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SUMMARY

The lateral spinal nucleus (LSN), located in thesdtateral funiculus, is an area that has

been poorly understood, but has been implicatawaiception. To investigate the function

of this nucleus, three broad areas were investigatesponses to nociceptive stimuli,

neurochemical relations to the NK-1 receptor, armgetions from this nucleus to several

brain centres, to try to gain a greater understandif the functions of this nucleus. The

following conclusions can be drawn from the studiedertaken here:

A series of double-labelling experiments for comrflomicroscopy were carried out in
the rat (Sprague-Dawley) to investigate the LSNboeses to a variety of peripheral
cutaneous noxious stimuli. It was found that ti@&N\Lresponds to both thermal and
chemical peripheral cutaneous noxious stimulatittowever, unlike as previously
thought, only a small humber of neurons in the L&N activated by a peripheral
noxious stimulus, with hot water (55°C applied e thind-paw) activating the most,
as revealed by Fos immunoreactivity. Only 15% $NLneurons showed response to
this peripheral noxious stimulus. Interestinglylike the superficial dorsal horn
(SDH), bilateral activation of LSN neurons aftete thpplication of a peripheral
noxious stimulus was found in most of the experitaearried out.

Triple and quadruple-labelling experiments for @wafl microscopy were carried out
in the rat to investigate neurochemical relationhis site. It was found that although
the LSN is abundant in staining for substance & ntimber of LSN neurons showing
immunoreactivity for the target of substance P (ke 1 receptor) represented only
one-third of all neurons at this site. Howevelhstance P and nitric oxide synthase
were associated with NK-1 neurons, and specificaillsic oxide synthase terminals

were preferentially associated with NK-1 neurorell bodies. However, unlike the



superficial dorsal horn, nitric oxide synthase te@s were not associated with
inhibitory GABAergic neurons.

e Using retrograde injection techniques (in the rapmbined with multiple
immunolabelling for confocal microscopy, the LSNsashown to project to areas
traditionally associated with nociception (caudaéntrolateral medulla and
mediodorsal thalamus) but also projected to theothyglamus and also the lateral
globus pallidus. Indeed, the regions found to itheemost projections from the LSN
were the lateral and medial hypothalamus, with nmafsthose neurons (>80%)
possessing the NK-1 receptor. Interestingly, aitfio numbers of retrogradely
labelled neurons were low, they represented 30%albflabelled neurons that
projected from the LSN to the lateral globus pakid

In conclusion, the extent of involvement of the LSIN nociception is less than

previously thought, but with projections to the btalamus, it could be postulated that

the LSN functions as an integrative nucleus foloaomic and homeostatic functions,

and related motivational and affective responsesitonomic function.
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LIST OF ABBREVIATIONS

(Terms in italics are not defined in the text)
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ip
LCN
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Anterior hypothalamic area, anterior part
Anterior hypothalamic area, central part
Anterior hypothalamic area, posterior part
Anteromedial thalamic nucleus
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Anterior-posterior
Anteroventral thalamic nucleus, dorsomediaitpa
Anteroventral thalamic nucleus, ventrolatepairt
Calmodulin

Cellular proto-oncogene from the immediatéyegene transcription
factors

Cyclic guanosine monophosphate

Calcitonin gene related peptide

Choline acetyltransferase

Central medial thalamic nucleus

Central nervous system

Caudate putamen (striatum)

Cholera toxin B subunit

Cuneate nucleus
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Diaminobenzidine

Dentate gyrus

Dorsomedial hypothalamic nucleus, dorsal part
Dorsal reticular nucleus
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Extracellular related kinase
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Nuclear phosphorylated protein
Gamma-aminobutyric acid
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Glycine transporter 2
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Gracile nucleus
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Hippocampus

Horseradish peroxidase
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Internal capsule
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Intraperitoneal
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Lateral habenular nucleus, lateral part
Lateral habenular nucleus, medial part

N “-nitro-L-arginine methyl ester

Lateral posterior thalamic nucleus, mediomigbart
Lateral reticular nucleus

Lateral spinal nucleus

Long term potentiation

Mediodorsal thalamic nucleus
Mediodorsal thalamic nucleus, central part
Medullary reticular nucleus, dorsal part
Mediodorsal thalamic nucleus, lateral part
Mediodorsal thalamic nucleus, medial part
Mediodorsal thalamus

Medullary reticular nucleus, ventral part
Medial forebrain bundle

Medial hypothalamus

Medial lemnisucs

Medial-lateral

Medial longitudinal fasciculus

Medial prefrontal cortex

Medullary reticular formation
Nicotinamide adenine dinucleotide phosphate
Neuronal marker

Neurokinin-1

N-methyl-D-aspartic acid

Nitric oxide

Nitric oxide synthase

Neuropeptide Y

Nucleus tractus solitarius

Optic tract

Optic chiasm

Periagueductal grey

Phosphate buffered saline

Posterior hypothalamic area
Phaseolus vulgaris leucoagglutinin
Protein kinase @

Posterior thalamic nuclear group
Pseudorabies virus

Paraventricular thalamic nucleus, posteriot par
Pyramidal tract

Pyramidal decussation

Retroambiguus nucleus
Tetramethylrhodamine dextran

Reticular thalamic nucleus
Rostroventromedial thalamus

Superficial dorsal horn

Substantia innominata

Nucleus of the stria medullaris
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Submedius thalamic nucleus
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Thalamus

Ventral anterior thalamic nucleus
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Vesicular glutamate transporter
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Ventrolateral thalamic nucleus

Ventromedial thalamic nucleus

Ventromedial hypothalamic nucleus
Ventromedial hypothalamic nucleus, anteriortpa
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Ventromedial hypothalamic nucleus, ventrolatiepart
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Pain is such a versatile sensation, and diffens fobher somatosensory modalities in
that emotions such as fear, anxiety and feelinggnpleasantness are experienced along
with it. However, over the centuries, pain has be¢n as clearly defined as it is today.
The Romans and the Greeks were the first to putaia an idea of sensation, with the
thought that the brain and nervous system havéeandhe perception of pain. However,
it was not until the Middle Ages and into the Rassance (1400's-1600’s) that the
evidence developed to support these earlier theorideonardo Da Vinci and his
contemporaries came to believe that the brain Wwaséntral organ for sensation, with Da
Vinci himself later developing the idea that thengp cord was the route that sensations
were transmitted to the brain.

Into the 18" and 17" centuries, the study of the body and the sensetinced to be a
mystery and wonder for the world’s philosophers.viig into the 19 century, pain came
to dwell under a new domain — science, with anaasing knowledge base. Indeed today,
pain research is an enormous, ever-growing fieith wuch interest in trying to unravel
the complex neural circuitry of the brain and spr@d. With a greater understanding of
these pathways, therapeutic options for acute anahec pain conditions were developed,
which is something that could only have been drezrseveral centuries ago.

Nowadays, the spinal cord is established as es$dati the transmission of sensory
information to the brain, and for the regulation mbtor and autonomic functions. It
receives sensory information from somatic and vadceeceptors passing through dorsal
roots, transmitting to higher regions of the brélmough ascending tracts and sends

information to somatic and visceral targets viavbetral roots.
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1. General layout of the spinal cord

When the spinal cord is examined in transversemeadt is composed of a central grey
matter (butterfly-shaped) comprising cell columngeemted along the rostro-caudal axis
(containing neuronal cell bodies, dendrites andnaxthat are both myelinated and
unmyelinated), surrounded by the white matter caosimgy the ascending and descending
myelinated and unmyelinated fasciculi (tracts). eTdeneral layout of the spinal cord is
shown in Figure 1.1.

In each half of the spinal cord there are threécfun the dorsal funiculus (between the
dorsal horn and the dorsal median septum), thealatieniculus (located where the dorsal
roots enter and the ventral roots exit) and theraéfuniculus (found between the ventral
median fissure and the exit point of the ventraksp

Based on detailed studies of neuronal soma sizedled using the Nissl stain), Rexed
(1952) proposed that the spinal grey matter isnged in the dorso-ventral axis into
laminae and designated them into ten grouping®ofans identified as | — X.

Lamina | contains the terminals of fine myelinated! unmyelinated dorsal root fibres
that pass first through the zone of Lissauer (dateml funiculus) and then enter lamina |
mediating pain and temperature sensation (Christerasid Perl, 1970; Menétrey et al.,
1977; Craig and Kniffki, 1985; Bester et al., 2000)he neurons here have been divided
into small neurons and large marginal cells charsgsgd by wide-ranging horizontal
dendrites (Willis and Coggeshall, 1991). They th@mapse on the posteromarginal
nucleus. From here the axons of these cells mafisetopposite side and ascend as the
lateral spinothalamic tract.

Lamina Il is immediately below lamina I, referred &s the substantia gelatinosa.
Neurons here modulate the activity of pain and tenaore afferent fibres, though intrinsic

neurons here do not contain the target for subst&®¢he NK-1 receptor (Bleazard et al.,
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1994), which is however found in lamina I, 1ll ahd (Naim et al., 1997). Lamina Il has
been sub-divided into an outer (dorsal) lamindlld)(and an inner (ventral) lamina Il {lI
based on the morphology of these layers with sthlk&ls found in larger numbers in
lamina lb but stalked and islet cells were found throughamtiha Il (Todd and Lewis,
1986). Indeed, lamina;as also found to be different in its neurochemycafile with a
greater predominance of protein kinasey ¢PKC+), an important enzyme in signal
transduction, which will be discussed in greatdaidléen Chapter 4. Lamina Il is the region
which receives an extensive unmyelinated primafgrant input, with very little from
large myelinated primary afferents (except foraligiarts of hair follicle afferents in some
animals; Willis and Coggeshall, 1991). The axgmajections from here are wide and
varied with some neurons projecting from the spioatd (projection neurons), some
passing to different laminae and some with axomdiced to a lamina in the region of the
dendritic tree of that cell e.g. intralaminar imeurons, local interneurons and Golgi Type
Il cells (Todd, 1996).

Lamina 1l is distinguished from lamina Il in thaithas slightly larger cells, but with a
neuropil similar to that of lamina Il. The clasdignput to this lamina comes from hair
follicles and other types of coarse primary afférdibres which includes Pacinian
corpuscles and rapidly and slowly adapted fibres.

Lamina IV is a relatively thick layer that extendsross the dorsal horn. Its medial
border is the white matter of the dorsal columrd &s lateral border is the ventral bend of
laminae | — lll. The neurons in this layer arevafious sizes ranging from small to large
and the afferent input here is from collaterals &inth large primary afferent fibres (Willis
and Coggeshall, 1991). Input also arises fromsihestantia gelatinosa (lamina 1l) and
contributes to pain, temperature and crude touehthe spinothalamic tract (Siegel and

Sapru, 2006).
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Lamina V extends as a thick band across the nastopart of the dorsal horn. It
occupies the zone often called the neck of theadldrarn. It has a well demarcated edge
against the dorsal funiculus, but an indistinatdak boundary against the white matter due
to the many longitudinally oriented myelinated &brcoursing through this area. The cell
types are very homogeneous in this area, with dogireg slightly larger than in lamina IV
(Willis and Coggeshall, 1991). Again, like lamifi, primary afferent input into this
region is from large primary afferent collaterassveell as receiving descending fibres from
the corticospinal and rubrospinal tracts with axafts® contributing to the spinothalamic
tracts (Siegel and Sapru, 2006). In additionhanthoracolumbar segments (T1 — L2/3) the
reticulated division of lamina V contains projectsoto sympathetic preganglionic neurons
(Cabot et al., 1994).

Lamina VI is present only in the cervical and lumbagments. Its medial segment
receives joint and muscle spindle afferents, witle fateral segment receiving the
rubrospinal and corticospinal pathways. The nesifogre are involved in the integration
of somatic motor processes.

Lamina VII present in the intermediate region o€ thpinal grey matter contains
Clarke’s nucleus extending from C8 — L2. This eusl receives tendon and muscle
afferents with the axons of Clarke’s nucleus fomgnitne dorsal spinocerebellar tract
relaying information to the ipsilateral cerebell@@nyder et al., 1978). Also within lamina
VIl are the sympathetic preganglionic neurons aarsig the intermediolateral cell
column in the thoracolumbar (T1 — L2/3) and theapgmpathetic neurons located in the
lateral aspect of the sacral cord (S2 — 4). IntemdRenshaw cells are located in lamina
VIl and are inhibitory interneurons which synapsetle alpha motor neurons and receive

excitatory collaterals from the same neurons (Ranwsii946; Siegel and Sapru, 2006).
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Lamina VIII and IX are found in the ventral grey ttea of the spinal cord. Neurons
here receive descending motor tracts from the careortex and the brainstem and has
both alpha and gamma motor neurons here which vaterskeletal muscles (Afifi and
Bergman, 2005). Somatotopic organisation is pteséere those neurons innervating the
extensor muscles are ventral to those innervaheglexors, and neurons innervating the
axial musculature are medial to those innervatingetes in the distal extremities (Siegel
and Sapru, 2006).

Lamina X is the grey matter surrounding the centeadal and represents an important
region for the convergence of somatic and viscerahary afferent input conveying
nociceptive and mechanoreceptive information (Nadtial., 1983; Honda, 1985; Honda
and Lee, 1985; Honda and Perl, 1985). In additgznina X in the lumbar region also
contains preganglionic autonomic neurons as wedragnportant spinothalamic pathway
(Ju et al., 1987a,b; Nicholas et al., 1999).

Extensive literature exists in this complex ciroyiwith a great deal of research on the
spinal cord focussing on the grey matter. Althowmgirch progress in understanding has
developed since Rexed’s (1952) first classificabbthe grey matter into laminae from his
classical works using the cat, an area that hasivet little attention, and is poorly
understood, is the lateral spinal nucleus (LSNated in the dorsolateral funiculus.

From this point on the aim of this introductory ptex is to review the limited literature
available regarding the LSN. The review has bednlizided into sections examining the
existing evidence which ascribes potential rolethi® unusual nucleus. The framework is
set out as follows:

. Definition of the LSN

. Morphology of cells in the LSN

. Neurochemical profile of the LSN

19



Mechanisms of activation, and projections of, tiSNL
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2. The definition of the LSN

In 1951, Rexed and Brodal described a separateumsidbrming a longitudinal cell
column situated ventrolateral to the dorsal horrthe lateral funiculus of the first and
second cervical segments of the cat’'s spinal coldwas believed that this nucleus
projected to the cerebellum and that it receivéerant fibres ascending in the spinal cord.
This nucleus was referred to as the nucleus cdivitateralis, or the lateral cervical
nucleus (LCN). However, in 1951, Rexed also fotimat in the rat, guinea pig, mouse,
rabbit and man, the lateral cervical nucleus wéseeinon-existent, or existed in a form
different from that described in the cat (thoughdetails of these findings were presented).
Lund and Webster (1967), however, reported theepias of cells in the dorsolateral
funiculus of the upper two cervical segments of #ijgnal cord of the rat and they
considered this group of cells to represent the L&3Ndescribed in other species. Their
findings therefore contradicted those of Rexed {195

However, through observing the distribution of gtEtolinesterase activity in the
spinal cord of the rat, Gwyn and Waldron (1968) destrated a group of cells present in
the dorsolateral funiculus extending in a contirm@olumn from the spinomedullary
junction to sacral levels of the spinal cord. Tlegupied a position ventral to the dorsal
horn, similar to that described for the LCN in tted by Rexed and Brodal (1951) and by
Brodal and Rexed (1953), but, whereas in the hatnticleus is restricted to the upper two
cervical segments of the spinal cord, in the re,dolumn extends throughout the length of
the spinal cord, defined then as the lateral spinaleus (LSN). Figure 1.1 demonstrates
the position of the LSN in the spinal cord. Laé&stidence revealed however, that the
enzyme acetylcholinesterase was not a specific endidk cholinergic cells (Albanese and
Butcher, 1980; Greenfield, 1991), but it was notbdt the LSN differed from the

superficial dorsal horn in the nature of the neurop
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3. The morphology of the LSN and its neurons

The neurons in the LSN have been shown to have lapolar appearance through
Golgi studies (Réthelyi, 2003), which have confidvearlier descriptions by Alvarez et al.
(2000) who used metabotropic glutamate receptorunostaining. Jiang et al. (1999),
through single cell staining following intracelluleecordings, also demonstrated multipolar
cells. Fusiform cell bodies have been noted inlt&dl (Giesler et al., 1979; Giesler and
Elde, 1985). Spindle-shaped cells have also béemtified at all segmental levels (Gwyn
and Waldron, 1968), though in Réthelyi's (2003) géstudy, they occurred only rarely.

The cells in the LSN are small (compared with aatdnorn cells), ranging from 8 to
36um by 4 to 12m (Gwyn and Waldron, 1968). Réthelyi (2003) nosiehilar sized
perikarya with his study showing cells in the ramdge&0 to 3mum. This compares to the
medium to large cells of the cat LCN, where theyeanghown to be 20 to pfh. (Rexed,
1951; Morin and Catalano, 1955).

The LSN neurons form a continuous column undemdhé pial surface of the
dorsolateral funiculus. Some of the dendrites remaathin the column of the perikarya,
while others have been identified passing eithirddly or medially (Réthelyi, 2003). Of
those medially oriented LSN neurons, Menétrey et18182) demonstrated that they passed
into lamina |, whereas Bresnahan et al. (1984) dooecasional dendrites almost apposing
the pial surface. However, Réthelyi's (2003) alaet micrographs revealed that the
dendrites also pass to the pial surface. Thisgbrinto question the possibility that the
LSN neurons may be under the influence of compeaneritthe cerebrospinal fluid

surrounding the spinal cord (Vigh et al., 2004).
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4. Neurochemical profile of the LSN and its involement in nociception

As previously mentioned, Gwyn and Waldron (196&9)9wvere the first to investigate
the profile of the LSN using acetylcholinesterdsat, this was subsequently shown not to
be a specific marker for cholinergic cells (Albamesmd Butcher, 1980; Greenfield, 1991).
Leah and co-workers (1988) were the first groumtestigate, in detail, the neurochemical
profile of the LSN from examining ascending traefl€ in the rat lumbosacral region
containing neuropeptides. They revealed that 9Dpeptidergic ascending tract cells were
congregated in two distinct areas — the LSN and¢lgéon surrounding the central canal.
The LSN had the highest percentage of neuropeptidetaining ascending tract cells
which included vasoactive intestinal polypeptideIR) bombesin, dynorphin and
substance P (SP), with their axons projecting irvaaiety of tracts including the

spinomesencephalic, spinoreticular and spinosylitacts.

4.1 Excitatory Interneurons in the LSN
4.1.1 Substance P in the LSN

Ljungdahl et al. (1978) first reported that largembers of fibres in the LSN were
richly stained for SP with others confirming thiGilgson et al., 1981; Dalsgaard et al.
1982; Senba, 1982). However, in the first exanmmabf the origins of SP containing
fibres within the LSN, Barber et al. (1979) repdrthat transection of lumbar dorsal roots
markedly reduced the number of labelled fibreshea tucleus ipsilaterally. They also
noted that, since combined hemisection of the eotidorsal rhizotomy failed to eliminate
SP labelling in the LSN, it was likely that some tbe labelled fibres within the LSN
originated segmentally. In further studies, howetlee possibility of an input from SP
containing dorsal root fibres to the LSN has bearstioned. Larabi et al. (1983) re-

examined the effects of dorsal rhizotomy on fidrethe LSN and concluded that, although

23



such operations markedly reduced the number ofléabgbres in the adjacent dorsal horn,
little if any reduction was produced in the LSNes¥ the radicular arteries were obstructed
or cut during rhizotomies. Bresnahan et al. (1984] Cliffer et al. (1988) also showed
that rhizotomies have little, if any, effect on 8Rmunostained fibres in the LSN. In
addition, Bresnahan et al. (1984) found that appbn of horseradish peroxidase (HRP) to
the proximal stumps of cut dorsal roots labelled/\few primary afferent terminals in the
LSN (the adjacent dorsal horn contained a largebmurof labelled fibres). The failure to
label more than a few fibres in the LSN followingpécation of HRP to dorsal roots
strongly suggests that the majority of SP stainbce$ within the LSN are not central
processes of primary afferent fibres. This findaigp indicated that very few of the fibres
within the LSN (whether they contain a peptide ot)roriginate in dorsal root ganglia.
Bresnahan et al. (1984) did find HRP labelling efminals in the LSN when HRP was
injected into the dorsal horn, a finding that sigjgehe existence of a projection from
neurons in the adjacent dorsal horn to the LSN.other studies where colchicine was
injected intrathecally to increase the peptidelgielling of cell bodies (Seybold and Elde,
1980; Sasek et al., 1984), many dorsal horn neuilgnagdahl et al., 1978; Barber et al.,
1979; Bresnahan et al.,, 1984) and the majority 8NLcell bodies were found to be
immunoreactive for SP. In addition, unlike the eudigial dorsal horn where all SP
containing primary afferents are thought to contaltitonin gene-related peptide (CGRP),
the marker associated with large myelinated prinadfgrents (Chung et al., 1988; Naim et
al., 1997; Todd et al., 2003), the LSN does nottaionany CGRP (Olave and Maxwell,
2004). It therefore appears that the primary sesiaf SP stained fibres in the LSN is the
adjacent dorsal horn, and perhaps, the LSN itself.
As SP exerts its biological actions by a high afyinnteraction with the SP, or

neurokinin—1 (NK-1) receptor, it could be postuthtthat the LSN may be involved in
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nociception, as the majority of lamina | neuronghwhe NK-1 receptor are thought to be
activated by nociceptors, as most show internabisaif the receptor (Mantyh et al., 1995)

or express c-Fos (Doyle and Hunt, 1999; Todd ea8D5).

4.1.2 Glutamate in the LSN

Glutamate is the major excitatory neurotransmitieghe central nervous system (CNS)
with synaptic terminals of spinal sensory afferesitengly immunoreactive for glutamate,
indicating a glutamatergic function (De Biasi andsRoni, 1988, 1990; Broman et al.,
1993; Valtschanoff et al., 1994). This conclusi®rconfirmed by extensive physiological
evidence of AMPA- and NMDA- mediated synaptic rasges in spinal neurons evoked by
dorsal root afferent stimulation (Salt and Hill, 889 Jessel et al., 1986; Schneider and Perl,
1994; Li et al.,, 1998) and the presence of AMPA axdiMIDA receptor subunits
postsynaptic to spinal sensory synapses (Alvareal.et1994; Popratiloff et al., 1996,
1998a,b).

