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ABSTRACT

Tissue injury that normally results in pain activates small diameter
sensory axons that synapse predominately in the superficial dorsal horn of the
spinal cord. These synapses between "pain-signalling" afferents and spinal
neurones are a logical target for a site of action of analgesics. In particular,
neurones in lamina Il of the spinal cord have been strongly implicated in the
transfer of input from nociceptive C fibre primary afferents to spinal projection
neurones. These neurones also seemed likely to be a principal target for
substance P released from these fibres. In this study, electrophysiological
experiments using a spinal cord slice preparation /n vitro, have demonstrated
that very few lamina Il neurones respond to an exogenously applied NK,
receptor agonist. The lack of effect of the selective NK, receptor agonist
[Sar®,Met(0,)''] Substance P on lamina Il neurones was paralleled by a similar
lack of effect of selective NK, and NK, receptor agonists. The localization of
the NK, receptor in individual neurones has been investigated using a selective
antibody raised against a C-terminal sequence of the rat NK, receptor by Dr SR
Vigna. This has revealed that NK, receptors are virtually absent from intrinsic
lamina Il neurones. The lack of responsiveness of lamina Il neurones to the NK,
receptor agonist therefore appears to be due to the lack of the appropriate
receptor in these neurones. The distribution of NK, receptors indicates that
dendrites which pass dorso-ventrally through lamina Il, from neurones
originating mainly in laminae IlI-IV, are in a position to receive input from
substance P-containing primary afferent fibres that terminate extensively in
lamina Il. Neurones in the deeper laminae of the dorsal horn that respond to
tachykinin receptor agonists were found to do so with a prolonged membrane
depolarization and increased firing, as reported in previous studies.

Experiments were also performed in which synaptic responses were
recorded in spinal dorsal horn neurones after electrical stimulation of a
peripheral nerve in vitro. These evoked synaptic responses were largely
unaffected by tachykinin receptor antagonists, however they were reduced by
excitatory amino acid receptor antagonists. Antagonists acting at GABA,- and
glycine- receptors caused a marked increase in the amplitude and duration of
excitatory postsynaptic potentials (epsps). In almost all lamina Il neurones
tested, the cholinergic receptor agonist, carbamylcholine (carbachol) reduced or
abolished the evoked epsps. The use of cholinergic receptor antagonists
indicated that this effect was mediated primarily by muscarinic receptors, with
a smaller contribution from nicotinic receptors. The lack of effect of carbachol
on membrane conductance in most cells suggested that the action of carbachol
was mediated partly by receptors located presynaptic to the recorded neurone.
Preliminary experiments using inhibitory amino acid receptor antagonists
suggested that the depression of the epsp produced by carbachol was not
mediated indirectly via GABA or glycine containing interneurones.

These observations, in conjunction with other studies, suggest that
different spinal neuronal populations that are targets for activation by noxious
peripheral stimuli may operate in parallel. The localization of neurotransmitter
receptors to specific neurones indicates that a reappraisal of the functional
organization of some populations of neurones in the dorsal horn is necessary.
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CHAPTER 1

THE ROLE OF LAMINA Il IN THE PROCESSING OF SENSORY INPUT TO THE
SPINAL CORD

Sensory transmission to the dorsal horn

The dorsal horn of the spinal cord receives afferent input from primary
sensory neurones and is important as the first central site for the processing of
this input. In this region of the spinal cord, nociceptive input can potentially be
modified. The superficial laminae (laminae | and Il) hold an important position
since they receive input from the majority of the afferent unmyelinated (C)
fibres and small myelinated fibres, a large proportion of which are associated
with nociception.

