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Summary

Ascending pathways in the spinal cord are very igmd in transmitting sensory
information from the periphery to the higher braientres. The spinothalamic tract
represents an important component of these asagnpathways, and it has been
traditionally described as the main pathway forvaymng nociceptive and thermoceptive
information. Spinothalamic neurons are widely dwstted within the grey matter.
Lamina | represents an important nociceptive zame provides a significant source of
projection neurons, some of which project to thalaimus. A projection from cervical
superficial dorsal horn to the posterior trianguflaalamic nucleus (PoT) in the rat has
recently been identified. The PoT is located atdhedal end of the thalamus and was not
included in injection sites in many previous queative retrograde tracing studies of the
spinothalamic tract. Therefore, one of the reagonsonduct the present study was to
estimate the number of the spinothalamic cellsamiha | in rat cervical and lumbar
enlargements following injections that target tlod Rvith or without other thalamic nuclei
known to receive input from lamina I. Neurons irstlamina are also known to project to
the lateral parabrachial nucleus (LPb) and theapeeductal grey matter (PAG). Other
aims of the study were to quantify neurons in lamirin the cervical enlargement that
project to the LPb and PAG, to determine the proponf lamina | spinothalamic neurons
in lumbar and cervical enlargements that could dieelled from LPb and PAG, and to
investigate morphological differences between diifé projection populations. Recent
investigations have identified a group of neurant&amina | of rat lumbar spinal cord that
had large numbers of puncta that were immunoreadtivthe glycine receptor-associated
protein, gephyrin, and have a very high densitynpiut from glutamatergic axons that
contain vesicular glutamate transporter 2 (VGLUTR)ese "large gephyrin-coated cells"
in the lumbar cord are known to project to the LB, it is not yet known whether they
project to thalamus and PAG. Therefore, anothervaas to determine whether these cells
project to these areas and also to analyse thegti@) pattern of cells of this type in the

cervical enlargement.

Previous studies have identified a population ajdaneurons in laminae Il and IV of rat
spinal cord that express the neurokinin 1 recefiif1lr) and have prominent dorsal
dendrites that enter the superficial laminae. Assaitial body of evidence points to the
involvement of this population of cells in procegsivarious types of noxious stimulus.

Neurons of this type in lumbar enlargement arequtepn cells and form a major route



through which nociceptive information reaches theirb The proportion of these neurons
that project to thalamus was not previously knoamg the projection pattern of cells of
this type in cervical enlargement has not yet biesestigated. Therefore, an additional

aim was to elucidate more on the projection pastefrthese cells in both enlargements.

Various tracers (cholera toxin B subunit, Fluorafyor fluorescent latex microspheres)
were injected stereotaxically into thalamus (25);anhto thalamus and LPb (3 rats), or into
thalamus and PAG (4 rats). Rats were perfused Hitee days and sections from the
spinal cord (cervical and lumbar enlargements) vpeoeessed immunocytochemically to
reveal tracer(s) in lamina | and lamina 1lIlI/IV nens, the NK1r, neuronal nuclei and, in
some cases, the glycine receptor-associated prgeghyrin. Sections from brains were

processed to visualise the injection sites.

Results of this study showed that: 1) most lamiggihothalamic neurons in the C7 and L4
segments could be labelled from injections cenwadthe PoT; 2) the estimated total
numbers of spinothalamic cells in lamina | on tlomtcalateral side of the C7 and L4
segments are 91 and 16 cells, respectively, asdctmstitutes 2-3% and 0.2% of the total
neuronal population in lamina | in the C7 and L4meents, respectively; 3) the C7
segment contained fewer lamina | spinoparabradalé, but a similar number of spino-
PAG cells, compared to L4; 4) virtually all spinatamic lamina | neurons at both cervical
and lumbar levels were labelled from LPb and betwaehird and a half were labelled
from PAG; 5) spinothalamic lamina | neurons difitfeom those labelled only from LPb
in that they were generally larger, more often ipolar and (in cervical enlargement) had
stronger NK1r-immunoreactivity; 6) ~39% of "largepiyrin-coated cells" in L5 project
to the thalamus and this accounts for ~21% of ¢t thalamic projection from lamina |
in this segment, even though these cells constdntg ~2.5% of projection neurons in
lamina I; 7) the great majority of "large gephydoated cells" in C6 project to thalamus
and LPb, and at both segmental levels, some pritgebbth of these areas; 8) only few
"large gephyrin-coated cells" in L5 and some ofsthin C6 project to PAG; 9) ~84% of
the lamina IlI/IV NK1r-immunoreactive neurons in @d C7 and 17-28% of those in L4
and L5 belong to the spinothalamic tract, and tregggarently project exclusively to the
caudal thalamus, including PoT; 10) most of thgdalK1r-immunoreactive lamina ll1/IV
cells at both levels project to LPb, but few weabdlled from PAG, and at both segmental
levels, some project to both thalamus and LPb.



Findings from the present study indicate that tlod s one of the major targets for
neurons in lamina | as well as to the populatiorthef NK1r-immunoreactive neurons in
laminae Il and IV. Since the PoT projects to tleemd somatosensory and insular
cortices, the present results suggest that thesenajor targets for information conveyed
by both these populations of spinothalamic neurbmaddition, these results confirm that
projection neurons have extensive collateral ptaas, and suggest that different sub-

populations of lamina I cell have characteristittgras of supraspinal projection.



Table of Contents

Chapter 1 Introduction

1.1 Organization of the spinal grey matter 2
1.2 Review of some of the main ascending tracts 4
1.2.1 Methods of studying projection neurons 4
1.2.2 The spinothalamic tract 5
1.2.3 The spinoparabrachial pathway 11
1.2.4 The spinomesencephalic pathway 12
1.3 Lamina | 14
131 General description 14
1.3.2 Projection to the thalamus 26
1.3.3 Projection to the parabrachial complex 33
134 Projection to the periaqueductal grey matter 36
1.35 Collateralisation of lamina | projection neuos 39
1.4 Laminae Il and IV: the large NK1r-immunoreaetineurons 41
1.4.1 General description 41
142 Role in nociception 43
1.4.3 Projection targets 44
15 Objectives of the study 46
15.1 Objectives related to lamina | neurons 46
152 Objectives related to lamina I1I/IV NK1r-immareactive neurons 46
Chapter 2 Materials and Methods a7
21 Investigation of projection of neurons in laaen, Il and IV to the PoT of
the thalamus 48
211 Animals and experimental procedure 48
2.1.2 Perfusion and tissue processing 49
2.1.3 Antibody characterization 56
2.1.4 Confocal microscopy and analysis 57

2.2 Investigation of collateralisation of projectineurons in laminae I, Ill and
IV to the thalamus, lateral parabrachial area aréhgueductal grey matter 61

221 Animals and experimental procedure 61
2.2.2 Perfusion and tissue processing 61
2.2.3 Antibody characterization 63
2.2.4 Confocal microscopy and analysis 64
Chapter 3 Results 67
3.1 Investigation of projection of neurons in laaen, Il and IV to the PoT of
thalamus (Thal, PoT, DI and FLM series of experitagn 68
3.1.1 Retrograde labelling with Fluorogold and CTh 68
3.1.2 Retrograde labelling with fluorescent lategnmspheres (FLM) 108
3.2 Investigation of collateralisation of projectineurons in laminae I, Ill and
IV to the thalamus, lateral parabrachial area aréhgueductal grey matter
(Pb and PAG series of experiments) 117
3.2.1 Analysis of the injection sites 117

3.2.2 Quantitative analysis of projection neurangmina | 122



3.2.3 Morphology, soma size and NK1r expressiolamiina | spinothalamic

and spinoparabrachial neurons 130
3.24 Large gephyrin-coated lamina | neurons 145
3.2.5 Projection pattern of the large NK1r-immuramtése lamina l1/IV
neurons to the thalamus, lateral parabrachial andsPAG 147
Chapter 4 Discussion 165
4.1  Technical considerations 166
4.1.1 Selection of tracer substances 166
4.1.2 Selection of the examined segments 167
4.2 Projection of lamina | neurons to the PoT 169
4.2.1 Issues related to the Injection sites 169
4.2.2 PoT in the literature 170
4.2.3 Thalamic injections that included the PoTelbdal more lamina |
neurons than had been reported 171
4.2.4 Injections that target the PoT are capablahslling all spinothalamic
neurons in lamina | 173
4.2.5 Retrograde labelling in lamina | observethim DI experiments 175
4.2.6 Evidence for lamina | projection to the Podni FLM experiments 179
4.2.7 Evidence for a projection to the PoT fromgblpgical studies 181
4.2.8 Is the PoT in the rat equivalent to the VNipthe monkey? 181
4.2.9 Functional role of the PoT 181
4.3  The proportion of lamina | neurons that projedhe thalamus 184
4.3.1 The C7 segment 184
4.3.2 The L4 segment 186
4.4  Expression of the NK1r by spinothalamic cellsaimina | 186
4.5 Projection of lamina | neurons to the LPb, P& thalamus 187
4.5.1 Issues related to the injection sites 187
45.2 Quantitative comparison of the spinothalaspinoparabrachial and
spino-PAG lamina | neurons in the two enlargements 189
4.5.3 Collateral projection from lamina | spinog@maic neurons to the LPb
and PAG 195
454 Morphology, soma size and NK1r expressiospafiothalamic and
spinoparabrachial neurons in lamina | 198
4.6 Large gephyrin-coated cells 202
4.7  The large NK1r-immunoreactive lamina Ill/IV mens 204
4.7.1 General remarks 204
4.7.2 Projection to the thalamus 206
4.7.3 Collateral projection to the thalamus, LPd BAG 210
4.7.4 Functional significance 211
Conclusions and Future Directions 212
References 214

Publications 243

\Y



List of Tables

Table 2-1. Details of tracer injections for Thapekments
Table 2-2. Details of tracer injections for PoT exments
Table 2-3. Details of tracer injections for DI exipgents
Table 2-4. Details of tracer injections for FLM expnents
Table 2-5. Details of tracer injections for Pb &G experiments
Table 3-1. Quantitative data for retrogradely l&zkelamina | neurons in Thal
experiments
Table 3-2. Quantitative data for retrogradely l&zkelamina | neurons in PoT
experiments
Table 3-3. Quantitative data for retrogradely l&mklamina | neurons in DI
experiments
Table 3-4. Quantitative data for lamina Ill/IV NKéells from Thal experiments
Table 3-5. Quantitative data for lamina I1l/IV NKgells from PoT experiments
Table 3-6. Quantitative data for lamina Ill/IV NKgells from DI experiments
Table 3-7. Quantitative data from FLM experiments
Table 3-8. Quantitative data for lamina | neuransxperiments Pb 1-3
Table 3-9. Quantitative data for lamina | neuransxperiments PAG 1-4
Table 3-10. Mediolateral distribution of spinothala and spinoparabrachial
lamina | neurons
Table 3-11. Morphology of spinothalamic and spirapeachial neurons
Table 3-12. Strength of NK1r-immunoreactivity inrsgthalamic and
spinoparabrachial neurons
Table 3-13. Quantitative data for large gephyriated lamina | cells in Pb and
PAG experiments

Table 3-14. Quantitative data for lamina I1l/IV NK@ells from experiments Pb 1-3

50
51
52
53
62

88

89

91
101
102
104

151
128
129

135
140

146

148
154

Table 3-15. Quantitative data for lamina 11l/IV NK@ells from experiments PAG 1-4 155

Table 3-16. Counts of NK1r-immunoreactive lamindW neurons in Pb and
PAG series

Vii

156



List of Figures

Figure 1-1. Main supraspinal projections from lamimeurons. 18
Figure 3-1. Injection sites for experiments Thd.1- 69
Figure 3-2. Examples of Fluorogold injection siteJ hal experiments. 71
Figure 3-3. Injection sites for experiments PoTOL-1 74
Figure 3-4. CTb injection site in POT experiments. 76
Figure 3-5. Injection sites for experiments DI 1-7. 80
Figure 3-6. Examples of CTb and Fluorogold injettsites in DI experiments. 82
Figure 3-7. Identification of lamina I in transversections of C7. 86
Figure 3-8. Plots of the locations of spinothalatréct neurons at cervical and
lumbar levels. 92
Figure 3-9. Retrograde labelling of lamina | spird&amic neurons with CTb
and Fluorogold. 94
Figure 3-10. A lamina | spinothalamic neuron witK 1. 97
Figure 3-11. Lamina Il NK1r-expressing spinothalameurons in parasagittal
sections. 106
Figure 3-12. Injection sites for experiments FLN3.1- 109
Figure 3-13. Retrograde labelling of lamina | nengavith fluorescent latex
microspheres in parasagiatisns. 111
Figure 3-14. Retrograde labelling of NK1r-immunart®ze neurons in lamina lll
with fluorescent latex micrbgpes in parasagittal sections. 113
Figure 3-15. Fluorogold and CTb injection sitegxperiments Pb 1-3. 118
Figure 3-16. Examples of Fluorogold and CTb in@esites in LPb experiments. 120
Figure 3-17. Fluorogold and CTb injection sitegxperiments PAG 1-4. 123
Figure 3-18. Examples of Fluorogold and CTb inetsites in PAG experiments. 125
Figure 3-19. Retrograde labelling of lamina | newga transverse sections. 131
Figure 3-20. Plots of the locations of spinothalaamd spinoparabrachial neurons
at cervical and lumbar levels. 133
Figure 3-21. Drawings of lamina | neurons in honitad sections. 138
Figure 3-22. Lamina | spinoparabrachial and spialattmic neurons in
horizontal sections. 141
Figure 3-23. Soma areas in spinothalamic and ahieoparabrachial lamina |
neurons. 143
Figure 3-24. Large gephyrin-coated lamina | cell§% retrogradely labelled
from thalamus, and LPb. 149
Figure 3-25. Large gephyrin-coated lamina | cell€b retrogradely labelled
from thalamus, LPb and PAG. 151
Figure 3-26. Retrograde labelling of lamina llI/NK1r-immunoreactive neurons
in LPb experiments. 159
Figure 3-27. Plots of the locations of large NKdmaunoreactive lamina 111/1V
neurons in transverse sectioi series. 161

Figure 3-28. Plots of the locations of large NKdmaunoreactive lamina 111/1V

neurons in transverse sectinmAG series. 163

viii



Acknowledgements

| am extremely thankful to Almighty Allah, who rewarded my effort in the completion of

this piece of work.

| would like to express my gratitude to my supesvi®rof. Andrew Todd, Professor of
Neuroscience at the University of Glasgow, for bigport and guidance during my
practical work and for his valuable comments dunmgwriting. | also wish to express my
thanks for the professional technical assistanoela®d by Mr. Robert Kerr and Mrs.
Christine Watt who were very patient and perseuver8pecial thanks go to Dr. Erika
Polgér, Dr. David Hughes and other members of fiiea® Cord Group for their assistance

and support.

| am also greatly indebted to my parents, sistarsthers, relatives and friends who have

given me great support and encouragement.

A special thank-you also goes to my great séinsand Salim who showed a high degree

of maturity and understanding during my study.

Last but not least, | wish to thank King Faisal trsity and the Saudi government for

giving me the opportunity to continue my higherdstat the University of Glasgow.



Declaration

| declare that the work presented in this thesimysown and that this thesis has not been

submitted for a degree at another institution.



Dedication

To my great parents and sons..

The light of the past and the future..

Xi



List of Abbreviations

APT anterior pretectal nucleus

CL central lateral thalamic nucleus

CM central medial thalamic nucleus

CThb cholera toxin subunit B

CVLM caudal ventrolateral medulla

DAPI 4',.6-diamidino-2-phenylindole

DLF dorsolateral funiculus

dIPAG dorsolateral column of periaqueductal greytena
dmPAG dorsomedial column of periagueductal greytenat
FLM fluorescent latex microspheres

HRP horseradish peroxidase

LF lateral funiculus

LG lateral geniculate nucleus

IPAG lateral column of periaqueductal grey matter
LPb lateral parabrachial nucleus

LSN lateral spinal nucleus

MD mediodorsal thalamic nucleus

MG medial geniculate nucleus

MGM medial geniculate nucleus, medial part

MPb medial parabrachial nucleus

NK1r neurokinin 1 receptor

NPY neuropeptide Y

PAG periaqueductal grey matter

PB 0.1 M phosphate buffer

PBS phosphate-buffered saline that contained ON&aKaI
PC paracentral thalamic nucleus

pERK phosphorylated form of extracellular signd&ated kinase
PF parafascicular thalamic nucleus

PHA-L Phaseolus vulgaris-leucoagglutinin

PIL posterior intralaminar thalamic nucleus

Po posterior thalamic nuclear group

PoT posterior thalamic nuclear group, triangulat pa
Re reuniens thalamic nucleus

Sl primary somatosensory cortex

Xii



S2

SG
SPF
VF
VIPAG
VM
VMb
VMpo
VPI
VPL
VPM
VPPC
WGA-HRP

secondary somatosensory cortex
suprageniculate thalamic nucleus
subparafascicular thalamic nucleus
ventral funiculus
ventrolateral column of periaqueductal gregtier
ventromedial thalamic nucleus
basal ventral medial thalamic nucleus
ventromedial thalamic nucleus, posterior part
ventral posterior inferior thalamic nucleus
ventral posterolateral thalamic nucleus
ventral posteromedial thalamic nucleus
ventral posterior nucleus of the thalamusyipallular part

horseradish peroxidase conjugated to wieah agglutinin

Xiii



Chapter 1
Introduction



1.1 Organization of the spinal grey matter

The grey matter of the spinal cord has been coromadty divided into dorsal and ventral
horns with a small intermediolateral horn in théoaomic outflow segments (the thoracic
and upper lumbar segments for the sympathetic rsyatel the middle sacral segments for
the spinal parasympathetic system). The dorsal l®rthe major receiving zone for
primary afferents, which are organized accordinmtalality (see below). The ventral horn
contains motorneurons as well as a large numbéamntefneurons, which are involved in
control of movement. In addition, the ventral harontains neurons that give rise to

different ascending pathways.

Based on certain cytoarchitectural features in INig8ned sections, the dorsal horn of the
spinal cord has been divided into six laminae, kmaag the laminae of Rexed. This
division was originally described in cat (Rexed5291954). Thereafter, it was also found
to be valid in the rat (Fukuyama, 1955; Steiner &ndher, 1972; McClung and Castro,
1978; Molander et al., 1984, 1989). Laminae | dndré the most dorsal and are usually
referred to as the superficial dorsal horn. Lantinansists of small cells, with occasional
large ones, distributed with a low packing densitpmina 1l is also known as the
substantia gelatinosa (of Rolando) because it lackslinated fibres, and thus appears
transparent in unstained sections. Cells in lanlirsae small in size and densely packed
(especially in its outer part). Laminae Ill and &/e collectively known as the nucleus
proprius. Most cells in lamina Il are also smalldadensely packed, but some scattered
large neurons are also present. Neurons in larMread more heterogeneous, with cells of
different sizes and this lamina has a relatively leellular density compared to that in
lamina Ill. Lamina V is the widest in the dorsarh@nd is often referred to as forming the
neck of the dorsal horn. Its lateral part is chemazed by the presence of longitudinal
bundles of fibres that give a reticulated appearancthis part. Cells in lamina V are of
various sizes and shapes that are loosely pacladina VI, which was described only in
the enlargements, is a narrow band at the badeeaddrsal horn and contains neurons of
different sizes. Each lamina contains a mixturéentérneurons, whose axons terminate in
the spinal cord, and projection neurons with axbas terminate at supraspinal levels. The
interneurons outnumber the projection neurons; kewedue to the great functional
significance of the latter, an enormous amounteskearch work has been carried out in

order to investigate these cells.



The primary afferent axons are the central proses$@rimary sensory neurons that are
located within dorsal root ganglia. These afferamtter the spinal cord through the dorsal
roots of the spinal nerves, and end in a highlycigieed pattern within the spinal grey
matter. As these fibres enter the spinal cord, they segregated according to fibre
diameter and sensory modality into two main grolgitgral and medial. The lateral group
consists of small-diameter thinly-myelinatedsjAand unmyelinated (C) fibres that mainly
respond to high threshold sensory stimuli. Thesee$ bifurcate in the Lissauer's tract into
short ascending and descending branches that ®/maghs secondary sensory neurons in
the dorsal horn within one or two segments fromrthevel of entrance (Szentagothai,
1964). The medial group consists of large-diamatgelinated (4) fibres that mainly
respond to low threshold mechanical sensory stimittiese fibres pass into the dorsal
column, where they also bifurcate into ascendindj@gescending branches, which give rise
to collaterals that enter the medial part of thesdbhorn and synapse with secondary
sensory neurons at various levels. Some of théeeeafs also ascend to the dorsal column
(gracile and cuneate) nuclei. It has been showh rtiest (but not all) & and C fibres
respond to noxious stimuli (i.e. these are nocigepafferents). On the other hand, most
AP afferents respond to innocuous mechanical stimithough some of these do respond
to stimuli in the noxious range (Todd and Koerli2806). The A& afferents have been
found to terminate in the deep laminae (lll-VI). odeding to sensory modality, thedA
afferents have been divided into two major typexiceptive fibres that mainly terminate
in laminae | and V, and D hair afferents, whichanrate down hairs and terminate in
dorsal lamina Ill and ventral lamina Il (Light aRerl, 1979). According to the presence or
absence of neuropeptides, the C afferents have digeled into two main populations:
peptidergic and nonpeptidergic (Hunt and Rossi,5)98xamples of peptides found in
these afferents include: substance P, somatossaih calcitonin gene-related peptide
(CGRP). The nonpeptidergic afferents are identifigdthe presence of fluoride-resistant
acid phosphatase and binding to isolectin B4 (Adzaand Fyffe, 2000). Studies have
shown that peptidergic afferents terminate mainlyamina | and outer part of lamina Il,
whereas nonpeptidergic afferents mainly arborizéhéxmiddle part of lamina Il (Ribeiro-
da-Silva, 2004).

Ascending spinal tracts provide a pathway throudiickv sensory information reaches the
higher brain centres. There are several well dootede ascending systems; the best
known of which are: the dorsal column pathway, tnelspinoreticular, spinoparabrachial,
spinomesencephalic, spinocerebellar, spinothalama spinohypothalamic tracts. These

pathways arise from projection neurons that arétesea all over the grey matter, as well



as in the dorsolateral funiculi of the spinal whtatter. Lamina | represents an important
source of neurons that contribute axons to marthede ascending systems. In addition, a
significant projection is provided by a populatiohlarge neurons in laminae Ill and IV
that express the neurokinin 1 receptor (NK1r), iheeptor for substance P, and possess
long dorsal dendrites that arborize in the supitfidorsal horn (laminae | and II). The
present study focuses on these two groups of grefeneurons (in laminae I, 1l and V)

since many aspects of their projection patternsfeinknown.

1.2 Review of some of the main ascending tracts

1.2.1 Methods of studying projection neurons

Before the development of modern tract tracing eplres, staining of degenerating axons
(after sectioning the spinal cord) was the methibchoice for tracing axons of projection
neurons (e.g. Lund and Webster, 1967; Zemlan e19r.8). However, this technique did
not reveal the laminar origin of these cells. Ardidic activation of neurons from their
supraspinal targets has also been used to locajecpon neurons in the spinal cord (e.g.
Dilly et al., 1968; Giesler et al., 1976). Nevetdss, this latter technique also showed
some limitations as it samples only a small nunddaneurons and this sampling may be

biased towards larger cells.

The introduction of the method of retrograde trmating in the central nervous system
was a breakthrough in this field (LaVail and LaVdi972). This technique is valuable in
identifying the cell bodies of projection neurored depends on the injection of a
neuronal tracer substance into a target in thenbrhiacer will be taken up from the
extracellular space by axon terminals and transdastong the axon to reach the neuronal
cell bodies in the spinal cord. Several neurontlogeade tracer substances have been
used. Horseradish peroxidase (HRP), whether fremmjugated to wheat germ agglutinin
(WGA), was the first tracer substance to be usaeétimmgrade labelling studies in the early
1970's. However, certain shortcomings were encoedtwith this tracer; one of these is
trans-neuronal labelling; i.e. tracer can escapenfthe axons of some neurons and be
subsequently taken up by neighbouring neurons amadbm terminals (Gerfen et al., 1982;
Klop et al., 2004a; Mouton et al., 2005). In additi it has been reported that HRP was
much less efficient in labelling lamina | projectimeurons compared to other tracers
(Lima and Coimbra, 1988; Craig et al., 1989a). €ratoxin is a bacterial toxin produced
by Vibrio cholerae. It binds specifically to garagides (GM1) on the surface of neurons

and is actively taken up and transported by thenaxdhe toxin was first introduced as a



retrograde neuronal tracer in 1977 (Stoeckel etl&77). Originally, cholera-toxin was
used as a combination with HRP (CT-HRP) (Shapirm iselis, 1985), and it was then
found that injecting free cholera-toxin yieldedteetresults (Luppi et al., 1987). Cholera-
toxin is composed of two molecular subunits: A & dSubunit A is responsible for the
toxic effect, whereas the non-toxic subunit B ispa@nsible for the internalisation and
transport of the toxin in axons and cell bodiesngamuently, researchers started to use the
B subunit only of Cholera-toxin (CTb), which provexdbe effective in labelling somata of
neurons (Ericson and Blomqvist, 1988). Other exasmf retrograde tracer substances
widely used nowadays are Fluorogold (Schmued atidr;d986) and fluorescent latex
microspheres (FLM) (Katz et al., 1984), both of gthare also very effective in labelling

neurons.

Another technique widely used to determine progecttargets in the brain is the
anterograde transport of tracer substances. Intdtdknique, a tracer substance (e.g.
Phaseolus vulgaris-leucoagglutinin; PHA-L) is injected into the area of concern (elgp
spinal cord) and then this will be transportedtii@ axons of projection neurons to specific
brain regions (e.g. Craig, 1995; Gauriau and Beln2004a).

1.2.2 The spinothalamic tract

The thalamus is the best documented target foegtion neurons in the spinal cord. Some
of the studies that provided evidence for a prapacto the thalamus were published more
than a century ago (e.g. Mott, 1895). The spinaiié ascending system has been
traditionally described as the main ascending paghfer pain and temperature sensation
(Dostrovsky and Craig, 2006). Behavioural experiteeprovided evidence for the
involvement of this system in pain transmissiortha rat (Peschanski et al., 1986). This
pathway is generally believed to be involved imsmission of somatic pain; however,
recent investigations have shown that it is alsolved in visceral nociception (Palecek et
al., 2003). Palecek et al. (2003) demonstrate@xipeession of the transcription factor Fos,
a marker of neuronal activation (Hunt et al., 198)spinothalamic cells in rat lumbar
cord after noxious visceral stimulus. In additigrhas been reported that the spinothalamic
tract is involved in transmission of other modabtiof sensory information, such as light
touch, pressure, sensation from joints and mug@essler et al., 1976; Meyer and Snow,
1982) and itching sensation (Andrew and Craig, 2@dvidson et al., 2009). The non-
nociceptive functions are generally thought to latebuted by the deep dorsal horn
neurons, while the nociceptive and thermoceptivections are attributed to lamina |

neurons. However, this functional division is ndiways valid since some lamina |



spinothalamic neurons were reported to have norceptive functions (Andrew and
Craig, 2001); on the other hand, some spinothalareioons in the deep laminae were
demonstrated to have a nociceptive role (Zhangd..e1291). Recently, the spinothalamic
system in the lumbar cord has been reported to la@je in the sexual behaviour in male
rats (Truitt et al., 2003).

Early investigations confirmed the presence of thahway by using degenerating
methods (Lund and Webster, 1967; Zemlan et al.8)19Fhis projection has been also
documented using the antidromic activation techmi¢illy et al., 1968; Giesler et al.,
1976). The first studies that utilized the techmeigaf retrograde tracing to label
spinothalamic cells were performed by Trevino aradstens (1975) in cat and monkey,
and by Giesler et al. (1979) in rat. Consequergbyeral retrograde and anterograde
tracing studies have been carried out in rat (Kevetnd Willis, 1983; Peschanski et al.,
1983; Granum, 1986; Kemplay and Webster, 1986; lueDet al., 1987; Lima and
Coimbra, 1988; Burstein et al., 1990a; Cliffer bt 8991; Li et al., 1996; Marshall et al.,
1996; Kobayashi, 1998; Kayalioglu et al., 1999; fwau and Bernard, 2004a; Yu et al.,
2005), cat (Carstens and Trevino, 1978; Craig .et18i89b; Zhang et al., 1996; Mouton
and Holstege, 1998; Craig, 2003a; Klop et al., 208042005a) and monkey (Willis et al.,
1979, 2001; Apkarian and Hodge, 1989; Zhang andgCi®97; Yu et al., 1999; Craig,
2004, 2006, 2008; Craig and Zhang, 2006).

The studies listed above have described the disioi of spinothalamic neurons in the
spinal cord in different species. These cells wareerved in various parts of the grey
matter and in the dorsolateral funiculus in rat, a@d monkey. Nevertheless, the highest
contribution is provided by the dorsal horn neuroftshas been documented that
spinothalamic neurons are not uniformly distributeithin the grey matter but show a
laminar variation; these cells are concentrateceain laminae, whereas only few present
in other laminae. Some inter-species differences lmeen described with regard to the
distribution of these cells in the spinal cord.the rat, Giesler et al. (1979) identified
neurons in the marginal zone, nucleus propriusjriteemediate grey zone bordering the
central canal and in the ventral horn. Granum (1 @8&ssified these spinothalamic cells
into eight groups: marginal group, ventral bordérsobstantia gelatinosa, neck of the
dorsal horn, lateral cervical and spinal nucleintvemedial portion of the dorsal horn,
intermediate grey zone, dorsal portion of the \artiorn and ventral portion of the ventral
horn. Kemplay and Webster (1986) re-addressed tiestipn of the distribution of the
spinothalamic cells in the rat, and they found railar distribution to that observed by



Granum (1986), except that they considered therakehbrn neurons as one group. The
group designated as the ventral border of substaygiatinosa by Granum (1986), and
subgelatinosal population by Kemplay and Webst886) was not recognized by Lima
and Coimbra (1988) as a localized aggregationeaustthey only observed a few cells
along the border between laminae Il and Ill. A gamdistribution has been also reported
in the rat by Burstein et al. (1990a) in the ergpenal cord and by Marshall et al. (1996) in
the lumbar cord. Kobayashi (1998) stated that thescuptions of spinothalamic
populations in the rat that were given in the stadieviewed above contained several
discrepancies. Thus, depending on the locationcani@in morphological characteristics,
Kobayashi classified these cells into: marginal egmoup (corresponding to lamina |
neurons), subgelatinosal group (corresponding tana Il neurons), dorsal horn neck
group (corresponding to lamina IV and superficialtpof lamina V), dorsal horn base
group (occupying the deep part of lamina V and f@mVI), internal basilar group
(corresponding to the internal basilar nucleus adjcent region in the medial parts of
laminae V and VI), intermedio-ventral group (spreaér laminae VII through 1X), central
group (located in lamina X), lateral cervical groiup the lateral cervical nucleus of C1-3
segments) and lateral spinal group (correspondingetirons in the lateral spinal nucleus;
LSN). Moreover, Kobayashi identified spinothalam&urons in the posterior funiculus of
the first cervical segment. He observed that thdiferent groups did not occupy the
whole length of the spinal cord, but that instetftere was a specific rostrocaudal
distribution; all groups were prominent in the uppervical cord and in the cervical and
lumbar enlargements, apart from the dorsal hore laasl internal basilar groups, which
were rare in the cervical enlargement. Spinothatameurons in the dorsal funiculus of C1
and C2 have been also identified by Giesler ef1879), Granum (1986) and, to a lesser
extent, by Kemplay and Webster (1986). These nesunare considered as the downward
extension of the dorsal column nuclei (gracile andeate) into the upper cervical cord.
Kayalioglu et al. (1999) agreed with the previoeparts that described the widespread
distribution of spinothalamic cells in rat spinalrd. Spinothalamic neurons were reported
to be absent in lamina Il, except for a few thateveeen in the cervical segments (Yu et
al., 2005). Attempts were made to compare theivelabntribution of different laminae to
the spinothalamic tract. For example, Burstein let(#90a) reported that 11% of the
spinothalamic neurons in the rat were within thpesficial dorsal horn, 38% within the
deep laminae of the dorsal horn, 22% within thermiediate zone and ventral horn, 10%

within lamina X and 19% within the dorsolateral iitudus.



Another well documented feature of spinothalamitsas that these cells are not present
to the same extent in all spinal segments, but teratcumulate in certain segments and to
be less common in others. Several studies reptreetigh concentration of spinothalamic
cells in the upper cervical cord in the rat (Giegteal., 1979; Granum, 1986; Kemplay and
Webster, 1986; Lima and Coimbra, 1988; Bursteinalet 1990a; Kobayashi, 1998).
However, consensus is still lacking regarding tbetigbution of other spinal segments to
the spinothalamic tract. One of the early studaled to locate spinothalamic cells in the
lumbar cord of rat after electrical stimulationtbé contralateral medial lemniscus (Dilly
et al., 1968). This has led to the assumption Itirabar cord does not project directly to
the thalamus. However, Giesler et al. (1976) subegeén recording units from the lumbar
cord following stimulation of the contralateral Hwaus. In fact, after applying the
technique of retrograde tract tracing, Giesler let(E279) labelled more neurons in the
lumbar than in the cervical enlargement. A similading has been reported by Kemplay
and Webster (1986), and by Lima and Coimbra (1988mplay and Webster (1986)
reported that approximately 34% of the spinothatameurons arise from T13-L5
segments, whereas C5-T1 contributed to only ab#ub#the total population. Burstein et
al. (1990a) presented different figures for thensegtal contribution to the spinothalamic
tract in two rats, these proportions were: 33% ai% were in C1-3, 13% and 23% were
in C4-8, 25% and 26% were in T1-13, 16% and 13%ewirerl1-5 and 13% and 7% were
in L6-Co3. Another study in rat reported that spi@damic neurons were almost equally
numerous in the two enlargements (Kobayashi, 1998).possible that the differences in
the labelling efficiency of neuronal tracers usesécontributed to these discrepancies in
the segmental distribution of spinothalamic cellernatively, variations in the spread of
the injection sites may have led to these diffeesncas it has been reported that
involvement of different thalamic nuclei in theegtion sites results in labelling of neurons
in different laminae. For example, Kobayashi (19@f)orted that following injections that
targetted the medial thalamus, 50% of the labetiedds were in the intermedio-ventral
group, whereas 40% of labelled cells after latdralamic injections were in the internal
basilar group. Another well documented featurehef $pinothalamic tract in the rat is the
conspicuous accumulation of spinothalamic cellthamedial part of laminae VI and VII
(an area known as the internal basilar columnha lumbar cord (Giesler et al., 1979;
Kemplay and Webster, 1986; Marshall et al., 1996).

Concerning the laminar distributions of spinothalameurons in the cat, early studies
have shown that these neurons were concentratégida areas: lamina I, laminae IV-VI

and laminae VII-VIII (Trevino and Carstens, 1975r&ens and Trevino, 1978; Craig et



al., 1989b). Using WGA-HRP, Klop et al. (2004a,002a) completely filled the thalamus
on one side, at least in some of the cats, anddfthet spinothalamic cells originated from
all laminae throughout the length of the spinaldg@xcept lamina 1X, and predominantly
from laminae | and V-VIII, as well as from neuromsthe dorsolateral funiculus. Early
studies proposed that cells in different laminamydh different thalamic nuclei, and,
interestingly, a thalamic injection that was regé&d to the ventral posterolateral (VPL)
nucleus failed to label neurons in cat spinal ddnevino and Carstens, 1975), whereas
HRP injection into the intralaminar nuclei labelledlls mainly in laminae VII and VIl
(Carstens and Trevino, 1978). These observations lea the latter authors to suggest that
this segregation of spinothalamic neurons intoedéht laminae has a functional role. The
differences in the segmental distribution of thexsfhalamic neurons observed in the rat
have been also described in the cat. Again, sesardles showed that the largest number
of labelled spinothalamic neurons were locatedhenupper cervical cord (C1-3) (Carstens
and Trevino, 1978; Klop et al., 2005a; Mouton et, &005). Large clusters of
spinothalamic neurons have been observed in thernalt basilar column of lumbar
segments in cat (Trevino and Carstens, 1975; Cersted Trevino, 1978). On the other
hand, at cervical levels, these cells predominatddminae IV-VI. By analysing sections
from the entire spinal cord in two cats, Moutorakt(2005) have reported that the mean
percentages for the contribution to the spinothalamact in the C1-3, C5-8 and L5-S1
segments were 45%, 17% and 14%, respectively. Andre al. (2003) analysed the
distribution of the spinothalamic cells in sectidnam the C5-S3 segments only and the
reported proportions were 50%, 6%, 38% and 6% Her €5-8, T3-9, L5-S1 and S2-3,
respectively. Klop et al. (2005a) have also rembtteat there are at least five separate
clusters of spinothalamic neurons in cat spinaticdhese clusters, which differed in the
laminar location and longitudinal distribution ihet spinal cord, were designated as
clusters A, B, C, D and E. Clusters A and B wereated throughout the length of the
spinal cord and corresponded to laminae | and Speetively. Clusters C and D were
located in the upper cervical segments and corregabto the lateral part of laminae VI
and VIl and the dorsal part of lamina VIII (clust@), and cluster D corresponded to the
medial part of lamina VI. Lastly, cells in the maldportion of laminae VI-VIII in the
L4-Co2 segments were designated as clusté&aHier reports have also documented this
clustering of spinothalamic neurons (Carstens arelifio, 1978). Klop and her co-

workers proposed that each cluster projects teeaiparea in the thalamus.

Trevino and Carstens (1975) reported that theibligton of spinothalamic neurons in

monkey lumbar cord is different from that in the. CEhey noticed that cells were mainly



concentrated in the lateral parts of laminae IV ¥nthe remaining cells were scattered in
laminae 1, VII and VIII. This last observation hbeen also confirmed by Willis et al.

(1978, 1979). Willis et al. (1978) have also repdrtan occasional observation of
retrogradely labelled cells within lamina 1l. Aspoeted in the rat and cat, a high
concentration of spinothalamic cells has been founthe upper cervical cord (Willis et

al., 1979, 2001; Apkarian and Hodge, 1989). Folimyva large injection of WGA-HRP

into the thalamus of one monkey, Apkarian and Hod§89) reported that the segmental
distribution of spinothalamic cells at various lesvef the spinal cord was as follows: 35%
were in the upper cervical cord (C1-3), 18% weréhim cervical enlargement (C4-8), 19%
were in the thoracic cord, 19% were in the lumbamdcand 9% were in the coccygeal
segments. The large clusters of spinothalamic msutivat were observed in the internal
basilar column of lumbar segments of rat and cat het been observed in the monkey
(Trevino and Carstens, 1975; Willis et al., 19700P). Craig has carried out extensive
research in order to provide evidence for the ssigge that the primate spinothalamic
tract consists of anatomically and functionallytidistive components. Most of his research
interest was focused on thalamic targets of lanimaurons (e.g. Craig, 2004, 2006), and
details of these are reviewed below (section 113.2n addition, Craig targetted the

ventrolateral thalamic nucleus with CTb and repbrtieat this nucleus received almost

exclusive projection from neurons in laminae V afid(Craig, 2008).

Based on retrograde tracing studies that involvéarge injection of neuronal tracer into
the thalamus, the total number of spinothalamiceesiwas estimated to be 9,500 in the
rat (Burstein et al., 1990a), 14,293 in the cab(Két al., 2005a) and 18,235 in the monkey
(Apkarian and Hodge, 1989). However, Klop et al0Q2a) argued that the estimated
number in the monkey in the report published by #&mn and Hodge is inaccurate
because no correction factor for over-counting @irons was used in that study, and the
injection site, in the one case in which all segteemere processed, did not cover all
thalamic nuclei. Therefore, Klop et al. suggesteat the total number of spinothalamic
neurons in the monkey still needs to be investdaldne results that were presented by
Burstein et al. (1990a) contradicted those of eadtudies in rat, which estimated the total
number of spinothalamic neurons to be less tha@01i® the entire spinal cord (Granum,
1986; Kemplay and Webster, 1986). Burstein etxalaned this discrepancy to the use of
Fluorogold in their study, which is a more effidietracer substance, and to the
involvement of more thalamic regions in their injen sites. It seems that the re-
evaluation of the number of spinothalamic neuronshe rat has led to revision of the

importance of this tract in nociception in this cigs.
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In all three species, the spinothalamic cells welserved predominantly on the

contralateral side; for example, Burstein et al99(a) found ~75% of the labelled

spinothalamic neurons were on the contralateral. $ftbwever, a substantial population of
neurons projecting to the ipsilateral side was olesein the upper cervical cord, as well as
at other spinal levels (Carstens and Trevino, 1@ffkarian and Hodge, 1989; Burstein et
al., 1990a).

1.2.3 The spinoparabrachial pathway

The spinoparabrachial pathway is one of the magerading sensory tracts in the spinal
cord. It consists of fibres that project from tipgnal neurons to the parabrachial area in the
brainstem. The parabrachial area is defined asrdbgmn that surrounds the brachium
conjunctivum (the superior cerebellar peduncle)hat junction of the mesencephalon
(midbrain) with the pons. Traditionally, this arkas been divided into two main parts:
lateral (LPb) that lies dorsal to the brachium amedial (MPb) that lies ventral to it. The
LPb nucleus in rat has been further subdivided sgwen subnuclei: internal lateral,
external lateral, dorsal lateral, ventral latesalperior lateral, central lateral and the lateral
crescent. The MPb nucleus is subdivided into irleamd external subnuclei. The Kolliker
Fuse nucleus has been also considered as pad pathbrachial complex (Kitamura et al.,
1993; Slugg and Light, 1994; Saper, 1995).

Early studies described dense terminal degeneratiothe region of the parabrachial
complex after transection of the anterolateral @poolumn at upper cervical levels in the
rat (Zemlan et al.,, 1978). Subsequent retrogracech{€to et al., 1985; Bernard et al.,
1989; Hylden et al., 1989; Kitamura et al., 1998)doet al., 1995; Todd et al., 2000, 2002,
2005; Spike et al., 2003; Almarestani et al., 20@RAd anterograde (Cechetto et al., 1985;
Slugg and Light, 1994; Bernard et al., 1995; Fad &lerbert, 1995) tracing studies in rat
have confirmed the existence of this spinoparabahcpathway. Furthermore, this
projection has been documented using the techmifjaetidromic activation (Bester et al.,
1995, 2000). Investigations in cat (Hylden et #885; Panneton and Burton, 1985; Light
et al.,, 1993; Craig, 1995) and monkey (Wiberg et #087; Craig, 1995) have also
demonstrated this spinal projection to the pardbehcomplex. In each species, the great
majority of the spinal input to the parabrachiaéaaroriginated from lamina I. Other
spinoparabrachial neurons were found in the LSNIamiha V (mainly from the reticular
part), with only a few observed in laminae 1V, VIiMand X. This projection was found to

arise from the entire length of the spinal cordthvdome intersegmental variation in the
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number of neurons. For example, Kitamura et al98)9%eported that the number of
retrogradely labelled cells in all laminae of rpin&l cord was greatest in C1-2 followed in
order by T1-13, C3-8, L1-6, the sacrococcygeal cdffer PHA-L injection into the
superficial dorsal horn of different spinal levelgil and Herbert (1995) observed that
there was more anterograde labelling in the pachimbarea following lumbar injections
compared to thoracic ones. All studies have desdrébbilateral pattern of projection from
the spinal cord into the parabrachial complex; hawe the contribution from the
contralateral side predominated, except in the cEHséhe upper cervical cord when
ipsilateral projection was stronger (Feil and Herbd995). Against this consensus,
Cechetto et al. (1985) reported that the projectiiom the ipsilateral side of all examined
spinal segments was more prominent. Anterogradeinggastudies have shown that
afferents from the superficial dorsal horn in thervecal and lumbar enlargements
terminate in identical areas of the parabrachiahglex in the rat (Slugg and Light, 1994;
Bernard et al., 1995), cat and monkey (Craig, 198&)wever, somatotopy has been
described with regard to the trigeminal vs. spaféérents. Cechetto et al. (1985) reported
that trigeminal afferents target the MPb nucleusergas the spinal afferents end mainly in
the LPb nucleus. Slugg and Light (1994) confirmieid bbservation but in addition they
reported that the medullary afferents targeted dhedal LPb, while the spinal input
terminated in more rostral parts. Interestinglye thternal lateral subnucleus has been
reported to receive inputs mainly from neuronseemlaminae (primarily those in lamina
V), and not from lamina |, which targeted othersudiei in the LPb nucleus, as presented
below (Bernard et al., 1995; Feil and Herbert, 1®per, 1995).

1.2.4 The spinomesencephalic pathway

The spinomesencephalic tract is primarily a crosgathway that arises from several
laminae of the spinal grey matter (as well as frogarons in the dorsolateral funiculus)
and terminates in various regions of the mesendephiacluding the periaqueductal grey
matter (PAG). The mesencephalic periaqueductal grafter, also known as the central
grey, is a collection of neurons that surroundscérebral aqueduct in the midbrain. Based
on certain cytoarchitectural characteristics, tA&mas been shown to consist of a number
of longitudinal columns: dorsomedial (dMPAG), ddaseral (dIPAG), lateral (IPAG) and
ventrolateral (VIPAG) (Bandler and Shipley, 1994yvick and Bandler, 2005).

