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SUMMARY 
 

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

been poorly understood, but has been implicated in nociception.  To investigate the function 

of this nucleus, three broad areas were investigated: responses to nociceptive stimuli, 

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

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

following conclusions can be drawn from the studies undertaken here: 

• A series of double-labelling experiments for confocal microscopy were carried out in 

the rat (Sprague-Dawley) to investigate the LSN responses to a variety of peripheral 

cutaneous noxious stimuli.  It was found that the LSN responds to both thermal and 

chemical peripheral cutaneous noxious stimulation.  However, unlike as previously 

thought, only a small number of neurons in the LSN are activated by a peripheral 

noxious stimulus, with hot water (55°C applied to the hind-paw) activating the most, 

as revealed by Fos immunoreactivity.  Only 15% of LSN neurons showed response to 

this peripheral noxious stimulus.  Interestingly, unlike the superficial dorsal horn 

(SDH), bilateral activation of LSN neurons after the application of a peripheral 

noxious stimulus was found in most of the experiments carried out. 

• Triple and quadruple-labelling experiments for confocal microscopy were carried out 

in the rat to investigate neurochemical relations at this site. It was found that although 

the LSN is abundant in staining for substance P, the number of LSN neurons showing 

immunoreactivity for the target of substance P (the NK-1 receptor) represented only 

one-third of all neurons at this site.  However, substance P and nitric oxide synthase 

were associated with NK-1 neurons, and specifically nitric oxide synthase terminals 

were preferentially associated with NK-1 neuronal cell bodies.  However, unlike the 
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superficial dorsal horn, nitric oxide synthase terminals were not associated with 

inhibitory GABAergic neurons. 

• Using retrograde injection techniques (in the rat) combined with multiple 

immunolabelling for confocal microscopy, the LSN was shown to project to areas 

traditionally associated with nociception (caudal ventrolateral medulla and 

mediodorsal thalamus) but also projected to the hypothalamus and also the lateral 

globus pallidus.  Indeed, the regions found to have the most projections from the LSN 

were the lateral and medial hypothalamus, with most of those neurons (>80%) 

possessing the NK-1 receptor.  Interestingly, although numbers of retrogradely 

labelled neurons were low, they represented 30% of all labelled neurons that 

projected from the LSN to the lateral globus pallidus. 

In conclusion, the extent of involvement of the LSN in nociception is less than 

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

the LSN functions as an integrative nucleus for autonomic and homeostatic functions, 

and related motivational and affective responses to autonomic function. 
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LIST OF ABBREVIATIONS 
 
(Terms in italics are not defined in the text) 
 
 
AHA Anterior hypothalamic area, anterior part 
AHC Anterior hypothalamic area, central part 
AHP Anterior hypothalamic area, posterior part 
AM Anteromedial thalamic nucleus 
AMPA alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
AP Anterior-posterior 
AVDM Anteroventral thalamic nucleus, dorsomedial part 
AVVL Anteroventral thalamic nucleus, ventrolateral part 
CaM Calmodulin 
c-Fos Cellular proto-oncogene from the immediate early gene transcription  
 factors 
cGMP Cyclic guanosine monophosphate 
CGRP Calcitonin gene related peptide 
ChAT Choline acetyltransferase 
CM Central medial thalamic nucleus 
CNS  Central nervous system 
Cpu Caudate putamen (striatum) 
CTb Cholera toxin B subunit 
Cu Cuneate nucleus 
CVLM Caudal ventrolateral medulla 
DAB Diaminobenzidine 
DG Dentate gyrus 
DMD Dorsomedial hypothalamic nucleus, dorsal part 
DRt Dorsal reticular nucleus 
DV Dorsal-ventral 
ERK Extracellular related kinase 
FG Fluoro-Gold 
Fi Flocculus 
FMRF L-phenylalanyl-L-methionyl-L-arginyl-L-phenylalaninamide  
Fos Nuclear phosphorylated protein 
GABA Gamma-aminobutyric acid 
GAD Glutamic acid decarboxylase 
Gly-T2 Glycine transporter 2 
GP Globus pallidus 
Gr Gracile nucleus 
Gr Gracile fasciculus 
Hi Hippocampus 
HRP Horseradish peroxidase 
IAM Interanteromedial thalamic nucleus 
ic Internal capsule 
Ig Immunoglobulin 
ip Intraperitoneal 
LCN Lateral cervical nucleus 
LGP Lateral globus pallidus 
LH Lateral hypothalamus 
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LHbL Lateral habenular nucleus, lateral part 
LHbM Lateral habenular nucleus, medial part 
L-NAME Nω-nitro-L-arginine methyl ester 
LPMR Lateral posterior thalamic nucleus, mediorostral part 
LRt Lateral reticular nucleus 
LSN Lateral spinal nucleus 
LTP Long term potentiation 
MD Mediodorsal thalamic nucleus 
MDC Mediodorsal thalamic nucleus, central part 
MdD Medullary reticular nucleus, dorsal part 
MDL Mediodorsal thalamic nucleus, lateral part 
MDM Mediodorsal thalamic nucleus, medial part 
MDT Mediodorsal thalamus 
MdV Medullary reticular nucleus, ventral part 
Mfb Medial forebrain bundle 
MH Medial hypothalamus 
ml Medial lemnisucs 
ML Medial-lateral 
mlf Medial longitudinal fasciculus 
MPC Medial prefrontal cortex 
MRF Medullary reticular formation 
NADPH-d Nicotinamide adenine dinucleotide phosphate 
NeuN Neuronal marker 
NK-1 Neurokinin-1 
NMDA N-methyl-D-aspartic acid 
NO Nitric oxide 
NOS Nitric oxide synthase 
NPY Neuropeptide Y 
NTS Nucleus tractus solitarius 
Opt Optic tract 
ox Optic chiasm 
PAG Periaqueductal grey 
PBS Phosphate buffered saline 
PH Posterior hypothalamic area 
PHA-L Phaseolus vulgaris leucoagglutinin 
PKC-γ Protein kinase C γ 
Po Posterior thalamic nuclear group 
PRV Pseudorabies virus 
PVP Paraventricular thalamic nucleus, posterior part 
Py Pyramidal tract 
Pyx Pyramidal decussation 
RAmb Retroambiguus nucleus 
RHO-D Tetramethylrhodamine dextran 
Rt Reticular thalamic nucleus 
RVM Rostroventromedial thalamus 
SDH Superficial dorsal horn 
SI Substantia innominata 
SM Nucleus of the stria medullaris 
Sm Stria medullaris of the thalamus 
SP Substance P 
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Sp5I Spinal trigeminal nucleus, interpolar part 
SpV Spinal trigeminal nucleus 
Sub Submedius thalamic nucleus 
TC Tuber cinereum area 
Th Thalamus 
VA Ventral anterior thalamic nucleus 
VDB Nucleus of the vertical limb of the diagonal band 
VGLUT Vesicular glutamate transporter 
VH Ventral hypothalamus 
VIP Vasoactive intestinal polypeptide 
VL Ventrolateral thalamic nucleus 
VM Ventromedial thalamic nucleus 
VMH Ventromedial hypothalamic nucleus 
VMHA Ventromedial hypothalamic nucleus, anterior part 
VMHC Ventromedial hypothalamic nucleus, central part 
VMHVL Ventromedial hypothalamic nucleus, ventrolateral part 
VP Ventral pallidum 
VPL Ventroposterolateral nucleus of the thalamus 
VPM Ventral posteromedial thalamic nucleus 
VRt Ventral reticular nucleus 
WGA Wheat germ agglutinin 
XII Hypoglossal nucleus 
ZI Zona incerta 
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Pain is such a versatile sensation, and differs from other somatosensory modalities in 

that emotions such as fear, anxiety and feelings of unpleasantness are experienced along 

with it.  However, over the centuries, pain has not been as clearly defined as it is today.  

The Romans and the Greeks were the first to put forward an idea of sensation, with the 

thought that the brain and nervous system have a role in the perception of pain.  However, 

it was not until the Middle Ages and into the Rennaissance (1400’s-1600’s) that the 

evidence developed to support these earlier theories.  Leonardo Da Vinci and his 

contemporaries came to believe that the brain was the central organ for sensation, with Da 

Vinci himself later developing the idea that the spinal cord was the route that sensations 

were transmitted to the brain. 

Into the 16th and 17th centuries, the study of the body and the senses continued to be a 

mystery and wonder for the world’s philosophers. Moving into the 19th century, pain came 

to dwell under a new domain – science, with an increasing knowledge base.  Indeed today, 

pain research is an enormous, ever-growing field, with much interest in trying to unravel 

the complex neural circuitry of the brain and spinal cord.  With a greater understanding of 

these pathways, therapeutic options for acute and chronic pain conditions were developed, 

which is something that could only have been dreamt of several centuries ago.   

Nowadays, the spinal cord is established as essential for the transmission of sensory 

information to the brain, and for the regulation of motor and autonomic functions.  It 

receives sensory information from somatic and visceral receptors passing through dorsal 

roots, transmitting to higher regions of the brain through ascending tracts and sends 

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

When the spinal cord is examined in transverse section, it is composed of a central grey 

matter (butterfly-shaped) comprising cell columns oriented along the rostro-caudal axis 

(containing neuronal cell bodies, dendrites and axons that are both myelinated and 

unmyelinated), surrounded by the white matter comprising the ascending and descending 

myelinated and unmyelinated fasciculi (tracts).  The general layout of the spinal cord is 

shown in Figure 1.1. 

In each half of the spinal cord there are three funiculi: the dorsal funiculus (between the 

dorsal horn and the dorsal median septum), the lateral funiculus (located where the dorsal 

roots enter and the ventral roots exit) and the ventral funiculus (found between the ventral 

median fissure and the exit point of the ventral roots). 

Based on detailed studies of neuronal soma size (revealed using the Nissl stain), Rexed 

(1952) proposed that the spinal grey matter is arranged in the dorso-ventral axis into 

laminae and designated them into ten groupings of neurons identified as I – X. 

Lamina I contains the terminals of fine myelinated and unmyelinated dorsal root fibres 

that pass first through the zone of Lissauer (dorsolateral funiculus) and then enter lamina I 

mediating pain and temperature sensation (Christensen and Perl, 1970; Menétrey et al., 

1977; Craig and Kniffki, 1985; Bester et al., 2000).  The neurons here have been divided 

into small neurons and large marginal cells characterised by wide-ranging horizontal 

dendrites (Willis and Coggeshall, 1991). They then synapse on the posteromarginal 

nucleus.  From here the axons of these cells pass to the opposite side and ascend as the 

lateral spinothalamic tract. 

Lamina II is immediately below lamina I, referred to as the substantia gelatinosa.  

Neurons here modulate the activity of pain and temperature afferent fibres, though intrinsic 

neurons here do not contain the target for substance P, the NK-1 receptor (Bleazard et al., 



 
17 
 
 

 
 

1994), which is however found in lamina I, III and IV (Naim et al., 1997).  Lamina II has 

been sub-divided into an outer (dorsal) lamina II (IIO) and an inner (ventral) lamina II (IIi) 

based on the morphology of these layers with stalked cells found in larger numbers in 

lamina IIO but stalked and islet cells were found throughout lamina II (Todd and Lewis, 

1986).  Indeed, lamina IIi was also found to be different in its neurochemical profile with a 

greater predominance of protein kinase C-γ (PKC-γ), an important enzyme in signal 

transduction, which will be discussed in greater detail in Chapter 4.  Lamina II is the region 

which receives an extensive unmyelinated primary afferent input, with very little from 

large myelinated primary afferents (except for distal parts of hair follicle afferents in some 

animals; Willis and Coggeshall, 1991).  The axonal projections from here are wide and 

varied with some neurons projecting from the spinal cord (projection neurons), some 

passing to different laminae and some with axons confined to a lamina in the region of the 

dendritic tree of that cell e.g. intralaminar interneurons, local interneurons and Golgi Type 

II cells (Todd, 1996). 

Lamina III is distinguished from lamina II in that it has slightly larger cells, but with a 

neuropil similar to that of lamina II.  The classical input to this lamina comes from hair 

follicles and other types of coarse primary afferent fibres which includes Pacinian 

corpuscles and rapidly and slowly adapted fibres. 

Lamina IV is a relatively thick layer that extends across the dorsal horn.  Its medial 

border is the white matter of the dorsal column, and its lateral border is the ventral bend of 

laminae I – III.  The neurons in this layer are of various sizes ranging from small to large 

and the afferent input here is from collaterals and from large primary afferent fibres (Willis 

and Coggeshall, 1991).  Input also arises from the substantia gelatinosa (lamina II) and 

contributes to pain, temperature and crude touch via the spinothalamic tract (Siegel and 

Sapru, 2006). 



 
18 
 
 

 
 

Lamina V extends as a thick band across the narrowest part of the dorsal horn.  It 

occupies the zone often called the neck of the dorsal horn.  It has a well demarcated edge 

against the dorsal funiculus, but an indistinct lateral boundary against the white matter due 

to the many longitudinally oriented myelinated fibres coursing through this area.  The cell 

types are very homogeneous in this area, with some being slightly larger than in lamina IV 

(Willis and Coggeshall, 1991).  Again, like lamina IV, primary afferent input into this 

region is from large primary afferent collaterals as well as receiving descending fibres from 

the corticospinal and rubrospinal tracts with axons also contributing to the spinothalamic 

tracts (Siegel and Sapru, 2006).  In addition, in the thoracolumbar segments (T1 – L2/3) the 

reticulated division of lamina V contains projections to sympathetic preganglionic neurons 

(Cabot et al., 1994). 

Lamina VI is present only in the cervical and lumbar segments.  Its medial segment 

receives joint and muscle spindle afferents, with the lateral segment receiving the 

rubrospinal and corticospinal pathways.  The neurons here are involved in the integration 

of somatic motor processes. 

Lamina VII present in the intermediate region of the spinal grey matter contains 

Clarke’s nucleus extending from C8 – L2.  This nucleus receives tendon and muscle 

afferents with the axons of Clarke’s nucleus forming the dorsal spinocerebellar tract 

relaying information to the ipsilateral cerebellum (Snyder et al., 1978).  Also within lamina 

VII are the sympathetic preganglionic neurons constituting the intermediolateral cell 

column in the thoracolumbar (T1 – L2/3) and the parasympathetic neurons located in the 

lateral aspect of the sacral cord (S2 – 4).  In addition Renshaw cells are located in lamina 

VII and are inhibitory interneurons which synapse on the alpha motor neurons and receive 

excitatory collaterals from the same neurons (Renshaw, 1946; Siegel and Sapru, 2006). 
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Lamina VIII and IX are found in the ventral grey matter of the spinal cord.  Neurons 

here receive descending motor tracts from the cerebral cortex and the brainstem and has 

both alpha and gamma motor neurons here which innervate skeletal muscles (Afifi and 

Bergman, 2005).  Somatotopic organisation is present where those neurons innervating the 

extensor muscles are ventral to those innervating the flexors, and neurons innervating the 

axial musculature are medial to those innervating muscles in the distal extremities (Siegel 

and Sapru, 2006). 

Lamina X is the grey matter surrounding the central canal and represents an important 

region for the convergence of somatic and visceral primary afferent input conveying 

nociceptive and mechanoreceptive information (Nahin et al., 1983; Honda, 1985; Honda 

and Lee, 1985; Honda and Perl, 1985).  In addition lamina X in the lumbar region also 

contains preganglionic autonomic neurons as well as an important spinothalamic pathway 

(Ju et al., 1987a,b; Nicholas et al., 1999). 

Extensive literature exists in this complex circuitry, with a great deal of research on the 

spinal cord focussing on the grey matter.  Although much progress in understanding has 

developed since Rexed’s (1952) first classification of the grey matter into laminae from his 

classical works using the cat, an area that has received little attention, and is poorly 

understood, is the lateral spinal nucleus (LSN) located in the dorsolateral funiculus. 

From this point on the aim of this introductory chapter is to review the limited literature 

available regarding the LSN.  The review has been subdivided into sections examining the 

existing evidence which ascribes potential roles to this unusual nucleus.  The framework is 

set out as follows: 

• Definition of the LSN 

• Morphology of cells in the LSN 

• Neurochemical profile of the LSN  
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• Mechanisms of activation, and projections of, the LSN 
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2.  The definition of the LSN 

In 1951, Rexed and Brodal described a separate nucleus forming a longitudinal cell 

column situated ventrolateral to the dorsal horn in the lateral funiculus of the first and 

second cervical segments of the cat’s spinal cord.  It was believed that this nucleus 

projected to the cerebellum and that it received afferent fibres ascending in the spinal cord.  

This nucleus was referred to as the nucleus cervicalis lateralis, or the lateral cervical 

nucleus (LCN).  However, in 1951, Rexed also found that in the rat, guinea pig, mouse, 

rabbit and man, the lateral cervical nucleus was either non-existent, or existed in a form 

different from that described in the cat (though no details of these findings were presented).  

Lund and Webster (1967), however, reported the presence of cells in the dorsolateral 

funiculus of the upper two cervical segments of the spinal cord of the rat and they 

considered this group of cells to represent the LCN as described in other species.  Their 

findings therefore contradicted those of Rexed (1951).   

However, through observing the distribution of acetylcholinesterase activity in the 

spinal cord of the rat, Gwyn and Waldron (1968) demonstrated a group of cells present in 

the dorsolateral funiculus extending in a continuous column from the spinomedullary 

junction to sacral levels of the spinal cord.  They occupied a position ventral to the dorsal 

horn, similar to that described for the LCN in the cat by Rexed and Brodal (1951) and by 

Brodal and Rexed (1953), but, whereas in the cat, the nucleus is restricted to the upper two 

cervical segments of the spinal cord, in the rat, the column extends throughout the length of 

the spinal cord, defined then as the lateral spinal nucleus (LSN).  Figure 1.1 demonstrates 

the position of the LSN in the spinal cord.  Later evidence revealed however, that the 

enzyme acetylcholinesterase was not a specific marker for cholinergic cells (Albanese and 

Butcher, 1980; Greenfield, 1991), but it was noted that the LSN differed from the 

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

The neurons in the LSN have been shown to have a multipolar appearance through 

Golgi studies (Réthelyi, 2003), which have confirmed earlier descriptions by Alvarez et al. 

(2000) who used metabotropic glutamate receptor immunostaining.  Jiang et al. (1999), 

through single cell staining following intracellular recordings, also demonstrated multipolar 

cells.  Fusiform cell bodies have been noted in the LSN (Giesler et al., 1979; Giesler and 

Elde, 1985).  Spindle-shaped cells have also been identified at all segmental levels (Gwyn 

and Waldron, 1968), though in Réthelyi’s (2003) Golgi study, they occurred only rarely. 

The cells in the LSN are small (compared with anterior horn cells), ranging from 8 to 

36µm by 4 to 12µm (Gwyn and Waldron, 1968).  Réthelyi (2003) noted similar sized 

perikarya with his study showing cells in the range of 20 to 35µm.  This compares to the 

medium to large cells of the cat LCN, where they were shown to be 20 to 50µm. (Rexed, 

1951; Morin and Catalano, 1955). 

 The LSN neurons form a continuous column underneath the pial surface of the 

dorsolateral funiculus.  Some of the dendrites remain within the column of the perikarya, 

while others have been identified passing either laterally or medially (Réthelyi, 2003).  Of 

those medially oriented LSN neurons, Menétrey et al. (1982) demonstrated that they passed 

into lamina I, whereas Bresnahan et al. (1984) found occasional dendrites almost apposing 

the pial surface.  However, Réthelyi’s (2003) electron micrographs revealed that the 

dendrites also pass to the pial surface.  This brings into question the possibility that the 

LSN neurons may be under the influence of components of the cerebrospinal fluid 

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

As previously mentioned, Gwyn and Waldron (1968, 1969) were the first to investigate 

the profile of the LSN using acetylcholinesterase, but this was subsequently shown not to 

be a specific marker for cholinergic cells (Albanese and Butcher, 1980; Greenfield, 1991).  

Leah and co-workers (1988) were the first group to investigate, in detail, the neurochemical 

profile of the LSN from examining ascending tract cells in the rat lumbosacral region 

containing neuropeptides.  They revealed that 90% of peptidergic ascending tract cells were 

congregated in two distinct areas – the LSN and the region surrounding the central canal.  

The LSN had the highest percentage of neuropeptides containing ascending tract cells 

which included vasoactive intestinal polypeptide (VIP), bombesin, dynorphin and 

substance P (SP), with their axons projecting in a variety of tracts including the 

spinomesencephalic, spinoreticular and spinosolitary tracts.   

 

4.1  Excitatory Interneurons in the LSN 

4.1.1  Substance P in the LSN 

Ljungdahl et al. (1978) first reported that large numbers of fibres in the LSN were 

richly stained for SP with others confirming this (Gibson et al., 1981; Dalsgaard et al. 

