous receptive field on the

ipsilateral hind limb.



178

40

32

24

16

8

0

Controls

|Hlu till, .n. il in,

CO 40
E -

o
o 32 "

~

Q) 24 "
Q. -

CO 16 '
c
=3
o 8 "
O

0

Pinch

NKA, 20nAfor 4min

Noxious heat

40

32

24

16

8

0

.iLllii.Juiihi iiiLll

Pinch Noxious heat

NKA+ NK-2 antagonist (L-659874), 20nAfor6min

■iki iiiiin.it li jikA 11 —L u—li-

Pinch Noxious heat

R889N1 10 s
.

Fig. 4. Ongoing firing frequency records showing typical effects of
the NK2 receptor agonist neurokinin A, in the absence or presence
of the NK2 receptor antagonist L 659,874 on the somatosensory
responses of a laminae III V neuron. Neurokinin A caused a ooloc
tive facilitation of responses to thermal but not mechanical noxious
stimuli. Responses to innocuous brush (not shown here) were also
unaltered (see table 2). Results were typical of 6 neurons tested with
low currents of neurokinin A. After the middle trace had been

recorded, ionophorosis of L 659,874 was begun in addition to neu
rokinin A. A marked attenuation of the neurokinin A-amplified
response to noxious heat to below control levels was observed in all 3
cells so tested. The inset shows the position of the cutaneous

receptive field on the ipsilateral hind limb.

brush responses induced by low currents of [N-acetyl-
Arg6,Sar9,Met(02)n]substance P-(6-l 1). Effects of an¬
tagonists on the increases in spontaneous activity
brought about by high ejection currents of NKj and
NK2 receptor agonists were not investigated in the
present study.

4. Discussion

These experiments provided no clear evidence that
NK, receptors participate in transducing brief nocicep¬
tive inputs to laminae III-V neurons of rat spinal
dorsal horn under the present conditions. Since the

potency of some NKj receptor antagonists, including L
668,169, is reduced in rodent bioassays compared to
those in other species (Pattachini et al., 1992), we also
tested GR 82334 (which retains high potency at rat
NK, receptors; Beresford et al., 1992) and [D-Pro4,D-
Trp7'9'10,Pheu]substance P-(4-ll) (which is effectively
antinociceptive in the mouse formalin model; Murray
et al., 1991). The NK, receptor antagonists L 668,169,
GR 82334 and [D-Pro4,D-Trp7'91,)Phen]substance P-
(4-11) had no significant effect on nociceptive re¬
sponses in any neurons tested, but in contrast caused a
modest facilitation of their responses to innocuous
brush in the majority of cells. This suggests that their
lack of effect on nociceptive responses was not due to
failure to reach relevant sites at effective concentra¬

tions. Conviction that this effect of L 668,169, GR
82334, and [D-Pro4,D-Trp7'9'10,Pheu]substance P-(4-
11) was due to NK, receptor antagonism is strength¬
ened by that being the common property of structurally
quite distinct compounds, by the low ionophoretic cur¬
rents required, by the observation that NK, receptor
agonists produce precisely the inverse effect (table 2)
and by the apparent reduction in the effect of [N-
acetyI-Argft,Sar6,Met(02)n] substance P-(6—11) in the
presence of GR 82334.

The simplest interpretation of the facilitation of
brush responses by NK, receptor antagonists seems to
be that NK, receptors are responsible for an attenuat¬
ing influence on non-nociceptive inputs to these cells
and that the antagonist is acting to reverse the action
of the endogenous NK, receptor agonist, substance P,
which has been released during the course of our

experimental procedure, the factors leading to sub¬
stance P release here are unclear (see below), but
substance P does not appear to be responsible for
acutely mediating the increased activity elicited by brief
llieinidl oi mechanical noxious stimuli. It is of course

possible that the antagonists have unknown side effects
or that more complex interactions are occurring. The
NK, receptor agonist [N-acetyl-Arg6,Sar9,Met(02)n]
substance P-(6—11) clearly increased the spontaneous
activity of laminae III-V neurons here (table 2), indi¬
cating that NK, receptors can exert a direct (or at least
a general modality-independent) influence on activity
of these cells. The data indicating that NK, receptor
activation can excite these cells, but seems not to
participate in nociceptive responses and instead atten¬
uates non-nociceptive tactile responses (in at least a

subpopulation of cells) are entirely consistent, in our
hands, between rat and cat. Somewhat in contrast to
the present results, Radhakrishnan and Henry (1991)
reported inhibition by CP-96,345 of the after-discharge
following brief noxious mechanical or thermal stimuli.
There was little effect on the initial phase of excitatory
responses to brief heat stimuli and inconsistent effects
on pinch-evoked excitation. It is possible that CP-96,345



179

is effective only on late components of nociceptive
responses or that actions of this compound other than
on NKj receptors may be involved. Indeed, there is
new evidence that CP-96,345 is a potent antagonist of
'L'-type Ca2+ channels (Schmidt et al., 1992) and fur¬
thermore that such compounds are effective antinoci¬
ceptive agents (Miranda et al., 1992). Although both
peptide and non-peptide NK, receptor antagonists
have been reported to block the late prolonged but not
the brief excitatory postsynaptic potentials induced in
dorsal horn neurons by C-fibre activation or by noxious
stimuli (Urban and Randic, 1984; De Koninck and
Henry, 1991), in our experiments, there was no evi¬
dence that NK, receptor antagonists were any more
effective in the 20 s of afterdischarge following a nox¬
ious heat stimulus than they were during the response,
itself (table 1).