In the early studies, the presence of this tracd wlaown by using silver degenerative
techniques in all species studied (Mehler et 8601 Yamada and Otani, 1978; Zemlan et
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al., 1978). Electrophysiological investigations @also demonstrated the existence of this
pathway (Menétrey et al., 1980; McMahon and WaB83; Hylden et al., 1986a).
Retrograde tracing studies in rat have presentatbarcal evidence for the spinal origin
of some PAG afferents (Beitz, 1982; Menétrey et1882; Liu, 1983; Swett et al., 1985;
Liu, 1986; Pechura and Liu, 1986; Lima and Coimi&89; Yezierski and Mendez, 1991,
Keay et al., 1997; Li et al., 1998; Kayalioglu & 4999). This has also been documented
anatomically in the cat (Wiberg and Blomqvist, 198&ay and Bandler, 199Zraig,
1995; Mouton and Holstege, 1998; Klop et al., 20@4buton et al., 2005), and monkey
(Mantyh, 1982; Craig, 1995). Some anterograde npgtudies have also shown that
several midbrain regions (including PAG) receivéem@@nts from the lumbosacral spinal

cord in the three species (Yezierski, 1988).

There is a general consistency in the segmentallanahar distributions of spino-PAG
cells in rat, cat and monkey. These cells arismaniy from lamina I, the reticular part of
lamina V and from the lateral cervical and spinatlei; fewer cells take origin from
laminae VI-VIII and X. This tract arises from alpisal levels, and as the case with most
projection pathways, the upper cervical cord contes the great majority of these cells
(Menétrey et al., 1982; Yezierski and Mendez, 19@ay et al., 1997; Mouton et al.,
2005). Yezierski and Mendez (1991) reported thatdbntributions of different segmental
levels to the spinomesencephalic tract were: 30%4); 15% (C5-8), 9% (T1-4), 9% (T5-
8), 8% (T9-13), 14% (L1-3) and 15% (L4-6). Thest lauthors also analysed tissue from
the sacral cord and Fig. 1 in their paper showsttiespinomesencephalic neurons in this
part of the cord were as numerous as those ingperusegments, but it is not clear why
they did not include this part in the overall perage of segmental distribution of these
cells. Keay et al. (1997) reported that the higleestcentration of spino-PAG cells was
observed in C1-4 (50% of the cells), followed by&wvhere 20% of the cells were seen.
They reported that fewer cells were located indbevical and lumbar enlargements and
the smallest number was found in the thoracic setgnévioreover, they reported that
labelled neurons in lamina | were observed at aljnsental levels and that these
constituted approximately 27% of all spino-PAG . Investigations have shown that
cells of this tract arise from both sides of theddout predominantly from the contralateral
side; however, cells with projection to both sith@se also been observed, some of which
were in lamina | (Yezierski and Mendez, 1991). e tmonkey, Mantyh (1982) has
reported that almost all (99%) of lamina | spino@Aells were labelled from the
contralateral side. Interestingly, some of the spiasencephalic neurons in rat cervical

and thoracic cord, including cells in lamina |, @déound to send propriospinal projections
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to the lumbar cord (Yezierski and Mendez, 1991hak been reported that afferents from
the spinal cord that terminate in the PAG mainiggea its ventral part (Beitz, 1982);
however, a projection to the dorsal part has bdsm described (Liu, 1983; Yezierski,
1988). Lima and Coimbra (1989) have reported thatet was more retrograde labelling in
various laminae of the spinal cord following injecis that targetted the caudal part of the

PAG and adjacent area than injections that targyéitée rostral part.

For a long time, the PAG has been regarded asraesofidescending inhibitory pathways
that subserve an anti-nociceptive role (Beitz, 1#8hdler and Shipley, 1994; Behbehani,
1995). The interest in this structure started 48ryeago, after the report by Reynolds
(1969) who observed that electrical stimulatioth&f PAG led to profound analgesia in the
rat. This finding has been further demonstratesleveral laboratories (Mayer et al., 1971,
Richardson and Akil, 1977). Therefore, it has bseggested that spinal input to the PAG
(mainly that from lamina 1) is involved in the aation of this inhibitory pathway, leading
to a feedback modulatory effect on neurons in thead cord (Basbaum and Fields, 1984).
The circuitry of the PAG is complex, and the spimgdut forms only a minor source of
afferents to this region of the midbrain (Beitz82%9 Other sources of afferents to the PAG
include: the hypothalamus, prefrontal cortex, misalyland pontine reticular formation
and the parabrachial nuclei. Therefore, the PAG lesn implicated in a variety of
functions, including the processing and modulatdrpainful stimuli, processing of fear
and anxiety, autonomic regulation and vocalisa(iBahbehani, 1995). The longitudinal
columns of the PAG have been found to differ inirtliesponse to electrical activation
(Bandler and Shipley, 1994; Lovick and Bandler, 20@timulation of the dorsal zone,
which corresponds to the dIPAG and IPAG columnadseto short-lasting analgesia and
active reaction to pain, i.e. fight or flight belmw as well as increase in the blood
pressure and tachycardia. On the other hand, #otivaf the ventral zone, which
corresponds to the VIPAG column, results in lorsjiey analgesia and a passive response

to pain, i.e. quiescence, decrease in the bloaskpre and bradycardia.

1.3Laminal

1.3.1 General description

1.3.1.1 Structure and function

Lamina | represents a thin rim at the dorsal andgalateral margins of the dorsal horn

(Rexed, 1952, 1954). This lamina is also knownhasmharginal zone or layer. Based on
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the distribution of the NK1r-immunoreactivity anidetlocation of projection neurons, it
was reported that lamina | is thicker in its celnpart than its medial and lateral margins
(Todd et al., 1998). It has been known for sevdeslades that lamina | neurons of the
spinal cord play an important role in nociceptivel dhermoceptive pathways. This lamina
is one of the major termination zones fa¥ &nd C primary afferent fibres, some of which
are known to transmit nociceptive information (Ligind Perl, 1979; Todd and Koerber,
2006). Some of these afferents contain substanca Reuropeptide associated with
nociception (Hokfelt et al., 1975; Lawson et aB9T). Neurons in lamina | have been
shown to respond to noxious (high threshold) théiamd mechanical stimuli mediated by
Ad and C afferent fibres (Christensen and Perl, 1970)

The circuitry in lamina | is complex and not yellyuwnderstood. However, investigations
have started to unravel some of its complexity. Tiwain classes of interneurons have
been identified in this lamina: inhibitory and ematory. The inhibitory interneurons use
GABA and/or glycine as the main neurotransmittehereas the excitatory ones use
glutamate. It has been reported that approxim&28h80% of neurons in lamina | are
GABAergic cells (Todd and Sullivan, 1990; Polgaakt 2003). These interneurons, along
with neurons in lamina Il, are thought to play deran modulation of nociceptive
processing, as originally proposed in the gaterthebpain by Melzack and Wall (1965).
In this theory, it was suggested that low threshwichary afferents activate interneurons
that inhibit the transmission of nociceptive inptascentral transmission (T) cells, which
represented a major output from the region. Anotlgpe of modulation that occurs in
lamina | is through descending axons from highairbcentres, e.g. from the PAG via
nucleus raphe magnus (Behbehani, 1995).

Therefore, there is considerable evidence thatlarhplays an important role in receiving,
processing and modulating nociceptive stimuli damehtsending this sensory information
to higher brain centres via projection neuronshis tamina. However, it has been shown
that some neurons in this lamina also respondrtodnous (low threshold) mechanical or
thermal stimuli (Light et al., 1993; Willis and Cgeshall, 2004), or to changes in the
metabolic state of the body (Craig, 2003b). Furtiege, a response to cutaneous
application of histamine (a pruritic stimulus) Hasen also reported (Andrew and Craig,
2001; Davidson et al., 2009).

Lamina | contains neurons of different sizes anapsl. Early studies have described the

large marginal cells of Waldeyer (Gobel, 1978; @eovand Iggo, 1980). In transverse
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sections, these cells were reported to have langsodentrally flattened somata with long
dendrites that extended in a mediolateral directMolander et al. (1984) reported that
there are approximately three or four such largerares in each 80 pum thick section in
lamina | of rat spinal cord, and it has been regbthat 6% of all lamina | neurons in the
cervical and lumbar cord of cat were large celld tirese were of different morphological
types (Galhardo and Lima, 1999).

The great majority of lamina | neurons possess uesdthat arborize within the lamina.
Therefore, morphology of these neurons is bestgmized in horizontal sections. The
original attempts to characterize the different pmmiogical types of lamina | neurons
were carried out using the Golgi technique on tpimad trigeminal nucleus of the cat
(Gobel, 1978). Thereafter, other morphological ssichave been performed in different
species (Beal et al., 1981; Lima and Coimbra, 1@88§lhardo and Lima, 1999). Based on
the shape of the cell bodies and the pattern ohgm dendritic branching, Lima and
Coimbra (1986) described four main morphologicaksks for lamina | neurons: fusiform,
pyramidal, multipolar and flattened. This classifion scheme is widely accepted
nowadays, and this identifies fusiform cells asighied bipolar cell bodies with two main
dendritic trunks arising from the opposite polegaidal neurons have triangular somata
with three main primary dendrites. Multipolar cgisssess polygonal or ovoid cell bodies
with more than three main primary dendrites, somiewbich extend ventrally. The
flattened neurons have discoid cell bodies thaflateened dorsoventrally and possess 3-5
primary dendrites that arborize in the horizonténpe. In an attempt to unify the
nomenclature, some researchers argued that settenttd neurons of Lima are basically
multipolar in shape, it would be more convenientclassify them under the multipolar
group (Yu et al.,, 2005). Subtypes of the basic ®rhave been also described. For
example, Lima and Coimbra (1986) and Galhardo anthl(1999) reported two varieties
of fusiform cells based on the presence or abseheentral dendrites. The latter study
also reported the presence of recurrent dendrte®ine fusiform cells. Two varieties of
multipolar neurons have been also described acuptdithe density of dendritic branches:
compact and loose (Lima and Coimbra, 1986; Galhamtb Lima, 1999). Interestingly,
Lima’s group described a preferential distribut@ineach morphological type along the
mediolateral extent of lamina I: fusiform cells goeinated in the lateral third, multipolar
cells were mainly located in the medial half, #aktd cells were observed in the middle
third, whereas the pyramidal neurons were localexdgathe entire mediolateral extent of
the lamina; however, this preferential locationspecific morphological types within the

lamina has not been confirmed by other investigator
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1.3.1.2 Projection targets

Lamina | constitutes one of the major sources ofgation neurons in the spinal cord.
Spike et al. (2003) estimated the total numberrofgation neurons in this lamina of the
L4 segment in the rat to be approximately 400 aafissach side (equivalent to 1.6 cells
per 10um length of the spinal cord). This constitutes ~@Pthe total number of lamina |

neurons which are approximately 6,238 on one sidlei® segment (Spike et al., 2003; Al-
Khater et al., 2008). The corresponding humbenegad by Bice and Beal (1997a) was
1.22 cells per 10 um length in the L1 segment b$panal cord. It can be inferred from the
two papers by Bice and Beal (1997a,b) that appratety 11% of lamina | neurons in the
L1 segment of the rat project to supraspinal centkowever, it is unlikely that the

number of projection neurons differs between thembdar segments; probably these
different results are due to different methods useithie two studies. In rat lumbar cord, it
has been reported that 52% of all projection nesiioriamina | projected to rostral brain
centres (dorsal thalamus and midbrain), 3% progedte caudal brainstem and 45%
projected to both areas (Bice and Beal, 1997a). pgreentage of projection neurons in

lamina | of rat cervical cord has not yet been rigab

Using a combination of retrograde and anterogradertiques, lamina | neurons in various
species have been found to terminate in severabspipal targets. These targets are: the
caudal ventrolateral medulla (CVLM) (Menétrey et 4983; Lima et al., 1991; Todd et
al., 2002; Spike et al., 2003), LPb (Cechetto gt1#885; Hylden et al., 1989; Ding et al.,
1995; Todd et al., 2000; Spike et al., 2003), PA®eriétrey et al., 1982; Lima and
Coimbra, 1989; Craig, 1995; Keay et al., 1997; Teddl.,2000; Spike et al., 2003),
thalamus (Lima and Coimbra, 1988; Hylden et al§% Burstein et al., 1990a; Marshall et
al., 1996; Craig, 2003a; Gauriau and Bernard, 2Q)0dAacleus of the solitary tract
(Menétrey and Basbaum, 1987), dorsal reticulareusc{Lima, 1990), locus coeruleus and
subcoeruleus (Craig, 1995) and limbic and strigdas (Newman et al., 1996). A
projection to the hypothalamus has also been rep¢Burstein et al., 1990b). Snyder et al.
(1978) described a projection to the cerebellunmftamina | neurons in cat and monkey
but not in rat. In addition to these supraspinaljgutions, Craig (1993) has reported a
projection from lamina | neurons in the cervicaddambar cord to the thoracolumbar
sympathetic nuclei in cat and monkey. Example$iefmain projection targets for lamina |

neurons are shown in Fig. 1-1.
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Figure 1-1. Main supraspinal projections from lamina | neurons.

This diagram shows examples of the main supraspargkets for lamina | neurons.
Arrow sizes indicate the relative density of lamina projections. CVL:

caudoventrolateral reticular nucleus; Hyp: hypahals; LatC: lateral cervical
nucleus; LPB: lateral parabrachial nucleus; Potgyas thalamic nuclear group; Sol:
nucleus of the solitary tract; SRD: subnucleus cudgiris dorsalis; VLPAG:

ventrolateral periagueductal grey; VPL: ventraltpodateral thalamic nucleus. From:
the multiplicity of ascending pain pathways (Villeva and Bernard). In: Handbook of

behavioral state control.
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Some studies have reported that there is a prei@reimstribution of lamina | projection
neurons within the mediolateral extent of the lamiBice and Beal (1997a) stated that
44% of the projection neurons were located in #teral third of the lamina, 43% in the
middle third and the remaining 13% occupied the ialetthird. As to the spinothalamic
neurons, Lima and Coimbra (1988) reported that mbshese neurons were observed in
the middle third of lamina I. In a subsequent studyna (1990) reported that lamina |
neurons that projected to the dorsal reticular eusclwere located mainly in the medial
third of this lamina; however, this preferentiatdtion of a specific projection neurons
within the lamina has not been confirmed by othedies.

Several studies have shown that projections framida | neurons are predominantly to
the contralateral side of the brain, with fewerlgirojecting to the ipsilateral side.
However, Spike et al. (2003) provided evidencethat most of the ipsilaterally-projecting
neurons actually projected to both sides of thanbréhis was documented following
injection of tracer into both sides of the brairtdoget the CVLM, LPb and PAG (Spike et
al., 2003).

The course of axons of lamina | projection neurionghe spinal cord is still a matter of
controversy. This topic attracted a great deal téndion due to its great clinical
implications especially with regard to the abild§ surgical cordotomy to alleviate pain
(Nathan, 1963). Some investigators were able toaligze the course of spinothalamic
axons within the grey matter, and they observed tthese axons cross to the other side
within a short distance from the cell body; howevtis observation has not been
confirmed anatomically for neurons in lamina | (\Eilet al., 1979; Apkarian and Hodge,
1989). Apkarian and Hodge (1989) assumed thatdbson behind the inability to trace
axons of lamina | neurons within the grey mattaher small diameter compared to those
from other laminae. Nonetheless, using electrohygical methods, McMahon and Wall
(1985) were able to determine the level of decimsaif these axons in the rat. They
found that these axons decussate within 1-5 mm fiteencell body. Early degeneration
studies have shown that axons of projection neuasnsnd in the ventral half of the spinal
cord (Mehler et al., 1960). Using HRP to label sgialamic cells in the monkey, Willis et
al. (1979) observed numerous widely dispersed sipat@mic axons in the ventral part of
the lateral funiculus (LF), and some were in thentsad funiculus (VF). However,
subsequent studies have reported that axons fronmdal neurons ascend via the dorsal,
rather than the ventral, part of the LF. This wasstfdocumented in rat using
electrophysiological methods, when McMahon and W&883, 1985) traced lamina |
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projections at the level of the C2 segment and rtedathat most, or all, recorded units
were located within the dorsal half of the contiedal LF, with most axons located
superficially. However, McMahon and Wall (1985) teth that these recordings were
mainly for axons that terminated in the brainstaeome of the 13 lumbar lamina | neurons
investigated in their study were found to projestthe thalamus. Therefore, the latter
authors assumed that spinothalamic axons do nendseia the dorsolateral funiculus
(DLF). However, Jones et al. (1985) demonstrateel fimesence of a dorsolateral
spinothalamic pathway in the cat that arose froorores in lamina I. This observation has
been further extended by Apkarian et al. (1985) wdmorted that axons of all lamina |
projection neurons ascend in the DLF. These autheashed that conclusion after
injecting HRP into either the VF or DLF in cat sgiirtord and observed that the labelling
in lamina | neurons occurred mainly following injens in the DLF. Further evidence has
been added by Hylden et al. (1986b) who reported #xons of lamina | projection
neurons that terminated in the midbrain parabraarea of the cat ascend via the DLF,
and this has been also demonstrated in the ratd@ryt al., 1989). This latter study found
that the number of spinoparabrachial lamina | ces remarkably reduced in the lumbar
cord following bilateral lesion of the DLF at low#roracic levels. In contradiction to the
previous studies, Craig (1991) has reported thagraing axons of lamina | neurons in the
cat mainly ascend in the middle part of the LFalmore recent study, Craig (2000) found
that his observation was also valid in the monkAypossible explanation for the
variability between these results is related tol¢wel at which these fibres were examined,
as it has been shown that spinothalamic fibresgsoihwhich arose from lamina I, shifted
from the VF to DLF as they ascended through theenmiatter (Dado et al., 1994a).

1.3.1.3 Immunoreactivity to the NK1 receptor

Nowadays, a substantial amount of interest has deeeted towards the neurokinin 1
receptor (NK1r), through which substance P acte WiK1r is one of the family of G

protein-coupled receptors, which consist of sevembrane-spanning domains (Yokota et
al., 1989; Hershey and Krause, 1990). Several esuttive documented the functional role
of substance P and its receptor (NK1r) in the trassion of pain sensation to higher brain
centres (lversen, 1998). Previous studies have shibat substance P is located in small-
diameter primary afferents that terminate in thpesficial dorsal horn (Hokfelt et al.,

1975; Salt and Hill, 1983), and released into tbesal horn following painful stimuli

(Kantner et al., 1985). Earlier pharmaco-physiatagistudies showed that iontophoretic
application of substance P on the dorsal horn pfurabar cord resulted in a slow-onset
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and prolonged excitatory effect on neurons (Henrgle 1975) Interestingly, substance P
was found to have a preferential excitation on celive neurons (Henry, 1976; Salter
and Henry, 1991). Cao et al. (1998) exposed mutace that lack substance P-encoding
gene to various types (and intensities) of nox&tusuli. They observed that, compared to
the wild type, mutant mice were less responsivéh&noxious stimuli when these were
applied at moderate and high intensities. Sim#émults have been found by De Felipe et
al. (1998) in mice that lacked the gene for the N&deptor. These mice showed depressed
responses to various types of noxious stimuli wihese were applied at higher intensities.
In addition, the "wind-up" phenomenon that indisatbe central sensitization of dorsal
horn neurons was absent in the NK1r-nockout mioepissingly, drugs that antagonise the
NK1r proved ineffective in treating pain (Hill, 200 This was explained by the complex
nature of processing of nociceptive information time dorsal horn since various

neurotransmitters and neuropeptides are usualbived.

Immunocytochemical studies demonstrated that NKirHunoreactivity was densest in
lamina | (Liu et al., 1994; Brown et al., 1995;tlatvood et al., 1995; Marshall et al., 1996;
Todd et al., 1998, 2000). Despite this intense imoneactivity to the NK1r in this lamina,
Brown et al. (1995) have reported that only 5%amhiha | neurons expressed the receptor.
However, Todd et al. (1998) found that ~45% of lani neurons possessed the NK1
receptor, and in another study, these authors fahatl the total number of NK1r-
immunoreactive neurons in lamina | and the ovedyilorsal white matter on one side of
the L3 segment in rat was 64 cells per 70 um tRikdkatome section (Todd et al., 2000).
Todd et al. attributed the discrepancy betweenr thesults and those of Brown et al.
(1995) to the sensitivity of the methods adoptedhsytwo studies. The method used by
Todd et al. (1998) was thought to be more accuratause it allowed the detection of the
receptor on the plasma membrane of weakly-immumtixeaneurons. Furthermore, Todd
et al. used a stereological counting method, urihikeother study. It has been reported that
none of the NK1r expressing neurons in lamina leN@ABA- or glycine-immunoreactive,

and therefore, unlikely to be inhibitory in funatigLittiewood et al., 1995).

With regard to the NK1r-immunoreactivity of projeet neurons in lamina [, Li et al.
(1996) reported that between one-fourth and orre-tii lamina | spinothalamic neurons
were immunoreactive to the receptor, whereas thas wnly present on one-tenth of
spinothalamic neurons in laminae IV-X. However, btall et al. (1996) have found that
the majority of lamina | spinothalamic neurons (j78howed immunoreactivity to the
NK1 receptor. It has been reported that 49% oNKé&r-immunoreactive lamina | cells in
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rat spinal cord project to the thalamus (Yu et2005). Moreover, investigations showed
that the great majority of lamina | neurons thadjgct to other supraspinal targets such as
CVLM, LPb or PAG also expressed the receptor (D&tcal., 1995; Todd et al., 2000,
2002; Spike et al., 2003). It has been reportet tiaintensity of this immunoreactivity
differed between the projection neurons accordmghe projection target. Spike et al.
(2003) described three different levels of NK1r-iommoreactivity (strong, medium and
weak) in lamina | projection neurons. The neurdra were labelled from the CVLM and
LPb displayed all strengths of immunoreactivity,endras those labelled from the PAG
were mainly medium or weak. A comparison has beeadanbetween NK1r-
immunoreactivity and morphology of projection nawadn lamina | of rat lumbar cord.
This showed that significantly fewer unclassifiedlls were NKI1r-immunoreactive
compared to multipolar (81%), pyramidal (80%) andiform (75%) cells (Spike et al.,
2003). Furthermore, pyramidal neurons had sigmtigastronger immunoreactivity than

both fusiform and unclassified cells.

Several attempts have been made to classify therdNKthunoreactive neurons in
lamina I. Cheunsuang and Morris (2000) and Cheurgsu al. (2002) classified these
neurons according to morphology and size into sruaiform and large multipolar or
pyramidal neurons. The former study stated thatdahge neurons accounted for less than
half of the NK1r expressing population in laminahd were located mainly dorsal to the
small type. The dendritic trees of these neuronseevieund to have infrequent branches
and to be oriented mainly mediolaterally or rosanaally with very limited ventral spread

(Cheunsuang and Morris, 2000).

Evidence for the involvement of NK1r-immunoreactlaenina | neurons in the processing
of nociceptive signals has been provided by anatainstudies. Noxious stimulation of the
hindpaw in the rat led to internalisation of the NHKnto the cytoplasmic compartment of
the cell body and the dendrites (Mantyh et al.,519%bbadie et al., 1997; Allen et al.,
1997; Honoré et al., 1999; Polgar et al., 2007ajtHermore, the number of neurons that
showed receptor internalisation was increased e rdis that had inflamed hindpaw
(Abbadie et al., 1997), which led to the suggestioat substance P and NK1r play a
pivotal role in the central sensitization of dorkatn neurons in chronic pain states. Other
anatomical studies demonstrated the expressio®firfFNK1r-immunoreactive lamina |
neurons in response to various forms of noxiousidtis (Doyle and Hunt, 1999 a,b; Todd
et al., 2002). These NKI1r expressing neurons wém@wvs to have a role in the

development of hyperalgesia, since selective arlabf these neurons by intrathecal
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administration of a cytotoxic substance (saporiofjegated to substance P resulted in
attenuation of responses to highly noxious stinamd reduction in the mechanical and
thermal hyperalgesia in inflammatory (Mantyh et 4897) and neuropathic (Nichols et al.,
1999) pain models. Another line of evidence for tlueiceptive function of the NK1r
expressing neurons in lamina | was provided byaittevation of the phosphorylated form
of extracellular signal-related kinase (pERK) iresh neurons after different types of
noxious stimuli (mechanical, thermal, chemical)gtlal., 2002; Polgar et al., 2007a). Since
most lamina | projection neurons in the rat exptaesNK1r (Marshall et al., 1996; Spike
et al., 2003), it is possible that this projectgystem is involved in the analysis of intense

pain and hyperalgesia, as was suggested by maagtigators.

1.3.1.4 Current views about the relation between function,
morphology and NK1r expression

Han et al. (1998) have characterized three disgratips of lamina | neurons in the cat. A
correlation was observed between the functionasygnd the morphology of the neurons:
nociceptive-specific cells (responding only to raas mechanical and heat stimuli) were
mainly fusiform, COOL cells (responding only to ouwous cooling) were mainly
pyramidal, and polymodal nociceptive neurons (respmy to noxious heat, pinch, and
cold; also known as wide dynamic range neuronsgweinly multipolar in shape (Han et
al., 1998). The findings by Yu et al. (1999, 200&) low expression of NK1r in
spinothalamic pyramidal cells in monkey and ratiarfavour of the previous assumption.
However, the situation appears to be controveisi#the rat since Todd et al. (2002) and
Spike et al. (2003) reported that 80% of pyramjol@jection neurons in lamina | of rat
lumbar cord were NK1r-immunoreactive. Moreovehas been reported that 80% of each
of the three morphological types of projection &g in lamina | in rat showed Fos-
labelling after injection of formalin into the ipaieral hindpaw (Todd et al., 2002). Todd et
al. (2002) observed that all of the three morphiglaigypes of NK1r expressing projection
neurons in lamina | in rat received many contaotsnf substance P-containing primary
afferents with no significant difference between ttensity of this innervation among the
three groups. Therefore, most pyramidal projectienrons in rat appear to express the
NK1r and to be activated by noxious stimuli. Toddke (2002) suggested that the reason
behind the discrepancy between their results aosetiof Han et al. (1998) and Yu et al.
(1999, 2005) is probably due to the difference leetwwneuronal populations analysed in
each case; the neuronal sample studied by Yu etcilded mainly spinothalamic neurons

(and this could be also true for Han et al.), wiilese studied by Todd et al. belonged to
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the spinomedullary system. Todd et al. (2002) aoteati that most lamina | projection
neurons that possess the NK1r are nociceptive egglvie substance P-containing primary
afferent fibres, and that if any cooling-specifieunons are present in lamina | then it is
likely that these would be found among the cell thck the receptor and do not express
Fos after noxious stimulation. However, it appe#liat some correlation between
morphology and function does occur in rat lamispihoparabrachial neurons; Todd et al.
(2005) reported that multipolar, but not fusiformpyramidal, neurons were activated by
noxious cold stimuli. It has been reported that RKimunoreactivity of lamina |
projection neurons in rat, rather than the morpiplagives a better indication of the
density of innervation by substance P-containinighary afferents and responsiveness to

acute noxious stimuli, i.e. a better indicatoruridtion (Todd et al., 2002).

From the previous account it appears that the subjeNK1r expression among pyramidal
neurons in lamina | is a matter of controversyha literature. Hence, one of the aims of
the present study is to determine the percentagells that express the NK1r among the

pyramidal spinothalamic neurons in lamina | ofgatvical and lumbar cord.

1.3.1.5 Large gephyrin-coated neurons

Recent investigations have identified a group afraes in lamina | of rat lumbar spinal
cord that had large numbers of puncta that wereunareactive for the glycine receptor-
associated protein, gephyrin, at inhibitory synap@$tuskar et al., 2001). These cells also
receive a very dense input from axons that contasicular glutamate transporter 2
(VGLUT2) at excitatory synapses (Polgar et al.,@0®uskar et al. (2001) reported that
these neurons have a larger cross sectional amepaced to other cells in this lamina and
lacked, or only weakly expressed, the NK1 receoth of these studies described these
cells to be mainly multipolar with dendrites thabarize in the horizontal plane. These
cells were defined as "large gephyrin-coated célisthese authors and probably represent
a subset of the classical Waldeyer cells identiiiedarlier studies (Gobel, 1978; Lima and
Coimbra, 1986). It has been reported that thereppeoximately 10 of these cells on each
side in the L4 segment in the rat, and these wersept throughout the mediolateral extent

of the most superficial part of lamina | (Polgaakt 2008).

This group of lamina | neurons has been found spoad to noxious chemical stimuli:
most (87%) expressed Fos following subcutaneowection of formalin (Puskar et al.,
2001), and some (38%) expressed Fos in responsexious heat stimuli (Polgar et al.,
2008).
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Tracer injection into the LPb and adjacent regialesnonstrated that these cells are
projection neurons, and presumably account for 2d#%he total population of the

spinoparabrachial neurons in lamina | (Puskar et2&l01). It is still unknown whether

these neurons project to the thalamus or PAG. Tdws,of the objectives of the present
study is to determine whether cells of this typeha lumbar cord project to these areas.
An additional aim is to investigate these cellshia cervical enlargement since this is still
unknown. The size of these cells and their spenj@lt indicate that these cells play a
particular role in lamina |; therefore, investigafiprojection targets of these cells would

lead to a better understanding of their signifi@imcspinal cord circuitry.

1.3.2 Projection to the thalamus

1.3.2.1 Thalamic nuclei that receive input from lamina |

In spite of the general consensus regarding piiojesbf lamina | neurons to the thalamus,
debate still exists around the precise area of itetion within the thalamic nuclei,
especially in the monkey (Craig and Blomqvist, 20Déhes, 2002; Treede, 2002; Willis et
al., 2002). Classically, it had been believed tthetre was a clear distinction between
medial and lateral thalamic nuclei. The medial aucéceive spinal input mainly from
deeper parts of the grey matter, whereas the laterelei receive input from more
superficial areas (Giesler et al., 1979; Williakt 1979), and each of these thalamic nuclei
projects to different cortical areas: the mediatlauproject to the limbic cortex concerned
with affect and motivation, whereas the lateralleuproject to the somatosensory cortex,
which is involved in the discriminative aspectspain processing. However, this classical
view is highly doubted nowadays since it has beemd that lamina | projects to medial
and lateral thalamic nuclei (Gauriau and Bernafif)42). A substantial body of evidence
points to the VPL nucleus as the main spinal sosesisory relay station in the thalamus
(Willis et al., 2001; Groenewegen and Witter, 200@auriau and Bernard (2004a) have
found that lamina | neurons in rat cervical cordject largely to the caudal part of the
VPL. They also reported that projection from theegldaminae to the VPL was less
prominent than that from lamina I. A projectionttds nucleus from the marginal zone in
rat cervical and lumbar cord has been also docwsdephysiologically by Zhang et al.
(2006). The importance of this nucleus as one eftaingets for lamina | neurons in the cat
has been also reported (Martin et al., 1990), aljhothese authors observed that the
projection was mainly to the periphery of the VRather than the core. Some earlier

studies have doubted the significance of the VPleireiving afferents from the spinal
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neurons in cat (Carstens and Trevino, 1978). Idstdds latter study revealed that lamina |
neurons projected mainly to the rostral ventrobasahplex and caudal ventrolateral
nucleus. The posterior complex of the thalamus,(Rbjch is located at its caudal part,
has received considerable attention as one of émsosy relay stations that receive
substantial input from the spinal cord (Gauriau &®itnard, 2004a; Groenewegen and
Witter, 2004;Zhang and Giesler, 2005). Gauriau and Bernard @0@ferred specifically
to the triangular part of the Po (PoT) as receidrgignificant spinal input from lamina | in
rat cervical cord, and stated that their study wesfirst to demonstrate this projection.
The spinal projection to the PoT was also docunaepteysiologically when Zhang and
Giesler (2005) demonstrated units in the margioalez and deep neurons, of rat cervical
cord after antidromic activation of the contralatd?oT of the thalamus. In agreement with
Gauriau and Bernard (2004a), the studyZtmang and Giesler (2005) reported that about
two-thirds of the spinal projection to posterioaldmus originated from the superficial
dorsal horn. Other regions in the posterior thalsnapart from the PoT, were also found
to receive terminals from spinal lamina | neuro@sifriau and Bernard, 20042hang and
Giesler, 2005). The parvicellular part of the vahtposterior nucleus (VPPC), a well-
known gustatory and visceral centre (Groenewegdn/tter, 2004), has been also shown
to receive spinal projections from lamina | in tbervical cord of the rat (Gauriau and
Bernard, 2004a). These authors also describedesparainal labelling in the mediodorsal
nucleus (MD) that originated from lamina I; howevaimost no projection was found
from the deep laminae. The dorsal portion of theleus submedius was originally
described by Craig and Burton (19& receiving afferents from the superficial layairs
the spinal dorsal horn in the cat. Subsequent teploave supported this projection
(Blomgvist et al., 1992). Andrew et al. (2003) atveel that fewer lamina | neurons were
labelled in the cat in which the injection missée hucleus submedius, compared with
other cats that successfully received injectiothia nucleus. Craig (2003a) confirmed the
prominent projection of lamina | neurons in cathe nucleus submedius; in addition, he
described intense projection to the dorsomedial giathe ventral posteromedial nucleus
(VPM), and the ventral aspect of basal ventral meducleus (VMb), as well as to the
lateral habenula. In the rat, the nucleus submedaagsbeen shown to receive sparse input
from spinal laminae 1lI-V and VII but not from tleaiperficial laminae (Dado and Giesler,
1990; Li et al., 1996; Gauriau and Bernard, 2004&wever, functional studies have
demonstrated a nociceptive role for the nucleusngalus in the rat (Fu et al., 2002). The
paraventicular nucleus, one of the midline thalamiclei, has been found to receive
sparse projection from both superficial and deepinae of the cervical dorsal horn in rat

(Gauriau and Bernard, 2004a). A few terminals friamina | in rat cervical cord have
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been demonstrated in nucleus reuniens thalami @&®)ther midline thalamic nucleus
(Gauriau and Bernard, 2004a). The intralaminargiwmnsist of the central medial (CM),
paracentral (PC) and central lateral (CL) nuclethia rostral part, and the parafascicular
(PF) and subparafascicular (SPF) nuclei in the @lapdrt. These are known to receive
afferents from the spinal cord (Groenewegen andéWi2004). Gauriau and Bernard
(2004a) have demonstrated projections to CL, P, 8RF from the deep laminae,
especially from neurons in laminae IV-VII to the @ucleus, but almost none from the
superficial dorsal horn. In agreement with thisy L{1986) observed little lamina |
projection to the intralaminar nuclei in the rahdaKobayashi (1998) failed to label
neurons in lamina | following medial thalamic injens. However, Li et al. (1996)
observed spinothalamic neurons in lamina | retrdegisalabelled from the contralateral CL
nucleus in this species. Although Li et al. (1996ted that the Fluorogold injection was
centred on the CL nucleus in this rat, it is pdssibhat some spread occurred into the
adjacent MD nucleus and that this led to the laiglin lamina | in that case. In a recent
study, it has been found that certain thalamic @iu¢Ventrolateral, ventral anterior,
intralaminar, and lateral dorsal nuclei) are natajor target for lamina | neurons in the cat
(Klop et al., 2005a).

In summary, the study by Gauriau and Bernard (2D8émonstrated for the first time the
difference between thalamic projection from supgfiand deep laminae in the cervical
cord of the rat. Using PHA-L as an anterogradeetraihey found that superficial laminae
project extensively to the caudal VPL and Po witbnpinent terminations in the PoT. A
minor projection to the VPPC, Re and MD was alsseobed. In contrast, the main
thalamic target for the deep laminae was the ClUeusc According to the same authors,
PoT also received a substantial projection fromdbep laminae; though this projection
was weaker than that from lamina |. Moderate tocgegerminal labelling was observed in
the Po, PF, SPF, VPPC, VPL and ventral medial (Vikhleus from the deep laminae. The
findings of this latter study seems to obscuredlassical mediolateral distinction of the
thalamus (Hunt and Bester, 2005), as neurons irerBagl laminae were found to
terminate in both medial and lateral thalamic nucle

The precise area of termination of lamina | neuronhe thalamus in monkey is a highly
debated issue at the present time. Using the agrtete tracing technique, Craig et al.
(1994) and Craig (2004) have reported that lamimauirons in the monkey project to three
main thalamic nuclei: the posterior part of the Vidkcleus (VMpo), the ventral caudal part
of the medial dorsal nucleus and the ventral pmstanferior nucleus (VPI). This
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projection was also confirmed using the retrogradeing technique (Craig and Zhang,
2006). Ultrastructural evidence for this projectwas also provided (Beggs et al., 2003).
Craig et al. (1994) considered the VMpo as a nadidgovered thalamic pain centre. On
the other hand, Craig (2006) has reported thatviBke received terminal fibres mainly
from neurons in lamina V, and that the VPI is ajgrbon target for neurons in laminae |
and V. However, other studies debated these fisdamgl provided evidence that the VPL
is the main target for spinal lamina | neuronshe tnonkey (Jones, 2002; Willis et al.,
2002; Graziano and Jones, 2004). A recent climasadrt provided further evidence for the
importance of the VPL in pain pathway: Montes et(2005) described a human case of
sudden right-sided hyperaesthesia for lemniscaicftpvibration and joint position) and
spinothalamic (pain and temperature) modalities] 8D magnetic resonance images
revealed a left thalamic infarct involving mainlyY/, with no extension to the VMpo. In a
recent study, Davidson et al. (2008) antidromicatiyivated 25 neurons in monkey lumbar
dorsal horn (16 of which were in lamina I) from thesterior thalamus, and reported that
their study confirms that the posterior thalamuseiees a relatively high proportion of
projections from lamina |. These authors have &sod that lamina | neurons frequently
projected to VPL, a finding consistent with earkéudies.

Based on the density of terminals from lamina Iroas and other characteristics, it has
been proposed that the PoT in the rat, and theolatdéral VMb in the cat are equivalent

to the VMpo in the monkey (Gauriau and Bernard,Z2®@raig, 2003a). Therefore, one of
the main objectives of the present study is to stigate the magnitude of the projection
from lamina | neurons in rat cervical and lumbardcto the PoT using the retrograde
tracing technique, and to see whether previoustgatwve studies in the rat (see below)
have underestimated this projection because oflatie of extension of tracer into the

caudal thalamus. The projection to the PoT fromikiam neurons in rat lumbar cord has

not been investigated previously.

The PoT is a small triangular nucleus located atdfudal end of the posterior thalamus
(Paxinos and Watson, 2005). Nowadays, there has begasiderable interest in this
nucleus due to accumulating evidence for its raeleprocessing of painful stimuli.
Investigations have shown that the PoT receivesrafts from nociceptive neurons
(Zhang and Giesler, 2005), and that some of itsramesurespond to noxious stimuli
(Gauriau and Bernard, 2004b). In addition, it hasrbreported that the PoT projects to
cortical areas involved in response to pain (Chawad Simons, 1987; LeDoux et al., 1990;
Linke, 1999a; Gauriau and Bernard, 2004b).
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Several physiological studies have demonstratetl spaothalamic cells in lamina |
respond to noxious stimuli. Giesler et al. (197&jvated two lamina | neurons from the
thalamus in rat, and they found that both of thess responded to noxious stimuli (one
was nociceptive-specific, the other was wide dymarange neuron). Dado et al. (1994b)
reported that all of the superficial dorsal horfiscthat were antidromically activated from
thalamus (15 cells) in rat cervical enlargemenpoesled to noxious stimuli applied to
their receptive fields (nine of these were clasdifas wide dynamic range neurons, while
the other six were nociceptive-specific). Paledeil (2003) have reported upregulation of
Fos in some lamina | spinothalamic neurons in hatacolumbar cord in response to
intradermal injection of capsaicin and distentidntlee ureter. Furthermore, Zhang and
Giesler (2005) characterized marginal zone unitsrah cervical cord, that were
antidromically activated from the contralateral Pods nociceptive, a finding that
implicates the PoT in nociceptive processing ofnabistimuli. Zhang et al. (2006)
antidromically activated 33 lamina | cells in ranacal (30 cells) and lumbar (three cells)
cord from the contralateral VPL, and reported t@lhbf these cells responded to noxious
stimuli: nociceptive-specific, wide dynamic range @OOL cells; however, the COOL
cells responded maximally to noxious cold, as vesl to noxious heat and noxious
mechanical stimulation. In the cat, Hylden et &Bg6a) activated 16 lamina | cells in the
lumbosacral cord from the thalamus and reported #flaof these were nociceptive-
specific. Based on the conduction velocity of actjpotentials produced by electrical
stimulation of the sciatic nerve, Hylden et al.§68) reported that spinothalamic lamina |
cells in cat lumbosacral cord received input frod @nd/or C primary afferents. In
monkey, several investigations have also shownrttzaty lamina | spinothalamic neurons

responded to noxious stimuli (Willis et al., 20@vidson et al., 2008).

1.3.2.2 Quantitative studies

The number of spinothalamic cells in lamina | hasrbestimated in various species. After
targetting all thalamic nuclei known to receive jpotions from lamina | neurons in the
cat, Zhang et al. (1996) estimated the total nurmobspinothalamic neurons in lamina | in
the C3-Co4 segments to be 1,360 cells. This estingavery similar to that reported by
Klop et al. (2005b) for the C1-Co2 segments, whiets 1,398 neurons. Most of these cells
were located in the enlargements with an estimiatiad of 575 cells in the C5-8 segments
and 297 in the L4-S1 segments (Zhang et al., 1996).latter study reported that 64% of
lamina | spinothalamic neurons originated from @@ T2 segments; large aggregations
were observed in the C6-8 segments (35%) and ihTh81 segments (17%). Klop et al.
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(2004b, 2005a) have also found that lamina | neuromre most numerous in the
enlargements, estimated to be up to 44.5% in thes&finent in one case, and more
labelled in those animals in which the medial thala was targeted, a finding that
provided evidence that many lamina | projectionroas terminate in medial thalamus in
the cat (Craig et al., 1989b). These segmentardifices have been also reported in the rat
(Granum, 1986; Kemplay and Webster, 1986; Lima@apnbra, 1988; Kobayashi, 1998)
and monkey (Zhang and Craig, 1997). Klop et al0&) found that less than 15% of
spinothalamic fibres originated from lamina | int.c&heir finding is in agreement with
several studies in different species (Kemplay aneb$ter, 1986; Apkarian and Hodge,
1989; Burstein et al., 1990a; Klop et al., 200F49wever, it conflicts with others who
estimated a much higher proportion (50%) for thimtdbution (Craig et al., 1989a,b;
Andrew et al., 2003). Klop et al. attributed thisalepancy to the differences in thalamic
injection sites and/or the selection of the studipithal segments. This explanation is quite
reasonable since it is well known that specifidahac nuclei receive more spinal input
from lamina | compared to others. Furthermore,dlae segmental differences regarding

the percentage of contribution of lamina | to tpaethalamic tract as presented above.

In the rat, Lima and Coimbra (1988) reported thate are 24 lamina | spinothalamic cells
on the contralateral side in the C7 segment, apmately 38 such cells in the combined
L3 and L4 segments, and around 23 lamina | celltheupper two lumbar segments.
Burstein et al. (1990a) found that the mean numddespinothalamic neurons in the

superficial dorsal horn on the contralateral sitléhe C7and C8 segments combined was
110 cells with only 19 such cells in L4-5. Marshetllal. (1996) found that there are about

14 spinothalamic cells in lamina | on the contrdak side of the L4 segment in the rat.

The paucity of spinothalamic neurons in the maignoae of rat lumbar enlargement was
observed in several studies (Kevetter and Willi883t Granum, 1986; Kemplay and

Webster, 1986; Harmann et al., 1988; Lima and Coanthi988; Hylden et al., 1989;

Burstein et al., 1990a; Dado and Giesler, 1990;agabhi, 1998). This feature has been
also described in the cat and monkey (Zhang and)Cr897; Klop et al., 2004b).

Yu et al. (2005) reported that 9% of the laminaeurons in rat cervical enlargement
project to the thalamus. This finding appears ndbe consistent with the report by Spike
et al. (2003), who estimated that only 5% of neanonthis lamina project to the brain, and
proposed that only a small fraction of this 5% eobjto the thalamus. A possible

explanation for the discrepancy between these tudies is the difference in the method
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used for counting neurons. An alternative explamais the difference in the segments
investigated in the two studies; Yu et al. (2008algsed sections from the cervical cord,
whereas Spike et al. (2003) examined sections themumbar part. Thus, one of the aims
of the current study is to estimate the proportwérihe lamina | neurons in the cervical
cord that belong to the spinothalamic tract usisggadard stereological method.

1.3.2.3 Morphological studies

As stated earlier, the horizontal plane is idealéwamining the morphology of lamina |
neurons. Therefore, this section will mainly revistudies that analysed the shapes of

neurons in horizontal sections.

The morphology of lamina | cells in rat that hagmeetrogradely labelled with CTb from
the thalamus has been described by Lima and Coi(dB&8). These authors reported that
spinothalamic cells were either pyramidal or flai@ and these were observed in both
cervical and lumbar enlargements. Yu et al. (20@&)ssessed this issue in the rat by
performing 3D reconstructions of spinothalamic @gr from serial confocal images of
lamina | in horizontal sections. Unlike the findendpy Lima and Coimbra, Yu et al.
observed fusiform cells among the population ohgflialamic cells in lamina I. They
found that the relative proportions of the threerphological types of spinothalamic
neurons in lamina | of rat (averaged for both egdanents) were: 43% fusiform cells, 28%

pyramidal cells and 26% multipolar cells, with tleenainder being unclassified.