1982; Senba, 1982).  However, in the first examination of the origins of SP containing 

fibres within the LSN, Barber et al. (1979) reported that transection of lumbar dorsal roots 

markedly reduced the number of labelled fibres in the nucleus ipsilaterally.  They also 

noted that, since combined hemisection of the cord and dorsal rhizotomy failed to eliminate 

SP labelling in the LSN, it was likely that some of the labelled fibres within the LSN 

originated segmentally.  In further studies, however, the possibility of an input from SP 

containing dorsal root fibres to the LSN has been questioned.  Larabi et al. (1983) re-

examined the effects of dorsal rhizotomy on fibres in the LSN and concluded that, although 
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such operations markedly reduced the number of labelled fibres in the adjacent dorsal horn, 

little if any reduction was produced in the LSN unless the radicular arteries were obstructed 

or cut during rhizotomies.  Bresnahan et al. (1984) and Cliffer et al. (1988) also showed 

that rhizotomies have little, if any, effect on SP immunostained fibres in the LSN.  In 

addition, Bresnahan et al. (1984) found that application of horseradish peroxidase (HRP) to 

the proximal stumps of cut dorsal roots labelled very few primary afferent terminals in the 

LSN (the adjacent dorsal horn contained a large number of labelled fibres).  The failure to 

label more than a few fibres in the LSN following application of HRP to dorsal roots 

strongly suggests that the majority of SP stained fibres within the LSN are not central 

processes of primary afferent fibres.  This finding also indicated that very few of the fibres 

within the LSN (whether they contain a peptide or not) originate in dorsal root ganglia.  

Bresnahan et al. (1984) did find HRP labelling of terminals in the LSN when HRP was 

injected into the dorsal horn, a finding that suggests the existence of a projection from 

neurons in the adjacent dorsal horn to the LSN.  In other studies where colchicine was 

injected intrathecally to increase the peptidergic labelling of cell bodies (Seybold and Elde, 

1980; Sasek et al., 1984), many dorsal horn neurons (Ljungdahl et al., 1978; Barber et al., 

1979; Bresnahan et al., 1984) and the majority of LSN cell bodies were found to be 

immunoreactive for SP.  In addition, unlike the superficial dorsal horn where all SP 

containing primary afferents are thought to contain calcitonin gene-related peptide (CGRP), 

the marker associated with large myelinated primary afferents (Chung et al., 1988; Naim et 

al., 1997; Todd et al., 2003), the LSN does not contain any CGRP (Olave and Maxwell, 

2004).  It therefore appears that the primary sources of SP stained fibres in the LSN is the 

adjacent dorsal horn, and perhaps, the LSN itself.   

As SP exerts its biological actions by a high affinity interaction with the SP, or 

neurokinin–1 (NK-1) receptor, it could be postulated that the LSN may be involved in 
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nociception, as the majority of lamina I neurons with the NK-1 receptor are thought to be 

activated by nociceptors, as most show internalisation of the receptor (Mantyh et al., 1995) 

or express c-Fos (Doyle and Hunt, 1999; Todd et al., 2005). 

 

4.1.2  Glutamate in the LSN 

Glutamate is the major excitatory neurotransmitter in the central nervous system (CNS) 

with synaptic terminals of spinal sensory afferents strongly immunoreactive for glutamate, 

indicating a glutamatergic function (De Biasi and Rustioni, 1988, 1990; Broman et al., 

1993; Valtschanoff et al., 1994).  This conclusion is confirmed by extensive physiological 

evidence of AMPA- and NMDA- mediated synaptic responses in spinal neurons evoked by 

dorsal root afferent stimulation (Salt and Hill, 1983; Jessel et al., 1986; Schneider and Perl, 

1994; Li et al., 1998) and the presence of AMPA and NMDA receptor subunits 

postsynaptic to spinal sensory synapses (Alvarez et al., 1994; Popratiloff et al., 1996, 

1998a,b). 

Recently, three glutamate vesicular transporters (VGLUTs) have been characterised 

(reviewed by Fremeau et al., 2004) and have been shown to be present in axons belonging 

to largely non-overlapping populations of glutamatergic neurons throughout the CNS (Ni et 

al., 1995; Bellocchio et al., 1998, 2000; Aihara et al., 2000; Takamori et al., 2000; Fremeau 

et al., 2001; Sakata-Haga et al., 2001; Kaneko et al., 2002).  Varoqui et al. (2002) reported 

initially that VGLUT1 and VGLUT2 were present in the spinal cord, but in differing 

locations: VGLUT2 throughout the grey matter, with VGLUT1 found in laminae III – VI, 

the intermediate grey matter and the ventral horn.  In addition, Todd et al. (2003) showed 

that myelinated primary afferents in lamina I were VGLTU2 immunoreactive whereas all 

those in deeper lamina were VGLTU1 immunoreactive, with some in laminae III – VI 

appearing to contain both transporters.  VGLUT3 on the other hand has been demonstrated 
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in the cortex and hippocampus (reviewed by Fremeau et al., 2004) where scattered cells 

showed VGLUT3 mRNA and protein were identified (Schafer et al., 2002; Fremeau et al., 

2002), however these also co-localised with glutamic acid decarboxylase (GAD), the 

enzyme responsible for synthesising GABA (Fremeau et al., 2002) where symmetric 

synapses onto the cell bodies and proximal dendritic shafts of pyramidal cells by 

immunoelectron microscopy, raised the possibility of glutamate co-release with GABA at 

inhibitory synapses. In addition, Gras et al. (2002) also demonstrated that the VGLUT3 

was also found in all cholinergic interneurons of the striatum, as well as in serotoninergic 

neurons from the raphe magnus. 

Alvarez et al. (2004) demonstrated only minimal labeling of VGLUT1 within the LSN, 

with others unable to detect VGLUT1 at all (Li et al., 2003; Todd et al., 2003; Olave and 

Maxwell, 2004).  However, VGLUT2 has been shown in abundance in the LSN as 

demonstrated by Li et al., 2003; Todd et al., 2003 and Alvarez et al., 2004.  In addition, 

Olave and Maxwell (2004) also found VGLUT2 labeling to be abundant and co-localised 

with the adrenergic receptor α2c.  As VGLUT2 has been found in the superficial dorsal 

horn, especially within lamina I (an area established in its role in nociception), is found in 

peptidergic axons likely to be derived from intrinsic neurons containing neurotensin, 

enkephalin, somatostatin and SP (suggesting that these are also glutamatergic (Todd et al., 

2003)) and has been established in its role in nociception (Moechars et al., 2006), the 

VGLUT2 within the LSN may serve a role in nociceptive processing.  However, unlike the 

superficial dorsal horn which receives direct primary afferent input, the LSN does not, and 

it may be that the VGLUT2 serves a very different role in nociception at this site. 
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4.2  Inhibitory interneurons in the LSN 

4.2.1  GABA and glycine in the LSN 

GABA is the major inhibitory neurotransmitter in the dorsal horn of the spinal cord and 

also plays a role in the ventral horn (Todd and Maxwell, 2000).  GABA is synthesised by 

glutamic acid decarboxylase (GAD) which exists in two isoforms with slightly different 

molecular weights referred to as GAD65 and GAD67 (Martin and Tobin, 2000), coded by 

different genes (Erlander and Tobin, 1991). 

GABA can produce presynaptic inhibition of primary afferents through axoaxonic 

synapses, and inhibition postsynaptically of spinal neurons, mediated through axosomatic 

and axodendritic synapses.  Indeed, the inhibitory role of GABA can be seen when the 

GABAA receptor antagonist bicuculline (or the glycine receptor antagonist strychnine) is 

locally applied to the spinal cord in the rat where it produces behavioural signs of tactile 

allodynia (Yaksh, 1989), and can cause low threshold mechanical stimuli to produce a 

flexion withdrawal reflex (Sivilotti and Woolf, 1994). 

Specifically, in the superficial dorsal horn (SDH), where nociceptive information is first 

processed, approximately 30% of neurons in lamina I and II, and 45% of lamina III neurons 

are GABA immunoreactive (Todd and Sullivan, 1990), and these cells are assumed to be 

GABAergic inhibitory neurons.  Glycine like immunoreactivity is also present in neuronal 

cell bodies in these laminae, but is limited to those that are GABA immunoreactive.  Of 

those neurons in laminae I and II, 33% and 43% respectively contain GABA and glycine.  

However, as much as 64% of neurons contain both GABA and glycine in lamina III (Todd 

and Sullivan, 1990). 

GABA is produced through decarboxylation of L-glutamate by the enzyme GAD.  Two 

isoforms of this GAD exist, coded by different genes (Erlander and Tobin, 1991) and have 

been classified as GAD65 and GAD67 based on their molecular weights.  Within the LSN, 
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although not formally discussed, it can be seen from the photomicrographs, that the LSN 

shows mild to moderate staining with GAD (McLaughlin et al., 1975).  In addition, Mackie 

et al. (2003) also have shown both GAD65 and GAD67 exists within the LSN, with 

moderate staining.  Olave and Maxwell (2004), through studies with the α2c adrenergic 

receptor, also demonstrated moderate to abundant GAD staining, and of those 

approximately 10% co-localised with the α2c adrenergic receptor, however most of the 

adrenergic receptors co-localised with VGLUT2.  

Within the SDH, GABA immunoreactive axon terminals and cell bodies frequently 

contain relatively high levels of glycine (Todd and Sullivan, 1990; Todd et al., 1996), and 

there is evidence that GABA and glycine can act as co-transmitters at synapses in the spinal 

cord (Jonas et al., 1998; Keller et al., 2001).  However, in the LSN there is only minimal 

staining with Gly-T2 (Olave and Maxwell, 2004), a marker for glycine (Zafra et al., 1995), 

and it may be that with such low levels, the GABA in the LSN may not be related to 

glycine at all, unlike the situation in the SDH.  

 

4.2.2  GABA and NOS in the LSN 

Previously it had been reported that neuronal nitric oxide synthase (nNOS) and the 

enzyme responsible for its synthesis – nicotinamide adenine dinucleotide phosphate 

(NADPH-d) – are located in the superficial dorsal horn, the area around the central canal 

(Dun et al., 1992; Valtschanoff et al., 1992a), the intermediolateral nucleus and the LSN 

(Valtschanoff et al., 1992a; Nazli and Morris, 2000).  Nadelhaft and Booth (1984) 

demonstrated that most nNOS immunoreactive fibres terminating in the dorsal horn arose 

from dorsal root ganglion (DRG) neurons.  Later, Aimi et al. (1991) revealed that the 

number of NOS positive immunoreactive DRG cells over all spinal segments may not be as 

large as first anticipated, suggesting an intrinsic origin of the NOS would be more likely.  
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Laing et al. (1994) completed an extensive investigation characterising the NOS 

immunoreactive neurons showing them to be most numerous in lamina II – III.  

Valtschanoff et al. (1992b) demonstrated that of those NOS immunoreactive axonal 

boutons in lamina II, many possessed GABA immunoreactivity, suggesting an inhibitory 

role.  This was confirmed by Laing et al. (1994) who showed glycinergic immunoreactivity 

in NOS neurons in lamina I – II.  However, NOS immunoreactive neurons in lamina III 

were not found to co-localise with glycine.  In addition, Spike et al. (1993) revealed that 

choline acetyltransferase (ChAT) immunoreactive neurons in lamina III were found to be 

NADPH-d positive, suggesting that those neurons in this lamina which contain GABA and 

acetylcholine, are also capable of synthesising NO.  Blottner and Baumgarten (1992) also 

revealed that of all NOS immunostained neurons in the intermediolateral column, nearly 

half co-localised with ChAT.  However, unlike the large NO interneurons of the monkey 

cerebral cortex that express neuropeptide Y (NPY) immunoreactivity, none of the lamina I 

– III NOS immunoreactive neurons expressed NPY. 

The exact function of NOS is still under great debate.  Behavioural (Malmberg and 

Yaksh, 1993) and pharmacological studies (Kawabata et al., 1994; Semos and Headley, 

1994; Lin et al., 1999) have indicated that NO is a modulator of nociceptive processes, but 

there is no agreement on its precise role and it may have both hyperalgesic and analgesic 

effects (Hoheisel et al., 2005).  As NOS is found in the LSN (Valtschanoff et al., 1992a; 

Nazli and Morris, 2000), it may well be associated with GABA as it is in the SDH, but may 

not be related to glycine, due to the low levels of Gly-T2 (Olave and Maxwell, 2004).  In 

addition, NOS in the LSN has also been found to co-localise with interferon-γ and 

synaptophysin (Vikman et al., 1998) and using Nitro-L-arginine-ester (L-NAME), a 

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

although may be very different to what is understood regarding the SDH. 

 

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

Ling et al. (2003) suggested that the LSN could be directly innervated by primary 

afferents.  Using electrophysiological techniques, they identified the C afferent fibres from 

the gastrocnemius muscle and performed iontophoretic injections of Phaseolus vulgaris 

leucoagglutinin (PHA-L).  This showed that the unmyelinated muscle primary afferents 

projected rostrocaudally in the dorsolateral funiculus with projections both in a medial and 

lateral direction (from observation of their diagrammatic representations) and also passed 

into lamina I and II, with smaller numbers projecting to lamina III.  However, most of the 

research into the activation of the LSN suggests that in fact it is not directly influenced by 

cutaneous stimulation, but actually from collateral activation. 

Through electrophysiological studies, Grudt and Perl (2002) demonstrated that some 

lamina I neurons were relatively large with extensive dendritic arborisation in the 

horizontal dimension and possessed a prominent thick axon.  These axons were noted to 

pass ventrally and course to the contralateral side to project in the ventral lateral funiculus.  

This raises the distinct possibility that this type of lamina I neuron is activated directly by a 

primary afferent responding to peripheral noxious stimulation, and, from there, activates 

the LSN neuron through an axon collateral (Han et al., 1998; Craig et al., 2001; Grudt and 

Perl, 2002; Todd et al., 2002; Olave and Maxwell, 2004).  This strengthens previous 

electrophysiological studies demonstrating collateral activation of the LSN, rather than 

direct primary afferent input (Giesler et al., 1979; Menétrey et al., 1980).  Indeed, as 

previously mentioned, the source of SP in the LSN is thought to be either from the adjacent 

SDH, or the LSN itself (Barber et al., 1979; Larabi et al., 1983; Bresnahan et al., 1984; 



 
31 
 
 

 
 

Cliffer et al., 1988).  As the LSN is stimulated by spinal interneurons with a rich content of 

SP, VGLUT2, enkephalin, dynorphin, somatostatin, vasoactive intestinal polypeptide, 

bombesin and FMRF (Jessel et al., 1978; Seybold and Elde, 1980; Giesler and Elde, 1985; 

Cliffer et al., 1988; Olave and Maxwell, 2004), this adds further weight to the suggestion 

that the LSN is not directly activated by primary afferent fibres. 

However, Neuhuber (1982) and Neuhuber et al. (1986) demonstrated that some afferent 

fibres from the greater splanchnic nerve, the inferior mesenteric plexus, and the hypogastric 

nerve also terminate in the LSN.  This would suggest that the LSN could receive a visceral 

input, which will be discussed later. Therefore, there may be more primary afferents 

terminating in the white matter either directly, or close to, the LSN than was first 

appreciated. 

Additionally, neurons in the LSN are not directly activated by cutaneous stimulation, 

have no spontaneous activity and possess axons with slow conduction velocities (i.e. the 

unmyelinated range) and can project contralaterally (46%), and bilaterally (40%) 

(Menétrey and Besson, 1981).   

Petkó and Antal (2000) used anterograde and retrograde labelling techniques and 

showed that neurons in the lateral part of one superficial dorsal horn could project to the 

contralateral superficial part of the dorsal horn, with the possibility of involvement of the 

LSN.  This could suggest that one LSN, could be activated by both the ipsilateral and 

contralateral lateral dorsal horn (with commissural fibres going between one LSN and the 

opposite).  Also, from their diagrams, the LSN neurons themselves may project 

contralaterally and could be activated reciprocally.  This could also explain the work by 

Olave and Maxwell (2004) that showed bilateral activation of c-Fos in the LSN.  The 

knowledge at the moment of the mechanisms underlying bilateral activation of LSN 

neurons is limited. 



 
32 
 
 

 
 

LSN neurons may also be activated by descending fibres that originate from 

supraspinal nuclei, which in turn are activated by ascending fibres of spinal projection 

neurons located in the superficial dorsal horn.  Suzuki et al. (2002) showed that superficial 

dorsal horn neurons which express the NK-1 receptor activate descending pathways which 

control spinal excitability.  This could also explain the c-Fos activation bilaterally in Olave 

and Maxwell’s study (2004) as there could be ascending activation of descending systems 

which project bilaterally to the LSN. 

Pechura and Liu (1986) used retrograde fluorescent double labelling of the 

periaqueductal grey (PAG) and the medullary reticular formation (MRF) which showed 

that double labelled neurons in the LSN were present.  As the PAG and the MRF are 

strongly implicated in descending modulation of spinal neuronal activity, especially that 

resulting from noxious stimulation (Basbaum and Fields, 1984), this could imply that the 

LSN has a role in nociceptive pathways. 

Initially, retrograde labelling studies showed that LSN neurons do not project to the 

thalamus (Giesler et al., 1979; Kevetter and Willis, 1982).  However, Gauriau and Bernard 

(2004) used anterograde labelling (in the rat) with the sensitive markers PHA-L and/or 

tetramethylrhodamine-dextran (RHO-D) injected microiontophoretically.  They found that 

when the LSN was labelled, it was very specific in its bilateral projection to the lateral and 

medial portions of the caudal region of the mediodorsal thalamic nuclei, as well as to the 

posterior thalamic group (triangular part).  There was some spread into the most lateral 

portion of the laminae I-III but retrograde studies that have been performed prior to 

Gauriau and Bernard (2004) indicate that, in the cervical enlargement of the rat, the lateral 

portion of laminae I-III projects scarcely, or not at all to the thalamus, whereas numerous 

LSN neurons project to the thalamus (Granum, 1986; Burstein et al., 1990b).  This pathway 

from the LSN, to the thalamus, and from there to the forebrain, forms part of the 
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somatosensory relays.  This could form a direct and specific role in the emotional affective 

component of pain (Gauriau and Bernard, 2004).  This is significant in that the mediodorsal 

thalamic nuclei project to the medial and orbital regions of the prefrontal cortex and the 

LSN-mediodorsal pathway could be implicated in the emotional and cognitive aspects of 

pain (Gauriau and Bernard, 2004). 

Using the retrograde tracer Fluoro-Gold (FG), Burstein et al. (1990a) demonstrated 

extensive projections of the LSN to the hypothalamus.  It was shown that up to 25% of the 

input to the hypothalamus came from the LSN, throughout the full length of the rat spinal 

cord.  Work by Li et al. (1997) also confirmed projections of the LSN to the hypothalamus. 

Retrograde labelling studies and SP immunoreactivity also showed that the LSN has 

extensive projections to the hypothalamus, as well as to the septal region (Li et al., 1997).  

The hypothalamic projection sites included, not only the lateral hypothalamus but also to 

the paraventricular hypothalamic nucleus and the posterior hypothalamic area.  The 

paraventricular nucleus is composed of magnocellular neurosecretory neurons constituting 

the paraventriculohypothalamic system and non-endocrine neurons, some of which send 

projection fibres to the pain-related brainstem structures including the PAG, raphe nuclei, 

and parabrachial nuclei, with the posterior hypothalamic area being involved in the 

generation of emotional stress and the regulation of body temperature (Armstrong, 1995; 

Saper, 1995).  In addition two neuroendocrine systems are activated in the animal when 

coping with stressors: the hypothalamopituitary-adrenocortical system, in which the 

paraventricular hypothalamic nucleus is involved, and the hypothalamosympathico-

adrenomedullary system in which the posterior hypothalamic area seems to be involved. 

(Agnati et al., 1991; Armstrong, 1995)  Thus, from the study by Li et al. (1997), the 

projection fibres from the spinal cord that have SP immunoreactivity that project to the 

paraventricular hypothalamic nucleus and/or the hypothalamic area are likely to be 
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implicated in the elicitation of stress response.  In particular, projection fibres from the 

LSN of the lower lumbar and sacral cord segments may mediate nociceptive information of 

visceral origin to the paraventricular hypothalamic nucleus and exert regulatory influences 

on the endocrine and autonomic systems through the paraventriculohypophyseal system.  

However affective motivational responses to peripheral stimulation is served by the septal 

area.  The limbic system including the septal region is necessarily involved in nociception 

because it is strongly coupled with emotional and affective states.  Thus the direct 

projections from the LSN, and deep part of the dorsal horn to the septal region, are 

presumed to be involved in motivational-affective aspects of nociception (Li et al., 1997). 

Also, transneuronal studies have been done using pseudorabies virus (PRV) injected 

into the kidney (Schramm et al., 1993) and stellate ganglion (Jansen et al., 1995) have 

shown that the LSN innervates different types of sympathetic preganglionic neurons.  

Jansen and Loewy (1997) have also shown that neurons in the LSN become 

transneuronally labelled after PRV injections into the superior cervical ganglion, stellate 

ganglion, celiac ganglion or adrenal gland.  Also, they showed direct projection of the LSN 

to sympathetic preganglionic neurons using PHA-L.  These results suggest that the LSN 

has a descending sympathetic projection system, and may trigger a sympathetic response 

(eg. increase in blood pressure, release of catecholamines) during intense, acute visceral 

pain.  So, as well as being influenced by visceral nociceptive information, the LSN may 

have a feedback to the sympathetic system in response to this. 
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Figure 1.1.  Position of the LSN in the spinal cord.  A single transverse section of L5 with 

immunofluorescence for the neuronal marker NeuN (red) to highlight the neuronal population 

predominantly in the grey matter on the left hand side of this Figure, with a diagrammatic 

representation of. Rexed’s laminae (1952) being highlighted to the right hand side (as indicated 

by Roman numerals for each of the laminae).  The position of the LSN can be seen in the 

dorsolateral funiculus, close to the superficial dorsal horn.  Scale bar = 500µm. 
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Aims and General Experimental Procedures 
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1.  Aims 

The purpose of this first section is to give a general account of the principal aims 

pursued, hypotheses to be tested and for each of the investigations, an outline of the 

experimental approaches.  The specific details of each of these procedures will be detailed, 

as appropriate, in the experimental sub-division in each chapter. 