Sensory input enters the dorsal horn of the spinal cord via the dorsal
roots from primary afferent fibres whose cell bodies are located in the dorsal
root ganglia. In the absence of a classification of primary afferents based on
the molecular or ionic basis of their transduction mechanisms, sensory
receptors are defined by the type of stimulus that is most effective in activating
the afferent axons, the tissue location of the receptor and the conduction
velocity of the afferent fibre. Sub-groups of afferents can also be defined by
their transmitter content and the presence of a variety of chemical markers.
Many types of receptors have been described, ranging from those which are
activated by displacement of a hair to those that are activated only by intense
mechanical stimulation. An additional subset of fibres has recently been
described that have such high threshold for activation that they are
unresponsive to acute stimuli but have a chemical sensitivity that means that
they can be readily activated under conditions of chronic tissue damage and
inflammation (McMahon and Koltzenburg 1990). As a very broad
generalization, the fastest conducting fibres are associated with low threshold
mechanoreceptors, whereas the most slowly conducting fibres are associated
with nociceptors. Whilst many C fibres are associated with nociceptors, the
relationship between C fibres and nociception is not a strict one, since specific
thermoreceptors, low threshold mechanoreceptors and possibly chemoreceptors
with unmyelinated fibres also exist (Perl 1992).

Collaterals of primary afferent fibres terminate in the grey matter of the
spinal cord, the principal termination sites being different for different classes of
fibres. Recent experiments involving intraaxonal or DRG cell body labelling of
identified primary afferents have provided direct evidence for distinctive
termination patterns of different classes of afferent fibres. Aa/3 afferents
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associated with various low threshold cutaneous sensory receptors have been
labelled and their terminations identified. These all terminate ventral to lamina
Il, with different classes of afferents (eg hair follicle afferents, slowly adapting
type |l afferents) each having distinctive axonal arborizations (Brown 1981).
Afferents with axonal conduction velocity in the Ad range have also been
intraaxonally labelled. Mechanical nociceptive afferents were found to
terminate mainly in laminae | and V, with some projection to lamina X, whereas
down-hair afferents terminated mainly in lamina Il (Light and Perl 1979a).

Technical difficulties have hampered the characterization of C fibres by
intraaxonal labelling, nevertheless a number of C fibres have recently been
labelled via their cell bodies. C fibres were found to enter Lissauers tract or the
superficial dorsal horn itself then travel rostrocaudally for some distance,
sending out branches into the grey matter of the dorsal horn. As expected
from earlier degeneration and HRP labelling studies (eg LaMotte 1977, Light and
Perl 1979b), cutaneous afferent C fibres were found to terminate extensively in
lamina Il, with some extension into lamina | (Sugiura et al 1986, Sugiura et al
1989, Alvarez et al 1993). Visceral afferent C fibres, in contrast, were shown
to have more widespread central terminations, these being mainly in lamina
I,1LV and X (Sugiura et al 1989). The visceral afferents labelled in this study
did not form the nest-like arrangements seen with the cutaneous afferents, and
in addition had some projection into contralateral laminae V and X.

Primary afferent fibres involved in nociception

The majority of primary afferent fibres that are associated with
nociceptors have conduction velocities in the Ad and C fibre range. Activation
of nociceptors with Aé fibres appear to be associated with sensations of sharp
pricking pain or "first pain", whereas C fibre nociceptors are associated with
dull or burning pain ("second pain"). These qualities have been reported in
humans when afferent fibres are stimulated using microneurography electrodes
(Torebjérk and Hallin 1979, Willis & Coggeshall 1991). Local anaesthetics
initially reduce C fibre potentials and "second pain", then reduce "first pain”
when A¢d fibres are blocked. When only large myelinated fibres are conducting
the sensations reported are non-painful (Torebjork and Hallin 1979). Many
nociceptors associated with C fibres are polymodal, in that they are activated
by a variety of high intensity stimuli (mechanical, thermal and chemical).
Polymodal nociceptors constitute the majority of nociceptors with axons
conducting in the C fibre range. In the rat it has been estimated that
approximately 75% of cutaneous afferent C fibres are polymodal nociceptors
(Lynn and Carpenter 1982, Lynn and Hunt 1984).
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Pain, nociception and lamina Il