Recently, three glutamate vesicular transportel&LVTs) have been characterised
(reviewed by Fremeau et al., 2004) and have beewrsko be present in axons belonging
to largely non-overlapping populations of glutangite neurons throughout the CNS (Ni et
al., 1995; Bellocchio et al., 1998, 2000; Aiharalet 2000; Takamori et al., 2000; Fremeau
et al., 2001; Sakata-Haga et al., 2001; Kanekad.,e2@02). Varoqui et al. (2002) reported
initially that VGLUT1 and VGLUT2 were present inehspinal cord, but in differing
locations: VGLUT2 throughout the grey matter, wtisLUT1 found in laminae 1l — VI,
the intermediate grey matter and the ventral hdmaddition, Todd et al. (2003) showed
that myelinated primary afferents in lamina | w&@LTU2 immunoreactive whereas all
those in deeper lamina were VGLTUL immunoreactivigh some in laminae Il — VI

appearing to contain both transporters. VGLUT3hmother hand has been demonstrated
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in the cortex and hippocampus (reviewed by Frenetaal., 2004) where scattered cells
showed VGLUT3 mRNA and protein were identified (& et al., 2002; Fremeau et al.,
2002), however these also co-localised with glutamcid decarboxylase (GAD), the
enzyme responsible for synthesising GABA (Fremeawle 2002) where symmetric

synapses onto the cell bodies and proximal dendstiafts of pyramidal cells by

immunoelectron microscopy, raised the possibilityloitamate co-release with GABA at

inhibitory synapses. In addition, Gras et al. (2080 demonstrated that the VGLUT3
was also found in all cholinergic interneurons fug striatum, as well as in serotoninergic
neurons from the raphe magnus.

Alvarez et al. (2004) demonstrated only minimalkelaiy of VGLUT1 within the LSN,
with others unable to detect VGLUT1 at all (Li &t 2003; Todd et al., 2003; Olave and
Maxwell, 2004). However, VGLUT2 has been shownaioundance in the LSN as
demonstrated by Li et al., 2003; Todd et al., 2608 Alvarez et al., 2004. In addition,
Olave and Maxwell (2004) also found VGLUT2 labelitmgbe abundant and co-localised
with the adrenergic recepton:.. As VGLUT2 has been found in the superficial dbrsa
horn, especially within lamina | (an area estalddim its role in nociception), is found in
peptidergic axons likely to be derived from intimsieurons containing neurotensin,
enkephalin, somatostatin and SP (suggesting tleatthre also glutamatergic (Todd et al.,
2003)) and has been established in its role inception (Moechars et al., 2006), the
VGLUT?2 within the LSN may serve a role in nociceptprocessing. However, unlike the
superficial dorsal horn which receives direct pmynafferent input, the LSN does not, and

it may be that the VGLUT2 serves a very differaslénn nociception at this site.
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4.2 Inhibitory interneurons in the LSN
4.2.1 GABA and glycine in the LSN

GABA is the major inhibitory neurotransmitter iretdorsal horn of the spinal cord and
also plays a role in the ventral horn (Todd and Wielk 2000). GABA is synthesised by
glutamic acid decarboxylase (GAD) which exists wo tisoforms with slightly different
molecular weights referred to as GAD65 and GAD6aIl{wh and Tobin, 2000), coded by
different genes (Erlander and Tobin, 1991).

GABA can produce presynaptic inhibition of primaajferents through axoaxonic
synapses, and inhibition postsynaptically of spmalirons, mediated through axosomatic
and axodendritic synapses. Indeed, the inhibitotg of GABA can be seen when the
GABA receptor antagonist bicuculline (or the glycineeqgor antagonist strychnine) is
locally applied to the spinal cord in the rat whdrproduces behavioural signs of tactile
allodynia (Yaksh, 1989), and can cause low thresméchanical stimuli to produce a
flexion withdrawal reflex (Sivilotti and Woolf, 199.

Specifically, in the superficial dorsal horn (SDM}yere nociceptive information is first
processed, approximately 30% of neurons in lamaenadi I, and 45% of lamina Ill neurons
are GABA immunoreactive (Todd and Sullivan, 199¥Nd these cells are assumed to be
GABAergic inhibitory neurons. Glycine like immureactivity is also present in neuronal
cell bodies in these laminae, but is limited tos#hnahat are GABA immunoreactive. Of
those neurons in laminae | and 1l, 33% and 43%em@sgely contain GABA and glycine.
However, as much as 64% of neurons contain both &ald glycine in lamina Il (Todd
and Sullivan, 1990).

GABA is produced through decarboxylation of L-glutate by the enzyme GAD. Two
isoforms of this GAD exist, coded by different gerfg&rlander and Tobin, 1991) and have

been classified as GAD65 and GAD67 based on theleenlar weights. Within the LSN,

27



although not formally discussed, it can be seemftbe photomicrographs, that the LSN
shows mild to moderate staining with GAD (McLaughdit al., 1975). In addition, Mackie
et al. (2003) also have shown both GAD65 and GARGIsts within the LSN, with
moderate staining. Olave and Maxwell (2004), thfostudies with thew,. adrenergic
receptor, also demonstrated moderate to abundanD G#aining, and of those
approximately 10% co-localised with the. adrenergic receptor, however most of the
adrenergic receptors co-localised with VGLUT2.

Within the SDH, GABA immunoreactive axon terminasd cell bodies frequently
contain relatively high levels of glycine (Todd a8dllivan, 1990; Todd et al., 1996), and
there is evidence that GABA and glycine can acmasansmitters at synapses in the spinal
cord (Jonas et al., 1998; Keller et al., 2001).wieer, in the LSN there is only minimal
staining with Gly-T2 (Olave and Maxwell, 2004), arker for glycine (Zafra et al., 1995),
and it may be that with such low levels, the GABAthe LSN may not be related to

glycine at all, unlike the situation in the SDH.

4.2.2 GABA and NOS in the LSN

Previously it had been reported that neuronal mitxide synthase (nNOS) and the
enzyme responsible for its synthesis — nicotinamadienine dinucleotide phosphate
(NADPH-d) — are located in the superficial dorsafrh) the area around the central canal
(Dun et al., 1992; Valtschanoff et al., 1992a), termediolateral nucleus and the LSN
(Valtschanoff et al., 1992a; Nazli and Morris, 200 Nadelhaft and Booth (1984)
demonstrated that most NnNOS immunoreactive fiegsinating in the dorsal horn arose
from dorsal root ganglion (DRG) neurons. LatermAiet al. (1991) revealed that the
number of NOS positive immunoreactive DRG cellsralespinal segments may not be as

large as first anticipated, suggesting an intrirgigin of the NOS would be more likely.
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Laing et al. (1994) completed an extensive invesiog characterising the NOS
immunoreactive neurons showing them to be most nomse in lamina I — Il
Valtschanoff et al. (1992b) demonstrated that adséh NOS immunoreactive axonal
boutons in lamina I, many possessed GABA immunangdy, suggesting an inhibitory
role. This was confirmed by Laing et al. (1994)ordinowed glycinergic immunoreactivity
in NOS neurons in lamina | — Il. However, NOS immoteactive neurons in lamina Il
were not found to co-localise with glycine. In #aoh, Spike et al. (1993) revealed that
choline acetyltransferase (ChAT) immunoreactiveroesl in lamina Ill were found to be
NADPH-d positive, suggesting that those neuronis lamina which contain GABA and
acetylcholine, are also capable of synthesising NBottner and Baumgarten (1992) also
revealed that of all NOS immunostained neuronsheibtermediolateral column, nearly
half co-localised with ChAT. However, unlike trerde NO interneurons of the monkey
cerebral cortex that express neuropeptide Y (NPMhunoreactivity, none of the lamina |
— Il NOS immunoreactive neurons expressed NPY.

The exact function of NOS is still under great debaBehavioural (Malmberg and
Yaksh, 1993) and pharmacological studies (Kawabkatal., 1994; Semos and Headley,
1994; Lin et al., 1999) have indicated that NO m@dulator of nociceptive processes, but
there is no agreement on its precise role and t haae both hyperalgesic and analgesic
effects (Hoheisel et al., 2005). As NOS is foundhe LSN (Valtschanoff et al., 1992a;
Nazli and Morris, 2000), it may well be associatath GABA as it is in the SDH, but may
not be related to glycine, due to the low level$abf-T2 (Olave and Maxwell, 2004). In
addition, NOS in the LSN has also been found tdocalise with interferon- and
synaptophysin (Vikman et al., 1998) and using Nitrarginine-ester (L-NAME), a

blocker of NOS, can at least partially inhibit theciceptive response to interfergma rats
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(Xu et al., 1994). Therefore, the role of NOShe LSN may serve a role in nociception,

although may be very different to what is underdtoegarding the SDH.

5. Mechanisms of activation, and projections of he lateral spinal nucleus

Ling et al. (2003) suggested that the LSN coulddbectly innervated by primary
afferents. Using electrophysiological techniqubsy identified the C afferent fibres from
the gastrocnemius muscle and performed iontoplworegections of Phaseolus vulgaris
leucoagglutinin (PHA-L). This showed that the urmlityated muscle primary afferents
projected rostrocaudally in the dorsolateral fuhisuvith projections both in a medial and
lateral direction (from observation of their diagmaatic representations) and also passed
into lamina | and II, with smaller numbers projagtito lamina Ill. However, most of the
research into the activation of the LSN suggesds ithfact it is not directly influenced by
cutaneous stimulation, but actually from collatexetivation.

Through electrophysiological studies, Grudt andl P2002) demonstrated that some
lamina | neurons were relatively large with exteasidendritic arborisation in the
horizontal dimension and possessed a prominerit tion. These axons were noted to
pass ventrally and course to the contralateral tsigeoject in the ventral lateral funiculus.
This raises the distinct possibility that this tygfdamina | neuron is activated directly by a
primary afferent responding to peripheral noxiotimglation, and, from there, activates
the LSN neuron through an axon collateral (Hanl.etLl898; Craig et al., 2001; Grudt and
Perl, 2002; Todd et al., 2002; Olave and MaxwellD4). This strengthens previous
electrophysiological studies demonstrating colkdtexctivation of the LSN, rather than
direct primary afferent input (Giesler et al., 19Menétrey et al., 1980). Indeed, as
previously mentioned, the source of SP in the LShNhought to be either from the adjacent

SDH, or the LSN itself (Barber et al., 1979; Larabial., 1983; Bresnahan et al., 1984;
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Cliffer et al., 1988). As the LSN is stimulated &yyinal interneurons with a rich content of
SP, VGLUT2, enkephalin, dynorphin, somatostatinsoative intestinal polypeptide,
bombesin and FMRF (Jessel et al., 1978; Seyboldedohel 1980; Giesler and Elde, 1985;
Cliffer et al., 1988; Olave and Maxwell, 2004),4tadds further weight to the suggestion
that the LSN is not directly activated by primaffeeent fibres.

However, Neuhuber (1982) and Neuhuber et al. (1886)onstrated that some afferent
fibres from the greater splanchnic nerve, the infenesenteric plexus, and the hypogastric
nerve also terminate in the LSN. This would sugtiest the LSN could receive a visceral
input, which will be discussed later. Thereforegrth may be more primary afferents
terminating in the white matter either directly, close to, the LSN than was first
appreciated.

Additionally, neurons in the LSN are not directlgtigated by cutaneous stimulation,
have no spontaneous activity and possess axonssieih conduction velocities (i.e. the
unmyelinated range) and can project contralatergig%), and bilaterally (40%)
(Menétrey and Besson, 1981).

Petkd and Antal (2000) used anterograde and retdegtabelling techniques and
showed that neurons in the lateral part of one réigd dorsal horn could project to the
contralateral superficial part of the dorsal hamith the possibility of involvement of the
LSN. This could suggest that one LSN, could bevattd by both the ipsilateral and
contralateral lateral dorsal horn (with commisstitales going between one LSN and the
opposite). Also, from their diagrams, the LSN m&wr themselves may project
contralaterally and could be activated reciprocallghis could also explain the work by
Olave and Maxwell (2004) that showed bilateral \aatton of c-Fos in the LSN. The
knowledge at the moment of the mechanisms underlyitateral activation of LSN

neurons is limited.
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LSN neurons may also be activated by descendingesfilthat originate from
supraspinal nuclei, which in turn are activated dsgending fibres of spinal projection
neurons located in the superficial dorsal hornzuRuet al. (2002) showed that superficial
dorsal horn neurons which express the NK-1 receqattivate descending pathways which
control spinal excitability. This could also exiplahe c-Fos activation bilaterally in Olave
and Maxwell’s study (2004) as there could be asogndctivation of descending systems
which project bilaterally to the LSN.

Pechura and Liu (1986) used retrograde fluoresagmible labelling of the
periaqueductal grey (PAG) and the medullary resicdbrmation (MRF) which showed
that double labelled neurons in the LSN were presels the PAG and the MRF are
strongly implicated in descending modulation ofnsphineuronal activity, especially that
resulting from noxious stimulation (Basbaum anddsg1984), this could imply that the
LSN has a role in nociceptive pathways.

Initially, retrograde labelling studies showed th&N neurons do not project to the
thalamus (Giesler et al., 1979; Kevetter and Will882). However, Gauriau and Bernard
(2004) used anterograde labelling (in the rat) with sensitive markers PHA-L and/or
tetramethylrhodamine-dextran (RHO-D) injected mientophoretically. They found that
when the LSN was labelled, it was very specifittsnbilateral projection to the lateral and
medial portions of the caudal region of the medisdbthalamic nuclei, as well as to the
posterior thalamic group (triangular part). Theras some spread into the most lateral
portion of the laminae I-1ll but retrograde studigst have been performed prior to
Gauriau and Bernard (2004) indicate that, in thgical enlargement of the rat, the lateral
portion of laminae I-11l projects scarcely, or radtall to the thalamus, whereas numerous
LSN neurons project to the thalamus (Granum, 1886stein et al., 1990b). This pathway

from the LSN, to the thalamus, and from there te fbrebrain, forms part of the
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somatosensory relays. This could form a directspetific role in the emotional affective
component of pain (Gauriau and Bernard, 2004).s Thsignificant in that the mediodorsal
thalamic nuclei project to the medial and orbigdions of the prefrontal cortex and the
LSN-mediodorsal pathway could be implicated in &meotional and cognitive aspects of
pain (Gauriau and Bernard, 2004).

Using the retrograde tracer Fluoro-Gold (FG), Beirstet al. (1990a) demonstrated
extensive projections of the LSN to the hypothalamli was shown that up to 25% of the
input to the hypothalamus came from the LSN, thhoug the full length of the rat spinal
cord. Work by Li et al. (1997) also confirmed @ajons of the LSN to the hypothalamus.

Retrograde labelling studies and SP immunoreagtaito showed that the LSN has
extensive projections to the hypothalamus, as aslio the septal region (Li et al., 1997).
The hypothalamic projection sites included, notyathle lateral hypothalamus but also to
the paraventricular hypothalamic nucleus and thetgumr hypothalamic area. The
paraventricular nucleus is composed of magnocelhgairosecretory neurons constituting
the paraventriculohypothalamic system and non-emu®aeurons, some of which send
projection fibres to the pain-related brainstenuctires including the PAG, raphe nuclei,
and parabrachial nuclei, with the posterior hyplatiiec area being involved in the
generation of emotional stress and the regulatiobody temperature (Armstrong, 1995;
Saper, 1995). In addition two neuroendocrine systare activated in the animal when
coping with stressors: the hypothalamopituitaryeadcortical system, in which the
paraventricular hypothalamic nucleus is involveadid athe hypothalamosympathico-
adrenomedullary system in which the posterior hiyalaimic area seems to be involved.
(Agnati et al., 1991; Armstrong, 1995) Thus, frahe study by Li et al. (1997), the
projection fibres from the spinal cord that have iBifhunoreactivity that project to the

paraventricular hypothalamic nucleus and/or theokiyglamic area are likely to be
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implicated in the elicitation of stress responde. particular, projection fibres from the
LSN of the lower lumbar and sacral cord segmentg mediate nociceptive information of
visceral origin to the paraventricular hypothalamuxcleus and exert regulatory influences
on the endocrine and autonomic systems througtpdnaventriculohypophyseal system.
However affective motivational responses to peniahstimulation is served by the septal
area. The limbic system including the septal neggonecessarily involved in nociception
because it is strongly coupled with emotional ariéctive states. Thus the direct
projections from the LSN, and deep part of the alotoorn to the septal region, are
presumed to be involved in motivational-affectigpacts of nociception (Li et al., 1997).
Also, transneuronal studies have been done usiagdpsabies virus (PRV) injected
into the kidney (Schramm et al., 1993) and steligaglion (Jansen et al.,, 1995) have
shown that the LSN innervates different types omgsgthetic preganglionic neurons.
Jansen and Loewy (1997) have also shown that nguionthe LSN become
transneuronally labelled after PRV injections itb@ superior cervical ganglion, stellate
ganglion, celiac ganglion or adrenal gland. Albey showed direct projection of the LSN
to sympathetic preganglionic neurons using PHAThese results suggest that the LSN
has a descending sympathetic projection systemnandtrigger a sympathetic response
(eg. increase in blood pressure, release of ca@uinees) during intense, acute visceral
pain. So, as well as being influenced by viscariceptive information, the LSN may

have a feedback to the sympathetic system in regptnthis.
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Figure 1.1. Position of the LSN in the spinal cord A single transverse section of L5 with
immunofluorescence for the neuronal marker Neul)(te highlight the neuronal population
predominantly in the grey matter on the left hame of this Figure, with a diagrammatic
representation of. Rexed’s laminae (1952) beingliggted to the right hand side (as indicated
by Roman numerals for each of the laminae). Thatipo of the LSN can be seen in the

dorsolateral funiculus, close to the superficialsédhorn. Scale bar = 50@.
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Chapter 2

Aims and General Experimental Procedures
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1. Aims

The purpose of this first section is to give a gahaccount of the principal aims
pursued, hypotheses to be tested and for eacheofntlestigations, an outline of the
experimental approaches. The specific detailsaohef these procedures will be detailed,
as appropriate, in the experimental sub-divisioeanh chapter.

There are three main areas of focus of this sthdywill give a greater understanding
of the nucleus of the dorsolateral funiculus, tigsNL

» Nociception and the LSN

* NK-1 and excitatory and inhibitory terminals in th&N

* NK-1 projection targets of LSN neurons to braintees, including the brainstem

Investigation 1

Hypotheses:

a) LSN neurons receive cutaneous information

b) LSN neurons are activated by noxious cutaneousutdtion

c) There is a variable degree of expression of Fogm#ipg on the stimulus, as in the
superficial dorsal horn (SDH)

Aims:

a) ldentify if LSN neurons receive information frometkkin

b) Identify the types of stimuli that activate LSN neos

c) Quantify the extent of LSN neurons that responddifferent types of peripheral

noxious stimuli
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Expression of the immediate early gene c-Fos wdsced by the application of a
noxious thermal or chemical stimulus to the lefhdapaw. This method was used to
identify LSN neurons that could be activated byeddnt types of nociceptive stimuli, and
allowed direct comparison with the SDH. Combinihgstapproach with double labelling
immunocytochemistry (with the neuronal marker Neulpwed quantification of the
neuronal populations in the LSN, both ipsilateradl @ontralateral to the stimulus. It also
allowed direct comparison between different stintblt may have influenced the LSN,

and proportionally how many neurons were activétedifferent stimuli.

Investigation 2

Hypothesis 1:

a) As SP is present in abundance in the LSN, the miyajof LSN neurons are NK-1
Immunoreactive

b) If a majority of LSN neurons are immunoreactive the NK-1 receptor, only a
minority be immunoreactive for protein kinasey@GPKC+), which like the NK-1
receptor, has also been associated with nociceptoaessing (Malmberg et al., 1997)

Aims:

a) To identify the relationship between SP and the Ni€ceptor in the LSN, and quantify
the total neuronal population that is immunoreacfor the NK-1 receptor

b) To quantify the total neuronal population in theN_&hat are immunoreactive for PKC-

Y

c) To identify if any relationship exists between Nkadd PKCy in the LSN

The NK-1 receptor, the target of SP, is found wittiie LSN and the role of NK-1 is

well established as playing a role in nociceptiespgcially within the SDH). As the LSN
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has been implicated in nociception (as previouslgcussed), triple labelling

immunocytochemistry (for examination with the cardb microscope) was used to
quantify the total neuronal population in the LSNsifig NeuN) that possessed this
receptor, and that of protein kinase {C(PKC+) which also serves a role in nociceptive

processing (Malmberg et al., 1997)).

Hypothesis 2:

a) As nitric oxide synthase (NOS; the enzyme respdadilir synthesising nitric oxide
(NO)), has been found to enhance the release ah$ife SDH (Garry et al., 1994;
Aimar et al., 1998; Kamasaki et al., 1995), SP al@S will be intimately related
immunocytochemically in the LSN

b) If a close relationship exists between SP and N&3Sn the SDH, then the same will
hold for the relationship of NOS and the targeSbf the NK-1 receptor in the LSN

c) As in the SDH, the NOS terminals in the LSN will besociated with inhibitory
GABAergic neurons

Aims:

a) To identify the relationship that exists betweena®® NOS in the LSN

b) To identify the contact nature of NOS terminalsNi§-1 neurons, and then quantify
this relationship

c) To identify, and then quantify, the relationshipdgoroportion of NOS terminals to

excitatory (glutamatergic) and inhibitory (GABAetgiterminals in the LSN

With both NOS and the NK-1 receptor involved in igception in differing ways as
previously discussed, triple labelling immunocytechstry (for examination with the

confocal microscope) was used to identify if atietsship between SP, NK-1 and NOS in
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the LSN existed. In addition, quadruple labellimymunocytochemistry was used to
identify NK-1 neurons and NOS terminals in the LSid identify the co-localisation
patterns of NOS terminals and their contact retfestop with NK-1 neurons.

Within the SDH, many NOS containing neurons assoaiated with inhibitory
GABAergic neurons, as well as glycinergic and ameigic neurons (Valtschanof et al.,
1992Db; Laing et al., 1994). However, within theN_8here are few cholinergic terminals
(Olave and Maxwell, 2004) and no GlyT-2 — a markessociated with glycinergic
terminals (Zafra et al., 1995). Therefore, witthe LSN they may be associated with only
GABAergic (glutamic acid decarboxylase (GAD) expiag neurons). To ensure they do
not arise from excitatory terminals, immunocytochstng was also combined with
VGLUTZ2, known to exist in glutamatergic neuronsotighout the CNS, as discussed in

Chapter 1, page 8.

Investigation 3

Hypothesis:

a) If NK-1 neurons are abundant in the LSN, then maillybe projection neurons and
target brain areas known to be involved ioiception

Aim:

a) to quantify the proportion of NK-1 projection nensothat project to several brain and
brainstem regions from the LSN known to be involvednociception, and related

aspects of pain

Retrograde labelling of projection neurons was downdb with either triple or quadruple
labelling immunocytochemistry (for examination withe confocal microscope). The

retrograde tracer cholera toxin B subunit (CTb) wambined with NeuN and NK-1 to
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quantify LSN neurons that contained each of theagkens that projected to several brain
regions that have been implicated in nociceptibor the quadruple labelling experiments,
two brain regions were injected — one with CTb ané with Fluoro-Gold (FG), and this
was combined with NeuN and the NK-1 receptor, agaiquantify the LSN projections

possessing these markers.