There are three main areas of focus of this study that will give a greater understanding 

of the nucleus of the dorsolateral funiculus, the LSN: 

• Nociception and the LSN 

• NK-1 and excitatory and inhibitory terminals in the LSN 

• NK-1 projection targets of LSN neurons to brain centres, including the brainstem 

 

Investigation 1 

Hypotheses:   

a) LSN neurons receive cutaneous information 

b) LSN neurons are activated by noxious cutaneous stimulation  

c) There is a variable degree of expression of Fos depending on the stimulus, as in the 

superficial dorsal horn (SDH) 

Aims: 

a) Identify if LSN neurons receive information from the skin 

b) Identify the types of stimuli that activate LSN neurons 

c) Quantify the extent of LSN neurons that respond to different types of peripheral 

noxious stimuli 
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Expression of the immediate early gene c-Fos was induced by the application of a 

noxious thermal or chemical stimulus to the left hind-paw.  This method was used to 

identify LSN neurons that could be activated by different types of nociceptive stimuli, and 

allowed direct comparison with the SDH. Combining this approach with double labelling 

immunocytochemistry (with the neuronal marker NeuN) allowed quantification of the 

neuronal populations in the LSN, both ipsilateral and contralateral to the stimulus.  It also 

allowed direct comparison between different stimuli that may have influenced the LSN, 

and proportionally how many neurons were activated by different stimuli. 

 

Investigation 2 

Hypothesis 1: 

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

immunoreactive 

b) If a majority of LSN neurons are immunoreactive for the NK-1 receptor, only a 

minority be immunoreactive for protein kinase C-γ (PKC-γ), which like the NK-1 

receptor, has also been associated with nociceptive processing (Malmberg et al., 1997)  

Aims: 

a) To identify the relationship between SP and the NK-1 receptor in the LSN, and quantify 

the total neuronal population that is immunoreactive for the NK-1 receptor 

b) To quantify the total neuronal population in the LSN that are immunoreactive for PKC-

γ 

c) To identify if any relationship exists between NK-1 and PKC-γ in the LSN 

 

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

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

immunocytochemistry (for examination with the confocal microscope) was used to 

quantify the total neuronal population in the LSN (using NeuN) that possessed this 

receptor, and that of protein kinase C- γ (PKC-γ) which also serves a role in nociceptive 

processing (Malmberg et al., 1997)). 

 

Hypothesis 2:   

a) As nitric oxide synthase (NOS; the enzyme responsible for synthesising nitric oxide 

(NO)), has been found to enhance the release of SP in the SDH (Garry et al., 1994; 

Aimar et al., 1998; Kamasaki et al., 1995), SP and NOS will be intimately related 

immunocytochemically in the LSN 

b) If a close relationship exists between SP and NOS, as in the SDH, then the same will 

hold for the relationship of NOS and the target of SP, the NK-1 receptor in the LSN  

c) As in the SDH, the NOS terminals in the LSN will be associated with inhibitory 

GABAergic neurons  

Aims: 

a) To identify the relationship that exists between SP and NOS in the LSN 

b) To identify the contact nature of NOS terminals to NK-1 neurons, and then quantify 

this relationship  

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

excitatory (glutamatergic) and inhibitory (GABAergic) terminals in the LSN 

 

With both NOS and the NK-1 receptor involved in nociception in differing ways as 

previously discussed, triple labelling immunocytochemistry (for examination with the 

confocal microscope) was used to identify if a relationship between SP, NK-1 and NOS in 
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the LSN existed.  In addition, quadruple labelling immunocytochemistry was used to 

identify NK-1 neurons and NOS terminals in the LSN, and identify the co-localisation 

patterns of NOS terminals and their contact relationship with NK-1 neurons. 

  Within the SDH, many NOS containing neurons are associated with inhibitory 

GABAergic neurons, as well as glycinergic and cholinergic neurons (Valtschanof et al., 

1992b; Laing et al., 1994).  However, within the LSN there are few cholinergic terminals 

(Olave and Maxwell, 2004) and no GlyT-2 – a marker associated with glycinergic 

terminals (Zafra et al., 1995).  Therefore, within the LSN they may be associated with only 

GABAergic (glutamic acid decarboxylase (GAD) expressing neurons).  To ensure they do 

not arise from excitatory terminals, immunocytochemistry was also combined with 

VGLUT2, known to exist in glutamatergic neurons throughout the CNS, as discussed in 

Chapter 1, page 8. 

 

Investigation 3 

Hypothesis: 

a) If NK-1 neurons are abundant in the LSN, then many will be projection neurons and  

      target brain areas known to be involved in nociception 

Aim:  

a) to quantify the proportion of NK-1 projection neurons that project to several brain and 

brainstem regions from the LSN known to be involved in nociception, and related 

aspects of pain 

 

Retrograde labelling of projection neurons was combined with either triple or quadruple 

labelling immunocytochemistry (for examination with the confocal microscope).  The 

retrograde tracer cholera toxin B subunit (CTb) was combined with NeuN and NK-1 to 
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quantify LSN neurons that contained each of these markers that projected to several brain 

regions that have been implicated in nociception.  For the quadruple labelling experiments, 

two brain regions were injected – one with CTb and one with Fluoro-Gold (FG), and this 

was combined with NeuN and the NK-1 receptor, again to quantify the LSN projections 

possessing these markers. 

 

2.  General Experimental Procedures 

The purpose of this section is to give a broader understanding of some of the techniques 

that have been used throughout this study, and to provide a basis for the more specific 

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

 

2.1  Multiple immunolabelling for confocal microscopy 

This is a technique which allows the identification of several antigens in the same 

section, say for example (as in this work) the spinal cord.  The antigens can be peptides, 

neurotransmitters, enzymes or receptors.  The basis of immunolabelling for confocal 

microscopy is generally two-fold: 

• Incubation of sections of the spinal cord with a cocktail of primary antibodies (up to  

 four), which have been raised in different species.  This technique allows the   

 combination of  various different antigens to be detected in a single section. 

• Incubation of the sections with a cocktail of species-specific secondary antibodies,  

 each one of which is coupled to a different fluorophore.  The secondary antibody is an  

 immunoglobulin (Ig) raised in donkey, which is directed against a specific species  

 e.g. rabbit, rat, goat etc.  The resulting secondary antibody will bind to any antigen of  

 the species, and therefore readily identified by the fluorophore which it is also  

 attached to it. 
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After the appropriate incubations and rinses, the sections are mounted and subsequently 

ready to be scanned (or stored in a freezer at -20ºC until ready to be examined).  

Immunoreactivity for each of these antigens can be visualised separately by the 

corresponding fluorophore coupled secondary antibody.  Images from the same optical 

section can also be merged to allow the relative spatial distribution of the antigens to be 

studied. 

Exceptionally two primary antibodies from the same species can be used provided that 

the antigens identify different cellular compartments.  For instance, the NK-1 receptor is 

localised to the cell membrane and VGLUT2 is localised to terminals.  For this reason both 

antigens can be labelled with a primary antibody of the same species and the same 

secondary antibody and it is still possible to differentiate the two types of 

immunoreactivity.  Figures 4.4 and 4.5 illustrate immunoreactivity for the NK-1 receptor 

and VGLUT2 that has been obtained using primary antibodies raised in the same species 

(i.e. guinea-pig anti-NK-1 and guinea-pig anti-VGLUT2), which were revealed with the 

same secondary antibody (i.e. donkey anti-guinea-pig IgG coupled to the fluorophore 

rhodamine-red). 

 

2.2  Confocal microscopy 

The Radiance 2100 (Hemel-Hempstead, UK) confocal laser scanning microscope was 

used in all investigations.  It is equipped with four lasers: argon, green helium neon, red 

diode and blue diode which allowed the scanning of sections that had been labelled with 

four secondary antibodies, each one being coupled to a different fluorophores (Table 2.1). 

This method allowed the same region of the cell to be identified with different 

fluorophores.  With the Radiance 2100 microscope, scanning can be performed 

simultaneously.   
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2.3  Control experiments used in immunocytochemical methods 

Positive and negative controls 

Although immunocytochemistry is a powerful investigative tool, it depends on the 

specificity of the antibody binding e.g. to the epitope of the protein used as an immunogen, 

and could be affected by fixation or detergents (Josephsen et al., 1999).  The antibody 

specificity requires that the antibody binds only to the protein that contained the 

immunogen peptide.  Today, many antibodies are generated to synthetic peptides and are 

purified with the immunising peptide based on affinity thus resulting in a reduction in 

possibility that the antibody binds to epitopes not found on the original peptide (Burry, 

2000). 

Therefore, controls are crucial in ensuring that the detection of the appropriate antigen 

is what results in the labelling seen using immunocytochemistry.  Initially, to demonstrate 

that the labelling found is due to the primary antibody specifically, the primary antibody 

can be either omitted (Schuster and Powers, 2005) or replaced with similarly diluted 

normal serum from the same species, keeping all other experimental procedures the same 

i.e. a negative control (Petrusz et al., 1976).  In addition to negative controls, positive 

controls can be done using tissue selected to contain (or not contain) the protein to confirm 

the specificity of the antibody. This should demonstrate immunoreactivity for this protein 

at the appropriate sites, but a lack of immunoreactivity in those components that are known 

not to contain that protein.  Josephsen et al. (1999) also showed that sections could be used 

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

The specificity of an antibody as demonstrated by appropriate controls is crucial in 

understanding the localisation of compounds in cells/tissues.  One valuable control in the 

detection of a specific molecule is the absorption or pre-absorption technique where the 

antigen being examined needs to be present in its pure states in great amounts.  The 

primary antibody is incubated with the pure, exogenous antigen, and then applied to the 

tissue being investigated.  If the antibody is specific for the exogenous antigen, the “pre-

absorption” should prevent the antibody from recognising the tissue antigen (Hockfield et 

al., 1993).  However, this technique demonstrates only the specificity of the antibody for 

the incubating peptide/protein but does not prove the specificity of the antibody for the 

protein in whatever tissue is being examined (Swaab et al., 1977; Willingham, 1999). 

 

Controls for double labelling immunocytochemistry 

Double (multiple) labelling in immunocytochemistry allows two (or greater) different 

antigens to be examined in a single preparation (Wessendorf and Elde, 1985).  Therefore it 

allows the determination of whether or not two different cell types can express unique 

antigens. 

Two types of double labelling can be undertaken – direct and indirect.  Direct double 

labelling uses two primary antibodies, where at least one is conjugated directly to a marker, 

and can be from the same species or of the same isotype (Hockfield et al., 1993).  However, 

performing indirect double labelling can be undertaken with unlabelled primary antibodies 

from different species or unlabelled primary antibodies from the same species but a 

different immunoglobulin (isotype).  Then, isotype- or species - specific labelled secondary 

antibodies can then be utilised in identifying the antigens recognised by the primary 

antibodies.  However, when the antibodies are from identical species or isotype, indirect 
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double labelling can also be undertaken by the addition of blocking steps and sequential 

incubations with a primary antibody, the relevant secondary antibody, an alternative 

primary antibody, and the next relevant secondary antibody.  However, as well as the 

control experiments which have to be undertaken for verification of the specificity of the 

antibodies used, additional controls have to be used. 

If double labelling experiments are undertaken using primary antibodies from differing 

isotypes or species, the final concentration of each antibody should be identical to that 

established for single labelling.  Mixtures of two primary antibodies, if produced in 

different species, or if they have unique isotypes, can be used if say, for example, 

fluorescent secondary antibodies are available for detection of these primary antibodies.  

However, an essential negative control in indirect double labelling is to make sure that each 

individual secondary antibody is specific for the appropriate primary antibody.  This is 

identified by incubation of a separate tissue sample with each primary antibody and then 

with an inappropriate secondary antibody (Hockfield et al., 1993).  No labelling should be 

found in this case i.e. no cross-reactivity should be present within the tissue examined. 

If, on the other hand, double label immunofluorescence is performed using primary 

antibodies from the same isotype or species, control experiments have to be undertaken in 

addition to the ones detailed above.  As a positive control, the order should be reversed in 

primary antibody incubation and the labelling should be identical to that undertaken 

initially.  For a negative control, the tissue should be incubated only with the primary 

antibody, but no secondary antibody conjugated to a fluorochrome.  This is then followed 

by incubation with the first primary antibody, with incubation in an excess unlabelled 

secondary antibody solution, and then with an incubation in which the secondary antibody 

is conjugated to the secondary fluorochrome (Hockfield et al., 1993).    If primary antibody 

sites are saturated, this should result in tissue that is unlabelled.  However, if labelling is 
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present, the experiments are repeated using a greater concentration of the unlabelled 

secondary antibody, or a reduced secondary antibody concentration conjugated with the 

secondary fluorochrome.  If, after this, cross-reactivity is still found, the antibodies are not 

used for double labelling experiments. 

 

Antibodies used within the subsequent studies  

The studies undertaken in subsequent chapters involve a total of ten different primary 

antibodies and three fluorescent secondary antibodies, all of which have been extensively 

documented in the literature, and gave staining patterns consistent with those seen 

previously. 

The mouse monoclonal antibody used was generated against cell nuclei extracted from 

mouse brain and was found to react with the protein specific to neurons (Mullen et al., 

1992).  This antibody labels all neurons (and no glial cells) within the rat spinal cord (Todd 

et al., 1998).  The rabbit c-Fos antiserum was raised against a synthetic peptide sequence 

common to all c-Fos proteins (Hunt et al., 1987) and has been used in many 

immunocytochemical studies of the spinal cord (Hunt et al., 1987; Williams et al., 1989, 

1990a,b; Olave and Maxwell, 2004; Todd et al., 1994, 2005).   

The sheep antiserum against neuronal nitric oxide synthase used later (nNOS), or the 

K205, has been assessed using Western blotting (Herbison et al., 1996).  They showed that 

the antibody recognised one main protein with a molecular mass of 155Kd in lanes with the 

recombinant nNOS and rat hypothalamus.  Other smaller protein bands were present in 

both lanes and were assumed to be fragments of the nNOS.  Herbison et al. (1996) also 

performed liquid phase absorption experiments and demonstrated that all immunoreactivity 

was abolished by absorption of the K205 antiserum with the recombinant nNOS protein. 
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The guinea pig antiserum against the vesicular glutamate transporter 2 (VGLUT2) has 

been examined by Mathur and Deutch (2008). They examined the specificity of the 

VGLUT2 antibody, and also the vesicular glutamate transporter 3 (VGLUT3) antibody by 

performing controls eliminating the primary antibodies and found no staining.  In addition, 

they also incubated sections in a solution containing the VGLUT3 primary antibody, but 

not the VGLUT2 antibody, having both secondary antibodies present.  From that, they 

demonstrated only VGLUT3, and no VGLUT2 immunoreactivity and no non-specific 

immunofluorescence with either the VGLUT2 or VGLUT3 primary antibodies.  As well as 

that study, numerous other authors have shown the terminal staining that is found using this 

antibody, as discussed in detail in chapter 4. 

The guinea-pig antiserum against the NK-1 receptor used in subsequent studies showed 

staining identical to that from the well characterised rabbit anti-NK1 receptor antibody 

(Vigna et al., 1994; Polgár et al., 1999) and the rat NK-1 receptor (Spike et al., 2003). 

The substance P monoclonal antibody recognises the C-terminal of the peptide and 

therefore does not distinguish between substance P and the related tachykinins neurokinin 

A and B (Cuello et al., 1979).  Substance P and neurokinin A originate from the same gene 

(preprotachykinin I), but neurokinin B arises from preprotachykinin II.  Although 

neurokinin B is present in the dorsal horn, it is not detectable in primary afferents and is 

thought to originate from neurons within the spinal cord (Ogawa et al., 1985; Warden and 

Young, 1988; Too and Maggio, 1991).  The rat substance P has been well characterised 

previously by Naim et al. (1997) and Todd et al. (2000). 

The protein kinase C-γ (PKC-γ; C-19) used in chapter 4, investigation 2 is an affinity 

purified rabbit polyclonal antibody raised against a peptide mapping at the C-terminus of 

PKC- γ of mouse origin and has been shown to be highly specific by numerous authors 

(Takai et al., 1979; Nishizuka, 1984a; Osada et al., 1992; Polgár et al., 1999). 
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The goat polyclonal antibody was raised against CTb, and rabbit was raised against 

Fluorogold.  Specificity of each of these tracer antibodies was demonstrated by a lack of 

staining in areas of the central nervous system that did not contain neurons that had taken 

up and transported the tracer and by immunostaining found in populations of neurons that 

are known to project to the injection sites, as discussed in detail min chapter 5.  In addition, 

the specificity of the Fluorogold antibody was directly confirmed by comparing the 

fluorescence (seen through a UV filter set) with that for the anti-Fluorogold in individual 

neurons.  All experiments examined had a perfect match between the two types of 

fluorescence. 

Therefore, to minimise suffering to animals, as requested under the UK Animals 

(Scientific Procedures) Act 1986, and the fact that both the primary and secondary 

antibodies have been extensively characterised in the literature as quoted throughout the 

work presented, control experiments were not deemed appropriate. 
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Fluorophore Excitation λ Emission λ 

Alexa 488 494 518 

Rhodamine-Red 570 590 

Cyanine 5.18 650 670 

 

Table 2.1 Excitation-emission wavelengths corresponding to the fluorophores used. 
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Chapter 3 

 

Investigation 1: 

 

Nociceptive stimuli that activate LSN neurons 
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1.  Introduction 

c-Fos is an immediate early gene which is rapidly and transiently expressed in neurons 

in response to stimulation (Harris, 1998).  Transcriptional activation of the gene occurs 

within minutes of stimulation, with the accumulation of mRNA reaching its peak 

approximately 30 to 40 minutes later.  The gene encodes for the nuclear protein Fos, and 

levels peak about two hours after induction of gene transcription.  Many stimuli have been 

found to activate neurons in the superficial laminae including noxious mechanical stimuli 

and heat and cold stimuli (Price et al., 1978; Ferrington et al., 1987; Han et al., 1998; Craig 

et al., 2001). 

After noxious peripheral stimulation, Fos immunoreactive neurons are found 

throughout the spinal grey matter, but there is general agreement that they are concentrated 

in the superficial dorsal horn (laminae I and II) and in a band across the deep part of the 

dorsal horn and intermediate grey matter, extending from the lateral reticulated part of 

lamina V, towards the area around the central canal (lamina X).  There are differences in 

the distribution in Fos immunoreactive neurons within the superficial dorsal horn following 

different types of acute noxious stimulus: cutaneous and subcutaneous stimulation giving 

rise to immunoreactive neurons throughout lamina I and II, whereas after noxious 

stimulation of muscles, joints or viscera, immunoreactive neurons are common in lamina I, 

but rare in lamina II (Hunt et al., 1987; Menétrey et al., 1989).  There are also reports that 

repeated innocuous mechanical stimulation results in Fos immunoreactivity in neurons in 

laminae III and IV (Hunt et al, 1987; Jasmin et al., 1994; Menétrey et al., 1989). 

Some cells which develop Fos immunoreactivity after noxious stimulation are known to 

be projection neurons, with axons that terminate in the brainstem or thalamus (Menétrey et 

al., 1989; Tavares et al., 1993), however it is likely from the very high density of Fos 

immunoreactive cells that most are interneurons.  Neurons in laminae I to III of the dorsal 
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horn are highly diverse in terms of their neurochemical profiles (Willis and Coggeshall, 

1991; Todd and Spike, 1993).  Many of these neurons are not inhibitory, but it has been 

shown that approximately one-third are GABAergic in laminae I – III, and also use glycine 

or acetylcholine as a transmitter, (Todd and Sullivan, 1990; Todd, 1991).  Interestingly, 

Todd et al. (1994) showed that approximately one-fifth of c-Fos immunoreactive neurons 

in the SDH (laminae I – II) showed GABAergic immunoreactivity. 

More recently, Olave and Maxwell (2004) retrogradely labelled LSN neurons that 

projected to an area established in nociceptive processing, the caudal ventrolateral medulla 

(CVLM; Morton et al., 1983; Janss and Gebhart, 1988; Liu and Zhao, 1992) and combined 

this with the induction of c-Fos with peripheral noxious stimuli and NK-1 receptor 

immunoreactivity.  They observed that a proportion of LSN neurons had been activated 

bilaterally by noxious stimulation, though NK-1 projection neurons that expressed Fos 

were not very numerous.  As the SDH expresses Fos only unilateral to the side of noxious 

peripheral stimulation (Hunt et al., 1987; Harris, 1998; Todd et al., 1994, 2002), this 

suggests that the LSN receives nociceptive information in a very different way to the 

adjacent SDH. 