Nociception refers to the transmission of potentially or actually tissue
damaging stimuli detected by sensory receptors and their associated nerve
fibres. Such stimuli, applied to the skin, joints, muscle or viscera can activate
nociceptors - the peripheral endings of primary afferent fibres - whose central
terminals include those within the spinal cord. At the spinal level, activation of
nociceptors can result in rapid withdrawal responses produced by reflex arcs.
In addition, transmission proceeds rostrally, where the conscious perception of
the sensation of pain may be experienced. In the spinal dorsal horn, primary
afferent fibres synapse onto various second order neurones. The input into this
region is transformed such that the output does not simply passively reflect the
input from the receptors. The dorsal horn is a site of origin of projection
neurones and is also the ultimate destination of descending inhibitory and
excitatory fibres. The main pathways considered to be involved in the
transmission of nociceptive information include the spinothalamic,
spinomesencephalic and spinoreticular tracts. Neurones of the spinothalamic
and spinomesencephalic tracts are found mainly in lamina | and the deeper part
of the dorsal horn, those of the spinoreticular tract have their origin mainly in
the deep dorsal horn.

By virtue of its input from unmyelinated afferent fibres, one area of the
dorsal horn that has received much attention in relation to the modulation of
input from nociceptive primary afferents is Rexed’s lamina Il (Rexed 1952).
This region was central to Melzack and Wall’s (1965) "gate control system”
where they suggested that inhibitory cells of the substantia gelatinosa act as a
gating mechanism to control afferent input before it reaches the output
(transmission) neurones.

The discovery of peptidergic transmitters in some primary afferent fibres
that project to the superficial dorsal horn, including lamina II, has led to further
interest in this part of the spinal cord in relation to pain and its modulation. The
lamina |l region contains a large number of small, densely packed neurones that
appear to be exceptionally heterogeneous in their morphology and chemical
content. The heterogeneity and small size of the neurones has meant that
elucidation of the precise functions of this population of neurones has remained
difficult.

Structure and transmitter content of lamina Il

The area of the superficial dorsal horn defined as lamina Il by Rexed
(1952, 1954) is also referred to as the substantia gelatinosa. The first use of
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the term "substantia gelatinosa" is usually attributed to Rolando, who in 1824
published a monograph on the anatomy of the spinal cord (Cervero and lggo
1980). Some authors, eg Szentdgothai (1964), have used the term to describe
Rexed’s laminae Il and Il together, however the substantia gelatinosa is now
commonly equated with lamina Il. The description refers to the gelatinous
appearance of this region of the spinal cord, which is due to the relative lack of
myelinated axons. Lamina Il can be subdivided into lamina Il outer (ll,) and
lamina Il inner (Il), the outer part having a higher density of cell packing and
relatively more small myelinated fibres than the inner zone (Rexed 1952,
Molander et al 1984).

The types of neurones present in lamina Il have been classified in various
ways. A distinction between "limiting" and "central" cells was made by Cajal
in 1909 and persisted until relatively recently (Willis and Coggeshall 1991).
Limiting cells have cell bodies in the outer part of lamina Il and appear to be
equivalent to the stalked cells that were intracellularly labelled by Bennett et al
(1980) and Gobel et al (1980). The dendrites of the stalked cells (so called
because of their stalk-like spines) form a roughly cone shaped structure with
dendrites passing ventrally from the cell body, some extending as far as
laminae III/IV. The stalked cells described by Bennett at al (1980) had axons
that entered lamina |. Central cells are found throughout lamina II; these are
among the smallest cells of lamina I, the cell bodies having relatively little
cytoplasm and the dendrites being mainly dorsally and ventrally directed. The
central cells probably include cell types such as the spiny, arboreal and 11./Il,
border cells described by Gobel (1979). Another group of cells, the islet cells
have a dendritic tree that is extended rostrocaudally but limited dorsoventrally
and mediolaterally, and confined within the laminar boundary, as is its axon. In
contrast, the other Gobel cell types have axonal and dendritic arbors that cross
laminar boundaries (Gobel 1979). The islet cells are Golgi type Il neurones and
it is likely that they are inhibitory interneurones (Gobel 1979), this view is
supported by the demonstration of GABA-like immunoreactivity in many islet
cells (Todd and McKenzie 1989). Unlike the stalked cells, the islet cells
possess vesicle-containing dendrites and often form reciprocal dendro-dendritic
synapses with other dendrites (Gobel et al 1980). In addition to these well
documented cell types there appears to be a variety of other lamina Il neurones
that do not fit into any of the above categories. Whilst there is a great
diversity in the morphology of lamina Il neurones, there does appear to be a
correlation between the lamina into which the dendrites of a neurone extend
and the primary afferent input that excites the neurone (Réthelyi et al 1989,
Willis and Coggeshall 1991).