2. General Experimental Procedures
The purpose of this section is to give a broadeletstanding of some of the techniques
that have been used throughout this study, anddeige a basis for the more specific

detailed experimental sub-division that will bealled later in chapters 3, 4 and 5.

2.1 Multiple immunolabelling for confocal microggo

This is a technique which allows the identificatioh several antigens in the same
section, say for example (as in this work) the aboord. The antigens can be peptides,
neurotransmitters, enzymes or receptors. The hbafsisnmunolabelling for confocal
microscopy is generally two-fold:

* Incubation of sections of the spinal cord with aktail of primary antibodies (up to
four), which have been raised in different speci€kis technique allows the
combination of various different antigens to le¢edted in a single section.

* Incubation of the sections with a cocktail of spsespecific secondary antibodies,
each one of which is coupled to a different flygrore. The secondary antibody is an
immunoglobulin (Ig) raised in donkey, which isetited against a specific species
e.g. rabbit, rat, goat etc. The resulting secondatibody will bind to any antigen of
the species, and therefore readily identifiedHgyftuorophore which it is also

attached to it.
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After the appropriate incubations and rinses, #wiens are mounted and subsequently
ready to be scanned (or stored in a freezer atC-20%til ready to be examined).
Immunoreactivity for each of these antigens can Vigualised separately by the
corresponding fluorophore coupled secondary anyibotimages from the same optical
section can also be merged to allow the relatiaialpdistribution of the antigens to be
studied.

Exceptionally two primary antibodies from the saspecies can be used provided that
the antigens identify different cellular compartrtsen For instance, the NK-1 receptor is
localised to the cell membrane and VGLUT2 is lamdi to terminals. For this reason both
antigens can be labelled with a primary antibodytltd same species and the same
secondary antibody and it is still possible to aléntiate the two types of
immunoreactivity. Figures 4.4 and 4.5 illustrat@munoreactivity for the NK-1 receptor
and VGLUT2 that has been obtained using primaribadies raised in the same species
(i.e. guinea-pig anti-NK-1 and guinea-pig anti-VGL2), which were revealed with the
same secondary antibody (i.e. donkey anti-guingatgG coupled to the fluorophore

rhodamine-red).

2.2 Confocal microscopy

The Radiance 2100 (Hemel-Hempstead, UK) confosarlacanning microscope was
used in all investigations. It is equipped witlufdasers: argon, green helium neon, red
diode and blue diode which allowed the scanningeaftions that had been labelled with
four secondary antibodies, each one being coupleddifferent fluorophores (Table 2.1).
This method allowed the same region of the cellb® identified with different
fluorophores.  With the Radiance 2100 microscopeansing can be performed

simultaneously.
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2.3 Control experiments used in immunocytochemicahaoust
Positive and negative controls

Although immunocytochemistry is a powerful investige tool, it depends on the
specificity of the antibody binding e.g. to thetepe of the protein used as an immunogen,
and could be affected by fixation or detergentsépbsen et al., 1999). The antibody
specificity requires that the antibody binds only the protein that contained the
immunogen peptide. Today, many antibodies are rgések to synthetic peptides and are
purified with the immunising peptide based on af§irthus resulting in a reduction in
possibility that the antibody binds to epitopes fmind on the original peptide (Burry,
2000).

Therefore, controls are crucial in ensuring that dletection of the appropriate antigen
is what results in the labelling seen using immytmchemistry. Initially, to demonstrate
that the labelling found is due to the primary bhotly specifically, the primary antibody
can be either omitted (Schuster and Powers, 2005emaced with similarly diluted
normal serum from the same species, keeping adirakperimental procedures the same
i.e. a negative control (Petrusz et al., 1976). adldition to negative controls, positive
controls can be done using tissue selected to icof@anot contain) the protein to confirm
the specificity of the antibody. This should dentost® immunoreactivity for this protein
at the appropriate sites, but a lack of immunoreifgin those components that are known
not to contain that protein. Josephsen et al.g18%0 showed that sections could be used

with several different antibodies that are diredgdinst the same structure for labelling.
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Absorption controls

The specificity of an antibody as demonstrated pprapriate controls is crucial in
understanding the localisation of compounds ins@iedsues. One valuable control in the
detection of a specific molecule is the absorptorpre-absorption technique where the
antigen being examined needs to be present inuite ptates in great amounts. The
primary antibody is incubated with the pure, exagenantigen, and then applied to the
tissue being investigated. If the antibody is dpefor the exogenous antigen, the “pre-
absorption” should prevent the antibody from reesigig the tissue antigen (Hockfield et
al., 1993). However, this technique demonstratdg the specificity of the antibody for
the incubating peptide/protein but does not prdwe dpecificity of the antibody for the

protein in whatever tissue is being examined (Svedat., 1977; Willingham, 1999).

Controls for double labelling immunocytochemistry

Double (multiple) labelling in immunocytochemistajjows two (or greater) different
antigens to be examined in a single preparationséfedorf and Elde, 1985). Therefore it
allows the determination of whether or not two @iéint cell types can express unique
antigens.

Two types of double labelling can be undertakenirectland indirect. Direct double
labelling uses two primary antibodies, where ast@me is conjugated directly to a marker,
and can be from the same species or of the sanypés@Hockfield et al., 1993). However,
performing indirect double labelling can be undestawith unlabelled primary antibodies
from different species or unlabelled primary antiies from the same species but a
different immunoglobulin (isotype). Then, isotype-species - specific labelled secondary
antibodies can then be utilised in identifying thetigens recognised by the primary

antibodies. However, when the antibodies are frdemtical species or isotype, indirect
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double labelling can also be undertaken by thetadof blocking steps and sequential
incubations with a primary antibody, the relevaetadary antibody, an alternative
primary antibody, and the next relevant secondaybady. However, as well as the
control experiments which have to be undertakenvéoification of the specificity of the
antibodies used, additional controls have to be.use

If double labelling experiments are undertaken giginmary antibodies from differing
isotypes or species, the final concentration ofheastibody should be identical to that
established for single labelling. Mixtures of twwimary antibodies, if produced in
different species, or if they have unique isotypesn be used if say, for example,
fluorescent secondary antibodies are availabled&ection of these primary antibodies.
However, an essential negative control in indiceible labelling is to make sure that each
individual secondary antibody is specific for thepeopriate primary antibody. This is
identified by incubation of a separate tissue samyith each primary antibody and then
with an inappropriate secondary antibody (Hockfieldal., 1993). No labelling should be
found in this case i.e. no cross-reactivity shdaddoresent within the tissue examined.

If, on the other hand, double label immunofluoreseeis performed using primary
antibodies from the same isotype or species, cbexperiments have to be undertaken in
addition to the ones detailed above. As a posttiv&rol, the order should be reversed in
primary antibody incubation and the labelling sldodde identical to that undertaken
initially. For a negative control, the tissue shibbe incubated only with the primary
antibody, but no secondary antibody conjugated fla@ochrome. This is then followed
by incubation with the first primary antibody, withcubation in an excess unlabelled
secondary antibody solution, and then with an iatioln in which the secondary antibody
is conjugated to the secondary fluorochrome (Hetdtfet al., 1993). If primary antibody

sites are saturated, this should result in tiskae is unlabelled. However, if labelling is
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present, the experiments are repeated using aegreancentration of the unlabelled
secondary antibody, or a reduced secondary antilbodgentration conjugated with the
secondary fluorochrome. If, after this, cross-tedy is still found, the antibodies are not

used for double labelling experiments.

Antibodies used within the subsequent studies

The studies undertaken in subsequent chaptersvimalotal of ten different primary
antibodies and three fluorescent secondary aneisodill of which have been extensively
documented in the literature, and gave stainingeps consistent with those seen
previously.

The mouse monoclonal antibody used was generatadsagell nuclei extracted from
mouse brain and was found to react with the prospecific to neurons (Mullen et al.,
1992). This antibody labels all neurons (and nal gkells) within the rat spinal cord (Todd
et al.,, 1998). The rabbit c-Fos antiserum wasedhegainst a synthetic peptide sequence
common to all c-Fos proteins (Hunt et al.,, 1987)d dmas been used in many
immunocytochemical studies of the spinal cord (Hetal., 1987; Williams et al., 1989,
1990a,b; Olave and Maxwell, 2004; Todd et al., 12Z905).

The sheep antiserum against neuronal nitric oxyaehase used later (nNOS), or the
K205, has been assessed using Western blottindgpigderet al., 1996). They showed that
the antibody recognised one main protein with aemudlar mass of 155Kd in lanes with the
recombinant NNOS and rat hypothalamus. Other smaliotein bands were present in
both lanes and were assumed to be fragments aiNl@S. Herbison et al. (1996) also
performed liquid phase absorption experiments amahstrated that all immunoreactivity

was abolished by absorption of the K205 antiseruth thie recombinant nNOS protein.
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The guinea pig antiserum against the vesiculamagiate transporter 2 (VGLUT2) has
been examined by Mathur and Deutch (2008). Theynexed the specificity of the
VGLUT2 antibody, and also the vesicular glutamadmsporter 3 (VGLUT3) antibody by
performing controls eliminating the primary antilesland found no staining. In addition,
they also incubated sections in a solution comagirthe VGLUT3 primary antibody, but
not the VGLUT2 antibody, having both secondary laodies present. From that, they
demonstrated only VGLUT3, and no VGLUTZ2 immunoreaist and no non-specific
immunofluorescence with either the VGLUT2 or VGLUpBmMary antibodies. As well as
that study, numerous other authors have showretharal staining that is found using this
antibody, as discussed in detail in chapter 4.

The guinea-pig antiserum against the NK-1 recepsed in subsequent studies showed
staining identical to that from the well characed rabbit anti-NK1 receptor antibody
(Vigna et al., 1994; Polgar et al., 1999) and HteNK-1 receptor (Spike et al., 2003).

The substance P monoclonal antibody recognisetterminal of the peptide and
therefore does not distinguish between substarmedRhe related tachykinins neurokinin
A and B (Cuello et al., 1979). Substance P andake&in A originate from the same gene
(preprotachykinin 1), but neurokinin B arises fropreprotachykinin 1. Although
neurokinin B is present in the dorsal horn, it & detectable in primary afferents and is
thought to originate from neurons within the spiocatd (Ogawa et al., 1985; Warden and
Young, 1988; Too and Maggio, 1991). The rat sulze#taP has been well characterised
previously by Naim et al. (1997) and Todd et aQ(@).

The protein kinase @-(PKC-; C-19) used in chapter 4, investigation 2 is dmidy
purified rabbit polyclonal antibody raised agaiaspeptide mapping at the C-terminus of
PKC- y of mouse origin and has been shown to be highieifip by numerous authors

(Takai et al., 1979; Nishizuka, 1984a; Osada etl8B2; Polgér et al., 1999).
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The goat polyclonal antibody was raised against,Gital rabbit was raised against
Fluorogold. Specificity of each of these tracetil@dies was demonstrated by a lack of
staining in areas of the central nervous systernditinot contain neurons that had taken
up and transported the tracer and by immunostaifuangd in populations of neurons that
are known to project to the injection sites, asussed in detail min chapter 5. In addition,
the specificity of the Fluorogold antibody was ditg confirmed by comparing the
fluorescence (seen through a UV filter set) withttfor the anti-Fluorogold in individual
neurons. All experiments examined had a perfectcimbetween the two types of
fluorescence.

Therefore, to minimise suffering to animals, asuesjed under the UK Animals
(Scientific Procedures) Act 1986, and the fact tbath the primary and secondary
antibodies have been extensively characterisethanliterature as quoted throughout the

work presented, control experiments were not deeapedopriate.
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Fluorophore Excitation A Emissioni

Alexa 488 494 518
Rhodamine-Red 570 590
Cyanine 5.18 650 670

Table 2.1Excitation-emission wavelengths correspondindhfluorophores used.
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Chapter 3

Investigation 1

Nociceptive stimuli that activate LSN neurons
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1. Introduction

c-Fos is an immediate early gene which is rapidig sansiently expressed in neurons
in response to stimulation (Harris, 1998). Tramdimnal activation of the gene occurs
within minutes of stimulation, with the accumulatioof mRNA reaching its peak
approximately 30 to 40 minutes later. The geneoées for the nuclear protein Fos, and
levels peak about two hours after induction of geaerscription. Many stimuli have been
found to activate neurons in the superficial lamimacluding noxious mechanical stimuli
and heat and cold stimuli (Price et al., 1978;iRgton et al., 1987; Han et al., 1998; Craig
et al., 2001).

After noxious peripheral stimulation, Fos immunateésge neurons are found
throughout the spinal grey matter, but there isesggiragreement that they are concentrated
in the superficial dorsal horn (laminae | and Ihdan a band across the deep part of the
dorsal horn and intermediate grey matter, extendiom the lateral reticulated part of
lamina V, towards the area around the central cdaalina X). There are differences in
the distribution in Fos immunoreactive neurons imitihe superficial dorsal horn following
different types of acute noxious stimulus: cutarseand subcutaneous stimulation giving
rise to immunoreactive neurons throughout laminant 1l, whereas after noxious
stimulation of muscles, joints or viscera, immuraaté/ze neurons are common in lamina |,
but rare in lamina Il (Hunt et al., 1987; Menétedyal., 1989). There are also reports that
repeated innocuous mechanical stimulation resnltSois immunoreactivity in neurons in
laminae Ill and IV (Hunt et al, 1987; Jasmin et 4894; Menétrey et al., 1989).

Some cells which develop Fos immunoreactivity afi@ious stimulation are known to
be projection neurons, with axons that terminatihébrainstem or thalamus (Menétrey et
al., 1989; Tavares et al., 1993), however it i®ljkfrom the very high density of Fos

immunoreactive cells that most are interneuronsurbins in laminae | to Il of the dorsal
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horn are highly diverse in terms of their neurocloamprofiles (Willis and Coggeshall,
1991; Todd and Spike, 1993). Many of these neussasnot inhibitory, but it has been
shown that approximately one-third are GABAergi¢aminae | — Ill, and also use glycine
or acetylcholine as a transmitter, (Todd and Saljiv1990; Todd, 1991). Interestingly,
Todd et al. (1994) showed that approximately ofte-fof c-Fos immunoreactive neurons
in the SDH (laminae | — Il) showed GABAergic immueactivity.

More recently, Olave and Maxwell (2004) retrogrgd&belled LSN neurons that
projected to an area established in nociceptivegasing, the caudal ventrolateral medulla
(CVLM; Morton et al., 1983; Janss and Gebhart, 1988 and Zhao, 1992) and combined
this with the induction of c-Fos with peripheral ximus stimuli and NK-1 receptor
immunoreactivity. They observed that a proportadnLSN neurons had been activated
bilaterally by noxious stimulation, though NK-1 protion neurons that expressed Fos
were not very numerous. As the SDH expresses Rlysunilateral to the side of noxious
peripheral stimulation (Hunt et al., 1987; Harri998; Todd et al., 1994, 2002), this
suggests that the LSN receives nociceptive infaonain a very different way to the
adjacent SDH.

In the past Fos has been useful in demonstratiZgpu® mechanical, hot and cold
stimuli activating neurons in the SDH (Hunt et &B87; Ferrington et al., 1987; Han et al.,
1998; Craig et al., 2001). Therefore, the purpaofsthis study was to a) identify if LSN
neurons received cutaneous information, b) to deter if the LSN neurons responded
specifically to noxious cutaneous stimulation amalfy, c) to use four different noxious
peripheral stimuli to identify if there was a vdui@ degree of expression of Fos dependent

on the stimulus used.
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2. Experimental Procedures
Induction of c-Fos

Twelve adult male Sprague Dawley rats (Harlan, lnnogough, UK; 190-2509g) were
used in this study where they were housed undedittons of a 12 hour light-dark cycle
with food and water providedd libitum All experiments were performed in accordance
with the UK Animals (Scientific Procedures) Act B&nd the European Communities
Council Directive (86/609/EEC). They were anaessled initially with halothane in an
enclosed chamber followed by injecting a ketamimel xylazine mixture (7.33 and
0.73mg/100g i.p., respectively). They were dividieid four groups receiving one of the
following noxious stimuli to the left hind-paw: inmersion of the hind-paw in hot water
at 55°C for 20 seconds (n = 3); 2) immersion oftimal-paw in cold water maintained at
4°C for 30 seconds every 2 minutes over a 2 hotogén = 3); 3) topical application of
100% mustard oil to the hind-paw (n = 3); 4) a suéoeous injection of 50ml of 2%
formaldehyde to the hind-paw (n = 3). The applmatof a peripheral noxious stimulus to
one limb has been shown to induce the expressiofosf mainly in neurons in the
ipsilateral SDH, especially in the medial portiddu(t et al., 1987; Todd et al., 1994,
2002). The animals were maintained under anaéstioet2 hours after the application of
the noxious stimulus, and then perfused through léfe ventricle with 4% freshly
depolymerised formaldehyde. All efforts were m&aeninimise the numbers of animals

used and any unnecessary discomfort.

Immunocytochemical labelling for confocal microsgop
Mid-lumbar spinal cord segments (L3 — 5) were reetband post-fixed overnight.
Transverse 50m sections were cut with a Vibratome, and altersatgions selected with

10 collected from each of the spinal segments iaguin a total of 30 per animal).
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Sections were then immersed in 50% ethanol for 30utes to enhance antibody
penetration (Llewellyn-Smith and Minson, 1992).r léach of the above categories of Fos
induced animals, immunocytochemical labelling waslartaken with mouse anti-NeuN
antiserum (diluted 1:1000; Millipore, Watford, UKgnd rabbit anti-c-Fos antiserum
(diluted 1:2500, Santa Cruz, USA). After a 48 himaubation period, sections were rinsed
in phosphate buffered saline (PBS) and incubated3fdnours in solutions containing
species-specific secondary antibodies raised ikelgnconjugated to rhodamine-red-anti-
mouse immunoglobulin (IgG; diluted 1:500, Jacksmmlunoresearch) to detect NeuN, and
Alexa-488-anti-rabbit 1gG (diluted 1:100, MoleculBrobes) to detect Fos. Following
rinses in PBS, sections were mounted in anti-fadediom (Vectashield; Vector

Laboratories, Peterborough, UK) and stored unguined for analysis in a freezer at -20°C.

Quantitative analysis

In all experiments, the left and right LSNs werarsted systematically by using a
Radiance 2100 confocal laser microscope (Hemel-KH&zad, UK). Tissue was scanned
with a 40X and 60X oil-immersion lens and each ima@gs captured afuin intervals in
the z-axis with a zoom factor of 1. In each aninbah alternate sections were used for
analysis from spinal segments L3 — 5 (i.e. a tot&0 per animal) and 2 fields were taken
from each section (one from the left LSN and owenfthe right LSN). Therefore, for each
animal, a total of 60 fields were taken coveringgspinal segments. Image analysis was
undertaken for all experiments by using NeuroludaaConfocal (MicroBrightField, Inc.,
Colchester, VT). The total number of neurons ia ttSN was recorded (from NeuN
staining) and then the green frequency was usetktdify Fos immunoreactive neurons in

each of the four categories of stimuli used.
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3. Results
Fos immunoreactive neurons in the LSN after thdiegion of a noxious stimulus

The average number of sampled neurons over eacal sggment (including = SD), as
detected by the neuronal marker NeuN, was veryistam between experiments and also
between the left (ipsilateral to stimulation) amght (contralateral to stimulation) sides of
the spinal cord (left LSN, average = S.D. = 78 &54.right LSN, 82 £ 6.21). Following
counting for each of the defined categories with ohfour stimuli (hot water at 55°C, cold
water at 4°C, 100% mustard oil or 50ml of 2% fordedlyde; n = 3 in each category),
average percentages (x S.D.) of the LSN neuronpllpton identified through NeuN
were calculated.

There was a mean number of Fos immunoreactive nsdoos each of the categories as
follows: hot water at 55°C, 8.58 + 2.97% ipsilateand 6.94 + 2.06% contralateral to the
side of stimulus (typical examples shown in Figs 8nd 3.2); cold water at 4°C, 4.86 *
1.77% ipsilateral and 3.98 = 1.80% contralateralthite side of stimulus; mustard oil
(100%), 3.47 + 1.46% ipsilateral and 2.45 * 0.56%0talateral to the side of the stimulus;
formaldehyde (2%, 50ml), 1.37 £ 1.06% ipsilatenadl ©®% contralateral to the side of the
stimulus. These results are summarised in thedresto in Figure 3.3

The average percentage of Fos positive neuronll @ identified by NeuN) in the
left LSN (ipsilateral to the stimulus applied) atite right (contralateral to the stimulus
applied) was very similar in each of the categooiestimulus applied. In addition, using a
one-way ANOVA, none of the differences betweenléfeand right LSNs for each of the
experimental categories were found to be significstatistically. However, what is
notable in this study is the bilateral activatidritee LSN neurons with a peripheral noxious
stimulus (apart from the use of formaldehyde, betehoverall number of c-Fos

immunoreactive neurons in the ipsilateral LSN wasyMow). This is in contrast to the
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SDH where it is known that a peripheral noxiousnstus applied to the right hind limb

induces the expression of Fos mainly in neuronthénipsilateral dorsal horn, i.e. right,

especially in the medial part of the SDH (Hunt ket 2997; Todd et al., 1994; Doyle and
Hunt, 1999; Todd et al., 2002). The relations o Fnmunoreactivity between the LSN
and the SDH ipsilateral and contralateral to thaesiof stimulus are demonstrated in
Figure 3.1.

However, there was a notable difference in the remof Fos immunoreactive
neurons between the different categories of stisalpplied, with the hot water at 55°C
showing the greatest numbers of neurons activateth the formaldehyde stimulus
demonstrating only very small numbers of Fos imnmmaactivity suggesting that the LSN
neurons are activated to a greater degree witht avater stimulus compared to the other

stimuli applied.
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Figure 3.1. Fos labelling in the SDH and the LSNA shows Fos labelling in the ipsilateral dorsal h(as indicated by the
arrows) as well as the LSN (as indicated by thevi)ereaB shows Fos labelling in the contralateral LSN (alidated by the *)
but no labelling in the contralateral dorsal hoofidwing application of the peripheral noxious stios (hot water at 55°C).

Scale bar = 1Q0m, valid for both images.
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Figure 3.2. Fos neuron in the LSN.Image of a transverse section of the LSN, supatfidorsal horn (SDH) and lateral
funiculus shown irA — C (red, NeuN; green, Fos). k- C, 1 indicates a NeuN (red) labelled neuron in the MaNch shows
Fos (green) immunoreactivity contralateral to thae sof stimulation. 2 indicates a neuron in the lateral funiculus also
immunoreactive for Fos. Numerous neurons are ptesaehe LSN that do not demonstrate Fos immuraiinaty after hot water

stimulation (55°C). Scale bar =20.
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Figure 3.3. Histogram summarising the percentage of NeuN cell;n the LSN that
showed Fos immunoreactivity for each of the four gnuli used. Three animals were used

in each of the four categories. Ipsilateral isslte of the stimulus i.e. left side, error bars =

+ S.D.
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4. Discussion
Technical considerations

The mouse monoclonal antibody used in this studhd (subsequent studies in the
following chapters) was generated against cell@iuettracted from mouse brain and was
found to react with the protein specific to neur@ghtillen et al., 1992). This antibody
labels all neurons (and no glial cells) within tia¢ spinal cord (Todd et al., 1998). The c-
Fos antiserum was raised against a synthetic meetjuence common to all c-Fos
proteins (Hunt et al., 1987) and has been usedamynmmunocytochemical studies of the
spinal cord (Hunt et al., 1987; Williams et al..889 1990a,b; Olave and Maxwell, 2004;
Todd et al., 1994, 2005).