In the past Fos has been useful in demonstrating noxious mechanical, hot and cold 

stimuli activating neurons in the SDH (Hunt et al., 1987; Ferrington et al., 1987; Han et al., 

1998; Craig et al., 2001).  Therefore, the purpose of this study was to a) identify if LSN 

neurons received cutaneous information, b) to determine if the LSN neurons responded 

specifically to noxious cutaneous stimulation and finally, c) to use four different noxious 

peripheral stimuli to identify if there was a variable degree of expression of Fos dependent 

on the stimulus used. 
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2.  Experimental Procedures 

Induction of c-Fos  

Twelve adult male Sprague Dawley rats (Harlan, Loughborough, UK; 190-250g) were 

used in this study where they were housed under conditions of a 12 hour light-dark cycle 

with food and water provided ad libitum.  All experiments were performed in accordance 

with the UK Animals (Scientific Procedures) Act 1986 and the European Communities 

Council Directive (86/609/EEC).  They were anaesthetised initially with halothane in an 

enclosed chamber followed by injecting a ketamine and xylazine mixture (7.33 and 

0.73mg/100g i.p., respectively).  They were divided into four groups receiving one of the 

following noxious stimuli to the left hind-paw: 1) immersion of the hind-paw in hot water 

at 55ºC for 20 seconds (n = 3); 2) immersion of the hind-paw in cold water maintained at 

4ºC for 30 seconds every 2 minutes over a 2 hour period (n = 3); 3) topical application of 

100% mustard oil to the hind-paw (n = 3); 4) a subcutaneous injection of 50ml of 2% 

formaldehyde to the hind-paw (n = 3). The application of a peripheral noxious stimulus to 

one limb has been shown to induce the expression of Fos mainly in neurons in the 

ipsilateral SDH, especially in the medial portion (Hunt et al., 1987; Todd et al., 1994, 

2002).  The animals were maintained under anaesthetic for 2 hours after the application of 

the noxious stimulus, and then perfused through the left ventricle with 4% freshly 

depolymerised formaldehyde.  All efforts were made to minimise the numbers of animals 

used and any unnecessary discomfort. 

 

Immunocytochemical labelling for confocal microscopy 

Mid-lumbar spinal cord segments (L3 – 5) were removed and post-fixed overnight.  

Transverse 50µm sections were cut with a Vibratome, and alternate sections selected with 

10 collected from each of the spinal segments (resulting in a total of 30 per animal).  
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Sections were then immersed in 50% ethanol for 30 minutes to enhance antibody 

penetration (Llewellyn-Smith and Minson, 1992).  For each of the above categories of Fos 

induced animals, immunocytochemical labelling was undertaken with mouse anti-NeuN 

antiserum (diluted 1:1000; Millipore, Watford, UK) and rabbit anti-c-Fos antiserum 

(diluted 1:2500, Santa Cruz, USA).  After a 48 hour incubation period, sections were rinsed 

in phosphate buffered saline (PBS) and incubated for 3 hours in solutions containing 

species-specific secondary antibodies raised in donkey, conjugated to rhodamine-red-anti-

mouse immunoglobulin (IgG; diluted 1:500, Jackson Immunoresearch) to detect NeuN, and 

Alexa-488-anti-rabbit IgG (diluted 1:100, Molecular Probes) to detect Fos.  Following 

rinses in PBS, sections were mounted in anti-fade medium (Vectashield; Vector 

Laboratories, Peterborough, UK) and stored until required for analysis in a freezer at -20ºC. 

 

Quantitative analysis 

In all experiments, the left and right LSNs were scanned systematically by using a 

Radiance 2100 confocal laser microscope (Hemel-Hempstead, UK).  Tissue was scanned 

with a 40X and 60X oil-immersion lens and each image was captured at 1µm intervals in 

the z-axis with a zoom factor of 1.  In each animal, ten alternate sections were used for 

analysis from spinal segments L3 – 5 (i.e. a total of 30 per animal) and 2 fields were taken 

from each section (one from the left LSN and one from the right LSN).  Therefore, for each 

animal, a total of 60 fields were taken covering all spinal segments. Image analysis was 

undertaken for all experiments by using Neurolucida for Confocal (MicroBrightField, Inc., 

Colchester, VT).  The total number of neurons in the LSN was recorded (from NeuN 

staining) and then the green frequency was used to identify Fos immunoreactive neurons in 

each of the four categories of stimuli used. 
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3.  Results 

Fos immunoreactive neurons in the LSN after the application of a noxious stimulus 

The average number of sampled neurons over each spinal segment (including ± SD), as 

detected by the neuronal marker NeuN, was very consistent between experiments and also 

between the left (ipsilateral to stimulation) and right (contralateral to stimulation) sides of 

the spinal cord (left LSN, average ± S.D. = 78 ± 4.65; right LSN, 82 ± 6.21).  Following 

counting for each of the defined categories with one of four stimuli (hot water at 55˚C, cold 

water at 4˚C, 100% mustard oil or 50ml of 2% formaldehyde; n = 3 in each category), 

average percentages (± S.D.) of the LSN neuronal population identified through NeuN 

were calculated. 

There was a mean number of Fos immunoreactive neurons for each of the categories as 

follows: hot water at 55˚C, 8.58 ± 2.97% ipsilateral and 6.94 ± 2.06% contralateral to the 

side of stimulus (typical examples shown in Figs 3.1 and 3.2); cold water at 4˚C, 4.86 ± 

1.77% ipsilateral and 3.98 ± 1.80% contralateral to the side of stimulus; mustard oil 

(100%), 3.47 ± 1.46% ipsilateral and 2.45 ± 0.56% contralateral to the side of the stimulus; 

formaldehyde (2%, 50ml), 1.37 ± 1.06% ipsilateral and 0% contralateral to the side of the 

stimulus. These results are summarised in the histogram in Figure 3.3  

The average percentage of Fos positive neuronal cells (as identified by NeuN) in the 

left LSN (ipsilateral to the stimulus applied) and the right (contralateral to the stimulus 

applied) was very similar in each of the categories of stimulus applied.  In addition, using a 

one-way ANOVA, none of the differences between the left and right LSNs for each of the 

experimental categories were found to be significant statistically.  However, what is 

notable in this study is the bilateral activation of the LSN neurons with a peripheral noxious 

stimulus (apart from the use of formaldehyde, but here overall number of c-Fos 

immunoreactive neurons in the ipsilateral LSN was very low).  This is in contrast to the 
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SDH where it is known that a peripheral noxious stimulus applied to the right hind limb 

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

especially in the medial part of the SDH (Hunt et al., 1997; Todd et al., 1994; Doyle and 

Hunt, 1999; Todd et al., 2002).  The relations of Fos immunoreactivity between the LSN 

and the SDH ipsilateral and contralateral to the sides of stimulus are demonstrated in 

Figure 3.1. 

However, there was a notable difference in the numbers of Fos immunoreactive 

neurons between the different categories of stimulus applied, with the hot water at 55˚C 

showing the greatest numbers of neurons activated, with the formaldehyde stimulus 

demonstrating only very small numbers of Fos immunoreactivity suggesting that the LSN 

neurons are activated to a greater degree with a hot water stimulus compared to the other 

stimuli applied.   
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Figure 3.1.  Fos labelling in the SDH and the LSN.  A shows Fos labelling in the ipsilateral dorsal horn (as indicated by the 

arrows) as well as the LSN (as indicated by the *), whereas B shows Fos labelling in the contralateral LSN (as indicated by the *) 

but no labelling in the contralateral dorsal horn following application of the peripheral noxious stimulus (hot water at 55°C).  

Scale bar = 100µm, valid for both images. 

 

 



 
59 
 
 

 
 

 

 

 

 



 
60 
 
 

 
 

 

 

 

 

 

 

 

 
 
  

 



 
61 
 
 

 
 

 

 

 

 

 

 

Figure 3.2.  Fos neuron in the LSN.  Image of a transverse section of the LSN, superficial dorsal horn (SDH) and lateral 

funiculus shown in A – C (red, NeuN; green, Fos).  In A – C, 1 indicates a NeuN (red) labelled neuron in the LSN which shows 

Fos (green) immunoreactivity contralateral to the side of stimulation.  2 indicates a neuron in the lateral funiculus also 

immunoreactive for Fos.  Numerous neurons are present in the LSN that do not demonstrate Fos immunoreactivity after hot water 

stimulation (55ºC).  Scale bar = 20µm. 
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Figure 3.3.  Histogram summarising the percentage of NeuN cells in the LSN that 

showed Fos immunoreactivity for each of the four stimuli used.  Three animals were used 

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

± S.D. 
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4. Discussion 

    Technical considerations 

The mouse monoclonal antibody used in this study (and subsequent studies in the 

following chapters) was generated against cell nuclei extracted from mouse brain and was 

found to react with the protein specific to neurons (Mullen et al., 1992).  This antibody 

labels all neurons (and no glial cells) within the rat spinal cord (Todd et al., 1998).  The c-

Fos antiserum was raised against a synthetic peptide sequence common to all c-Fos 

proteins (Hunt et al., 1987) and has been used in many immunocytochemical studies of the 

spinal cord (Hunt et al., 1987; Williams et al., 1989, 1990a,b; Olave and Maxwell, 2004; 

Todd et al., 1994, 2005).   

The distribution of c-Fos immunoreactivity after noxious peripheral stimulation was 

found throughout the spinal grey matter on the side ipsilateral to the stimulus applied (only 

very sparse contralateral labelling) but, in agreement with others, was concentrated in 

laminae I and II (especially the outer (dorsal) part of lamina II) and in a band across the 

deep part of the dorsal horn and intermediate grey matter, extending from the lateral 

reticulated area of lamina V, towards the area around the central canal (Lantéri-Minet et al., 

1993; Menétrey et al., 1989; Lima at al., 1993; Tavares et al., 1993; Todd et al., 1994, 

2005).  These areas are known to correspond to the terminal fields of primary nociceptive 

afferent fibres and to the distribution of nociresponsive neurons identified by 

electrophysiological recordings (Bullitt, 1991; Hunt at al., 1987; Presley et al., 1990).  In 

addition to this, there was greater c-Fos immunoreactivity in the more medial parts of 

laminae I and II, but a less tightly organised arrangement of immunoreactivity in lamina V, 

in agreement with Bullitt (1991).   

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

arrangement of the dorsal horn arranged mediodorsally, with the foot and toes represented 
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in the medial two thirds of the dorsal horn, and with the proximal leg and hip represented 

more laterally (Wall, 1953; Brown and Fuchs, 1975; Pubols and Golberger, 1980; Brown 

and Culberson, 1981; Light and Durkovic, 1984).  The rat also has a similar pattern of 

primary afferent termination (Ygge and Grant, 1983; Swett and Woolf, 1985; Molander 

and Grant, 1985, 1986).  As the stimulus was applied to the hindpaw, this would explain 

the arrangement of the Fos immunoreactivity in laminae I and II (greater proportion of Fos 

immunoreactivity in the medial portion of these laminae) and also acts as a “positive” 

control for the LSN results which will be dealt with later.  In addition, the experiments 

undertaken within this study also show “positive” control staining for Fos in the lateral 

aspect of laminae I and II (Figures 3.1).  However, where a stimulus to induce Fos was not 

applied, there was little or no immunolabelling for Fos in the spinal cord, as shown by 

Olave and Maxwell (2004). 

Other types of stimulation have been shown to cause Fos immunoreactivity within the 

spinal cord; however there is a different distribution in response to noxious stimulation and 

non-noxious (tactile) stimulation.  For example, in contrast to the Fos expression in 

response to chemical and thermal stimulation, non-noxious stimulation (brushing of hairs, 

gentle manipulation of joints and walking) induces Fos immunoreactivity in the deeper 

laminae, namely III – VI (Hunt et al., 1987; Jasmin et al., 1994).  However, in numerous 

control studies where no stimulus was applied, only very sparse Fos immunoreactivity was 

identified in deeper laminae, including laminae III and IV (Menétrey et al., 1989; Presley et 

al., 1990; Jasmin et al., 1994; Hagihari et al., 1997).  Therefore, as it has been proven that 

only very little Fos immunoreactivity is present in “negative” controls, further sacrifice of 

animals was not undertaken in this present study to minimise further pain and unnecessary 

suffering under the UK Animals (Scientific Procedures) Act 1986. 
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Two anaesthetic combinations were used in this study – inhalational halothane and a 

mixture of ketamine and xylazine.  It has been shown that halothane as an inhalational 

anaesthetic can result in the suppression of Fos immunoreactivity, however only in the 

deeper layers of the grey matter (laminae III and IV) and not within neuronal populations in 

laminae I and II; suppression is minor compared to inhalational nitrous oxide, which was 

avoided in this, and subsequent studies (Hagihara et al., 1997).  As there was abundant Fos 

staining with the four stimuli used in laminae I and II, especially in the medial aspect (but 

also some staining found in the lateral aspect – see Figure 3.1) and the lateral reticulated 

area of lamina V, extending to the area around the central canal, the influence of this 

anaesthetic could be assumed as minimal on Fos expression to the stimuli used. 

Ketamine (a non-competitive NMDA receptor antagonist acting at an allosteric site, 

Harrison and Simmonds, (1985)) and xylazine (an α2 adrenergic receptor agonist 

(McCurnin and Bassert (2002)) have not been shown to influence Fos expression upon 

noxious stimulation, and it has been suggested that these act supraspinally rather than at the 

dorsal horn level (Yi and Barr, 1996).  Again, the effects of this combination on Fos 

expression throughout the spinal cord (including the LSN) can be seen as minimal and will 

not significantly alter Fos expression with the stimuli used here. 

 

Fos immunoreactivity in the LSN 

The main finding of this study is that although Fos immunoreactivity has been detected 

in the LSN, particularly in response to hot water, overall Fos immunoreactivity is actually 

lower than what was anticipated. 

Olave and Maxwell (2004) quantified the number of LSN neurons projecting to the 

caudal ventrolateral medulla (CVLM; an area established in nociceptive processing) that 

also possessed the NK-1 receptor.  They had shown that more than one-fifth of all neurons 
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examined (including those projecting to the CVLM and/or containing the NK-1 receptor) 

showed Fos immunoreactivity upon using a thermal noxious stimulus peripherally (hot 

water).  Compared to the Olave and Maxwell (2004) study, this work shows a smaller 

number of LSN neurons that demonstrate Fos immunoreactivity, even when using the same 

noxious stimulus peripherally.  

Unlike the SDH, where the highest concentration of Fos immunoreactive neurons are 

located ipsilateral to the peripheral stimulus (Hunt et al., 1987; Todd et al., 1994, 2002), as 

well as immunoreactivity found in the lateral reticulated area of lamina V, VII, VIII and X 

(Menétrey et al., 1989), LSN neurons showing Fos immunoreactivity were found 

bilaterally, and of approximately equal proportions. 

LSN neurons not only project to numerous supraspinal sites, but also receive 

descending projection fibres from supraspinal nuclei including the raphe nuclei, brainstem 

reticular formation nuclei, dorsal column nuclei and the periaqueductal grey (PAG) 

(Carlton et al., 1985; Masson et al., 1991).  These in turn could be activated by ascending 

fibres of spinal projection neurons located in the SDH.  Suzuki et al. (2002) showed that 

SDH neurons possessing NK-1 immunoreactivity activated descending pathways that 

influenced spinal excitability.  Therefore, the bilateral expression of Fos in the LSNs could 

be the result of ascending activation of descending systems projecting bilaterally to this 

nucleus.  In addition to this, Grudt and Perl (2002) demonstrated that some axon collaterals 

from lamina I neurons entered the area of the LSN, and also had their axons which passed 

ventrally, then contralaterally to project in the ventral white funiculus. From this, these 

neurons in lamina I could be activated by primary afferent input to the SDH and then 

activate LSN neurons through collaterals.  Also, Petkó and Antal (2000) demonstrated that 

neurons in the lateral area of the SDH had commissural axons passing to the SDH on the 

contralateral side.  They also showed that labelling occurred in the LSNs after lateral dorsal 
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horn injections.  Taken together, this evidence could account for the bilateral Fos 

expression in the LSN after the application of noxious stimuli. 

The other significant finding of this study also demonstrates is that, although the 

immediate early gene c-Fos is rapidly and transiently expressed in neurons in response to 

stimuli (Morgan and Curran, 1989, 1991), there has been a notable difference dependent on 

the stimulus involved in the LSN, though not in the superficial dorsal horn.  Many types of 

stimuli have been documented to produce c-Fos expression and it has been assumed that 

neuronal activity in relation to nociception and the presence of Fos is related (Morgan et 

al., 1987; Hunt et al., 1987; Sagar et al., 1988).   

In addition, stimulation has to be strong and prolonged before quantifiable levels of Fos 

expression are achieved (Bullitt et al., 1992; Lima and Avelino, 1994) and not all neurons 

express the gene when activated (Dragunow and Faull, 1989). Even the ventral 

posterolateral nucleus of the thalamus (VPL), an area having an established role in 

nociception, did not result in Fos expression after noxious stimulation (Willis, 1985, 1989; 

Bullit, 1990). 

However, what the present study does add is that although the LSN appears to be 

activated bilaterally by cutaneous stimulation (specifically noxious stimuli) to varying 

degrees depending on the stimulus used, and confirms and extends other studies that have 

implicated the LSN in nociception (Harmann et al., 1988; Battaglia and Rustioni, 1992; 

Schafer et al., 1994; Feil and Herbert, 1995; Jiang et al., 1999; Olave and Maxwell, 2004), 

the proportion of LSN neurons responding to a peripheral noxious stimulus is much lower 

than may have been expected.  Indeed, with the stimulus showing the greatest Fos 

immunoreactivity, it only revealed a maximum of approximately 15% of all NeuN labelled 

neurons in the LSNs. 
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In summary, all stimuli that were used in the experiments detailed previously have 

shown high levels of Fos immunoreactivity in the superficial dorsal horn (especially the 

medial parts of laminae I and II).   However, even with the stimulus that demonstrated 

greatest Fos immunoreactivity in the LSN (hot water at 55°C), the overall numbers were 

low, representing at most 15% of all neurons.  It could be postulated that as there was a 

notable difference between the LSN and the superficial dorsal horn, it may well be that this 

nucleus could receive nociceptive input from areas other than that stimulated in these 

experiments i.e. nociceptive information from sites other than the hind-paw and may have a 

very different somatotopic organisation to the superficial dorsal horn. 

 

 

              



 
71 
 
 

 
 

 

 

 

 

 

 

Chapter 4 

 

Investigation 2: 

 

Relationship of axon terminals possessing NOS with NK-1 

neurons in the LSN
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1.  Introduction 
 

Nitric oxide synthase (NOS), a nicotinamide adenine dinucleotide phosphate 

diaphorase (NADPH-d; Garthwaite, 1991), is the enzyme responsible for producing nitric 

oxide (NO) and its neuronal form (nNOS) is found in a variety of CNS neurons (Schmidt et 

al., 1991; Ruscheweyh et al., 2006).  NO is an unconventional diffusible intercellular factor 

(Garthwaite and Boulton, 1995) and its principal target is soluble guanylyl cyclase which 

induces cyclic 3’,5’-guanosine monophosphate (cGMP).  In the spinal cord, many cell 

bodies containing NOS and NADPH-d are located in the SDH (Dun et al., 1992; 

Valtschanoff et al., 1992a) and a dense plexus of NOS-immunoreactive axon terminals is 

present in laminae I – III (Valtschanoff et al., 1992b; Laing et al., 1994; Bernardi et al., 

1995) which also contain co-localised GABA.  

Behavioural (Malmberg and Yaksh, 1993) and pharmacological studies (Kawabata et 

al., 1994; Semos and Headley, 1994; Lin et al., 1999) have indicated that NO is a 

modulator of nociceptive processes but there is no agreement on its precise role and it may 

have hyperalgesic and analgesic effects (Hoheisel et al., 2005). NO expression in the SDH 

is known to increase following peripheral application of noxious stimuli (Soyguder et al., 

1994; Lam et al., 1996).  This is often accompanied by induction of c-Fos which is 

abolished following administration of the NOS inhibitor, Nω -nitro-L-arginine methyl ester 

(L-NAME; Lee et al., 1992; Roche et al. 1996; Wu et al., 2000). Laminae I and IIo of the 

SDH are the principal termination sites of SP and glutamate-containing unmyelinated 

nociceptive cutaneous primary afferent fibres.  It has been suggested that NO has an 

important role in the development of hyperalgesia (Meller and Gebhart, 1993). This 

involves activation of N-methyl D-aspartate (NMDA) receptors which in turn activate NOS 

to produce a NO/cGMP cascade which enhances the release of CGRP and SP from primary 

afferents fibres (Garry et al., 1994; Kamasaki et al., 1995; Aimar et al., 1998). Enhanced 
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release of glutamate and substance P is associated with central sensitisation (Wu et al., 

2000) which may be an underlying mechanism of hyperalgesia.      

Protein kinase C  (PKC) on the other hand, is an enzyme that is important as a common 

mechanism for signal transduction of various extra-cellular signals into the cell to control 

many physiologic processes (Nishizuka, 1984a,b, 1986).  In addition, it is believed to be 

involved in the process of sensitisation of dorsal horn neurons (Coderre, 1992; Mao et al., 

1992; Palečk et al., 1994). PKC is activated by a rise in intracellular Ca2+ (for example 

through NMDA receptors) and through phospholipase C, which stimulates the formation of 

inositol triphosphate (IP3) and diacylglycerol which is mediated by certain G-protein 

coupled receptors (Nishizuka, 1984a; Berridge and Irvine, 1989; Bockaert et al., 1993; 

Schoepp and Conn, 1993).  Candidate receptors in the dorsal horn include type I 

metabotropic  glutamate receptors (mGluR1 and 5) and NK-1 receptors (Coderre, 1992; 

Palečk et al., 1994; Schoepp and Conn, 1993; Sluka and Willis, 1995).  Interestingly, 

Polgár et al. (1999a) have shown that some neurons with protein kinase C-γ (PKC-γ) in 

lamina I and in lamina III also possessed the NK-1 receptor.  It may well be postulated that 

substance P (which targets the NK-1 receptor) may also activate PKC-γ in those cells.  