Investigations in cat have shown that the threachamrphological types of lamina |
neurons were also represented within the spinathal@opulation in this species. Zhang
et al. (1996) looked at spinothalamic lamina | €@t horizontal sections from the entire
length of the spinal cord in three cats and repottee following percentages for the
different morphological types: 34% were fusiformi€e36% were pyramidal cells, 25%
were multipolar cells and 5% were unclassified. yTteported that there was no difference
in the proportions of the different morphologicgpés between the two enlargements.
However, the C7-8 and L6-7 segments contained pymamidal and multipolar and fewer
of the fusiform types compared to the thoracic segs1 Similar results have been also
reported in other studies in the cat (Andrew et 2003), and monkey (Yu et al., 1999;
Craig and Zhang, 2006). Zhang and Craig (1997)rteda slight difference between cat
and monkey; they observed more fusiform and feweamidal cells in the latter. In
addition, the same authors reported that multipakurons were more common in the

lumbosacral enlargement, whereas fusiform predamdhan the cervical enlargement of
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the monkey. Several studies have shown that timegpyi dendritic arborisation of lamina |
spinothalamic cells is nearly always restrictedaimina | (Zhang et al., 1996; Yu et al.,
2005). However, ventral dendrites from lamina Ingphalamic neurons were reported by
Marshall et al. (1996) in rat. Zhang et al. (19p&)posed that these ventral dendrites may
be more common in the rat. It has been suggestddtih presence or absence of ventral
dendrites in lamina | neurons has a relation with NK1r-immunoreactivity; it was

commoner in non-NK1r-immunoreactive neurons (Cheang et al., 2002).

From the previous account, it seems that theraessgdeement about the morphology of
lamina | spinothalamic neurons in the rat (Lima @wimbra, 1988; Yu et al., 2005).
Therefore, one of the aims of the present studyoisnalyse the morphology of the
spinothalamic neurons in both enlargements indpecies. Reaching a correct conclusion
with this regard is important especially with thetagive correlation between morphology

and function of lamina | neurons.

1.3.3 Projection to the parabrachial complex

1.3.3.1 Parabrachial subnuclei that receive input from lamina |

Knowledge about the exact areas of terminatiorxoha from lamina | neurons within the
parabrachial complex primarily came from anterogracing studies, and to a lesser
extent, from the retrograde studies. Cechetto.€18B5) reported that retrograde labelling
in lamina | neurons occurred only after targetiRpL(with the Kolliker Fuse nucleus); no
labelling was observed following injections thatafved only the medial group of nuclei.
Results obtained by Bernard et al. (1989) suppditiede of Cechetto et al. and further
added that retrograde labelling in lamina | ocadirneainly after targeting the external
portion of LPb, and not the internal part. Resalitained from the anterograde approaches
are in line with previous findings of retrogradeidies. After injecting PHA-L into the
superficial layers of rat lumbar cord, Slugg andgti (1994) observed numerous axon
terminals in the rostral half of LPb; mainly in tbentral lateral, dorsal lateral and external
lateral subnuclei. In addition, they observed maamyninals in the Kolliker Fuse nucleus.
Similar findings were reported by Feil and Herb@®95) after targeting the superficial
dorsal horn of various segmental levels of theapnrd, and also by Bernard et al. (1995)
following injections of PHA-L into the superficidaminae of the cervical enlargement.
Bernard et al. (1995) also observed anterogradsliladp in the superior lateral and lateral
crescent subnuclei. Injections of PHA-L into theadicial dorsal horn of cervical and

lumbar cord in cat and monkey have also demonstridiat the lamina | neurons target
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mainly the LPb in these two species, with the hagjlteensity of labelling observed in the

lateral and caudal parts of this region (Craig,5)99

Electrophysiological investigations have providedlence that lamina | spinoparabrachial
neurons have a role in processing nociceptive mé&bion. Bester et al. (2000)
antidromically activated 53 lamina | neurons in lanbar cord from the contralateral
parabrachial area and found that all of these cefiponded to noxious stimuli with 75%
classified as nociceptive-specific, and 25% as vdgeamic range neurons. Todd et al.
(2005) have shown that many lamina | spinoparal@hcteurons in rat lumbar cord
upregulated Fos in response to painful thermaldtigespecially to noxious heat). In a
recent study, Williams and Ivanusic (2008) repottieat lamina | spinoparabrachial cells
in rat lumbar cord upregulated Fos in responseteldrilling, i.e. these cells responded to
acute bone nociception. In the cat, Hylden etl&®86) found that all of the physiologically
characterized spinoparabrachial cells (67 cell$qmmina | in the lumbar cord responded to
noxious stimuli (94% nociceptive-specific and 6%dwidynamic range neurons). Similar
results have been also reported by Light et al93L9Another reported physiological
property of the spinoparabrachial neurons in sderaina | is the possession of small and
restricted receptive fields (Bester et al., 2000)is last feature contrasts with the large
receptive fields of the parabrachial neurons tbhatetimes cover the whole body (Bester et
al., 1995). Therefore, it has been suggested twmisaof many lamina | neurons converge
on single parabrachial cells. In addition, this atim convergence is augmented by
afferents from the nucleus of the solitary tracittrelay vagal inputs to the parabrachial
complex. As a result, the parabrachial nuclei hbeen implicated in the integration of
somatic and visceral information. Despite this hitfgree of convergence of afferents at
the level of the parabrachial complex, it has begorted that the parabrachial neurons are
modality specific. Bester et al. (1995) found tA&% of the investigated parabrachial
neurons (that projected to the hypothalamus) redgubexclusively or preferentially either
to mechanical or thermal noxious stimuli. It hagtehown that the parabrachial complex
project to the central nucleus of the amygdala riBet et al.,, 1993), and to the
ventromedial and retrochiasmatic hypothalamic nu@ester et al., 1997). In addition,
projections to the PAG and the ventrolateral medbthve been described (Gauriau and
Bernard, 2002). Taking into account the functioraés of the projection targets of the
parabrachial nuclei, it has been suggested thatdbimplex is involved mainly in the
affective and motivational responses to painfumsti, as well as in regulation of
autonomic responses to such an input (Hylden e1@85; Light et al., 1993; Craig, 1995).
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1.3.3.2 Quantitative studies

Despite the great importance of the spinoparabash@aithway from lamina I, only a few
studies have been carried out in order to quathi®ge neurons. In the rat, the first study
was performed by Hylden et al. (1989) who injed/¢@A-HRP into the parabrachial area
of three rats. They reported that the mean numbspinoparabrachial cells in lamina | on
the contralateral side per 50 um section of theicarenlargement was around seven cells
and the corresponding mean for the lumbar cord apgsoximately 11 cells. Kitamura et
al. (1993) observed 32 spinoparabrachial neuronth@mrcontralateral side of lamina | per
1 mm thickness in each segment of C3-8 in one ef rdts that had received tracer
injection centred on the internal lateral nuclearsg a mean of only six cells in another rat
that had received tracer injection targeted on rotateral parabrachial nuclei. Their
corresponding means for the L1-6 segments weren@6La cells, respectively. Two other
guantitative studies were performed on rat lumlzad and both of these showed rather
similar results: Todd et al. (2000) found that thenber of lamina | spinoparabrachial
neurons on the contralateral side of the L3 segmmst approximately nine cells per 70
pum thick Vibratome section. The other study wadgoered by Spike et al. (2003), and
these authors estimated the number of these cellth® contralateral side of the L4
segment to be approximately 10 cells per 70 umktMibratome section. Since the
estimated numbers of spinoparabrachial laminal$ aelthe cervical cord given by Hylden
et al. and Kitamura et al. are very different, of¢he aims of this study is to estimate this

number by using a standard counting method.

Quantitative reports of the spinoparabrachial dellamina | in the cat are few. Klop et al.
(2005b) counted these neurons from 1:4 seriesatioss of the entire cord and reported
that there were approximately 225 and 40 cellshencontralateral side of the C7 and L4
segments, respectively (data from Fig. 4 in thgiepp The estimated total number of
spinoparabrachial cells in lamina | on the conteakd side of the entire spinal cord in that
cat was 4,18¢ells (Klop et al., 2005b).

1.3.3.3 Morphological studies

Few studies have analysed the morphology of spradypachial neurons in lamina | of the
rat. Spike et al. (2003) found that the three baswmrphological types (multipolar,
pyramidal and fusiform) were represented almosalyjamong this population in the L3
segment (30% were multipolar cells, 32% were pydaincells, 31% were fusiform cells

and 7% were unclassified; data from Fig. 7 in tphaper). Almarestani et al. (2007)
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examined rat lumbar cord and reported generallylaimesults. It is generally believed
that spinoparabrachial neurons in lamina | lackirsmendrites and the dendritic trees are
largely confined to lamina | (Almarestani et al00Z). The morphology of these neurons
in rat cervical cord has not been investigateddabghly. Cechetto et al. (1985) looked at
spinoparabrachial cells in horizontal sectionsh& €2 segment in rat and reported that
these were large, flattened and elongated multipoddls oriented in a rostrocaudal
direction and lying parallel to the surface of #minal cord. That study did not report
whether pyramidal or fusiform cells present in tevical cord. Therefore, one of the
objectives of the present study is to investigate tmorphology of lamina |
spinoparabrachial neurons in the cervical enlarggmand to compare morphology of
spinoparabrachial cells with that of spinothalaeds in both enlargements of the spinal
cord, in order to see whether these two populatadreglls differ in the proportions of the
three morphological types.

The morphology of the spinoparabrachial neurongamina | has apparently not been
investigated extensively in cat or monkey. Only riefomention of the shape of cat
lamina | neurons activated from the LPb was giveidilden et al. (1985) and Light et al.

(1993). The latter study described the morpholofygame intracellularly labelled cells

that were reconstructed from adjacent parasagtetions. They reported that many of
these cells were "Waldeyer-like" and had dendmtesnly confined to lamina | and outer
lamina Il. Hylden et al. (1985) described one repreative lamina | cell activated from the
ipsilateral parabrachial area in the cat. This,oshich was stained intracellularly and
viewed in the parasagittal plane, had an elongateda with longitudinal dendrites that
extended for 1,500 um in the rostrocaudal directind around 500 um mediolaterally and

contained within lamina I.

1.3.4 Projection to the periagueductal grey matter

1.3.4.1 Areas in the PAG that receive input from lamina |

It has been reported by retrograde tracing (Swedl.e1985; Lima and Coimbra, 1989),
anterograde tracing (Bernard et al., 1995) anddeomiic activation (McMahon and Wall,
1985) studies that lamina | neurons that proje¢ch&oPAG terminate mainly in the caudal
and ventral part of this region. In the rat, Li@8B) targeted different columns of the PAG
with retrograde tracers and observed that retr@gfadelling in lamina | occurred only
after injections localised to the VIPAG, and thas tlabelling occurred in the entire cord

bilaterally with contralateral predominance. Thisrminent projection to the contralateral
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side has been also reported by other researchera (&nd Coimbra, 1989). Lima and
Coimbra (1989) have reported that the strongedlliag in lamina | occurred following
injections that extended to the vIPAG. Using elgairysiological methods, McMahon and
Wall (1985) traced the areas of projection of 1@itaa | cells in rat L4 segment, and
reported that one of the main areas where thesasateyminated was the caudal and
ventral PAG. Keay et al. (1997) were able to lafmelirons in lamina | of the entire rat
spinal cord after targetting either the IPAG orAdPR with either CTb or FLM. They also
observed dense anterograde terminal labelling enctintralateral vIPAG after injecting
PHA-L into the superficial dorsal horn of the lowttoracic or lumbar segments. In
addition, a moderate amount of terminal labellirgsvobserved in the IPAG. The pattern
of projection of lamina | neurons in the upper aeal/cord in cat was more specific, as
Keay and Bandler (1992) reported that labellintamina | was mainly after injections that
were restricted to the IPAG. Interestingly, Keaykt(1997) have reported that neurons in
the IPAG receive axons from the superficial dotsain of rat thoracolumbar cord but not
from the deep neurons in this part of the cord.sThhe latter authors suggested that
lamina | input into the IPAG column offers a rouig which cutaneous stimuli initiate
distinct defensive responses. On the other harep deurons in the spinal cord transmit
stimuli from deep tissues and viscera to the viIPAbere the depressor response is
initiated. The importance of the caudal part of BA&G as a receiving zone for axons of
lamina | neurons has been also observed in thasd#louton and Holstege (1998) found
much more labelling in lamina | following injectisrthat targeted the intermediate and
caudal PAG compared to cases in which the rostfgb Rvas targeted. After making
several localised injections of HRP into the PAGL8fmonkeys, Mantyh (1982) reported
that retrograde labelling in lamina | occurred ofdiyowing involvement of the lateral part
of the PAG. On the other hand, injections that @édegl the medial part only labelled

neurons in the deep laminae and failed to yieléllady in lamina I.

As stated above, the PAG input that originates ftamina | is thought to be involved in
the activation of descending analgesic pathwaysmeScstudies in the rat have
demonstrated that spinal input from lamina | ledattivation of specific PAG columns.
For example, Keay and Bandler (1993) reported thatineous noxious stimulation
(thought to be mediated by input from superfici@rshl horn) led to increased Fos
expression in IPAG, whereas noxious stimulationrdeép neck muscles (thought to be
mediated by input from deep dorsal horn) led to &gsression mainly in VIPAG. Hylden
et al. (1986a) were able to activate some lammeurons in cat lumbosacral cord from the
midbrain (some of which were from the PAG). Thepaked that the great majority of
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these cells (92%) were nociceptive-specific, thmai@ing were wide dynamic range

neurons, and most of these cells had small reeefigids restricted to one or two toe pads.
Based on the conduction velocity of action potdsfmoduced by electrical stimulation of

the sciatic nerve, Hylden et al. reported thabbthese cells received input frond And/or

C primary afferents.

1.3.4.2 Quantitative studies

Most published quantitative studies in the rat ped estimates of numbers of spino-PAG
cells in lamina | in the lumbar cord only. Todd at (2000) estimated that there are
approximately 86 such cells on the contralatedd sif the L3 segment. Spike et al. (2003)
concluded that the number of these cells on thér@ateral side of the L4 segment was
117 cells. Li et al. (1998) reported that there evbfi. spino-PAG cells in lamina | per
800 um in the C7 segment and 42 such cells in bwelver, these data were obtained
from one rat only. Thorough quantification of spiR8G cells in lamina | at cervical
levels in the rat has not been carried out prelyousherefore, one of the aims of this
study is to provide an estimation of these cellthancervical enlargement using a standard

counting method.

Studies in cat reported that there are up to 1Jag8na | spino-PAG neurons on the
contralateral side in the entire spinal cord, amm$thof these cells were concentrated in the
cervical and lumbosacral enlargements: 260 celtkenC5-8 segments and 295 such cells
in L5-S1 (Mouton and Holstege, 1998). In a moreengécstudy, Klop et al. (2005b)
estimated the total number of lamina | spino-PA@scen the contralateral side of cat
spinal cord, and reported that these cells wetdgisas 2,784 cells in one case. In one of
the cats in the latter study, the authors estimttatithere were ~60 spino-PAG lamina |
cells in the C7 segment and ~50 such cells in theségment. There are apparently no

quantitative studies of spino-PAG cells in lamina the monkey.

1.3.4.3 Morphological studies

Few studies have analysed the morphology of larmispino-PAG cells in horizontal
sections. One of these was carried out by LimaGwichbra (1989) who have reported that
lamina | spino-PAG cells in rat cervical and lumb@ord were either pyramidal or
fusiform. They reported that fusiform cells weregwminantly located in the lateral third
of the lamina, whereas pyramidal cells were pred@oughout its mediolateral extent. In

transverse sections, Lima and Coimbra observedsttrae pyramidal cells had a dorsal
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dendrite that emerged from the apical pole and frachwithin the dorsal white matter.
Spike et al. (2003) analysed the morphology of temi spino-PAG cells in horizontal
sections of the L3 segments in six rats. They failwatl multipolar cells were slightly more
common (39%) than pyramidal (28%) or fusiform (27@gJls. Yezierski and Mendez
(1991) have analysed the morphology of lamina Iroes labelled from large tracer
injections into the midbrain in rat (i.e. not ondpino-PAG cells). This analysis was
performed on transverse sections, which are nat e morphological analysis, and they
reported that the cell bodies were of four majgrets; round, fusiform, pyramidal and
multipolar. Cells with dorsally- or ventrally-diresd dendrites were also observed. Keay et
al. (1997) briefly referred to the shape of lamiiispino-PAG cells in transverse sections as
small round or medium-sized oval cells with occaaloelongated "Waldeyer-like"
neurons. Similar observations have been also regpdng Menétrey et al. (1982) and Swett
et al. (1985). Hylden et al. (1986a) intracellufastained some lamina | neurons, which
were activated from midbrain (some of which werévated from the PAG), in sagittal
sections of lumbosacral cord in cat, and reported the morphology of these included
smooth and spiny pyramidal, as well as compact mede multipolar types. Their
illustrations showed that some of the cells wersifftum with elongated rostrocaudal

dendritic trees.

1.3.5 Collateralisation of lamina | projection neurons

Many lamina | neurons were found to send projestitnmore than one brain area in the
rat (Kevetter and Willis, 1983; McMahon and WalB8b; Liu, 1986; Harmann et al.,
1988; Hylden et al., 1989; Bice and Beal, 1997aké&pt al., 2003; Zhang et al., 2006), cat
(Hylden et al.,, 1985, 1986a; Light et al., 1993)d amonkey (Zhang et al.,, 1990).
Collateralisation of lamina | neurons into the L&t thalamus was initially demonstrated
in the cat by antidromic activation of single lamihneurons from both areas (Hylden et
al., 1985, 1986a). Light et al. (1993) confirmed tlast observation. Collateralisation was
demonstrated anatomically in the rat by Hyldenle{1®89) who injected Fluorogold into
the lateral thalamus and FLM into the LPb of themeaside. These authors reported that
84-88% of lamina | spinothalamic neurons in thevioal and lumbar cord were also
labelled from the LPb. On the other hand, Hyldealeteported that 31-34% of lamina |
spinoparabrachial neurons in the lumbar and cdrwoed were also labelled from the
thalamus. However, the study by Hylden et al. (3988ght have underestimated the
proportion of double-labelling in the spinothalanmeurons because of the very small

injection sites in the LPb. Therefore, one of thgotives of the present study is to analyse
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the dual projection of lamina | neurons in bothaegéments to the thalamus and LPb after
filling the LPb nucleus with tracer substance.

Another pattern of collateralisation in rat has rbdeund in lamina | cells that were
labelled from the CVLM, LPb and PAG. Spike et &0@3) found that 80% of lamina |
neurons that were labelled from the CVLM were dtamd to project to the LPb and vice
versa, and more than 90% of spino-PAG cells wese #belled from either LPb or
CVLM. Therefore, it has been suggested that theasspPIAG cells constitute a subset of the
spinoparabrachial population (Spike et al., 20B88e and Beal (1997a) reported that 95%
of lamina | spinomedullary neurons in rat lumbardchad connections with rostral brain
centres (midbrain and/or thalamus). However, Kevesind Willis (1983) reported that
very few double-labelled cells were seen in lanlifialowing injections that targeted the
thalamus and medullary reticular formation (inchgliCVLM, central nucleus of the
medulla or nucleus paragigantocellularis laterafighe rat.

Collateral branches from single lamina | neurongewalso reported to terminate in
multiple thalamic nuclei. This last observation wadsmonstrated anatomically in rat
cervical cord (Kevetter and Willis, 1983), and pbiagically by recording from single

cervical spinothalamic neurons after antidromimstation of terminals in three thalamic
nuclei in rat (VPL, Po and dorsomedial nucleus)aiinet al., 2006).

Retrograde double-labelling studies in rat haveashthat some lamina | neurons project
to both PAG and thalamus (Liu, 1986; Harmann ¢t1&88). Liu (1986) observed a few
double-labelled neurons in lamina |, but did nqtare the proportion of labelled cells that
contained both tracers. Harmann et al. (1988) tedothat double-labelled neurons
represented only ~10% of the spino-PAG populatiwh lass than 5% of the spinothalamic
population in lamina | at cervical and lumbar levdt is very likely that these two studies
have underestimated the proportion of double labedells since the thalamic injection
sites in Liu (1986) were small, and Harmann et(3888) reported that they targetted
mainly the ventrobasal complex and did not incltiieecaudal part of the thalamus in their
injection sites. Therefore, one of the objectivéshe present study is to investigate the
magnitude of collateralisation of lamina | neuran® the thalamus and PAG in both

enlargements, taking into consideration all possibdlamic targets for lamina | neurons.

However, apart from some evidence from physioldgstadies mentioned above, this

feature of collateralisation of lamina | projectioreurons has not been documented
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anatomically in the cat. Andrew et al. (2003) fdil®® demonstrate an overlap between
lamina | neurons that projected to the thalamus\ardrolateral medulla. These authors
reported that lamina | spinothalamic populationdifferent from the spinomedullary
population and that the former group is locatedsdbto the latter in lamina I. However,
collateral branches from single lamina | neuronseweported to terminate in medial and
lateral thalamic nuclei in the cat (Craig et aP8%b). Hylden et al. (1986a) have also
reported activation of three cells in cat lumboahdamina | from medial and lateral

thalamic nuclei.

This feature of collateral projection of lamina eumons has not been investigated
thoroughly in the monkey. One study was carried bytZhang et al. (1990), who
investigated the collateral projection of laminadurons to the thalamus and PAG, and

found some double-labelled cells in this lamina.

1.4 Laminae Ill and IV: the large NK1r-immuno-
reactive neurons

1.4.1 General description

Lamina Il corresponds to the dorsal part of theleus proprius and runs ventral and
parallel to lamina Il (Rexed, 1952, 1954). It consaa variety of neurons of different sizes
and many of these possess rostrocaudally-orienéedriic trees (Grant and Koerber,
2004). Lamina IV occupies a region ventral to laanli and some authors refer to this
lamina as forming the base of the head of the bma (Grant and Koerber, 2004). In the
rat, lamina IV curves ventrally along the mediatder of the dorsal horn and joins lamina
IV of the opposite side in the dorsal commissursaatal and lumbar levels, but it ends at
lamina X at cervical and thoracic levels (Grant &o@rber, 2004). Cells in this lamina are
often large and loosely arranged compared to thokemina Ill. Some investigators have
described a distinct population of neurons in lameihll and IV. These neurons are large
and possess dorsally-directed dendrites that adoani the superficial laminae. Cells of
this morphological type were originally described ¢at (Szentagothai, 1964), and
thereafter found in rat (Todd, 1989; Liu et al.949Brown et al., 1995; Littlewood et al.,
1995). Indeed, the old literature has also refetoethese cells (Cajal, 1909). Schoenen
(1982) has identified cells of similar morphology human dorsal horn and referred to
these cells as "antenna-like neurons". Cells of tigpe have been also described in the
monkey (Beal and Cooper, 1978). Furthermore, Sehaibd Scheibel (1968) referred to
the parallel arrangement of some dendritic arbdrdhese neurons within lamina II,

41



allowing synaptic contact in several adjacent nplirbelds. Although the prominent
feature of these neurons is their possession &fatialendrites, ventrally-, medially- and
laterally-directed dendrites were also observedtléwood et al., 1995). Szentagothai
(1964) reported that the intimate relation of tlehly-branching dorsal dendrites of these
cells with the fine longitudinal fibre system inetlsubstantia gelatinosa is similar to the
relation of the purkinje neurons in the cerebeliartex to the molecular layer. This
similarity was also stated by Scheibel and Sche(b®68) but they mainly referred to
neurons in lamina Ill. Previous Golgi studies haegealed the presence of long and
complex spines projecting from the dorsal dendmtethese cells (Scheibel and Scheibel,
1968). The presence of such spiny arborisatiorteefiorsal dendrites within the primary
afferent rich-lamina Il has led to the suggestioat these dendrites have ample chance of
forming synapses with the primary axon terminalghis lamina (Szentagothai, 1964).
This suggestion was confirmed by Todd (1989) whatieeed two or three dorsal roots in
rat and observed synapses between the degenepatimary afferent fibres and the dorsal
dendrites of such cells in laminae Il and Ill. Hweg Todd (1989) has found that most of
the synapses that were observed in his study veeneefl with non-degenerating axonal
elements, an observation that led him to suggestptesence of another source for the
presynaptic elements for these dorsal dendritestefbre, it has been proposed that these
cells form part of the circuitry by which input frofine primary afferents reaches the
deeper laminae of the dorsal horn (Todd, 1989)s8abent investigations have shown that
some cells of this type express the NK1 receptau @t al., 1994; Brown et al., 1995;
Littlewood et al., 1995), and constitute a subgahe NK1r expressing neurons in these
laminae. Todd et al. (1998) have reported that radolil% of lamina Il neurons and
approximately 28% of those in lamina IV were immrgaxtive to the NK1r in the rat, but
the population of large NK1r-immunoreactive neurow#h long dorsal dendrites
represents approximately 0.1% of all neurons initanhll, since it has been estimated that
there are 21,928 of these cells on each side ih4hgegment (Polgar et al., 2004). Based
on the dendritic arborisation of the NK1r-immunat®ze neurons in rat dorsal horn,
Brown et al. (1995) described four types of theséscthe first two probably correspond to
those described above. The first type usually ifledtin lamina Ill and had a large
pyramidal cell body with up to 300 um long dorsaliyected dendrites. The second type
was multipolar with widespread primary dendritesstributed dorsoventrally and
mediolaterally. The third and fourth types wereatigely small and present all over the
dorsal horn, and did not possess prominent dorsadritic arborisation. According to
Brown et al. (1995), these NK1r-immunoreactive negrwere best seen in the lumbar and

sacral cord and very rarely observed in the cehacahoracic cord. In contrast, bipolar
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(fusiform) cell bodies with ventrally- and dorsatlyrected dendrites predominated in the

cervical cord.

Attempts to quantify the large NK1r-immunoreactikanina IlI/IV neurons with long
dorsal dendrites in rat lumbar cord revealed thate are approximately 20 of these cells
on each side of the L4 segment (Todd et al., 20R8jports that quantify these neurons in
the cervical cord are still lacking in the litereguTherefore, two of the aims of the present
study are to count these neurons in the cervidargement and to see whether they differ
from those in the lumbar cord in terms of their tnemand location within laminae I
and V.

1.4.2 Role in nociception

Several lines of evidence indicate that the largediNmmunoreactive neurons with long
dorsal dendrites in laminae Il and IV are involvad pain mechanisms. It has been
reported that these neurons in rat lumbar cord welectively innervated by substance P-
containing primary afferents on both their cell lmsdand dendrites, with higher frequency
of contact on the dorsally-directed ones (Naiml.etl&®97; Todd et al., 2000). On the other
hand, these neurons were demonstrated to receiwedetacts from C fibres that did not
contain neuropeptides (Naim et al., 1998; Sakarab#d., 1999). In a recent study, Todd et
al. (2009) found that the dendritic plasma membrahehese cells possess numerous
synapses that contained the GIuR2 and GluR4 suuwiitthe AMPA ¢-Amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) recepfbhis last observation indicates that
the lamina 11I/IV NK1r-immunoreactive neurons hawe high density of excitatory
synapses on their dendritic trees. Some studiege Baown that neurons of this type
responded to noxious chemical stimuli: Mantyh et(4B95) and Honoré et al. (1999)
showed internalisation of the NK1r in the dorsahdiges after injection of capsaicin (the
former study) or formalin (the latter study) inteetipsilateral hindpaw of rats. Moreover,
internalisation of the NK1r in the dorsal dendritefsthese neurons has been shown
following mechanical and thermal stimuli (Polgaraét 2007a). The demonstration of the
phosphorylation of ERK after mechanical, thermal ahemical noxious stimuli indicates
that these cells respond to a wide variety of nexionformation (Polgar et al., 2007a).
Furthermore, it has been suggested that theseeareitsde for the intensity of the noxious
stimulation, because Mantyh et al. (1995) repothed acute noxious stimulation led to
NK1r internalisation only in the distal dendriteghile inflammation or sectioning of the
peripheral nerve led to internalisation of the ptoein the proximal dendrites as well as in
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the cell body (Abbadie et al., 1997; Allen et 4B99). Expression of Fos in these cells has
been also reported following various types of nasgicstimulation (Doyle and Hunt,

1999a), and following graded intensities of cutarsecooling (Doyle and Hunt, 1999b).

The large NK1r-immunoreactive neurons in lamindeatid IV have been shown to be a
target for axons that contain both neuropeptid®&®Y) and GABA that are likely to arise
from local inhibitory interneurons (Polgar et d@999). Interestingly, the NPY contacts
were present mainly on the cell bodies and theipralxparts of the dendrites, whereas
those from substance P-containing afferents wereeamdrated on the distal dendrites.
These neurons have been also shown to be innervgteerotonin-containing axons from
the medulla (Stewart and Maxwell, 2000). The |astigthors demonstrated that almost half
of the large NK1r-immunoreactive lamina Ill/IV newms with long dorsal dendrites in rat
lumbar cord received a substantial number of cesthom serotonin-containing axons,
and that some of these formed basket-like arrangeareund the cell bodies and proximal
dendrites. Stewart and Maxwell (2000) suggestetittiese serotoninergic contacts might

have a role in anti-nociceptive mechanisms.

1.4.3 Projection targets

Retrograde tracing studies in the rat have dematestithat virtually all of the large lamina
[II/IV NKZ1r-immunoreactive neurons with long dorsdendrites in lumbar cord were
labelled from the CVLM, many also projected to ttfeb and only few projected to the
PAG (Todd et al., 2000). Todd et al. (2000) algworéed that about 27% of neurons of this
type were retrogradely labelled from injectionittie contralateral dorsal caudal medulla
(dorsal reticular nucleus and nucleus of the sglitaact). Previous studies have also
shown that some cells of this type in the lumbadagarojected to the thalamus, but the
proportion of these cells that belong to the spiata@mic tract was not reported (Marshall
et al., 1996; Naim et al., 1997). It has been damnted that neurons of this type in the rat
do not belong to the postsynaptic dorsal colummyay (Polgar et al., 1999; Palecek et
al., 2003). Nothing is yet known about the progetpatterns of cells of this type in the
cervical cord. Therefore one of the aims of thiglgtis to determine the proportion of cells
in this population in cervical and lumbar enlargeisethat project to the thalamus. A
further analysis on this thalamic projection is athby targetting the PoT with one tracer
and other parts of the thalamus with another tratesrder to test whether these cells
project to both of these regions or only to on¢heim. It is possible that some cells of this

type send collateral projections to more than ampeaspinal target, but this feature has not
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been investigated before. The present study thereims to address this issue by injecting
tracer substance into two brain regions (thalammg either the LPb or PAG), and

document whether these cells, in both enlargemesatsgd collaterals to more than one
brain target. Shedding light on the projection grattof these cells would improve the
current knowledge about their role in nociceptivectranisms.

A neuronal population of similar morphology to thleove described group has been also
identified in laminae Il and IV of rat dorsal ho(Rolgar et al., 2007b). However, these
neurons do not express the NK1r, are not labelledn fthe CVLM and receive a
significantly fewer contacts from substance P-cioimtg primary afferents. Thus, it has
been suggested that these neurons play a difféoectional role compared to those

expressing the NK1 receptor.

45



1.5 Objectives of the study

In summary, the objectives of the present study are

1.5.1 Objectives related to lamina | neurons

1.

To investigate the projection of lamina | neuroms the cervical and lumbar

enlargements to the thalamus (including the PoTeusg.

To estimate the proportion of the lamina | neurornhe C7 segment that belong to the

spinothalamic tract.

To provide an estimate of the number of laminaihgparabrachial and spino-PAG

cells in the C7 segment.

To investigate the extent of collateralisation arinina | spinothalamic neurons, in the

cervical and lumbar enlargements, to the LPb an@ PA

To compare the morphology and the NK1r expressiolaraina | spinothalamic and

spinoparabrachial neurons in both enlargements.

To quantify the large gephyrin-coated cells in ¢tieevical enlargement and investigate

the projection targets of these cells in both e@arents.

1.5.2 Objectives related to lamina [I/IV NK1lr-immunore-

active neurons

To quantify the large NK1r-immunoreactive lamin&I\l neurons in the cervical
enlargement and to see whether they differ fronse¢hia the lumbar cord in terms of
their number and location within laminae Il and IV

To investigate the thalamic projections of thedis ¢e both enlargements.

To determine whether the cervical population oktheeurons project to the LPb or
PAG, and whether cells in either enlargement setidterals to more than one brain
target (thalamus, LPb and PAG).
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Chapter 2
Materials and Methods



2.1 Investigation of projection of neurons in
laminae I, Il and IV to the PoT of the thalamus

2.1.1 Animals and experimental procedure

All experiments were approved by the Ethical Revleracess Applications Panel of the
University of Glasgow, and were performed in aceoak with the UK Animals
(Scientific Procedures) Act 1986.

Twenty-five adult male Wistar rats were used irs theries of experiments (240-330 g;
Harlan, Loughborough, UK). Rats were anesthetize#ld ketamine and xylazine (73.3 and
7.3 mg/kg i.p., respectively) or with a volatile amsthetic (halothane or isofluorane;
1.5-4%) in a mixture of oxygen and nitrous oxidéey were placed on a heating pad to
maintain normal body temperature with the headdfixea stereotaxic frame. Vaseline was
placed on each eye in order to prevent drying ef ¢brnea. In those cases in which
halothane or isofluorane were used, the anaesthetsc administered through a mask
attached to the frame. For the rats anesthetizéd keitamine and xylazine, these drugs
were supplemented as necessary. The level of &asesttvas monitored throughout the
operation by applying a gentle pressure on the gandand checking the withdrawal
reflex. Under aseptic techniques, skin of the haradl underlying fascia were incised and
reflected laterally. The point on the skull thateday the intended injection site was
determined (with reference to atlas of Paxinos \fadson, 2005) and then a craniotomy
was performed using a fine drill. Occasional blagdrom bone was stopped by applying
a gentle pressure or by cauterization. Each ragived injections of one or two of the
following tracers into the left thalamus: 1% CThigi8a, Poole, UK), 4% Fluorogold
(Fluorochrome Inc, Englewood, CO, USA) or rhodardaieelled fluorescent latex
microspheres (undiluted, Lumafluor Corp., Naplels, BSA). All injections were made
under pressure through glass micropipettes. Thettpipvas left in place for five minutes
after each injection in order to minimize the legd&af tracer substance back up the track.
In those cases in which two tracers were injectedjfferent pipette was used for each
tracer. Four different injection strategies weredig1) injection of Fluorogold into all of
the thalamic nuclei that are known to receive mtiges from superficial dorsal horn
neurons, including PoT (experiments Thal 1-5),ii@ction of CTb or Fluorogold into the
PoT (PoT 1-10), (3) injection of CTb into the Pofidaof Fluorogold into other thalamic
areas known to receive projections from superfid@isal horn neurons (double injection,
DI 1-7), and (4) injection of fluorescent latex muspheresnto PoT (FLM 1-3). The

experiments with fluorescent latex microspheresewmrformed as these show very little
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spread (resulting in restricted injection sites)l ame not taken up by undamaged fibres
(Katz et al., 1984). Details of the tracer(s) usepction coordinates and volumes injected
in each experiment are given in Tables 2-1, 2-3, @xd 2-4. After completion of the
injection procedure, the wound was sutured witlodirble stitches, and an analgesic drug
(carprofen; 5mg/Kg; s.c.) was administered. Postipely, the rats were kept under

observation, and all made uneventful recovery feoraesthesia.

2.1.2 Perfusion and tissue processing

After a survival period of three days, all rats vee-anesthetized with pentobarbitone
(300 mg, i.p.) and perfused intracardially with gen's solution for five seconds, followed
by one litre of freshly depolymerized 4% formalddayin 0.1 M phosphate buffer (PB),
PH 7.4. The selection of three-day survival for thes was based on previous findings in
this laboratory that perfusing rats more than tli@gs after the injection of tracer does not
lead to a significant increase in the number ofrdteogradely labelled cells. Immediately
after completion of the perfusion process, the skithe back was incised in the midline
along the entire length of the vertebral columne Plaraspinal muscles were removed and
in this way the vertebral column was exposed. Usi@ir of fine rongeurs, laminectomy
of all vertebrae was performed and the entire $pined within the dural sac was then
visible. Using a fine curved blade, the dura matas incised in the midline and reflected
laterally exposing the dorsal roots of the spinatves. Identification of the cervical
segments was done by first identifying the dorsatlets of the first cervical nerve, which
are visible just below the junction of the spinata with the medulla oblongata, and then
the following cervical nerves were identified fraabove downwards. The dorsal roots of
the C6 and C7 nerves were freed from their cormedipg ganglia at the intervertebral
foramina and lifted up to their origin at the capending segments. The left dorsal roots
were kept longer than the right in order to identifie two sides of the segments at
subsequent stages. Using a fine straight bladeCéhand C7 segments were separated by
making a sharp cut just underneath the caudalnarsatrootlets of the relevant segment.
In the case of the lumbar cord, the dorsal roothef T13 nerve was first identified by
following it from its ganglion located in the intartebral foramen just beneath the last rib.
In this way, the first and subsequent lumbar doi@atls were identified. The procedures of
separating the roots from the ganglia, tracing thgnto the corresponding segments and
separation of the L4 and L5 segments were donkersame way as that described for the
cervical cord. After removal of the segments conedr these were kept in the same
fixative and stored at 4C for 24 hours. In order to remove the brain, tkie sf the head

was incised in the midline and reflected laterdllging a bone rongeurs, the bones of the
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Table 2-1. Details of tracer injections for Thal experiments

Injection coordinates (mm) Targetted
Exp FG . -
AP* DV** ML*** thalamic nuclei

Thal 1 100 nl 3.0 3.8 25 PoT (caudal part
100 nl 3.8 3.8 2.5 PoT (rostral part)
100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 6.8 4.0 3.0 VPL

Thal 2 100 nl 3.0 3.8 2.5 PoT (caudal part
100 nl 3.8 3.8 2.5 PoT (rostral part)
100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 6.8 4.0 3.0 VPL
100 nl 5.8 4.6 1.0 MD+CL

Thal 3 100 nl 3.0 3.8 2.5 PoT (caudal part
100 nl 3.8 3.8 2.5 PoT (rostral part)
100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 6.8 4.0 3.0 VPL
100 nl 5.8 4.6 1.0 MD+CL

Thal 4 100 nl 3.0 3.8 2.5 PoT (caudal part
100 nl 3.8 3.8 2.5 PoT (rostral part)
100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 6.8 4.0 3.0 VPL
100 nl 5.8 4.6 1.0 MD+CL

Thal 5 100 nl 3.0 3.8 2.5 PoT (caudal part
100 nl 3.8 3.8 2.5 PoT (rostral part)
100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 5.8 4.6 1.0 MD+CL

This table shows the approximate volumes and nusntieFluorogold (FG) injections that
were targetted on different thalamic nuclei (lasiumn). The coordinates of each injection
(according to Paxinos and Watson, 2005) are predesfposite to the volume injected. For
definition of thalamic nuclei, refer to list of al@dviations (pages xii-xiii).

* AP, anteroposterior coordinates, all values anteror to the interaural plane

**DV, dorsoventral coordinates

***ML, mediolateral coordinates
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Table 2-2. Details of tracer injections for POT experiments

Injection coordinates (mm)
Exp CTb FG

AP DV ML

PoT 1 250 nl 3.7 3.8 2.5
PoT 2 100 nl 3.0 3.8 2.5
PoT 3 100 nl 3.0 3.8 2.5
100 nl 3.8 3.8 2.5

PoT 4 100 nl 3.0 3.8 2.5
100 nl 3.8 3.8 2.5

PoT 5 100 nl 3.0 3.8 2.5
PoT 6 50 nl 3.4 3.8 2.5
PoT 7 | 200nl 3.2 3.8 2.5
PoT 8 | 200 nl 3.0 3.8 2.5
PoT 9 50 nl 3.5 3.8 2.5
PoT 10| 50nl 3.5 3.8 2.5

This table shows the type and approximate voluniésacers used in each experiment. The
coordinates of each injection that was targettedhenPoT nucleus (according to Paxinos
and Watson, 2005) are shown opposite to the voloiieacer injected. Abbreviations as in
Table 2-1.
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Table 2-3. Details of tracer injections for DI experiments

Injection coordinates (mm) Targetted
Exp CTb FG AP DV ML thalamic nuclei
DI 1 100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 5.8 4.6 1.0 MD+CL
200 nl 3.0 3.8 2.5 PoT
DI 2 100 nl 5.0 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 5.8 4.6 1.0 MD+CL
200 nl 3.0 3.8 2.5 PoT
DI 3 100 nl 5.0 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 5.8 4.6 1.0 MD+CL
200 nl 3.0 3.8 2.5 PoT
DI 4 100 nl 5.0 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 5.8 4.6 1.0 MD+CL
200 nl 3.0 3.8 2.5 PoT
DI 5 100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 55 3.2 1.0 MD+CL
100 nl 5.5 4.6 1.0 MD+CL
100 nl 6.5 4.0 2.8 VPL+Po
100 nl 6.5 3.8 1.2 MD+CL
200 nl 3.0 3.8 2.5 PoT
DI 6 100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+PoO
100 nl 55 3.2 1.0 MD+CL
100 nl 5.5 4.6 1.0 MD+CL
100 nl 6.5 4.0 2.8 VPL+Po
100 nl 6.5 3.8 1.2 MD+CL
200 nl 3.0 3.8 2.5 PoT
DI 7 100 nl 4.8 4.0 3.0 VPL+Po+VPPC
100 nl 5.8 4.0 3.0 VPL+Po
100 nl 55 3.2 1.0 MD+CL
100 nl 5.5 4.6 1.0 MD+CL
100 nl 6.5 4.0 2.8 VPL+Po
100 nl 6.5 3.8 1.2 MD+CL
200 nl 3.0 3.8 2.5 PoT

This table shows the type and approximate voluniésacers used in each experiment. The
coordinates of each injection (according to Paxerag Watson, 2005) are shown opposite to
the volume of tracer injected. In each case, CTé tamyetted on PoT, while FG was injected

into other thalamic nuclei as presented in thedakimn. Abbreviations as in Table 2-1.
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Table 2-4. Details of tracer injections for FLM experiments

Injection coordinates (mm)
Exp FLM

AP DV ML

FLM 1 50 nl 3.2 3.8 2.5
FLM 2 50 nl 3.2 3.8 2.7
50 nl 3.6 3.8 2.7
FLM 3 50 nl 3.2 3.8 2.6
50 nl 3.5 3.8 2.6

This table shows the approximate volumes and nusndfdtuorescent latex microspheres
(FLM) injections that were targetted on PoT nuclegusach case. The coordinates of each
injection (according to Paxinos and Watson, 200&)saown opposite to the volume

injected. Abbreviations as in Table 2-1.
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cranium were cut and removed. A sharp cut was thahe at the junction of the brainstem
with the spinal cord, and the brain was genthedfup, placed in 30% sucrose in fixative

(for cryoprotection) and stored af@ overnight.

In order to measure the length of the C7 segmhig,was photographeith situ in three

experiments (DI 5, DI 6 and FLM 3) and the distabhetveen the most rostral and caudal
rootlets of the C7 dorsal roots was determined. Tergyth of the C7 segment was
measured in order to estimate the total nhumberpofoshalamic neurons in the entire

segment.

On the following day, the brain was cut into 100 thimek coronal sections using a freezing
microtome. Brains from animals that had receivgéciions of CTb (with or without
Fluorogold) were cut into five complete series aadtions from at least one of these series
were reacted with an immunoperoxidase method tealethe spread of CTh. The sections
were incubated for three days in goat antiserunmag&Tb (List Biological Laboratories,
Campbell, CA, USA; diluted 1:50,000), then rinsdet times with phosphate-buffered
saline that contained 0.3 M NaCl (PBS). After thattions were reacted overnight with
biotinylated antigoat IgG (Jackson ImmunoReseaktlest Grove, PA; diluted 1:500).
Thereatfter, three (10 min each) PBS rinses weroimeed and sections were reacted for
3-4 h with streptavidin-horseradish peroxidaserf&igdiluted in PBS, 1:1000). Peroxidase
activity was revealed with 0.025 M diaminobenzidinghe presence of 0.001Bfdrogen
peroxide. Sections were then extensively rinseBBn mounted on gelatinized slides and
air dried. On the following day, the sections wensed in water, dehydrated in ascending
grades of alcohol, cleared in Histo-Clear, mount&ti Histomount and coverslipped. All
remaining sections from animals that had receivgections of Fluorogold in addition to
CTb were mounted directly on slides with anti-fagdeedium (Vectashield, Vector
laboratories, Peterborough, UK) for detection ofudfbgold with epi-fluorescent
illumination and an UV filter set. All sections thugh the injection sites from animals that
had received only Fluorogold or FLM were mounted serial order. Those from
Fluorogold-injected rats were mounted with Vectakhiand viewed with UV epi-
fluorescence, while sections from animals that iv@ceinjections of FLM were mounted
in Gel-Mount medium (Sigma-Aldrich, Poole, Dorsefls beads are sensitive to the
glycerol, and viewed with bright- and dark-fieldurhination. In all cases the spread of
tracer from the injection sites was plotted ontawdngs of the thalamus (Paxinos and
Watson, 2005), and representative examples weregtaphed.
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The C7 and L4 spinal cord segments from all aningagsart from those that received
injections of FLM) were used to estimate the nurabar retrogradely labelled cells in
lamina I. Sections from the C7 segments from faats (Thal 2-5) were also used to
determine the proportion of lamina | cells thatdmgjed to the spinothalamic tract. The
segments were initially notched on the left sidehsd the two sides could subsequently be
distinguished, and were cut into @@ thick transverse sections with a Vibratome. The
sections were then rinsed three times with PB, thed treated with 50% ethanol for
30 min to enhance antibody penetration (Llewellyni8 and Minson, 1992).
Subsequently, sections were rinsed three timesRB&. Thereafter, sections were reacted
immunocytochemically to reveal neuronal nuclei, tifaeer(s) and, in some cases, the NK1
receptor. Sections were incubated free-floatingd atC for three days in one of the
following antibody combinations: (1) mouse monoelbrantibody NeuN (against a
neuronal nuclear protein, Millipore, Watford, UK|uded 1:1000), goat anti-CTb (1:5000)
and rabbit anti-NK1r (Sigma-Aldrich, 1:10,000) (expnents PoT 1 and PoT 7-10); (2)
NeuN, guinea-pig anti-Fluorogold (Protos BiotechrifcoNew York, USA, 1:500) and
rabbit anti-NK1r (experiments Thal 2-5 and PoT 4-&) (3) NeuN, goat anti-CTb and
guinea-pig anti-Fluorogold (experiments DI 1-7)eTdections were then rinsed three times
with PBS and incubated overnight at 4 °C in spespcific secondary antibodies that
were raised in donkey and conjugated to either 288 (Invitrogen, Paisley, UK; 1:500),
or to Rhodamine Red or Cy5 (Jackson ImmunoResedvelst Grove, PA, USA; 1:100).
Following immunostaining, some of the sections frdme C7 segment of experiments
Thal 2-5 were incubated for 30 minutes in the fesment nuclear stain 4',6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, ig/ml in phosphate-buffered saline). All antibody
solutions were made up in PBS that contained 0.8%rTX-100. All sections were then
rinsed three times with PBS, mounted in anti-fadedionm (Vectashield) and stored at
-20°C until needed.