A wide variety of neurotransmitters are present in the lamina |l region
and many of these have been associated with modulation of nociceptive
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transmission. The excitatory amino acid, glutamate appears to be the principal
fast excitatory transmitter in lamina Il, both of primary afferent neurones and
neurones of the spinal cord. A large number of neurones in lamina Il appear to
use the inhibitory amino acid GABA as a transmitter. GABA is present in about
30% of neurones in lamina Il and about 40% of these also contain the
inhibitory amino acid, glycine (Laing et al 1994). In GABA-containing neurones,
different patterns of coexistence of transmitters such as enkephalin and
acetylcholine have recently been described, suggesting the presence of
functional subtypes of inhibitory interneurones. Many peptide transmitters,
including CGRP, substance P and somatostatin, are located preferentially to the
superficial dorsal horn, including lamina Il, and are also found in primary
afferents. Some other peptides, for example neurotensin and neuropeptide Y,
are found in lamina Il but are not normally present in primary afferents. Other
transmitters in lamina |l include 5HT and noradrenaline, which derive mainly
from descending fibres and acetylcholine, which is present only in intrinsic
dorsal horn neurones.

The apparent complexity of the neuronal circuitry of lamina Il is also
illustrated by the "glomeruli”, which are a prominent synaptic arrangement in
this lamina. These are formed by a primary afferent fibre that is in synaptic
contact with several peripheral dendrites and other axon terminals, the complex
being surrounded by glial processes. Some of the peripheral terminals in
glomeruli appear to be presynaptic inhibitory dendrites of islet cells (Gobel et al
1980), or presynaptic acetylcholine-containing axon terminals of lamina Ill-IV
cells (Ribeiro-da-Silva and Cuello 1990). Many glomeruli, especially in the inner
part of lamina |l, are associated with primary afferents that generally do not
contain peptides, but which contain markers such as FRAP (Hunt et al 1992,
Lawson 1992). Although glomerular synapses are a prominent feature of the
synaptic architecture in lamina Il, they are far outnumbered by simple, mainly
axo-dendritic synapses (Willis and Coggeshall 1991).

Intracellular recordings from identified lamina Il neurones in vivo

Intracellular recordings have been made from identified lamina I
neurones /in vivo in both the cat (Light et al 1979, Bennett et al 1980, Iggo et al
1988, Réthelyi et al 1989) and rat (Woolf and Fitzgerald 1983). In the cat, no
obvious correlation was found between a neurone’s morphology or its
ultrastructure or the location of its cell body and its afferent input (Light et al
1979, Réthelyi et al 1989). For example, a clear differentiation could not be
made between stalked and islet cell types in terms of their major input. There
was a better correlation between a neurone’s afferent input (from the skin or
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subcutaneous tissue) and the location of its principal dendritic arborization.
Neurones with their major dendritic arborization in lamina | and lamina I,
responded to noxious input (thermal and/or mechanical), whereas those with
their principal dendritic distribution in lamina Il, and lamina Il responded to
innocuous mechanical input. Neurones in lamina Il, were selectively responsive
to nociceptive input (nociceptive specific), or were responsive to both noxious
and innocuous input (wide dynamic range, WDR) (Light et al 1979, Bennett et
al 1980, Réthelyi et al 1989). In the rat, Woolf and Fitzgerald (1983) reported
that, in their small sample of intracellularly labelled lamina Il neurones, there
was no correlation between a neurone’s structure (including the distribution of
its dendrites) and its response properties. The majority of neurones in lamina Il
were of the WDR type, whilst others responded only to noxious stimuli. A few
neurones responded only to innocuous input and these were located in lamina |,
(but never in lamina Il,).