Also, the involvement of excitatory amino acids and NK-1 receptors in both injury induced 

neuronal plasticity and in the stimulation of intracellular cascades leads to the translocation 

and activation of PKC, suggesting that PKC may be involved in neuronal changes 

produced by peripheral tissue injury that contribute to persistent nociception (Yashpal et 

al., 1995).  Malmberg et al. (1997) also showed, using knock-out PKC-γ mice, that PKC-γ 

is linked to the development of neuropathic pain as mice that lacked PKC-γ displayed 

normal responses to acute pain, but they almost completely failed to develop the 

neuropathic pain syndrome after partial sciatic nerve sectioning. 
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With the relations of PKC-γ to the NK-1 receptor as previously discussed in the 

superficial dorsal horn (Polgár et al., 199), and the fact that it requires an increase in 

intracellular Ca2+ like NOS (via calmodulin (Bredt and Snyder, 1990)), there may well be a 

close interactive relation between PKC-γ and the NK-1 receptor in the LSN, like the 

superficial dorsal horn. 

Therefore, the purpose of this study was to: a) identify the relationship between SP and 

the NK-1 receptor (as SP is abundant (Chapter 1, Pages 6 – 8)) in the LSN b) to quantify 

the proportion of neurons containing NK-1 in the LSN (and also protein kinase C- γ (PKC-

γ) which, like the NK-1 receptor, is also associated with nociceptive processing (Malmberg 

et al., 1997)) c) identify if a close relationship (as present in the SDH) exists between the 

abundant SP staining (Chapter 1, Pages 6 – 8) and abundant NOS staining (Valtschanoff et 

al., 1992a; Nazli and Morris, 2000) in the LSN d) identify and quantify the relationship 

between NOS and the NK-1 receptor and PKC-γ e) identify the co-localisation pattern of 

NOS terminals in the LSN, i.e. are they associated with GABAergic terminals, as in the 

SDH 

 

2.   Experimental Procedures 

Immunocytochemical labelling for confocal microscopy 

A total of ten male Sprague-Dawley rats (150-250g) were used in this study where they 

were housed under conditions of a 12 hour light-dark cycle with food and water provided 

ad libitum.  All experiments were performed in accordance with the UK Animals 

(Scientific Procedures) Act 1986 and the European Communities Council Directive 

(86/609/EEC).  Each animal was anaesthetised with halothane in an anaesthetic chamber 

followed by i.p. administration of sodium pentobarbitone (1ml; 200mg/ml).  They were 
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perfused through the left ventricle initially with saline followed by a fixative containing 4% 

freshly depolymerised formaldehyde in phosphate buffer pH 7.6. 

The L3 – 5 lumbar segments were removed and post-fixed in the same solution for 

eight hours.  Transverse sections (50µm) were cut by using a Vibratome and placed in 50% 

ethanol for 30 minutes to enhance antibody penetration (Llewellyn-Smith and Minson, 

1992) and washed in phosphate buffer.  Sections from the 10 animals were then placed into 

one of four groups for immunocytochemical reactions.    Sections from the first group were 

processed for triple labelling immunofluorescence with the following primary antibodies: 

rabbit anti-PKC-γ (1:1000; Santa Cruz Biotechnology), guinea pig anti-NK-1 (1:1000; 

Sigma) and mouse anti-NeuN antiserum (1:1000; Millipore, Watford, UK) (n = 3).  The 

second group was processed for triple immunofluorescence with rabbit anti-PKC-γ 

(1:1000; Santa Cruz Biotechnology), guinea-pig anti-NK-1 (1:1000; Sigma) and sheep anti-

NOS antiserum (1:2000; gifted by Dr P. Emson, Cambridge) (n = 3).  The third group was 

processed for quadruple labelling with rabbit anti-GAD (1:1000; Sigma), guinea-pig anti-

VGLUT2 (1:5000; Chemicon), guinea pig anti-NK-1 (1:1000; Sigma) and sheep anti-NOS 

antiserum (1:2000; gifted by Dr P. Emson, Cambridge) (n = 3).  Sections from the fourth 

group were processed for SP (1:100; Oxford Biotechnology), sheep anti-NOS antiserum 

(1:2000; gifted by Dr P. Emson, Cambridge) and guinea pig anti-NK-1 (1:1000; Sigma) (n 

= 3). After a 48 hour incubation period at 4°C, sections were rinsed in PBS and incubated 

for 2 hours in solutions containing species-specific secondary antibodies (all raised in 

donkey) coupled to fluorophores:  Alexa 488 immunoglobulin (diluted 1:500; Molecular 

Probes) to identify either PKC-γ (experiments 1 and 2), GAD (experiment 3) or SP 

(experiment 4), rhodamine-red immunoglobulin (1:100; Jackson Immunoresearch) to 

identify NK-1 (all experiments) and VGLUT2 (experiment 3) and cyanine 5.18 

immunoglobulin (1:100; Jackson Immunoresearch) raised against the corresponding animal 
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in the primary antibody to identify either NeuN (experiment 1) or NOS (experiments 2 and 

4).  Note that in the third group of experiments, both VGLUT2 and the NK-1 receptor were 

labelled with the same secondary antibody. This was possible because the NK-1 receptor is 

located principally on cell membranes whereas the VGLUT2 is found within axonal 

boutons.  For this reason both antigens can be labelled with a primary antibody of the same 

species (in this case guinea pig) coupled with the same secondary antibody thus allowing 

differentiation between the two types of immunoreactivity.  All antibodies were diluted in 

PBS with 0.3% Triton X-100.  Following the incubations in secondary antibodies, sections 

were rinsed thoroughly in PBS, mounted in anti-fade medium (Vectashield; Vector 

Laboratories, Peterborough, UK) and stored until required for analysis in a freezer at -20ºC. 

 

Quantitative analysis 

In all experiments, the left and right LSNs were scanned systematically by using a 

Radiance 2100 confocal laser microscope (Hemel-Hempstead, UK).  Tissue was scanned 

with a 40X oil-immersion lens for experiments 1 (PKC-γ, the NK-1 receptor and NeuN) 

and 4 (SP, NOS and the NK-1 receptor).  The 60X oil-immersion lens was used for 

experiments 2 (PKC-γ, NOS and the NK-1 receptor) and 3(GAD, VGLUT2, the NK-1 

receptor and NOS).  Each image was captured at 1µm intervals (all 4 experiments) in the z-

axis with a zoom factor between 1 and 5.  In each animal, ten alternate sections were used 

for analysis from segments L3 – 5 (i.e. a total of 30 per animal) and two fields were taken 

from each section (one from the left LSN and one from the right LSN).  For each animal 

therefore, a total of 60 fields were taken covering all spinal segments. Image analysis was 

undertaken for all experiments by using Neurolucida for Confocal (MicroBrightField, Inc., 

Colchester, VT).  
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Quantitative analysis involved the following steps: 

Experiment 1: PKC-γ, NK-1 and NeuN (n=3): 1) LSN neurons were identified (by NeuN) 

and counted after image capture. This enabled an estimation of the mean number of cells 

for segments L3 – 5. 2). The neurons were then placed into one of three categories: (A) 

those immunoreactive for NK-1; B) those immunoreactive for PKC-γ; (C) those double 

labelled for both NK-1 and PKC-γ. 

Experiment 2: PKC-γ, NOS and NK-1 (n=3): 30 immunoreactive NK-1, PKC-γ and NK-1/ 

PKC-γ double-labelled neurons were selected in total.  Ten NK-1, ten PKC-γ and ten 

double-labelled neurons were selected from each animal (3 from L3, 3 from L4 and 4 from 

L5 in each animal). The mean total contact of NOS terminals per 100µm2 on labelled 

neuron was determined by using Neurolucida Explorer on cells digitised with the 

Neurolucida programme. 

Experiment 3: GAD, VGLUT2, NK-1 and NOS (n=3); The LSN was identified, and using 

the blue channel (for NOS terminals), five NOS terminals were selected at random from a 

single optical section from the left and right hand side of each 50µm section (i.e. 10 NOS 

terminals per 50µm section) and 10 sections were examined for segments L3 – 5 i.e. 100 

terminals per segment. As three segments were analysed for each of the three animals, this 

resulted in 300 terminals per animal i.e. 900 terminals analysed in total. Initially, NOS 

terminals were visualised in the blue channel alone and marked.    The other channels were 

selected in turn (i.e. red, VGLUT2 and NK-1; green, GAD) and co-localisation with either 

VGLUT2 and/or GAD was recorded for each of the NOS terminals selected. 

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

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

each spinal segment were examined (i.e. 90 in total).  
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3.  Results 

SP, NK-1 receptor and PKC-γ neurons within the LSN  

It was found that SP was abundant within the LSN, and found surrounding the neuronal 

cell body and dendritic tree of NK-1 neurons (Figure 4.1). In addition, NOS was found 

surrounding primarily the NK-1 cell body, and closely related to the SP staining around the 

NK-1 labelled neuron in the LSN. 

The average number of sampled neurons (including ± S.D.) determined by the neuronal 

marker NeuN for the L3 – 5 segments combined in the three animals was 196 ± 47.6.  Of 

those LSN neurons, 30.99±5.2% were immunoreactive for the NK-1 receptor, 9.02±1.2% 

were immunoreactive for PKC- γ and 2.78±0.76% were immunoreactive for both markers 

(Figure 4.2). Therefore the majority (57.2 ± 6.8%) of LSN neurons  (shown by NeuN 

labelling) were not immunoreactive for either NK-1 or PKC- γ (Figure 4.3)  

 

Relationship of NOS terminals to NK-1 and PKC-γ neuronal cell bodies and dendrites 

Three patterns of distribution of NOS terminals in the LSN were identified: 1) those 

scattered throughout the LSN (Figures 4.4 – 4.5), 2) those clustered around NK-1 labelled 

neurons (Figure 4.4), or 3) clustering of NOS terminals around unidentified neurons 

(Figure 4.5).  Of those NK-1 immunoreactive neurons in the LSN, 72.4% had clusters of 

NOS terminals around the cell body and dendritic tree.  However, only 6.4% of non-NK-1 

immunoreactive neurons (i.e. labelled only with NeuN) had clusters of NOS terminals 

surrounding the cell.   

Figure 4.6 shows the frequency of NOS terminal contacts on NK-1, PKC-γ and NK-1/ 

PKC-γ cells.  From these data it can be seen that the greatest density of NOS terminal 

contacts is associated with cell bodies of NK-1 immunoreactive neurons in the LSN (mean 

total contact / 100µm2 ± S.D. of 6.68 ± 4.29).  This compares with 1.24 ± 0.73 for PKC-γ 
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immunoreactive neurons and 1.28 ± 0.39 mean total contacts / 100µm2 of NOS terminals 

on double-labelled NK-1 and PKC-γ cells.  Very small number of NOS terminals contacted 

proximal dendrites of NK-1 and dual labelled neurons (0.4 ± 0.32, 0 and 0.59 ± 0.36 mean 

total contacts / 100µm2 of NOS terminals respectively).   Dendritic trees of PKC-γ 

immunoreactive neurons were insufficiently labelled to permit this type of analysis. 

Contact densities of NOS terminals on the cell bodies of NK-1 immunoreactive neurons 

were significantly different from those associated with NK-1 dendrites, PKC- γ cell bodies 

and double-labelled cells (one-way ANOVA p<0.0005). This suggests that NOS 

immunoreactive terminals preferentially target the cell bodies of NK-1 immunoreactive 

neurons. 

 

Distribution of NOS-immunoreactive fibres within the LSN and patterns of co-localisation 

with GAD and VGLUT2 

Subsequently, random NOS terminals were analysed to determine their relationship 

with the markers VGLUT2 and GAD (markers for excitatory or inhibitory amino acid 

transmitters respectively).  It has been shown previously that GABA is co-localised within 

most NOS immunoreactive boutons in inner lamina II (Valtschanoff et al., 1992b).  

However, in the LSN, only 22.1% of NOS terminals contained co-localised GAD and no 

co-localisation was found between NOS and VGLUT2 (Figure 4.7).   
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Figure 4.1.  The relationship of SP to the NK-1 receptor in the LSN.  A – C represent a 

confocal image built from 9 projected images.  A represents NK-1 in red, B represents SP in 

green, C represents NOS and D is the merged image of A – C.  Note that * represents NK-1 

neurons in the LSN.  SDH = superficial dorsal horn.  Scale bar = 20µm. 

 

 

 

 

 

 

 

 

 

 

 



 
81 
 
 

 
 

 

 

 

 

 

 

 

 

 



 
82 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Neurochemical properties of LSN cells.  A - C, represents a series of confocal 

images of a transverse section of the LSN built from ten projected images (A, NeuN; B, 

PKC-γ; C, NK-1; D = merged image of A, B & C ).  A PKC-γ immunoreactive cell (1) is 

adjacent to an NK-1 labelled neuron (2) and NeuN cells that are not labelled for either 

marker (3).  The superficial dorsal horn is present at the top left of each image (SDH).  Scale 

bar = 50µm.    
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Figure 4.3.  Histogram summarising the frequency of NK-1, PKC-γ and double-labelled NK-

1 and PKC-γ cells as a proportion of the total numbers of neurons in the LSN, identified with 

the neuronal marker NeuN. The majority (57.2%) of neurons in the LSN are not labelled for 

either NK-1 and/or PKC-γ; n=3; error bars =  ± S.D. 
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Figure 4.4.  Clustering of NOS terminals around an NK-1 cell in the LSN.  A - C, Single 

optical section in the transverse plane (A, NK1 and VGLUT2; B, GAD; C, NOS; D, merged 

image of A, B & C).  An NK-1 immunoreactive neuron (* ) is associated with a dense plexus 

of NOS terminals which surround its cell body and also partly extend to its dendritic tree.  

Some GAD and VGLUT2 terminals are also associated with the NK-1 labelled cell.  The 

superficial dorsal horn (SDH) can be seen immediately to the left of the NK-1 neuron.  Scale 

bar = 20µm.  
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Figure 4.5.  Clustering of NOS, GAD and VGLUT2 around an NK-1 negative cell.  A – 

C represents 9 confocal images projected showing NK1 and VGLUT2 (A), GAD (B) and 

NOS (C).  A merged image of A, B & C  is shown in D.  An NK-1 immunoreactive neuron 

can be seen to the left of this image (* ) which is not associated with a cluster of NOS 

terminals. An unlabelled neuron is present at the right of the field (1) which is surrounded by 

NOS and VGLUT2 terminals with some GAD. Note the lack of clustering of VGLUT2, NOS 

and GAD around an NK-1 cell.  Scale bar = 20µm.  
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Figure 4.6.  A histogram showing the packing density of NOS terminal contacts on neuronal 

cell bodies (cb) and dendrites (d) of NK-1, PKC-γ and double-labelled cells in the LSN.   n = 

3; error bars = ± S.D. 
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Figure 4.7.  Co-localisation of GAD in some NOS terminals. A - C represents a single 

optical section (X60 oil immersion lens, zoom factor of 5) showing immunoreactivity for 

VGLUT2 (A), GAD (B) and NOS (C). D is a merged image of A, B & C .  NOS terminals 

that co-localised with GAD are indicated by the arrows. Note that VGLUT2 

immunoreactivity is not co-localised within any of the NOS terminals and that the majority 

of NOS terminals do not show immunoreactivity for GAD.  Scale bar = 50µm. 
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4.  Discussion 

The main findings of this study are threefold: firstly, although the LSN displays strong 

immunoreactivity for SP, and is related to NK-1 neurons (e.g. see Barber et al., 1979 and 

Figure 4.1), the proportion of LSN neurons labelled with the NK-1 receptor is only 

approximately one-third of the total neuronal population.  Secondly, a sub-population of 

NK-1 immunoreactive cell bodies (almost three-quarters of NK-1 neurons in the LSN) are 

densely innervated by NOS terminals (as well as SP), but this arrangement was not found 

for cells that possess immunoreactivity for PKC-γ or those possessing both types of 

immunoreactivity.  Thirdly, while NOS-immunoreactive terminals are abundant in the 

LSN, less than a quarter of them contain GAD. Therefore, unlike the SDH, NOS terminals 

in the LSN are not derived principally from GABAergic inhibitory neurons.   

 

Origins of Substance P in the Lateral Spinal Nucleus  

Leah and co-workers (1988) performed a detailed investigation of neuropeptide-

containing ascending tract cells in the rat lumbosacral spinal cord.  They found that 90% of 

peptidergic ascending tract cells were congregated into two distinct areas; the LSN and the 

region surrounding the central canal.  The neuropeptide-containing tract cells in the LSN 

were found principally to contain SP, VIP, bombesin and dynorphin (Barber et al., 1979; 

Bresnahan et al., 1984; Cliffer et al., 1988). In addition, axon terminals containing CGRP 

are not present within the LSN (Olave and Maxwell, 2004). As SP is co-localised with 

CGRP in peptidergic primary afferents, this is further evidence against a primary afferent 

source of SP axons in the LSN.  It also seems unlikely that the SP axons in the LSN 

originate from a descending source as Cliffer et al. (1988) have shown that spinal 

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

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

 

The NK-1 receptor and the LSN 

This study has shown that one-third of all neurons in the LSN possess the target of SP, 

the NK-1 receptor, which is well established as serving a role in nociceptive transmission 

in the superficial dorsal horn (Kuraishi et al., 1985; McCarson and Goldstein, 1991).  This 

in itself highlights an additional contrast to the SDH.  Indeed, although more than three-

quarters of spinothalamic tract neurons in lamina I possess the NK-1 receptor (Marshall et 

al., 1996), NK-1 neurons constitute only 10% of the total at this site that project to 

established areas for nociceptive information processing e.g. the thalamus and the 

parabrachial nucleus (Ding et al., 1995; Marshall et al., 1996).  Therefore, it may well be 

that the LSN serves a role in nociception. Olave and Maxwell (2004) further developed the 

idea that the LSN may be involved in nociceptive processing when they demonstrated that 

a small proportion (approximately 10%) of these NK-1 neurons also expressed the nuclear 

protein Fos, in response to noxious thermal stimulation (see also Chapter 3).  Most of the 

NK-1 projection neurons that responded to noxious stimulation projected to the caudal 

ventrolateral medulla (CVLM), an area of the brainstem that may have a role as an 

inhibitory modulator of nociceptive transmission (Tavares and Lima, 2002).   

 

The Lateral Spinal Nucleus and NOS 

In the SDH, NOS arises principally from GABAergic and glycinergic neurons and is 

also found in a sub-population of cholinergic neurons (Valtschanof et al., 1992b; Laing et 

al., 1994) but the pattern of co-localisation in the LSN appears to be different as GAD is 

found within only a minority of NOS terminals in the LSN. 
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  However, in common with the SDH, NOS terminals in the LSN do not contain 

VGLUT2. As VGLUT1 terminals are not present in the LSN (Olave and Maxwell, 2004) it 

is probable that the majority of NOS terminals in the LSN do not contain classical 

excitatory or inhibitory neurotransmitters. This raises important questions about the origin 

of the NOS terminals in the LSN.  No NOS containing neuronal cell bodies were identified 

in the LSN from the sections examined in this study suggesting that an intrinsic origin is 

unlikely.  In addition, it seems unlikely that many of them arise from the SDH, but one 

possibility is that they originate from the population of NOS cells found adjacent to the 

central canal which do not contain GABA or glycine (Laing et al., 1994).  Nevertheless the 

precise origin of NOS fibres in the LSN remains to be determined.  

 

NOS and cells possessing the NK-1 receptor  

In the present study, a close relationship between NOS terminals in the LSN and the 

majority of NK-1 receptor-expressing neuronal cell bodies has been shown. This 

relationship was not observed for PKC-γ-containing neurons (which have an established 

role in nociceptive processing in the SDH (Malmberg et al., 1997)) or cells possessing 

immunoreactivity for both NK-1 and PKC-γ. Therefore, despite the close relationship that 

exists between the NK-1 receptor and PKC-γ in laminae I and II of the superficial dorsal 

horn (Polgár et al., 1999), the same does not hold true within the LSN.  Also, with so few 

neurons possessing PKC-γ immunoreactivity (and dual NK-1 and PKC-γ 

immunoreactivity), the LSN may not be involved in processing neuropathic pain, as occurs 

in the dorsal horn (Malmberg et al., 1997) via PKC-γ dependant means. 