Some of the experiments (Thal 1 and PoT 2-3) wareied out before the guinea-pig
antibody against Fluorogold was obtained. Therefgestions from these experiments
were incubated for three days in rabbit anti-Flgotd, overnight in Fab' fragment of goat
anti-rabbit IgG conjugated to rhodamine (JacksomimoResearch; 1:100), and then for
two hours in unlabelled Fab' fragment of goat aabbit IgG (Jackson ImmunoResearch,
1:20). Thereafter, sections were incubated for tlags in rabbit anti-NK1r, followed by
one day in donkey anti-rabbit IgG conjugated toxal&88. Rinsing and mounting of the
sections and storage of the slides were carried®ukescribed above. This procedure was

performed because both of the primary antibodiesewaised in the same host species
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(rabbit). If a normal (divalent) anti-rabbit secamng antibody had been used, then this
would have allowed binding of the second primaryikendy, resulting in inappropriate

labelling with the second secondary antibody. Thlee wf Rhodamine-labelled Fab'
fragment of goat anti-rabbit I9G followed by an egs of unlabelled Fab' fragment should
lead to binding to all available sites on the fipsimary antibody, and thus prevent the

unwanted binding of the second secondary antibody.

The C6 and L5 segments from all experiments weesl us analyse the large NK1r-
immunoreactive neurons in laminae Il and IV. Irdiidn, these segments were used to
count the retrogradely labelled lamina | neuronexperiments FLM 1-3. These segments
were divided into right and left halves, and oriilg right half (i.e. the side contralateral to
the injection site) was used in this study. In orteallow orientation of the sections, the
caudal ventral region of each block was notched,than these were cut with a Vibratome
into 60 um thick parasagittal sections (ft thick for experiments FLM 2-3). In order to
enable mounting of the sections in serial ordeg, ¢htting was made into three serial
bottles, but all bottles were processed in the samg. The sections were rinsed and
treated with 50% alcohol as described above fotrdmesverse sections except in the cases
of experiments FLM 1-3 when alcohol was not usethasscauses loss of the fluorescence
of beads. The sections were reacted to reveal NKTIh and/or Fluorogold (when these
had been injected), and in some cases, NeuN. 8scivere incubated for three days at
4 °C in one of the following antibody combinatior{d) rabbit anti-NK1r and goat anti-
CTb (experiments PoT 1 and PoT 7-10); (2) rabbit-ldK1r and guinea-pig anti-
Fluorogold (experiments Thal 2-5 and PoT 4-6); rébit anti-NK1r, goat anti-CTb and
guinea-pig anti-Fluorogold (experiments DI 1-7); @) rabbit anti-NK1r and NeuN
(FLM 1-3). After rinsing, sections were incubatedemight at 4 °C in species-specific
secondary antibodies that were raised in donkeycangugated to Alexa 488, Rhodamine
Red or Cy5. Sections from experiments Thal 1 antl 28 were processed sequentially in
rabbit antibodies against Fluorogold and NK1r, asctibed above for the transverse
sections. Sections were rinsed and mounted inlsedar in Vectashield (Thal, PoT and
DI experiments) or Gel-Mount (FLM experiments) atdred at -20 °C.

2.1.3 Antibody characterization

The NK1r antibody (catalogue number S8305) wasedaim rabbit against a peptide
corresponding to amino acids 393-407 at the C-taumof the rat NK1 receptor, which
was conjugated to keyhole limpet haemocyanin. Thibady recognises a 46 kDa band in
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Western blots of rat brain extracts and this stggnis specifically abolished by
preabsorption of the antibody with the immunisirgpiide (manufacturer's specification).
It has been shown that there is no immunostainiity whis antibody in sections of
medulla and cervical spinal cord from mice in whibke NK1r has been deleted (NK)
while staining is present in sections from wild-@ymice (Ptak et al., 2002).

Goat (catalogue number 703) and guinea-pig (cat@logumber NM101) polyclonal
antibodies against CTb and Fluorogold, respectjwedre used in this study. Specificity of
each of these antibodies was shown by the lackagfisg in regions of the CNS that did
not contain neurons that had taken up and traresgppahie tracer, and by the presence of
immunostaining in populations of neurons that arevin to project to the injection sites.
The specificity of the Fluorogold antibody was aldioectly confirmed by comparing
Fluorogold fluorescence (observed with an UV filset) with that for anti-Fluorogold in
individual neurons. In all cases examined there avpsrfect match between the two types

of fluorescence.

2.1.4 Confocal microscopy and analysis

All analysis of lamina | neurons and of the largeI-immunoreactive cells in laminae IlI

and IV was performed on the right (contralateraljsdl horn.

Transverse sections from the rats that had recenjedtions of CTb and/or Fluorogold
were used to analyse the number of retrogradebllEbneurons in lamina | in C7 and L4
segments in each experiment. From each animakditbas from the C7 segments and 20
sections from the L4 segments were randomly selestel viewed with epi-fluorescence.
More sections were analysed from the L4 segmesp@®thalamic lamina | neurons were
far less numerous in this segment. All lamina Ires that were labelled with CTb and/or
Fluorogold were identified and then scanned seapignt(to avoid fluorescent bleed-
through) with a confocal laser scanning microscegeipped with a krypton-argon laser
(Bio-Rad MRC1024; Bio-Rad, Hemel Hempstead; UK)woth HeNe, red diode, blue
diode, Argon lasers (Bio-Rad Radiance 2100) throdgh (4%, 10x, 20x) and oil-
immersion (68) lenses. In order to correct for the over-countihgt results from the
presence of transected cells at the section s&faelis were only included in the sample
if their nucleus was entirely contained within tiératome section, or if part of the
nucleus was present in the first optical sectiothanz-series (corresponding to the top of

the Vibratome section); they were excluded if pdrthe nucleus was present in the last
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optical section (Spike et al., 2003). The low-mé&gation images were used to plot the
position of the cells on an outline of the dorsatrhdrawn with Neurolucida for Confocal
(MicroBrightField Inc., Colchester, VT, USA). Inithway the number of retrogradely
labelled lamina | cells that contained CTb, Fluaidgor both tracers per 6Q0m (C7) or
1,200 um (L4) was determined for each experiment. The @pprate boundaries of
lamina | were distinguished using dark-field micogy (see Results). For most of the
experiments in which a single tracer was used (2HalPoT 1, PoT 4-10), the presence or

absence of NK1r was also noted for each retrogyddbelled lamina I cell.

In order to determine the proportion of lamina urens that belonged to the spinothalamic
tract in the C7 segment, six Vibratome sectiong tmad been immunostained and
incubated in DAPI were randomly selected from fexperiments in which extensive
injections of Fluorogold had been made (Thal ZFhese sections were scanned through a
40x oil-immersion lens to reveal NeuN, NK1r, Fluorogohnd DAPI. In each case,
z-series consisting of 16 optical sections atni spacing were obtained from the entire
mediolateral extent of lamina | on the right sidéhe spinal cord. To determine the degree
of tissue shrinkage, the thickness of each seatiam measured by scanning top and
bottom surfaces at three different locations arnehtthe mean distance between these
surfaces was calculated (Polgar et al., 2004). igsvof these sections were made with
Neurolucida for Confocal, and the boundaries ofiter were identified, based on the
pattern of NK1r-immunostaining (see Results). A fficdtion of the optical disector
method (Sterio, 1984) was then used to determiméatial number of neurons peugh of
lamina I, by examining all optical sections and miing all of the neurons with nuclei that
had a bottom surface between the 3rd and 11thabsctions in the z-series (Todd et al.,
1998; Spike et al., 2003). To avoid bias, the isidn of neurons was made before the
Fluorogold-immunoreactivity was viewed. For eaclunoa that was included in the
disector sample, the presence or absence of Flolokegs then noted, and in this way the
number of spinothalamic neurons per 9 um of lanhiwas determined. The proportion of
lamina | neurons that belonged to the spinothalamaict was estimated in two different
ways. Firstly, for each rat the number of retrogigdabelled neurons in the disector
samples was divided by the total number of laminaurons in the samples, and this value
was averaged for the four rats. Secondly, the thseamples were used to estimate the
number of lamina | neurons per 6Qf in the C7 segment, and this was subsequently
compared to the numbers of retrogradely labelletida | neurons found in this segment

in the experiments in which CTb and/or Fluorogolerevinjected. In order to estimate the
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total number of lamina | neurons using this wag, fitllowing formula was used to correct

for tissue shrinkage (Polgar et al., 2004):

N = nx T-final x 600
T-cut 9

where N is the number of lamina | neurons per p@0of spinal cord, n is the number
counted in the @m disector, T-final is the thickness of the patacusection measured

after any shrinkage, and T-cut the original thidsef the section (60m).

For each of the rats that had received injectidrSTd and/or Fluorogold, the entire series
of parasagittal sections through the grey mattethefright side of both the C6 and L5
segments were used to count the number of largeriNKrhunoreactive neurons that had
cell bodies in laminae Il or IV and dorsal denesitthat could be followed into laminae |
or Il, and to determine the proportion of thesdsctat were retrogradely labelled. This
part of the analysis was not carried out for cd3@E 1 and PoT 2, as well as for L5 in the
case of DI 5, since no tissue was available froesehexperiments. Dark-field microscopy
was used to ensure that all cells had their someatdral to lamina Il. Sections were
initially viewed with epi-fluorescence through a *X0lens to identify NKI1r-
immunoreactive cell bodies in laminae Ill or IV.rFeach cell body seen, the dorsal
dendrite(s) was followed in order to check if thesg¢ered the superficial dorsal horn. For
some cells, it was possible to follow the dorsaidiges in a single section; however, in
other cases, the dendrites left the section befeaehing the superficial dorsal horn.
Therefore, these dendrites were followed in theaeaht serial section, and when
necessary, confocal microscopy was used in ordeoristruct the course of these dendrites
in two or three adjacent sections. NK1r-immunoreactells bodies were excluded if their
dorsal dendrites failed to reach lamina Il. Confengcroscopy was also used to determine
whether the cells were retrogradely labelled witfbGnd/or Fluorogold, to measure the
distance between the cell body and the overlyingalavhite matter and to ensure that cell
bodies that were cut by the Vibratome and appearedhe adjacent surfaces of serial
sections were not counted twice. During the cowbkdhe study, it was found that
retrogradely labelled lamina 11I/IV NK1r-immunorda@ neurons in the L5 segment
appeared to be more common in the medial parteofitirsal horn than in the lateral part.
In order to document this observation, all of th&Ikimmunoreactive cells in this
segment with dorsal dendrites that entered therSajpé dorsal horn were assigned into
one of two groups, medial and lateral, based orsélaion in which they were present and

if necessary, their (mediolateral) depth withintteaction. In experiments in which the
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number of these cells was even, the two groups wemgual size, while in the other

experiments the extra cell was included in therédtgroup.

For the three rats that had received injectiomfuofescent latex microspheres (FLM 1-3),
complete series of parasagittal sections throughright side of the C6 and L5 segments
were examined with epi-fluorescence through & dl-immersion lens. All retrogradely
labelled neurons in lamina I, and retrogradely lladeneurons in laminae 1l and 1V that
were NK1r-immunoreactive were identified. The ae#ls considered retrogradely labelled
if it contained five or more beads in the soma andendrites. Care was taken to avoid
double-counting by ensuring that cells at the cutage of a section were not counted on
the adjacent section. For the retrogradely labeléadina 111/1V NK1r-immunoreactive
cells, the presence or absence of dorsal dendhni@é¢ould be followed into the superficial

laminae (I-1) was determined in each case.

Figures were composed with Adobe Photoshop (vgr IhGsome cases, image brightness
and contrast were adjusted by using the levelmgett
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2.2 Investigation of collateralisation of projection
neurons in laminae |, lll and IV to the thalamus,
lateral parabrachial area and periaqueductal
grey matter

2.2.1 Animals and experimental procedure

Seven adult male Wistar rats (260-335 g; Harlaryghtnorough, UK) were used in this
part of the study. Rats were anesthetized withrkigta and xylazine (73.3 and 7.3 mg/kg
I.p., respectively) or with a volatile anaesthdisofluorane) in the same way as described
previously. Three of these rats (experiments Ph re@&ived injections of Fluorogold into
the caudal half of the thalamus, including the Pogether with an injection of CTb into
the LPb (both on the left side). The other foursréxperiments PAG 1-4) received
injections of Fluorogold targetted on the left R@§ above) and CTb into the PAG on the
left side. The PoT nucleus was targeted for thatamjections, as this is a major
termination zone for projections from the supediailorsal horn (Gauriau and Bernard,
2004a) and results from the first part of this gtadowed that injections of tracer into this
region label virtually all spinothalamic neuronslamina I, together with those in laminae
[l and IV that express the NK1 receptor (as désadiin section 3.1.1.2 in Results; Al-
Khater et al., 2008). Details of the tracers usgdgction coordinates and volumes injected
in each experiment are given in Table 2-5. Theratpee procedure and the method of
injection were the same as that described foritlse gart of the study. All animals made

an uneventful recovery from anaesthesia.

2.2.2 Perfusion and tissue processing

After a survival period of three days, all rats &ere-anesthetized and perfused
intracardially with fixative as explained abovedisen 2.1.2). Dissection of the brain and
spinal cord was also carried out as explained ptesly in section 2.1.2. Cervical (C6, C7
and C8) and Lumbar (L3, L4 and L5) spinal cord segts were stored in fixative at°@
for 24 hours, while the brain was cryoprotected3B? sucrose in fixative at 4C

overnight.

Brain regions containing thalamic injection sitegrgv cut into 100um thick coronal

sections with a freezing microtome. These were remlin serial order with anti-fade
medium and viewed with epi-fluorescent illuminatiand an UV filter set. Blocks of the
brainstem that contained the LPb or PAG injectibesswvere cut into five complete series
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Table 2-5. Details of tracer injections for Pb and PAG experiments

Injection coordinates (mm) Targetted
Exp CTb FG AP DV ML nuclei/area

Pb 1 100 nl 3.3 3.8 2.5 PoT
100 nl 4.0 3.8 2.5 | Po(caudal part

200 nl -0.4 3.2 2.1 LPb

Pb 2 100 nl 3.3 3.8 2.5 PoT
100 nl 4.0 3.8 2.5 | Po(caudal part

200 nl -0.4 3.2 2.1 LPb

Pb3 100 nl 3.3 3.8 2.5 PoT
100 nl 4.0 3.8 2.5 | Po(caudal part

200 nl -0.4 3.2 2.1 LPb

PAG 1 100 nl 3.3 3.8 2.5 PoT
100 nl 4.0 3.8 2.5 | Po(caudal part

100 nl 0.7 4.4 0.8 PAG

PAG 2 100 nl 3.3 3.8 2.5 PoT
100 nl 4.0 3.8 2.5 | Po(caudal part

100 nl 0.7 4.4 0.8 PAG

PAG 3 100 nl 3.3 3.8 2.5 PoT
100 nl 4.0 3.8 2.5 | Po(caudal part

100 nl 0.7 4.4 0.8 PAG

PAG 4 100 nl 3.3 3.8 2.5 PoT
100 nl 4.0 3.8 2.5 | Po(caudal part

100 nl 0.7 4.4 0.8 PAG

This table shows the type and approximate volum#ésicers used in each experiment. In each case,
one injection of CTb and two of Fluorogold (FG) wegiven. The coordinates of each injection
(according to Paxinos and Watson, 2005) are shqyposite to the volume of tracer injected. CTb
was targetted on LPb (in Pb 1-3) or on PAG (in PA@), while FG was targetted on the caudal
thalamus (including the PoT) in the seven casebréhations as in Table 2-1.
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of 100 um thick coronal sections using a freezingrobome. Sections from at least two of
these series were reacted with goat anti-CTb ush®y immunoperoxidase method
described above. In all cases the spread of tfemer the injection sites was plotted onto
drawings of the thalamus and brainstem (PaxinosV&atson, 2005), and representative
examples were photographed.

The C7 and L4 segments from all animals were usedount retrogradely labelled
lamina | neurons as well as the large NK1r-immuaotige neurons with long dorsal
dendrites in laminae Il and IV. In order to alloserial mounting of the sections, the
ipsilateral (left) ventral quadrants of these segim&ere notched in oblique way, and then
the segments were cut into five complete serie®0qfm thick transverse sections with a
Vibratome. Subsequently, the sections were reaotedunocytochemically in the same
way as described above (section 2.1.2) but usiegfdhowing combination of primary
antibodies: guinea-pig anti-Fluorogold, goat anfibGand rabbit anti-NK1r. Section were
reacted with species-specific secondary antibodéss described before), rinsed and

mounted in serial order in anti-fade medium andest@t -20 °C until needed.

The C6 and L5 segments from all seven rats werd tsenalyse the large gephyrin-
coated lamina | cells, and the C8 and L3, from erpents Pb 1-3 only, were used to
perform the morphological analysis of the spinahd@t and spinoparabrachial neurons in
lamina I. All of these segments were notched orcthalal part of the left side and cut into
60 um thick horizontal sections. Those from C8 BBdvere processed in the same way as
described above (for the transverse sections). Inmeytochemical processing of sections
from C6 and L5 was carried out as described preWowand using the following
combination of antibodies: guinea-pig anti-Fluoroljogoat anti-CTb and mouse
monoclonal antibody against gephyrin (mAb Bgnaptic Systems, Gottingen, Germany;
1:1000). After rinsing, sections were incubated roight in fluorescent secondary

antibodies (as above), rinsed, mounted and star&D&C.

2.2.3 Antibody characterization

The mouse monoclonal antibody against gephyrin geaerated against an extract of rat
spinal cord synaptic membranes (Pfeiffer et al.384)9and has been extensively
characterised and shown with Western Blots to lmé 93kDa peripheral membrane
protein (gephyrin) in extracts of rat brain memlas(Becker et al., 1989; Kirsch and Betz,
1993).
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Details of the other antibodies used in this pathe study were given in section 2.1.3.

2.2.4 Confocal microscopy and analysis

All analysis of lamina | neurons and of the largeI-immunoreactive cells in laminae IlI
and IV was performed on the right (contralateraljsdl horn.

Transverse sections from the C7 and L4 segmerah séven rats were used to analyse the
numbers of retrogradely labelled lamina | neurdre tontained one or both tracers. In
each case, 10 or 20 sections (an alternate sexes scanned sequentially with the
confocal microscope through dry ¢20and oil-immersion (40x) lenses. Dark-field
microscopy was used to distinguish laminar boumdaand retrogradely labelled cells
were judged to be in lamina | if they were verysedo the dorsal border of the dorsal
horn, or lay dorsal to the dark band identifiedaamina Il with dark-field microscopy. In
order to avoid over-counting of neurons, these wectuded only if the bottom of the
nucleus was present in the Vibratome section, asrited above. Spinothalamic lamina |
neurons are infrequent in the lumbar enlargementiéacribed in Results; Al-Khater et al.,
2008), and therefore 20 sections through the L4nset) were examined to count these
cells (and determine whether they were double-latiel Twenty sections were also used
to quantify spinal neurons labelled from PAG in thesegment, while 10 sections were
used for the other parts of this analysis. In they, the number of retrogradely labelled
lamina | cells that contained CTb, Fluorogold othotracers per 60@m (C7 for each
injection site, L4 for LPb injections) or per 1,200 (L4 for thalamic and PAG injections)
was determined for each experiment. The presenadsence of immunoreactivity to the
NK1r was also noted for each retrogradely labeléedina | cell identified in this part of
the analysis. In order to compare the mediolatéiatribution of spinothalamic and
spinoparabrachial neurons in lamina |, the locatiohsingle- or double-labelled neurons
in the sections analysed were plotted onto an reuttirawing of the dorsal horn with
Neurolucida for Confocal software. Lamina | wasidéd into three equal parts (medial,
middle and lateral) and the numbers of spinopacdah and spinothalamic neurons in
each part were counted. For this analysis, spitetiia neurons in the L4 segment were
analysed on 20 sections, while those in C7, togethhn spinoparabrachial neurons in

both segments, were analysed on 10 sections.

In all seven rats, the complete series of trangveestions from C7 and L4 were also used

to determine the number of NK1r-immunoreactive nagrthat had cell bodies in laminae
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[Il or IV and dorsal dendrites that could be folledvinto laminae | or Il, and to determine
the proportion of these cells that were retrognatidbelled with one or both tracers. Dark-
field microscopy was used to ensure that all os¢heells had their somata ventral to
lamina Il. Sections were initially viewed with eftiorescence through a 20x lens to
identify NK1r-immunoreactive cell bodies in lamindié or IV. In most cases it was
possible to determine with epi-fluorescence whetherdendrites of these cells entered the
superficial dorsal horn (laminae | or Il). Howeven, some cases (particularly when
dendrites had to be followed into serial sectiohg)as necessary to scan with the confocal
microscope. This was also used to determine whektgecells were retrogradely labelled
with CTb and/or Fluorogold, to measure the distaneeveen the cell bodies and the
overlying dorsal white matter and to define theediolateral location. Because it was
found that retrogradely labelled lamina 1ll/IV neans were more frequent in the medial
part of the L5 segment (see section 3.1.1.3), dhations of all of these cells in L4 were
plotted with Neurolucida for Confocal onto an ougliof the dorsal horn. A vertical line
was then drawn mid-way through the mediolateragmrixof lamina Il and the cells were
divided into two groups, those in the medial halfl dhose in the lateral half of the dorsal

horn.

For the rats that had received injections into ahmls and LPb, all of the horizontal
sections through the C8 and L3 segments that cwdaietrogradely labelled lamina |
neurons were scanned sequentially through dry (20w%) oil-immersion (40x) lenses to
reveal NK1r, CTb and Fluorogold. These scans weegl io compare the morphology and
NK1r expression of neurons that were retrogradaibelled from both thalamus and LPb
with those of neurons labelled only from LPb. le 68 segment, confocal image stacks
(1 wum z-separation) were obtained through cell bodiesl aendritic trees of all
retrogradely labelled neurons. Because a much lomerber of Fluorogold-labelled cells
was present in the L3 segment, only regions thatatoed Fluorogold-labelled cells were
scanned, but all of the retrogradely labelled ct#ikt were present in these scans were
analysed. Cells were excluded from the sampleay there very close to one surface of
the Vibratome section that substantial parts of fw@ximal dendrites (and/or cell bodies)
were not present in the section, since this madapbssible to assign them to one of the
three morphological classes. Drawings of the cetlibs and proximal dendrites of all of
the retrogradely labelled neurons included in #w@@Ee were made with Neurolucida for
Confocal software and the presence or absence bfabd Fluorogold were recorded for
each cell. The drawings were used to analyse nalmarphology and to measure soma

size. For each cell in the sample, morphology wssessed independently by two
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observers who were blind to the projection target(sd cells were provisionally allocated
to one of the following classes: multipolar, pyrdali or fusiform (Zhang et al., 1996;
Zhang and Craig, 1997). In cases of initial disagrent, the cells were re-examined and
where possible, allocated to one of these clagsesnall number of cells could not be
assigned to one of the three groups, since thewesthdeatures that were transitional
between two of the three morphological classeslenhifew could not be allocated to any
of these classes because of their atypical appeaf@inang et al., 1996; Zhang and Craig,
1997). These cells were defined as "unclassifigtie maximum cross-sectional area of
the soma of all cells was measured from projectadocal images with Neurolucida for
Confocal (Puskar et al., 2001; Polgar et al., 2082ength of NK1r-immunoreactivity on
the plasma membrane was also recorded, because ohtiation in staining intensity at
different depths of the Vibratome section a scosggtem was used (Spike et al., 2003),
and each cell was assigned a score ranging fromtrdn@)) to 1 (very weak) or O
(negative). Since the sample of spinothalamic neia the L3 segments was small (a
total of 21 cells in the three parabrachial expenis), morphology and soma size of
spinothalamic neurons from the L5 segments of tleeperiments were also analysed. In
order to allow unbiased analysis of morphology, shenothalamic cells in this segment,
together with a sample of cells labelled only frafb, were drawn and assessed by two
observers blind to their projection targets, ascdlesd above. However, only the

spinothalamic cells were included in the analysis.

For all seven rats, horizontal sections throughGBeand L5 segments were examined with
an oil-immersion (40x) lens to allow identificatiari the large gephyrin-coated lamina |

cells, and these were then scanned sequentialigvieal gephyrin, CTb and Fluorogold.

These scans were used to determine the numbee gietbhyrin-coated cells in the C6 and
L5 segments and the proportions of these that wedregradely labelled from thalamus,

LPb or PAG.

Figures were composed with Adobe Photoshop asifirgt part of the study.
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Chapter 3
Results



3.1 Investigation of projection of neurons in
laminae I, Il and IV to the PoT of thalamus
(Thal, PoT, Dl and FLM series of experiments)

3.1.1 Retrograde labelling with Fluorogold and CTb

3.1.1.1 Analysis of the injection sites

In all 22 experiments, the spread of tracer(s) withe thalamus was plotted on diagrams
from atlas of Paxinos and Watson (2005), and detdilthe injection sites in each of the

three series of experiments (Thal, PoT and Dl)paesented below. In the cases in which
Fluorogold was used, the injection site was defiagdhe dense core and the surrounding
halo, as there is no evidence that documents widfithese areas is the functional uptake

Zone.

3.1.1.1.1 Total thalamic injections (Thal 1-5)

The spread of tracer within the thalamus in eacthe$e five experiments is illustrated in
Fig. 3-1, and representative examples of photogr@phjection sites are shown in Fig.
3-2. Injection sites were successful in all fiveses with slight variations among them.
Fluorogold did not spread into the hypothalamusGRA the contralateral thalamus in any
of the experiments. The following account givesiafldescription of Fluorogold spread in

these experiments:

Thal 1: In this case, Fluorogold was targeted amiythe lateral thalamus (including the
PoT). Tracer filled the dorsal part of the latethlamic nuclei (Po and ventrobasal
complex). The PoT was included in the injectiore sipart from a small region between
interaural 3.4 and 3.6 mm. Areas surrounding th& Boch as the medial geniculate
nucleus (MG), posterior intralaminar nucleus (PHod anterior pretectal nucleus (APT)
were also included in the injection site. Littleudal extension of tracer into the superior

colliculus and rostral extension into internal adpsand striatum were also observed.

Thal 2-5: The lateral thalamus was almost compfetelluded in the injection site in these
four experiments, and the PoT was completely fillédrious parts of the MD thalamic
nucleus and some intralaminar nuclei (e.g. CL, ®€)e also included. Fluorogold also
extended to involve regions surrounding the PoT iatwml the lateral part of the superior
colliculus. At rostral levels, tracer spread imiternal capsule, and variable extension into

the striatum was observed in all cases exceptT.hal
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Figure 3-1. Injection sites for experiments Thal 1-5.

Drawings to show the spread of Fluorogold (shadesh)ain these experiments. Each
vertical column represents a single experiment,thadexperiment number is shown at the
bottom of the column. Numbers at the top left ofhe@rawing give the approximate
position of the section anterior to the interayskne. Drawings are based on those in
Paxinos and Watson (200%M, anteromedial thalamic nucleusPT, anterior pretectal
nucleus; AV, anteroventral thalamic nucleu€L, centrolateral thalamic nucleu§€M,
central medial thalamic nucleus; fasciculus retroflexus AM, interanteromedial thalamic
nucleus;ic, internal capsulelLD, laterodorsal thalamic nucleukG, lateral geniculate
nucleus;LP, lateral posterior thalamic nucleugD, mediodorsal thalamic nucleustG,
medial geniculate nucleu®C, paracentral thalamic nucleuBF, parafascicular thalamic
nucleus; PIL, posterior intralaminar thalamic nucleuBp, posterior thalamic nuclear
group; PoT, posterior thalamic nuclear group, triangular pBR, peripeduncular nucleus;
Re, reuniens thalamic nucleuBRE, retrouniens aredt, reticular thalamic nucleusub,
submedius thalamic nucleuSubB, subbrachial nucleusyA, ventral anterior thalamic
nucleus; VL, ventrolateral thalamic nucleu¥M, ventromedial thalamic nuclelgPL,
ventral posterolateral thalamic nucled#M, ventral posteromedial thalamic nucleus;

VPPC, ventral posterior thalamic nucleus, parvicellyart.
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Figure 3-2. Examples of Fluorogold injection sites in Thal experiments.

a, b: brightfield and fluorescence micrographs of aiseacfinteraural ~4.9 mm) through
part of a Fluorogold injection site showing fillingf the ventrobasal complex (from
experiment Thal 2)c, d: brightfield and fluorescence micrographs of a sec{interaural

~ 3.2 mm) through part of a Fluorogold injectiote showing filling of the PoT area (from
experiment Thal 5). Note the necrotic centreaimndb and the spread of Fluorogold

fluorescence from this region. Abbreviations aEigure 3-1 Scale bars = 1 mm.
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3.1.1.1.2 PoT injections (PoT 1-10)

The spread of tracer within the thalamus in eacthe$se 10 experiments is illustrated in
Fig. 3-3, and a representative example of a phafsged injection site is shown in Fig.
3-4. According to the atlas of Paxinos and Watsi0%), the PoT nucleus extends from
interaural 2.88 to 4.08 mm. In the present seriesxperiments, the tracer substance filled
all or most of the PoT region in most cases. Theas invariably spread of tracer into
adjacent areas like the PIL, MG and APT. Tracerrht spread into the PAG in any of

these cases.

The following account gives more detail about tipeead of the injection site in each
individual experiment. Fluorogold was used in Pa®, 2vhereas CTb was used in PoT 1
and in PoT 7-10.

PoT 1: The spread of CTb was observed betweeraunar3.4 and 4.7 mm. The caudal
part of the PoT was not included in this injectidiere was very limited extension into
adjacent nuclei, such as APT, PIL, medial part && N\MGM), caudal part of the Po
nucleus, suprageniculate thalamic nucleus (SG) iatal parts of the lateral posterior

thalamic nucleus.

PoT 2: In this experiment the apparent centre efitiection was displaced caudally; thus,
Fluorogold spread was observed from interauratd %3 mm. As a result, only the caudal
part of the PoT was included in this injection s&@&d there was extensive spread into
mesencephalic structures such as the lateral pdhteosuperior colliculus and the deep
mesencephalic nucleus. At the rostral end of tfexiion site, nearby nuclei such as APT,
MGM, PIL and SG were also partly involved.

PoT 3: This case received two injections of Fluoidaat the region of the PoT, as a result,
more rostrocaudal spread of tracer occurred. Theaspwas observed between interaural
2.3 and 6.0 mm. In addition, this injection siteswaore ventrally located than other
experiments. The PoT was included in this case;elvew because the injection was more
ventral, the dorsalmost part of PoT at interaur@l hm was not included in the tracer
spread. Structures adjacent to the PoT were alggvied, as in other experiments. At
rostral levels, the injection had a flattened pattef spread in and around the medial

lemniscus, i.e. structures ventral and dorsal ¢ontiedial lemniscus were involved: ventral
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Figure 3-3. Injection sites for experiments PoT 1-10.

Drawings to show the spread of CTb (dark shadimdjl@orogold (light shading) in these
experiments. Each column represents a single ewpatj and the experiment number is
shown at the bottom of the column. Numbers at tyeléft of each drawing give the
approximate position of the section anterior toittteraural plane. Drawings are based on
those in Paxinos and Watson (2005). Abbreviatiens &igure 3-1.
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Figure 3-4. CTb injection site in PoT experiments.

A brightfield micrographs of a section (interaurél.4 mm) through part of an injection
site of CTb that was targetted on the PoT nucléuasn(experiment PoT 7). The section

was reacted with an immunoperoxidase method toate@b. Abbreviations as in

Figure 3-1. Scale bar =1 mm.
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part of the Po and ventrobasal complex, and datsattures in the ventral thalamus like

zona incerta.

PoT 4: This case also received two injections ebFdgold. Therefore, the rostrocaudal
spread was more or less similar to that in PoT @ydver, the injection site extended
further dorsally in this experiment. The PoT wamptetely included in the injection site.
Some spread into adjacent structures was also vaasefhe prominent feature of this
injection site is the massive involvement of the rReleus as far rostrally as interaural

5.5 mm, and the ventrobasal complex as far rogtaallinteraural 5.8 mm.

PoT 5: This case received only one injection ofoFdgold, which extended from
interaural 2.5 to 4.7 mm. The PoT was entirely aomd within the injection site, and
nearby structures were also involved. The ventaatspof the Po and VPM nuclei were

also included at rostral levels of the injectiote si

PoT 6: The injection site in this experiment exeshdbetween interaural 3.1 and 5.5 mm.
Only the rostral part of the PoT (the part thakeexis between interaural 3.5 and 4.08 mm)
was included in this injection site. Fluorogoldeaxied into areas surrounding the PoT and

into the caudal part of the Po nucleus and therebasal complex.

PoT 7: CTb injection in this case was centred anrthiddle of the PoT, and thus, this
region was totally filled. Compared to cases inckhiluorogold was used, there was less
spread into adjacent structures in this experinig@atsal spread into the caudal part of the

Po nucleus was observed and this extended assfaalip as interaural 4.5 mm.

PoT 8: CTb was also used in this case, and the@dmEthe injection site was similar to

that seen in PoT 7; however, the rostral spred@Tdf in this case was less.

PoT 9: In this experiment, CTb spread between anied 2.9 and 4.8 mm. The PoT was
completely contained within the injection site agfaom the caudalmost region (between
interaural 2.8 to 3.1 mm). The Po nucleus was ialsloded in the rostral extension of the

injection site.

PoT 10: In this case, the aim was to target thezabgart of the PoT at interaural 3.9 mm,;

however, the apparent centre of the injection aeclrostral to that level, and thus, CTb
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spread included mainly the Po nucleus and VPM (eetwinteraural 3.6 and 4.8 mm). The

PoT was free from tracer spread in this experiment.

3.1.1.1.3 Double injections (DI 1-7)

The spread of tracers within the thalamus in eddhese seven experiments is illustrated
in Fig. 3-5, and representative photomicrographigjettion sites are shown in Fig. 3-6. In
this series of experiments, Fluorogold was tardettie thalamic nuclei that are known to
receive projections from lamina |, except the Pwlich was injected with CTb. The first
four cases in this series (DI 1-4) received thmgections of Fluorogold and therefore
presented some common features in the spreadsofréwer, whereas the remaining three
rats (DI 5-7) received six injections of Fluorogadohd thus tracer spread was more
extensive in these cases. In all experiments, erttlacer spread into the hypothalamus,
PAG or the contralateral thalamus. The followingamt gives a brief description of
spread of tracers in each of these seven expesnibhi-7).

DI 1: Fluorogold spread in this case was obsenetd/den interaural 3.9 and 7.6 mm. The
caudal extent of Fluorogold injection site reactiealrostral part of the PoT and there was
some overlap with the CTb injection. The Po nuclend the ventrobasal complex were
completely contained within the Fluorogold injectisite. The medial injection covered
most of the MD nucleus, as well as parts of thealaminar nuclei (CL, PC, and CM). At
the most rostral level of Fluorogold spread, slightolvement of internal capsule and
striatum was observed. CTb covered all of the oosindal extent of the PoT with some

extension into surrounding structures.

DI 2: Fluorogold spread was observed as far cay@alinteraural 4.2 mm, and did not
extend into the PoT. The rostral spread of Fluoldbgeached interaural 7.8 mm, and the
pattern of the involvement of the Po nucleus ardvbntrobasal complex was similar to
that observed in DI 1. Parts of the MD nucleus sederal intralaminar nuclei (CL, PC,
and CM) were also involved. At rostral levels, sospeead of Fluorogold was seen into
internal capsule and striatum. CTb covered thereemxtent of the PoT apart from the
region at and caudal to interaural 3.3 mm. CTb ajmead into areas adjacent to the PoT

and extended rostrally to involve the caudal pathe Po nucleus.

DI 3: The spread of Fluorogold in this experimemtalved areas in the lateral (Po and
ventrobasal complex) and medial (parts of MD artdcalaminar nuclei) thalamus. In this

case, Fluorogold extended caudally as far as umakre8.9 mm. This caudal extension
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Figure 3-5. Injection sites for experiments DI 1-7.

Drawings to show the spread of Fluorogold (ligrading) and CTb (dark shading) in these
experiments. Each vertical column represents alesiagperiment, and the experiment
number is shown at the bottom of the column. Numbgethe top left of each drawing give
the approximate position of the section anteriath®interaural plane. Drawings are based
on those in Paxinos and Watson (2005). For lalgeltifi structures shown within these

drawings, see Figure 3-1.
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Figure 3-6. Examples of CTb and Fluorogold injection sites in DI experiments.

a, a section (interaural ~3.8 mm) through an injected CTb that was targetted on the PoT
nucleus (experiment DI 1). The section was reaaii¢il an immunoperoxidase method to
reveal CTb.b,c: brightfield and fluorescence micrographs of a sect{interaural
~5.2 mm) through part of a Fluorogold injectioregiexperiment DI 7). Note the necrotic
centre and the spread of Fluorogold fluorescenom fthis region3V, 3rd ventricle;ml,

medial lemniscus; other abbreviations as in FiqaieScale bar for all parts = 1 mm.
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involved the Po nucleus, but the PoT was free framgh extension. The PoT was
completely included within the CTb injection sitend there was a very small area of
overlap between Fluorogold and CTb in the Po nw&clau interaural 4.0 mm. Some

extension of CTb into areas surrounding the PoT al&s seen.

DI 4: Compared to the other experiments, Fluorogolthis case extended to more caudal
levels (as far as interaural 3.3 mm). At the cawmdak level, the Fluorogold injection
involved mainly the MG nucleus, but it did extendoi the PoT at interaural 3.8 mm,
where it included only the lateral part of this arédhe rostral part of the PoT was
completely contained within the Fluorogold injectid’ he rostral extension of Fluorogold
was comparable to that in DI 1 and DI 2. CTb sprieadlved the entire PoT, apart from
the rostral region that was included within thedragold injection. At these rostral levels
of PoT, both tracers were present, although thexe no overlap between them. As in the

other experiments, slight extension of CTb occumgal areas adjacent to the PoT.

DI 5: Fluorogold spread was observed betweenantat 3.9 and 8.6 mm. Both medial
and lateral nuclei of the thalamus were involvethis injection site. The caudal extension
of Fluorogold involved parts of the MG and lateggniculate (LG) nuclei with no

extension into the PoT nucleus. Parts of the nedlihalamic nuclei at (and around)
interaural 5.4 mm were not involved within the Flogold injection. The internal capsule
and part of the striatum were also included in Fdgold spread. CTb completely filled the

PoT, and some extension into nearby structuresaisasobserved.

DI 6: Fluorogold spread in this case was compartabtdat in DI 5; however, Fluorogold
extended as far caudally as interaural 3.4 mm gadhat involved parts of the MG and
LG nuclei at this level with no spread into the Pdore involvement of the midline
thalamic nuclei at interaural 5.4 mm occurred is tase. CTb filled the PoT and extended

into nearby structures.

DI 7: Fluorogold almost filled the entire thalaminsa pattern similar to that observed in
DI 6, but the caudal extension of Fluorogold irstbhase reached as far as interaural 3.9
mm and mainly involved the Po nucleus. CTb fillee PoT as far caudally as interaural
3.3 mm, i.e. the injection missed the most caudal pf the PoT. Some extension of CTh

into areas adjacent to the PoT was also observed.
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3.1.1.2 Quantitative analysis of lamina | spinothalamic neurons in
the C7 and L4 segments

This part of the analysis was performed on trarsev/esections from the C7 and L4
segments from all series of experiments (Thal, FlJ,, and all data were obtained from
the contralateral (right) side. With dark-field miscopy, lamina Il can be identified as a
dark band due to the lack of myelin (Fig. 3-7ahds been previously reported that in the
L4 segment of rat spinal cord lamina | is relatwelider in the central part of the dorsal
horn, and narrower laterally and medially (Toddakt 1998). In this study, the width of
lamina | in the C7 segment (as judged by dark-fieidroscopy) was also found to be
uneven, being somewhat greater in the central mefgip to 35um) than in the lateral or
medial parts, where it was generally between 101&ndn thick. An identical pattern was
seen with the plexus of NK1r-immunoreactive demdriand cell bodies that occupies
lamina | (Fig. 3-7b). Retrogradely labelled cellsrerjudged to be in lamina | if they were
very close to the dorsal border of the dorsal horday dorsal to the dark band identified

as lamina Il with dark-field microscopy.

The distributions of the retrogradely labelled sellere generally similar across all of the
experiments in which CTb or Fluorogold were usedrasers. At both segmental levels
(C7 and L4), labelled neurons were observed innamiand scattered throughout the
deeper laminae (I11-V1) of the dorsal horn, as veallin the LSN. In addition, labelled cells
were seen in laminae VII, VIl and X, with only @stonal cells in lamina Il. However, in
the L4 segment, retrogradely labelled cells in taarliwere far less numerous than those in
the C7 segment; for example, most transverseu®0 Vibratome sections from L4
contained no labelled neurons in lamina |, whereash of these sections from C7
contained some labelled lamina | cells.

Quantitative data for the retrogradely labelledroes in lamina | were obtained from 10
randomly selected 60m thick transverse sections from the C7 segmentrama 20 such
sections from the L4 segment in each animal, aedettare shown in Tables 3-1, 3-2 and
3-3. The locations of the retrogradely labelledscel the dorsal part of the dorsal horn that
were sampled in a representative experiment arstiflted in Fig. 3-8, and examples of
labelled lamina | cells are shown in Fig. 3-9. Thean numbers of retrogradely labelled
cells in lamina | per 60@m in the C7 segment were 23.2 + 1.3 (S.D.) for @rpents
Thal 1-5 and 24.6 + 5.6 for experiments PoT 1-3gdeom PoT 10 were not included in
this part of the analysis, since the injection miod spread into the PoT). The corresponding
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Figure 3-7. Identification of lamina | in transverse sections of C7.

a: a dark-field micrograph of the C7 segment fronpesxment Thal 5. The continuous
white line outlines the grey matter, while the tdashed lines show the limits of the dark
band that corresponds to lamina Il. Note that laims wider in the central part of the
dorsal horn than in the lateral or medial pdrtghe same section scanned to reveal NK1r-
immunoreactivity. The plexus of strongly immunortae profiles that occupies lamina |
is also wider in the central part of the dorsalnhaand its dorsoventral extent closely
matches the region defined as lamina | with dagldfmicroscopy. The confocal image in

b is a projection of 6 optical sections at 4n z-spacing. Scale bar = 10M.
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Table 3-1. Quantitative data for retrogradely labelled lamina | neurons in Thal experiments

C7 L4
Exp
(cells per 60Qum) (cells per 1,20@m)

Thal 1 25 8
Thal 2 22 3
Thal 3 23 5
Thal 4 24 9
Thal 5 22 10
Mean 23.2 7

This table shows numbers of retrogradely labeldiha | cells in the experiments in
which Fluorogold injections were targetted at dialamic regions known to receive
projections from superficial dorsal horn neuromse&ch experiment, cells were counted in
10 randomly selected transverse @@ sections from the C7 segment and in 20 such

sections from the L4 segment.
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Table 3-2. Quantitative data for retrogradely labelled lamina | neurons in PoT experiments

Exp Cc7 L4
(cells per 60Qum) (cells per 1,20@m)

PoT 1 20 5
PoT 2 18 5
PoT 3 18 6
PoT 4 36 6
PoT 5 26
PoT 6 26 9
PoT 7 24 10
PoT 8 25 9
PoT 9 28 7
PoT 10 18 4
Mean* 24.6 7.1

This table shows numbers of retrogradely labeldiha | cells in the experiments in
which tracer injections were targetted on PoT. doheexperiment, cells were counted in
randomly selected 10 transverse @@ sections from the C7 segment and in 20 such
sections from the L4 segment. No data were avaifiedye the L4 segment in experiment
PoT 5.

* In experiment PoT 10, the tracer did not spredd PoT and therefore these values were
not included in the calculation of the means.
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The opposite table shows numbers of retrogradebelled lamina | cells in the
experiments in which CTb was targetted on PoT dndrbgold (FG) on other thalamic
regions known to receive projections from supeatfiodorsal horn neurons. In each
experiment, cells were counted in 10 randomly setetransverse 6fm sections from the

C7 segment and in 20 such sections from the L4 sagm

*These columns show the percentage of all retragyddbelled cells that contained CTb.
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Table 3-3. Quantitative data for retrogradely labelled lamina | neurons in DI experiments

(cells per 60Qum)

C7

(cells per 1,20@m)

L4

% with % with
Exp FG-only | CTb-only | FG+CTb total FG-only | CTb-only | FG+CTb total
CTb* CTb*
DI 1 1 9 19 97 29 1 6 3 90 10
DI 2 0 14 7 100 21 1 4 5 90 10
DI 3 0 17 5 100 22 1 6 2 89 9
Dl 4 6 2 8 63 16 3 1 7 73 11
DI5 4 5 12 81 21 1 1 2 75 4
DI 6 16 8 4 43 28 6 4 1 45 11
D17 4 1 15 80 20 6 2 2 40 10
Mean 4.4 8 10 81 22.4 2.7 3.4 3.1 72 9.3




Figure 3-8. Plots of the locations of spinothalamic tract neurons at cervical and lumbar
levels.