Projection from lamina Il

Szentagothai (1964) described the substantia gelatinosa (SG) (which he
considered to be lamina Il and Ill) as a "closed system", in which axons of SG
neurones either remain within the SG or leave and return to it via Lissauers
tract, but do not transmit information out of the region. This view is no longer
valid since neurones have been demonstrated to project out of the SG both to
other parts of the spinal cord and to other brain regions.

Small numbers of lamina Il neurones are reported to project either to
other spinal laminae or to other areas of the brain. A number of stalked cells of
lamina Il have been intracellularly labelled in the cat, and these have axons that
project mainly out of lamina I, into lamina | (Bennett at al 1980).

Axon collaterals of a small number of lamina Il, neurones have been
shown to terminate in laminae IlI-V; most of these intracellularly labelled cells
also had axons that arborized locally in the region of the cell’s dendrites and
some also terminated in lamina | (Light and Kavookjian 1988). This study
reported that only 4 out of over 50 cells labelled in lamina Il had axons with
terminations in deeper laminae, however this was thought to be an
underestimate due to difficulties in tracing the axons for their full extent. The
observation that neurones often had local axonal arborizations as well as deeper
projecting ones may mean that a number of cells in earlier studies (eg
Szentégothai 1964) reported to have only local axons may in fact also have
more widely projecting axons.

In the monkey, a small number of cells in the lamina Il region of the
lumbar cord have been labelled after injection of a retrogradely transported
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marker into the thalamus. Most of the labelled cells were found contralateral to
the thalamic injection site and included limitrophe (limiting) and central type
cells (Willis et al 1978). A few retrogradely labelled central cells were found in
lamina |l of the rat by Geisler et al (1978) after injection of marker at the
pontine-medullary junction, however these cells were found only as far as the
cervical level of the cord. Labelled stalked cells in the outer part of lamina Il
were also seen after injection of marker into the lateral cervical nucleus.

As reported to date, the major output from lamina Il appears to be to a
fairly restricted area of the medullary reticular formation. Recent studies in the
rat have demonstrated a large projection from lamina |l to a region of the
reticular formation between the lateral reticular nucleus and the ventral tip of
the trigeminal nucleus pars caudalis. Retrograde labelling in the spinal cord was
found bilaterally and was restricted to the superficial three laminae of the dorsal
horn and the LSN. Retrogradely labelled cells in lamina Il accounted for
approximately 20% of all labelled neurones in the lumbar region of the spinal
cord and many of these cells were said to resemble central cells (Lima and
Coimbra 1991, Tavares et al 1993). Tavares et al (1993) used noxious thermal
and mechanical stimulation to induce c-fos proto-oncogene expression in the
ipsilateral spinal cord and found that neurones double labelled for c-fos and
retrograde label were concentrated in laminae | and Il, especially in the outer
part of lamina Il.
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AIMS AND OBJECTIVES

At the start of this study a number of intracellular recordings had been
made from lamina |l neurones in vivo and it had been shown that many of these
neurones are responsive to noxious stimuli. The properties of neurones in
spinal cord slice preparations in vitro were also being studied. Randic’s group
(Murase and Randic 1984, Urban and Randic 1984, Murase et al 1986, Murase
et al 1989b, Urban et al 1989) had made intracellular recordings from neurones
throughout the dorsal horn and had examined their responses to some
neurotransmitters. Recently, Yoshimura and Jessell (1989a, 1989b) described
in some detail the membrane properties and the evoked responses of lamina Il
neurones in a spinal cord slice preparation from the adult rat. They also
showed that epsps that were evoked by primary afferent stimulation in lamina I
neurones were mediated by excitatory amino acid receptors (Yoshimura and
Jessell 1990).