This study has not shown that the relationship between NOS axons and NK-1 cells is 

synaptic, but as NO is a diffusible neuromodulator, and given the intense concentration of 

NOS axons around these cells (mainly their cell bodies) it is reasonable to suggest that 
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when NOS axons are active, the levels of NO around these cells will be high.  However, 

not all NK-1 cells were associated with NOS clusters (approximately one-quarter) and 

some cells which did not possess NK-1 immunoreactivity were associated with these 

clusters, although their numbers were low, accounting for only 6% of the total neuronal 

population (Figure 4.5).  Therefore the original hypothesis that NO is preferentially 

associated with (and may even influence the activity of) NK-1 cells in the LSN selectively 

may only be partially correct and some other property of these cells may be the key factor 

which governs NOS clustering. Axons of LSN cells form components of a number of 

ascending tracts, including the spinomesencephalic (Menétrey et al., 1982), spinosolitary 

(Pechura and Liu, 1986), spinothalamic (Granum, 1986; Burstein et al., 1990a; Gauriau and 

Bernard, 2004) and spinohypothalamic tracts (Burstein et al., 1990b; Li et al., 1997) and it 

may be that the combination of projection target and neurochemical signature is the key 

determinant. 
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Chapter 5 

 

Investigation 3: 

 

Brain projections of LSN neurons with NK-1 

immunoreactivity  
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a)  Spinohypothalamic projections from the LSN 

1.  Introduction 

It is widely believed different regions of the hypothalamus play differing roles in a 

variety of autonomic and neuroendocrine functions (reviewed by Siegel and Sapru, 2006).  

Stimulation of the lateral hypothalamus causes the parasympathetic outflow to predominate 

(Milam et al., 1980; Yoshimatsu et al., 1984), and as it has one of the largest descending 

inputs to the periaqueductal grey (PAG) of the rat, is implicated in descending modulation 

of spinal neuronal activity, especially that resulting from noxious stimulation, and without 

affecting reactions to other stimuli  (Beitz, 1982; Basbaum and Fields, 1984; Jensen and 

Yaksh, 1984; Aimone and Gebhart, 1987; Tasker et al., 1987; Aimone et al., 1988).  

Stimulation of the medial hypothalamus and specifically the ventromedial hypothalamic 

nucleus, results in domination of the sympathetic outflow (Inoue et al., 1977; Niijima et al., 

1984; Yoshimatsu et al., 1984; Saito et al., 1989; Uyama et al., 2004).  In addition, the 

medial hypothalamus (especially the ventromedial area) has been suggested to have an 

additional role in the motivational reaction to a noxious stimulus (Bester et al., 1995; Braz 

et al., 2005).  Specifically, it has been suggested that it is involved in processing 

information that may threaten the animal, and organises the execution of innate defensive 

behaviours (Siegel, 2005; Borszcz, 2006).  The paraventricular area on the other hand 

consists of several nuclei and controls the autonomic nervous system, regulation of visceral 

organs (Kannan et al., 1987; Uyama et al., 2004) and coordinates neurosecretions 

influencing the pituitary gland (Freund-Mercier et al., 1981). 

Previously, a direct spinohypothalamic pathway was not identified (Bowsher, 1957; 

Mehler et al., 1960; Boivie, 1979; Craig and Burton, 1985) and it was believed that the 

afferent pathway for somatosensory information to the hypothalamus was transmitted 

exclusively via indirect, multi-synaptic projections.  The earliest suggestion of a direct 
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projection from the spinal cord to the hypothalamus was based on anatomical studies in the 

monkey.  Chang and Ruch (1949) demonstrated that sectioning the monkey spinal cord 

resulted in degeneration at the supraoptic decussation at several levels of the hypothalamus 

bilaterally.  Since then numerous anatomical and electrophysiological studies have revealed 

that somatosensory and visceral information can reach the hypothalamus through 

monosynaptic pathways that originate in medullary dorsal horn neurons and from all levels 

of the spinal cord (Burstein et al., 1987; Katter et al., 1996a,b; Kostarczyk et al., 1997; 

Zhang et al., 1999; Malick et al., 2000).  The physiological studies in the cervical (Dado et 

al., 1994a), thoracic (Zhang et al., 2002) and lumbosacral segments (Burstein et al., 1987, 

1991) have shown that the majority of spinal cord neurons projecting to the hypothalamus 

are strongly activated by noxious thermal and mechanical stimuli with sacral segments 

activated by noxious stimulation of both visceral and cutaneous structures (Katter et al., 

1996a,b). 

In addition to physiological studies, Burstein et al. (1987) performed several 

retrograde tracing techniques by injecting Fluoro-Gold (FG) into the hypothalamus and 

demonstrated a large number of labelled neurons bilaterally throughout the length of the 

spinal cord, with approximately half located in the lateral reticulated area and a lesser 

proportion around the central canal and marginal zone.  From their retrograde tracing 

studies, they also showed a relatively large number of cells in the contralateral superficial 

dorsal horn, though mainly in the lower cervical cord of the rat.  Kayalioglu et al. (1999) 

injected FG into the rat hypothalamus and from careful observations of their diagrams, 

demonstrated not only labelled neurons in the deeper laminae and the area around the 

central canal, but also in lamina I.  However, the numbers in lamina I were considerably 

less than in the area around the central canal.  This contrasts with anterograde studies done 

by Gauriau and Bernard (2004), who found that most of the projecting neurons to the 
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hypothalamus were located in the deeper laminae, with most of these being in the lateral 

reticulated area of lamina V.  However, their study was limited to the cervical segments of 

the rat.   

One feature common to these studies is the bilateral projections to the hypothalamus 

from the LSN.  This nucleus has been shown to project through a variety of tracts including 

the spinohypothalamic (Burstein et al., 1996), spinomesencephalic (Pechura and Liu, 

1986), spinosolitary (Leah et al., 1988) and spinothalamic tracts (Gauriau and Bernard, 

2004) but there is still uncertainty regarding the function of this nucleus.  Olave and 

Maxwell (2004) suggested a nociceptive function of this nucleus and this has been 

supported to a degree in chapters 3 and 4. 

A possible role in visceroception and visceronociception could be postulated as a role 

for the LSN as Neuhuber (1982) and Neuhuber et al. (1986) have shown that afferents from 

the greater splanchnic nerve, the inferior mesenteric plexus, and the hypogastric nerve 

terminate in the LSN.  In addition, transneuronal studies using pseudorabies virus (PRV) 

injected into the kidney (Schramm et al., 1993) and stellate ganglion (Jansen et al., 1995) 

have shown that the LSN innervates different types of sympathetic pre-ganglionic neurons.  

Jansen and Loewy (1997) have also shown that neurons in the LSN become 

transneuronally labelled after PRV injections into the superior cervical ganglion, stellate 

ganglion, celiac ganglion or adrenal gland.  It may well be that, along with lamina I cells 

(which are also activated by acute visceral information, like LSN cells (Menétrey and de 

Pommery, 1991), the LSN may trigger sympathetic responses during intense and acute 

visceral pain (Jansen and Loewy, 1997).  So, as well as being influenced by visceral 

nociceptive information, a loop system may exist between the LSN, the aforementioned 

ganglia and the hypothalamus. 
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The aim of the present investigation was to quantify the laminar distribution (including 

the LSN) of NK-1 projection neurons to both the lateral and medial hypothalamus.  In the 

first instance, retrograde labelling of spinohypothalamic projection neurons with CTb was 

combined with triple-immunofluorescence to examine the relationship of projection 

neurons that possess the NK-1 receptor, and for accurate quantification of the LSN neurons 

projecting to either the lateral or medial hypothalamus, the neuronal marker NeuN was also 

used.  Neurons of this type are likely to be involved in the transmission of nociceptive 

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

 

2.  Experimental Procedures 

Confocal microscopy and quantitative analysis 

Eight adult male Sprague-Dawley rats (150-250 g; Harlan, UK) were used in this study.  

They were housed under conditions of a 12 hour light-dark cycle with food and water 

provided ad libitum.  All experiments were performed in accordance with the UK Animals 

(Scientific Procedures) Act 1986.  Each animal was deeply anaesthetised 

(ketamine/xylazine mixture, 7.33 and 0.73mg/100 g i.p.), placed in a stereotaxic frame and 

a craniotomy performed.  An aqueous solution of CTb (200nl of 1% CTb; Sigma, Poole, 

Dorset, UK) was injected into either the left lateral hypothalamus (co-ordinates anterior-

posterior [AP] + 7.2; dorsal-ventral [DV] +1.6; medial-lateral [ML] +1.8; Paxinos and 

Watson, 1997; n=4) or the left medial hypothalamus (AP + 7.2; DV +1.5; ML +0.8; 

Paxinos and Watson, 1997; n=4) through a glass micropipette which was connected to an 

air-pressure microinjection system with injections which were performed vertically into the 

appropriate site.  After injection of the CTb, the pipette was left in-situ for 5 minutes 

backtracking of the tracer.  The wound was sutured after the procedure and the rats were 

allowed to recover.  Following 3 days survival, the animals were placed in a chamber 
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containing halothane and once anaesthetised, received a lethal dose of sodium 

pentobarbitone (1 ml i.p; 200mg/ml) and then perfused through the left ventricle with 

saline followed by a fixative containing 4% freshly depolymerised formaldehyde in 

phosphate buffer pH 7.6.  The spinal segments C1 – 2, C5 and L3 – 5 were removed from 

each animal, notched on the left side to indicate the ipsilateral side to the injection, and 

post-fixed for 8 hours in the same solution.  Following fixation, transverse spinal cord 

sections (50µm thick) were cut using a Vibratome and alternate sections retrieved for 

examination from each spinal segment. 

Initially, sections were treated with 50% ethanol to enhance antibody penetration 

(Llewellyn-Smith and Minson, 1992) before undergoing triple-labelling 

immunofluorescence with a goat anti-CTb antiserum (diluted 1:5000; Sigma, Poole), 

mouse anti-NeuN antiserum (diluted 1:1000; Millipore, Watford, UK) and guinea pig anti-

NK-1 antiserum (diluted 1:1000; Sigma).  After 48 hrs incubation, sections were rinsed and 

incubated overnight in solutions containing three different species-specific secondary 

antibodies that were raised in donkey and coupled to fluorophores: rhodamine-red-anti-goat 

immunoglobulin G (IgG; diluted 1:500; Jackson Immunoresearch) to identify CTb 

immunoreactivity; cyanine 5.18-anti-mouse IgG (diluted 1:500; Jackson Immunoresearch) 

to identify the neuronal marker NeuN and Alexa-488-anti-guinea-pig IgG (diluted 1:100; 

Molecular Probes) to identify the NK-1 receptor.  All antibodies were diluted in PBS 

containing 0.3% Triton X-100.  After extensive rinsing of the sections, they were mounted 

using an anti-fade medium (Vectashield; Vector Laboratories) and stored in a freezer 

maintained at -20°C until analysis was undertaken. 

The injection sites were confirmed using histological means.  Following perfusion, the 

brains were stored overnight in the 4% freshly depolymerised formaldehyde with 30% 

sucrose in PBS at pH 7.6.  The next day, the brains were cut on the freezing microtome into 
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100µm thick sections and incubated with goat anti-CTb antiserum (diluted 1:50,000; 

Sigma) for 48 hrs followed by the avidin-biotin-horseradish peroxidase (HRP) complex 

(Vector Elite) for 1 h.  Standard DAB reactions were performed followed by dehydration 

and mounting on glass slides.  The sections were then examined using a transmitted light 

microscope to identify the extent of the spread of the tracer.  Reconstruction of the 

injection sites for each of the experiments was undertaken using the Paxinos and Watson 

atlas (1997) and composed graphically using the 2-D vector graphics editor software 

program Xara Xtreme (Xara Group Ltd., Hemel-Hempstead, UK). 

Ten alternate sections were examined from C1 - C2, C5, and each of the lumbar spinal 

segments (L3 - 5), resulting in a total of 50 sections (each 50µm thick) from each rat.  The 

retrogradely labelled neurons (as revealed using the red channel to visualise CTb) were 

identified and then scanned with a confocal microscope (Bio-Rad MRC 1024; Bio-Rad, 

Hemel-Hempstead, UK) through dry (4X, 10X, 20X) and oil-immersion (40X, 60X) lenses.  

To prevent over-counting which may arise if transected cells are at the section surface, cells 

were only included if the nucleus (seen as a filling defect) was entirely contained within the 

Vibratome section, or if part of the nucleus was present in the first optical section from the 

z-series.  However, they were excluded if part of the nucleus was present in the last optical 

section in the z-series (Spike et al., 2003).  The low magnification images were used to plot 

the position of the CTb labelled cells on an outline of the spinal cord.  Dark-field 

microscopy was used to distinguish laminar boundaries, with retrogradely labelled neurons 

counted as lamina I if they were close to the dorsal border of the dorsal horn or lay dorsal 

to the dark band identified as lamina II with dark-field microscopy.  Other laminar 

boundaries were created individually for each section based on standard reconstructions 

seen in Paxinos and Watson (1997).  After the laminar boundaries were determined, the 

precise location of each retrogradely labelled neuron was established.  Using the image 
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analysis programme Neurolucida for Confocal software (MicroBrightField, Inc., 

Colchester, VT), the green channel was examined to see if the retrogradely labelled 

neurons possessed the NK-1 receptor.  Finally, the LSN neurons were examined to identify 

the proportion of NeuN labelled neurons (observed through the blue channel) that were 

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

 

3.  Results 

To examine the total population of neurons in the spinal cord (including the LSN) that 

projected to the hypothalamus, as well as identifying if there are differences in projections 

to the medial and lateral hypothalamus, the retrograde tracer CTb was injected into eight 

rats.  Four of these rats received a CTb injection to the lateral hypothalamus (experiment 

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

 

Injection sites 

For the lateral hypothalamic injection experiments, reconstructions of the anterior and 

posterior extents including the centre of the injections are indicated in Figure 5.1.  The 

most representative photomicrograph is indicated above each of the reconstructions.  In 

experiment 1 (Figure 5.1a) slight spread of tracer was found in the ventrolateral part of the 

anteroventral thalamic nucleus and the ventral anterior thalamic nucleus.  In experiment 2 

(Figure 5.1b,) there was leakage of the tracer into the mediododorsal thalamic nuclei, 

ventromedial thalamic nucleus, interanteromedial thalamic nucleus and the tuber cinereum 

area.  In experiment 3 (Figure 5.1c), there was the most extensive spread of the CTb tracer 

into the anteroventral thalamic nuclei (both dorsomedial and ventrolateral parts), 

ventromedial and lateral thalamic nuclei, some of the mediodorsal thalamic nucleus and, 

due to its proximity to the hypothalamus, a small part of the internal capsule.  In 



 
106 

 
 

 
 

experiment 4 (Figure 5.1d), there was least leakage of tracer with only a small amount 

identified in the reticular thalamic nucleus.  No retrograde tracer passed to the contralateral 

side in any of the four experiments. 

For the medial hypothalamic injection experiments, the reconstructions of the most 

anterior and posterior extents of the spread of retrograde tracer after medial hypothalamic 

injections in the four experiments (experiment numbers 5 – 8) can be seen in Figure 5.2.  

Again, the most representative image of the injection site is shown above the 

reconstructions for each of the experiments.  Experiment number 5 was the most focal 

(Figure 5.2a), with least spread of tracer into surrounding structures.  There was passage of 

tracer into the anterior hypothalamic area, zona incerta, central medial hypothalamic area, 

the ventrolateral and anterior parts of the ventromedial hypothalamic nucleus, dorsomedial 

hypothalamic nucleus (dorsal part) and the submedius thalamic nucleus.  No leakage to the 

contralateral side was noted.  The sixth experiment in this series (Figure 5.2b) had the 

greatest spread of the tracer to other nearby structures.  Tracer was found in the anterior 

hypothalamic area, central and ventrolateral parts of the ventromedial hypothalamic 

nucleus and the dorsal part of the dorsomedial hypothalamic nucleus.  In addition, there 

was considerable leakage of tracer into the central medial thalamic, centrolateral and 

mediodorsal thalamic nuclei.  There was also leakage of the tracer into the contralateral 

submedius thalamic nucleus.  The seventh experiment in this series (Figure 5.2c) had tracer 

located in the ventral anterior and ventromedial thalamic nuclei with only some in the 

medial part of the mediodorsal thalamic nucleus.  The eighth experiment (Figure 5.2d) had 

some leakage of tracer into the anteromedial thalamic, the interanteromedial thalamic 

nucleus and the ventral anterior thalamic nucleus.  No leakage to the contralateral side was 

identified. 
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Distribution of retrogradely labelled neurons 

The distributions of retrogradely labelled neurons were generally similar across all 

eight experiments where CTb was injected into either the lateral or medial hypothalamus 

(Figures 5.3 and 5.4 respectively).  However, with experiment 6, where greatest leakage 

into surrounding structures occurred (with almost twelve times the number of retrogradely 

labelled neurons compared to the next largest in the medial hypothalamic injection series), 

this was not included to allow for fair statistical comparison between the other more focal 

hypothalamic injections. Retrogradely labelled neurons were found bilaterally in the spinal 

cord segments i.e. both ipsilateral and contralateral to the injection sites.  In addition, 

retrogradely labelled neurons were predominantly found in two laminae – V and VII.   

They constituted 55.6 ± 11.6% and 53.4 ± 10.1% of all retrogradely labelled neurons for 

the lateral and medial hypothalamic injections respectively.  A typical lamina V neuron is 

shown in Figure 5.5.  Figure 5.6 summarises the laminar distribution of retrogradely 

labelled neurons after lateral and medial hypothalamic injections of the retrograde tracer 

CTb.  For both the lateral and medial hypothalamic injections, the greatest number of 

retrogradely labelled neurons was located in the spinal segment C1 – 2 with almost a third 

located there for each of the hypothalamic regions injected with CTb (31.5 ± 13.4%, lateral 

hypothalamus; 31.9 ± 3.9%, medial hypothalamus).  The least numbers of retrogradely 

labelled neurons after either lateral hypothalamic or medial hypothalamic injections 

occurred in the C5 spinal segment (9.72 ± 5.6% and 8.9 ± 2.5% respectively).  Figure 5.7 

shows the distribution of retrogradely labelled neurons over the spinal segments examined. 

Interestingly, however, where there was leakage into surrounding thalamic structures, 

retrogradely labelled neurons were identified in laminae I – II in both the lateral and medial 

hypothalamic injections with CTb, whereas if the injection was focussed on primarily the 

lateral or medial hypothalamic target, no laminae I – II retrogradely labelled neurons were 
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noted.  In experiment 6 (medial hypothalamic injection) where there was the greatest 

leakage of CTb tracer (of all experiments) into surrounding thalamic structures, a high 

number of retrogradely labelled neurons were identified in laminae I – II (11.4% of all 

retrogradely labelled neurons) and the white matter extending from the lateral reticulated 

area of lamina V towards the LSN (9.9%) but primarily the area around the central canal 

(26.8% of all retrogradely labelled neurons). 

 

Retrogradely labelled neurons in the LSN 

Common to both lateral and medial hypothalamic injections of the retrograde tracer 

CTb, the LSN contained a large proportion of all the retrogradely labelled neurons (25.7 ± 

5.6% and 21.3 ± 7.3% respectively).  A typical retrogradely labelled LSN neuron is shown 

in Figure 5.8.  Of all the retrogradely labelled neurons found throughout the vertebral 

segments that were immunoreactive for the NK-1 receptor, almost half were located in the 

LSN (45 ± 8.2%, lateral hypothalamus; 47.9 ± 4.5%, medial hypothalamus).  However, the 

retrogradely labelled neurons from hypothalamic injections constituted only a small 

proportion of the total neuronal population (revealed by NeuN) of the LSN (Figure 5.9), yet 

greater than 80% of those retrogradely labelled LSN neurons possessed the NK-1 receptor. 
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Figure 5.1.  Reconstruction of the injection sites to the lateral hypothalamus (n=4).  a - d 

represents each of the experiments 1 – 4 respectively.  A representative photomicrograph is 

shown above each of the reconstructions for each animal.  The spread of the tracer is 

represented by the dark grey area and in c, the paler area represents the leakage of CTb.  Note 

that there is variable leakage into the thalamus, with most occurring in experiment c, and 

least in d.  The numbers below each tracing indicates the interaural co-ordinate (Paxinos and 

Watson, 1997). 
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Figure 5.2.  Reconstruction of injection sites to the medial hypothalamus (n=4).  a - d 

represents experiments 5 - 8 respectively.  The spread of tracer is represented by the dark 

grey area, and in b, the paler area represents the caudal spread of CTb.  Note the extensive 

leakage of the tracer into the thalamus in experiment 6 (and contralateral spread). The 

numbers below each tracing indicates the interaural co-ordinate (Paxinos and Watson, 1997). 
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Figure 5.3.  Location of retrogradely labelled neurons after lateral hypothalamic 

injections.   a – d represents experiments 1 - 4 where CTb was injected into the lateral 

hypothalamus (each corresponding to the reconstructions of the injection sites in Figures 5.1 

a – d respectively).  Each dark filled circle represents a single CTb labelled neuron in each of 

the named spinal segments.  The numbers of labelled neurons found in each side of the 

indicated segment are indicated in the ventral funiculus from each of the alternately selected 

segments.  Ten alternate sections were examined for each spinal segment, each 50µm thick.  