These drawings show the location of all retrognadithelled cells identified in the dorsal
part of the dorsal horn in the transverse sectibaswere used for quantitative analysis in
experiment Thal 1. Each symbol represents a simgleon. The two thin lines indicate the
dorsal and ventral borders of lamina II, which wedetermined from dark-field
micrographs. The drawing on the left shows thescgdlen in 10 randomly selected 60
sections through the C7 segment, while the drawmghe right represents the cells in 20

such sections from the L4 segment.
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Figure 3-9. Retrograde labelling of lamina | spinothalamic neurons with CTb and Fluorogold.

The main part of the figure shows part of lamina la transverse section from the C7
segment of experiment DI 3 immunostained to re¥&Hb (green) and Fluorogold (FG,

red). A merged image is shown on the right. Sevetabgradely labelled lamina | cells are
present in this field. Two of these (arrows) comtadth CTb and Fluorogold, while others
(two of which are indicated with arrowheads) areelied with CTb but not Fluorogold.

The inset shows a single lamina | neuron in a trarse section from the L4 segment of
experiment DI 5 that was labelled with both CTb dfdorogold. The images were

obtained from a projection of 19 (main part) or(tset) confocal optical sections apuh

z-spacing. Scale bar = 2@n.
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numbers per 1,200m for the L4 segment were 7 + 2.9 for Thal 1-5 &fd+ 2.0 for PoT
1-9 (Tables 3-1 and 3-2). In experiments DI 1-& thean numbers of cells that were
retrogradely labelled (with either tracer) per @00 in the C7 and per 1,2Q0n in the L4
segments were 22.4 £ 4.6 and 9.3 £ 2.4, respegtiMable 3-3). Comparison of these
values with those obtained in experiments Thalali8 PoT 1-9 indicates that there were
no significant differences between the numberstbgradely labelled cells found in each
series for either cervical or lumbar segments (@ag-ANOVA, P > 0.05 for C7 and L4).
Numbers of spinothalamic lamina | cells observedtlie examined sections were
extrapolated to the total number in the entire sagrby multiplying that number by length
of the segment (in micrometers) and then dividimg tesult by 600 (in the case of C7) or
1,200 (in the case of L4). The mean length of tlies€gment found in this study was 2.3
mm (range 2.2 - 2.4, n = 3), whereas that of theskgment was 2.4 mm (Polgér et al.,
2004). Therefore, the estimated total numbers wiogipalamic cells in lamina | in the C7

and L4 segments are approximately 90 and 15 ceBpectively.

In all of the DI experiments, apart from DI 6, thejority of the retrogradely labelled
lamina | cells in the C7 segment contained CTb [@&k3). In DI 2 and DI 3, most of the
cells & 66%) were only labelled with CTb, and none werby ¢abelled with Fluorogold.
Interestingly, the mean number of all Fluorogolddied cells in DI 1-7 was 14 cells per
600 um, and this number is significantly lower ththe mean number of retrogradely
labelled cells found in Thal and PoT experimen&/§0 pm) (t-test, P < 0.05). In the L4
segment, the majority of labelled lamina | cellsiteaned CTb, except in DI 6 and DI 7
(Table 3-3). More than one-third of the labelletsce DI 1-3 and DI 6 were only positive
for CTh. In DI 1-5, few cells were only labelledtviFluorogold.

For experiments Thal 2-5, PoT 1 and PoT 4-10, ¢hegradely labelled lamina | neurons
were examined for the presence of NK1 receptor. Tdstribution of NK1r-
immunoreactivity within the spinal grey matter whe same as that reported in previous
studies (Bleazard et al., 1994; Liu et al., 1994ké&ya et al., 1994; Brown et al., 1995;
Littlewood et al., 1995). As has been described.ioyet al. (1994), Mantyh et al. (1995)
and Marshall et al. (1996), the location of the inmoreactivity for the NK1r was seen on
the plasma membrane of cell bodies and dendritéeenVdata from these 12 experiments
(11 experiments in the case of L4 as there wasissnd available from PoT 5) were
pooled, it was found that 255 out of 294 (87%)avhina | spinothalamic cells in the C7
segment and 65 out of 77 (84%) of those in the egihreent were NK1r-immunoreactive
(Fig. 3-10).
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Figure 3-10. A lamina | spinothalamic neuron with NK1r.

a: a transverse section through the medial pamina I in the C7 segment of experiment
Thal 3 scanned to reveal NeuN (red) and DAPI (biNeuronal nuclei contain both NeuN
and DAPI, and therefore appear pink, while non-aeak nuclei are blud: the same field
scanned to reveal NK1r (green) and Fluorogold ({€@). The continuous and dashed lines
show the upper and lower borders of lamina |, reispaly. The arrow indicates a
retrogradely labelled neuron in lamina I, whichalso NK1r-immunoreactive. Two other
NK1r-immunoreactive neurons that are not retrogsatidelled are shown with asterisks,
and several neurons that are NK1r-negative and FEaokrogold are also present in
lamina I. The upper inset shows DAPI staining ia tlucleus of the spinothalamic neuron,
while the lower inset shows the NK1r on its surfacembrane. All images are projections

of 2 optical sections atdm z-spacing. Scale bar = gfn.
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In sections from the C7 segments of experimentd ZHa that were reacted to reveal
NeuN, NK1r and Fluorogold, and subsequently incedbah DAPI, numerous neuronal
(NeuN-positive) profiles with DAPI-labelled nucleiere visible in lamina I, and many of
these were also NK1r-immunoreactive (Fig. 3-10)thé&ligh Fluorogold-positive cells
were seen in lamina | in most sections, these wezatly outnumbered by neurons that
were not retrogradely labelled. The total numbéidamina | neurons that were included in
the 9 um thick samples obtained with the disectethad from experiments Thal 2-5
varied from 139 to 168 (mean 150, n = 4), while thenbers that were retrogradely
labelled in these samples ranged from one to sé@vean 3.5). The proportion of the
sampled lamina | neurons that were retrogradelgllath in the four experiments ranged
between 0.6-5% (mean 2.4%). Estimates of the tataiber of lamina | neurons per 600
um length of C7 (calculated according to the formuoldethods) for the four experiments
ranged from 1,028 to 1,420 (mean 1,254). The meanbers of retrogradely labelled
lamina | neurons determined for all Thal, PoT arldekperiments (excluding PoT10, as
explained above) was 23.5 per 60t (data from Tables 3-1, 3-2 and 3-3), and this
corresponds to 1.9% of the estimated total popriadf lamina | neurons.

3.1.1.3 The proportion of lamina llI/IV NK1r-immunoreactive
neurons that project to the thalamus

This part of the analysis was performed on parésagections from the contralateral side
of the C6 and L5 segments from experiments Thal B&T 3-10 and DI 1-7. In
experiment DI 5, the analysis was performed onlytissue from the C6 segmetit.has
been reported that the large NK1r-immunoreactiveiri@a 11l/IV cells with long dorsal
dendrites in lumbar spinal cord are best seen enprasagittal plane, as most of the
dendritic tree of these cells could be followedhis plane (Naim et al., 1997). The pattern
of immunostaining with the NK1r that was observedhese sections was similar to that
reported in previous studies (e.g. Naim et al.,719998; Todd et al., 2000). Generally,
there was a dense plexus of immunoreactive profileslamina | with scattered
immunostained cell bodies and dendrites in the eledégaminae. As reported by other
investigators (Brown et al., 1995; Naim et al., I99some of the large NK1r-
immunoreactive neurons in laminae Il and IV hadapyidal cell bodies, whereas others
were multipolar. In line with previous reports, sorof the dorsal dendrites arborized
extensively in laminae | and I, whereas othershed only the ventral part of lamina I,
and most of the neurons were found to have desdnt®ther directions (ventral, medial
and lateral) (Brown et al., 1995; Naim et al., 1.98@dd et al., 2000).
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Tables 3-4, 3-5 and 3-6 summarise data obtained the analysis of this population of
neurons in the C6 and L5 segments in single- (&hdlPoT series) and double- (DI series)
labelling experiments. When data from Thal, PoT &idexperiments were pooled, the
mean numbers of large NK1r-immunoreactive cell$rwsmmata in laminae Il and IV and
dendrites that could be followed into the supeaficdlorsal horn were 22.1 + 4.7 (mean +
S.D., range 15-28, n = 19) on the right side inlthesegment and 15.8 + 3.7 (range 10-22,
n = 20) on the right side in the C6 segment. THks eeere uniformly distributed along
both the mediolateral and rostrocaudal extent efdbrsal horn in each segment. The cell
bodies were located between 93-405 um (meanu®23 63, n = 419 cells) below the
dorsal white matter in L5 and between 82-349 pmafm&6lum = 42, n = 316 cells)
below the dorsal white matter in C6. The mean depthese cells in L5 was significantly
different from that in C6 (t-test, P < 0.001).

In order to determine the proportion of these nesitthiat were labelled from the thalamus,
the NK1r-immunoreactivity was first checked withetkpifluorescence microscope using
the appropriate filter for the fluorochrome Alex@34 then the presence of tracer substance
(Fluorogold or CTb) was detected using the filetrte detect Rhodamine red. In the cases
when tracer was labelled with Cy5, the confocalrogcope was used for this detection.
The pattern of labelling with tracer was variabtesome cases there was extensive filling
of the cell body as well as primary and secondanyddtes, while in others the labelling
faded along the course of the primary dendrite® pitoportions of such cells that were
labelled in each experiment are given in Tables 3-8 and 3-6. In the C6 segment, most
cells of this type were retrogradely labelled ihadilthe experiments except in PoT 10. The
percentage of cells that were labelled in experisi@mal 1-5 ranged from 83-100 (mean
93), while for experiments PoT 3-9 these valuesvé®-100 (mean 86, data from PoT 10
were not included in this part of the analysiscsithe injection did not spread into PoT).
For experiments DI 1-7, the percentage of cell$ toatained one or both tracers varied
from 60-94 (mean 79). Comparison of the percentegjees obtained in each group
indicated that there were no significant differenbetween them (one-way ANOVA, P >
0.05). The overall proportion of labelled cells W% (data pooled for all experiments
apart from PoT 10). In the DI series of experimgiiiable 3-6), all of the retrogradely
labelled cells in the C6 segment contained CThbrtdpam three cells in DI 4, which were
positive for Fluorogold only. In four of the sevéi experiments (DI 2-3 and DI 6-7),
none of the retrogradely labelled NK1r-immunoreatiamina 11l/IV neurons contained
Fluorogold, while this was found in the other thregperiments. An example of a
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Table 3-4. Quantitative data for lamina lll/IV NK1r cells from Thal experiments

C6 L5

Exp | number | STT| % |number | STT | % | med % | lat %
Thal 1 13 12 | 92 27 7| 26 38 14
Thal 2 15 15 | 1000 24 0 0 0 0
Thal 3 12 10 | 83 28 7| 2% 43 7
Thal 4 21 20 | 95 23 5| 22 18 25
Thal 5 16 15| 94 28 3] 11 21 0
Mean 154 14.4) 93 26 44| 17 24 9

This table shows numbers of the lamina Ill/IV NKaells with dendrites that could be
followed into the superficial dorsal horn on thentalateral side of C6 and L5. For each
segment, the total number of cells of this typentbar), and the number (STT) and percentage
(%) that were retrogradely labelled are given. ther L5 segment, the percentage of cells of
this type in the medial or lateral group that westeogradely labelled is also provided (see text
for further details).
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Table 3-5. Quantitative data for lamina Ill/IV NK1r cells from PoT experiments

C6 L5

Exp | number | STT | % |[number | STT| % | med % | lat %

PoT 3 15 14 | 93 15 4 27 43 13

PoT 4 18 14 | 78 18 3 18 33 0
PoT 5 15 15 | 100 15 2 13 29 0
PoT 6 11 9 82 26 4 15 31 0

PoT 7 22 20 | 91 24 4 17 17 17

PoT 8 13 9 69 23 7 30 36 25
PoT 9 14 12 | 86 16 4 29 50 0
PoT 10 21 8 38 24 2 8 8 8

Mean* 154 | 13.3] 86 19.6 4 21 34 8

This table shows numbers of the lamina Ill/IV NKaells with dendrites that could be
followed into the superficial dorsal horn on thentalateral side of C6 and L5. For each
segment, the total number of cells of this typaribar), and the number (STT) and percentage
(%) that were retrogradely labelled are given. ther L5 segment, the percentage of cells of
this type in the medial or lateral group that westeogradely labelled is also provided (see text

for further details).

*The mean value excludes the results for PoT X&esin this experiment there was no spread

of tracer into the PoT.

102



The opposite table shows numbers of the lamindVIIMK1r cells with dendrites that

could be followed into the superficial dorsal ham the contralateral side of C6 and L5.
For each segment, the total number of cells oftips (number), and the number (STT)
and percentage (%) of the lamina IIl/IV NK1lr-immueactive neurons that were
retrogradely labelled with either tracer are givEhe retrogradely labelled cells are further
divided into those that were labelled with CTbh o{@Tb; from PoT), Fluorogold only

(FG; from thalamic nuclei other than PoT) or labéllwith both tracers (double-labelled,
DL). For the L5 segment, the percentage of cellhisftype in the medial or lateral group
that were retrogradely labelled with either traceralso provided (see text for further

details). Note that no data were available forlthesegment in experiment DI 5.
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Table 3-6. Quantitative data for lamina Ill/IV NK1r cells from DI experiments

Co6 LS
Exp | number| STT CTb FG DL % number | STT CTb FG DL % med% lat %
DIl 12 10 5 0 5 83 16 2 0 0 2 13 25 0
DI 2 19 16 16 0 0 84 27 0 0 0 0 0 0 0
DI 3 20 16 16 0 0 80 24 3 3 0 0 13 17 8
Dl 4 16 15 6 3 6 94 15 2 1 0 1 13 29 0
DI 5 13 9 8 0 1 69
DI 6 20 16 16 0 0 80 25 6 5 0 1 24 33 15
DI 7 10 6 6 0 0 60 21 2 2 0 0 10 20 0
Mean 15.7 12.6 10.4 0.4 1.7 79 21.3 2.5 1. 0 o7 2 1 21 4




retrogradely labelled lamina 11I/IV NK1r-immunorda@ neuron in the cervical cord is

shown in Fig. 3-11a-c.

In contrast, in the L5 segment, most cells of tiye were not retrogradely labelled in any
of the Thal, PoT or DI experiments (Tables 3-4, 88 3-6). The percentage of cells that
were labelled in experiments Thal 1-5 ranged fre@6Qmean 17), while for experiments
PoT 3-9 these values were 13-30 (mean 21), anBIfdr4 and DI 6-7 the percentage of
cells that contained one or both tracers variethf®24 (mean 12). Comparison of the
percentage values obtained in each group indicéted there were no significant
differences between them (one-way ANOVA, P > 0.0bBje overall proportion of
retrogradely labelled cells was 17% (data pooledfioexperiments apart from PoT10). In
the two experiments in which no retrogradely ladzkitells of this type were identified in
L5 (Thal 2 and DI 2), some retrogradely labelledIdmmunoreactive cells were seen in
laminae IIl and 1V, but their dendrites could net traced into the superficial dorsal horn,
hence these were not included in the analysihdritl experiments (Table 3-6), all of the
retrogradely labelled cells of this type in L5 aained CTb, and interestingly, 11 out of the
15 CTb-labelled cells (pooled from all experimenisre only labelled with this tracer.
Labelling with Fluorogold was only seen in DI 1, Bland DI 6. An example of a
retrogradely labelled lamina 11I/IV NK1r-immunorda® neuron in th lumbar cord is
shown in Fig. 3-11d-f.

Interestingly, in experiment PoT 10, relatively fewtrogradely labelled cells were
observed among the lamina 1lI/IV NK1r-immunoreaetigopulation at either segmental
level (38% in C6 and 8% in L5, Table 3-5).

Results of the analysis of the mediolateral distidn of retrogradely labelled lamina
I/IV NK1r-immunoreactive neurons in the L5 segname shown in Tables 3-4, 3-5 and
3-6. When data from experiments Thal 1-5, PoT BI91-4 and DI 6-7 were pooled, the
proportion of these cells in the medial part of thmrsal horn that were retrogradely
labelled from the thalamus was 51/205 (25%), wlitile corresponding proportion for
those in the lateral part was 16/214 (7%). Theseesadiffered significantly)f test, P <
0.0001).
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Figure 3-11. Lamina Ill NK1r-expressing spinothalamic neurons in parasagittal sections.

a,b,c a retrogradely-labelled neuron in the C6 segnfiemh experiment PoT 7d.e.f a
retrogradely-labelled neuron in L5 from experimé&it6. In each case, CTb is shown in
red, NK1r in green and a merged image is shownhenright. The dorsal limit of the
dorsal horn is near the top of the field. Note thath of the labelled neurons have
extensive dorsal dendrites that pass through tpherBcial dorsal horn. Images built from
projections of 36 (a-c) or 60 (d-f) confocal optisactions at um z-spacing. Scale bar =

20 um.
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3.1.2 Retrograde labelling with fluorescent latex micro-
spheres (FLM)

3.1.2.1 Analysis of the Injection sites

Drawings of the spread of fluorescent latex michesps in experiments FLM 1-3 are
illustrated in Fig. 3-12, and example of an injentisite is also shown. In all cases, the
spread of tracer was very limited, compared to semn with Fluorogold or CTh. Tracer
spread in FLM 1 was restricted to the caudal hithe PoT (between interaural 2.9 and
3.7 mm), and was mainly confined to its medial p&ame spread was also noted along
the needle track into the region of Po that liessdibto PoT (at and around interaural 3.4
mm). Tracer spread in FLM 2 was greater than th&LiM 1 because this rat received two
injections at different rostrocaudal levels. Theespl covered most of the rostrocaudal
extent of PoT and occurred between interaural B2 41 mm. However, beads mainly
occupied the lateral part of PoT (area adjacetheédViG nucleus). Dorsal spread of tracer
along the needle track to the Po nucleus at (amghd) interaural 3.3 and 3.7 mm was also
observed. In FLM 3, the tracer occupied the mepksat of the PoT from interaural 3.5 to
4.1 mm, with slight extension into the APT, therethd thalamic nucleus and the extreme

caudal end of Po.

3.1.2.2 Retrograde labelling in laminae I, Il and IV

This part of the analysis was carried out on cotepseries of parasagittal sections from
the contralateral side of the C6 and L5 segmewts fthe three experiments (FLM 1-3).
Retrogradely labelled neurons in the spinal cordewdentified by the presence of small
red fluorescent granules (microspheres/beads)dbaipied the cell body and, in some
cases, spread into proximal dendrites. Examplesetvbgradely labelled neurons are
shown in Figs. 3-13 and 3-14, and quantitative dat provided in Table 3-7. The
numbers of the microspheres in the labelled neuvan®d considerably: only cells that
contained five or more microspheres were considerdxt retrogradely labelled, and most
of the labelled cells contained more than ten nsigheres. Since fluorescent latex
microspheres are destroyed by glycerol, Gel-Mouas wsed to mount the sections in
these experiments, and the optical propertiesisfritedium were not as good as those of
the glycerol-based medium used for other experimeAithough fluorescent latex
microspheres could be identified through the wiiEpth of the section, it was difficult to
follow NK1r-immunoreactive profiles deep within tisection, even when 50m thick
parasagittal sections were used (experiments Fladdd2FLM 3).
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Figure 3-12. Injection sites for experiments FLM 1-3.

Drawings to show the spread of fluorescent latesrospheres (red) in these experiments.
Each column represents a single experiment, anéxperiment number is shown at the
bottom of the column. Numbers at the top left ofhe@rawing give the approximate
position of the section anterior to the interayklne. Drawings are based on those in
Paxinos and Watson (2005th, ethmoid thalamic nucleusViGD, medial geniculate
nucleus, dorsal pariviGV, medial geniculate nucleus, ventral part; othdirelations as

in Figure 3-1. The image below shows a dark-fieidragraph (interaural ~3.9 mm) from
experiment FLM 3. Note the limited spread of thd feiorescent latex microspheres.

Scale bars =1 mm.
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Figure 3-13. Retrograde labelling of lamina | neurons with fluorescent latex microspheres in
parasagittal sections.

The top row of images shows an example of a lathdlenina | neuron from C6 in
experiment FLM 3, while the bottom row shows a legeneuron in L5 from experiment
FLM 2. In each case, separate images show thesBgent latex microspheres (beads, red),
NK1r (green) and NeuN (blue), with a merged imagettte right. Note the presence of
numerous beads in each neuron, and that both rearerNK1r-immunoreactive (arrow).
Images are projections of 7 (top row) or 5 (bottaw) confocal optical sections atuin

z-spacing. Scale bar = 20n.
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Figure 3-14. Retrograde labelling of NK1r-immunoreactive neurons in lamina Ill with fluores-
cent latex microspheres in parasagittal sections.

a andb show NK1r-immunoreactive lamina Il cells in C& @nd L5 p) from experiment
FLM 3. In each case, the soma is marked with armrigakt and dorsal dendrites
(arrowheads) can be seen passing into the sumérdicisal horn. The inseta'(b') show
the region of the soma of each cell scanned toatefiorescent latex microspheres (red)
and NK1r (green), together with a merged image.eNtte presence of numerous
microspheres in the soma of each calis a projection of 14 confocal optical sections at
1 um z-spacing, whilé is a montage of two fields projected from 14 armpfical sections

at the same spacing’' and b’ are projections of 6 and 11 optical sections gini

z-spacing, respectively. Scale bar =20.
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Table 3-7. Quantitative data from FLM experiments

lamina [1I/1V NK1r-
lamina |
immunoreactive
Exp C6 L5 C6 L5
FLM 1 15 0 5(1) 0
FLM 2 37 4 10 (6) 4 (0)
FLM 3 46 5 7 (3) 6 (2)

This table shows numbers of retrogradely labelledirons in cervical and lumbar
segments from experiments in which injections abféscent latex microspheres (FLM)
were targetted on the PoT. Complete series of ggital sections through the dorsal horn
of C6 and L5 segments were examined, and thenataber of retrogradely labelled cells
was counted. For lamina Ill/IV NK1r-immunoreactigells, the number of retrogradely
labelled neurons for which dorsal dendrites cowgdfddlowed into lamina Il is given in
brackets (see text for further details).
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In the C6 segment, lamina | was found to contaiwveen 15 and 46 retrogradely labelled
cells, while 5-10 retrogradely labelled lamina IM/NKZ1r-immunoreactive cells were
observed, of which 1-6 had dendrites that coulébbewed into the superficial dorsal horn
(Fig. 3-14a). Among the large NK1r-immunoreactiaenina Ill/IV cells, only those that
had dorsal dendrites that entered lamina Il insthygerficial part of the same section could
be unequivocally identified as belonging to thisdy This was because of the difficulty in
following NK1r-immunoreactive dendrites in thesectsans. In the L5 segment, no
retrogradely labelled cells were detected in lamihar III/IV in experiment FLM 1, while
in experiments FLM 2 and FLM 3, four and five lamihcells (respectively) and four and
six lamina IlI/IV NK1r-immunoreactive cells (respgaely) were seen. Dorsal dendrites of
two of the lamina 1II/IV NK1r-immunoreactive cell;n experiment FLM 3 could be

followed into the superficial dorsal horn and o¢hese is illustrated in Fig. 3-14b.

When data from all three experiments were poolédyas found that most of the
retrogradely labelled cells in lamina | of the Cégment were positive for the NK1
receptor (73 out of 98; 74%). NK1r-immunoreactivitythe remaining cells was either
difficult to assess (13 cells) because of theirtldep the section, or absent (12 cells). Five
out of the nine retrogradely labelled cells in laeni of L5 expressed the receptor, while it

was difficult to assess in two cells and absemitier two.
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3.2 Investigation of collateralisation of projection
neurons in laminae |, lll and IV to the thalamus,
lateral parabrachial area and periaqueductal
grey matter (Pb and PAG series of experiments)

3.2.1 Analysis of the injection sites

In all seven experiments, the spread of traceriwithe thalamus and brainstem was
plotted on diagrams from atlas of Paxinos and Wa{2005), and details of the injection
sites in the two series of experiments (Pb 1-3RAG 1-4) are presented below.

3.2.1.1 Injections into the thalamus and parabrachial area (Pb 1-3)

The spread of Fluorogold within the thalamus, ah@®b within the parabrachial area, in
each of these three experiments is illustratedign 315. A representative example of an
injection site in the parabrachial area is shownFig. 3-16. The following account
describes the features of the injection sites énttfalamus and parabrachial nuclei.

Thalamic injection sites: In all cases, the regairnthe PoT was completely filled with

Fluorogold. In addition, variable extension inteas surrounding the PoT (e.g. APT, PIL,
and MG) was observed. Fluorogold also extendedalbsto involve the caudal part of the
Po and ventrobasal complex, as well as some inmtrad& nuclei (e.g. PF, PC, and to a
lesser extent CL). There was no spread of Fluotbgub the hypothalamus, PAG or LPb

in any of these experiments.

Parabrachial injection sites: The pattern of CTkeag in these experiments was more or
less the same, except that CTb extended into neargal structures in Pb 3. CTb filled the
entire rostrocaudal extent of the LPb and involitedrarious parts: the internal, external,
dorsal, ventral, central, lateral crescent, andesap subnuclei. In addition, CTb spread
ventrally across the superior cerebellar peduncdé avolved the MPb nucleus. The
involvement of MPb was greater in Pb 3, where Cilledf this region, while this spread
occurred only into the dorsal part of MPb in thhesttwo experiments. The involvement
of the Kolliker Fuse nucleus was variable among the threesathis region was almost
completely filled in Pb 3 (apart from the most rakpart), only its caudal half was filled in
Pb 2, and only minimal spread occurred into its theasidal part in Pb 1. At the caudal
extent of the injection site, some spread occumnéal the locus coeruleus (in Pb 1 and

Pb 3) and ventral spinocerebellar tract (in allesasAt the rostral end of the injection site,
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Figure 3-15. Fluorogold and CTb injection sites in experiments Pb 1-3.

Drawings to show the spread of tracer (shaded ametijese experiments. Each vertical
column represents a single experiment, and theriexest number is shown at the bottom
of the column. Numbers to the left give the appmatie position of the section relative to
the interaural plane. Drawings are based on thosRaxinos and Watson (2005). The
upper six outlines in each column represent therelgold injection (targetted on caudal
thalamus), while the lower four show the spreadCdfb (targetted on LPb)CnF,
cuneiform nucleus;IC, inferior colliculus; KF, Kolliker-Fuse nucleus,LPB, lateral
parabrachial nucleu$/PB, medial parabrachial nucleu?AG, periaqueductal grey matter;
SC, superior colliculus;scp, superior cerebellar peduncle. Other abbreviatiaasin

Figure 3-1.
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Figure 3-16. Examples of Fluorogold and CTb injection sites in LPb experiments.

a: a brightfield micrograph showing a section througn injection of CTb that was
targetted on the parabrachial area at interaubahn from experiment Pb 2. The section
was reacted with an immunoperoxidase method toate@db. b, c: fluorescence and
brightfield micrographs through the thalamic injentsite (interaural ~ 4.2) from Pb 2.
Scale bar 50 pm.

120






there was variable involvement of the cuneiformleus, and there was slight extension

into the extreme caudal part of the vIPAG in Pb 2.

3.2.1.2 Injections into thalamus and PAG (PAG 1-4)

The spread of Fluorogold within the thalamus, ahdC®b within the PAG, in each of
these four experiments is illustrated in Fig. 3-A#epresentative example of an injection
site is shown in Fig. 3-18. The following accoumisdribes the features of the injection

sites in the thalamus and PAG.

Thalamic injection sites: In all four cases, theation completely filled the PoT, and there
was variable spread into areas around the PoT @&Rj., PIL, MG). In addition,

Fluorogold extended rostrally to include partshe Po nucleus and ventrobasal complex.
Some involvement of the intralaminar nuclei (e.d, €F) was also seen. There was no

spread of Fluorogold into the hypothalamus, PAGRID in any of the four cases.

PAG injection sites: In all four experiments, CTilketl various parts of the four columns
of PAG: VIPAG, IPAG, dIPAG and dmPAG. This spreacturred as far caudally as
interaural 0.2 mm (PAG 1), 0.4 mm (PAG 2 and PAGaBd 0.7 mm (PAG 4), and as far
rostrally as interaural 2.6 mm (in PAG 1-3) anceraural 2.3 mm (in PAG 4). Tracer did
not spread across the midline, but a little latespkead occurred into the deep
mesencephalic nucleus in PAG 2. In PAG 1 and PAGn8 to a lesser extent in PAG 2),
dorsal spread into the overlying superior collicuimas observed. In all cases, tracer did

not spread into the LPb.

3.2.2 Quantitative analysis of projection neurons in
lamina |

This part of the study was performed on transveestions from the C7 and L4 segments
from all seven experiments, and all data were abthifrom the contralateral side. The
distributions of cells retrogradely labelled frorach target were generally similar across
each of the experiments. This distribution was =test with that previously reported for

spinothalamic (Giesler et al., 1979; Lima and Caoinld988; Burstein et al., 1990a; Li et
al., 1996; Marshall et al., 1996; Kobayashi, 198®)noparabrachial (Cechetto et al., 1985;
Hylden et al., 1989; Ding et al., 1995), and spitaG (Liu, 1986; Keay et al., 1997; Li et
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Figure 3-17. Fluorogold and CTb injection sites in experiments PAG 1-4.

Drawings to show the spread of tracer (shaded ametjese experiments. Each vertical
column represents a single experiment, and theriexeet number is shown at the bottom
of the column. Numbers to the left give the appmede position of the section anterior to
the interaural plane. Drawings are based on thosRaxinos and Watson (2005). The
upper six outlines in each column represent therBlyold injection (targetted on caudal
thalamus), while the lower five show the spreadCdb (targetted on PAGXV, fourth

ventricle;Aq, aqueduct. Other abbreviations as in Figures Bell3a15.
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Figure 3-18. Examples of Fluorogold and CTb injection sites in PAG experiments.

a, b: fluorescence and brightfield micrographs of aiseacfinteraural ~4.0 mm) through
the thalamic injection site in PAG 8: section (interaural ~0.9 mm) through the CTb
injection in PAG 4. The section was reacted withramunoperoxidase method to reveal

CTb. Scale bar = 1 mm (applies to all).
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al., 1998; Todd et al., 2000; Spike et al., 2008)rons in the rat. In the C7 segment,
spinothalamic cells were frequently observed initem and were scattered throughout the
deeper laminae of the dorsal horn; some were atsmdf in the LSN, and in the
intermediate grey matter and ventral horn. Spinaipachial cells were observed mainly in
lamina | and the LSN with some present in the udicpart of lamina V. Occasional cells
were seen scattered elsewhere (laminae IllI, 1V, VIII and X). Spino-PAG cells were
mainly observed in lamina I, LSN and the reticytart of lamina V; some were seen in
lamina X, as well as in the medial parts of thenmtediate grey matter and ventral horn. In
the L4 segment, the spinothalamic neurons were lynaeen in the internal basilar
column, and the deep laminae of the dorsal horly, @few cells were present in lamina I.
In addition, some spinothalamic cells were foundtie LSN and lamina X. The
distribution of spinoparabrachial cells was gergraimilar to that in the C7 segment;
however, cells in lamina | were much more numer@sEno-PAG cells were observed
predominantly in lamina | and medial parts of théeermediate grey matter and ventral

horn; some were also found in the LSN, reticulat palamina V and lamina X.

Quantitative data for retrogradely labelled neurongamina | in all seven experiments
were obtained from ten 60 um thick Vibratome sedi(alternate series) in the case of the
C7 segment. For the L4 segment, 20 such sections wged to count spinothalamic and
spino-PAG cells, but only 10 sections were usedadont spinoparabrachial cells. These
data are presented in Tables 3-8 and 3-9. When fdata all seven experiments were
pooled, the mean numbers of neurons retrogradeilled from the thalamus were 24.3
per 600 um for C7 (corresponding to 93 cells inghtre segment) and 9.3 per 1,200 um
for L4 (corresponding to 19 cells in the entirersegt; data from Tables 3-8 and 3-9). In
experiments Pb 1-3, the numbers of lamina | neurabelled from the LPb were
considerably higher in L4 (80.3 cells/600 pum, cepanding to 335 in the entire segment)
than in C7 (46 cells/600 um, corresponding to 181&dn the entire segment). In the PAG
series, the numbers of spino-PAG cells were simitaboth segments (21.8/600 um,

corresponding to 83 cells in C7; 41.3/1,200 pmtesponding to 86 cells in L4).

In experiments Pb 1-3, all of the Fluorogold-paest{(spinothalamic) lamina | neurons in
C7 were also labelled with CTb (i.e. they were sparabrachial), while the great majority
(93%) of Fluorogold-labelled cells in L4 were al€db-labelled (Table 3-8). Double-
labelled cells made up 45% of those labelled froRbLin C7, but only 6% of those
labelled from LPb in L4 (Table 3-8). In the PAG iser many of the lamina |
spinothalamic cells (47%) in C7 were also labelfeoin the PAG, and these cells
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Table 3-8. Quantitative data for lamina | neurons in experiments Pb 1-3

C7 L4
Exp | SPbcells| ST cells| DL cells | DL as % | DL as % | SPb cells| ST cells | DL cells | DL as % | DL as %
(600 pm)| (600 pum)| (600 um)| of SPb of ST | (600 um)| (1,200 (2,200 of SPb of ST
Hm) Hm)
Pb 1 46 26 26 56.5 100 78 13 13 5.1 100
Pb 2 42 18 18 42.9 100 75 8 7 8 87.5
Pb 3 50 17 17 34 100 88 10 9 3.4 90
Mean 46 20.3 20.3 445 100 80.3 10.3 9.7 5.5 92.

This table shows numbers of retrogradely labelkdts ¢n the C7 and L4 segments from experimentshith Fluorogold was injected into
thalamus and CTb into LPb. Cells labelled with Fogwmld were classified as spinothalamic (ST), thdegelled with CTb as
spinoparabrachial (SPb). Cells that contained hwaiters are shown as double-labelled (DL). In eageriment cells were counted in 10
(SPb, ST, DL in C7, SPb in L4) or 20 (ST, DL in lal)ernate 60 pum transverse sections. Note thhein4 segment the percentage of DL
cells among the SPb population was determined @osektions, while the percentage of DL within thie cells was determined for 20

sections.



Table 3-9. Quantitative data for lamina | neurons in experiments PAG 1-4

Cc7 L4
Exp SCPeﬁSG ST cells| DL cells | DL as % | DL as % SCF;'ﬁ‘SG STcells | DLcells | DLas % | DL as %
(600 pm) (600 pum)| (600 pm)| of SPAG| of ST (1,200 pm) (1,200 pm) (1,200 pum) of SPAG of ST
PAG 1 25 20 13 52 65 46 12 8 17.4 66.7
PAG 2 20 29 14 70 48.3 29 5 1 3.4 20
PAG 3 20 29 8 40 27.6 51 15 7 13.7 46.7
PAG 4 22 31 15 68.2 48.4 39 2 0 0 0
Mean 21.8 27.3 12.5 57.5 47.3 41.3 8.5 4 8.6 33.3

This table shows numbers of retrogradely labellets an the C7 and L4 segments from experimentshith Fluorogold was injected into
thalamus and CTb into PAG. Cells labelled with Fagwmld were classified as spinothalamic (ST), thiagelled with CTb as spino-PAG

(SPAG). Cells that contained both tracers are shasvdouble-labelled (DL). In each experiment ce##se counted in 10 (C7) or 20 (L4)
alternate 60 pum transverse sections.



represented 58% of the spino-PAG population (T&s®. In the L4 segment, 33% of
lamina | spinothalamic neurons were labelled fromGP and these constituted 9% of
spino-PAG cells (Table 3-9). Examples of singled double-labelled lamina | neurons are
illustrated in Fig. 3-19.

In experiments Pb 1-3, retrogradely labelled cptisitive for one or both tracers were
present throughout the mediolateral extent of l@amjrbut were concentrated in its middle
third (Fig. 3-20). The numbers of spinothalamidsaind of cells labelled only from LPb
that were present in the medial, middle and laténadds of lamina | in these three
experiments are shown in Table 3-10. For eachesdehegions, there was no difference in
the proportion of cells labelled from thalamus atyofrom LPb in either segmeng*(test,

P =0.29 for C7, P =0.18 for L4).

In the C7 segment, when data from these seven iexg@ss were pooled, it was found that
147 out of the 170 spinothalamic cells (86%), 118 af the 138 spinoparabrachial cells
(82%) and 80 out of the 87 spino-PAG cells (92%YevBIK1r-immunoreactive. This
percentage of NK1r-immunoreactive cells was alsmébto be the same for neurons in L4;
in this segment, 57 out of the 65 spinothalamidscéB8%), 199 out of the 241
spinoparabrachial cells (83%) and 150 out of the dino-PAG cells (91%) expressed the
NK1 receptor. In both segments, some of the labeaildls that lacked the NK1r (or only
very weakly expressed the receptor) were large,tla@se probably belong to the class of
"large gephyrin-coated cells" that were recentlgniified (section 3.2.4; Puskar et al.,
2001; Polgar et al., 2008).

3.2.3 Morphology, soma size and NK1r expression of
lamina | spinothalamic and spinoparabrachial neurons

This analysis was carried out on horizontal sestilom the C8 and L3 segments of
experiments Pb 1-3. In addition, for the morphatagianalysis, spinothalamic cells from
the L5 segments of these experiments were addie o3 sample. All data were obtained
from the contralateral side of lamina I. Identifica of lamina | neurons in horizontal
sections requires knowledge about orientation igfldmina in the segments analyzed. For
example, the slope in the dorsal surfaces of thar@8L3 segments makes lamina | appear
gradually in a number of adjacent horizontal sextioFurthermore, because the medial
~2/3-3/4 of the superficial dorsal horn is orientgdan angle from the horizontal plane,

lamina | neurons appear gradually as sections gpeate In addition, other criteria were
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Figure 3-19. Retrograde labelling of lamina | neurons in transverse sections.

In all cases Fluorogold (FG, transported from thalamus3hiswn in red, while CTb
(transported from LPb or PAG) is green. Arrows gadé double-labelled cells, filled
arrowheads indicate cells labelled only with Cabd the open arrowhead shows a cell
labelled only with Fluorogolda-c: part of a section from C7 of experiment Pb 1 aorg
several spinoparabrachial neurons, two of whichatge labelled from the thalamukf: a
section from L4 of the same experiment shows s@iradgachial neurons, one of which is
labelled from thalamusg-i: this field from C7 of experiment PAG 3 containsgte-
labelled spinothalamic and spino-PAG neurons, dbagea cell labelled from both sites.
j-I: a section through L4 of the same experiment ¢ostawo spino-PAG cells, one of
which is labelled from the thalamus. All images al#ained from 10 optical sections at

2 um z-spacing. Scale bar = 20 um (applies to all).
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Figure 3-20. Plots of the locations of spinothalamic and spinoparabrachial neurons at
cervical and lumbar levels.

These drawings show the locations of all retrogsadibelled lamina | neurons in ten
alternate 60 pum sections through the C7 segmeexmdriment Pb 2 and the L4 segment
of Pb 3. Open circles indicate cells labelled dinbm the LPb, filled circles are double-
labelled cells and the filled square is a cell thas labelled only from thalamus. The lower
line indicates the approximate border between lamin and Il. There are more
spinoparabrachial cells and many fewer spinothalamils in L4, compared with C7. Note
that these drawings show 10 sections through theelgfnent (to allow direct comparison
with C7), although the quantitative analysis of ngphalamic cells in L4 in these
experiments presented in Table 3-10 was performezDasections.
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Table 3-10. Mediolateral distribution of spinothalamic and spinoparabrachial lamina |
neurons

C7 L4
Projection medial middle lateral medial middle latera
population
Spinothalamic, 5 (0-5) | 34 (9-16)| 22 (4-10 7 (1-3) 16 (2-7 8 (-3

Spinopara- 10 (3-4)| 48 (11-22) 19 (6-7) | 45(13-17) 151 (40-63) 32 (7-1p)
brachial only

This table shows total numbers of contralaterahabialamic neurons, and neurons
labelled only from LPb (spinoparabrachial only) nmedial, middle or lateral thirds of

lamina | in Pb 1-3. Ranges between brackets représe number of cells found in each
experiment. Spinothalamic neurons in L4 were califitem 20 sections, while all other

groups were counted in 10 sections. See text fthdudetails.
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used to identify cells in lamina I: these cells ¢iese to the dorsal surface of the dorsal
horn within a band that contains numerous NK1r-imoreactive profiles, as lamina Il
contains very few NK1r-immunoreactive cells. Thesintateral part of lamina | curves
around the lateral margin of the dorsal horn, assalt, in horizontal sections, neurons in
this part will be cut at a perpendicular angle eatlhan tangentional; therefore, neurons in

this region were not included in this part of timalgsis.

The CThb filled cell bodies of labelled neurons a&xtknded for a variable distance into the
dendritic tree. Labelling with Fluorogold was gréaruand seldom filled the somata of
labelled neurons completely. Therefore, allocatadnlamina | neurons into a specific
morphological class was mainly based on labellinigp \€Tb, as well as on the immuno-

reactivity for the NK1 receptor, when possible.

Altogether, 347 projection neurons were examinethan C8 segments (between 97 and
137 per experiment) and 239 neurons (53-98 perrgmpet) in the L3/L5 segments. Of
these, 142 neurons (41-52 per experiment) in C8&&anaeurons (16-20 per experiment) in
L3/L5 were retrogradely labelled from the thalam@B.except one of the spinothalamic

neurons in the lumbar segments and 140/142 of tinoS8 were also labelled from LPb.

Lamina | cells were classified according to certaiarphological criteria that depend on
the soma shape and the number of major primaryrdenttunks (Zhang et al., 1996;
Zhang and Craig, 1997). Most of lamina | cells gsedl in this part of the study showed
features characteristic of one of the three mainpmalogical classes, i.e. multipolar,
pyramidal or fusiform. However, some cells showedttires transitional between two
classes, and therefore, these were defined asaisitéd”. Very occasionally, cells had
atypical features and could not be classified emy of the three types; these were also
defined as "unclassified". Cells were classifiedradtipolar if they possessed polygonal
somata and more than three primary dendritic trukl®wvever, cells with varieties of
shapes were seen, and the number of the primadritesranged from four to seven. Two
of the multipolar cells observed in the C8 segnied only three dendrites but these cells
could not be classified as pyramidal because theatowere not triangular in shape. As
observed in the cat (Zhang et al., 1996), and mpriKeang and Craig, 1997), several
subtypes of the multipolar class were seen: (a)ddjageral soma with four primary
dendrites, (b) stellate soma with five or more atidg primary dendrites, (c) elongated cell
body (tubular) with multiple dendrites and (d) Kdisoma with a major dendritic trunk

that issued at right angle to the cell body. Exaspmf these subtypes are illustrated in the
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drawings in Fig. 3-21a-d. Cells were consideregyaamidal if they possessed a triangular
soma and three major primary dendrites. Occasignedllls with triangular somata and
four primary dendrites, two of which arose from @rgyle, were seen. In these cases, the
original z-stack was checked and if these two de&aslemerged at the same level then the
cell was considered as pyramidal but if they emer@gedifferent levels then the cell was
classified as multipolar. Sometimes one or twodderdendrites arose from one side of the
soma of a pyramidal cell. The total number of pryndendrites for the pyramidal cells
observed in this study ranged from three to fivearples of pyramidal cells are
illustrated in the drawings in Fig. 3-21e-f. Cellere classified as fusiform if they had
bipolar elongated somata with two tapering endsnfrehich primary dendrites arose.
Some atypical fusiform cells were also seen, incWwhihe cell body was more globular, or
which had extra slender dendrites that emerged frmrends or the side of the cell body.
A variety of fusiform cells that had a recurrenndste or a T-like protrusion from the
soma was also observed. The number of primary deador the fusiform cells observed
in the present study ranged from two to four. Ex@spf fusiform cells are illustrated in

the drawings in Fig. 3-21g-h.

Although neurons belonging to each morphologicpetwere seen within each projection
population in both segments (Table 3-11), the ithstion of the three morphological types
differed significantly between spinothalamic neww@md neurons labelled only from LPb
(4 test, P < 0.05 for C8, P < 0.001 for L3/L5). Spivedamic neurons were more often
multipolar and less often fusiform than those ldgklonly from the LPb. This was

particularly evident for the lumbar segments, wh&2 out of 55 (58%) of the

spinothalamic neurons were classified as multipolxamples of lamina | neurons

belonging to different morphological classes dtesitated in Fig. 3-22.

The cross-sectional areas of cell bodies of spalathic neurons and those labelled only
from LPb in the two segments are presented in gniatos in Fig. 3-23. The soma areas of
spinothalamic neurons ranged from 142-1,132 ymedian 434, n = 142) for those in C8
and 173-1,350 pfifmedian 380, n = 55) for those in L3/L5, comparéth\w59-1,016 prh
(median 354, n = 205) and 149-1,230%(median 313, n = 184) for neurons labelled only
from LPb in C8 and L3, respectively. These diffees were highly significant (Mann-
Whitney Rank Sum test, P < 0.001 for both segme&tsice the large gephyrin-coated
lamina | neurons (which are either non-immunoreactr very weakly-immunoreactive

for the NK1r) make up ~21% of the spinothalamic ydepon in the L5 segment (see
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Figure 3-21. Drawings of lamina | neurons in horizontal sections.