The perceived importance of lamina Il neurones in the initial processing
of sensory input from nociceptive primary afferents, perhaps influenced by the
proposal that neurones of the "gate control system" are located in lamina Il,
has led to substantial interest in this region. A number of transmitters thought
to be intimately involved in the processing of nociceptive input to the spinal
cord are heavily concentrated in the lamina | and Il region. Much interest has
been focused on peptides such as substance P, that are found in small diameter
primary afferents and are believed to be pro-nociceptive; and in the endogenous
opioids, which have antinociceptive actions. Whilst effects of opioid receptor
agonists on lamina |l neurones have been demonstrated by recording from these
neurones directly (Yoshimura and North 1983), the effects of substance P (or
other tachykinins) on lamina Il neurones specifically had not been shown. The
present study aimed to examine tachykinin receptor-mediated effects on dorsal
horn neurones. It seemed important to concentrate on the neurones of lamina
I, since it was expected that these would be directly activated by substance P
and neurokinin A (NKA) released from primary afferent fibres. This was made
possible by the availability of selective tachykinin receptor antagonists and
agonists and by the ability to make intracellular recordings from the small
lamina Il neurones. The effects of agonists and antagonists of a variety of
other transmitters and putative transmitters that may have a role in the
processing of noxious input to lamina Il neurones were also studied.
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CHAPTER 2

METHODS

2.1.1 SLICE PREPARATION AND MAINTENANCE

All electrophysiological experiments were carried out using neonatal
Sprague Dawley or Wistar rats of either sex. Rats were bred in the animal unit
of the Department of Veterinary Preclinical Sciences at the University of
Liverpool. Food and water were freely available and the animals were housed
with a 12 hour light/dark cycle. All rats used were aged between 12 and 18
days.

After administration of ether anaesthetic, rats were decapitated and
quickly dissected to remove the vertebral column with one hindlimb attached.
This was then placed in a tissue bath containing cold (4°C), gassed artificial
cerebrospinal fluid (ACSF) for further dissection (See table 2.1 for composition
of ACSF). During the whole of the dissection and slice cutting procedure the
tissue was continuously perfused with cold, gassed ACSF. The ventral part of
the vertebral column was removed and the spinal cord, dorsal roots and DRG
freed from surrounding tissue. The lumbar region of the spinal cord, along with
the sciatic and/or femoral nerves and associated dorsal root ganglia were then
pinned via the cut roots to the base of a perfusion chamber which had been
coated with a layer of Sylgard silione elastomer (Dow Corning). This was then
placed on the stage of a modified Vibroslice (Camden Instruments) which had
been modified so that cuts could be made vertically rather than horizontally. By
pinning the spinal cord onto the Sylgard base with the roots positioned at a
right angle to the cord, transverse slices of spinal cord could be cut without
cutting the dorsal roots. Thus by cutting the spinal cord rostral and caudal to a
dorsal root, slices could be obtained that retained some of their afferent input
from the peripheral nerve. Slices cut in this way were approximately 300-
500um thick. In some experiments a parasagittal section was obtained by
changing the orientation of the cord in relation to the cutting blade. Slices
were usually retained in a holding chamber containing gassed ACSF at room
temperature for a short time (less than 30 minutes) before they were
transferred to the recording chamber.

The recording chamber consisted of a multicompartment bath, which
allowed separate perfusion of the spinal cord slice and dorsal root ganglion and
isolated stimulation of the nerve. The slice was pinned securely to the
translucent Sylgard base of a small volume (approximately 150ul) recording
chamber using a small piece of nylon mesh held down with entomological pins.
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The dorsal root was led through a groove into a separate bath and the DRG
pinned to Sylgard. Both the slice and the DRG were completely submerged in
ACSF that was maintained at 28°C (+ 1°C) and perfused at approximately

4ml min' for the duration of the experiment. The peripheral nerve was led from
the DRG compartment into another chamber where it was placed in contact
with two pairs of platinum wire stimulating electrodes and insulated with a
mixture of liquid paraffin and petroleum jelly. This mixture was made so that it
was liquid when heated to 50°C, but set to a semi-solid consistency at room
temperature.