The distribution of c-Fos immunoreactivity afterximus peripheral stimulation was
found throughout the spinal grey matter on the gdeateral to the stimulus applied (only
very sparse contralateral labelling) but, in agreetmwith others, was concentrated in
laminae | and Il (especially the outer (dorsal)tpdrlamina Il) and in a band across the
deep part of the dorsal horn and intermediate gnegter, extending from the lateral
reticulated area of lamina V, towards the areardbe central canal (Lantéri-Minet et al.,
1993; Menétrey et al., 1989; Lima at al., 1993; arag et al., 1993; Todd et al., 1994,
2005). These areas are known to correspond ttethenal fields of primary nociceptive
afferent fibres and to the distribution of nocirespive neurons identified by
electrophysiological recordings (Bullitt, 1991; Huat al., 1987; Presley et al., 1990). In
addition to this, there was greater c-Fos immurairgty in the more medial parts of
laminae | and Il, but a less tightly organised agement of immunoreactivity in lamina V,
in agreement with Bullitt (1991).

Previous investigators (using the cat) have shdvat there is indeed a somatotopic

arrangement of the dorsal horn arranged mediodgrsdth the foot and toes represented
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in the medial two thirds of the dorsal horn, andhvthe proximal leg and hip represented
more laterally (Wall, 1953; Brown and Fuchs, 19Pbjpols and Golberger, 1980; Brown
and Culberson, 1981; Light and Durkovic, 1984). eTat also has a similar pattern of
primary afferent termination (Ygge and Grant, 1988ett and Woolf, 1985; Molander

and Grant, 1985, 1986). As the stimulus was a@bethe hindpaw, this would explain

the arrangement of the Fos immunoreactivity in faamil and 1l (greater proportion of Fos
immunoreactivity in the medial portion of these laae) and also acts as a “positive”
control for the LSN results which will be dealt tvitater. In addition, the experiments
undertaken within this study also show “positivesntrol staining for Fos in the lateral

aspect of laminae | and Il (Figures 3.1). Howewérere a stimulus to induce Fos was not
applied, there was little or no immunolabelling féos in the spinal cord, as shown by
Olave and Maxwell (2004).

Other types of stimulation have been shown to c&aseimmunoreactivity within the
spinal cord; however there is a different distnbatin response to noxious stimulation and
non-noxious (tactile) stimulation. For example, gontrast to the Fos expression in
response to chemical and thermal stimulation, m@neus stimulation (brushing of hairs,
gentle manipulation of joints and walking) indudéss immunoreactivity in the deeper
laminae, namely Ill — VI (Hunt et al., 1987; Jasreinal., 1994). However, in numerous
control studies where no stimulus was applied, @ely sparse Fos immunoreactivity was
identified in deeper laminae, including laminaealtid IV (Menétrey et al., 1989; Presley et
al., 1990; Jasmin et al., 1994; Hagihari et al97)9 Therefore, as it has been proven that
only very little Fos immunoreactivity is present‘imegative” controls, further sacrifice of
animals was not undertaken in this present studgitdmise further pain and unnecessary

suffering under the UK Animals (Scientific Proceessiy Act 1986.
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Two anaesthetic combinations were used in thisystuthhalational halothane and a
mixture of ketamine and xylazine. It has been gshalat halothane as an inhalational
anaesthetic can result in the suppression of Fesumoreactivity, however only in the
deeper layers of the grey matter (laminae Il andand not within neuronal populations in
laminae | and II; suppression is minor comparethkalational nitrous oxide, which was
avoided in this, and subsequent studies (Hagihtaah,e1997). As there was abundant Fos
staining with the four stimuli used in laminae ldalh, especially in the medial aspect (but
also some staining found in the lateral aspecte-Fgure 3.1) and the lateral reticulated
area of lamina V, extending to the area aroundceral canal, the influence of this
anaesthetic could be assumed as minimal on Fogssipn to the stimuli used.

Ketamine (a non-competitive NMDA receptor antagbmisting at an allosteric site,
Harrison and Simmonds, (1985)) and xylazine (@n adrenergic receptor agonist
(McCurnin and Bassert (2002)) have not been shawmftuence Fos expression upon
noxious stimulation, and it has been suggestedtiieste act supraspinally rather than at the
dorsal horn level (Yi and Barr, 1996). Again, tafects of this combination on Fos
expression throughout the spinal cord (includirg ltEN) can be seen as minimal and will

not significantly alter Fos expression with themstii used here.

Fos immunoreactivity in the LSN
The main finding of this study is that although Fosnunoreactivity has been detected
in the LSN, particularly in response to hot watarerall Fos immunoreactivity is actually
lower than what was anticipated.
Olave and Maxwell (2004) quantified the number &N._neurons projecting to the
caudal ventrolateral medulla (CVLM; an area essilgld in nociceptive processing) that

also possessed the NK-1 receptor. They had shieatmtore than one-fifth of all neurons
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examined (including those projecting to the CVLMd&m containing the NK-1 receptor)

showed Fos immunoreactivity upon using a thermadious stimulus peripherally (hot

water). Compared to the Olave and Maxwell (20G4yy this work shows a smaller
number of LSN neurons that demonstrate Fos immuactxgty, even when using the same
noxious stimulus peripherally.

Unlike the SDH, where the highest concentratiorFa$ immunoreactive neurons are
located ipsilateral to the peripheral stimulus (Hetal., 1987; Todd et al., 1994, 2002), as
well as immunoreactivity found in the lateral retated area of lamina V, VII, VIIl and X
(Menétrey et al., 1989), LSN neurons showing Fosnimoreactivity were found
bilaterally, and of approximately equal proportions

LSN neurons not only project to numerous supraspsiges, but also receive
descending projection fibres from supraspinal nuol@uding the raphe nuclei, brainstem
reticular formation nuclei, dorsal column nucleidathe periaqueductal grey (PAG)
(Carlton et al., 1985; Masson et al., 1991). Thegern could be activated by ascending
fibres of spinal projection neurons located in 81@H. Suzuki et al. (2002) showed that
SDH neurons possessing NK-1 immunoreactivity atédadescending pathways that
influenced spinal excitability. Therefore, thedbdral expression of Fos in the LSNs could
be the result of ascending activation of descendiyglems projecting bilaterally to this
nucleus. In addition to this, Grudt and Perl (20@2monstrated that some axon collaterals
from lamina | neurons entered the area of the L&1d, also had their axons which passed
ventrally, then contralaterally to project in thentral white funiculus. From this, these
neurons in lamina | could be activated by primaffgrant input to the SDH and then
activate LSN neurons through collaterals. Alsak&e@nd Antal (2000) demonstrated that
neurons in the lateral area of the SDH had commassixons passing to the SDH on the

contralateral side. They also showed that lalzgliocurred in the LSNs after lateral dorsal
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horn injections. Taken together, this evidencelcoaccount for the bilateral Fos
expression in the LSN after the application of o stimuli.

The other significant finding of this study alsonuenstrates is that, although the
immediate early gene c-Fos is rapidly and trankiestpressed in neurons in response to
stimuli (Morgan and Curran, 1989, 1991), there lte@=n a notable difference dependent on
the stimulus involved in the LSN, though not in theerficial dorsal horn. Many types of
stimuli have been documented to produce c-Fos sgjae and it has been assumed that
neuronal activity in relation to nociception ane tbresence of Fos is related (Morgan et
al., 1987; Hunt et al., 1987; Sagar et al., 1988).

In addition, stimulation has to be strong and pngkd before quantifiable levels of Fos
expression are achieved (Bullitt et al., 1992; Liamal Avelino, 1994) and not all neurons
express the gene when activated (Dragunow and ,FA49i89). Even the ventral
posterolateral nucleus of the thalamus (VPL), amaahaving an established role in
nociception, did not result in Fos expression afi@xious stimulation (Willis, 1985, 1989;
Bullit, 1990).

However, what the present study does add is thhowdh the LSN appears to be
activated bilaterally by cutaneous stimulation (sfpeally noxious stimuli) to varying
degrees depending on the stimulus used, and canéind extends other studies that have
implicated the LSN in nociception (Harmann et 4b388; Battaglia and Rustioni, 1992;
Schafer et al., 1994; Feil and Herbert, 1995; Jetng., 1999; Olave and Maxwell, 2004),
the proportion of LSN neurons responding to a peipl noxious stimulus is much lower
than may have been expected. Indeed, with theuktsnshowing the greatest Fos
immunoreactivity, it only revealed a maximum of eppmately 15% of all NeuN labelled

neurons in the LSNs.
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In summary, all stimuli that were used in the exkpents detailed previously have
shown high levels of Fos immunoreactivity in theedicial dorsal horn (especially the
medial parts of laminae | and Il). However, eweith the stimulus that demonstrated
greatest Fos immunoreactivity in the LSN (hot wateb65°C), the overall numbers were
low, representing at most 15% of all neurons. olild be postulated that as there was a
notable difference between the LSN and the supairfiorsal horn, it may well be that this
nucleus could receive nociceptive input from areteer than that stimulated in these
experiments i.e. nociceptive information from sibéiser than the hind-paw and may have a

very different somatotopic organisation to the sfip@l dorsal horn.
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Chapter 4

Investigation 2

Relationship of axon terminals possessing NOS witiK-1

neurons in the LSN
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1. Introduction

Nitric oxide synthase (NOS), a nicotinamide adenidmucleotide phosphate
diaphorase (NADPH-d; Garthwaite, 1991), is the emzyesponsible for producing nitric
oxide (NO) and its neuronal form (nNOS) is foundhimariety of CNS neurons (Schmidt et
al., 1991; Ruscheweyh et al., 2006). NO is an onentional diffusible intercellular factor
(Garthwaite and Boulton, 1995) and its principagéd is soluble guanylyl cyclase which
induces cyclic 3',5’-guanosine monophosphate (cGMm) the spinal cord, many cell
bodies containing NOS and NADPH-d are located ia 8DH (Dun et al., 1992;
Valtschanoff et al., 1992a) and a dense plexus@8Nmnmunoreactive axon terminals is
present in laminae | — Il (Valtschanoff et al.,.92®; Laing et al., 1994; Bernardi et al.,
1995) which also contain co-localised GABA.

Behavioural (Malmberg and Yaksh, 1993) and pharthogocal studies (Kawabata et
al.,, 1994; Semos and Headley, 1994; Lin et al.,919%ave indicated that NO is a
modulator of nociceptive processes but there iagreement on its precise role and it may
have hyperalgesic and analgesic effects (Hoheisal,e2005). NO expression in the SDH
is known to increase following peripheral applioatiof noxious stimuli (Soyguder et al.,
1994; Lam et al., 1996). This is often accompargdinduction of c-Fos which is
abolished following administration of the NOS initdlo, N” -nitro-L-arginine methyl ester
(L-NAME; Lee et al., 1992; Roche et al. 1996; Wuakt 2000). Laminae | and llo of the
SDH are the principal termination sites of SP amhatagnate-containing unmyelinated
nociceptive cutaneous primary afferent fibres. hdis been suggested that NO has an
important role in the development of hyperalgedieller and Gebhart, 1993). This
involves activation of N-methyl D-aspartate (NMD#ceptors which in turn activate NOS
to produce a NO/cGMP cascade which enhances thasebf CGRP and SP from primary

afferents fibres (Garry et al., 1994; Kamasakileti®95; Aimar et al., 1998). Enhanced
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release of glutamate and substance P is assomatiedcentral sensitisation (Wu et al.,
2000) which may be an underlying mechanism of rglgesia.

Protein kinase C (PKC) on the other hand, is ayme that is important as a common
mechanism for signal transduction of various exghular signals into the cell to control
many physiologic processes (Nishizuka, 1984a,b6)198n addition, it is believed to be
involved in the process of sensitisation of dotsain neurons (Coderre, 1992; Mao et al.,
1992; Palek et al., 1994). PKC is activated by a rise indn#llular C&" (for example
through NMDA receptors) and through phospholipase/f@ich stimulates the formation of
inositol triphosphate (IP3) and diacylglycerol whics mediated by certain G-protein
coupled receptors (Nishizuka, 1984a; Berridge amthe, 1989; Bockaert et al., 1993;
Schoepp and Conn, 1993). Candidate receptors endthrsal horn include type |
metabotropic glutamate receptors (mMGIuR1 and ) MK-1 receptors (Coderre, 1992;
Palek et al.,, 1994; Schoepp and Conn, 1993; Sluka amtsW1995). Interestingly,
Polgéar et al. (1999a) have shown that some neusdthsprotein kinase G- (PKC+) in
lamina | and in lamina lll also possessed the Niegeptor. It may well be postulated that
substance P (which targets the NK-1 receptor) nisg activate PKGr in those cells.
Also, the involvement of excitatory amino acids aMid-1 receptors in both injury induced
neuronal plasticity and in the stimulation of imteHlular cascades leads to the translocation
and activation of PKC, suggesting that PKC may beolved in neuronal changes
produced by peripheral tissue injury that contebtd persistent nociception (Yashpal et
al., 1995). Malmberg et al. (1997) also showethgiknock-out PKCy mice, that PKC¢
is linked to the development of neuropathic painmase that lacked PK@-displayed
normal responses to acute pain, but they almostplatety failed to develop the

neuropathic pain syndrome after partial sciaticzeesectioning.
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With the relations of PK@-to the NK-1 receptor as previously discussed ia th
superficial dorsal horn (Polgar et al.,, 199), ahd fact that it requires an increase in
intracellular C4" like NOS (via calmodulin (Bredt and Snyder, 199€here may well be a
close interactive relation between PKGCand the NK-1 receptor in the LSN, like the
superficial dorsal horn.

Therefore, the purpose of this study was to: a)tifiethe relationship between SP and
the NK-1 receptor (as SP is abundant (Chapter de$?é — 8)) in the LSN b) to quantify
the proportion of neurons containing NK-1 in theN_@&nd also protein kinase ¢€{PKC-

v) which, like the NK-1 receptor, is also associatgith nociceptive processing (Malmberg
et al., 1997)) c) identify if a close relationsl{as present in the SDH) exists between the
abundant SP staining (Chapter 1, Pages 6 — 8)lanttant NOS staining (Valtschanoff et
al., 1992a; Nazli and Morris, 2000) in the LSN dgntify and quantify the relationship
between NOS and the NK-1 receptor and PKE€)-identify the co-localisation pattern of
NOS terminals in the LSN, i.e. are they associated GABAergic terminals, as in the

SDH

2. Experimental Procedures
Immunocytochemical labelling for confocal microsgop

A total of ten male Sprague-Dawley rats (150-250¢g)e used in this study where they
were housed under conditions of a 12 hour lighkdarcle with food and water provided
ad libitum All experiments were performed in accordancehwibhe UK Animals
(Scientific Procedures) Act 1986 and the Europeam@unities Council Directive
(86/609/EEC). Each animal was anaesthetised vatbttane in an anaesthetic chamber

followed by i.p. administration of sodium pentohbtshe (1ml; 200mg/ml). They were
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perfused through the left ventricle initially wisialine followed by a fixative containing 4%
freshly depolymerised formaldehyde in phosphatécbyfH 7.6.

The L3 — 5 lumbar segments were removed and post-fin the same solution for
eight hours. Transverse sectionsy(®) were cut by using a Vibratome and placed in 50%
ethanol for 30 minutes to enhance antibody penetraf_lewellyn-Smith and Minson,
1992) and washed in phosphate buffer. Sectioms the 10 animals were then placed into
one of four groups for immunocytochemical reaction§ections from the first group were
processed for triple labelling immunofluorescenathwhe following primary antibodies:
rabbit anti-PKCy (1:1000; Santa Cruz Biotechnology), guinea pigi-Bik-1 (1:1000;
Sigma) and mouse anti-NeuN antiserum (1:1000; ptie, Watford, UK) (n = 3). The
second group was processed for triple immunofl@ese with rabbit anti-PK@-
(1:1000; Santa Cruz Biotechnology), guinea-pig-ai€i1 (1:1000; Sigma) and sheep anti-
NOS antiserum (1:2000; gifted by Dr P. Emson, Cadga) (n = 3). The third group was
processed for quadruple labelling with rabbit &&8D (1:1000; Sigma), guinea-pig anti-
VGLUT2 (1:5000; Chemicon), guinea pig anti-NK-1X@00; Sigma) and sheep anti-NOS
antiserum (1:2000; gifted by Dr P. Emson, Cambridge= 3). Sections from the fourth
group were processed for SP (1:100; Oxford Bioteldgy), sheep anti-NOS antiserum
(1:2000; gifted by Dr P. Emson, Cambridge) and gaipig anti-NK-1 (1:1000; Sigma) (n
= 3). After a 48 hour incubation period at 4°C,temsts were rinsed in PBS and incubated
for 2 hours in solutions containing species-specgiecondary antibodies (all raised in
donkey) coupled to fluorophores: Alexa 488 immuobglin (diluted 1:500; Molecular
Probes) to identify either PK&-(experiments 1 and 2), GAD (experiment 3) or SP
(experiment 4), rhodamine-red immunoglobulin (1;1@&ckson Immunoresearch) to
identify NK-1 (all experiments) and VGLUT2 (expeemt 3) and cyanine 5.18

immunoglobulin (1:100; Jackson Immunoresearchethegainst the corresponding animal
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in the primary antibody to identify either NeuN peximent 1) or NOS (experiments 2 and
4). Note that in the third group of experimenisthbVGLUT2 and the NK-1 receptor were
labelled with the same secondary antibody. This pessible because the NK-1 receptor is
located principally on cell membranes whereas t@LVT2 is found within axonal
boutons. For this reason both antigens can bdléabeith a primary antibody of the same
species (in this case guinea pig) coupled withstiae secondary antibody thus allowing
differentiation between the two types of immunoteéy. All antibodies were diluted in
PBS with 0.3% Triton X-100. Following the inculmats in secondary antibodies, sections
were rinsed thoroughly in PBS, mounted in anti-fadedium (Vectashield; Vector

Laboratories, Peterborough, UK) and stored unguned for analysis in a freezer at -20°C.

Quantitative analysis

In all experiments, the left and right LSNs werarsted systematically by using a
Radiance 2100 confocal laser microscope (Hemel-Herad, UK). Tissue was scanned
with a 40X oil-immersion lens for experiments 1 @4 the NK-1 receptor and NeuN)
and 4 (SP, NOS and the NK-1 receptor). The 60Xnahersion lens was used for
experiments 2 (PK@; NOS and the NK-1 receptor) and 3(GAD, VGLUT2, tHK-1
receptor and NOS). Each image was capturedratititervals (all 4 experiments) in the z-
axis with a zoom factor between 1 and 5. In easmal, ten alternate sections were used
for analysis from segments L3 — 5 (i.e. a totaBofper animal) and two fields were taken
from each section (one from the left LSN and omenfithe right LSN). For each animal
therefore, a total of 60 fields were taken covemtigspinal segments. Image analysis was
undertaken for all experiments by using NeuroludaaConfocal (MicroBrightField, Inc.,

Colchester, VT).
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Quantitative analysis involved the following steps:
Experiment 1:PKC-, NK-1 and NeuN (n=3)1) LSN neurons were identified (by NeuN)
and counted after image capture. This enabled timagn of the mean number of cells
for segments L3 — 5. 2). The neurons were theneglacto one of three categories: (A)
those immunoreactive for NK-1; B) those immunore@&cfor PKCy; (C) those double
labelled for both NK-1 and PKE-
Experiment 2PKC+, NOS and NK-1 (n=3)30 immunoreactive NK-1, PK&-and NK-1/
PKC+ double-labelled neurons were selected in totabn NK-1, ten PKC¢ and ten
double-labelled neurons were selected from eaahar(3 from L3, 3 from L4 and 4 from
L5 in each animal). The mean total contact of N@Bntnals per 100m* on labelled
neuron was determined by using Neurolucida Explayer cells digitised with the
Neurolucida programme.
Experiment 3:GAD, VGLUTZ2, NK-1 and NOS (n=3Jhe LSN was identified, and using
the blue channel (for NOS terminals), five NOS teads were selected at random from a
single optical section from the left and right hasde of each 50m section (i.e. 10 NOS
terminals per 50m section) and 10 sections were examined for setgieh— 5 i.e. 100
terminals per segment. As three segments weresathlpr each of the three animals, this
resulted in 300 terminals per animal i.e. 900 teats analysed in total. Initially, NOS
terminals were visualised in the blue channel alme marked. The other channels were
selected in turn (i.e. red, VGLUT2 and NK-1; gre@&AD) and co-localisation with either
VGLUT2 and/or GAD was recorded for each of the N@&$ninals selected.

Experiment 4:SP, NOS and NK-1 (n=3)This category was used to determine the

relationship of SP terminals and NK-1 immunoreactieurons in the LSN. 10 sections for

each spinal segment were examined (i.e. 90 in)total
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3. Results
SP, NK-1 receptor and PKZneurons within the LSN

It was found that SP was abundant within the LSM, flmund surrounding the neuronal
cell body and dendritic tree of NK-1 neurons (Feudrl). In addition, NOS was found
surrounding primarily the NK-1 cell body, and cllyseslated to the SP staining around the
NK-1 labelled neuron in the LSN.

The average number of sampled neurons (includi8gat) determined by the neuronal
marker NeuN for the L3 — 5 segments combined inthihee animals was 196 + 47.6. Of
those LSN neurons, 30.991+5.2% were immunoreactiveife NK-1 receptor, 9.02+1.2%
were immunoreactive for PKG-and 2.78+0.76% were immunoreactive for both marker
(Figure 4.2). Therefore the majority (57.2 = 6.8%6)LSN neurons (shown by NeuN

labelling) were not immunoreactive for either NKGLPKC-y (Figure 4.3)

Relationship of NOS terminals to NK-1 and PK@euronal cell bodies and dendrites

Three patterns of distribution of NOS terminalstiie LSN were identified: 1) those
scattered throughout the LSN (Figures 4.4 — 4 b)h@se clustered around NK-1 labelled
neurons (Figure 4.4), or 3) clustering of NOS teas around unidentified neurons
(Figure 4.5). Of those NK-1 immunoreactive neuronghe LSN, 72.4% had clusters of
NOS terminals around the cell body and dendrige.tr However, only 6.4% of non-NK-1
immunoreactive neurons (i.e. labelled only with Ngwhad clusters of NOS terminals
surrounding the cell.