These drawings show representative examples dhthe morphological types of lamina |
neurons observed in this study. Cells were drawth Weurolucida for Confocal software
based on their CTb and/or NK1r-immunoreactiviptd show different subtypes of
multipolar cells:a, stellate b, quadrilateralc, T-like, andd, tubular.e andf illustrate two
forms of pyramidal cellsgy andh show two forms of fusiform cell$y had two dendrites
that emerged from each pole, one of these is anedwdendrite. Scale bar = 100 um.
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Table 3-11. Morphology of spinothalamic and spinoparabrachial neurons

C8 L3/L5*
Morphology ST SPb only | SPb total ST SPbonly SPbtal
Multipolar 53 (37) 54 (26) 106 (31) 3B8) | 49 (27) 64 (31)
Pyramidal 35(25) | 42 (20) 77(22)| 12 (22) 50 (27) 55 (27)
Fusiform 35 (25) 74 (36) 108 (31) @6) 70 (38) 71 (35)
Unclassified | 19 (13) 35 (17) 54 (16) 2(4)| 15 (8) 15 (7)
Total 142 205 345 55 184 205

This table shows numbers (and percentages) ofalatdral lamina | neurons belonging to
the spinothalamic (ST) or spinoparabrachial (SRbft$ that were assigned to each
morphological class. Cells labelled only from LRb ahown as SPb only, while all of those
labelled from LPb are shown as SPb total. Data weoded from experiments Pb 1-3. All of

the spinothalamic neurons in L3, and all but twdéhafse in C8, were also labelled from LPDb,

and are therefore classified as spinoparabrachial.

*Note that the morphology of spinothalamic neuranshe L5 segment was also analysed,
and these are included in the ST column. The SRpamd SPb total columns show data

from L3 only.
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Figure 3-22. Lamina | spinoparabrachial and spinothalamic neurons in horizontal sections.

a,c,e part of a section through the C8 segment of ewmart Pb 1.a: CTb (transported
from LPb) is shown in greert; Fluorogold (FG, transported from thalamus) is. red
shows a merged image. Several spinoparabrachiabmeifthree of which are indicated
with arrows) are visible, and some of these ar® akdrogradely labelled from the
thalamus. These cells have various shapes: thbsdidd P, F and M are of pyramidal,
fusiform and multipolar types, respectivebyd,f: part of a section through L3 from Pb 1
(colours as in a,c,e). Several spinoparabrachiakrams are visible and two of these
(arrows) are labelled from the thalamus. Both ekthcells are multipolar (My-u: higher
magnification views through the five neurons marieth arrows in a-f, scanned to reveal
Fluorogold (g-k), CTb (I-p) and NK1r (g-up,l,g: the pyramidal cell shows moderate
(+++) NK1r-immunoreactivityh,m,r: the fusiform cell is very weakly immunoreactive (
for NKL1r. i,n,s. the multipolar cell was also classified as motidya (+++) NK1r-
iImmunoreactivej,o,t: the upper marked multipolar cell seen in f shoveak (++) NK1r-
immunostaining. k,p,u: the lower multipolar cell in f was classified ason-
immunoreactive (-) for NK1r. a,c,e and b,d,f arejgctions of 20 and 26 optical sections
at 2 um z-spacing, respectively. g-u are projestimin2 optical sections at 1 pm z-spacing.

Scale bars a-f =50 um, g-u = 10 pum.
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Figure 3-23. Soma areas in spinothalamic and other spinoparabrachial lamina | neurons.

a: A histogram showing the distribution of crossts®wl areas of lamina | neurons
labelled from the thalamus (grey bars) and of nesithat were labelled from LPb but not
thalamus (black bars) in the C8 segméntdistogram showing the equivalent data for the
lumbar enlargement. In this case, the sizes ofatipglamic neurons in both L3 and L5
segments are included (grey bars), while the sitaseurons labelled from LPb but not

thalamus (black bars) are from the L3 segment only.
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section 3.2.4), the soma size of cells that weegased a strength of 2-4 for NK1r-
immunoreactivity in the C8 and L3 segments was alsalysed. For these cells, areas of
spinothalamic neurons were 253-1,1322umedian 477, n = 108) and 274-577 um
(median 398, n = 14) for C8 and L3, respectivelprr€sponding values for spinopara-
brachial neurons that were not labelled from thalsmwere 241-1,016 p{median 374,

n = 137) for C8 and 163-1,230 fifmedian 319, n = 115) for L3. The differences testo
the two projection populations were still highlgsificant (Mann-Whitney Rank Sum test,
P < 0.005 for both segments).

Results of the analysis of NK1r expression are sansed in Table 3-12 and examples of
immunostaining are shown in Fig. 3-22. NK1r-immueamtivity was detected on 82% and
81% of spinothalamic neurons in C8 and L3, respelti and on 79% and 72% of
spinoparabrachial neurons in these segments. Newibh NK1r scores of O (negative) to
4 (strong) were found within each projection popalain both segments. However, in the
C8 segment, the strength of NKI1r expression wasifgigntly higher among
spinothalamic neurons than among neurons labehgdfoom LPb (Mann-Whitney Rank
Sum test, P < 0.05). Within this segment, NK1r-inmoreactivity was scored 3 or 4 in
59% of spinothalamic neurons, but only in 43% oé thther spinoparabrachial cells.
However, there was no significant difference in Misirength among the two projection
populations in L3 (Mann-Whitney Rank Sum test, B.9). Since it has been reported that
only 6% of the NK1r-immunoreactive spinothalamitisen the rat were pyramidal (Yu et
al., 2005), NK1r expression among pyramidal spialatimic neurons was analysed, and it
was found that 25% and 18% of all NK1r-immunorescspinothalamic cells in lamina |
in the C8 and L3 segments, respectively, were pylalmFurthermore, 76% of pyramidal
spinothalamic cells in C8 were NK1r-immunoreactiaagd 64% of them were scored 3 or
4 for NK1r strength. This last analysis was notfg@aned on the pyramidal cells in L3

because of the small sample size of the spinothaleelis in this segment.

3.2.4 Large gephyrin-coated lamina | neurons

These cells were identified in horizontal sectitm®ugh the L5 and C6 segments in the
seven experiments. Cells of this type were charae by the large size of their cell
bodies and by the high density of gephyrin-immuaoti@e puncta on their cell bodies and
dendrites. As described previously (Puskéar et24lQ1; Polgéar et al., 2008), these cells
were generally multipolar and were located throughtbe mediolateral extent of lamina I.
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Table 3-12. Strength of NK1r-immunoreactivity in spinothalamic and spinoparabrachial

neurons

C8 L3
NKZLr-ir ST SPb only | SPb total ST SPb only  SPb total
strength
4 49 (35) 50 (24) 99 (29) 3(14) 44 (24 47 (23)
3 35(25) | 39(19) 74(21)| 7(33) 38(21 45 (22)
2 24 (17) 48 (23) 71 (21) 4 (19) 33 (18 37 (18)
1 9 (6) 22 (11) 30 (9) 3 (14) 16 (9) 19 (9)
0 25 (18) 46 (22) 71 (21) 4 (19) 53 (29 57 (28)
Total 142 205 345 21 184 205

This table shows numbers (and percentages) ofalatdral lamina | neurons belonging to

the spinothalamic (ST) or spinoparabrachial (SP#t$ that were assigned to different

groups based on strength of NK1r-immunoreactiMiK{r-ir): 4 = strong, 3 = moderate,

2 = weak, 1 = very weak, 0 = negative. Data weralqubfrom experiments Pb 1-3. Note

that all of the spinothalamic neurons in L3, andbait two of those in C8, were also

labelled from LPb, and are therefore classified@aoparabrachial.
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Table 3-13 summarises data obtained from the dateéral side of the C6 and L5

segments in the Pb and PAG series. In the seveerimygnts, 56 large gephyrin-coated
lamina | cells were identified on the right sidetbé L5 segment (6-12 per experiment;
mean 8), and 22 of these (1-5 per experiment; 8e&n39%) were retrogradely labelled
with Fluorogold (i.e. were spinothalamic cells). eTkotal numbers of lamina | spino-

thalamic neurons that were identified on the rigide of the L5 segment in these
experiments varied from 8 to 22 (mean 15.4); tlweefthe large gephyrin-coated cells
constituted ~21% of the spinothalamic populationtlns segment. All of the large

gephyrin-coated spinothalamic cells that were ifiedtin experiments Pb 1-3 (12 cells)

were also labelled with CTb (i.e. they were spimapeachial cells), whereas none of the
10 large gephyrin-coated spinothalamic cells thatendentified in experiments PAG 1-4
were labelled with CTb. In experiments Pb 1-3, @4i¢ gephyrin-coated lamina | neurons
were identified on the right side in L5 (7-9 peperment; mean 8), and 21 of these (6-8
per experiment; 87.5%) were retrogradely labellennfthe LPb. In PAG 1-4, 32 large

gephyrin-coated lamina | neurons were identified tba right side in L5 (6-12 per

experiment; mean 8), and only two of these (0-1egreriment; 6%) were retrogradely
labelled from the PAG.

In the C6 segment, 33 large gephyrin-coated larhasdls were identified on the right side
in sections from all seven experiments (2-6 peeerpent; mean 4.7), and 27 of these (2-6
per experiment; mean 3.9; 82%) were labelled withoigold (i.e. were spinothalamic
neurons). All except one of the large gephyrin-edagpinothalamic cells in experiments
Pb 1-3 were also labelled from the LPb, whereag seven of the 15 such cells that were
identified in experiments PAG 1-4 were also laliefi®mm the PAG. In cases Pb 1-3, 12 of
16 cells (75%) were CTb-labelled (i.e. spinoparebia cells), while in the PAG
experiments: 9 of 17 cells (53%) were CTb-labe(lezl spino-PAG cells).

Examples of retrogradely labelled large gephyriated lamina | neurons in the L5 and C6

segments are shown in Figs. 3-24 and 3-25, respécti

3.2.5 Projection pattern of the large NK1r-immunoreactive
lamina lll/IV neurons to the thalamus, lateral parabrachial
area and PAG

This part of the analysis was performed on the redateral side of serially mounted

transverse sections through the C7 and L4 segnmerdgach experiment and results are
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Table 3-13. Quantitative data for large gephyrin-coated lamina | cells in Pb and PAG

experiments
C6 L5
Exp | number an(IBy gr-:-l?/ DL number an(IBy gr-:-l?/ DL
Pb 1 6 0 0 5 9 0 3 5
Pb 2 5 1 0 3 8 0 2 5
Pb 3 5 0 1 3 7 0 4 2
PAG 1 6 2 1 3 6 1 0 0
PAG 2 3 2 1 0 12 3 1 0
PAG 3 2 0 0 2 6 3 0 0
PAG 4 6 4 0 2 8 3 1 0

This table shows numbers of large gephyrin-coatadida | cells observed on the
contralateral side in the C6 and L5 segments. @ediswere labelled with Fluorogold only
(FG only, from thalamus), CTb only (from LPb or PAGr double-labelled (DL) are

shown.
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Figure 3-24. Large gephyrin-coated lamina | cells in L5 retrogradely labelled from thalamus,
and LPb.

Retrograde labelling of large gephyrin-coated larlicells.a-d show part of a horizontal
section through the contralateral side of the L§nsent from a rat that had received
injections of CTb into the lateral parabrachialaaesd of Fluorogold centred on the PoT
nucleus of the thalamua-d havebeen scanned to reveal gephyrin (green), CTb (lsine)
Fluorogold (FG, red). This field contains threetlod large gephyrin-coated cells (arrows).
All of these are retrogradely labelled with CTbh,ame numerous other smaller neurons in
lamina I. Although only a small number of cells &belled with Fluorogold, these include
two of the gephyrin-coated cells (the ones on #fe and right of the field)a-d are

projections of 15 optical sections afuh z-spacing. Scale bar = fén.
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Figure 3-25. Large gephyrin-coated lamina | cells in C6 retrogradely labelled from thalamus,
LPb and PAG.

Images from confocal scans through horizontal sestof C6 that show Fluorogold (FG,
transported from thalamus, red), CTb (transportechfLPb or PAG, blue) and gephyrin
(green).a-d: This field from experiment Pb 2 shows a largehyeim-coated cell (centre)
that is retrogradely labelled from both thalamusl arPb. Several other CTb-labelled
(spinoparabrachial) cells are also visible, and es@ithese also contain Fluorogo&dh:
Part of a section from experiment PAG 4 shows gelgephyrin-coated cell (centre) that is
retrogradely labelled from thalamus and PAG. Ottells that are labelled from one or
both of these regions are also visible. Imagespaogected from 24 (a-d) and 12 (e-h)

optical sections at 2 um z-spacing. Scale bar gria0
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shown in Tables 3-14 and 3-15. Although it has beported that the parasagittal plane is
optimal for the analysis of the large NK1r-immurexgve lamina lll/IV neurons (Naim et
al., 1997), neurons of this type could be readigntified in the transverse plane. As
reported previously (Bleazard et al., 1994; Liwakt 1994; Nakaya et al., 1994; Brown et
al., 1995; Littlewood et al., 1995; Mantyh et 4997; Naim et al., 1997, 1998; Todd et al.,
2000), neurons in this population are characterizgdhe large NK1r-immunoreactive
somata and the dorsally directed dendrites thabriemd in the superficial dorsal horn
(laminae I-Il). In addition, mediolateral and veaitdendrites were also observed. Neurons
in this population were distributed along the rostiudal and mediolateral extent of
laminae 11l and IV in both segments; however, ttezyded to be rare at the extreme medial
and lateral parts. Because of variations in th@tles of the blocks that were used from
each experiment, the number of the 60 pum thickatdme sections included in each series
varied from 30-50 (corresponding to lengths of 3.@+mm). To allow a direct comparison
between the numbers of cells of this type in thea@d L4 segments, a correction was
made by multiplying the observed total number dfsc€lrables 3-14 and 3-15) by the
expected length of the segment (2.5 mm for L4,ia8 for C7) and dividing this by the
actual length of the series (number of section® x @), as presented in Table 3-16 . This
gave mean values of 16 cells for C7 (range 12-X9/7hand 23 cells for L4 (range 18-28,
n = 7), and these were significantly differentg$tt P < 0.005). The cell bodies were
located between 70 and 286 pum (mean 164 um + @7, $= 101 cells) below the dorsal
white matter in C7, and between 100 and 367 pum n&3® um = 60, n = 170 cells)
below the dorsal white matter in L4. The mean deptthese cells in L4 was significantly
different from that in C7 (t-test, P < 0.001).

In experiments Pb 1-3, virtually all of the lamiH#IV NKZ1r-immunoreactive neurons
(98%) in the C7 segment were retrogradely labeligith either or both tracers. Data
showed that 87% of these cells were retrograddigllead from LPb, 75% were labelled
from thalamus, and 64% were labelled from bothetgin the L4 segment, most of these
neurons were also retrogradely labelled; with thapprtion of retrogradely labelled cells
from one or both targets being 79%. Approximatelyof the cells were labelled from
the LPb. However, unlike the C7 segment, the ptimedo the thalamus was considerably
smaller since only 29% of these cells were labelgtl Fluorogold. Nearlyhalf of those
cells that were retrogradely labelled from the dhals were also labelled from the
parabrachial area, and this double labelling oecunn 14% of the entire population
(Table 3-14).

153



Table 3-14. Quantitative data for lamina lll/IV NK1r cells from experiments Pb 1-3

C7 L4
o nommer| 55 T (o0 | 5, 5 [ o |mmwer [ 36 [T [ o0 | 35 & | &
Pb 1 12 0 1 11 100 91.7 91.7 26 4 10 K 50 26.9 11.5
Pb 2 14 2 5 6 78.6| 57.1 42.9 26 5 14 4 69.2 346 154
Pb 3 12 2 3 7 83.3 75 58.3 19 2 11 3 73.7 26.3 1b.8
Mean 12.7 1.3 3 8 87.3 746 64.3 23.7 3.7 11.7 3.3 633.3 | 14.2

This table shows numbers of large lamina I[lI/IV NKhmunoreactive neurons on the contralateral sfdbe C7 and L4 segments in these experiments.
Cells were classified according to whether theytaimed only Fluorogold (FG-only), only CTb (CTb-ghlor were double-labelled (DL). The

percentages of cells belonging to spinoparabra¢gRb) or spinothalamic (ST) tracts, and the paaggnthat were double-labelled are also provided.



Table 3-15. Quantitative data for lamina Ill/IV NK1r cells from experiments PAG 1-4

C7 L4
o | nomver [ 10 [ S o0 [ | | 5 | wer | 55, [ o0 o | | &
PAG 1 16 14 1 0 6.3 875 O 26 3 1 1 7.7 15.4 3.8
PAG 2 14 9 0 2 14.3| 78.6 14.3 27 6 1 2 111 296 7.4
PAG 3 20 17 0 1 5 90 5 26 12 1 7.1 50 3.8
PAG 4 13 13 0 0 0 100 0 20 3 1 5 15 0
Mean 15.8 13.3 0.3 0.8 6.4 89 4.8 24.8 6 1 7 527 3.8

This table shows numbers of large lamina Ill/IV NKthmunoreactive neurons on the contralateral sidee C7 and L4 segments in these experiments.
Cells were classified according to whether theytaimed only Fluorogold (FG-only), only CTb (CTb-ghlor were double-labelled (DL). The
percentages of cells belonging to spino-PAG (SPé&Gpinothalamic (ST) tracts, and the percentagewere double-labelled are also provided.



Table 3-16. Counts of NK1r-immunoreactive lamina lll/IV neurons in Pb and PAG series

Exp segment| No AL EL CE Observed | Corrected
No. No.

Pbl Cc7 30 | 1,800| 2,300 1.277 12 15.3
Pb2 Cc7 34 | 2,040 2,300 1.127 14 15.8
Pb3 Cc7 38 | 2,280| 2,300 1.008 12 12.1
PAG1 Cc7 32 | 1,920 2,300 1.197 16 19.2
PAG2 Cc7 35| 2,100 2,300 1.095 14 15.3
PAG3 C7 40 | 2,400| 2,300 0.958 20 19.2
PAG4 C7 34 2,040 2,300 1.127 13 14.7
Pbl L4 39 | 2,340| 2,500, 1.068 26 27.7
Pb2 L4 41 | 2,460| 2,500, 1.016 26 26.4
Pb3 L4 40 | 2,400| 2,500} 1.044 19 19.8
PAG1 L4 44 | 2,640| 2,500 0.945 26 24.6
PAG2 L4 50 | 3,000| 2,500, 0.833 27 22.5
PAG3 L4 50 | 3,000| 2,500, 0.833 26 21.7
PAG4 L4 47 | 2,820| 2,500, 0.886 20 17.7

This table shows the number of 60 um thick sectidis) that were analysed in the C7
and L4 segments in these seven experiments. Therwaos number of large NK1r-

immunoreactive lamina IlI/IV neurons (before cotrees for length) and the corrected
number are presented in the last two columns. Atua length of segment analysed in
that experiment (um); EL: expected length of segm@m); CF: correction factor

(EL/AL). See text for further details.

156



In the PAG series, most of cells of this type ia €7 segment (approximately 91%) were
retrogradely labelled (Table 3-15); however, thbdlling was mainly from the thalamus
(89%) with only very small proportion retrograddgbelled from the PAG (6%). This
small percentage of labelling from the PAG is repreged by one cell each in PAG 1 and
PAG 3, two cells in PAG 2 and none in PAG 4. Thoaeof these four PAG neurons were
also retrogradely labelled from the thalamus. it segment, less than one third of the
cells in this population (32%) were retrogradelydéed. The percentage of cells that were
labelled from the thalamus was 28%, whereas onlyo8%e cells were labelled from the
PAG. There were two spino-PAG cells in PAG 1 and3P3, three in PAG 2 and one in
PAG 4. Four of these eight spino-PAG cells were alstrogradely labelled from the

thalamus.

When results from all seven experiments were coethithe proportion of cells of this
type that were retrogradely labelled from thalamves 83% for C7 and 28% for L4.
Representative examples of double labelled NK1rimaoneactive neurons in laminae |l
and IV in the C7 and L4 segments from the Pb seriesxperiments are shown in Fig.
3-26.

In the L4 segment, the proportion of lamina IlI/NK1r-immunoreactive cells in the

medial half of the dorsal horn that were retroghadtbelled from the thalamus was 35/72
(49%) (data pooled from all seven experiments),lavttie corresponding proportion for
those in the lateral half was 14/98 (14%). Thefferdid significantly ¢° test, P < 0.001).

Plots of the locations of the lamina 11l/IV NK1r-munoreactive neurons within the dorsal
horn in the C7 and L4 segments in representatiyer@xents from the LPb series are
shown in Fig. 3-27. It can be seen that therewsd@spread distribution of these neurons
within laminae Il and IV with a tendency for thetm be absent from the extreme medial
and lateral regions. The spinothalamic cells witthiis population in the L4 segment were
found in the medial half of the dorsal horn, biggl were seen in both halves in the case
of Pb 2. In the C7 segment, spinothalamic cellsewabserved in various regions of
laminae Il and IV. No consistent pattern was stercells labelled from the LPb in both
regions of the cord.

Fig. 3-28 shows plots of the locations of the NKthmunoreactive neurons in laminae 1l
and IV in the C7 and L4 segments in representaimeriments from the PAG series. In

the L4 segment, the spinothalamic cells were olesemainly in the medial half of the
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dorsal horn. Interestingly, the rare PAG cells (tke labelled from the thalamus or not)
were also observed in the medial half. In the Gyframnt, the spinothalamic neurons were
widely distributed (as most of these cells wereel@ from the thalamus), and the
occasional PAG cells were observed in the medidl ipaPAG 1 and PAG 3 but in the
middle of the laminae in PAG 2.
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Figure 3-26. Retrograde labelling of lamina Ill/IV NK1r-immunoreactive neurons in LPb
experiments.

These images are from confocal scans that show mareactivity for NK1r (green), CTb
(transported from LPb, blue) and Fluorogold (F&Gnsported from thalamus, red) in
transverse sections through G#d) and L4 €-h) from experiment Pb 3. In each case, a
single large NK1r-immunoreactive cell with its sommalamina Il is labelled with both
retrograde tracers (arrows). Images are projectodr2d (a-d) or 18 (e-h) confocal optical

sections at 2 um z-spacing. Scale bar = 50 um.
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Figure 3-27. Plots of the locations of large NK1r-immunoreactive lamina Illl/IV neurons in
transverse sections in Pb series.

These drawings show the location of all large NKAmunoreactive lamina 11l/1V neurons

observed in representative examples from the Réssdtach drawing is a composite of all
cells seen in the entire segment in one experitfieorh Pb 1 for the L4 segment and from
Pb 2 for the C7 segment). Each symbol represesisgée neuron: filled circles indicate

cells only labelled from thalamus, filled squaredicate cells labelled from thalamus and
LPb, open squares indicate cells only labelled fidAtb and open circles indicate non-
labelled cells. Note the medial location of ceibdlled from thalamus in the case of the

L4 segment.
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Figure 3-28. Plots of the locations of large NK1r-immunoreactive lamina IlIl/IV neurons in
transverse sections in PAG series.

These drawings show the location of all large NKAmunoreactive lamina 11l/1V neurons

observed in representative examples from the PAiBssdcach drawing is a composite of
all cells seen in the entire segment in one expartrifrom PAG 2 for the L4 segment and
from PAG 1 for the C7 segment). Each symbol reprssa single neuron: filled circles
indicate cells only labelled from thalamus, filleduares indicate cells labelled from
thalamus and PAG, open squares indicate cells lablled from PAG and open circles
indicate non-labelled cells. Note the widespreadtribution of cells labelled from

thalamus in C7 and the medial location of thesks aelL4.
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Chapter 4
Discussion



The main findings of this study can be summarisedolows: (1) injections of CTb or
Fluorogold targetted on the PoT can label mostdifall) lamina | spinothalamic neurons
in lumbar and cervical enlargements; (2) the egechéotal numbers of spinothalamic cells
in lamina | on the contralateral side of the C7 addsegments are 91 and 16 cells,
respectively, and this constitutes 2-3% and 0.2%heftotal neuronal population in lamina
I in the C7 and L4 segments, respectively; (3)rthmber of lamina | neurons retrogradely
labelled from the LPb is considerably lower in @art in L4, while numbers labelled from
the PAG in these segments are similar; (4) >95%pofothalamic lamina | neurons in both
enlargements are labelled from the LPb, and betveettinrd and a half are also labelled
from the PAG,; (5) lamina | spinothalamic neuronigedifrom other neurons in this lamina
that are labelled from the LPb in morphology, sosmee and, for the C8 segment, in
strength of NK1r expression; (6) ~39% of "large lp@m-coated cells" in L5 project to the
thalamus and this accounts for ~21% of the totallathic projection from lamina | in this
segment, even though these cells constitute onB% 2f projection neurons in lamina I;
(7) the great majority of "large gephyrin-coatetisfean C6 project to thalamus and LPb,
and at both segmental levels, some project to bbtthese areas; (8) only few "large
gephyrin-coated cells" in L5 and some of those éhp@oject to PAG; (9) ~17-28% of the
large lamina 11I/IV NK1r-immunoreactive neurons Wwibng dorsal dendrites in the lumbar
segments and ~84% of those in the middle of theiaarenlargement belong to the
spinothalamic tract; (10) the large lamina IlI/IVKRr-immunoreactive cells are not
retrogradely labelled by injections of Fluorogoltht occupied the ventrobasal complex,
the rostral part of Po and the medial thalamus; @i many lamina I[I/IV NK1r-
immunoreactive projection neurons in cervical egganent, and some of those in lumbar

enlargement are labelled from both thalamus and LPb

4.1 Technical considerations

4.1.1 Selection of tracer substances

In the present study, the retrograde tract tradichnique was used to investigate
projection neurons in laminae I, Il and IV in igdinal cord. It has been reported that this
technique is the best choice to determine the ilmtadf cell bodies of origin of long
neuronal pathways (Kristensson and Olsson, 197¥ailaand LaVail, 1972; Vercelli et
al., 2000). The main tracer substances used iculent study are Fluorogold and CTb.
Both tracers were reported to be effective in labglsomata of neurons (Sawchenko and
Gerfen, 1985; Schmued and Fallon, 1986; Ericson Blmngvist, 1988). Lima and
Coimbra (1988) found that CTb was superior to HRRl &/GA-HRP in labelling
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spinothalamic neurons in the rat, as it labellegtesmter number of cells in the spinal cord
compared to the latter two tracers, although thection sites were similar in all cases.
Findings from other studies agree with this obseowa(Marshall et al., 1996; Yu et al.,

2005). Burstein et al. (1990a) used Fluorogoldetoogradely label spinothalamic neurons
in rat and reported that this tracer was also eéfigctive in labelling these cells.

It has been reported that Fluorogold and CTb hasiendar efficiency in labelling spinal
projection neurons in the rat (Spike et al., 20&)ike et al. observed that injecting either
Fluorogold or CTb into the CVLM or LPb led to regrade labelling of a similar number
of cells in lamina | from each target. Thus, ituislikely that the use of different tracer
substances in experiments PoT 1-10 contributecat@ton in the observed numbers of
retrogradely labelled neurons. However, an impard#ference between the two tracers is
related to the pattern of spread within the inpctsite; Fluorogold has been found to
spread widely, whereas CTb was reported to produnere restricted spread. This feature
of CTb is advantageous especially if a specificaaire the brain has to be targeted.
Therefore, in the single tracer-injection experitsgfhal and PoT series), Fluorogold was
used to target the thalamus in experiments ThalwHereas CTb was used to target the
PoT in some of the cases in the PoT series. Howé&heorogold was also used in some
experiments in the PoT series. In the double tragection experiments (DI, Pb and PAG
series), the combination of Fluorogold and CTb wakcted as this has proved to be
effective in previous retrograde double-labellitgdses (Spike et al., 2003). In these cases,
CTb was used to target the more caudal structuee FoT in DI 1-7, LPb in Pb 1-3 and
PAG in PAG 1-4). This is because it has been regdttat if Fluorogold is used as one of
the tracers in double-labelling experiments, theshould be injected into the more rostral
site (Akintunde and Buxton, 1992; Bice and BeaR7l9. This observation was attributed
to the tendency of Fluorogold to cause necrosikiwithe tissue; then if Fluorogold was
injected into the more caudal site, this would idgéhe transport of the other tracer (if the
main bundle of that pathway is passing throughasecto that necrotic region). It has been
reported that CTb gives extensive filling of théragradely labelled neurons (Lima and
Coimbra, 1988; Marshall et al., 1996; Zhang andd;H97; Spike et al., 2003), which is
an advantage for the morphological analysis of teniineurons in horizontal sections.

4.1.2 Selection of the examined segments

In the present investigation, analysis of data eaasied out on segments selected from the
middle regions of the cervical (C6-8) and lumbaB-4) enlargements. The cervical
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enlargement in the rat extends from the C5 segneetite T1 segment, and the lumbar
enlargement extends from the T13 segment to theddiment (Kemplay and Webster,
1986). The choice of these segments was made riamder of reasons. Firstly, most of
the receptive fields of cutaneous afferents from fbrelimb and hindlimb are located
within the C6-8 and L3-5 segments, respectivelyd$wnd Woolf, 1985; Takahashi and
Nakajima, 1996; King and Apps, 2000). Secondly,riafram the upper cervical cord,
studies have shown that projection neurons in larhiare mainly concentrated within the
middle parts of the enlargements (Menétrey et E382; Lima and Coimbra, 1988;
Burstein et al., 1990a; Yezierski and Mendez, 190dhayashi, 1998; Li et al., 1998).
Thus, the larger number of labelled lamina | c#ilt would be expected in these segments
is likely to provide more consistent results thaould be obtained from segments that
contain only a small number of these cells (e.gratic segments). Thirdly, studies that
have not analysed tissue from the entire spinatl dmve restricted their analysis to
segments from the spinal enlargements (e.g. Hyl&deal., 1989; Marshall et al., 1996;
Spike et al., 2003; Yu et al., 2005; Almarestanalet 2007). Therefore, it is possible to
compare present findings with most available stddhe literature.

The sectioning strategy adopted in the first papresent study was to cut the L4 and C7
segments in the transverse plane and the L5 argk@@ents in the parasagittal plane. The
L4 segment was selected for that plane of cuttegpbse previous quantitative studies on
rat lumbar cord that were undertaken in this latmoyawere carried out on this segment
(Marshall et al., 1996; Spike et al., 2003), and test plane to perform quantitative
analysis on lamina | cells is the transverse planeihich the entire mediolateral extent of
the lamina can be easily seen. From the two cdrgiggments, C7 was selected for the
quantitative analysis, and therefore cut in thendvarse plane. The remaining two
segments in this series (L5 and C6) were cut irptrasagittal plane, because the aim was
to analyse the population of the large NK1r-imm@aative neurons in laminae 11l and IV
and it has been reported that these neurons arsdwsin the parasagittal plane (Naim et
al., 1997). Throughout the first part of the stuthese segments were consistently cut in
these planes, and the analysis of lamina | or larliflV neurons was carried out on the
transverse or parasagittal sections, respectivelgwever, in the FLM series, the
quantitative analysis of lamina | cells was perfedmon parasagittal sections from the C6
and L5 segments. This is because the aim was tot ¢ba total number of retrogradely
labelled cells in lamina | in the entire segment ¢his requires mounting of all sections in
serial order. This is more easily carried out fect®ns cut in the parasagittal plane,

because this yields fewer sections than cuttirthentransverse plane. Moreover, the shape
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of the dorsal horn changes gradually from latelmedial and this helps in the
identification of the order of these sections. Baene sagittal sections were also used to
investigate the large NK1r-immunoreactive neurantaminae Ill and IV in this series of

experiments.

In the Pb and PAG series, the C7 and L4 segments also selected for the quantitative
analysis of lamina | (as in the first part of theidy), and therefore cut transversely.
However, these same sections were also used tgsantde large NK1r-immunoreactive
neurons in laminae 1l and IV, because the C6 abdegments in this series had been cut
in the horizontal, rather than the parasagittainglin order to study the large gephyrin-
coated cells in lamina I, which are best studiechamizontal sections. The L3 and C8
segments were also cut in the horizontal plane usec#his plane is the best to perform

morphological analysis of the projection populasiamlamina I.

4.2 Projection of lamina | neurons to the PoT

4.2.1 Issues related to the Injection sites

A major aim of the present study was to investigate projection from spinal lamina |

neurons to the PoT in thalamus, since this has beewn to be a major target for axons
from cervical superficial dorsal horn in the rata(@iau and Bernard, 2004a), and to
compare this with the overall thalamic projectioonfi this lamina. Thus, the decision was
made to include in the injection sites of the Thatl DI series every thalamic nucleus
reported to receive terminals from lamina | neuronghe rat (Lima and Coimbra, 1988;
Burstein et al., 1990a; Li et al., 1996; Marshalbak, 1996; Kobayashi, 1998; Kayalioglu
et al., 1999; Gauriau and Bernard, 2004a; Yu eRaD5).

The PoT is a small region in the caudal thalamud, iiis difficult to target this region
precisely with no spread into adjacent structufidserefore, areas surrounding the PoT
were included in the injection site in most casé®wever, this should not create problems
in the interpretation of the results because, istngases, tracer spread did not include any
regions that have been shown to receive signifiognit from the superficial dorsal horn,
except as an extension of the terminal field cehtne the PoT into PIL and APT that was
described by Gauriau and Bernard (2004a).

One significant concern in the present study ispibiential labelling of fibres of passage,

since axons of the spinothalamic tract pass thrdahgharea of the PoT before entering
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more rostral nuclei in the thalamus (LeDoux et Bd87; Cliffer et al., 1991; Gauriau and
Bernard, 2004a). In addition, Gauriau and Bern@@04a) reported that axons of the
spinohypothalamic tract ascend through the cauddhmus before reaching their target.
However, the presence of projection from laminaunons to the hypothalamus is a matter
of controversy. A recent anterograde tracing stddy not demonstrate a significant
projection from the superficial dorsal horn in rmrvical cord to the hypothalamus
(Gauriau and Bernard, 2004a). On the other handpesoetrograde tracing and
physiological studies have identified such a propecin the rat (Burstein et al., 1990b;
Dado et al., 1994a,b,c). However, it appears thah éf such a projection exists, many of
the axons send collateral branches to the thaldoeisse terminating in the hypothalamus
(Dado et al., 1994a,b,c). Therefore, it is unlikétat labelling of the spinohypothalamic
axons from the caudal thalamus had a major effacthe present results. The issue of
labelling ascending fibres of the spinothalamicttra discussed below (section 4.2.6).

4.2.2 PoT in the literature

The posterior triangular nucleus (PoT) is a tercendly introduced to describe a small
region in the posterior thalamic nucleus in the wdtich is triangular in outline. Its narrow
apex points dorsally and its wider base faces aéintrAccording to the atlas of Paxinos
and Watson (2005), this region extends in the aptesterior axis from interaural 2.88 to
4.08 mm. It is bounded laterally by the MG complaexd is in close contact with the
MGM. Ventrally it is bounded by the PIL, mediallyy the APT, posterior limitans
thalamic nucleus and, at its caudal end, by the deesencephalic nucleus. Dorsally it is
continuous with the Po nucleus. Jones (2007) defittes region as the backward
extension of the posterior medial nucleus thatreldealong the medial edge of the MGM
and even merges with it to form the small-cellethponent of MGM. According to Jones,
this nucleus is present in all mammalian speciesngxed; however, it is more evident in
rodents. Different authors have referred to theaary different names, for example: pars
medialis of the MG complex (Lund and Webster, 19879 magnocellular area of the MG
body (Giesler et al., 1976; Carstens and Trevi®F8), and posterior intralaminar nucleus
(LeDoux et al., 1987; Linke, 1999a).

Although some early studies have described a spircgéction to areas equivalent to the
PoT, many recent retrograde tracing studies offhieothalamic tract did not include this
area in their injection sites. An example of thdyestudies is that conducted by Lund and
Webster (1967), who observed heavy terminal degdinerin this region following spinal
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cord hemisection. Giesler et al. (1976) antidrohycactivated neurons in lumbar spinal
cord, some of which were in lamina |, after stintiola of the magnocellular area of the
MG complex, an area that corresponds to the Pofheénnew nomenclature. Following
injection of WGA-HRP into the cervical or lumbarlamements in the rat, LeDoux et al.
(1987) observed anterogradely labelled terminalghe region of the PoT, at levels
corresponding to interaural 3.5 to 4.1 mm. Thig fagling was also confirmed by the
retrograde tracing technique, when LeDoux et @87} injected the WGA-HRP into an
area that corresponded to PoT and observed mamwgradely labelled cell bodies in the
cervical segments and the caudal lumbar and u@pealsregions. Most labelled neurons
were detected in the neck of the dorsal horn (gtieular part of lamina V and to a lesser
extent in lamina 1V); some neurons were also saesther laminae including lamina I. In
cat and monkey, spinothalamic terminations in aexpgvalent to PoT in rat have also
been described (Jones, 2007). However, it seemshtaubcortical inputs to the PoT do
not only come from somatosensory pathways becaeP®lx et al. (1987) also described
convergent inputs from the ascending auditory pattswLinke (1999b) reported that input
to an area equivalent to PoT was predominantly fieenexternal nucleus of the inferior
colliculus and deep layers of the superior collisul

4.2.3 Thalamic injections that included the PoT labelled
more lamina | neurons than had been reported

Since the PoT was not apparently included in thection sites in many of the previous
retrograde tracing studies, the first aim of tmsgeistigation was to determine whether
injections that included this region would labdbeger number of lamina | spinothalamic
neurons than had been seen in the previous studiegperiments Thal 1-5, the injections
included all of the main thalamic regions that &rewn to receive inputs from the
superficial dorsal horn: VPL, PO, PoT and VPPC (@auand Bernard, 2004a). Although
there was some variation between injection siteg. (¢PL was only partially filled in
Thal 1 and Thal 3, and there was variable spre#al time striatum), the numbers of
retrogradely labelled lamina | neurons in C7 weeeyvconsistent, averaging 23.2 cells
(range 22-25) per 60@m. The mean number in L4 was considerably lowerelis (range
3-10) per 1,20um. The observed consistency in number of labelédld between the five
experiments suggests that excluding the MD nucl@usThal 1) did not lead to a
significant reduction in the number of retrogradédypelled cells. In support of this,
Gauriau and Bernard (2004a) observed only spargegbion from lamina | neurons to the
MD nucleus in the rat. It is unlikely that spredd=tuorogold into the striatum influenced
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these numbers as this only occurred to a signifieatent in Thal 3 and Thal 4, and the
numbers of retrogradely labelled cells were no éigh these experiments. Giesler et al.
(1979) reported that following control injectionsHRP into the caudate nucleus in the rat,
no retrograde labelling was observed in the spioadl. In addition, Gauriau and Bernard
(2004a) found no evidence of a significant promttirom superficial dorsal horn to the
striatum.Since the length of the C7 segment is 2.3 mm (ptestedy), while that of L4 is

~2.5 mm (Polgar et al., 2004), it was estimated tihere are ~90 lamina | spinothalamic

neurons on the contralateral side in C7 and ~1B salls in L4.

Early studies that used HRP to retrogradely lalpghaghalamic cells (Granum, 1986;
Kemplay and Webster, 1986) found only a small nundfehese cells below the second
cervical segment, presumably because of the lackensitivity of this tracer; therefore,
these studies will not be discussed in relatioth®present findings. Following injection
of CTb into the ventrobasal thalamic complex of ¢tbhatralateral side, Lima and Coimbra
(1988) observed 24 spinothalamic cells in lamioathe C7 segment, and 38 such cells in
the combined L3 and L4 segments (i.e. ~19 celthénL4 segment, assuming that L3 and
L4 contain equal numbers of spinothalamic celllamina I). However, it appears that the
PoT was not included in that injection site sinag EA, presented in Lima and Coimbra
(1988), shows that spread of tracer did not extesdar backward as the PoT region.
Burstein et al. (1990a) found 68-152 lamina | sgiatamic cells in the combined C7-8
segments after injecting Fluorogold into the cdateaal thalamus. They reported that their
injection sites included the ventrobasal compled &o in all cases, as well as various
midline and intralaminar thalamic nuclei. Assumihgt the C7 and C8 segments contain
equal numbers of spinothalamic neurons in lamindnén each segment would contain
between 34 and 76 labelled cells. This variabilitytheir results may be explained by
variations in the spread of Fluorogold in the farealysed cases. As presented in Table 2 in
their paper, the injection site extended to the N@&leus in only two of the five cases.
Spread of tracer into MG would probably fill thejaxkent PoT region, and it is possible
that the highest number of labelled cells was entyead in these two cases, although this
was not reported by the authors. As to the lumlemments, Burstein et al. (1990a)
reported a range of 6-32 spinothalamic laminalsaalthe combined L4 and L5 segments
(i.e. 3-16 cells in the L4 segment). Marshall et(4896) found approximately 14 labelled
cells in lamina | in the L4 segment after entiraléimic injection of the contralateral side.
Yu et al. (2005) conducted a quantitative studyraif spinothalamic lamina | neurons;
however, they did not estimate the total numbesmhothalamic cells in lamina | per

segment in that study. Surprisingly, Li et al. (@p%ound a very high number of
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spinothalamic cells in lamina | of the C7 segmdiitey reported that the thalamus of the
contralateral side was almost filled with Fluorafyand their illustration showed that large
part of the Po and ventrobasal complex were indwdi¢hin the injection site, but they did
not illustrate more caudal levels, so it is nhot\nowhether that injection site extended to
the PoT. They reported finding 81 retrogradely liggelamina | cells per 800 um, and this
is more than twice as high as that seen in theeptedudy. However, this finding was only
obtained from one rat, and the authors did not idewetails of how sections were
selected for analysis or whether they correctedf@r-counting. Interestingly, Dado and
Giesler (1990) found a high number of retrogradelyelled neurons in lamina | of the
cervical enlargement following a small Fluorogolgection that was restricted to the
caudal part of Po, and their illustration showeltinfj of the rostral part of PoT. In
conclusion, the number of spinothalamic cells milea | estimated in the present study is
considerably higher than those of Lima and CoindsrBurstein et al. for the C7 segment.
Since the injection sites in these two previoudistl did not consistently extend far
enough caudally to include PoT, this suggests iti@dtision of the PoT in the injection
sites increases the number of labelled cells inidam in the cervical enlargement.
However, for the L4 segment, the present findingeserally similar to that reported by
previous studies, even though the PoT was not eppaincluded in the injection sites in
their cases. Nevertheless, injections that targétedPoT area in the present study (PoT
series) were able, in some cases, to label allast wf the spinothalamic cells in lamina |
in this segment (e.g. PoT 6-8; see section 4.FEdjthermore, many of the cells were
retrogradely labelled with CTb (i.e. were labellddm the PoT) in the DI series of
experiments. There are two possible explanationghfe observation: 1) all lamina | cells
that were labelled from PoT in the L4 segment gdsmect to more rostral parts of the
thalamus; or 2) the labelling of fibres of passagethe region of PoT led to this

observation.

4.2.4 Injections that target the PoT are capable of labell-
ing all spinothalamic neurons in lamina |

Since the Fluorogold injections in the Thal expenms included several known targets for
lamina | neurons, the next aim was to target theetr injections on the PoT. Surprisingly,
although there was some variation in numbers obgeadely labelled lamina | neurons,
the mean values for those experiments in which ®a$ included in the injection site
(PoT 1-9) were very similar to those for the Thaliess: 24.6 cells/600m in C7 and 7.1
cells/1,200um in L4.
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The following is a detailed analysis of individutperiments in the PoT series in the C7
segment: First of all, some degree of variabiligswbserved in the numbers of lamina |
spinothalamic cells that were labelled in PoT I46is could be explained by variations in
the extent of the injection sites, though PoT waduded, totally or partially, in all nine
experiments. Experiments PoT 7 and PoT 8 werentb&t successful experiments in this
series, in terms of filling the PoT with relativeliftle spread into surrounding structures.
These two experiments resulted in labelling of @d a5 cells per 600 um length of the C7
segment, respectively, and these were close taonémen value for the Thal series. The
slightly lower numbers of retrogradely labelledlsdbund in PoT 2 and PoT 3 could be
due to patrtial filling of the PoT in these caseslydhe caudal part of PoT was included in
the injection site in PoT 2 and the dorsal patthef PoT at interaural 3.9 - 4.1 mm was not
included in the injection site in PoT 3). It is ikelly that the involvement of the superior
colliculus or the deep mesencephalic nucleus in Padntributed to the observed number
of labelled cells in this case because these draas not been documented to be major
targets for lamina | neurons in the rat (Gauriad Bernard, 2004a). Therefore, it is very
interesting to find that including only the caugbart of the PoT in the injection site (in
PoT 2) was capable of labelling a high proportidérihe spinothalamic cells in lamina I.
An interesting observation from experiments POP8T 5, PoT 6 and PoT 9 is that the
rostral extension of tracer into the ventral partsthe Po/ventrobasal complex in the
former two experiments, into the Po nucleus in Pp®r the massive extension of tracer
into large parts of the Po/ventrobasal complexait B did not lead to an increase in the
number of labelled lamina | neurons in these expenis. This probably indicates that
these nuclei do not receive terminals from lamimathe C7 segment apart from any that
send collaterals to the PoT or pass through it. desibility of collateral projection to the
Po/ventrobasal complex and the PoT waddressed in the double tracer injection
experiments, as presented below. The finding in E&Tin which 18 lamina | cells were
labelled per 600 um in the C7 segment, indicatas sbme lamina | neurons could be
labelled from the Po nucleus. The highest numberetogradely labelled neurons in
lamina | of the C7 segment was observed in expettirR®T 4. It is obvious that tracer
spread in this experiment was massive but thidtresdifficult to interpret especially after
comparing this observation with results obtainddratotal thalamic injections. The mean
number of retrogradely labelled neurons in the €gnsent following a total thalamic
injection was 23 cells per 600 um (data from Thadl &1 series), and this number is
smaller than the one obtained in experiment Po¥hch is 36 cells per 600 pm. Probably
the random variation in the numbers of spinothatareils between sections contributed to
this odd finding.
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In the L4 segment, because of the very small nusnbespinothalamic cells in lamina |, it
is difficult to interpret the differences betwedre ifferent experiments. In spite of that, it
is very clear that experiments PoT 6-8 labelledhighest number of cells in this series,
and this was similar to the mean number observedhén Thal series. However, as
suggested above, retrograde labelling in lamimathé L4 segment from the PoT is likely

to be due to labelling of collaterals or of fib@passage.