Since the slices used were relatively thin, transillumination of the slice
enabled the boundary between grey and white matter to be clearly
distinguished. The relative lack of myelinated fibres in the substantia gelatinosa
also meant that under transillumination this area was clearly visible and
electrodes could be targeted accurately.

table 2.1 Composition of ACSF
compound concentration
(mM)
NaCl 120
KCI 2.1
KHPO, 1.0
MgSO, 1.3
NaHCO, 25
Glucose 10
CaCl, 2.4
Phenol Red 0.014

The ACSF was gassed with 95% 0, / 5% CO, prior to addition of CaCl,
to avoid precipitation of calcium salts and was heated to 36°C to avoid bubble
formation in the recording chamber. The pH was 7.2.
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2.1.2 Intracellular recording

Microelectrodes were pulled on a Brown-Flaming puller (Sutter
Instruments Co. model P87) using borosilicate glass tubing (1mm outer
diameter, 0.58mm inner diameter, standard wall thickness filamented glass)
(Clarke Electromedical Instruments). Electrodes were filled with 3M potassium
acetate and had resistances between approximately 120 and 240MQ. For
experiments in which cells were intracellularly labelled, electrodes were filled
with 2%-5% lucifer yellow CH in 0.1 M lithium chloride or with 2% neurobiotin
in 2M potassium methylsulphate. The microelectrode was advanced into the
tissue in 1um steps using a Burleigh piezoelectric Inchworm Motor. Signals
were amplified using an Axoprobe 1A (Axon Instruments) and recorded on
video tape for further analysis. The membrane potential and evoked potentials
were monitored on an oscilloscope and a chart recorder (Gould). Data was
digitized using a CED 1401 interface (Cambridge Electronic Design) and
analyzed using CED signal averaging software.

All recordings made were intracellular recordings from neurones either in
the lamina Il region or the deeper dorsal horn. Nerve stimulation was applied
via platinum wire electrodes using an isolated stimulator (Digitimer). The
effects of bath applied drugs on the potentials evoked by nerve stimulation
were measured. Responses of neurones to bath applied drugs were also
recorded in the absence of nerve stimulation.

Measurement of evoked synaptic potentials

The peak amplitude and the total duration of evoked epsps were
measured. 5 or more consecutive epsps were recorded to obtain a control
value for epsp size in control conditions (before the application of a particular
drug) when both the membrane potential and the epsp were reasonably stable.
Typically, an average of 5-10 epsps was taken for the control measurement.
Subsequent measurements of averaged epsps were made during drug
application and after a period of washout with drug-free ACSF. Due to the
large degree of variability of evoked epsp sizes between different neurones,
results were often expressed as a percentage of control. In these cases the
control average was taken to be 100% and subsequent measurements
expressed relative to the pre-drug control.

Measurement of conduction velocity

The conduction velocity of the primary afferent input to the recorded
neurone was calculated by measuring the distance from the cathode stimulating
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electrode to the recording electrode, and dividing this by the latency from the
stimulus artifact to the onset of the evoked potential. The distance between
the stimulating and recording electrodes was 15-20mm in almost all cases.

2.2 IMMUNOCYTOCHEMICAL METHODS

2.2.1 VISUALIZATION OF NEURONES FILLED WITH INTRACELLULAR
MARKER

Neurobiotin

Neurobiotin (2% w/vol in 2M potassium methylsulphate) (Kita and
Armstrong 1991) was injected into cells using 0.5-1.0nA depolarising current
pulses of 500msec duration with a 0.2-1Hz cycle.