The figure in parentheses shows the total number of CTb labelled neurons in the LSN.  The 

left side of each segment diagram is contralateral to the injection site. 
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Figure 5.4. Location of retrogradely labelled neurons after medial hypothalamic 

injections.  a - d represents experiments 5 - 8 with each corresponding the reconstructions 

shown in Figure 5.2 a - d respectively in each of the stated spinal segments.  Each dark filled 

circle represents a single CTb labelled neuron in each of the named spinal segments.  The 

numbers in the ventral funiculus represents the total labelled neurons over ten alternately 

selected 50µm transverse spinal segments.  The figure in parentheses shows the total number 

of CTb labelled neurons in the LSN.  The right side of each spinal segment diagram is 

ipsilateral to the injection. 
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Figure 5.5. Example of a lamina V labelled neuron after CTb injection to the medial 

hypothalamus.  A – C, merged images of a transverse section of the contralateral lamina V 

(red, CTb; green, NK-1; blue, NeuN) built from 10 projected images.  A represents a single 

CTb labelled neuron in the centre of the field that is not immunoreactive for NK-1 (B), and 

shows NeuN immunoreactivity (C).   D is the merged image of A - C.  Scale bar = 50µm 
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Figure 5.6.  Histogram summarising laminar distributions of ALL retrogradely labelled 

spinohypothalamic neurons.  A represents the lateral hypothalamus, and B represents the 

medial hypothalamus.  Red = right (contralateral) to the injection, blue = left (ipsilateral) to 

the injection; error bars = ± S.D. 
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Figure 5.7.  Histograms summarising the spinal segment distributions.  A represents the 

spinal segment distribution of ALL  retrogradely labelled neurons after lateral hypothalamic 

injections, and B represents the spinal segment distribution of ALL  retrogradely labelled 

neurons after medial hypothalamic experiments; error bars = ± S.D. 
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Figure 5.8.  Triple labelling of CTb, NeuN and NK-1 in the LSN.  A – C, merged images 

of a transverse section of the LSN built from 10 projected confocal images (A, CTb; B, NK-

1; C, NeuN; D, merged image of A - C).  A contralateral retrogradely (from lateral 

hypothalamic injection of tracer) labelled (CTb) neuron is in the LSN.  The SDH is present at 

the top right of each image.  Scale bar = 50µm. 

 

 

 

 

 

 

 

 

 

 

 



 
124 

 
 

 
 

 

 

 

 

 

 

 

 

 



 
125 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.9.  Histograms summarising the proportion of only LSN neurons (as labelled 

by NeuN) that were retrogradely labelled from either the lateral or medial 

hypothalamus.  Histogram 1 (shown in A) shows the average percentages of NeuN labelled 

LSN neurons that were labelled either from the lateral or medial hypothalamic injections of 

CTb (green: right side, contralateral to injection; red: left side, ipsilateral to injection).  

Histogram 2 (shown in B) shows the average percentages of retrogradely labelled LSN 

neurons that possessed the NK-1 receptor either from the lateral or medial hypothalamic 

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

There are three main conclusions based on this study:  firstly, there are approximately 

the same numbers of projections to both the lateral and medial hypothalamus from the rat 

spinal cord, with the majority of retrogradely labelled neurons in laminae V and VII.  

Secondly, it was more common for NK-1 retrogradely labelled neurons to be located in 

laminae V, VII and the LSN.  Finally, a similar amount of retrogradely labelled neurons 

projected to both the lateral (25.7 ± 5.6% of the total labelled) and medial (21.3 ± 7.3% of 

the total labelled) hypothalamus from the LSN, with the vast majority of those possessing 

the NK-1 receptor (>80%). 

 

The Spinohypothalamic Tract in the Rat 

This present study confirms and extends previous anatomical and physiological 

observations made on spinal cord neurons that project bilaterally to both the medial and 

lateral hypothalamus.  On examination of the experiments where the injection of the 

retrograde tracer was found only, or primarily in the hypothalamic sites, there were almost 

identical distributions within the spinal cord.  Lamina V and lamina VII were consistently 

found with the greatest numbers of retrogradely labelled neurons when injection sites were 

located to the hypothalamic territories, as also shown by Burstein et al., 1990a and Katter et 

al., 1991.  This could be relevant regarding pain pathways as these two regions serve a role 

in nociceptive and proprioceptive processing (Hillman and Wall, 1969; Menetréy et al., 

1977; Light and Perl, 1979; Kevetter and Willis, 1982; Menétrey et al., 1984; Granum, 

1986; Sugiura et al., 1986; De Koninck et al., 1992; Mouton and Holstege, 1994; 

Littlewood et al., 1995).  It may then be that the hypothalamus serves a role in the 

autonomic responses to somatosensory stimulation, including painful stimuli.  Regardless 

of the area of the hypothalamus that was injected approximately half of all retrogradely 
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labelled neurons were located contralaterally, which is in agreement with Burstein et al. 

(1990a).   

However, in the study by Burstein et al. (1990a), they also found a proportion of 

retrogradely labelled neurons (using FG) were located in lamina I, and the area around the 

central canal, something echoed by others (Carstens et al., 1990; Katter et al., 1991 

Menétrey and de Pommery, 1991; Kostarczyk et al., 1997; Kayalioglu et al., 1999).  With 

the experiments conducted in this study very few lamina I neurons were identified where 

only or mainly the hypothalamus was injected.  However, where there was leakage into 

many surrounding structures in experiment 6 (medial hypothalamic injection), there were 

large numbers of retrogradely labelled neurons in lamina I, and the area around the central 

canal. 

Projections from lamina I to the thalamus have been demonstrated in numerous species 

including cats (Trevino and Carstens, 1975; Craig et al., 1989; Zhang et al., 1996; Klop et 

al., 2004), primates (Apkarian and Hodge, 1989; Zhang and Craig, 1997) and also rats 

(Lima and Coimbra, 1988; Marshall et al., 1996; Yu et al., 2005).  This could explain why 

there are a large number of retrogradely labelled neurons identified in lamina I in 

experiment 6, as there was extensive leakage of the tracer into the mediodorsal and ventral 

posteromedial thalamic nuclei (areas established as receiving lamina I projections).   

Recently, Gauriau and Bernard (2004) presented a very substantial projection from the 

SDH of the rat cervical spinal cord to the triangular part of the posterior thalamic nuclear 

group (PoT).  In addition, Al-Khater et al. (2008) demonstrated that there is a very specific 

projection from lamina I neurons possessing the NK-1 receptor to the PoT.  On careful 

examination of the reconstructions for experiment 6 (Figure 5.2b), it can be seen that there 

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

route that the tracer may have passed to result in the lamina I labelled neurons. 

 

Spinohypothalamic Tract Neurons and the NK-1 receptor 

The NK-1 receptor is the target of the tachykinin neuropeptide substance P (SP), which 

is secreted by small diameter, primary afferent fibres, many of which respond to noxious 

stimuli (Duggan and Hendry, 1986; Lawson et al., 1997).  The NK-1 receptor is 

concentrated in lamina I but also scattered throughout the remaining of the dorsal horn and 

the area around the central canal (Bleazard et al., 1994; Nakaya et al., 1994; Brown et al., 

1995; Todd et al., 1998).  Interestingly, however, very few neurons in lamina II appear to 

have the receptor, despite this lamina having a rich innervation from SP containing axons 

(Marshall et al., 1996).  However, they have dorsally oriented dendrites that enter the 

superficial laminae and receive substantial SP input monosynaptically from primary 

afferents (Naim et al., 1997).  In addition, lamina V and the area round the central canal are 

established as receiving nociceptive afferent fibres (Bessou and Perl, 1969; Cuello and 

Kanazawa, 1978; Light and Perl, 1979; Mense and Praghakar, 1986; Sugiura et al., 1986; 

Willis and Coggeshall, 1991) with lamina VII also showing SP immunoreactivity, 

suggesting the presence locally of the NK-1 receptor and second order nociceptive 

processing here (De Lanerolle and LaMotte, 1982).  We have shown that many of the 

neurons in lamina V and VII, and also the LSN projecting to either the medial or lateral 

hypothalamus, possess the NK-1 receptor suggesting a role of these projection neurons in 

nociception. 
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LSN neurons projecting to the hypothalamus possess the NK-1 receptor 

Almost one quarter of retrogradely labelled neurons was located in the LSN with very 

similar numbers projecting to either the lateral or medial hypothalamus (25.7 ± 5.6% and 

21.3 ± 7.3% respectively).  Regardless of the area of the hypothalamus that was injected, 

greater than 80% of all the retrogradely labelled neurons possessed the NK-1 receptor. 

 LSN neurons have been shown to contain peptides like vasoactive intestinal 

polypeptide, bombesin, SP and dynorphin (Leah et al., 1988) and project through many 

diverse tracts including the spinothalamic tract (Granum, 1986; Burstein et al., 1990b; 

Gauriau and Bernard, 2004), spinoreticular and spinomesencephalic tracts (Menétrey, 

1982; Pechura and Liu, 1986).  Our findings support and extend studies done by other 

authors who have demonstrated a spinohypothalamic tract from the LSN (Burstein et al., 

1990a; Li et al., 1997), though some have only considered it from either the cervical (Dado 

et al., 1994a,b; Gauriau and Bernard, 2004), lumbar (Zhang et al., 1999) or sacral 

enlargements (Katter et al., 1996b) in isolation. 

An additional feature of the LSN is that within this nucleus there are a large numbers of 

peptidergic varicosities.  Experimental work involving interrupting either descending 

pathways or primary afferent input to the LSN did not affect plexi of SP, enkephalin, 

dynorphin, FMRF amide (a neuropeptide Y-like substance) or somatostatin at this site 

(Jessel et al., 1978; Larabi et al., 1983; Seybold and Elde, 1980; Giesler and Elde, 1985; 

Cliffer et al., 1988).  This shows that the peptidergic input to the LSN arises either at the 

same level, or segmental levels nearby, of the spinal cord.  Our findings support other 

authors’ studies that have shown an LSN-hypothalamic pathway, reinforcing work done by 

Li et al. (1997) who demonstrated that the LSN neurons projecting to the hypothalamus 

also possessed the substance P receptor.  We have also shown that of those that do, greater 

than 80% contain the NK-1 receptor, one of the G-protein coupled receptors, suggesting an 
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involvement of the LSN as an integrative nucleus involved in visceroception and/or 

visceronociception and therefore, of autonomic and neuroendocrine regulation (Jansen and 

Loewy, 1997; Workman and Lumb, 1997; Hudson et al., 2000; Vergnano et al., 2008). 
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b) Caudal ventrolateral medulla and mediodorsal thalamic projections from the LSN 
 

1.  Introduction 

The mediodorsal thalamus (MDT) is a major component of the thalamus of all mammals, 

and is especially developed in humans (Le Gros Clark, 1932a,b).  Indeed the functions of the 

MDT are wide and varied with it being well established that it plays a major role in 

emotional changes, anterograde amnesia where post-operative learning is severely affected 

especially in visual memory tasks (Schulman, 1957; Zola-Morgan and Squire, 1985; Parker 

et al., 1997; Gaffan and Watkins, 1991; Gaffan and Parker, 2000; Mitchell et al., 2007) and 

memory acquisition (Mitchell and Gaffan (2008). 

Major reciprocal connections exist between the MDT and the prefrontal cortex (Parker 

and Gaffan, 1998; McFarland and Haber, 2002; Erickson and Lewis, 2004) and (along with 

the orbitofrontal cortex) has descending pathways linked to the amygdala and the 

hypothalamic nuclei (Barbas et al., 2003) in the primate.  As the MDT has been shown to 

serve a role in nociceptive processing (Casey, 1966; Palestini et al., 1987; Dostrovsky and 

Guilbaud, 1990), it could be said that a loop exists forming the “basolateral limbic system” 

composed of the MDT, amygdala, orbitofrontal cortex including that also of the rat (Krettek 

and Price, 1977; Sarter and Markowitsch, 1983, 1984; Bachevalier and Mishkin, 1986; 

Cassell and Wright, 1986; Gaffan et al., 1993) and the prefrontal cortex (Fuster, 1997).  

Therefore, the MDT could serve a role in the motivational and affective components of pain, 

including that of visceroception and visceronociception.  As well as the thalamus playing a 

major role in nociceptive processing, in recent years an increasing number of studies have 

been undertaken in examining the role of the medulla oblongata in its role in nociception. 

The medulla oblongata has the highest density of pain modulation areas in the brain. 

Several areas of the medulla are involved in endogenous antinociceptive processes including 

the rostroventromedial medulla (RVM), the nucleus tractus solitarius (NTS), ventral reticular 
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nucleus (VRt), dorsal reticular nucleus (DRt) and the caudal ventrolateral medulla (CVLM).  

In recent times, the CVLM has been shown to have a significant role in modulation of 

nociception.  Indeed, the CVLM has a very important role in the inhibitory modulation of 

pain, and has been shown to inhibit nociceptive dorsal horn neurons (through monitoring 

electrical thresholds for inhibition and the magnitude of duration of suppression of 

nociceptive reflexes (Gebhart and Ossipov, 1986; Janss and Gebhart, 1987, 1988)) more than 

areas including the locus coeruleus (Jones and Gebhart, 1986a,b), the periaqueductal grey 

(Carstens and Watkins, 1986; Jensen and Yaksh, 1984) and the RVM (Satoh et al., 1983; 

Ness and Gebhart, 1987). 

Stimulation of the CVLM has a potent antinociceptive effect, as demonstrated by the 

resulting marked inhibition of nociceptive spinal dorsal horn neurons (Morton et al., 1983; 

Janss and Gebhart, 1988; Liu and Zhao, 1992), which the CVLM forms a loop system with 

(reviewed by Tavares and Lima, 2002), and specifically lamina I neurons, but 

communications also exist between lamina IV – V and X (Fields et al., 1990).  The CVLM 

depresses nociceptive reflexes (Gebhart and Ossipov, 1986; Janss and Gebhart, 1987) 

through apposition to spinally projecting neurons only in the pontine A5 noradrenergic cell 

group and the RVM (Tavares et al., 1996).  Specifically, it is the lateral part of the CVLM 

where the α2-adrenoceptor anti-nociception produced in the CVLM is triggered in its lateral 

part, and mediated by the A5 noradrenergic cell group then passing to the spinal cord (and 

subsequent superficial dorsal horn) via the dorsolateral funiculus (Janss and Gebhart, 1988). 

It has been suggested that the LSN plays a role in nociception (as discussed in previous 

chapters), and projects to both the CVLM (Olave and Maxwell, 2004) and MDT (Gauriau 

and Bernard, 2004).  Therefore, this study was undertaken to identify the laminar distribution 

(including the LSN) of NK-1 projection neurons that were labelled from either/both the 

CVLM and the MDT.  Firstly, the retrograde tracers CTb and Fluoro-Gold (FG) were 
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injected into the CVLM and the MDT respectively.  This was combined with quadruple 

labelling immunofluorescence for the NK-1 receptor and the neuronal marker NeuN. 

 

2.  Experimental Procedures 

Experimental materials and methodology used in this study were the same as for the 

spinohypothalamic studies.  However, each rat used here (n = 3), received a single injection 

of 50nl 4% FG (Fluorochrome Inc., Englewood, CO) through a glass micropipette into the 

mediodorsal thalamus [coordinates = AP + 6.2; DV + 4.0; ML + 0.7] and 200nl of 1% 

cholera toxin B subunit (CTb; Sigma, Poole, UK) into the caudal ventrolateral medulla 

(CVLM) [coordinates = AP – 4.8; DV – 0.6; ML + 2.1], specifically the region between the 

spinal trigeminal nucleus and the lateral reticular nucleus.   

In addition to the same primary and secondary antibodies used for the spinohypothalamic 

studies, rabbit anti-FG (diluted 1:1000; Chemicon) was used as the primary antibody, and 

this was coupled to Alexa-488-anti-guinea-pig (diluted 1:500; Molecular Probes) to reveal 

FG immunoreactivity (as well as the NK-1 receptor).  Data collection and analysis were 

undertaken as previously described in the spinohypothalamic study. 

 

3.  Results 

Injection Sites  

To examine the total population of neurons in the spinal cord (including the LSN) that 

projected to the mediodorsal thalamus and/or the caudal ventrolateral medulla, the retrograde 

tracers FG and CTb (respectively) were injected into three rats. 
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Injection site – mediodorsal thalamus 

Reconstructions of the anterior and posterior extents of the spread of tracers, including 

the centre of the injections, are indicated in Figures 5.10 (A - C). The light micrograph 

image, epifluorescent image, merged image (both light and epifluorescent images combined) 

and reconstructions are shown for each of the experiments used.  The first of the three 

experiments studied had the least amount of FG tracer in the mediodorsal thalamus, whereas 

the other two cases filled the mediodorsal thalamus more extensively with greater leakage of 

tracer into nearby structures.  In the first experiment in this series (A), there was filling of the 

mediodorsal thalamic nuclei (central, lateral and medial), with some leakage into the dentate 

gyrus, paraventricular thalamic nucleus, medial and lateral habenular nucleus, hippocampus 

and some leakage into the posterior thalamic nuclear group.  In addition, there was some 

leakage into the contralateral central and lateral mediodorsal thalamus.  In the second 

experiment (B), more of the mediodorsal thalamic nucleus was filled ipsilaterally but also 

more leakage into the central medial thalamic nucleus, centrolateral thalamic nucleus, 

ventrolateral and ventromedial thalamic nucleus, submedius thalamic nucleus, ventral and 

dorsal parts of the subcoeruleus nucleus, medial and lateral habenular nucleus, posterior 

thalamic nuclear group and the hippocampus.  No contralateral spread was present.  In the 

third experiment (C), there was extensive filling of the mediodorsal thalamic nuclei, with 

filling of the central medial thalamic nucleus, ventral anterior thalamic nucleus, ventromedial 

thalamic nucleus, submedius thalamic nucleus, medial and lateral habenular nucleus, and the 

posterior thalamic nuclear group.  No tracer spread to the contralateral side.  In all 

experiments, there were small foci of necrosis identified with the retrograde tracer FG, 

generally centrally located in the injection site. 

 

 



 
136 

 
 

 
 

Injection site – caudal ventrolateral medulla 

Injections into the dorsal part of the caudal medulla (Figure 5.10, D) were centred on the 

reticular nucleus reaching the lateral reticular nucleus, dorsal and ventral reticular nucleus, 

with spread into the spinal trigeminal nucleus laterally.  No contralateral spread was 

identified.   

 

Retrogradely labelled neurons  

The greatest numbers of retrogradely labelled neurons were double labelled with both FG 

and CTb, with the least number of retrogradely labelled neurons showing labelling with only 

CTb immunoreactivity (Figure 5.11).  Retrogradely labelled neurons were found bilaterally 

(i.e. ipsilateral and contralateral to the injection sites).  In general, the greatest numbers of 

retrogradely labelled neurons occurred in the C1- 2 spinal segment (38.7%, CVLM and 

MDT; 27.9% MDT) though there were slightly more labelled neurons from only the CVLM 

in the L3 segment (25.9%; Figure 5.11).  The spinal segmental distribution of retrogradely 

labelled neurons is shown in Figure 5.12.  Indeed, over all experimental groups that were 

retrogradely labelled from both the CVLM and the MDT, only the MDT or only to the 

CVLM, there was a similar laminar distribution of neurons (Figure 5.13).  Retrogradely 

labelled neurons were found in one of four laminar territories: I – II, V and VII, and to a 

lesser degree the LSN.  Figures 5.14 and 5.15 show typical examples of lamina I and lamina 

VII retrogradely labelled neurons respectively. 

For each of the categories of retrogradely labelled neurons, the greatest frequency of 

labelled neurons occurred in the following laminae: laminae I – II that were retrogradely 

labelled from both the CVLM and MDT (38.7 ± 8.9%); laminae V – VII (59.5 ± 4.8%) that 

were retrogradely labelled from only the CVLM and laminae I – II (26.4 ± 4.4%) that were 

retrogradely labelled from the MDT. 
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NK-1 receptor labelling over all experimental groups was in greatest numbers found in 

the SDH in laminae I – II.  Of the total NK-1 receptor labelling for those neurons that were 

retrogradely labelled from both the CVLM and the MDT, 65.4 ± 4.7% were found in laminae 

I – II. 47.5 ± 4.7% of NK-1 receptor immunoreactivity where retrograde labelling occurred 

only from the MDT were found in laminae I – II.  Of the total NK-1 receptor labelling in the 

category of neurons that were retrogradely labelled only from the CVLM was 50 ± 10% in 

laminae I – II. 

 

Retrogradely labelled neurons in the LSN 

 Unlike the retrogradely labelled neurons identified after hypothalamic injections 

(discussed in Investigation 3a), the total retrogradely labelled neurons in the after CVLM and 

MDT injections was lower proportionally, of all retrograde neurons identified in each 

grouping. 

As a total of all retrogradely labelled neurons that were double labelled from both the 

CVLM and the MDT, the proportion found in the LSN was 11.5 ±2.5%.  Of all retrogradely 

labelled neurons from the CVLM, the LSN constituted 14.7 ± 5.3% of the total.  For 

retrogradely labelled neurons only from the MDT, the LSN constituted 6.9 ± 4.3% of the 

total labelled neurons.  As a proportion of all LSN NeuN labelled neurons, they constituted a 

small proportion of the total (revealed by NeuN) as shown in Figure 5.16. 

A similar proportion of LSN neurons possessed the NK-1 receptor that were double 

labelled from both the CVLM and the MDT (Figures 5.17, 5.18) and only labelled from the 

CVLM (52.5 ± 5.9% and 52.2 ± 8.7% respectively), but a smaller proportion only labelled 

from the MDT (25.3 ± 3.2%).   
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Figure 5.10.  Photomicrographs and diagrams showing the spread of the tracer for the 

CVLM and MDT injections .  A, B and C represent light micrograph images of the position 

of the retrograde tracer FG which was injected into the mediodorsal thalamus.  Ai , Bi and Ci 

represent epifluorescent images of the same site.  Aii , Bii  and Cii  are the merged 

photomicrograph and the epifluorescent images for each experiment.  Aiii , Biii  and Ciii  are 

reconstructions of the anterior and posterior extents of the leakage of FG.   D represents 

diagrams showing the spread of the retrograde tracer CTb after injection into the caudal 

ventrolateral medulla where i – iii  represent experiments 1 – 3 as seen in A – C respectively.  