Figure 4.6 shows the frequency of NOS terminal actston NK-1, PKGrand NK-1/
PKC+ cells. From these data it can be seen that teategt density of NOS terminal
contacts is associated with cell bodies of NK-1 umareactive neurons in the LSN (mean

total contact / 108m*+ S.D. of 6.68 + 4.29). This compares with 1.28.%3 for PKCy

78



immunoreactive neurons and 1.28 + 0.39 mean taotalacts / 100m® of NOS terminals
on double-labelled NK-1 and PK{eells. Very small number of NOS terminals corgdct
proximal dendrites of NK-1 and dual labelled newr¢d.4 + 0.32, 0 and 0.59 + 0.36 mean
total contacts / 1Qdn* of NOS terminals respectively). Dendritic trees PKCy
immunoreactive neurons were insufficiently labelled permit this type of analysis.
Contact densities of NOS terminals on the cell eedf NK-1 immunoreactive neurons
were significantly different from those associatath NK-1 dendrites, PKCy cell bodies
and double-labelled cells (one-way ANOVA p<0.0009}his suggests that NOS
immunoreactive terminals preferentially target ted bodies of NK-1 immunoreactive

neurons.

Distribution of NOS-immunoreactive fibres withirethSN and patterns of co-localisation
with GAD and VGLUT2

Subsequently, random NOS terminals were analysedetermine their relationship
with the markers VGLUT2 and GAD (markers for extotg or inhibitory amino acid
transmitters respectively). It has been showniptesly that GABA is co-localised within
most NOS immunoreactive boutons in inner lamina(Mbaltschanoff et al., 1992b).
However, in the LSN, only 22.1% of NOS terminalsitzaned co-localised GAD and no

co-localisation was found between NOS and VGLUTigFe 4.7).
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Figure 4.1. The relationship of SP to the NK-1 regptor in the LSN. A — Crepresent a
confocal image built from 9 projected images.represents NK-1 in red® represents SP in
green,C represents NOS aridl is the merged image of A — C. Note thaepresents NK-1

neurons in the LSN. SDH = superficial dorsal ho8tale bar = 20m.

80



81



Figure 4.2.Neurochemical properties of LSN cells A - C, represents a series of confocal
images of a transverse section of the LSN builinfri@n projected image#\( NeuN; B,
PKC+; C, NK-1; D = merged image oA, B & C). A PKC+ immunoreactive celll) is
adjacent to an NK-1 labelled neuro®) @nd NeuN cells that are not labelled for either
marker 8). The superficial dorsal horn is present at tpeléft of each image (SDH). Scale

bar = 5@m.
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Figure 4.3. Histogram summarising the frequency of NK-1, PiK@nad double-labelled NK-
1 and PKCy cells as a proportion of the total numbers of aearin the LSN, identified with
the neuronal marker NeuN. The majority (57.2%) @finons in the LSN are not labelled for

either NK-1 and/or PKGs; n=3; error bars = + S.D.
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Figure 4.4. Clustering of NOS terminals around arNK-1 cell in the LSN. A - C,Single
optical section in the transverse plade NK1 and VGLUT2;B, GAD; C, NOS;D, merged
image ofA, B & C). An NK-1 immunoreactive neurot)(is associated with a dense plexus
of NOS terminals which surround its cell body amsbgoartly extend to its dendritic tree.
Some GAD and VGLUT2 terminals are also associatgld the NK-1 labelled cell. The
superficial dorsal horn (SDH) can be seen immeljidtethe left of the NK-1 neuron. Scale

bar = 2@m.
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Figure 4.5. Clustering of NOS, GAD and VGLUTZ2 around an NK-1 ngative cell A —

C represents 9 confocal images projected showing BkKd VGLUT2(A), GAD (B) and
NOS (C). A merged image oh, B & C is shown inD. An NK-1 immunoreactive neuron
can be seen to the left of this image (hich is not associated with a cluster of NOS
terminals. An unlabelled neuron is present at tijiet 1of the field () which is surrounded by
NOS and VGLUT2 terminals with some GAD. Note theklaf clustering of VGLUT2, NOS

and GAD around an NK-1 cell. Scale bar .20
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Figure 4.6. A histogram showing the packing density of NOS ieahcontacts on neuronal
cell bodies ¢b) and dendritesd) of NK-1, PKC« and double-labelled cells in the LSN. n =

3: error bars =+ S.D.
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Figure 4.7. Co-localisation of GAD in some NOS teninals. A - C represents a single
optical section (X60 oil immersion lens, zoom factd 5) showing immunoreactivity for
VGLUT2 (A), GAD (B) and NOS(C). D is a merged image &, B & C. NOS terminals
that co-localised with GAD are indicated by the oars. Note that VGLUT2
immunoreactivity is not co-localised within any thie NOS terminals and that the majority

of NOS terminals do not show immunoreactivity fokl[x Scale bar = 5@m.
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4. Discussion

The main findings of this study are threefold:tfiysalthough the LSN displays strong
immunoreactivity for SP, and is related to NK-1 rams (e.g. see Barber et al., 1979 and
Figure 4.1), the proportion of LSN neurons labelledh the NK-1 receptor is only
approximately one-third of the total neuronal papoin. Secondly, a sub-population of
NK-1 immunoreactive cell bodies (almost three-gerarof NK-1 neurons in the LSN) are
densely innervated by NOS terminals (as well as B#)this arrangement was not found
for cells that possess immunoreactivity for PIK@r those possessing both types of
immunoreactivity. Thirdly, while NOS-immunoreactiverminals are abundant in the
LSN, less than a quarter of them contain GAD. Thees unlike the SDH, NOS terminals

in the LSN are not derived principally from GABA&gnhibitory neurons.

Origins of Substance P in the Lateral Spinal Nusleu

Leah and co-workers (1988) performed a detaileceshgation of neuropeptide-
containing ascending tract cells in the rat lumbcaaspinal cord. They found that 90% of
peptidergic ascending tract cells were congregaiedtwo distinct areas; the LSN and the
region surrounding the central canal. The neurbgeqontaining tract cells in the LSN
were found principally to contain SP, VIP, bombeand dynorphin (Barber et al., 1979;
Bresnahan et al., 1984; Cliffer et al., 1988). #ldiion, axon terminals containing CGRP
are not present within the LSN (Olave and Maxwe004). As SP is co-localised with
CGRP in peptidergic primary afferents, this is lert evidence against a primary afferent
source of SP axons in the LSN. It also seems eiylikhat the SP axons in the LSN
originate from a descending source as Cliffer et (4b88) have shown that spinal

transections do not reduce the numbers of SP-imreantive fibres. It therefore appears
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that the source of SP fibres in the LSN is prinitypaegmental and it is likely that they

originate from the adjacent dorsal horn, and pestago within the LSN itself.

The NK-1 receptor and the LSN

This study has shown that one-third of all neunonthe LSN possess the target of SP,
the NK-1 receptor, which is well established avisgra role in nociceptive transmission
in the superficial dorsal horn (Kuraishi et al. 8359 McCarson and Goldstein, 1991). This
in itself highlights an additional contrast to t8®H. Indeed, although more than three-
quarters of spinothalamic tract neurons in lamipadsess the NK-1 receptor (Marshall et
al., 1996), NK-1 neurons constitute only 10% of tio#al at this site that project to
established areas for nociceptive information pseirey e.g. the thalamus and the
parabrachial nucleus (Ding et al., 1995; Marshatille 1996). Therefore, it may well be
that the LSN serves a role in nociception. Olawe lsliaxwell (2004) further developed the
idea that the LSN may be involved in nociceptivegassing when they demonstrated that
a small proportion (approximately 10%) of these NIkeurons also expressed the nuclear
protein Fos, in response to noxious thermal stitraria(see also Chapter 3). Most of the
NK-1 projection neurons that responded to noxiotmgation projected to the caudal
ventrolateral medulla (CVLM), an area of the br&ns that may have a role as an

inhibitory modulator of nociceptive transmissioragares and Lima, 2002).

The Lateral Spinal Nucleus and NOS

In the SDH, NOS arises principally from GABAergindaglycinergic neurons and is
also found in a sub-population of cholinergic newr¢Valtschanof et al., 1992b; Laing et
al., 1994) but the pattern of co-localisation ie tSN appears to be different as GAD is

found within only a minority of NOS terminals ingh.SN.
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However, in common with the SDH, NOS terminalstie LSN do not contain
VGLUT2. As VGLUT1 terminals are not present in &N (Olave and Maxwell, 2004) it
is probable that the majority of NOS terminals e tLSN do not contain classical
excitatory or inhibitory neurotransmitters. Thisses important questions about the origin
of the NOS terminals in the LSN. No NOS containmggironal cell bodies were identified
in the LSN from the sections examined in this stadggesting that an intrinsic origin is
unlikely. In addition, it seems unlikely that maof/them arise from the SDH, but one
possibility is that they originate from the popisat of NOS cells found adjacent to the
central canal which do not contain GABA or glycih@ing et al., 1994). Nevertheless the

precise origin of NOS fibres in the LSN remaind&odetermined.

NOS and cells possessing the NK-1 receptor

In the present study, a close relationship betwé@&% terminals in the LSN and the
majority of NK-1 receptor-expressing neuronal célbdies has been shown. This
relationship was not observed for PK&ontaining neurons (which have an established
role in nociceptive processing in the SDH (Malmbetgal., 1997)) or cells possessing
immunoreactivity for both NK-1 and PKE-Therefore, despite the close relationship that
exists between the NK-1 receptor and PK®@laminae | and Il of the superficial dorsal
horn (Polgér et al., 1999), the same does not tno&lwithin the LSN. Also, with so few
neurons possessing PKC- immunoreactivity (and dual NK-1 and PKC-
immunoreactivity), the LSN may not be involved irmgessing neuropathic pain, as occurs
in the dorsal horn (Malmberg et al., 1997) via PK@ependant means.

This study has not shown that the relationship betwNOS axons and NK-1 cells is
synaptic, but as NO is a diffusible neuromodulaémg given the intense concentration of

NOS axons around these cells (mainly their cellié®)dit is reasonable to suggest that
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when NOS axons are active, the levels of NO ardhede cells will be high. However,
not all NK-1 cells were associated with NOS clustépproximately one-quarter) and
some cells which did not possess NK-1 immunoretgtiwere associated with these
clusters, although their numbers were low, accogntor only 6% of the total neuronal
population (Figure 4.5). Therefore the originalpbthesis that NO is preferentially
associated with (and may even influence the agtofit NK-1 cells in the LSN selectively
may only be partially correct and some other priypef these cells may be the key factor
which governs NOS clustering. Axons of LSN cellsniocomponents of a number of
ascending tracts, including the spinomesencepliiislanétrey et al., 1982), spinosolitary
(Pechura and Liu, 1986), spinothalamic (Granum&618&irstein et al., 1990a; Gauriau and
Bernard, 2004) and spinohypothalamic tracts (Bursteal., 1990b; Li et al., 1997) and it
may be that the combination of projection targed aeurochemical signature is the key

determinant.
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Chapter 5

Investigation 3:

Brain projections of LSN neurons with NK-1

Immunoreactivity
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a) Spinohypothalamic projections from the LSN
1. Introduction

It is widely believed different regions of the hypalamus play differing roles in a
variety of autonomic and neuroendocrine functioesiéwed by Siegel and Sapru, 2006).
Stimulation of the lateral hypothalamus causegtrasympathetic outflow to predominate
(Milam et al., 1980; Yoshimatsu et al., 1984), asdit has one of the largest descending
inputs to the periaqueductal grey (PAG) of the isatiplicated in descending modulation
of spinal neuronal activity, especially that resigtfrom noxious stimulation, and without
affecting reactions to other stimuli (Beitz, 1983sbaum and Fields, 1984; Jensen and
Yaksh, 1984; Aimone and Gebhart, 1987; Tasker gt1&887; Aimone et al., 1988).
Stimulation of the medial hypothalamus and spedglificthe ventromedial hypothalamic
nucleus, results in domination of the sympathetiflow (Inoue et al., 1977; Niijima et al.,
1984; Yoshimatsu et al., 1984; Saito et al., 198gama et al., 2004). In addition, the
medial hypothalamus (especially the ventromediabphas been suggested to have an
additional role in the motivational reaction to @ious stimulus (Bester et al., 1995; Braz
et al.,, 2005). Specifically, it has been suggedfeat it is involved in processing
information that may threaten the animal, and osgEnthe execution of innate defensive
behaviours (Siegel, 2005; Borszcz, 2006). The vaaraicular area on the other hand
consists of several nuclei and controls the autoomervous system, regulation of visceral
organs (Kannan et al.,, 1987; Uyama et al., 2004) eoordinates neurosecretions
influencing the pituitary gland (Freund-Mercieradgt 1981).

Previously, a direct spinohypothalamic pathway was identified (Bowsher, 1957;
Mehler et al., 1960; Boivie, 1979; Craig and Burtd®85) and it was believed that the
afferent pathway for somatosensory information he typothalamus was transmitted

exclusively via indirect, multi-synaptic project®n The earliest suggestion of a direct
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projection from the spinal cord to the hypothalamas based on anatomical studies in the
monkey. Chang and Ruch (1949) demonstrated tlwdibeang the monkey spinal cord
resulted in degeneration at the supraoptic dedossat several levels of the hypothalamus
bilaterally. Since then numerous anatomical aedtebphysiological studies have revealed
that somatosensory and visceral information canchrethe hypothalamus through
monosynaptic pathways that originate in medullasgsdl horn neurons and from all levels
of the spinal cord (Burstein et al., 1987; Katterak, 1996a,b; Kostarczyk et al., 1997,
Zhang et al., 1999; Malick et al., 2000). The pblggyical studies in the cervical (Dado et
al., 1994a), thoracic (Zhang et al., 2002) and losalcral segments (Burstein et al., 1987,
1991) have shown that the majority of spinal coedrons projecting to the hypothalamus
are strongly activated by noxious thermal and meiclah stimuli with sacral segments
activated by noxious stimulation of both viscerallacutaneous structures (Katter et al.,
1996a,b).

In addition to physiological studies, Burstein dt @987) performed several
retrograde tracing techniques by injecting Fluod5(FG) into the hypothalamus and
demonstrated a large number of labelled neuroraebdlly throughout the length of the
spinal cord, with approximately half located in tlaeral reticulated area and a lesser
proportion around the central canal and marginadezo From their retrograde tracing
studies, they also showed a relatively large nunolbeells in the contralateral superficial
dorsal horn, though mainly in the lower cervicatccof the rat. Kayalioglu et al. (1999)
injected FG into the rat hypothalamus and from fcdrebservations of their diagrams,
demonstrated not only labelled neurons in the dekprinae and the area around the
central canal, but also in lamina I. However, tluenbers in lamina | were considerably
less than in the area around the central canals cdmtrasts with anterograde studies done

by Gauriau and Bernard (2004), who found that nodsthe projecting neurons to the
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hypothalamus were located in the deeper laminath, mvost of these being in the lateral
reticulated area of lamina V. However, their stwhs limited to the cervical segments of
the rat.

One feature common to these studies is the bilapeogections to the hypothalamus
from the LSN. This nucleus has been shown to ptéfgough a variety of tracts including
the spinohypothalamic (Burstein et al., 1996), spiasencephalic (Pechura and Liu,
1986), spinosolitary (Leah et al., 1988) and spialamic tracts (Gauriau and Bernard,
2004) but there is still uncertainty regarding fln@ction of this nucleus. Olave and
Maxwell (2004) suggested a nociceptive functiontlos nucleus and this has been
supported to a degree in chapters 3 and 4.

A possible role in visceroception and visceronggiice could be postulated as a role
for the LSN as Neuhuber (1982) and Neuhuber €1886) have shown that afferents from
the greater splanchnic nerve, the inferior mesanfgexus, and the hypogastric nerve
terminate in the LSN. In addition, transneurortabdges using pseudorabies virus (PRV)
injected into the kidney (Schramm et al., 1993) atadlate ganglion (Jansen et al., 1995)
have shown that the LSN innervates different tygfesympathetic pre-ganglionic neurons.
Jansen and Loewy (1997) have also shown that neuionthe LSN become
transneuronally labelled after PRV injections i@ superior cervical ganglion, stellate
ganglion, celiac ganglion or adrenal gland. It masll be that, along with lamina | cells
(which are also activated by acute visceral infdiroma like LSN cells (Menétrey and de
Pommery, 1991), the LSN may trigger sympathetipoases during intense and acute
visceral pain (Jansen and Loewy, 1997). So, a$ aglbeing influenced by visceral
nociceptive information, a loop system may existMeen the LSN, the aforementioned

ganglia and the hypothalamus.
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The aim of the present investigation was to quanitié laminar distribution (including
the LSN) of NK-1 projection neurons to both thestat and medial hypothalamus. In the
first instance, retrograde labelling of spinohydémic projection neurons with CTb was
combined with triple-immunofluorescence to examitie relationship of projection
neurons that possess the NK-1 receptor, and faratquantification of the LSN neurons
projecting to either the lateral or medial hypo#imalis, the neuronal marker NeuN was also
used. Neurons of this type are likely to be ineolvn the transmission of nociceptive

information (Naim et al., 1997; Todd et al., 2002).

2. Experimental Procedures
Confocal microscopy and quantitative analysis

Eight adult male Sprague-Dawley rats (150-250 gjatia UK) were used in this study.
They were housed under conditions of a 12 hourt-ighnk cycle with food and water
providedad libitum All experiments were performed in accordancénhie UK Animals
(Scientific Procedures) Act 1986. Each animal waeeply anaesthetised
(ketamine/xylazine mixture, 7.33 and 0.73mg/10(pg,i placed in a stereotaxic frame and
a craniotomy performed. An aqueous solution of CZ®Onl of 1% CTb; Sigma, Poole,
Dorset, UK) was injected into either the left lalenypothalamus (co-ordinates anterior-
posterior [AP] + 7.2; dorsal-ventral [DV] +1.6; mablateral [ML] +1.8; Paxinos and
Watson, 1997; n=4) or the left medial hypothalang® + 7.2; DV +1.5; ML +0.8;
Paxinos and Watson, 1997; n=4) through a glassopijgette which was connected to an
air-pressure microinjection system with injectiovtsich were performed vertically into the
appropriate site. After injection of the CTb, thgpette was left in-situ for 5 minutes
backtracking of the tracer. The wound was sutaféer the procedure and the rats were

allowed to recover. Following 3 days survival, theimals were placed in a chamber
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containing halothane and once anaesthetised, setew lethal dose of sodium
pentobarbitone (1 ml i.p; 200mg/ml) and then pextushrough the left ventricle with

saline followed by a fixative containing 4% freshtiepolymerised formaldehyde in
phosphate buffer pH 7.6. The spinal segments 1G5 and L3 — 5 were removed from
each animal, notched on the left side to indichte ipsilateral side to the injection, and
post-fixed for 8 hours in the same solution. Relly fixation, transverse spinal cord
sections (50m thick) were cut using a Vibratome and alternatetiens retrieved for

examination from each spinal segment.

Initially, sections were treated with 50% ethanol énhance antibody penetration
(Llewellyn-Smith  and  Minson, 1992) before undergpin triple-labelling
immunofluorescence with a goat anti-CTb antiserwiuted 1:5000; Sigma, Poole),
mouse anti-NeuN antiserum (diluted 1:1000; MillipowWatford, UK) and guinea pig anti-
NK-1 antiserum (diluted 1:1000; Sigma). After 48 iIncubation, sections were rinsed and
incubated overnight in solutions containing thrafecent species-specific secondary
antibodies that were raised in donkey and coumdthbrophores: rhodamine-red-anti-goat
immunoglobulin G (IgG; diluted 1:500; Jackson Imratesearch) to identify CTb
immunoreactivity; cyanine 5.18-anti-mouse IgG (tkhl 1:500; Jackson Immunoresearch)
to identify the neuronal marker NeuN and Alexa-48&-guinea-pig IgG (diluted 1:100;
Molecular Probes) to identify the NK-1 receptor.ll Antibodies were diluted in PBS
containing 0.3% Triton X-100. After extensive iimg of the sections, they were mounted
using an anti-fade medium (Vectashield; Vector lrabmries) and stored in a freezer
maintained at -20°C until analysis was undertaken.

The injection sites were confirmed using histolagimeans. Following perfusion, the
brains were stored overnight in the 4% freshly dgperised formaldehyde with 30%

sucrose in PBS at pH 7.6. The next day, the braere cut on the freezing microtome into
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10Qum thick sections and incubated with goat anti-CThiserum (diluted 1:50,000;
Sigma) for 48 hrs followed by the avidin-biotin-sBeradish peroxidase (HRP) complex
(Vector Elite) for 1 h. Standard DAB reactions wererformed followed by dehydration
and mounting on glass slides. The sections wexe #xamined using a transmitted light
microscope to identify the extent of the spreadtlsd tracer. Reconstruction of the
injection sites for each of the experiments waseutatten using the Paxinos and Watson
atlas (1997) and composed graphically using the 2ebtor graphics editor software
program Xara Xtreme (Xara Group Ltd., Hemel-HemadieJK).

Ten alternate sections were examined from C1 -G&2,and each of the lumbar spinal
segments (L3 - 5), resulting in a total of 50 swwti (each 5@m thick) from each rat. The
retrogradely labelled neurons (as revealed usiegréld channel to visualise CTb) were
identified and then scanned with a confocal miocopsc(Bio-Rad MRC 1024; Bio-Rad,
Hemel-Hempstead, UK) through dry (4X, 10X, 20X) anidimmersion (40X, 60X) lenses.
To prevent over-counting which may arise if tramsdcells are at the section surface, cells
were only included if the nucleus (seen as a §llilefect) was entirely contained within the
Vibratome section, or if part of the nucleus wassent in the first optical section from the
z-series. However, they were excluded if parthefiucleus was present in the last optical
section in the z-series (Spike et al., 2003). [Blaemagnification images were used to plot
the position of the CTb labelled cells on an owatliaf the spinal cord. Dark-field
microscopy was used to distinguish laminar bourmdanvith retrogradely labelled neurons
counted as lamina | if they were close to the ddsseder of the dorsal horn or lay dorsal
to the dark band identified as lamina Il with déildd microscopy. Other laminar
boundaries were created individually for each sacbhased on standard reconstructions
seen in Paxinos and Watson (1997). After the lamboundaries were determined, the

precise location of each retrogradely labelled apuvas established. Using the image
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analysis programme Neurolucida for Confocal sofewvafMicroBrightField, Inc.,

Colchester, VT), the green channel was examinedet® if the retrogradely labelled
neurons possessed the NK-1 receptor. Finallyl. 8¢ neurons were examined to identify
the proportion of NeuN labelled neurons (observedugh the blue channel) that were

retrogradely labelled, and of them, what proporpossessed the NK-1 receptor.

3. Results

To examine the total population of neurons in thiea cord (including the LSN) that
projected to the hypothalamus, as well as idemtifyf there are differences in projections
to the medial and lateral hypothalamus, the retrdgrtracer CTh was injected into eight
rats. Four of these rats received a CTb injectiothe lateral hypothalamus (experiment

numbers 1 - 4) and four received it to the medypldthalamus (experiment numbers 5 - 8).