A comparison of the results from the Thal and Prgeeiments suggests that injections of
tracer targetted on PoT can label most (if notspipothalamic neurons in lamina | in both
segments. This finding has an important practiogllication: investigations that aim to

label all spinothalamic cells in lamina | couldtres tracer injection to the PoT area. This
would save time during the surgery and is a vest-effective approach, in terms of the

amount of tracer used, compared to injectionsfilhéhe entire thalamus.

4.2.5 Retrograde labelling in lamina | observed in the DI

experiments

4.2.5.1 The C7 segment

If the difference between the numbers of labeldiha | neurons in the C7 segment in
the present study and those reported by Lima andhi@a (1988) and Burstein et al.
(1990a) is due to inclusion of the PoT in injectidn this study, this would suggest that
some lamina | cells in this segment project toRlod, but do not have axons that extend
further rostrally. This possibility was explored time DI experiments, in which CTb was
injected into the PoT and Fluorogold into otherlah@c regions that receive projections
from superficial dorsal horn. If that interpretatiavas correct, then it would be expected
that most lamina | cells in the C7 segment werkeeitiouble-labelled or only contained
CThb. The total numbers of spinothalamic laminallscebserved in these experiments
were similar to those seen in Thal or PoT experisieand (as expected) the mean number
of lamina | cells that were labelled with Fluorogoh C7 (14/60Qum) was significantly
lower than the mean number of retrogradely labeledirons seen in Thal or PoT
experiments (24/600 pum) (t-test; P < 0.05).

The first group of experiments in the DI series (D4) presented some common features
in the spread of tracer substances; however, slighitions were observed and these

rendered the interpretation of the results rathtresting. First of all, the total number of

175



retrogradely labelled cells varied slightly betwdba four cases. This variation might be
insignificant and could be due to the random vemmin the distribution of cells between
sections, or it could be due to differences ingpeead of tracer substances. If the second
assumption is correct, then it would be more infatioe to compare the two extreme data
sets, i.e. data from DI 1 and DI 4. By analyzingutes presented in Table 3-3, it can be
seen that the difference in the total number gbggtdely labelled cells between these two
cases is mainly due to the number of CTb-labelleits.cExperiment DI 4 had a much
lower number of these cells than DI 1 (10 comp&oe2iB). This might be explained by the
lack of spread of CTb into the PoT at interaur8l-34.1 mm in experiment DI 4. Instead,
this area was filled with Fluorogold, and this abekplain the higher number of cells that
were only labelled with Fluorogold in this case qared to the other three experiments.
This observation suggests that the rostral pafP@rf (or the Po at this level) receives
terminals from lamina | neurons in the C7 segmé&mother observation that can be
obtained from experiments DI 1-4 is that the nunmddefluorogold-labelled cells is higher
in DI 1 and DI 4 than that in DI 2 and DI 3. Thagical explanation is that Fluorogold
extended in the former two experiments into ar&ag) which lamina | neurons could be
labelled, but these were not included in the |atier cases. After examining the spread of
Fluorogold in the thalamus in these four experirmetiie most likely explanation is the
extension of Fluorogold into the rostral part of thoT in DI 1 and DI 4, which did not
occur in DI 2 and DI 3. One difference betweendhedal extension of Fluorogold in DI 1
and DI 4 is that some overlap occurred betweervtoetracers at rostral PoT in DI 1, but
this did not occur in DI 4. Correspondingly, themther of double-labelled cells in DI 1
was higher than that in the other experiments. l@nother hand, the number of cells that
were only labelled with CTb was lower in DI 1 comgéito DI 2 and DI 3. In other words,
some of the cells that were only labelled with Gl 2 and DI 3 probably correspond to
the double-labelled cells in DI 1. The last obsgoraon this series is related to the
proportion of the double-labelled cells out of Elliorogold-labelled cells in lamina I. It is
obvious that all (in DI 2 and DI 3) or most (in D) of the lamina | cells that were labelled
from the rostral thalamus could be also labellednfthe PoT. This proportion was smaller
in DI 4, and this is probably for the reason préseérabove, i.e. lack of spread of CTb into
the rostral part of the PoT in this case. If datamf experiments DI 2 and DI 3 are
considered, as the results here are more conssitneach other, the pattern of thalamic
projection from lamina | cells in C7 could be sumised as follows: about two-thirds of
the cells could only be labelled from the arealsd PoT, whereas the remaining third
could be labelled from both the PoT and the rogtralamus. Therefore, this group of

experiments suggests that injection of tracer sulgst into the PoT is capable of labelling
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all lamina | spinothalamic cells in the C7 segmeampvided that the rostral PoT is

contained within the injection site.

As to experiments DI 5-7, the mean number of readegly labelled cells in these three
cases did not differ much from that observed indtieer series of experiments (Thal 1-5,
PoT 1-9 and DI 1-4). Therefore, inclusion of mdralamic nuclei (e.g. SPF, Re, rhomboid
nucleus, retroreuniens nucleus, nucleus subme¥dids,in addition to the other parts of
VPPC, CM, MD, CL and PF nuclei that were not inéddn the other experiments) in the
injection site did not lead to an increase in tluenher of retrogradely labelled cells in
lamina I. However, the number of cells that weréydabelled with CTb in this group is
relatively lower than that seen in DI 1-4, appasebeing replaced mainly with double-
labelled cells (in DI 5 and DI 7) or with cells grihbelled with Fluorogold (in DI 6). It is
obvious that the dorsal PoT/Po at interaural 4.0 was not filled with CTb in cases DI 5
and DI 7. Thus, it is possible that the dorsal PoTl/Aat interaural 4.0 mm receives
projection from lamina | cells, as suggested abéi@mvever, it is difficult to explain the
low number of cells labelled with CTb in DI 6, sen: this case the CTb injection filled
much of the PoT and extended dorsally into Po tatramral 3.2 to 4.0 mm. Nevertheless,
in this experiment (DI 6), the Fluorogold injecti@pread caudally to enter the MG at
interaural 3.6 mm, and was thus close to the retfiahcontains projections from cervical
superficial dorsal horn (Gauriau and Bernard, 2DOkahas been reported that injecting
Fluorogold proximal to other tracers in double-léibg experiments interferes with the
uptake of the other tracer (Akintunde and Buxtd®9Z, Bice and Beal, 1997b), and it is
therefore possible that the proximity of the Flugwilal injection site to the PoT prevented
uptake of CTb from this region by some spinothatatamina | neurons. Interestingly,
only one cell in DI 7 was only labelled with CTkhds, most of the cells that were labelled
from the parts of PoT that were included in thedtipn site of DI 7 were also labelled
from more rostral parts of the thalamus. In DI t5was found that five cells were only
labelled with CTh. By comparing the spread of Citldi 5 with that in DI 7, it was found
that the additional areas that were included initlgction site in DI 5 were: caudal PoT
(around interaural 2.9 mm) and Po at interauralBrB. The filling of these areas with
CTb in DI 6 may account for the eight cells thatrevenly labelled with CTb in this case.
The reason for the higher number of cells that voelg labelled with CTb in experiments
DI 1-3 is probably because these cells had codihfaojections to the additional thalamic
nuclei included in DI 5-7 but not in DI 1-3; hencerresponding cells would have
appeared as single labelled in the latter. The musiof Fluorogold-labelled cells in

experiments DI 5-7 were high and were similar tosth observed in DI 1 and DI 4.
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However, this high number in DI 5-7 can not be aeted for the explanation suggested
for DI 1 and DI 4, i.e. Fluorogold extension intustral PoT/Po at interaural 4.0 mm. Little
caudal extension of Fluorogold into rostral PoTd&eourred in DI 7 but this is more or less
as much as that observed in DI 3, and this latEansion did not lead to an increase in the
number of Fluorogold-labelled cells. The most lke&xplanation is that the additional
thalamic nuclei included in this series of expenmsereceive collaterals from lamina |
cells that were labelled from the PoT. Some of th&ogradely labelled cells in
experiments DI 5 and DI 7 were found to be positmeFluorogold only, i.e. these cells
were labelled only from rostral nuclei of the thalss, and were responsible for about 20%
of the total thalamic projection from lamina | ir¥ GProbably, the deficient spread of CTb
in the region of dorsal PoT/Po at interaural 4.0 hadhto the appearance of cells that were
only labelled with Fluorogold instead of doubled#ibd cells. Surprisingly, the number of
cells that were only labelled with Fluorogold in Blwas much higher than that in the
other two experiments in this series, and thigfifgcdlt to interpret. The major difference
in the Fluorogold injection site between DI 6 ahd bther two cases (DI 5 and DI 7) was
the spread into the MG nucleus in DI 6. Howevers is unlikely to account for the
observed high number of cells only labelled withhdfbgold in DI 6 since this region of
MG is not thought to be a major target for lamiraxbns (Gauriau and Bernard, 2004a).
Probably, the reason behind this observation igedaced labelling with CTb mentioned

above.

Although Gauriau and Bernard (2004a) describedgaifstant projection from lamina |
neurons to the PoT, they considered the VPL nuct=mushe main thalamic target for
lamina | neurons in the cervical enlargement inrdteResults of the present study suggest
that rostral thalamic nuclei (presumably mainly t¥BL) received projections from a
lower number of lamina | cells compared to caudatlei (probably mainly the PoT).
However, this does not contradict the finding byu@au and Bernard because they based
their conclusion on the sizes and packing densitidbe terminals they observed in these
areas, whereas this conclusion (from present stiglyjased on numbers of lamina |
neurons that project to each of these targets.

4.2.5.2 The L4 segment

Some observations could be made from the doubkdliaty (DI) experiments in the L4
segment, although the interpretation of data ia tilise might be less clear than that in the
C7 segment due to the lower number of spinothalamilis at this level. First of all, it is
obvious that including additional thalamic nucleithe injection site in DI 5-7 did not lead
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to any increase in the total number of labelledsaal these cases compared to that seen in
DI 1-4. The observed total number in DI 5 was ssmpgly low. One of the differences
between tracer spread in DI 5 and that in DI 6 Bhd is that filling of midline thalamic
nuclei was greater in the latter two cases. Howewessing these nuclei is unlikely to be
the reason for the lower number of cells retrogsatidelled in DI 5 because these nuclei
were not included in all other experiments (Thall ®0T series); nevertheless, the total
number of retrogradely labelled cells in many asth cases was as many as that observed
in DI 6 and DI 7. It is possible that the lack @der spread into dorsal PoT/Po at interaural
4.0 mm in DI 5 led to this lower number of labelleells; however, this did not lead to
reduction in the number of labelled cells in the S€gment. It is therefore likely that this
difference is not significant and merely due to thedomness in selection of the analysed
sections. In most DI experiments, the majorityled tetrogradely labelled cells contained
CTb, and indeed some were only positive for CThisThight indicate that these cells
project only to the PoT. However, this is unlikélgcause other studies have reported as
many spinothalamic cells in lamina | of L4 as tmegent study even though the PoT was
not included in their injection sites, as preserabdve. The mean number of lamina I cells
that were retrogradely labelled with Fluorogoldalhseven DI experiments is six cells per
1,200 um, equivalent to approximately 13 cellshia éntire L4 segment, i.e. similar to that
seen in Thal experiments. This suggests that lamggls in the L4 segment that were
labelled from the PoT also project to more rospailts of the thalamus. The number of
cells that were labelled with Fluorogold varied vibe¢n the seven cases. The highest
number was observed in DI 4. Probably the reaspthie is the same as that suggested for
the C7 segment, i.e. the caudal extension of Faadointo the rostral PoT/Po at interaural
4.0 mm. This could also explain the lower numbecelfs only labelled with CTb in this
case. More than half of the retrogradely labellelisan experiments DI 6 and DI 7 were
positive for Fluorogold only. Probably, this is dte the spread of tracer into Po at
interaural 4.0 mm in DI 7, but this explanatiomat valid for DI 6. Interestingly, this was
also observed in lamina | cells in the C7 segmemli 6, but again there was no obvious
explanation for this observation.

4.2.6 Evidence for lamina | projection to the PoT from
FLM experiments

The present results indicate that most lamina napalamic neurons can be labelled by
injection of CTb or Fluorogold into the PoT. Howevas mentioned above, this might
have resulted from uptake of tracer by fibres afgage, since the main ascending bundle
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of spinothalamic axons from lamina | passes throtigs region (LeDoux et al., 1987;
Cliffer et al., 1991; Gauriau and Bernard, 2004a)order to demonstrate that labelling
from the PoT, or at least part of this labellirggdue to uptake of tracer by terminals rather
than by passing fibres, three more experiments (AL8) were carried out using another
tracer substance: rhodamine-labelled fluorescemeix lanicrospheres (red beads), which
were injected into the PoT. This tracer substarge two main advantages over other
tracers: (1) it gives a highly restricted injectisite that could be almost entirely contained
within the PoT, and (2) it has been reported thatlteads are not taken up by intact axons
near the injection site (Katz et al., 1984; Pu Angthor, 1990; Krug et al., 1998). Katz et
al. (1984) observed that when they placed the élsment latex microspheres on top of the
corpus callosum of rats, no retrograde labellinguoed in cortical cells. Pu and Amthor
(1990) reported that injection of this tracer ireas known to contain passing retinal
fibres, such as the deep layers of the superidicalls or the brachium of the superior
colliculus, did not result in retrograde labelling the retina. A similar conclusion was
reached by Krug et al. (1998) who made multipleedtipns of fluorescent latex
microspheres into cortical areas, through whichiqegate fibres pass before their
termination in the visual cortex. These authorstbuo retrograde labelling in the lateral

geniculate nucleus after these injections.

All three FLM experiments resulted in labelling lamina | neurons in the C6 segment,
and in FLM 3, 46 of these cells were labelled.hié humber of lamina | spinothalamic
neurons in C6 is similar to that in C7, this wouipresent approximately half of the
spinothalamic population in this lamina, and sitfe@injection site in this animal occupied
much less than half of the entire PoT, it is likiddat the number of cells that project there
has been considerably underestimated. This suggleatsmost (if not all) lamina |
spinothalamic neurons in the cervical enlargemewehaxons that arborise in the PoT or
immediately surrounding areas. Retrogradely labelbenina | neurons were also seen in
the L5 segment in two animals (FLM 2 and FLM 3)th®lugh the numbers were small,
they represent approximately one third of the pafpah of spinothalamic neurons in this
lamina (assuming that the number of cells in LSimsilar to that in L4). This suggests that
at least some lamina | spinothalamic cells fromltmebar enlargement also project to the
PoT.

Taken together with previous reports, findings e present study suggest that the great
majority of lamina | spinothalamic neurons have rexthat pass through or close to the
PoT. Some of those in the cervical enlargementicoatrostrally to terminate in VPL and
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Po (in many cases giving off collaterals to PoThilevothers terminate in PoT. In the
lumbar segments, all lamina | spinothalamic ceflpear to terminate at rostral thalamic
nuclei (VPL and Po), with some sending collatettalsthe PoT, but none terminating

exclusively in this nucleus.

4.2.7 Evidence for a projection to the PoT from physiolo-
gical studies

The present finding that some lamina | cells in @& segment project only to the PoT is
consistent with the results of a recent physiolalgstudy by Zhang and Giesler (2005),
who reported that a significant number of lamingpinothalamic cells in the rat cervical
enlargement projected to the PoT and surroundimggome, but no further rostrally.
Furthermore, Zhang and Giesler (2005) reportedttteat found more spinothalamic axons
that terminated within PoT than within any othezaaof the posterior thalamus. Dado et al.
(1994c) also reported that some neurons in therBajpé dorsal horn in rat cervical

enlargement were activated from the PoT, but mwhffurther rostral sites.

4.2.8 Is the PoT in the rat equivalent to the VMpo in the
monkey?

Based on a number of similarities, Gauriau and &etri2004a) suggested that the rostral
part of the PoT in the rat corresponds to the VMpoleus in monkey. This suggestion is
very likely to be correct because exclusion of fhast from injection sites in the present
study led to reduction in the number of labelletlsceas presented above. Some of the
reported similarities between PoT and VMpo are:thatboth nuclei are located in the
caudal part of the thalamus, close to the MG anch8€ei; 2) both receive a major input
from the superficial dorsal horn; 3) both contaatbendin-immunoreactive profiles (Craig
et al., 1994; Coolen et al., 2003; Craig, 2004 dh both contain nociceptive-specific
neurons and project to similar areas in the celeloréex (see below).

4.2.9 Functional role of the PoT

Several studies have implicated the PoT in thegesiag of nociceptive information. This
was based on finding that it receives afferentsafreciceptive neurons, that some of its
neurons respond to noxious stimuli, and that ijquts to areas involved in response to
pain (see below). Zhang and Giesler (2005) repdtiatall of the eight lamina | cells in

rat cervical enlargement that were activated frown PoT responded to noxious stimuli:
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seven cells were nociceptive-specific and only oelé was classified as a wide dynamic
range neuron. Gauriau and Bernard (2004b) receefgrted that about 45% of the 108
neurons recorded in and around the PoT in the e wiociceptive-specific, 19%

responded to both noxious and innocuous stimull, 36% responded to low threshold
tactile stimuli. Because most lamina | neurons actvated by noxious, but not tactile,

stimuli (Christensen and Perl, 1970; Bester et 2000), Gauriau and Bernard (2004b)
proposed that input from lamina | mainly targete thociceptive neurons (either the
specific or non-specific type), whereas the lovesimold tactile neurons in the PoT receive
their afferents from dorsal column neurons and sdeep dorsal horn neurons. Since the
receptive fields of the PoT cells were found toldrge (often one to three paws), it has
been suggested that axons of many lamina | newamgerge onto single PoT cells in the

thalamus (Gauriau and Bernard, 2004b).

Several studies have shown that PoT projects teraeareas and mainly to the secondary
somatosensory cortex (S2) (Carvell and Simons, ;1Spreafico et al., 1987; Shi and
Cassell, 1998; Linke, 1999a; Linke and Schwegl€0(2 Gauriau and Bernard, 2004b).
Projections to the insular cortex (Linke, 1999ayka and Schwegler, 2000; Gauriau and
Bernard, 2004b) and lateral nucleus of the amyg(@itteersen and Ben-Ari, 1979; LeDoux
et al., 1990; Gauriau and Bernard, 2004b) have b&sndescribed. Interestingly, Gauriau
and Bernard (2004b) observed a correlation betweerphysiological properties of PoT
neurons and the cortical projection target. Theyntb that nociceptive-specific neurons
projected to S2 cortex, whereas other neurons gegeto the insular cortex and/or
amygdala. In close resemblance to the PoT, it kas bbeported that the VMpo nucleus in

monkey sends projections to the insular cortexi¢Ceaal., 2000).

The secondary somatosensory cortex (S2) is lodaterhl to the primary somatosensory
cortex (S1) and contains a complete representatidghe face and body (Tracey, 2004).
The function of the S2 cortex is poorly understololvever, the extensive research work
that has been done during the last two decadewdttr clarify some of its functional
roles. There is growing evidence that S2 diffesfrS1 in some aspects: for example, S2
Is characterized by a high degree of convergenedfefent input, thus the receptive fields
of its neurons are larger than those in S1, anceiores of mixed modalities (Carvell and
Simons, 1986). Furthermore, unlike S1, it has &@wn that S2 of both sides respond to
unilateral sensory stimuli (Carvell and Simons, 8;98immermann et al., 2001; Lin and
Forss, 2002; Ploner et al., 2002). Therefore, stlbeen suggested that S2 might play a role
in the integration of sensory information from bdthlves of the body, which might be
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important for the maintenance of a unified bodygedLin and Forss, 2002). S2 is also
thought to play a role in sensorimotor integrataanthe response to sensory stimuli (e.g.
median nerve stimulation) was found to be influehbg muscular contraction (Lin and
Forss, 2002), and also in multisensory integrateunditory and somatosensory stimuli)
(Menzel and Barth, 2005). Like S1, it has been mggothat S2 responds to painful stimuli
in human imaging studies (Coghill et al., 1994, igakt al., 1995; Casey et al., 1996), as
well as in the rat (Chang and Shyu, 2001). Howewetgertain aspects, S2 differs from S1
in the response to the noxious stimuli. For exampienmermann et al. (2001) have
provided evidence for a differential coding of raaptive stimuli in human S1 and S2.
They used whole-head magnetoencephalography todreoatical responses within the S1
and S2 cortices to different intensities of noctoeplaser stimuli applied to the dorsum of
the hand of human subjects. They noticed a strongplation between pain intensity and
activation in S1 and S2, but the increase in thelidumde of activation in S2 was only at
stimulus intensity well above pain threshold, wlastdn S1, this relation was exponential
and closely corresponded to the patient’s paimgatAs a result, this observation added
further evidence for the importance of the S1 comethe sensory-discriminative aspects
of pain processing (Schnitzler and Ploner, 2000sHBell and Apkarian, 2006). On the
other hand, the activity of S2 neurons reflectsrjyothe intensity of nociceptive stimuli
(Dong et al., 1994) and points toward an involven@nS2 in recognition, learning, and
memory of painful events (Dong et al., 1994; Kwarak, 2000; Schintzler and ploner,
2000). Another reported difference between S1 ahd&hd also the anterior cingulate
cortex) is related to the differential temporalieation patterns of these areas in response
to painful cutaneous laser stimuli (Ploner et2002). Ploner et al. found that S1 showed a
strong predominance of first pain-related activatfm response to activity of Afibres),
whereas the anterior cingulate cortex displayedr@eng predominance of second pain-
related activation (in response to activity of Gréis). However, S2 was almost equally
activated during first and second pain. This figdied Ploner et al. (2002) to support the
suggestion that S2 is involved in cognitive-evalweacomponents of pain perception, as
stated above. Interestingly, Ploner et al. (19%3cdbed a clinical case of a patient who
had an ischemic lesion that affected S1 and S péaiient was able to describe a vague
unpleasantness (i.e. affect was intact probably tdusparing of the anterior cingulate
cortex), but not the intensity and location of gpplied stimulus (most probably due to the
lesion of S1). The patient also failed to recogritze noxious nature of the stimulus, and
this was attributed to lesion of S2. This case dddether support to the possible role of

S2 in the cognitive detection of the "painful” na&wf nociceptive stimuli.
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The insular cortex in the rat is located on therkdt surface of the cerebral hemisphere.
Several functions have been attributed to the arsabrtex; for example: regulation of
autonomic activities (Cechetto and Saper, 1987;gKet al., 1999), auditory and
multisensory processing (Rodgers et al., 2008), affdctive aspects of nociceptive
processing (Berthier et al., 1988). Berthier e(H988) described interesting clinical cases
of six patients with insular lesion, who were atderecognize the painful nature of the
noxious stimulus but showed no reaction to it (he.emotional response), a condition

described as "asymbolia for pain".

The amygdala is a complex nucleus located deepnntitie temporal lobe of the brain and
defined as part of the limbic system. Considerabieence points to the involvement of
the amygdala in fear conditioning, i.e. repeatedinm of a neutral visual or auditory

stimulus (conditioned stimulus) with a painful stilms (e.g. foot shock; unconditioned
stimulus) leads to production of autonomic and éomad changes in response to the
neutral stimulus alone (LeDoux et al., 1990; Para.e2004).

Therefore, it appears that the PoT could be inwblwe various functions through

projections to the abovementioned areas. The noid¥eeinput that probably reaches the
PoT mainly from lamina | is likely to mediate thenttions related to processing of painful
stimuli, as suggested by Gauriau and Bernard (20848 Zhang and Giesler (2005), i.e.
the recognition of noxious stimuli as a specifi@aifgul” sensation (through projection to
the S2 cortex), recognition of the meaning andahoé painful stimuli (through projection

to the insula), and providing the nociceptive inf@tion necessary for the fear

conditioning through projection to the amygdala.

4.3 The proportion of lamina | neurons that project
to the thalamus

4.3.1 The C7 segment

To determine the percentage of lamina | neuronghénC7 segment that belong to the
spinothalamic tract, the disector method was useskations reacted with NeuN (to reveal
all neurons) and DAPI (to stain nuclei) from foats. The combination of NeuN and
DAPI allowed top and bottom surfaces of neuronatleiuto be identified, which is

necessary for the disector method (Todd et al.8198Ithough spinothalamic neurons
were present throughout the mediolateral extefdrafna I, their distribution was often not

uniform, with clustering in the central part. ThHere, the entire extent of the lamina was
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analysed in each section. In the disector methoel,separation between reference and
look-up sections is normally set so that none ef $tructures to be examined could lie
entirely between the two, and thus be missed ducognting (Polgar et al., 2004).
However, in the present study, every optical sactiothe stack was examined to ensure
that no neurons were missed, and therefore a vgdparation was used (@), thus

increasing the size of the sample analysed for ¥émtatome section.

Two methods were used to calculate the percentbggrogradely labelled lamina | cells.
First, the number of the retrogradely labelled nesrthat were sampled with the disector
in each animal was divided by the total numberefrons in the disector sample to obtain
a mean value for each experiment. Although thishoutis simple to calculate, its
accuracy is limited by the small number of retraigilg labelled neurons included in the
disector samples (between one and seven for theefqueriments), which reflects their
relative scarcity. To provide a more accurate vatbe disector sample (after correcting
for tissue shrinkage) was used to estimate thénataber of lamina | neurons per 6QMh

in C7, and then this was compared with the meanbeurof retrogradely labelled neurons
per 600um from all experiments (except PoT 10). This gaséghtly lower value of 1.9%
(compared to 2.4% obtained with the first method).

Yu et al. (2005) also used the disector methodaiacal images and estimated that 9%
of lamina | neurons in the cervical enlargemenbbeglto the spinothalamic tract. It is
difficult to explain the discrepancy between reswit the present study and those of Yu et
al. One possible source of difference is the didniof the lamina I/Il border in the two
studies. The position of this border was estimétewoh the NK1r plexus (which was found
to be co-extensive with lamina I), whereas Yu eaasumed a uniform width of 20n for
lamina I. To determine whether this could expldia tiscrepancy between these results,
the percentages were re-calculated based on thenpsen that lamina | had a uniform
width of 20um. This gave slightly higher values: 3.2% (inste&@.4%) of the neurons in
the new disector sample were retrogradely labelNdule with the second method, an
estimate of 2.1% (instead of 1.9%) was obtainecs€&hvalues are still far below that of
Yu et al. (2005), and therefore the method of pigcihe lamina I/l border does not
account for the difference in these conclusioneb&bly the sampling method used by Yu

et al. led to the difference between the two swdie

185



4.3.2 The L4 segment

The proportion of lamina | neurons in the L4 segimébat belong to the spinothalamic
tract was not directly determined in the presentt but this can be estimated by
comparison with previously published data. Spikealet(2003) used a similar disector
method and concluded that there were 8,318 laminaurons on each side in the L4
segment. However, in that study correction forugsshrinkage was not performed, and
this value will therefore be an overestimate. Ia firesent study the mean thickness of
sections when scanned with the confocal microsasps found to be 4mm, which
corresponds to a shrinkage in thickness of 25%. fildmie used by Spike et al. was
prepared in the same way, and is therefore likeliigdve undergone similar shrinkage. If
this correction is applied retrospectively to thetadfrom Spike et al., the number of
lamina | neurons on one side of L4 would be 6,238ce a mean of 15 spinothalamic
lamina | cells on one side of L4 was found, theseilal constitute 0.2% of the neuronal

population in this lamina.

In the monkey, Yu et al. (1999) suggested thatpitugortion of the spinothalamic cells
among all neurons in lamina | in both spinal erdgangnts could be ~50%. They did not
use the disector method to determine this percentagt instead they used a formula to
calculate it. Their calculations were based onrép®rt that 45% of all neurons in lamina |
of the rat express the NK1r (Todd et al., 1998) #reir own findings that 69% of all

NK1r-immunoreactive neurons in lamina | projectth@ thalamus, and that 62% of all

spinothalamic cells in lamina | express the NKlepor.

4.4 Expression of the NK1r by spinothalamic cells
in lamina |

Marshall et al. (1996) reported that 77% of lamiirsginothalamic neurons in the lumbar
cord were NK1r-immunoreactive, and ~80% of lumlaaniha | neurons that were labelled
from CVLM, LPb or PAG also expressed the recepiad( et al., 2000). In this study, a
similar result was obtained for spinothalamic laanimeurons in L4 (84%) and C7 (87%).
It has been shown that NK1r-immunoreactive lamipaojection neurons in lumbar cord
receive strong monosynaptic input from substanamrRaining (nociceptive) primary

afferents (Todd et al., 2002), and the NK1r-exprgsspinothalamic lamina | neurons
presumably provide a powerful input from these raifiégs to the PoT, Po and VPL nuclei

of the thalamus.
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4.5 Projection of lamina | neurons to the LPb, PAG
and thalamus

4.5.1 Issues related to the injection sites

In the Pb and PAG series, the PoT was targetteth&thalamic injections since results of
the first part of the present study showed thattrfeesina | spinothalamic neurons in the
C7 and L4 segments could be labelled from thisoredsection 3.1.1.2 in Results; Al-
Khater et al., 2008). Spread of Fluorogold intoeottihalamic nuclei, which occurred in all
cases, did not cause problems in interpretatioresilts, since the aim was to label all
lamina | spinothalamic cells. As expected, it waisnd that extension into other thalamic
nuclei did not significantly influence the numbdrspinothalamic neurons in lamina | as
the mean numbers of spinothalamic cells observedh& seven experiments (24
cells/600 pm in C7 and 9 cells/1,200 um in L4) wareilar to those obtained in the PoT
series (25/600 pm in C7 and 7/1,200 pm in L4).

In the LPb and PAG injection sites, it is necesgargonsider the possibility of uptake of
CTb by fibres of passage (especially by axons @fsthinothalamic tract). Ascending axons
from the spinal cord are located ventrally in thedolla (Lund and Webster, 1967; Mehler,
1969). In the pons, axons of lamina | spinoparadbehaieurons, which probably represent
collateral branches of the main ascending bundleMi&hon and Wall, 1985), ascend
dorsally near the lateral aspect of the brainsteanrastrocaudal level close to interaural O,
to enter the lateral parabrachial area. These rigecto a substantial plexus that occupies
the LPb, together with a smaller projection to Ki@liker-Fuse nucleus (Slugg and Light,
1994; Bernard et al., 1995; Feil and Herbert, 19B85)m here, axons travel dorsomedially
into the PAG and arborise extensively within itsidal part (Bernard et al., 1995; Feil and
Herbert, 1995; Keay et al.,, 1997). Since injectiasfs CTb into rostral PAG and
surrounding regions label very few lamina | neurgbgna and Coimbra, 1989), it is
unlikely that spinothalamic axons reach the thakrby passing rostrally from PAG.
Anterograde tracing studies have not reported &ralosontinuation of axons that have
entered LPb from the superficial dorsal horn, afrarh those that pass into the PAG, and
it appears that the parent axons of lamina | shalatic tract neurons are located
~500 um lateral to the external lateral nucleustltd LPb (J.F. Bernard, personal
communication). Therefore, it is very unlikely th@Tb could have been taken up by
spinothalamic axons in experiments PAG 1-4, sihesd axons are located a considerable
distance lateral to the injection sites within &G in these experiments.
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Because the spinoparabrachial projection from tipedicial dorsal horn occupies most of
the mediolateral extent of the LPb and extendssttateral edge, the entire LPb was filled
with tracer in experiments Pb 1-3. In Pb 2, theas wome extension of CTb lateral to LPb,
and it is possible that in this case tracer wa®rakp by some spinothalamic axons.
However, it is unlikely that this had a significagftect on the results, since CTb did not
spread lateral to the LPb in the region occupiedh@ge axons in experiments Pb 1 and
Pb 3, and both the numbers of spinoparabrachild aatl the proportion of spinothalamic

neurons labelled with CTb were consistent betwherthree experiments.

The projection from the superficial dorsal hornthie PAG travels through the rostral part
of the parabrachial area, as stated above, ansl Vieiy likely that these axons give
collaterals to the LPb before their final termioatwithin the PAG. However, it is possible
that axons of some lamina | cells project to theGRaithout first arborising in LPb. If this

Is the case, and if these cells were labelled tivayptake of CTb into their axons within
LPb, this would result in an over-estimate of tmeportion of spinothalamic neurons that
projected to LPb. However, since many fewer cealslabelled from the PAG than from

LPDb, this is unlikely to have had a major impactlo® present results.

Bernard et al. (1995) reported that the main anedise lateral parabrachial complex that
received significant input from lamina | of the Gégment were: the lateral crescent,
dorsal lateral, external lateral (outer part ordy)d superior lateral subnuclei, and this
extended between interaural -0.1 and -0.9 mm. Afiegrto the same authors, the caudal
and rostral continuation of these subnuclei reckavenedium to low density of terminals.
Slugg and Light (1994) also reported similar restddm the superficial dorsal horn of the
lumbar cord in the rat. In experiments Pb 1-3,0élthe abovementioned lamina | target
areas were included in the injection sites; thesefu is very likely that all (or virtually all)
spinoparabrachial neurons in lamina | in the C7 bfdegments were labelled. In these
experiments, some extension of CTb occurred intactires adjacent to the lateral
parabrachial area, such as the medial parabrachiaiform and Kélliker Fuse nuclei and
locus coeruleus. The Kolliker Fuse nucleus is abereid as part of the parabrachial
complex (Saper, 1995), and the variable extensidraoer into this region in the present
study would therefore not alter the interpretaidrthe present results. Furthermore, it has
been found that the spinal afferents to the Katlikeise nucleus are usually collaterals
from axons terminating in the parabrachial nudBgrfard et al., 1995). It is unlikely that
the spread of tracer into the other structuresafiested the results since Bernard et al.
(1995) and Slugg and Light (1994) did not find #iigant anterograde labelling in these
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areas after injecting PHA-L into the superficiaimiaae of rat cervical and lumbar
enlargements. Furthermore, injection of WGA-HRRo ineégions surrounding the lateral
parabrachial area (including the locus coeruleagd to label lamina | cells in the spinal
cord of the rat (Cechetto et al., 1985). The slgpread of tracer into the PAG in Pb 2 is
likely to have labelled some spino-PAG cells in ilaanl. However, it has been found that
97% of the spino-PAG cells in rat lumbar laminadre/ also labelled from the LPb (Spike
et al., 2003), and it is therefore unlikely thasthpread has led to an overestimation of the

number of spinoparabrachial cells in this case.

It has been reported that the main PAG terminatmme for lamina | neurons in rat is the
ventral part of the lateral quadrants (Bernardlet1®95). This projection was found to
target mainly the caudal part of the PAG (Berndrdlg 1995; Craig, 1995; Mouton and
Holstege, 1998). In PAG 1-4, this area in the PA#% wdequately filled. The slight dorsal
extension of CTb into the superior colliculus in®A and PAG 3 should not result in a
detrimental effect on the present findings becasmaotectal projection from lamina |

neurons has not been described in the rat, andtioje restricted to superior colliculus
failed to label neurons in the spinal cord (Beit882; Menétrey et al., 1982). Moreover,
Mouton and Holstege (1998) injected WGA-HRP inte tteep layers of the superior

colliculus in cat and found no significant retraggdabelling in lamina I.

It is important to emphasize that although all nuees and precautions were taken in order
to label all neurons (by selecting the efficierdcers and filling the intended targets),

underestimation of the numbers of retrogradelylladeneurons can not be ruled out. This

is because there is no guarantee that all affereiitbe labelled by the tracer, as pointed

out by Schofield et al. (2007).

4.5.2 Quantitative comparison of the spinothalamic,
spinoparabrachial and spino-PAG lamina | neurons
in the two enlargements

The results of the present study suggest that cardpa L4, C7 contains fewer spinopara-
brachial cells, a similar number of spino-PAG celt&l many more spinothalamic cells in

lamina I.
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4.5.2.1 Numbers of spinothalamic lamina | cells

Data from the second part of this study (Pb and PR&€es) showed that the estimated
total number of spinothalamic neurons in laminanl tbe contralateral side of the C7
segment is 93 cells, and 19 such cells in the lggneat. This estimation is close to what
was found in the first part of the study (Thal, Paid DI series; 90 cells in C7 and 15 in
L4; Al-Khater et al., 2008). If data from all 28 miments were pooled, then these
numbers will be 91 and 16 cells in the C7 and Lghsents, respectively.

The present finding of higher numbers of spinotim¢alamina | cells in the cervical than
lumbar enlargement has been documented previausheirat (Kevetter and Willis, 1983;
Harmann et al., 1988; Burstein et al., 1990a; Dad Giesler, 1990; Kobayashi, 1998),
cat (Zhang et al,. 1996; Klop et al., 2005a) anchkey (Zhang and Craig, 1997). In part,
this presumably reflects the greater representatidarelimb compared to hindlimb in the
somatosensory cortex (Kaas, 1983; Remple et @3)2BHowever, the difference appears
to be considerably greater in the rat, since Zhamg) Craig (1997) found approximately
twice as many lamina | spinothalamic cells in C&s8in L5-7 in the monkey, while the
present results indicate that the difference batw@e and L4 in rat is more than four-fold.
The difference between cervical and lumbar enlasggen may be less dramatic for
neurons that project to the VPL nucleus and thuwep information to S1 cortex, since
some lamina | spinothalamic neurons in rat cervesdhrgement project only to PoT or
surrounding regions (Zhang and Giesler, 2005; ptestedy), while it is unlikely to be the

case for those in the lumbar enlargement, as destabove.

Zhang et al. (2006) reported that cervical lamingelirons projecting to VPL often had
large receptive fields, covering several digits artending proximally on the limb. If this
is also the case for lumbar cells, it may explairywo few are needed to provide input to
S1 cortex from the entire dermatome. Nonetheldss,larger number of spinothalamic
lamina | cells in cervical segments presumably Itesin more accurate stimulus
localisation in forelimb compared to hindlimb. Noeptive information from the hindlimb
is also thought to reach the brain through shdarefimutlisynaptic pathways (Basbaum,
1973), and these presumably supplement direct pathveuch as the spinothalamic tract.
In addition, it has been suggested that laminainagpalamic cells in the lumbar cord
project indirectly to thalamus by first relaying ihe upper cervical segments (Kemplay
and Webster, 1986). Liu (1986) suggested that spitemic neurons in rat lamina | are far

less numerous in the lumbar cord because thesedley in the reticular formation in the
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brainstem, which project to the PAG and then to tthedamus. Direct projection from

caudal medulla to the thalamus has been also deratatsby Villanueva et al. (1998).

4.5.2.2 Numbers of spinoparabrachial lamina | cells

The present data showed that there are approxymespinoparabrachial neurons on the
contralateral side of lamina | per 600 um of the €&gment, and the estimated total
number of these cells in the entire segment iethez 176 cells. Interestingly, this number
is half that found in the lumbar cord (see belowylden et al. (1989) reported a mean of
7.2 spinoparabrachial lamina | cells per 50 pmigedapproximately equivalent to 331
neurons per side in the C7 segment). On the othed,hin the current study, 80
spinoparabrachial neurons were found on the caténall side of lamina | per 600 pum in
L4, equivalent to 335 cells in the entire segmdinis estimation is in agreement with
previous reports by Todd et al. (2000) and Spika.€2003), but different from that found
by Hylden et al. (1989). The latter authors rembrdemean number of 11 retrogradely
labelled cells on the contralateral side of lamipeer 50 um sections, which is equivalent
to 550 neurons in the entire L4 segment. Spikel.e2803) attributed the discrepancy
between their results and that of Hylden et atettnical factors, as Hylden et al. did not
correct for the presence of transected neurongaios surfaces. This latter explanation
could have attributed to the higher number of spamabrachial cells in the cervical cord
that was reported by Hylden et al. compared to gtesent study. Data presented by
Kitamura et al. (1993) are difficult to compare lwigresent results as they estimated the
total number of spinoparabrachial lamina | cellsitotal of six adjacent segments (C3-8
and L1-6), and it is incorrect to assume that tbtal is contributed equally by the six
segments because plots of spinoparabrachial cefgys. 3 and 5 in their paper show that
the contribution by C3 was more than that by Cénétbeless, assuming that the reported
mean is valid for the C7 and L4 segments, therpthsent estimation is much higher than
that reported by Kitamura et al. (1993). They fol@&dspinoparabrachial neurons on the
contralateral side of lamina | per 1 mm thicknesgach segment of C3-8 in one rat that
had received tracer injection centred on the itielateral nucleus and a mean of six cells
only in another rat that had received an injectiargeted on other lateral parabrachial
nuclei. Their corresponding means in the L1-6 segmeere 26 and 13 cells per 1 mm,
respectively, in these two rats. Probably CTb (usdtie present study) is a more efficient
tracer than Fast blue used by Kitamura et al. (399@refore, more retrograde labelling
was found in lamina | in both segments in this gtuBurthermore, the findings by
Kitamura et al. (1993) are not in accord with otsterdies (Slugg and Light, 1994; Bernard
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et al., 1995; Feil and Herbert, 1995), as the qtaivie data presented by Kitamura et al.
showed that there were more spinoparabrachial eelsmina | following injections that
targeted the internal lateral subnucleus thanvefig injections that were centred on other
subnuclei (see above). Bernard et al. (1995) desagrwith this interpretation and
attributed the findings by Kitamura et al. to thpgesad of tracer into adjacent parabrachial

nuclei that receive input from lamina I.

It is unlikely that the lower number of spinoparatirial cells in the C7 segment
(compared to L4) found in this study is due toulto label a significant number of these
cells, since projections from superficial dorsatrhof lumbar and cervical enlargements
terminate in similar areas of LPb (Slugg and LiglQ94; Bernard et al., 1995; Feil and
Herbert, 1995; Saper, 1995), which were includeth@injection sites in this study. It is
therefore likely that the great majority of lamihspinoparabrachial neurons were labelled
in these experiments, and that the lower numb&ins genuine. In support of this, it was
found that virtually all of the lamina | spinothaia& neurons in C7 were also labelled from
LPb. If a significant number of spinoparabrachiells had been missed, then a much
larger number of spinothalamic cells would havenbexpected to be retrogradely labelled
only from thalamus in these experiments. The lomenber of spinoparabrachial cells in
C7 is not due to a difference in the size of lanijres the mediolateral extent of the dorsal
horn is similar in C7 and L4. The present obseorais consistent with that of Hylden et
al. (1989), who reported a lower number of spinapeachial lamina | cells in cervical
than in lumbar enlargement. It seems that the tentuas different in the cat since Klop et
al. (2005b) reported higher numbers of retrogradahelled lamina | cells in cervical
enlargement compared to lumbosacral enlargemenwancats that had received tracer

injections into LPb.

The difference between numbers of spinoparabradtmina | cells in the two enlarge-
ments may reflect relative sizes of dermatomesiesthe L4 dermatome is considerably
larger than that of C7 (Takahashi and Nakajima,6)19%he main outputs from regions of
LPb innervated by lamina | neurons are the amyga@ad hypothalamus, which are
thought to play a role in affective and autononspexts of pain (Bernard et al., 1996).
Although the major targets of PoT are S2 and imsatatices, it also projects to the
amygdala (Ottersen and Ben-Ari, 1979; Gauriau aretn&d, 2004b), which will

presumably receive a much smaller input throughsphirothalamic tract from the lumbar
enlargement. In addition, it has been reported that number of spinohypothalamic

lamina | neurons is considerably lower in lumbartin cervical segments (Burstein et al.,

192



1990b); although the existence of this project®ulébated (see section 4.2.1). The larger
number of spinoparabrachial cells in lumbar cordy niaerefore compensate for the
reduced input that this region provides to both gaaya and hypothalamus through
spinothalamic and spinohypothalamic tracts.

In agreement with other studies (Ding et al., 198&dd et al., 2000; Spike et al., 2003), it

was found that most of spinoparabrachial neuroanmna | expressed the NK1 receptor.

4.5.2.3 Numbers of spino-PAG lamina | cells

The present data showed that there are 22 spino{Bfiha | cells on the contralateral
side per 600 um of the C7 segment. This is equitate 83 cells in the entire segment.
Interestingly, a similar number was found in L4: gfino-PAG lamina | cells were
observed on the contralateral side per 1,200 pisjghequivalent to 86 cells in the entire
segment. Data for the lumbar cord are consistetih wWiose of Todd et al. (2000).
However, these estimations are approximately Ihaiéé¢ reported by Li et al. (1998). The
latter authors found 51 cells on the contralatsidé of lamina | per 800 um of the rat C7
segment and 42 such cells were observed in thedment. It is likely that Li et al. (1998)
overestimated these numbers as they did not stagther they corrected for over-counting
of labelled cells. Spike et al. (2003) estimated tbtal number of spino-PAG cells in
lamina | per side of the L4 segment in the ratealth7 cells. This estimation is not likely
to be significantly different from the present rédoecause individual values for each
experiment in their study are generally similaithe present data, apart from one rat that
yielded an unexpectedly high number (49 cells @€ [Tm); conversely, one of the rats of
this study (PAG 2) had a relatively low number pin®-PAG cells (17 cells per 700 pum).
The reason for this variability between results rhaythe random distribution of the spino-

PAG cells in the analysed sections.