In experiments designed to examine adequate stim¬
uli for the release of substance P into spinal cord, it
has been reported that noxious pinch, intraplantar
formalin, topical methylene chloride and flexion of a

kaolin/carrageenan-inflamed knee-joint were effective
(Duggan et al., 1988; Kuraishi et al., 1989; Schaible et
al., 1990). Thermal cutaneous stimuli, however, were

only effective at skin temperatures considered to result
in inflammatory cutaneous lesions (Duggan et al., 1988;
Kuraishi et al., 1989). In contrast, both noxious me¬
chanical stimuli and noxious thermal stimuli (at skin
temperatures below those producing inflammatory
damage) were effective in releasing neurokinin A
(Duggan et al., 1990). Behavioural reports have de¬
scribed inhibition by CP-96,345 of the second (in¬
flammation-supported) phase of the response to intra¬
plantar formalin (Yamamoto and Yaksh, 1991) and
inhibition by [Arg',D-Pro2,D-Phe7,D-His9]substance P
of the secondary contralateral hyperalgesia following
heat injury (Coderre and Melzack, 1991). Correspond¬
ingly, only the facilitation of nociceptive flexor reflex
by substance P or C-afferent conditioning stimuli (and
not the reflex itself) was inhibited by the NK, receptor
antagonist spantide II (Wiesenfeld-Hallin et al., 1990).
Thus, our evidence and the data from behavioural and
release experiments point towards the involvement of
substance P in mediating inflammation-supported noci¬
ception rather than responses to brief noxious stimuli.

In contrast to the results concerning NK, receptors,
the NK2 receptor antagonist L 659,874 caused a
marked and highly consistent inhibition of nociceptive
responses without affecting spontaneous activity or re¬

sponses to innocuous brush. Inhibition by the NK2
receptor antagonist showed a striking selectively for
thermal rather than mechanical nociceptive stimuli, a
result also noted in cat with the moderately selective
NK2 receptor antagonist [D-Pro4,Lys6,D-Trp7,9,10,
Phe^'jsubstance P-(4—11) (Fleetwood-Walker et al.,
1990). The mechanistic basis for this is unclear, since

polymodal C-afferents are likely to contribute greatly
to both responses. Nevertheless, small dorsal root gan¬

glion cells are very heterogeneous in terms of their
neuropeptide content and there is evidence that ther¬
mal/mechanical noxious stimuli can differentially elicit
release of neuropeptides into spinal perfusates
(Kuraishi et al., 1989). Consistent with a role of an

NK2 receptor agonist such as neurokinin A in thermal,
but not mechanical nociception is its selective facilita¬
tion of thermal nociceptive responses (fig. 4, a result
also seen in cat with neurokinin A and other agonists
with NK2 receptor selectively (Fleetwood-Walker et
al., 1990). In the current experiments, both neurokinin
A and the highly selective NK2 receptor agonist GR
64349 further caused marked and consistent increases
in spontaneous activity of laminae TIT—V neurons, con¬
sistent with the idea that NK2 receptor activation is an
important element in the transduction of thermal noci¬
ceptive inputs. It is of course possible that co-factors
may also subserve an important role. Interestingly,
although both NK, and NK2 receptor agonists in¬
crease the spontaneous activity in laminae III—V cells,
the situation is quite different in lamina I where only
NK2 but not NK, receptor agonists are effective
(Fleetwood-Walker et al., 1992).

There is increasing biochemical evidence that NK2
receptors (although generally at much lower abun¬
dance than NK, or NK3 receptor sites) are present in
the CNS and in particular in the dorsal horn of the
spinal cord (Yashpal et al., 1990; Poosch et al., 1991;
Takeda and Krause, 1991). Additionally functional
studies from other groups are now beginning to sup¬

port a role for NK2 receptors in spinal nociception. Xu
et al. (1991) described that the NK2 receptor antago¬
nist, [Tyr5,D-Trp5'8'9,Argl(l]neurokinin A-(4-10) (MEN
10207) selectively reversed the facilitation by neu¬
rokinin A (but not substance P) of the spinal nocicep¬
tive flexor reflex. Furthermore, a congener with further
reduced partial efficacy [Tyr5,D-Trp6'8'9,Lys10]neuro-
kinin A-(4-10) (MEN 10376; Maggi et al., 1991a) inhib¬
ited the synaptic excitation of dorsal horn neurons
evoked by capsaicin administration to the dorsal root
ganglia (but not that evoked by an NK, receptor ago¬
nist) in a spinal cord slice with attached dorsal roots
(Urban et al., 1992).

The pharmacological properties of the small, but
functionally important population of NK2 receptors in
dorsal horn remain to be investigated in detail.
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