After injection of neurobiotin into a cell the spinal cord slice was
removed from the recording chamber and transferred to fixative. The slice was
fixed in 4% paraformaldehyde in 0.05M phosphate buffered saline (PBS), or in
4% paraformaldehyde + 0.1% glutaraldehyde + 0.2% picric acid for 4-12
hours at 4°C. After fixation the slice was cryoprotected in 20% sucrose in
0.1M PBS overnight at 4°C. After embedding in "Cryo-m-bed" embedding
compound (Bright Instruments), frozen transverse, sagittal or coronal sections
were cut at 80uM thickness using a sliding microtome. Sections were washed
in 0.1M PBS (pH 7.2) and processed throughout all subsequent procedures as
free floating sections at room temperature. After washing in several changes
of PBS for 1-2 hours to remove fixative and embedding compound, sections
were treated with 0.5-2% hydrogen peroxide in 0.1M PBS for 30 minutes to
inhibit endogenous peroxidase activity. To help reduce non-specific binding,
sections were then incubated in 10% normal goat serum in 0.1M PBS for 1
hour. Next, sections were incubated for 1 hour in 0.1M PBS containing 0.5%
TritonX-100 and 2.5% bovine serum albumin (BSA). The detergent TritonX-
100 was used to permeablize the cell membrane, allowing penetration of
reagents into the dye-filled cell. BSA was added in order to reduce non-specific
binding to the tissue (by saturating non-specific binding sites). The sections
were then incubated for 1 hour with streptavidin biotinylated horseradish
peroxidase complex (Amersham) at 1:300 or 1:500 dilution in 0.1M PBS
containing 0.5% TritonX-100 and 2.5% BSA. Streptavidin binds with high
affinity to neurobiotin, and the neurobiotin-filled cell can then be visualized
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using the enzyme horseradish peroxidase (HRP) with one of two chromogens.
1: Nickel intensified DAB (Shu et al 1988). 2: Vectastain kit (Vector).

1: Nickel-intensified DAB. The chromogen 3’,3-diaminobenzidine.4HCI
(DAB) acts as an electron donor for the HRP. When oxidized, DAB forms a
polymer that precipitates at the site of reaction and is insoluble in alcohol.
When using this chromogen, the sections were washed twice in 0.1M PBS
(about 15 minutes each wash) then washed in acetate buffer at pH 6 to bring
the pH nearer to the optimum for the peroxidase enzyme. The sections were
then incubated in a chromogen mixture containing ammonium nickel sulphate
(63mM), 3,3'-diaminobenzidine (0.8-1.4mM), B-D(+) glucose (11mM),
ammonium chloride (7.5mM) and glucose oxidase (0.9 units/ml) in 0.1M
sodium acetate buffer at pH 6.0 until the reaction product was visible (usually
15-30 min). The reaction product was blue-black in colour.

2: Vectastain kit. Before using the Vectastain chromogen the sections
were washed in 0.1M PBS, followed by 0.01M PBS. The reaction product in
labelled structures was stained red.

After the chromogen procedure was completed the sections were
washed in buffer and mounted on chrome-alum gelatin coated slides. When the
sections had adhered to the slides (1-2 days) the sections were rinsed in
distilled water to remove traces of buffer salts and dehydrated through a series
of alcohols (75%, 95%, 100%). They were then cleared in xylene and
mounted under coverslips in DPX mountant.

Lucifer yellow

Lucifer yellow CH (2%-5% w/vol in 1M LiCl) was injected into cells
using 1-5nA hyperpolarizing current pulses of 50-500msec duration with a 0.2-
1Hz cycle for up to 8 minutes.

After injection of lucifer yellow into a cell, the spinal cord slice was
removed from the recording chamber and transferred to fixative (4%
paraformaldehyde in 0.05M PBS) containing 20% sucrose. The slice was fixed
and cryoprotected in this mixture for 24-48 hours at 4°C. Transverse sections
were cut at 80uM thickness using a sliding microtome. Sections were
temporarily mounted on glass slides in 90% glycerol in water. Fluorescent cells
were viewed under a Leitz microscope with an excitation filter at 436-437nm
wavelength.

Since lucifer yellow fades after illumination, sections containing filled
cells were further processed using an antibody to lucifer yellow. Endogenous
peroxidase activity was inhibited by incubation of the sections in 0.3%
hydrogen peroxide in 0.1M PBS for 30 minutes. A biotinylated anti-lucifer
yellow antibody (Molecular Probes) was diluted at 1:100 in 0.1M


















































































































































































































































































































































































































































































































































































































































































































































































































































































