Injection sites

For the lateral hypothalamic injection experimemégonstructions of the anterior and
posterior extents including the centre of the itgxs are indicated in Figure 5.1. The
most representative photomicrograph is indicateavabeach of the reconstructions. In
experiment 1 (Figure 5.1a) slight spread of trazas found in the ventrolateral part of the
anteroventral thalamic nucleus and the ventralremmtéhalamic nucleus. In experiment 2
(Figure 5.1b,) there was leakage of the tracer theo mediododorsal thalamic nuclei,
ventromedial thalamic nucleus, interanteromedialaimic nucleus and the tuber cinereum
area. In experiment 3 (Figure 5.1c), there wasnbst extensive spread of the CTb tracer
into the anteroventral thalamic nuclei (both doredral and ventrolateral parts),
ventromedial and lateral thalamic nuclei, somehef tnediodorsal thalamic nucleus and,

due to its proximity to the hypothalamus, a smadrtpof the internal capsule. In
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experiment 4 (Figure 5.1d), there was least lealdgeacer with only a small amount
identified in the reticular thalamic nucleus. Narograde tracer passed to the contralateral
side in any of the four experiments.

For the medial hypothalamic injection experimertk®& reconstructions of the most
anterior and posterior extents of the spread obgeade tracer after medial hypothalamic
injections in the four experiments (experiment nersbb — 8) can be seen in Figure 5.2.
Again, the most representative image of the inpectisite is shown above the
reconstructions for each of the experiments. Erpent number 5 was the most focal
(Figure 5.2a), with least spread of tracer into@umding structures. There was passage of
tracer into the anterior hypothalamic area, zomarita, central medial hypothalamic area,
the ventrolateral and anterior parts of the ven&dia hypothalamic nucleus, dorsomedial
hypothalamic nucleus (dorsal part) and the subnsetthalamic nucleus. No leakage to the
contralateral side was noted. The sixth experinierthis series (Figure 5.2b) had the
greatest spread of the tracer to other nearbytates: Tracer was found in the anterior
hypothalamic area, central and ventrolateral paftsthe ventromedial hypothalamic
nucleus and the dorsal part of the dorsomedial tmgt@mic nucleus. In addition, there
was considerable leakage of tracer into the cemtradlial thalamic, centrolateral and
mediodorsal thalamic nuclei. There was also leakaigthe tracer into the contralateral
submedius thalamic nucleus. The seventh experimehis series (Figure 5.2c) had tracer
located in the ventral anterior and ventromedialamic nuclei with only some in the
medial part of the mediodorsal thalamic nucleube €ighth experiment (Figure 5.2d) had
some leakage of tracer into the anteromedial thalathe interanteromedial thalamic
nucleus and the ventral anterior thalamic nucldus.leakage to the contralateral side was

identified.
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Distribution of retrogradely labelled neurons

The distributions of retrogradely labelled neuramsre generally similar across all
eight experiments where CTb was injected into eithe lateral or medial hypothalamus
(Figures 5.3 and 5.4 respectively). However, vaperiment 6, where greatest leakage
into surrounding structures occurred (with almestlve times the number of retrogradely
labelled neurons compared to the next largestemibdial hypothalamic injection series),
this was not included to allow for fair statisticamparison between the other more focal
hypothalamic injections. Retrogradely labelled o@grwere found bilaterally in the spinal
cord segments i.e. both ipsilateral and contradhter the injection sites. In addition,
retrogradely labelled neurons were predominantiynéb in two laminae — V and VII.
They constituted 55.6 £ 11.6% and 53.4 = 10.1%llofedrogradely labelled neurons for
the lateral and medial hypothalamic injections eesipely. A typical lamina V neuron is
shown in Figure 5.5. Figure 5.6 summarises theinamdistribution of retrogradely
labelled neurons after lateral and medial hypothalanjections of the retrograde tracer
CTb. For both the lateral and medial hypothalamjections, the greatest number of
retrogradely labelled neurons was located in theasgegment C1 — 2 with almost a third
located there for each of the hypothalamic regiojested with CTb (31.5 = 13.4%, lateral
hypothalamus; 31.9 £ 3.9%, medial hypothalamushe Teast numbers of retrogradely
labelled neurons after either lateral hypothalararc medial hypothalamic injections
occurred in the C5 spinal segment (9.72 + 5.6% &Adt: 2.5% respectively). Figure 5.7
shows the distribution of retrogradely labelled nog&is over the spinal segments examined.

Interestingly, however, where there was leakage sutrrounding thalamic structures,
retrogradely labelled neurons were identified mil@ae | — Il in both the lateral and medial
hypothalamic injections with CTb, whereas if thgeation was focussed on primarily the

lateral or medial hypothalamic target, no laminaell retrogradely labelled neurons were
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noted. In experiment 6 (medial hypothalamic inpct where there was the greatest
leakage of CTb tracer (of all experiments) intorgsunding thalamic structures, a high
number of retrogradely labelled neurons were idiedtiin laminae | — Il (11.4% of all

retrogradely labelled neurons) and the white matte@ending from the lateral reticulated
area of lamina V towards the LSN (9.9%) but priyatine area around the central canal

(26.8% of all retrogradely labelled neurons).

Retrogradely labelled neurons in the LSN

Common to both lateral and medial hypothalamicdtigsms of the retrograde tracer
CTb, the LSN contained a large proportion of afl thtrogradely labelled neurons (25.7
5.6% and 21.3 £ 7.3% respectively). A typical ogtadely labelled LSN neuron is shown
in Figure 5.8. Of all the retrogradely labelledurens found throughout the vertebral
segments that were immunoreactive for the NK-1p&we almost half were located in the
LSN (45 £ 8.2%, lateral hypothalamus; 47.9 * 4.58edial hypothalamus). However, the
retrogradely labelled neurons from hypothalamicec¢tipns constituted only a small
proportion of the total neuronal population (reeedby NeuN) of the LSN (Figure 5.9), yet

greater than 80% of those retrogradely labelled b8&Nrons possessed the NK-1 receptor.
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Figure 5.1. Reconstruction of the injection site® the lateral hypothalamus (n=4). ad
represents each of the experiments 1 — 4 respBctiverepresentative photomicrograph is
shown above each of the reconstructions for eadmahn The spread of the tracer is
represented by the dark grey area ang) the paler area represents the leakage of CTlbe No
that there is variable leakage into the thalamu#y wmost occurring in experimemt and
least ind. The numbers below each tracing indicates trexantal co-ordinate (Paxinos and

Watson, 1997).

109



110



Figure 5.2. Reconstruction of injection sites tohte medial hypothalamus (n=4). a-d
represents experiments 5 - 8 respectively. Theasbof tracer is represented by the dark
grey area, and ib, the paler area represents the caudal spread lof Glbte the extensive
leakage of the tracer into the thalamus in experin@ (and contralateral spread). The

numbers below each tracing indicates the interagrardinate (Paxinos and Watson, 1997).
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Figure 5.3. Location of retrogradely labelled neuons after lateral hypothalamic
injections. a—d represents experiments 1 - 4 where CTb was iject® the lateral
hypothalamus (each corresponding to the reconginscbf the injection sites in Figures 5.1
a—d respectively). Each dark filled circle represemt@ngle CTb labelled neuron in each of
the named spinal segments. The numbers of labakedons found in each side of the
indicated segment are indicated in the ventraldulos from each of the alternately selected
segments. Ten alternate sections were examineglafdr spinal segment, eachubOthick.
The figure in parentheses shows the total numb&Tdf labelled neurons in the LSN. The

left side of each segment diagram is contralaterttie injection site.
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Figure 5.4. Location of retrogradely labelled neuras after medial hypothalamic
injections. a - drepresents experiments 5 - 8 with each correspgniflie reconstructions
shown in Figure 5.2 - d respectively in each of the stated spinal segmdefash dark filled
circle represents a single CTb labelled neuronaicheof the named spinal segments. The
numbers in the ventral funiculus represents thal tabelled neurons over ten alternately
selected 50m transverse spinal segments. The figure in plaeses shows the total number
of CTb labelled neurons in the LSN. The right safeeach spinal segment diagram is

ipsilateral to the injection.

115



/ 6 I w’lw
W\{L@/ \EWW (L5N 1} %’) WW

116



Figure 5.5. Example of a lamina V labelled neuron féer CTb injection to the medial
hypothalamus A —C, merged images of a transverse section of theaatdral lamina V
(red, CTb; green, NK-1; blue, NeuN) built from lfbjected imagesA represents a single
CTb labelled neuron in the centre of the field tisanot immunoreactive for NK-1Bj, and

shows NeuN immunoreactivitfC). D is the merged image éf- C. Scale bar = 50m
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Figure 5.6. Histogram summarising laminar distributions of ALL retrogradely labelled
spinohypothalamic neurons. Arepresents the lateral hypothalamus, Bnieépresents the
medial hypothalamus. Red = right (contralateraljhie injection, blue = left (ipsilateral) to

the injection; error bars = = S.D.
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Figure 5.7. Histograms summarising the spinal segamt distributions. A represents the
spinal segment distribution &LL retrogradely labelled neurons after lateral hyplatimic
injections, andB represents the spinal segment distributiolAbE retrogradely labelled

neurons after medial hypothalamic experiments;rdraos = £ S.D.

121



Lateral Hypothalamus

40 -
35
30 A
25
20 -
15 4
10 -
5,

SL

L4

C5 L3

Cl-2

Medial Hypothalamus

T

o
F

T
[Te}
™

T T T T T T
o 1N o 1n O . o
M N N < -

suoinau JO 95 Ues|N

SL

L4

C5 L3

Cl-2

122



Figure 5.8. Triple labelling of CTb, NeuN and NK-1in the LSN. A—-C, merged images
of a transverse section of the LSN built from 10j@cted confocal image#&\ ( CTh; B, NK-

1; C, NeuN; D, merged image oA - C). A contralateral retrogradely (from lateral
hypothalamic injection of tracer) labelled (CTbunen is in the LSN. The SDH is present at

the top right of each image. Scale bar grf0
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Figure 5.9. Histograms summarising the proportionof only LSN neurons (as labelled

by NeuN) that were retrogradely labelled from eithe the lateral or medial
hypothalamus. Histogram 1 (shown i) shows the average percentages of NeuN labelled
LSN neurons that were labelled either from therédter medial hypothalamic injections of
CTb (green: right side, contralateral to injectiord: left side, ipsilateral to injection).
Histogram 2 (shown irB) shows the average percentages of retrogradebliéab LSN
neurons that possessed the NK-1 receptor eithen fhee lateral or medial hypothalamic

injections. Error bars = = S.D.
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4. Discussion

There are three main conclusions based on thig:stficstly, there are approximately
the same numbers of projections to both the latamdl medial hypothalamus from the rat
spinal cord, with the majority of retrogradely ldbd neurons in laminae V and VII.
Secondly, it was more common for NK-1 retrogradelyelled neurons to be located in
laminae V, VII and the LSN. Finally, a similar aoma of retrogradely labelled neurons
projected to both the lateral (25.7 £ 5.6% of thialtlabelled) and medial (21.3 £ 7.3% of
the total labelled) hypothalamus from the LSN, wile vast majority of those possessing

the NK-1 receptor (>80%).

The Spinohypothalamic Tract in the Rat
This present study confirms and extends previougtoamcal and physiological

observations made on spinal cord neurons that girbjéaterally to both the medial and
lateral hypothalamus. On examination of the expents where the injection of the
retrograde tracer was found only, or primarily e thypothalamic sites, there were almost
identical distributions within the spinal cord. rhaa V and lamina VIl were consistently
found with the greatest numbers of retrogradelgllad neurons when injection sites were
located to the hypothalamic territories, as alsmashby Burstein et al., 1990a and Katter et
al., 1991. This could be relevant regarding pathways as these two regions serve a role
in nociceptive and proprioceptive processing (Hdtmand Wall, 1969; Menetréy et al.,
1977; Light and Perl, 1979; Kevetter and Willis,829 Menétrey et al., 1984; Granum,
1986; Sugiura et al., 1986; De Koninck et al., 198futon and Holstege, 1994,
Littlewood et al., 1995). It may then be that thgpothalamus serves a role in the
autonomic responses to somatosensory stimulatafyding painful stimuli. Regardless

of the area of the hypothalamus that was injecfgataximately half of all retrogradely
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labelled neurons were located contralaterally, Whein agreement with Burstein et al.
(1990a).

However, in the study by Burstein et al. (1990&gyt also found a proportion of
retrogradely labelled neurons (using FG) were led¢ah lamina I, and the area around the
central canal, something echoed by others (Carstéral., 1990; Katter et al., 1991
Menétrey and de Pommery, 1991; Kostarczyk et 8b71Kayalioglu et al., 1999). With
the experiments conducted in this study very femima | neurons were identified where
only or mainly the hypothalamus was injected. Hesve where there was leakage into
many surrounding structures in experiment 6 (melyglothalamic injection), there were
large numbers of retrogradely labelled neuronamina I, and the area around the central
canal.

Projections from lamina | to the thalamus have bd@monstrated in numerous species
including cats (Trevino and Carstens, 1975; Craigl.e 1989; Zhang et al., 1996; Klop et
al., 2004), primates (Apkarian and Hodge, 1989;nghand Craig, 1997) and also rats
(Lima and Coimbra, 1988; Marshall et al., 1996; é&fwal., 2005). This could explain why
there are a large number of retrogradely labelledrans identified in lamina 1 in
experiment 6, as there was extensive leakage dfdber into the mediodorsal and ventral
posteromedial thalamic nuclei (areas establisheda@sving lamina | projections).

Recently, Gauriau and Bernard (2004) presentedyasustantial projection from the
SDH of the rat cervical spinal cord to the triarsgybart of the posterior thalamic nuclear
group (PoT). In addition, Al-Khater et al. (20a@&monstrated that there is a very specific
projection from lamina | neurons possessing the Nkeceptor to the PoT. On careful
examination of the reconstructions for experime(Ei§ure 5.2b), it can be seen that there

is some leakage of the retrograde tracer into tsepior thalamic nuclear group, though
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not into the PoT as that lies at the extreme caeddlof the thalamus, providing a possible

route that the tracer may have passed to resthieilfamina | labelled neurons.

Spinohypothalamic Tract Neurons and the NK-1 remept

The NK-1 receptor is the target of the tachykineuropeptide substance P (SP), which
is secreted by small diameter, primary afferentesh many of which respond to noxious
stimuli (Duggan and Hendry, 1986; Lawson et al.97)9 The NK-1 receptor is
concentrated in lamina | but also scattered througthe remaining of the dorsal horn and
the area around the central canal (Bleazard e1294; Nakaya et al., 1994; Brown et al.,
1995; Todd et al., 1998). Interestingly, howewary few neurons in lamina Il appear to
have the receptor, despite this lamina having lainaervation from SP containing axons
(Marshall et al.,, 1996). However, they have ddysaliented dendrites that enter the
superficial laminae and receive substantial SP tinpnosynaptically from primary
afferents (Naim et al., 1997). In addition, lamwand the area round the central canal are
established as receiving nociceptive afferent §bfessou and Perl, 1969; Cuello and
Kanazawa, 1978; Light and Perl, 1979; Mense andHailaar, 1986; Sugiura et al., 1986;
Willis and Coggeshall, 1991) with lamina VII alsdwosving SP immunoreactivity,
suggesting the presence locally of the NK-1 regemiod second order nociceptive
processing here (De Lanerolle and LaMotte, 198%Je have shown that many of the
neurons in lamina V and VII, and also the LSN peojg to either the medial or lateral
hypothalamus, possess the NK-1 receptor suggeatinote of these projection neurons in

nociception.
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LSN neurons projecting to the hypothalamus pogbessiK-1 receptor

Almost one quarter of retrogradely labelled neuraas located in the LSN with very
similar numbers projecting to either the lateraihwedial hypothalamus (25.7 + 5.6% and
21.3 = 7.3% respectively). Regardless of the afethe hypothalamus that was injected,
greater than 80% of all the retrogradely labelledrons possessed the NK-1 receptor.

LSN neurons have been shown to contain peptides \iasoactive intestinal
polypeptide, bombesin, SP and dynorphin (Leah ¢t1&888) and project through many
diverse tracts including the spinothalamic tractaf@m, 1986; Burstein et al., 1990b;
Gauriau and Bernard, 2004), spinoreticular and apesencephalic tracts (Menétrey,
1982; Pechura and Liu, 1986). Our findings suppod extend studies done by other
authors who have demonstrated a spinohypothalamat from the LSN (Burstein et al.,
1990a; Li et al., 1997), though some have only ictamed it from either the cervical (Dado
et al.,, 1994a,b; Gauriau and Bernard, 2004), lum@rang et al., 1999) or sacral
enlargements (Katter et al., 1996Db) in isolation.

An additional feature of the LSN is that withingmucleus there are a large numbers of
peptidergic varicosities. Experimental work invaly interrupting either descending
pathways or primary afferent input to the LSN diot mffect plexi of SP, enkephalin,
dynorphin, FMRF amide (a neuropeptide Y-like substd or somatostatin at this site
(Jessel et al., 1978; Larabi et al., 1983; Seylaold Elde, 1980; Giesler and Elde, 1985;
Cliffer et al., 1988). This shows that the peptigle input to the LSN arises either at the
same level, or segmental levels nearby, of theasmiord. Our findings support other
authors’ studies that have shown an LSN-hypothagrathway, reinforcing work done by
Li et al. (1997) who demonstrated that the LSN aesrprojecting to the hypothalamus
also possessed the substance P receptor. We Isav&hawn that of those that do, greater

than 80% contain the NK-1 receptor, one of the Gein coupled receptors, suggesting an
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involvement of the LSN as an integrative nucleugoived in visceroception and/or
visceronociception and therefore, of autonomic m@droendocrine regulation (Jansen and

Loewy, 1997; Workman and Lumb, 1997; Hudson et28l00; Vergnano et al., 2008).
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b) Caudal ventrolateral medulla and mediodorsal thalanc projections from the LSN

1. Introduction

The mediodorsal thalamus (MDT) is a major compoménhe thalamus of all mammals,
and is especially developed in humans (Le GroskCI32a,b). Indeed the functions of the
MDT are wide and varied with it being well estabkg that it plays a major role in
emotional changes, anterograde amnesia where pestttve learning is severely affected
especially in visual memory tasks (Schulman, 1%ia-Morgan and Squire, 1985; Parker
et al., 1997; Gaffan and Watkins, 1991; Gaffan Badcker, 2000; Mitchell et al., 2007) and
memory acquisition (Mitchell and Gaffan (2008).

Major reciprocal connections exist between the M@l the prefrontal cortex (Parker
and Gaffan, 1998; McFarland and Haber, 2002; Eoickend Lewis, 2004) and (along with
the orbitofrontal cortex) has descending pathwayketl to the amygdala and the
hypothalamic nuclei (Barbas et al., 2003) in thiempte. As the MDT has been shown to
serve a role in nociceptive processing (Casey, 1P@&stini et al., 1987; Dostrovsky and
Guilbaud, 1990), it could be said that a loop exfstming the “basolateral limbic system”
composed of the MDT, amygdala, orbitofrontal corteduding that also of the rat (Krettek
and Price, 1977; Sarter and Markowitsch, 1983, 19chevalier and Mishkin, 1986;
Cassell and Wright, 1986; Gaffan et al., 1993) &mel prefrontal cortex (Fuster, 1997).
Therefore, the MDT could serve a role in the mdiorgal and affective components of pain,
including that of visceroception and visceronocte@p As well as the thalamus playing a
major role in nociceptive processing, in recentryean increasing number of studies have
been undertaken in examining the role of the madalongata in its role in nociception.

The medulla oblongata has the highest density of psdulation areas in the brain.
Several areas of the medulla are involved in endoge antinociceptive processes including

the rostroventromedial medulla (RVM), the nucleagtus solitarius (NTS), ventral reticular
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nucleus (VRt), dorsal reticular nucleus (DRt) ahd taudal ventrolateral medulla (CVLM).
In recent times, the CVLM has been shown to hawggaificant role in modulation of
nociception. Indeed, the CVLM has a very importasie in the inhibitory modulation of
pain, and has been shown to inhibit nociceptivesalohorn neurons (through monitoring
electrical thresholds for inhibition and the magd# of duration of suppression of
nociceptive reflexes (Gebhart and Ossipov, 1986ssland Gebhart, 1987, 1988)) more than
areas including the locus coeruleus (Jones and &gllD86a,b), the periaqueductal grey
(Carstens and Watkins, 1986; Jensen and Yaksh,) ¥9&#ithe RVM (Satoh et al., 1983;
Ness and Gebhart, 1987).

Stimulation of the CVLM has a potent antinocicegptigffect, as demonstrated by the
resulting marked inhibition of nociceptive spinarsial horn neurons (Morton et al., 1983;
Janss and Gebhart, 1988; Liu and Zhao, 1992), wthielCVLM forms a loop system with
(reviewed by Tavares and Lima, 2002), and spetijyicéamina | neurons, but
communications also exist between lamina IV — V An(Fields et al., 1990). The CVLM
depresses nociceptive reflexes (Gebhart and Ossip@86; Janss and Gebhart, 1987)
through apposition to spinally projecting neuromtyan the pontine A5 noradrenergic cell
group and the RVM (Tavares et al., 1996). Spdlficit is the lateral part of the CVLM
where theny-adrenoceptor anti-nociception produced in the CVisMriggered in its lateral
part, and mediated by the A5 noradrenergic celugrtihen passing to the spinal cord (and
subsequent superficial dorsal horn) via the dotemafuniculus (Janss and Gebhart, 1988).

It has been suggested that the LSN plays a rol®anception (as discussed in previous
chapters), and projects to both the CVLM (Olave &fakwell, 2004) and MDT (Gauriau
and Bernard, 2004). Therefore, this study was takien to identify the laminar distribution
(including the LSN) of NK-1 projection neurons thaere labelled from either/both the

CVLM and the MDT. Firstly, the retrograde tracet3b and Fluoro-Gold (FG) were
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injected into the CVLM and the MDT respectively.hi§ was combined with quadruple

labelling immunofluorescence for the NK-1 rece@nd the neuronal marker NeuN.

2. Experimental Procedures

Experimental materials and methodology used in ¢higly were the same as for the
spinohypothalamic studies. However, each rat liegd (n = 3), received a single injection
of 50nl 4% FG (Fluorochrome Inc., Englewood, CQptlgh a glass micropipette into the
mediodorsal thalamus [coordinates = AP + 6.2; DM.&®;, ML + 0.7] and 200nl of 1%
cholera toxin B subunit (CTb; Sigma, Poole, UK)oirthe caudal ventrolateral medulla
(CVLM) [coordinates = AP — 4.8; DV - 0.6; ML + 2,19pecifically the region between the
spinal trigeminal nucleus and the lateral reticulacleus.