The present observation that similar numbers ofrlarh spino-PAG cells were present in
C7 and L4 is consistent with the report by Keaple{(1997) who found a similar density
of labelled superficial dorsal horn neurons petisadn C5-8 and L4-5 regions following

injections of retrograde tracer into either verdtetal or lateral columns of PAG. The
similarity in numbers of spino-PAG cells in C7 aldl presumably reflects an equivalent
importance of the two segments in activating aoticeptive and other coping

mechanisms. Mouton and Holstege (2000) analysedbarsnof spino-PAG neurons

throughout the cat spinal cord and identified langenbers of labelled lamina | cells in
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both cervical and lumbosacral enlargements, althongeveral cases the cells were more

frequent in the lumbar segments.

In agreement with other studies (Todd et al., 20Rike et al., 2003), it was found that
most of spino-PAG neurons in lamina | expressed\ikié receptor. Surprisingly, Li et al.
(1998) reported that only 13% of spino-PAG celldamina | of rat spinal cord showed

immunoreactivity to the NK1 receptor.

4.5.2.4 Quantitative comparison of the different projection pop-
ulations

At both segmental levels, spinothalamic cells imitea | are much less numerous than
spinoparabrachial cells in this lamina. This difece is well documented by previous
studies (Hylden et al., 1989; Feil and Herbert, 5)9%fter targetting the LPb, PAG or
thalamus in six different cats, Klop et al. (2005@)nd that there are four times as many
lamina | neurons projecting to the LPb and twicerasy to the PAG as to the thalamus.
Their estimated numbers for the entire spinal aordooth sides were 5,939; 3,026; and
1,398 lamina | neurons projecting to the LPb, PA®@ to the thalamus, respectively. In a
previous report, Mouton and Holstege (1998) repbttat there are three times as many
lamina | neurons projecting to the PAG as to ttaaimus. Klop et al. (2005b) argued that
their study is more accurate since the numberarafra | cells projecting to the PAG and
thalamus have been compared using the same ttheesame histological procedure and
the same counting method, unlike that of Mouton ldntstege (1998) who compared their
own results for spino-PAG projection with those Zhang et al. (1996) for the
spinothalamic cells. Nevertheless, this conclusias reached by comparing the total
numbers of the projection populations in the entwed, a situation that might not be true
for each individual segment. In the present stildgre was very little difference between
the numbers of spino-PAG and spinothalamic lamicells in the cervical cord. However,
there were more than four times as many spino-P&&paothalamic cells in the lumbar
cord. It has been reported that retrograde labellingaofiha | neurons following injections
that targetted the CVLM was similar to that seeerafPb injections in the rat (Spike et
al., 2003). However, because the main ascendingléwf axons belonging to lamina |
projection neurons is located near the region ef @VLM, uptake of tracer by fibres of
passage can not be ruled out in the study by Sgilked (2003). The prominent projection
of lamina | neurons to the brainstem, comparetéaalamus, has led Klop et al. (2005b)
to support the notion that pain has a homeostatiotienal component, as suggested by
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Gauriau and Bernard (2002) and Craig (2003b), bag tecommended that more attention

be given to this pathway as an important part efrtbciceptive system.

4.5.3 Collateral projection from lamina | spinothalamic
neurons to the LPb and PAG

4.5.3.1 Projection to thalamus and LPb

The present study showed that there is almost amplerlap between the spinothalamic
and spinoparabrachial populations in lamina | i@ @7 and L4 segments; i.e. the spino-
thalamic neurons represented a subset of the spialgachial population. The proportions
of spinothalamic cells that were also labelled frafb in the present study were

somewhat higher than those reported by Hylden .et18B89), presumably because they
injected the LPb with fluorescent latex microspBemghich give very restricted injection

sites, and therefore, it is likely that they did fabel all spinoparabrachial cells.

In the present study, a great discrepancy was foebdeen the cervical and lumbar cord
in the proportion of the spinoparabrachial popolatithat also belonged to the
spinothalamic tract. In the C7 segment, the spadathic population represented 45% of
the spinoparabrachial neurons in lamina |, whereasnstituted only 6% of those in the
L4 segment. This is not surprising since the nunddespinothalamic cells in lamina | in
rat lumbar cord is very small compared to that mhgparabrachial cells. Hylden et al.
(1989) found that 34% of spinoparabrachial cellthecervical enlargement were labelled
from thalamus. This is slightly lower than the psgpn observed in the present study and
may have resulted from incomplete labelling of sipgnothalamic neurons in their study.
Surprisingly, Hylden et al. reported that 31% ahhar spinoparabrachial lamina | neurons
projected to thalamus, and this is difficult to kup, probably this have resulted from the
sampling method used by these authors. The preBeding that relatively few
spinoparabrachial cells in this region projecthalamus is consistent with the report by
McMahon and Wall (1985), who examined axons ofd@iha | projection neurons in rat
lumbar enlargement and found that all of them geeo#aterals to midbrain (including
PAG and an area that corresponds to LPb), whileermuld be activated from more

rostral areas.
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4.5.3.2 Projection to thalamus and PAG

Previous studies in rat have indicated that somménia | cells project to both thalamus and
PAG (Liu, 1986; Harmann et al., 1988). In the présgtudy, a much higher degree of
double-labelling was observed in the C7 segmen¥%(®8 spino-PAG cells and 47% of
spinothalamic cells were double-labelled), andghéi proportion of spinothalamic cells
labelled from PAG (33%) was found in the L4 segniiain had been observed in these

earlier studies. These discrepancies are probatdyaldifferences in the injection sites.

Although a degree of collateralisation to the thala and PAG was found in the lumbar
lamina | neurons, the exact proportion of celld tiraject to both areas in this segment is
difficult to determine because of the low numberlarhina | spinothalamic cells in rat
lumbar cord. Concerning the proportion of spino-PA&@&Is among the spinothalamic
population in lamina |, although a significant poojon was found in PAG 1 and PAG 3
(67% and 47%, respectively, a mean of 57%), thisgregage dropped to 20% and 0% in
PAG 2 and PAG 4, respectively. This high variapiltas also observed in the converse
situation, i.e. the proportion of the spinothalaralls among the entire population of
spino-PAG neurons in lamina |. These percentage®g Wé% and 14% for PAG 1 and
PAG 3, but 3% and 0% for PAG 2 and PAG 4, respeltivt is very likely that the reason
for the low proportions seen in PAG 2 and PAG 4hs extremely low number of
spinothalamic cells found in these two experimedtsvever, this finding of a low number
of spinothalamic cells is not likely to be due #ldre of the injection to cover the PoT,
because the expected number of spinothalamic lamoells were observed in the C7
segment in these two cases. It is therefore lil@lye due to the sampling process. Despite
this variability in results, this series of expeeints showed that a significant proportion of
the spinothalamic cells in rat lumbar lamina | mssscollateral projection to the PAG of
the same side as the thalamus. On the other halyda oninority of the spino-PAG cells in

rat lumbar lamina | send collaterals to the thalamu

In the C7 segment, despite the high degree of stamgiy in the numbers of spino-PAG
cells seen in lamina | (especially in PAG 2-4), titeportion of the spinothalamic cells
that was also labelled from the PAG was relativelyer in PAG 3 (28% only). This lower
proportion might reflect random variation due te teampling process, or could be a
genuine difference due to difference in PAG inuttsite. After examination of the PAG
injection sites, it was found that the CTb did sptead into the lateral portion of the PAG
at rostral levels (interaural 1.9 to 2.1 mm) in PBQunlike the situation in the other three

cases. It is possible that this region is selelstiv@rgetted by spino-PAG cells that also
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belong to the spinothalamic population, and lack&ter spread into this region in PAG 3
has led to the smaller number of double-labelldi$ seen in this experiment. This would
suggest that some lamina | cells that project titn bloalamus and PAG target a different
region of the PAG compared to lamina | cells thajgxrt only to the PAG; however, there

IS no evidence to support this suggestion.

The present finding that virtually all spinothalantamina | neurons were labelled from
LPb and that a significant proportion were labeliean PAG suggests that nearly half of
the spinothalamic lamina | cells in C7 and almogshied of those in L4 send collateral
branches to both LPb and PAG.

In the cat, Hylden et al. (1986a) antidromicallytieated eight cells in lamina | in the
lumbosacral cord from midbrain (lateral PAG/ nuslezuneiformis) and thalamus, and
eight other cells were activated from the thalatmusnot from the midbrain. Interestingly,
in the monkey, Yezierski et al. (1987) found tha aixonal conduction velocities and the
receptive field properties of cells that projectied both thalamus and midbrain were
different from those that projected to midbrain yonThey reported that the mean
conduction velocity of cells activated from the tmain only was lower than that for cells
activated from both thalamus and midbrain. The peee fields for cells activated from
midbrain only were complex, whereas those of aatlsvated from thalamus and midbrain

were confined to a single limb.

4.5.3.3 Functional significance of collateral projections

Processing of painful stimuli at higher brain cestrs poorly understood. Studies referred
to the parallel processing of painful stimuli by raehan one set of central neurons, which
eventually leads to changes in affect, level oftatss, behaviour and memory. In line
with this, it has been known that individual laminaeurons send axons to multiple brain
areas, in other words, these cells distribute médron to several higher brain centres. The
present findings of collateral projection of lamihaeurons to more than one brain target
are in agreement with this view. Collateral praj@ctof lamina | neurons to the thalamus,
LPb and PAGndicates that individual lamina | neurons may cimite to several different

functions, including discriminative and affectivepacts of pain (through projections to
thalamus and LPb), as well as activation of desognchodulatory influences (through

projections to PAG).

197



Since it was found that virtually all spinothalanmeurons in lamina | were labelled from
the parabrachial area, then it follows that all orégpd functional properties of

spinoparabrachial cells (e.g. responsiveness tauifi receptive fields properties) are
likely to be valid for the spinothalamic neuronsthis lamina, and this has also been
suggested previously by Hylden et al. (1989).

4.5.4 Morphology, soma size and NK1r expression of
spinothalamic and spinoparabrachial neurons in lamina |

One of the goals in recent research work has beedatssify lamina | neurons into

recognisable populations that share specific featurased on morphology, functional
properties, synaptic inputs or projection targefberefore, there have been several
attempts to correlate the morphology of laminaurnas with projection targets (Lima and
Coimbra, 1989; Lima et al., 1991), or with functbproperties (Han et al., 1998).

One of the aims of the present study was to deternvhether spinothalamic lamina I cells
in rat cervical and lumbar cord differ from spinogdarachial cells that do not project to the
thalamus in terms of morphology, soma size anchgtheof NK1r expression. Previous
studies have already shown that all three morphcdbgypes of lamina | neurons
(fusiform, pyramidal and multipolar) in the rat gwooject to each of these two targets
(thalamus and parabrachial area) (Spike et al.3;200dd et al., 2005; Yu et al., 2005;
Almarestani et al., 2007). However, none of thetseliss have addressed this question
directly by carrying out double tracer injectionpeximents that target thalamus and
parabrachial area in the same animal. Comparingethi@o populations of projection
neurons in the same rat is the best approach tweartkis question, since it ensures that
similar classification criteria were used, in aditto the advantage of the exposure of

cells to the same conditions of fixation and tisgt@essing.

The present study added further evidence agaieshakion that each morphological type
projects primarily to a specific supraspinal tayget proposed by Lima and colleagues (see
below). However, this study does show that the rdmmion of neurons of a specific
morphology varies among different pathways. Limd &oimbra (1988, 1989) and Lima
et al. (1991) reported that there is a correlatetween the morphology of lamina |
projection neurons and the area of termination hafirtaxons within the brain. They
reported that fusiform cells project to the LPbQWLM but not to the thalamus. On the

other hand, they found that pyramidal cells profecthalamus, bulbar reticular formation
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and the PAG, and the location of these pyramidid cliffers according to the projection
target: spinothalamic cells were in the middledhthose projecting to the bulbar reticular
formation were in the medial third and spino-PAGIscevere present along the entire
mediolateral extent of the lamina. This correlatioetween neuronal morphology and
projection target was rejected by Spike et al. 80@ho did not find any significant

difference in the morphology of projection neuraesrogradely labelled from CVLM,

LPb, or PAG. For example, while Lima et al. (19¢dported that 80% of lamina | neurons
that project to the CVLM were fusiform, Spike et @003) reported that 35-36% of cells
labelled from CVLM in rat were of the fusiform typ€here is no clear explanation for the

differences in the observations of these studies.

4.5.4.1 Morphology of spinoparabrachial cells

The present study is apparently the first to analyse thorphological types of

spinoparabrachial lamina | cells in the cervicatdcan the rat. The proportions of the
multipolar, pyramidal and fusiform cells in this gadation were 31%, 22% and 31%,
respectively. Very similar results were found ie fmbar cord with proportions of 31%,
27% and 35%, respectively. This finding in the l@nbord is in good agreement with that
reported by Spike et al. (2003) and Almarestaai.ef2007).

4.5.4.2 Morphology of spinothalamic cells

The proportions of the multipolar, pyramidal angifarm spinothalamic lamina | cells in
the cervical enlargement found in the present stuele 37%, 25% and 25%, respectively.
With regards to the proportion of fusiform cellegtpresent finding is in between two
extremes: Lima and Coimbra (1988) reported thabatmmone of the spinothalamic cells
were fusiform, while Yu et al. (2005) found thatpapximately half of the spinothalamic
cells were of this type. A possible explanationtfue discrepancy between results of these
three studies is the subjective nature of the nalqgical classification of neurons. A
specific problem is that many neurons appear bbngebetween two classes. In order to
overcome this potential problem, these proportismese re-calculated considering only
cells with a definite morphological type and igmgyithose that appeared equivocal.
Interestingly, this demonstrated that the threecha®rphological types had almost equal
contribution to the spinothalamic population in thervical enlargement: 34% were
multipolar, 32% were pyramidal and 32% were fusifoil herefore, it was concluded that
the fusiform class is neither absent, as reportedliima and Coimbra (1988), nor forms

the major morphological type, as concluded by Yale{2005). This agrees with findings
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in cat since Zhang et al. (1996) reported thatféusi cells constituted between 20-30% of
all spinothalamic cells in lamina | of the enlargats. Similarly, Andrew et al. (2003)
have shown that fusiform cells represented 36%awiiia | spinothalamic neurons in cat,
whereas the pyramidal and multipolar formed 30% 26% of these cells, respectively.
An interesting observation made by Zhang et al.9§)9concerns the longitudinal
distribution of the three morphological types ofmlaa | spinothalamic cells along the
spinal cord. They observed that fusiform cells fedrthe great majority (about 60%) of
those in the upper cervical and thoracic cord, ea®rthis cell type constituted only
20-30% of the spinothalamic population in the ceal/iand lumbar enlargements. As a
result these authors suggested that this diffexledistribution of the three morphological
types has a functional significance. Findings ia tmonkey agree with the latter statement
concerning the differential longitudinal distribari of the three morphological types of
lamina | spinothalamic neurons (Zhang and Craid@7)9Although the morphology of
lamina | spinothalamic neurons in the upper cehvicahoracic cord was not analysed in
this study, the present observation of relatively bercentage of fusiform spinothalamic
cells in lamina | (especially in the lumbar cordpgests that this longitudinal distribution

of the three morphological types could also begme the rat.

As to the lumbar cord, during the course of thelymis the sample size of the
spinothalamic cells in the L3 segment was foundeg@mall (a total of 21 cells in the three
LPb experiments). Therefore, the sample was inectdy adding lamina | spinothalamic
cells from horizontal sections of the L5 segmeriite Tultipolar, pyramidal and fusiform
cells constituted 58%, 22% and 16%, respectivetythe spinothalamic population in
lamina | in the L3 and L5 segments combined. Tésult differs from that reported by Yu
et al. (2005), who found an almost equal representaf the three types in rat lumbar
cord. Interestingly, the proportion of the multippkpinothalamic cells in lumbar lamina |
was higher than that in the cervical enlargemeanthé monkey, Zhang and Craig (1997)
observed that the multipolar lamina | spinothalaoglis were more frequent in the lumbar
than in the cervical enlargement. However, this was found in the cat, in which the
proportion of the multipolar cells was the saméath enlargements (Zhang et al., 1996).

4.5.4.3 Comparison of the spinothalamic and spinoparabrachial
cells

The present results indicate that spinothalamigrarhcells differed from other neurons in
this lamina labelled from LPb in terms of morphatpgoma size and (in the C8 segment)
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strength of NK1r expression. A significantly gregpeoportion of the spinothalamic cells
were multipolar, particularly in the lumbar regiamhere multipolar cells made up 58% of
the population. One reason for the high proportidrmultipolar spinothalamic cells in
lumbar enlargement is that large gephyrin-coatdis ¢enost of which aremultipolar)
make up ~21% of the lamina | spinothalamic popaofatat this level. These are also
present in cervical enlargement, but are greattpwuabered by other spinothalamic cells,
and can not therefore account for the relativeghhproportion of multipolar cells in this
region. Spinothalamic lamina | cells also had digantly larger somata than other cells
labelled from LPb. Again, this is partly due to theesence of large gephyrin-coated
neurons within this population, but when cells thatre negative or very weak for NK1r
(which should account for all of the gephyrin-cahtzlls) were excluded, a significant
difference in soma size was still found. Electrapblpgical studies in the rat suggest that
spinothalamic lamina | neurons generally have langeeptive fields than those of
spinoparabrachial neurons (Bester et al., 2000nghend Giesler, 2005; Zhang et al.,
2006). Bester et al. (2000), who analysed 53 spiradpachial neurons in lumbar
enlargement, reported that these had receptivesfigstricted to one or two digits and the
present results suggest that few of these woul@ ha&longed to the spinothalamic tract.
Since the primary afferent input to the dorsal hisreomatotopically organised, receptive
field size of a lamina | neuron is probably cortethwith the extent of the dendritic tree. It
is therefore likely that the larger size of celldis of spinothalamic neurons is at least
partly accounted for by the larger dendritic treéshese cells compared to those that
project only to LPb.

In the C8 segment, the strength of NK1r-immunoigagtwas significantly higher among
spinothalamic neurons. It has been reported thatink | cells with strong NK1r-
immunoreactivity are under-represented among thaulption that project to the PAG
(Spike et al., 2003). Taken together, these regulisate that different sub-populations of
lamina | cells differ in their supraspinal projects. Willcockson et al. (1984) investigated
the actions of substance P on primate spinothalasiis in the dorsal horn, and reported
that this peptide produced complex effects on tloedls (excitatory, inhibitory, no effect,
biphasic effect or multiple effects). These authagsumed that this observation was due to
the presence of multiple substance P receptorbearspinal cord. It is possible that the
effect of substance P observed in that study w#semmced by the differences in the

strength of expression of NK1 receptor on spinatimét cells.
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Han et al. (1998) reported that there was a cletionship between morphology and
function for lamina | neurons in cat spinal cordthwpyramidal cells responding only to
innocuous cooling, and those in the other two molgdical classes being activated by
noxious stimuli. Consistent with this suggestiony &t al. (2005) and Almarestani et al.
(2007) reported that pyramidal cells projectinghtalamus or LPb in the rat were seldom
NK1r-immunoreactive. However, although cooling-séws lamina | spinothalamic
neurons have been identified in the rat, theses @lo responded to noxious mechanical
stimuli (Zhang et al., 2006). If these are includadong the pyramidal class, these may
correspond to some of the NK1r-positive pyramidaihsthalamic neurons seen in the
present study. However, it is unlikely that all yridal lamina | neurons in the rat respond
to innocuous cooling, since 23-30% of lumbar sparaprachial cells are pyramidal (Spike
et al., 2003; Almarestani et al., 2007; presendygtuand it has been reported that lamina |
spinoparabrachial neurons were not activated bgdanous cooling (Bester et al., 2000).
Nevertheless, Todd et al. (2005) have obtainedeexie for functional differences related
to morphology in lamina | of rat spinal cord: amoN&1lr-positive projection neurons,
multipolar cells were more likely to express Fogesponse to noxious cold stimuli than
cells belonging to the other morphological classtsvever, functional differences among
multipolar lamina | cells have been also foundhaligh the great majority of both
gephyrin-coated and NK1r-expressing multipolar @ctpn neurons up-regulated Fos
following subcutaneous formalin injection (Puskérak, 2001; Todd et al., 2002), only
38% of the gephyrin-coated cells did so in respdase noxious heat stimulus that caused
Fos expression in 85% of the NK1r-immunoreactivétipoiar cells (Polgar et al., 2008).
This suggests that while the great majority of lzemi projection neurons in the rat respond
to noxious stimuli, there may be differences in tiyees of information transmitted to

different supraspinal targets by sub-populationthese cells.

4.6 Large gephyrin-coated cells

The present study showed that the "large gephyated cells" are also present in the
cervical enlargement but these were fewer tharetlmshe lumbar part of the cord. It is
not clear whether this difference in number hasumctional significance. As reported
previously (Puskar et al., 2001), most cells o§ ttyipe in the lumbar cord were labelled
from the parabrachial area, and the present sthdwed that most of these cells in the
cervical enlargement also project to the parabehdrea. Therefore, it is likely that the
parabrachial region, an area thought to be impbrianthe affective, emotional and
autonomic responses to noxious stimulation, playsimaportant role in the circuitry
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involving these cells at both spinal levels. Howewm interesting difference between the
two levels, with regard to the supraspinal progactiof these cells, is related to the
projection to the PAG: while approximately halftbg "large gephyrin-coated cells” in the
C6 segment projected to the PAG, only a minorit§o)&did so in L5. The functional
significance of this differential projection desesvfurther investigations in the future. The
proportion of the cervical gephyrin-coated cellattprojected to the thalamus was also
higher than that observed in the lumbar cord, dsl is in line with the magnitude of
thalamic projection from lamina | at both spinabdés. An interesting finding is that the
"large gephyrin-coated cells" constitute approxmhat21% of the spinothalamic
population in lamina | in the lumbar cord. Therefaalthough the gephyrin-coated neurons
make up only 0.2% of the total neuronal populaiotamina I, which is estimated to be
~6200 cells in L4 (Spike et al., 2003; Al-Khaterakt 2008), and approximately 2.5% of
projection neurons in this lamina, they constitateuch higher proportion (~21%) of the
spinothalamic population. Given the significance tbé spinothalamic tract in pain
transmission, it is likely that despite the smaiinber of these cells, they play an important
role in transmission of nociceptive information twrtical areas involved in pain
perception. The gephyrin-coated cells might contebto the normal responses to acute
noxious stimuli in the model used by Mantyh et(2R97), in which they gave intrathecal
injection of substance P conjugated to saporin fideio to destroy NK1r-expressing
neurons, because these cells lack the NK1 receptat, thus probably survive this

treatment.

The "large gephyrin-coated cells" represent a rliitte population within lamina |
because of the highly specific input that they rezdérom different sources. Puskar et al.
(2001) found that these cells receive a large nunabecontacts from glutamic acid
decarboxylase (GAD)-immunoreactive boutons (at GABAc synapses). Some of these
boutons were immunoreactive for the neuronal glydiransporter (GLYT2) and/or the
neuronal isoform of nitric oxide synthase (NOS).eTinnervation by NOS-containing
axons was selective for these cells, comparedher ateurons in the dorsal horn (Puskar et
al., 2001). Polgar et al. (2008) reported that e¢heslls receive a very large number of
contacts from VGLUTZ2-immunoreactive boutons thae associated with GluR4-
containing puncta (i.e. these were glutamatergiapges). It has been suggested that the
main source of VGLUT2-immunoreactive boutons ieljkto be excitatory interneurons
because these express VGLUT2 (Todd et al., 200GLWT2 is also expressed bysA
nociceptive primary afferents in lamina | (Toddaét 2003), but these are unlikely to be

the source of these boutons because injection df @fo sciatic nerve showed that
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gephyrin-coated cells received few contacts frorms thass of afferents. However, indirect
input from A5 afferents, by relaying first on interneurons, caot be ruled out. The
gephyrin-coated cells also differ from NK1r-pos#tiprojection neurons in this lamina in
having a much lower density of contacts from pepticc primary afferents (Polgar et al.,
2008).

The "large gephyrin-coated cells" have large, widesd dendritic trees, and since the
primary afferent input to the dorsal horn is sor@iaally arranged (Willis and

Coggeshall, 2004), they are likely to have largepberal receptive fields. This suggests
that they may have an important role in the affectind autonomic responses to pain,
rather than in providing information about accurgtimulus localization. The fact that they
form a relatively small population and project ke tparabrachial area is in favor of this

suggestion.

Investigations that used anatomical markers foeat®n of neuronal activation, such as
Fos, have shown that the gephyrin-coated neuras@onel to noxious stimuli, but this
activation depends on the type of the noxious dtimuMost cells of this type upregulated
Fos following subcutaneous formalin injection (Parskt al., 2001). However, noxious
heat stimulation caused Fos upregulation in onBt 38 these cells (Polgar et al., 2008).
Interestingly, this latter study showed that theneanoxious heat stimulus led to activation
of 85% of the NK1r-immunoreactive multipolar ceifslamina |I. This suggests that the
gephyrin-coated cells subserve a specific functaiinin lamina | different from other

multipolar cells in this lamina.

4.7 The large NK1r-immunoreactive lamina lll/IV
neurons

4.7.1 General remarks

Lamina II/IV NK1r-immunoreactive neurons with londorsal dendrites represent a
distinctive population within rat dorsal horn. Getif this type in the lumbar cord receive
strong monosynaptic input from substance P-comtgirfhociceptive) primary afferents
(Naim et al., 1997), and respond to various tydesogious stimuli (Polgar et al., 2007a).
In addition, it was found that this population ddlls in the cervical enlargement also
receive contacts from substance P-containing pyimaéferents (Al-Khater K.M., unpub-

lished observation).
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Quantitative data in the present study showed ttiete neurons were more numerous in
the lumbar (23 cells in L4; 22 cells in L5) comphte the cervical enlargement (16 cells
in C6 and C7), and this confirms previous obseovatireported by Brown et al. (1995).
The observed numbers in the lumbar cord are gdnenahgreement with those reported
by Todd et al. (2000). In addition, it appears tihat cell bodies of these neurons tend to be
located at deeper levels in the lumbar cord (me&gh .82n and 223 um below dorsal white
matter in L4 and L5, respectively) compared to ¢bevical (mean 161 um and 164 um
below dorsal white matter in C6 and C7, respecfiveRibeiro-da-Silva and Coimbra
(1982) reported that the mean depth of the suparrfiorsal horn (laminae | and Il) in the
rat is 100 um and that for lamina Il is 90 um. fdiere, most of cells in this study were
located in laminae Il and 1V; however, a few cellsre located less than 100 um below
the dorsal white matter. Ten of these were se&binseven in C7 and three in L5 (pooled
from all experiments). These cells are unlikelyogdong to lamina Il because the location
of the somata was checked using dark field oplibe border between laminae Il and 1l
can be seen clearly using dark-field illuminatioecéuse of the lack of myelin in the
ventral part of lamina Il, and these cell bodiegevebserved at, or just ventral to, this
border; therefore, these were identified as lantineells. The deepest cells in this group
(deeper than 300 um) are likely to be in lamingOwily three cells were found at such a
depth in C6 (out of the 317 cells analysed in @lleXperiments, i.e. 0.95%), whereas 48
such cells were found in L5 (out of the 417 neur@malysed in 19 experiments,
I.e.11.5%), and 26 cells were observed in L4 (dubhe 170 neurons analysed in the seven
experiments, i.e. 15.3%). It is likely that lumdamina V contains more neurons of this
type than the cervical cord. It has been reported lamina V in rat dorsal horn does
contain some large NK1r-immunoreactive neurons Wethg dorsal dendrites; however,
these are much less numerous than those in larflinaed IV, and are more common at

caudal spinal levels (Brown et al., 1995).

Another observation in the present study is relabetthe size of these neurons. It appeared
that the cervical population had smaller somatan ttiee lumbar ones, though this size
difference was not analysed. This observation igdcordance with findings by Brown et
al. (1995). It is plausible to explain this siz&elience to the fact that the lumbar neurons
have longer axons compared to the cervical, a fedhat necessitates a larger cell body,
although this assumption is not supported by figdihat there is no size difference

between lamina | projection neurons in the twogaftthe cord.
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4.7.2 Projection to the thalamus

The present study showed that the great majoriteth$ in this population in the C6 (85%)
and C7 (83%) segments project to the contralatkadmus. The proportion that project to
the thalamus among neurons of this type in the amebrd was much lower than that in
the cervical cord since only 28% and 17% of theskés dn the L4 and L5 segments,
respectively, were labelled from the contralatémalamus. Interestingly, in both segments,

this projection was found to target mainly the Region.

4.7.2.1 The cervical enlargement

The present finding of a prominent thalamic progct from the large NKI1r-
immunoreactive lamina Ill/IV neurons in rat centiceord has not been documented
before. In addition, this study showed that allnoost of cells of this type in the C6
segment were labelled from the PoT. This concluswas reached after finding that the
mean values of the percentages of retrogradelyli¢abeells did not differ significantly
between the three series of experiments (Thal, &a@TlDlI), that some labelled cells were
observed in the FLM series and that most cells wetdabelled with Fluorogold in the DI

series (see below).

In the Thal series, some variability in the propmrtof retrogradely labelled cells was
observed between the five experiments. All cellshed type were retrogradely labelled in
Thal 2, whereas the percentage of the cells thaé wetrogradely labelled in the other
cases was slightly lower. In Thal 1, this could chee to lack of tracer spread into the
middle part of PoT; no clear explanation for theéo proportion of retrograde labelling in
cells of this type in the other cases (Thal 3-5.té&the PoT series, the proportion of cells
that were retrogradely labelled varied from 69-10@%T 3-9). This could be explained by
variation in the spread of tracer substance. Istergly, most of cells of this type were
retrogradely labelled in experiments PoT 7 and Bpin which only minimal spread of

tracer occurred into structures adjacent to the PoT

Results from the DI series showed that 79% of tlvedls in the C6 segment project to the
contralateral thalamus, consistent with resultsnffbhal and PoT series. The labelling of
85 cells with CTb (out of the 88 cells of this typeoled from all experiments) in the DI
series strongly supports the previous observatibasthese cells could be labelled from
the PoT. On the other hand, very few cells of tigise were labelled with Fluorogold,
except in DI 1 and DI 4, in which the Fluorogoldesd into the rostral part of PoT. The
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other experiments in this series had extensivmdilbf the thalamus extending rostrally
from interaural 4.6 mm, and including the ventrabamplex, and variable parts of Po,
MD and CL nuclei. The absence of Fluorogold labeliin these cells in these experiments
suggests that they do not project significantiythe ventrobasal complex, rostral Po or
medial thalamus, and that PoT is their major tar§atce only a small number of cells
were retrogradely labelled with CTb in experimeniTPLO (eight out of 21 cells in C6),
this suggests that some of these cells presumablg projections that extend into the
caudal part of Po. Surprisingly, the pattern oklibg seen in DI 1-4 resembled to a large
extent that observed in lamina | cells in the Cgnsent in these four experiments. In both
cases, all but a few cells were positive for CTitd aells only labelled with Fluorogold
were mainly observed in DI 4. Therefore, a plawsikplanation of this variation in the
labelling between the four experiments is the saméhat suggested for lamina I, i.e. the
caudal extension of Fluorogold into the rostral FR@rlat interaural 4.0 mm is responsible
for the labelling with Fluorogold in DI 4. A notabldifference between the pattern of
labelling in lamina | and that in the population ¢drge lamina HI/IV NK1r-
immunoreactive cells is that none of the lattereyeositive for Fluorogold in experiments
DI 2 and DI 3, whereas some of the CTh-labelletsarllamina | of C7 were also labelled

with Fluorogold in these two experiments.

Further evidence that cells of this type in thege§ment project to the PoT was obtained
from the FLM experiments, in which 5-10 large NKdmunoreactive cells in laminae Ili
and IV were retrogradely labelled in this segmémtmost cases the dorsal dendrites of
these cells could not be followed into the sup&fidorsal horn due to the inferior optical

properties of the Gel-Mount medium that was useti@se experiments.

Zhang and Giesler (2005) identified spinothalamaanons in the region corresponding to
laminae 1l and IV in rat cervical enlargement thmabjected only to caudal thalamus
(mainly PoT and PIL), and their sample is likely have included some of the NK1r-

expressing cells with long dorsal dendrites.

These cells have dendrites that arborise extensindaminae | and I, and some of them
would therefore presumably have been labelled iofig injections of anterograde tracers
into the superficial dorsal horn in the study byuGau and Bernard (2004a). Although
they are outnumbered by lamina | spinothalamic owsir(~91 lamina | spinothalamic
neurons in C7 and ~14 lamina lll/1V spinothalameurons in C6), they are likely to have

contributed to the terminal labelling seen in thalamus following such injections, and
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this is consistent with the present finding thaytltould be labelled following injections
into the PoT.

4.7.2.2 The lumbar enlargement

The picture is different in the L5 segment, siroe present study showed that only 17% of
neurons in this population in L5 projected to tloatcalateral thalamus. This result agrees
with the observations by Marshall et al. (1996) &lam et al. (1997) who observed that
only a few of these neurons were labelled afteemsite filling of the contralateral
thalamus with tracer substance. Interestingly, msthe C6 segment, this thalamic
projection mainly targetted the PoT region. Evidefar this is provided by the finding
that the mean percentage of cells that were retdady labelled in the PoT series did not
differ significantly from that in the Thal experimts. The findings in the DI experiments
also support this conclusion, since in these casgsfew cells of this type were labelled
with Fluorogold, and this labelling occurred in Dland DI 4, in which the Fluorogold
spread into the rostral part of PoT. One cell in6Di/as positive for Fluorogold, but there
is no clear explanation for this labelling. The exte of Fluorogold labelling in cells of
this type in the other experiments suggests thiat the equivalent cells in C6, they do not
project significantly to the ventrobasal complesstral Po or medial thalamus, and that
PoT is their major target. Since a few cells weaaelled with CTb in experiment PoT10
(two out of 24 cells in L5), some of them presumdidve projections that extend into the
caudal part of Po. Further evidence that cellh type in the L5 segment project to the
PoT was obtained from the FLM experiments, in whitdur and six NK1r-
immunoreactive cells in laminae Il and IV wererogradely labelled in this segment in
FLM 2 and FLM 3, respectively.

Several studies have reported that cells of thie tyn the rat were labelled after tracer
injection into different supraspinal areas. Gieseral. (1979) have recognized dorso-
ventrally elongated spinothalamic cells in the rusl proprius (laminae Ill and V) of rat
spinal cord, but it is not known whether thesescelpressed the NK1 receptor. Li et al.
(1996) reported that almost one third of the sgiat@mic neurons in lamina Il of the C7
and L5 segments in the rat were immunoreactivetfier NK1 receptor. They observed
NK1r-immunoreactive spinothalamic cells in lamirileand IV after injections that filled
the entire thalamus of the contralateral side ciions that targeted the posterior nuclear
complex. Injections into the CL nucleus labellecunoas in lamina IV but not in IlI,
whereas injections into nucleus submedius labeldons in both laminae. Interestingly,
injections that targeted the VPL labelled no NKhmunoreactive neurons in laminae IlI
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or IV. However, Li et al. (1996) did not report vther these labelled cells in laminae llI
and IV possessed long dorsal dendrites. Kobayd€88) designated the dorsoventrally-

elongated lamina Il spinothalamic cells in rat'lasge vertical neurons”.

This thalamic projection from the large NK1r-immueactive neurons in laminae Il and
IV of rat lumbar cord has been described alreadysuammarised above. However, the
difference between the present results and thopeeofous reports is the finding that this
thalamic projection targets mainly the PoT regidtaim et al. (1997) provided an
illustration of the spread of CTb in the thalamn®ne rat, and this showed that the PoT
was not included in the injection site. Naim etraported that the spread of CTb in the
other two rats was similar to this one. Neverthgléisey were able to label 2-5 neurons of
this type in each rat (total of 10 cells in theethrats). It is possible that tracer extended
slightly into the PoT region in the other two rttat were not illustrated in that paper, and
this has led to retrograde labelling in three ané tells in these two rats, whereas the
illustrated injection site led only to labelling dfvo cells. Marshall et al. (1996) also
conducted their study on three rats and providedtration of tracer spread in only one
rat. The caudal spread of CTb in their diagram hedcthe rostral PoT at interaural
3.8 mm, but the authors did not comment on trapezesl in the other two rats except by
stating that extensive filling of the thalamus weted. Furthermore, no data were given
for the number of labelled cells in this populatidience, it is difficult to compare their

study with the present one.

The present data showed that most of the NK1r-inoreactive lamina IIl/IV neurons
with long dorsal dendrites that projected to theamus were located in the medial half of
the dorsal horn in the L4 and L5 segments. It lemnlbocumented that the receptive fields
of the cutaneous afferents from the hindlimb ofréteare topographically organized in the
lumbar cord (Swett and Woolf, 1985). The mediatpaf the L4 and L5 segments receive
afferents from the plantar surface of the foot &dadk of the ankle region via the tibial
nerve. The lateral parts of these two segmentsveeagput from the lateral side of the leg
and thigh through the sural nerve, and from theiaheshd posterior aspects of the leg and
thigh through the posterior cutaneous nerve othigh. Afferents from the dorsal surface
of the foot that pass through the superficial peadmerve, end in the middle area of L4
and middle of the rostral part of L5. Thus, the rakgarts of the L4 and L5 segments
mainly receive sensation from distal structureghi@ hindlimb, whereas more proximal
regions end in more lateral parts of these segméntspossible that the tendency of the
spinothalamic cells in the population of the NKdmnunoreactive neurons in laminae Il

209



and IV to lie within the medial half of L4 and L&# a functional correlation, and this
suggests that these distal limb inputs would harefepential access to the thalamus

through spinothalamic cells of this type.

4.7.3 Collateral projection to the thalamus, LPb and PAG

In agreement with previous reports (Todd et alQ@Qit was found that approximately
64% of the NK1r-immunoreactive lamina Ill/IV celis the L4 segment were labelled
from the contralateral parabrachial area. The ndarination that has been added by this
study concerns the extent of overlap between tleepnwjection groups (parabrachial and
spinothalamic neurons). Interestingly, the pattdrprojection is a mixture of three types:
one group projected to the thalamus only, anothejepted to the parabrachial area only
and the third group sent collaterals to both regidrhis latter group constituted about half
of the spinothalamic cells, and approximately 22P4he spinoparabrachial cells in this
population. It is known that virtually all cells diis type in the lumbar cord were labelled
from the contralateral CVLM (Todd et al., 2000). wtver, labelling from the CVLM
could be due to uptake of tracer by fibres of pgssather than by terminals, as stated

earlier.

Concerning the C7 segment, the present study shdhetd87% of neurons in this
population projected to the parabrachial area. Beeaf this high percentage of projection
to the parabrachial area and thalamus, it wouleétmected that some cells send axonal
projections to both regions, and indeed this wasidon more than 64% of neurons in this
population. Interestingly, the size of the projectio the parabrachial area in the cervical
enlargement is more than that in the lumbar angl ithin line with the projection to the
thalamus. It is surprising that Bernard et al. @98id not find anterograde labelling in the
parabrachial complex after making tracer injeciimo laminae Il and IV of cervical cord
in two rats. However, their illustrated diagram wiahat these two injections were very
small and, as a result, it is unlikely that adequaimber of these cells were included in
that injection site. However, these authors desdri bilateral projection to the mesen-
cephalic portion of the internal lateral subnucletitPb area (and to a lesser extent to the
PAG) from the lateral part of lamina V. Kitamuraadt (1993) have concurred in this last
finding on the basis of their observations thatpddersal horn neurons (reticular part of
lamina V, laminae VII and X) projected mainly taetimternal lateral parabrachial nucleus.

Because of the complete filling of the parabrachrak in the present experiments, it is not
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possible to determine whether the large NK1r-imnmaactive neurons in laminae Il and

IV targeted a specific subnucleus in the parabedcamplex.

The present study showed that the PAG did not vecsignificant projection from the
NK1r-immunoreactive lamina IlI/IV neurons in eitheggion of the cord. The observed
percentage of projection to the PAG was less tli&n, land this is again in agreement with
Todd et al. (2000).

4.7.4 Functional significance

There is a substantial body of evidence that pdimtthe functional significance of the
large NK1r-immunoreactive lamina lll/1V cells ingmessing of nociceptive information as
elaborated in the Introduction. Therefore, dematistg that most of these cells in rat
cervical cord, and some of those in the lumbar cbaliong to the spinothalamic system
would certainly support their nociceptive role. Mover, the present finding of a
prominent projection to the PoT region providestHar support for this nociceptive
function especially with the accumulating evidefmethe role of PoT in pain processing.
Lamina 1lI/IV NKZ1r-immunoreactive neurons receive onosynaptic inputs from
myelinated (presumed low-threshold mechanoreceppvienary afferents in lamina lll,
although these are far less numerous than those dutbbstance P-containing (nociceptive)
afferents (Naim et al., 1997, 1998). These celstherefore likely to have wide dynamic
range receptive fields, and may provide input toséhneurons in PoT that respond to
noxious and tactile stimuli and project to insutortex and amygdala (Gauriau and
Bernard, 2004b). Since lamina 1II/IV NK1r-immunooti@e neurons do not appear to
project significantly to the ventrobasal complek,id not likely that their activity is
transmitted directly to the primary somatosensanmgex. This is consistent with the small
size of this population of cells, which means tttety are unlikely to provide accurate
information about stimulus localisation, an impattafunction of the primary

somatosensory cortex.

The present finding of collateral projection okethkarge NK1r-immunoreactive lamina
III/IV neurons to thalamus and parabrachial areggssts that these cells are capable of
distributing information concerning various typeks moxious stimuli to more than one
brain target. Projection to the parabrachial afleava this type of information to reach the
hypothalamus and amygdala, areas thought to bdviewvanainly in the autonomic and

affective emotional aspects of pain processingridet et al., 1996).
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Conclusions and Future Directions

The present study highlighted some important aspegarding the supraspinal projection
of neurons in laminae |, Ill and IV. Using the ograde neuronal tracing technique, this
study showed that the area of the PoT forms an rtapbtermination zone not only for
lamina | neurons (in the cervical enlargement) d&ab for the population of large NK1r-
immunoreactive neurons in laminae Ill and IV thaisgess long dorsal dendrites.
However, consistent with previous reports, thisdgtalso showed that other thalamic
nuclei (presumably mainly the VPL) receive inputnfr lamina I. Fluorogold injections in
the DI series of the current study involved sevéhnalamic nuclei; therefore, it was not
possible to determine which of these were the tarfpg axons of lamina | neurons. A
recommendation for future studies is to targetviatlial thalamic nuclei (mainly VPL and
Po) with very restricted injections using FLM (other tracer known to give limited
spread), as well as targetting the PoT with anadttaeer in the same experiment. The aim
of these studies would be to investigate whethks teat project to VPL or Po are similar
or different from those that project to the PoT.isThietailed mapping of thalamic
projection from lamina | is important for better demstanding of the spinothalamic

pathway.

The present study showed that virtually all spiatamic neurons in lamina | in both
enlargements project to LPb, but only partial omerivas observed between the spino-
PAG and spinothalamic populations in this laminas&l on the quantitative results, this
study hypothesized that lamina | cells that projedhe PAG and thalamus target specific
areas in the PAG that are different from areasetéed by cells that project to PAG only.
This hypothesis could be tested in future studigspbrforming dual-tracer injection
experiments in which one tracer specifically targeé¢ column of PAG (and probably at
certain rostrocaudal levels) and injecting anothaer into thalamus, and then looking for

single- and double-labelled cells in lamina I.

One of the interesting findings in the present gtud that the number of the

spinoparabrachial cells in lamina | found in thevamal enlargement is smaller than that
observed in the lumbar enlargement (unlike theasita with spinothalamic cells). Several
explanations have been presented; however, theidaat significance of this difference

calls for further studies.
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The mediolateral distribution of spinothalamic sedimong the population of large NK1r-
immunoreactive lamina Ill/IV neurons in the lumhmrd is interesting. This observation
need to be confirmed and extended by further studier example, retrograde tracing
from the thalamus could be combined with inductmmpERK or Fos in these cells
following noxious stimulation of distal part of thendlimb to allow comparison of the
mediolateral location of double-labelled cells witlthe dorsal horn to that of double-
labedded cells seen following stimulation of moreximal parts of the limb. This would
demonstrate whether the somatotopic arrangemenmocfceptive input seen in the
superficial dorsal horn also applies to NK1r-expneg projection neurons in laminae Il
and IV. Once this has been confirmed, then a furshep is to investigate the functional
significance of this differential projection to thiealamus among cells of this type in the

dorsal horn.

Results from the present and other studies sudlhasthe "large gephyrin-coated cells"
play a special role in the circuitry of lamina l.aNly aspects of this circuitry are still
unknown. Therefore, future studies are recommetal@ddress various issues such as:

1) significance of the projection to the PAG frorelle of this type in the cervical
enlargement compared to the lack of such a projecfrom those in the lumbar
enlargement. Would painful stimuli that activateplggrin-coated cells from forelimb
activate descending modulatory pathways through R(@e inputs from hindlimb use
another route to activate these pathways?

2) the suggestion that these cells possess lampptiee fields necessitates performing
studies that explore receptive field sizes of theslés using pERK or Fos as markers of
activation following stimulation (using an effeatiwtimulus) of different cutaneous areas
of the body.

3) the response of these cells to other types wions stimuli such as noxious cold and
mechanical stimuli is still unknown; therefore, skeneed to be investigated in the future.
4) the precise area of termination of gephyrin-edatells within the thalamus also
deserves special attention in the future.
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