In addition to the same primary and secondary adiés used for the spinohypothalamic
studies, rabbit anti-FG (diluted 1:1000; Chemicw@s used as the primary antibody, and
this was coupled to Alexa-488-anti-guinea-pig (@it 1:500; Molecular Probes) to reveal
FG immunoreactivity (as well as the NK-1 receptofpata collection and analysis were

undertaken as previously described in the spinotimgb@amic study.

3. Results
Injection Sites

To examine the total population of neurons in thma cord (including the LSN) that
projected to the mediodorsal thalamus and/or tdalaventrolateral medulla, the retrograde

tracers FG and CTb (respectively) were injected thtee rats.
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Injection site — mediodorsal thalamus

Reconstructions of the anterior and posterior d@steh the spread of tracers, including
the centre of the injections, are indicated in Fegu5.10 (A - C). The light micrograph
image, epifluorescent image, merged image (botit bgpd epifluorescent images combined)
and reconstructions are shown for each of the e@xpets used. The first of the three
experiments studied had the least amount of F@rtriacthe mediodorsal thalamus, whereas
the other two cases filled the mediodorsal thalamage extensively with greater leakage of
tracer into nearby structures. In the first expent in this series (A), there was filling of the
mediodorsal thalamic nuclei (central, lateral aretlral), with some leakage into the dentate
gyrus, paraventricular thalamic nucleus, medial Eteral habenular nucleus, hippocampus
and some leakage into the posterior thalamic nug@eaup. In addition, there was some
leakage into the contralateral central and latenaddiodorsal thalamus. In the second
experiment (B), more of the mediodorsal thalamicleus was filled ipsilaterally but also
more leakage into the central medial thalamic ruslecentrolateral thalamic nucleus,
ventrolateral and ventromedial thalamic nucleusnsedius thalamic nucleus, ventral and
dorsal parts of the subcoeruleus nucleus, medidl lateral habenular nucleus, posterior
thalamic nuclear group and the hippocampus. Ndralateral spread was present. In the
third experiment (C), there was extensive fillingtlbe mediodorsal thalamic nuclei, with
filling of the central medial thalamic nucleus, wah anterior thalamic nucleus, ventromedial
thalamic nucleus, submedius thalamic nucleus, rhadi lateral habenular nucleus, and the
posterior thalamic nuclear group. No tracer spréadthe contralateral side. In all
experiments, there were small foci of necrosis tified with the retrograde tracer FG,

generally centrally located in the injection site.
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Injection site — caudal ventrolateral medulla

Injections into the dorsal part of the caudal mid(Figure 5.10, D) were centred on the
reticular nucleus reaching the lateral reticulaclaus, dorsal and ventral reticular nucleus,
with spread into the spinal trigeminal nucleus riatg. No contralateral spread was

identified.

Retrogradely labelled neurons

The greatest numbers of retrogradely labelled meuveere double labelled with both FG
and CTb, with the least number of retrogradely lledeneurons showing labelling with only
CTb immunoreactivity (Figure 5.11). Retrogradedpelled neurons were found bilaterally
(i.e. ipsilateral and contralateral to the injestisites). In general, the greatest numbers of
retrogradely labelled neurons occurred in the Clspihal segment (38.7%, CVLM and
MDT; 27.9% MDT) though there were slightly more éélbd neurons from only the CVLM
in the L3 segment (25.9%; Figure 5.11). The spsegmental distribution of retrogradely
labelled neurons is shown in Figure 5.12. Indemer all experimental groups that were
retrogradely labelled from both the CVLM and the MDonly the MDT or only to the
CVLM, there was a similar laminar distribution oéurons (Figure 5.13). Retrogradely
labelled neurons were found in one of four lamitearitories: | — 1l, V and VII, and to a
lesser degree the LSN. Figures 5.14 and 5.15 $yyweal examples of lamina | and lamina
VIl retrogradely labelled neurons respectively.

For each of the categories of retrogradely labelledrons, the greatest frequency of
labelled neurons occurred in the following laminkeminae | — Il that were retrogradely
labelled from both the CVLM and MDT (38.7 + 8.9%gminae V — VIl (59.5 £ 4.8%) that
were retrogradely labelled from only the CVLM amdninae | — Il (26.4 + 4.4%) that were

retrogradely labelled from the MDT.
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NK-1 receptor labelling over all experimental greupas in greatest numbers found in
the SDH in laminae | — Il. Of the total NK-1 ret¢eplabelling for those neurons that were
retrogradely labelled from both the CVLM and the M®5.4 + 4.7% were found in laminae
I — 1. 47.5 + 4.7% of NK-1 receptor immunoreactyvivhere retrograde labelling occurred
only from the MDT were found in laminae | — II. @fe total NK-1 receptor labelling in the
category of neurons that were retrogradely labediely from the CVLM was 50 £ 10% in

laminae | — 1.

Retrogradely labelled neurons in the LSN

Unlike the retrogradely labelled neurons idendifi@after hypothalamic injections
(discussed in Investigation 3a), the total retrdghalabelled neurons in the after CVLM and
MDT injections was lower proportionally, of all regrade neurons identified in each
grouping.

As a total of all retrogradely labelled neuronsttivere double labelled from both the
CVLM and the MDT, the proportion found in the LSNasv11.5 £2.5%. Of all retrogradely
labelled neurons from the CVLM, the LSN constituted.7 + 5.3% of the total. For
retrogradely labelled neurons only from the MDTe thSN constituted 6.9 £ 4.3% of the
total labelled neurons. As a proportion of all LSMuN labelled neurons, they constituted a
small proportion of the total (revealed by NeuNshewn in Figure 5.16.

A similar proportion of LSN neurons possessed thé INreceptor that were double
labelled from both the CVLM and the MDT (Figured B.5.18) and only labelled from the
CVLM (62.5 £ 5.9% and 52.2 = 8.7% respectively)t busmaller proportion only labelled

from the MDT (25.3 £ 3.2%).
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Figure 5.10. Photomicrographs and diagrams showing the spread dhe tracer for the
CVLM and MDT injections . A, B andC represent light micrograph images of the position
of the retrograde tracer FG which was injected theomediodorsal thalamugi, Bi andCi
represent epifluorescent images of the same sifgi, Bii and Cii are the merged
photomicrograph and the epifluorescent images &hexperiment.Aiii, Biii andCiii are
reconstructions of the anterior and posterior dster the leakage of FG. D represents
diagrams showing the spread of the retrograde rtr@dé after injection into the caudal
ventrolateral medulla where-iii represent experiments 1 — 3 as seeh 1C respectively.
Numbers related to each of the reconstruction dragrrepresents the approximate position
of the section anterior (+) or posterior (-) to #ar bar. Drawings based on those of Paxinos

and Watson (1997). Scale bar i
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Figure 5.11. Location of ALL retrogradely labelled neurons after injections to the
CVLM and the MDT, including those with the NK-1 receptor. A represents those
retrogradely labelled neurons from both the CVlavid the MDT, B represents those
retrogradely labelled neurons froonly the CVLM andC represents those retrogradely
labelled neurons froranly the MDT. The left hand side of each diagram istiaateral to
the injection sites. The number in the ventral teshinatter indicates the total in each
vertebral segment on each side. The number imfhasis indicates the total number in the

LSN.
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Figure 5.12. Mean percentages (including standardeviation) of ALL retrogradely
labelled neurons Projections to both the CVLM and the MDA)( only to the CVLM B)
or only to the MDT C) according to ipsilateral or contralateral to whjection site across the

spinal segments C1 — 2, C5 and L35-
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Figure 5.13. Histograms summarising the laminar ditributions of ALL retrogradely
labelled neurons. The laminar distributions of retrogradely labelladurons from the
CVLM and the MDT, only the CVLM and only the MDTngluding those possessing the

NK-1 receptor). The contralateral and ipsilatesides are shown respectively. Error bars =

+ S.D.
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Figure 5.14. Quadruple labelling of CTb, FG, NK-1land FG in the SDH. A — Cshows a
single optical transverse section of the S red, CTb;B, green, FG and NK-1C, blue,
NeuN; D, merged image &, B andC). 1 represents an NK-1 labelled neuron (as shown by
NeuN, blue) in lamina | which hasot been retrogradely labelled from either the CVLM or
MDT. 2 represents a lamina | neuron (labelled with Nebide) that has been labelled from
both the CVLM (CTB, redandthe MDT (FG, green), but not showing immunoreattifor

the NK-1 receptor.3 represents a lamina | neuron (labelled with Neule)which shows
immunoreactivity for the NK-1 receptor and has beetnogradely labelled from both the

CVLM (CTB, red)andthe MDT (FG, green). Scale bar =p50.
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Figure 5.15. Quadruple labelling of CTb, FG, NK-1and FG in lamina VII. A — C,
represents optical transverse image of lamina | CTb, red;B, FG and NK-1, greerC,
NeuN, blue;D, merged image ok - C). A contralateral retrogradely labelled neurdmo{gn
by immunoreactivity for NeuN, blue) in lamina Vihat is labelled from both the CVLM
(CTb, red) and the MDT (FG, green), though doesdmgilay immunoreactivity for the NK-
1 receptor. This neuron is found at the centreawfh of the image& — D. Scale bar =

20um
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Figure 5.16. Histograms summarising the percentages of _onlyetrogradely labelled
LSN neurons (as revealed by NeuN) from both the CVM and MDT, only the CVLM

and only the MDT. Histogram 1 (shown iA) shows the average percentages (within the
LSN) of only NeuN labelled LSN neurons that were labelled freath of the sites.
Histogram 2 (shown iB) shows the average percentages (of dwhuN labelled) LSN

retrogradely labelled neurons that possessed thé& K€eptor.
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Figure 5.17. Quadruple labelling of CTh, FG, NK-1and FG in the LSN. A - C
represent® projected confocal imaged a transverse section of the region of the L3I\ (
CTb, red;B, FG and NK-1, greenC, NeuN, blue;D, merged image oA, B andC). A
contralateral retrogradely labelled neuron in ti&NLthat is labelled from both the CVLM
(CTb, red) and the MDT (FG, green). This neuron (as indicated ¥y is also
immunoreactive for the NK-1 receptor. The supé@fidorsal horn (SDH) is to the right of

each of the image& — D. Scale bar = 50m.

157



FG + NK41




Figure 5.18. Quadruple labelling of CTh, FG, NK-1and FG in the LSN. A - C
representshe neuron indicated by * in Fig. 5.18 at a highexgnification A, CTb, red;B,

FG and NK-1, greert;, NeuN, blueD, merged image ok, B andC). Scale bar = 10n.
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4. Discussion

The main finding of this study was that the majodt neurons in the spinal cord, whose
cell bodies are primarily located in laminae | =\ VIl and the LSN, project tboth the
CVLM and the MDT, rather than just to either the CVLM or thT, which are areas
responsible for very different components of padagey, 1966; Feltz et al., 1967; Gebhart
and Ossipov, 1986; Sotgiu, 1986; Janss and Gebh@8{; Palestini et al., 1987; Price,
1995). In addition, more of the projection neurtm$oth of these sites were located in the
cervical segments (especially the C1 — 2 spinahsedgs) compared to the lumbar segments.
Those neurons projecting to both the CVLM and tHaTvalso possessed the NK-1 receptor,
though were more numerous where this receptor eas lestablished to be present i.e.
laminae | — IV, X and in the LSN (Bleazard et 4B94; Liu et al., 1994; Nakaya et al., 1994;
Brown et al., 1995; Littlewood et al., 1995).

It is well established that a closed reciprocapleaists with laminae | — Il and the lateral
part of the CVLM with terminal boutons labelled rinathese laminae having round vesicles
and making asymmetrical synapses with this bragioreprojecting to those spinal laminae
(Tavares and Lima, 2004). Also, in lamina | thare flattened boutons which are labelled
from the lateral caudal ventrolateral medulla. iABas been shown that terminal boutons
with round vesicles are excitatory, and those Wétiened boutons are inhibitory (Uchizono,
1965; Gray, 1969; Todd, 1991), the lamina | neurdelévering nociceptive information to
the medulla at that point will result in descendmgdulation of pain through both excitatory
and inhibitory means.

This study has also identified many projection onesrto the medullary and thalamic
sites in lamina V and VII. Tavares and Lima (2Q0d)their diagrammatic representation of
the circuitry between the spinal cord and the mledshow that lamina V (and lamina V)

receives projections from the lateral ventrolatenaldulla, thus explaining why many of the
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neurons in our study have been labelled at thes siliowever, lamina VII contains mainly
pre-motor interneurons, and is targeted exclusibgiythe lateral reticular nucleus (Tavares
and Lima, 2002). On careful examination of thggtion sites carried out in this study
where CTb was injected into the CVLM, it can berséeat there is indeed filling of the
lateral reticulated nucleus in all three experirsgrgxplaining the lamina VII labelled
neurons from filling of this site. As the lateraticular nucleus can result in inhibition of
nociceptive spinal neurons, as shown by electocajlutamate stimulation (Morton et al.,
1983; Gebhart and Ossipov, 1986) of the lateratuktted nucleus (Janss and Gebhart,
1988), it also responds to noxious visceral andrenus stimulation (Ness et al., 1998) with
the electrical stimulation required to produce gasaia from this site lower than in other
caudal ventrolateral medullary sites (Gebhart asdifdv, 1986), with involvement of the
LSN also in these roles through circuitry betwesmihae I, V and VII.

In addition to the projections to the CVLM, manytbése retrogradely labelled neurons
were also labelled from FG injected into the MDTHowever, although it has been
established that the neurons projecting to the ahdldalamus have been found to be in the
intermediate zone, laminae V and VIl and the vertaan, as this study also proves, many
neurons were also retrogradely labelled that aesgmt in lamina I, traditionally labelled
from the lateral, and not the medial thalamus (téassand Trevino, 1978; Giesler et al.,
1979; Willis et al., 1979).

As the diaminobenzidine (DAB) horseradish peroxi@l¢RP) procedure had been used
in some of these previous studies, it may not hdeen as sensitive as the
tetramethylbenzidine reactions used by Craig andoBu(1981). However, Craig and
Burton (1981) used the anterograde tracer HIR& autoradiographic techniques and were
the first to establish a unique projection of laanimeurons to the nucleus submedius in the

medial thalamus. Examination of the injectionsitethe second and third experiments used
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in this study shows extensive leakage into thideus; perhaps explaining the numbers in
this study in the superficial laminae. Indeed,i@€rand Burton (1981) also reported the
existence of a direct projection from the spinatdcand the caudal part of the spinal
trigeminal nucleus (Sp5C) to the submedius nuctduke thalamus. Of note was that the
cells of origin of both the spinothalamic and trigeothalamic pathways (in the cat) were
almost exclusively located in the marginal layeiboth the spinal dorsal horn and the Sp5C
(Craig and Burton, 1981), the area where there alss leakage of the tracer in the dorsal
medullary injections in this study, but establishes] regions known to contain primarily
nociceptive and thermoreceptive neurons (Dostrowesky Hellon, 1978; Hu et al., 1981;
Dubner and Bennett, 1983; Craig and Kniffki, 198&sson and Chaouch, 1987). Their
original study concentrated on the cat, but in the the cells of origin of the spinal
projection to the submedius nucleus are locatdatiendeeper layers (Menétrey et al., 1984;
Dado and Giesler, 1990) in contrast to their magxglusive location in the marginal layer in
the cat. In the rat trigeminal sensory nucleus tean 20% of the neurons are located in the
marginal layer of the Sp5C and 60% are actuallptied in the interpolar part of the spinal
trigeminal nucleus (Sp5l) rather than in Sp5C (Ydahet al., 1991). However, in our
studies, leakage also occurred into the Sp5l.ialhit Craig and Burton (1981) reported that
lamina | neurons, after injections of HRP andai&d amino acids, projected to the nucleus
submedius in the medial thalamus in the cat, monkeg rat. They, however, used
considerably more cats (14) compared to monkeysaf2) rats (3). However, since that
study Peschanski (1984) and then Iwata et al. (188 confirmed the lamina | spinal
neurons projecting to the nucleus submedius butoDattd Giesler (1990), Cliffer et al.
(1991) and Yoshida et al. (1991) were all unablértd this projection from both spinal and
medullary superficial laminae. These three ingagtrs only used rats in their experimental

work suggesting perhaps a species difference. efdre;, the lamina | projections to the
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nucleus submedius may not be as significant as$ fimsught. Indeed, in the rat, the
projection arising from the cervical enlargementasy sparse (Dado and Giesler, 1990), but
from the trigeminal projection appears to originfiten two regions as shown by Dado and
Giesler (1990) and Yoshida et al. (1991): the pudaris region and the ventral portion of the
caudalis division. Therefore, the lamina | labelfeeurons could be explained by the leakage
into the posterior thalamic group, as shown by @auand Bernard (2004) and discussed
earlier.

Specifically, the ventral posterolateral thalamiecleus (VPL), ventral posteromedial
thalamic nucleus (VPM) and the posterior thalanmoug (Po) regions contain numerous
nociceptive neurons in the rat (Guilbaud et al8@9eschanski et al., 1980). In the rat,
these nociceptive properties were from both supatfand deep spinal/trigeminal laminae
(Lund and Webster, 1967; Peschanski et al., 1988n@n, 1986; Burstein et al., 1990b;
Cliffer et al., 1991; Iwata et al., 1992). Howev&auriau and Bernard (2004) showed that
most of the lamina | neurons projected to the VARMV/Po regions. We, however, have
shown that many lamina | neurons project to bothrttediodorsal thalamus and the caudal
ventrolateral medulla, not the lateral areas ottiadéamus mentioned in other studies.

However, the injection sites in the three experitsarsed in this part of the study had
leakage into the Po in all cases, explaining treatgr number of lamina | neurons in our
study, both for neurons retrogradely labelled friooth the caudal ventrolateral medulla and
the mediodorsal thalamus, and also for the retdmiyalabelled neurons only from the
mediodorsal thalamus as according to Gauriau anuaBeé (2004). More recently, Al-
Khater et al. (2008) showed, using fluorescentxlatécrospheres, a very discrete projection
from lamina | to the PoT with the NK-1 receptordahmay be that the lamina | neurons in

this study also specifically project to this sita the leakage into the Po.
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Interestingly, a significant number of retrogradklipelled neurons exist in the LSN that
project to both the CVLM and the MDT, with approxataly half possessing the NK-1
receptor. The LSN has also been shown to haveleaimothe processing of visceral
information (Menétrey et al., 1980; Leah et al.889Schramm et al., 1993; Jansen et al.,
1995; Jansen et al., 1995), and potentially invilienociception as previously discussed,
with this nucleus projecting also through the sthatamic (Gauriau and Bernard, 2004),
spinoreticular, spinomesencephalic (Menétrey arsbBam, 1987; Leah et al., 1988) and the
spinohypothalamic tract (Burstein et al., 1996)is lalso known that LSN neurons project to
laminae I, II, V and VII (Jansen and Loewy, 1997%)daelectrophysiological studies
demonstrated that these neurons exhibit a variétyntoinsic properties, which could
significantly contribute to sensory processingJuding nociceptive processing (Jiang et al.,
1999). Therefore, the LSN may serve an integratole between these laminae and be
involved in processing a variety of nociceptivehvadys, including descending modulation
(Carlton et al., 1985; Masson et al., 1991), anthasmediodorsal thalamus projects to the
medial and orbital regions of the prefrontal corfaseas strategically involved in autonomic
visceromotor and cognitive functions (Neafsey et H86, 1993; Loewy, 1991; Verberne
and Owens, 1998; Gabbot et al., 2005)), it couldimggested that the LSN could have an
integrative role in visceral function and visceroioeption providing the emotional and

motivational aspects of pain.
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c) Lateral globus pallidus projections from the LN
1. Introduction

The corpus striatum comprises the striatum (caudatdeus and putamen) and the
pallidum (globus pallidus), and forms the anatomiEsis of the basal ganglia. It is well
established that the corpus striatum collectivelthe site in which instructions for parts of
learned movements are “remembered” and from whiely transmit to the motor cortex
for integration by corticospinal and reticulospinphthways to the motor neurons.
However, in addition to the areas traditionallyamsated with nociceptive processing, as
previously discussed, and the spinothalamic anchosgiicular pathways thought to
constitute the major tracts transmitting nociceptimformation, the globus pallidus has
been suggested to also play a role in somatosebsmymission. Studies have shown that
the basal ganglia are important for processing ®gn&formation, where electrical and
mechanical stimulation of trigeminal receptive delare important in activating neurons
both in the caudate nucleus and the globus palli@aselli and West, 1991; Levine et al.,
1987; Lidsky et al.,, 1978; Manetto and Lidsky, 19&xhneider et al., 1982, 1985;
Schneider and Lidsky, 1981). This is further erdeah by high concentrations of
endogenous opiate receptors in both the neostriaanoh the globus pallidus from
immunocytochemistry and radioimmunoassay activitimeh and Kuhar, 1977; Hong et
al., 1977a,b; Gros et al., 1978; Sar et al., 19t&msch et al., 1979; Pickel et al., 1980;
Herkenham and Pert, 1981; Jones et al., 1991; LaéeM al., 1978). Further to this, the
globus pallidus also has been implicated in no¢ioapas injecting morphine into the
neostriatum or globus pallidus resulted in a nal@xceversible analgesia (Anagnostakis et
al., 1992). In addition, the caudate nucleus am@rmen receive afferent fibres from the

intralaminar nuclei of the thalamus (Jones and ltea®74; Van der Kooy, 1979; Veening
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et al., 1980; Herkenham and Pert, 1981; Kaufman Roskenquist, 1985; Kincaid et al.,
1991; Sadikot et al., 1992a,b) and the primary $oseasory cortex (Webster et al., 1961;
Carman et al., 1965; Mercier et al., 1990). Thisld offer an explanation to related motor
activities that can be seen in response to pamtedd, some patients with nerve injury
induced persistent pain conditions have profoundoahalities of posture and motor
control. In addition, the positions of injured ln are in resembles that occurring in
patients with extra-pyramidal lesions (Schwartzraad Kerrigan, 1990).

Spinopallidal connections, however, were studiadgugraditional anterograde tracing
studies in the rat (Cliffer et al., 1991; GauriandaBernard, 2004) and the primate
(Newman et al., 1996) that showed occasional sptoatl axons entering the globus
pallidus. These studies showed that the spinaalprojection was, in fact, a minor one.
However, more recently, Braz et al. (2005) showett there was a significant projection
from the spinal cord to the globus pallidus.

Using transgenic mice that expressed the transnaltacer WGA, Braz et al. (2005)
induced this tracer in dorsal root ganglion neurdingt expressed the voltage gated
tetrodotoxin resistant Nachannel (N¢l.8) which, as they state, through mosaic expréss o
the transgene, resulted in labelling for the IN& positive neurons that corresponded to the
non-peptide class of primary afferent nociceptor§hey had shown that lamina Ii
interneurons were part of the major ascending paybwtargeted by that class of
nociceptors. From lamina Il, Braz et al. (2009tatl that those interneurons contacted
lamina V projection neurons, which projected to agsi other areas, the globus pallidus
and constituted a greater pathway to this site gramiously thought. They expanded by
showing that there was no transneuronal labellmgubcortical regions which link the
spinal cord and the globus pallidus e.g., the pediapontine nucleus (Nakano, 2000),

midline thalamic nuclei, parafascicularis and subime (Groenewegen et al., 1990) or the
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parabrachial nuclei (Bernard and Besson, 1990)terdstingly though, in the study
undertaken by Braz et al. (2005) using transnelioaasport of the genetically expressed
lectin tracer, no labelling occurred in areas tiadally associated with the spinal cord
projections for nociception like the ventropostatetal nucleus of the thalamus.

As there appears to be a discrepancy between stuelgarding input to the globus
pallidus, especially direct spinopallidal projectsy a series of retrograde injections were
undertaken to identify those projection neuronthoglobus pallidus from the spinal cord,
including the LSN. Differences exist in input tdfekent regions of the globus pallidus
(Bernard et al., 1991) so this study used the getite tracer CTb injected into the lateral
globus pallidus combined with immunocytochemistry the tracer and the NK-1 receptor
to quantify both the laminar distribution of spiradiplal projection neurons, and to identify
those LSN neurons which may sub-serve a role ®mnibtor activity, potentially related to

pain.

2. Experimental Procedures

Experimental procedures and methodologies used sieriéar to previous retrograde
experiments. Three adult male Sprague-Dawley(1&8-250g) were used where CTb was
injected into the lateral GP (coordinates = antegpmsterior [AP] +6.9; dorsal-ventral [DV]
+ 3.0; medial-lateral [ML] + 3.6), and the spinagments (C1 — 2, C5, L3 — 5) were
processed and analysed for CTb, NeuN and the N&egptor as previously described

using the same primary and secondary antibodiepanu@ssing techniques.
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3. Results

The retrograde tracer CTb was injected into theg¢s, rand immunocytochemistry for
this was combined with the NK-1 receptor to essblf this pathway may be involved in
nociceptive processing, and if so, to what extent.
Injection sites

Reconstructions of the anterior and posterior éxténhe spread of the tracer CTb, is
demonstrated in Figure 5.19. Above each reconstru¢based on the atlas by Paxinos
and Watson (1997)) is the most representative phmiotograph. In the first experiment in
this series (Figure 5.19a), CTb was found mainlyhm lateral globus pallidus, with some
spread into internal capsule, posterior part of dnéerior commissure and the ventral
pallidum. The second of the experiments (Figud®’) was the most focal of the three
undertaken for the lateral globus pallidus wherty @nvery small amount of tracer was
found in the internal capsule, posterior part af Hnterior commissure and the caudate
putamen. The final experiment (Figure 5.19c) hagatgst leakage outside the lateral
globus pallidus with more extensive leakage inte tAudate putamen and also into the
anterodorsal part of the medial amygdaloid nucleestral amygdaloid nucleus (medial,
lateral and capsular parts), interstitial nucledstlee posterior limb of the anterior
commissure, basal nucleus, reticular thalamic mscland the stria terminalis. No

retrograde tracer was found on the contralateda. si

Distribution of retrogradely labelled neurons

The distribution of retrogradely labelled neurorfteraCTb injection to the lateral
globus pallidus can be seen in Figure 5.20. Oldted numbers of retrogradely labelled
neurons was low, with only 43 neurons identifiedhCTbh and were found bilaterally, but

with predominantly contralateral to the injectioites(67.4 + 2.7%). As with previous
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retrograde labelling experiments, retrogradely lladeneurons were found in laminae V —
VIl with 53.4 + 3.2% located in these locationstelestingly, although total numbers were
very low for retrograde labelling, the LSN compds29.9% of all CTb labelled neurons,
were found bilaterally but preferentially on thentralateral side to the injection (20.67 +
9.2%, contralateral; 9.4 £ 8.3% ipsilateral). Tisisummarised in Figure 5.21.

Similar to previous retrograde labelling experinggntthe greatest number
proportionally of CTb labelling occurred in the eeal segments, specifically C1 — 2 (34.7
+ 3.5%). The least number of retrogradely labefledrons were found in L5 (7.3 £ 7.2%).
This is summarised in Figure 5.21.

This study also used immunocytochemistry for the-NiKeceptor, and interestingly
none of the retrogradely labelled neurons from |tteral globus pallidus contained this
receptor. Representative images of a retrogrdebblled neuron in lamina V and the LSN

are shown in Figure 5.22 and 5.23 respectively.
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Figure 5.19. Reconstruction of injections to thealteral globus pallidus (n = 3). a-c
represents experiments 1 - 3 respectively in teises. The spread of CTb tracer is
represented by the dark grey area. The numbeosvbedch tracing indicates the interaural

co-ordinate (Paxinos and Watson, 1997).
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Figure 5.20. Location of retrogradely labelled neuons after lateral globus pallidus
injections. a - c represents experiments 1 - 3 with each correspgndavith the
reconstructions shown in Figure 5.19a — c¢ respelgtivn each of the stated spinal segments.
Each dark filled circle represents a single CTleliea neuron in each of the named spinal
segments. The numbers in the ventral funiculuseesgmts the total labelled neurons over ten
alternately selected pfh transverse spinal segments. The figure in paeses shows the
total number of CTb labelled neurons in the LShhe Tight side of each spinal level diagram

Is ipsilateral to the injection.
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Figure 5.21. Distribution of ALL retrogradely labelled neurons after lateral globus
pallidus injections. A shows the mean percentage of retrogradely labell&dons as
distributed over the spinal segments C1 — 2, C5L8nd 5. B shows the laminar distribution

of retrogradely labelled neurons, including the LSN
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Figure 5.22. Example of a lamina VII neuron labekd after CTb injection to the lateral
globus pallidus A transverse section of lamina VII built fronpfojected confocal images
(red, CThb; green, NK-1; blue, NeuN)A represents the single lamina VII CTb labelled
neuron in the middle of the field, that is not immoteactive for NK-1B), andC represents

the neuronal populatiorD is the merged image &f, B andC. Scale bar = 20n
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Figure 5.23. Example of a LSN neuron labelled afteCTb injection to the lateral globus
pallidus. Projected image of a transverse section of psgateral LSN (red, CTb; green,
NK-1; blue, NeuN) built from 9 confocal image#. represents a single CTb labelled neuron
identified by1, that is not immunoreactive for NK-B), and shows NeuN immunoreactivity
(C). 2 represents an NK-1 immunoreactive neuron in th&\ ltBat is not retrogradely
labelled by CTb injected to the lateral globus idal. D is the merged image & - C.

Scale bar = 50m
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4. Discussion

The main findings of this study are fourfold. FEiysthe overall number of retrogradely
labelled neurons identified was relatively smaBecondly, of those retrogradely labelled
neurons identified with CTb immunocytochemistryg thhost common laminar distribution
was in laminae V and VII. Thirdly, almost one-thiof all retrogradely labelled neurons
were found in the LSN. Fourthly, of those retratply labelled neurons found, none

possessed the NK-1 receptor.

The Spinopallidal Tract in the Rat

Recently, Braz et al. (2005) used transneuronaispart of a genetically expressed
lectin tracer WGA in sensory neurons of \M&-expressing mice. They showed the
densest accumulation of transganglionic transportaitf WGA was found in terminals and
cell bodies within neurons in lamina Il, and cop@sded to primarily to the IB4 non-
peptide class. Indeed, they also stated that thaseextensive transportation of WGA to
the lateral aspect of the globus pallidus, andndidproject to the subthalamic nucleus and
substantia nigra pars reticulata due to a lackoatocalisation with parvalbumin (Ruskin
and Marshall, 1997). . They claimed because nelliay was found in subcortical regions
that link the spinal cord and the globus pallidug submedius, parafascicularis and the
midline thalamic nucleus (Groenewegen et al., 19884unculopontine nucleus (Nakano,
2000) or parabrachial nucleus (Bernard and Bes#80), that it must be a direct pathway.

However, the results presented here show that gheallidal projection is not as
significant as Braz et al. (2005) may have suggestdewan et al. (1996) had used the
anterograde tracer Phaesolus vulgaris-leucoaggiutiPHA-L) and biotinylated
dextranamine injected it into the upper cervicaihapcord (C1 — 2) and the cervical

enlargement at C5, and had showed a large numbkabefied terminals in the globus
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pallidus, many of which were from C1 — 2, in agreamwith this study. However, the
limitation of that study was that the anterogradg@dsport was only examined in the upper
cervical spinal cord and the cervical enlargementthe rat. Although the material
presented here also demonstrates predominance iapiber cervical segments (C1 — 2),
the overall numbers were indeed very low.

This study is also in agreement with anterograaenyg studies in the rat (Cliffer et al.,
1991; Gauriau and Bernard, 2004) that showed thditemt spinopallidal tract is in fact
minor.  Interestingly, although Braz et al. (2008¢monstrated large numbers of
transneuronal labelling in the globus pallidus,yigtle labelling was found in traditional
targets of the spinal cord like the ventropostdestd nucleus of the thalamus. As this
study shows that it is laminae V and VIl neuronattiwvere labelled more frequently
(despite overall numbers being low), Braz et al0&) propose that these neurons arising
from this site could be part of the nociceptiveceit engaged especially by lamina V
neurons that receive an input from the non-peptidgl.8 expressing population of
primary afferent nociceptors. Gauriau and Berr(@@04) have demonstrated that it is the
deeper laminae that target the globus pallidusjghan contrast to Braz et al. (2005), they
have shown that the numbers (from the cervical sagsnonly) are indeed low, in
agreement with the results presented here.

Although the globus pallidus is a target of deeg@nal laminae, with wide dynamic
range neurons projecting there (Bernard et al.21@hudler et al., 1993), and the globus
pallidus established (amongst many other functiomsjociception (Richards and Taylor,
1992; Lin et al., 1985; Bernard et al., 1992; Ceudtt al., 1993; Chudler and Dong, 1995),
the actual numbers of retrogradely labelled neufonrd in this study are relatively small
compared to other traditional nociceptive pathways this study has shown there to be

relatively few retrogradely labelled neurons (wibhly some in the LSN), and none
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possessing the NK-1 receptor, a direct nocicegiatbway to the globus pallidus from the
spinal cord may not exist to the extent as soméoasit have claimed previously.

Therefore, although the globus pallidus is congddp be an output of the basal ganglia
system and concerned in regulation of movementdiizgl 1990; Chesselet and Delfs,
1996) and has been demonstrated to be involvecemsaosy and cognitive processing
(Brown et al., 1997), the spinopallidal pathwayndeed very complex in the relations of

pain and movement.
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Chapter 6

General Discussion
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The aim of this chapter is to discuss further tinectional significance of the results
discussed in previous chapters. The main conclgsiof each investigation are

summarised briefly followed by hypothetical functad models.

1. Conclusions and models

Investigation 1:

The hypotheses initially proposed (p25) suggesteddllowing:
a) LSN neurons receive cutaneous information
b) LSN neurons are activated by noxious cutaneoosusdtion
c) There is a variable degree of expression of Fogm#ipg on the stimulus, as in the
SDH
From this it can be concluded that the LSN doeseddeceive cutaneous information,
and in this case from peripheral cutaneous noxistusiuli (thermal and chemical).
However, only a small number of LSN neurons arévategd by these various stimuli (in
this case four stimuli were used). A hot thermangtus activated the most of those
neurons as demonstrated by Fos immunoreactivity,approximately 15% of the total
neuronal population at the site of the LSN werevattd. Interestingly, unlike the SDH,
LSN neurons were activated on both the ipsilatenal contralateral sides to the application
of the noxious stimulus applied (apart from fornedigde application to the hind-paw,
which showed only Fos immunoreactivity in the LSpkilateral to the side of the

stimulus).

The LSN could play a role in nociception based ¢ neurochemical profile
(Ljungdahl et al., 1978; Barber et al., 1979; Séghband Elde, 1980; Bresnahan et al.,

1984; Sasek et al., 1984; Vikman et al., 1998; Baln and Panula, 1998; Olave and
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Maxwell, 2004) and target projection sites (Pechama Liu, 1986; Leah et al., 1988;
Burstein et al., 1996; Jansen and Loewy, 1997; i@auand Bernard, 2004), though
perhaps not to the extent as previously suggested.

The work presented here has shown varying degoéefos immunoreactivity
dependent on the stimulus used, with hot watervaiitig most LSN neurons, with
approximately 15% of all LSN neurons showing Fosimoreactivity. However, despite
the advantages of using c-Fos immunoreactivitygimaohstrate nociceptive neurons, it also
comes with its drawbacks. Unlike electrophysiotadjistudies, it is not a dynamic way of
recording nociceptive responses of the neuronsledd, stimulus intensity and duration,
play key factors in showing Fos immunoreactivityullBt et al., 1992; Lima and Avelino,
1994). In addition, not all neurons express theegehen activated (Dragunow and Faull,
1989). Even the ventroposterolateral nucleus ethialamus, an area clearly established in
nociception, failed to elicit Fos immunoreactivigfter the application of noxious
stimulation (Bullitt, 1990). More recently, actiyi dependent phosphorylation of
extracellular related kinases 1 and 2 (p-ERK1/2 Ib@en shown to highlight nociceptive
neurons within 5 minutes of noxious mechanicalrrtta or chemical stimulation (Polgar
et al.,, 2007), and this may well be better at destrating nociceptive neurons, though
further studies will be needed to determine that.

The LSN neurons project to spinal laminae I, lladM VIl (Jansen and Loewy, 1997)
and a loop system may well exist for the processingociceptive information at this site,
before projecting to higher brain centres that psscnociceptive stimuli. In addition, the
LSN neurons form a continuous column underneathpilaé surface and some of the
dendrites pass laterally (Réthelyi, 2003) and scaimaost appose the pial surface
Bresnahan et al. (1984). Indeed, on close ingmectif Réthelyi’'s (2003) electron

micrographs, the dendrites actually do pass t@ihlesurface. That brings into question the
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possibility that the LSN neurons may also be urttierinfluence of components of the
cerebrospinal fluid surrounding the spinal cordgiViet al., 2004) as well having a small
role in nociception.

In addition, SDH neurons that express the NK-1 pare(more than 80% (Ding et al.,
1995; Marshall et al., 1996; Li et al., 1998; Taetdal., 2000; Spike et al., 2003)) activate
descending pathways that control spinal excitgb{Buzuki et al., 2002). It may be that
the descending pathways are activated by the asgehdK-1 neurons from the SDH and
activates those descending paths (that projectebalily), and could explain the bilateral
expression of Fos in the LSN.

Another potential source of LSN activation couldftmen lamina | neurons. Grudt and
Perl (2002) showed that some lamina | neurons Ixaa &ollaterals which entered the
dorsolateral funiculus, in and around the regiothefLSN. It may be that, those lamina |
neurons (also with thick axons that passed to timtralateral ventrolateral funiculus) are
activated by primary afferent input and through then collateral, activate the LSN
neurons. Indeed, neurons in the lateral dorsah Hmve also been shown to have
commissural axons which project to the lateral orgiof the dorsal horn on the
contralateral side (Petkd and Antal, 2000), andictalso activate the LSN on the
contralateral side thus again explaining the hiddtactivation of the LSN. Figure 6.1
summarises a potential circuit for the LSN, itserah nociceptive processing, and other

influences on it.
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Investigation 2:

The hypotheses initially proposed (p26-27) suggktte following:

a) As SP is present in abundance in the LSN, the mty@jof LSN neurons are NK-1
immunoreactive

b) If a majority of LSN neurons are immunoreactive the NK-1 receptor, only a
minority be immunoreactive for PKg&-which like the NK-1 receptor, has also been
associated with nociceptive processing (Malmber.etl997)

c) As NOS has been found to enhance the releasP af $he SDH (Garry et al., 1994,
Aimar et al., 1998; Kamasaki et al., 1995), SP al@S will be intimately related
immunocytochemically in the LSN

d) If a close relationship exists between SP and N#33n the SDH, then the same will
hold for the relationship of NOS and the targeSBf the NK-1 receptor in the LSN

e) As inthe SDH, the NOS terminals in the LSN will &esociated with inhibitory
GABAergic neurons
From this it can be concluded that although the isSabundant in SP, the total number

of NK-1 immunoreactive neurons there representdgt approximately one-third of the

entire population, with PK@-representing even less (at approximately 10%)so AEP
and NOS immunoreactivity in the LSN were closellated, and the NOS preferentially
targeted the cell bodies of NK-1 immunoreactiveronas, whereas SP was related to both
the cell bodies and the dendritic tree of thoseroreas However, unlike in the SDH, the
work presented previously shows that NOS in the (&Nrevealed by GAD) is not derived
principally from GABAergic inhibitory neurons (ndhat from excitatory glutamatergic

neurons). Therefore, the exact source of NOS enliBN is yet to be determined. A

possibility that could be used in the future is bammg NOS immunoreactivity with the

use of the vesicular GABA transporter (VGAT), whiblas been shown to localise in
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synaptic vesicles in both glycinergic and GABAergieurons (Chaudry et al., 1998).
Indeed, they found that although the vast majarftgerve terminals that contained GABA
or glycine co-localised with VGAT, there are subplapions of terminals that were rich in
GABA or glycine that were not immunoreactive for XG On the contrary, it may be
that there are more GABAergic terminals in the LtBit have not been revealed with the
antibodies used in this study, and may be reveaigdVGAT.

Whatever the source of NOS is in the LSN, the geecole of NO in the superficial
dorsal horn has also been the subject of debatreTik abundant evidence to support the
idea that NO has a role in pain but its precise remains unclear. There are a variety of
reasons for this, for example NO modulates nocicepat spinal and supraspinal levels
and NOS inhibitors have different effects dependipgon whether they are administered
systemically, intrathecally or spinally (Kitto et,al992; Meller et al. 1992; Yonehara et
al., 1997; Osborne and Coderre, 1999; Hoheisdl,62G05).

Furthermore, in addition to nNOS, two other vasaat NOS have been identified
(the endothelial and inductable isoforms) and thesg also have a role in nociceptive
modulation (Ruscheweyh et al., 2006). We have shibvat NOS terminals in the LSN are
preferentially associated with NK-1 neuronal celtlles. As discussed in the introduction,
NO may enhance release of SP from spinal axon tatm{Garry et al., 1994; Aimar et al.,
1998) which has a well established role in transmors of nociceptive information. NO
was shown to regulate release of SP from rat sgima synaptosomes, but in contrast to
the studies cited above, it was reported to attentelease (Kamisaki et al., 1995). An
alternative possibility is that NO may generategloerm potentiation (LTP) at nociceptive
synapses, (Sandkthler, 2000) a phenomenon thatsocclamina | projection cells but not
in interneurons (Ruscheweyh et al., 2006). Thasdirfgs provide a morphological basis

for both of these possible modes of action of NGhanLSN. A possible functional model
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based on work within the CNS is demonstrated inufeds.2 and suggests how SP, NOS

and NK-1 may be related to each other in the LSN.

Investigation 3

The hypothesis initially proposed (p28) suggesiedfollowing:
a) If NK-1 neurons are abundant in the LSN, then maillybe projection neurons and

target brain areas known to be involved ioiception

Using retrograde injection techniques, this Inygggton focussed on the projections of
LSN neurons to areas of the brain traditionallyoagged with nociceptive processing, but
also to the globus pallidus and to the hypothalamitsshows that of all retrogradely
labelled neurons in each of the three sets of axeets, many LSN neurons project to
these sites, with a bilateral projection systenstaxy to the CVLM, MDT, lateral and
medial hypothalamus and also the lateral globuglpal

Of all retrogradely labelled neurons in each of theee sets of experiments, LSN
neurons constituted proportionally: 25% projectittg the lateral hypothalamus, 21%
projecting to the medial hypothalamus, 12% projegto both the CVLM and MDT, 15%
projecting only to the CVLM, 7% projecting only tbe MDT and 30% projecting to the
lateral globus pallidus (although numbers were Venythat were retrogradely labelled).

Although the NK-1 receptor represent only approxeha30% of all neurons within
the LSN (as discussed in Investigation 2), of lafise LSN retrogradely labelled neurons,
NK-1 receptor immunoreactivity represents: 80% fther the lateral or medial
hypothalamic projections, more than 50% for eitther CVLM and the MDT or just the
CVLM projections, 25% for MDT projections, but nonéthe LSN projection neurons to

the lateral globus pallidus. Figure 6.3 presergsramary of the findings of these studies.
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Although the LSN and the SDH share similar charssties, they both possess very
unique properties, suggesting that they sub-seivergént functions that are probably
complimentary. There is a great deal of reseanth the roles and functions within the
grey matter, including that of the SDH, though grecise role of the LSN has remained
uncertain.

This Investigation along with the previous work ggeted, shows that although the
LSN has been implicated in nociception in the #tare, the extent of its involvement in
this process is less than previously thought. résténgly, approximately one-quarter of
LSN neurons project to either the lateral or medigpothalamus, areas traditionally
associated with autonomic and homeostatic proogseiith many of them possessing the
NK-1 receptor associated with nociceptive transimorssespecially in the SDH.
Interestingly, LSN neurons have also been showprtgect to the MDT (and also the
CVLM) which projects to the prefrontal cortex. dbuld be postulated that the LSN
functions as an integrative nucleus for autonomid Bomeostatic functions, and with the
projections to the MDT (and then to the prefrontaltex), could be involved in the

motivational and affective components of autonofunction.
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Figure 6.1. A model of a possible mechanism of agtion of the LSN. LSN neurons
could be activated by a number of means (see pl39ey could be activated by NK-1
neurons in the SDH that activate descending fitlvasoriginate from supraspinal nuclé);(
lamina | neurons could pass to the dorsolateraic@lums via their axon collaterals, thus
activating LSN neurons2j, or those neurons in the lateral part of the aor®rn could
project (via commissural axons) to the lateral sagof the contralateral dorsal horn, and

from there activate the contralateral LS. (
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Figure 6.2. Possible interactions and relations oNOS in the LSN. The close

relationship of NOS terminals to NK-1 neuronal cedidies, and the relation of SP
terminals to the NK-1 neuron in the LSN could bévated as shown in the diagram.
Glutamate that is released from SP containing piEgsyc terminals, perhaps from lamina
I neurons, will act on NMDA and AMPA receptors. Whthe postsynaptic site (e.qg.
LSN NOS terminal) is depolarised, Canters, and via calmodulin (CaM), activation of
NOS occurs (Bredt and Snyder, 1990). The NO may tiave some type of regulatory
effect on the SP release that is targeting the Niedronal cell body (Investigation 2) in
the LSN, including activation of guanylate cyclasehe SP/glutamate containing cell,

and perhaps local astrocyte processes.
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Figure 6.3. Summary diagram representing the projetion targets of NK-1
immunoreactive LSN neurons. There is a bilateral projection from the LSN to leac the
areas studied previously. The thickness of theslindicates how many NK-1 neurons in the
LSN project to each of the brain regions, with potions to the lateral and medial
hypothalamus (LH and MH respectively) being gredltemn projections to the CVLM and

MDT and the lateral globus pallidus (GP).
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