Numbers related to each of the reconstruction diagrams represents the approximate position 

of the section anterior (+) or posterior (-) to the ear bar.  Drawings based on those of Paxinos 

and Watson (1997).  Scale bar = 1µm. 
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Figure 5.11.  Location of ALL retrogradely labelled neurons after injections to the 

CVLM and the MDT, including those with the NK-1 receptor.  A represents those 

retrogradely labelled neurons from both the CVLM and the MDT, B represents those 

retrogradely labelled neurons from only the CVLM and C represents those retrogradely 

labelled neurons from only the MDT.  The left hand side of each diagram is contralateral to 

the injection sites.  The number in the ventral white matter indicates the total in each 

vertebral segment on each side.  The number in parenthesis indicates the total number in the 

LSN. 
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Figure 5.12.  Mean percentages (including standard deviation) of ALL retrogradely 

labelled neurons.  Projections to both the CVLM and the MDT (A), only to the CVLM (B) 

or only to the MDT (C) according to ipsilateral or contralateral to the injection site across the 

spinal segments C1 – 2, C5 and L3 – 5.                                 .                                 
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Figure 5.13.  Histograms summarising the laminar distributions of ALL retrogradely 

labelled neurons.  The laminar distributions of retrogradely labelled neurons from the 

CVLM and the MDT, only the CVLM and only the MDT (including those possessing the 

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

± S.D. 
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Figure 5.14.  Quadruple labelling of CTb, FG, NK-1 and FG in the SDH.  A – C shows a 

single optical transverse section of the SDH (A, red, CTb; B, green, FG and NK-1; C, blue, 

NeuN; D, merged image of A, B and C).  1 represents an NK-1 labelled neuron (as shown by 

NeuN, blue) in lamina I which has not been retrogradely labelled from either the CVLM or 

MDT.  2 represents a lamina I neuron (labelled with NeuN, blue) that has been labelled from 

both the CVLM (CTB, red) and the MDT (FG, green), but not showing immunoreactivity for 

the NK-1 receptor.  3 represents a lamina I neuron (labelled with NeuN, blue) which shows 

immunoreactivity for the NK-1 receptor and has been retrogradely labelled from both the 

CVLM (CTB, red) and the MDT (FG, green).  Scale bar = 50µm. 
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Figure 5.15.  Quadruple labelling of CTb, FG, NK-1 and FG in lamina VII.  A – C, 

represents optical transverse image of lamina VII  (A, CTb, red; B, FG and NK-1, green; C, 

NeuN, blue; D, merged image of A - C).  A contralateral retrogradely labelled neuron (shown 

by immunoreactivity for NeuN, blue) in lamina VII that is labelled from both the CVLM 

(CTb, red) and the MDT (FG, green), though does not display immunoreactivity for the NK-

1 receptor.  This neuron is found at the centre of each of the images A – D.   Scale bar = 

20µm 
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Figure 5.16.  Histograms summarising the percentages of only retrogradely labelled 

LSN neurons (as revealed by NeuN) from both the CVLM and MDT, only the CVLM 

and only the MDT.  Histogram 1 (shown in A) shows the average percentages (within the 

LSN) of only NeuN labelled LSN neurons that were labelled from each of the sites.  

Histogram 2 (shown in B) shows the average percentages (of only NeuN labelled) LSN 

retrogradely labelled neurons that possessed the NK-1 receptor. 
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Histogram 1.  Percentage of LSN neurons retrogradely labelled 
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Histogram 2.  Percentages of LSN neurons retrogradely labelled that possessed the NK-1 

receptor 
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Figure 5.17.  Quadruple labelling of CTb, FG, NK-1 and FG in the LSN.  A – C 

represents 9 projected confocal images of a transverse section of the region of the LSN (A, 

CTb, red; B, FG and NK-1, green; C, NeuN, blue; D, merged image of A, B and C).  A 

contralateral retrogradely labelled neuron in the LSN that is labelled from both the CVLM 

(CTb, red) and the MDT (FG, green).  This neuron (as indicated by * ) is also 

immunoreactive for the NK-1 receptor.  The superficial dorsal horn (SDH) is to the right of 

each of the images A – D.  Scale bar = 50µm. 
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Figure 5.18.  Quadruple labelling of CTb, FG, NK-1 and FG in the LSN.  A – C 

represents the neuron indicated by * in Fig. 5.18 at a higher magnification (A, CTb, red; B, 

FG and NK-1, green; C, NeuN, blue; D, merged image of A, B and C).    Scale bar = 10µm. 
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4.  Discussion 

The main finding of this study was that the majority of neurons in the spinal cord, whose 

cell bodies are primarily located in laminae I – II, V, VII and the LSN, project to both the 

CVLM and the MDT, rather than just to either the CVLM or the MDT, which are areas 

responsible for very different components of pain (Casey, 1966; Feltz et al., 1967; Gebhart 

and Ossipov, 1986; Sotgiu, 1986; Janss and Gebhart, 1987; Palestini et al., 1987; Price, 

1995).  In addition, more of the projection neurons to both of these sites were located in the 

cervical segments (especially the C1 – 2 spinal segments) compared to the lumbar segments.  

Those neurons projecting to both the CVLM and the MDT also possessed the NK-1 receptor, 

though were more numerous where this receptor has been established to be present i.e. 

laminae I – IV, X and in the LSN (Bleazard et al., 1994; Liu et al., 1994; Nakaya et al., 1994; 

Brown et al., 1995; Littlewood et al., 1995). 

It is well established that a closed reciprocal loop exists with laminae I – II and the lateral 

part of the CVLM with terminal boutons labelled from these laminae having round vesicles 

and making asymmetrical synapses with this brain region projecting to those spinal laminae 

(Tavares and Lima, 2004).  Also, in lamina I there are flattened boutons which are labelled 

from the lateral caudal ventrolateral medulla.  As it has been shown that terminal boutons 

with round vesicles are excitatory, and those with flattened boutons are inhibitory (Uchizono, 

1965; Gray, 1969; Todd, 1991), the lamina I neurons delivering nociceptive information to 

the medulla at that point will result in descending modulation of pain through both excitatory 

and inhibitory means. 

This study has also identified many projection neurons to the medullary and thalamic 

sites in lamina V and VII.  Tavares and Lima (2004), in their diagrammatic representation of 

the circuitry between the spinal cord and the medulla, show that lamina V (and lamina IV) 

receives projections from the lateral ventrolateral medulla, thus explaining why many of the 
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neurons in our study have been labelled at this site.  However, lamina VII contains mainly 

pre-motor interneurons, and is targeted exclusively by the lateral reticular nucleus (Tavares 

and Lima, 2002).    On careful examination of the injection sites carried out in this study 

where CTb was injected into the CVLM, it can be seen that there is indeed filling of the 

lateral reticulated nucleus in all three experiments, explaining the lamina VII labelled 

neurons from filling of this site.  As the lateral reticular nucleus can result in inhibition of 

nociceptive spinal neurons, as shown by electrical or glutamate stimulation (Morton et al., 

1983; Gebhart and Ossipov, 1986) of the lateral reticulated nucleus (Janss and Gebhart, 

1988), it also responds to noxious visceral and cutaneous stimulation (Ness et al., 1998) with 

the electrical stimulation required to produce analgesia from this site lower than in other 

caudal ventrolateral medullary sites (Gebhart and Ossipov, 1986), with involvement of the 

LSN also in these roles through circuitry between laminae I, V and VII. 

In addition to the projections to the CVLM, many of these retrogradely labelled neurons 

were also labelled from FG injected into the MDT.  However, although it has been 

established that the neurons projecting to the medial thalamus have been found to be in the 

intermediate zone, laminae V and VII and the ventral horn, as this study also proves, many 

neurons were also retrogradely labelled that are present in lamina I, traditionally labelled 

from the lateral, and not the medial thalamus (Carstens and Trevino, 1978; Giesler et al., 

1979; Willis et al., 1979). 

As the diaminobenzidine (DAB) horseradish peroxides (HRP) procedure had been used 

in some of these previous studies, it may not have been as sensitive as the 

tetramethylbenzidine reactions used by Craig and Burton (1981).  However, Craig and 

Burton (1981) used the anterograde tracer HRP and autoradiographic techniques and were 

the first to establish a unique projection of lamina I neurons to the nucleus submedius in the 

medial thalamus.  Examination of the injection sites in the second and third experiments used 
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in this study shows extensive leakage into this nucleus, perhaps explaining the numbers in 

this study in the superficial laminae.  Indeed, Craig and Burton (1981) also reported the 

existence of a direct projection from the spinal cord and the caudal part of the spinal 

trigeminal nucleus (Sp5C) to the submedius nucleus of the thalamus.  Of note was that the 

cells of origin of both the spinothalamic and trigeminothalamic pathways (in the cat) were 

almost exclusively located in the marginal layer of both the spinal dorsal horn and the Sp5C 

(Craig and Burton, 1981), the area where there was also leakage of the tracer in the dorsal 

medullary injections in this study, but established as regions known to contain primarily 

nociceptive and thermoreceptive neurons (Dostrovsky and Hellon, 1978; Hu et al., 1981; 

Dubner and Bennett, 1983; Craig and Kniffki, 1985; Besson and Chaouch, 1987).  Their 

original study concentrated on the cat, but in the rat, the cells of origin of the spinal 

projection to the submedius nucleus are located in the deeper layers (Menétrey et al., 1984; 

Dado and Giesler, 1990) in contrast to their mainly exclusive location in the marginal layer in 

the cat.  In the rat trigeminal sensory nucleus less than 20% of the neurons are located in the 

marginal layer of the Sp5C and 60% are actually located in the interpolar part of the spinal 

trigeminal nucleus (Sp5I) rather than in Sp5C (Yoshida et al., 1991).  However, in our 

studies, leakage also occurred into the Sp5I.  Initially, Craig and Burton (1981) reported that 

lamina I neurons, after injections of HRP and titriated amino acids, projected to the nucleus 

submedius in the medial thalamus in the cat, monkey and rat.  They, however, used 

considerably more cats (14) compared to monkeys (2) and rats (3).  However, since that 

study Peschanski (1984) and then Iwata et al. (1992) also confirmed the lamina I spinal 

neurons projecting to the nucleus submedius but Dado and Giesler (1990), Cliffer et al. 

(1991) and Yoshida et al. (1991) were all unable to find this projection from both spinal and 

medullary superficial laminae.  These three investigators only used rats in their experimental 

work suggesting perhaps a species difference.  Therefore, the lamina I projections to the 
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nucleus submedius may not be as significant as first thought.  Indeed, in the rat, the 

projection arising from the cervical enlargement is very sparse (Dado and Giesler, 1990), but 

from the trigeminal projection appears to originate from two regions as shown by Dado and 

Giesler (1990) and Yoshida et al. (1991): the interpolaris region and the ventral portion of the 

caudalis division.  Therefore, the lamina I labelled neurons could be explained by the leakage 

into the posterior thalamic group, as shown by Gauriau and Bernard (2004) and discussed 

earlier. 

Specifically, the ventral posterolateral thalamic nucleus (VPL), ventral posteromedial 

thalamic nucleus (VPM) and the posterior thalamic group (Po) regions contain numerous 

nociceptive neurons in the rat (Guilbaud et al., 1980; Peschanski et al., 1980).  In the rat, 

these nociceptive properties were from both superficial and deep spinal/trigeminal laminae 

(Lund and Webster, 1967; Peschanski et al., 1980; Granum, 1986; Burstein et al., 1990b; 

Cliffer et al., 1991; Iwata et al., 1992).  However, Gauriau and Bernard (2004) showed that 

most of the lamina I neurons projected to the VPL/VPM/Po regions.  We, however, have 

shown that many lamina I neurons project to both the mediodorsal thalamus and the caudal 

ventrolateral medulla, not the lateral areas of the thalamus mentioned in other studies. 

However, the injection sites in the three experiments used in this part of the study had 

leakage into the Po in all cases, explaining the greater number of lamina I neurons in our 

study, both for neurons retrogradely labelled from both the caudal ventrolateral medulla and 

the mediodorsal thalamus, and also for the retrogradely labelled neurons only from the 

mediodorsal thalamus as according to Gauriau and Bernard (2004).  More recently, Al-

Khater et al. (2008) showed, using fluorescent latex microspheres, a very discrete projection 

from lamina I to the PoT with the NK-1 receptor, and it may be that the lamina I neurons in 

this study also specifically project to this site via the leakage into the Po. 
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Interestingly, a significant number of retrogradely labelled neurons exist in the LSN that 

project to both the CVLM and the MDT, with approximately half possessing the NK-1 

receptor.  The LSN has also been shown to have a role in the processing of visceral 

information (Menétrey et al., 1980; Leah et al., 1988; Schramm et al., 1993; Jansen et al., 

1995; Jansen et al., 1995), and potentially involved in nociception as previously discussed, 

with this nucleus projecting also through the spinothalamic (Gauriau and Bernard, 2004), 

spinoreticular, spinomesencephalic (Menétrey and Basbaum, 1987; Leah et al., 1988) and the 

spinohypothalamic tract (Burstein et al., 1996).  It is also known that LSN neurons project to 

laminae I, II, V and VII (Jansen and Loewy, 1997) and electrophysiological studies 

demonstrated that these neurons exhibit a variety of intrinsic properties, which could 

significantly contribute to sensory processing, including nociceptive processing (Jiang et al., 

1999).  Therefore, the LSN may serve an integrative role between these laminae and be 

involved in processing a variety of nociceptive pathways, including descending modulation 

(Carlton et al., 1985; Masson et al., 1991), and as the mediodorsal thalamus projects to the 

medial and orbital regions of the prefrontal cortex (areas strategically involved in autonomic 

visceromotor and cognitive functions (Neafsey et al., 1986, 1993; Loewy, 1991; Verberne 

and Owens, 1998; Gabbot et al., 2005)), it could be suggested that the LSN could have an 

integrative role in visceral function and visceronociception providing the emotional and 

motivational aspects of pain. 
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c)  Lateral globus pallidus projections from the LSN  

1.  Introduction 

The corpus striatum comprises the striatum (caudate nucleus and putamen) and the 

pallidum (globus pallidus), and forms the anatomical basis of the basal ganglia.  It is well 

established that the corpus striatum collectively is the site in which instructions for parts of 

learned movements are “remembered” and from which they transmit to the motor cortex 

for integration by corticospinal and reticulospinal pathways to the motor neurons.  

However, in addition to the areas traditionally associated with nociceptive processing, as 

previously discussed, and the spinothalamic and spinoreticular pathways thought to 

constitute the major tracts transmitting nociceptive information, the globus pallidus has 

been suggested to also play a role in somatosensory transmission.  Studies have shown that 

the basal ganglia are important for processing sensory information, where electrical and 

mechanical stimulation of trigeminal receptive fields are important in activating neurons 

both in the caudate nucleus and the globus pallidus (Carelli and West, 1991; Levine et al., 

1987; Lidsky et al., 1978; Manetto and Lidsky, 1989; Schneider et al., 1982, 1985; 

Schneider and Lidsky, 1981).  This is further enhanced by high concentrations of 

endogenous opiate receptors in both the neostriatum and the globus pallidus from 

immunocytochemistry and radioimmunoassay activity (Atweh and Kuhar, 1977; Hong et 

al., 1977a,b; Gros et al., 1978; Sar et al., 1978; Gramsch et al., 1979; Pickel et al., 1980; 

Herkenham and Pert, 1981; Jones et al., 1991; La Motte et al., 1978). Further to this, the 

globus pallidus also has been implicated in nociception as injecting morphine into the 

neostriatum or globus pallidus resulted in a naloxone reversible analgesia (Anagnostakis et 

al., 1992).  In addition, the caudate nucleus and putamen receive afferent fibres from the 

intralaminar nuclei of the thalamus (Jones and Leavitt, 1974; Van der Kooy, 1979; Veening 
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et al., 1980; Herkenham and Pert, 1981; Kaufman and Rosenquist, 1985; Kincaid et al., 

1991; Sadikot et al., 1992a,b) and the primary somatosensory cortex (Webster et al., 1961; 

Carman et al., 1965; Mercier et al., 1990).  This could offer an explanation to related motor 

activities that can be seen in response to pain.  Indeed, some patients with nerve injury 

induced persistent pain conditions have profound abnormalities of posture and motor 

control.  In addition, the positions of injured limbs are in resembles that occurring in 

patients with extra-pyramidal lesions (Schwartzman and Kerrigan, 1990). 

Spinopallidal connections, however, were studied using traditional anterograde tracing 

studies in the rat (Cliffer et al., 1991; Gauriau and Bernard, 2004) and the primate 

(Newman et al., 1996) that showed occasional spinal cord axons entering the globus 

pallidus.  These studies showed that the spinopallidal projection was, in fact, a minor one.  

However, more recently, Braz et al. (2005) showed that there was a significant projection 

from the spinal cord to the globus pallidus. 

Using transgenic mice that expressed the transneuronal tracer WGA, Braz et al. (2005) 

induced this tracer in dorsal root ganglion neurons that expressed the voltage gated 

tetrodotoxin resistant Na+ channel (Nav1.8) which, as they state, through mosaic express of 

the transgene, resulted in labelling for the Nav1.8 positive neurons that corresponded to the 

non-peptide class of primary afferent nociceptors.  They had shown that lamina II 

interneurons were part of the major ascending pathways targeted by that class of 

nociceptors.  From lamina II, Braz et al. (2005) stated that those interneurons contacted 

lamina V projection neurons, which projected to amongst other areas, the globus pallidus 

and constituted a greater pathway to this site than previously thought.  They expanded by 

showing that there was no transneuronal labelling in subcortical regions which link the 

spinal cord and the globus pallidus e.g., the pedunculopontine nucleus (Nakano, 2000), 

midline thalamic nuclei, parafascicularis and submedius (Groenewegen et al., 1990) or the 
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parabrachial nuclei (Bernard and Besson, 1990).  Interestingly though, in the study 

undertaken by Braz et al. (2005) using transneuronal transport of the genetically expressed 

lectin tracer, no labelling occurred in areas traditionally associated with the spinal cord 

projections for nociception like the ventroposterolateral nucleus of the thalamus. 

As there appears to be a discrepancy between studies regarding input to the globus 

pallidus, especially direct spinopallidal projections, a series of retrograde injections were 

undertaken to identify those projection neurons to the globus pallidus from the spinal cord, 

including the LSN.  Differences exist in input to different regions of the globus pallidus 

(Bernard et al., 1991) so this study used the retrograde tracer CTb injected into the lateral 

globus pallidus combined with immunocytochemistry for the tracer and the NK-1 receptor 

to quantify both the laminar distribution of spinopallidal projection neurons, and to identify 

those LSN neurons which may sub-serve a role for the motor activity, potentially related to 

pain. 

 

2.  Experimental Procedures 

Experimental procedures and methodologies used were similar to previous retrograde 

experiments.  Three adult male Sprague-Dawley rats (150-250g) were used where CTb was 

injected into the lateral GP (coordinates = anterior-posterior [AP] +6.9; dorsal-ventral [DV] 

+ 3.0; medial-lateral [ML] + 3.6), and the spinal segments (C1 – 2, C5, L3 – 5) were 

processed and analysed for CTb, NeuN and the NK-1 receptor as previously described 

using the same primary and secondary antibodies and processing techniques. 
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3.  Results 

The retrograde tracer CTb was injected into three rats, and immunocytochemistry for 

this was combined with the NK-1 receptor to establish if this pathway may be involved in 

nociceptive processing, and if so, to what extent. 

Injection sites 

Reconstructions of the anterior and posterior extent of the spread of the tracer CTb, is 

demonstrated in Figure 5.19.  Above each reconstruction (based on the atlas by Paxinos 

and Watson (1997)) is the most representative photomicrograph.  In the first experiment in 

this series (Figure 5.19a), CTb was found mainly in the lateral globus pallidus, with some 

spread into internal capsule, posterior part of the anterior commissure and the ventral 

pallidum.  The second of the experiments (Figure 5.19b) was the most focal of the three 

undertaken for the lateral globus pallidus where only a very small amount of tracer was 

found in the internal capsule, posterior part of the anterior commissure and the caudate 

putamen.  The final experiment (Figure 5.19c) had greatest leakage outside the lateral 

globus pallidus with more extensive leakage into the caudate putamen and also into the 

anterodorsal part of the medial amygdaloid nucleus, central amygdaloid nucleus (medial, 

lateral and capsular parts), interstitial nucleus of the posterior limb of the anterior 

commissure, basal nucleus, reticular thalamic nucleus and the stria terminalis.  No 

retrograde tracer was found on the contralateral side. 

 

Distribution of retrogradely labelled neurons 

The distribution of retrogradely labelled neurons after CTb injection to the lateral 

globus pallidus can be seen in Figure 5.20.  Overall, the numbers of retrogradely labelled 

neurons was low, with only 43 neurons identified with CTb and were found bilaterally, but 

with predominantly contralateral to the injection site (67.4 ± 2.7%).  As with previous 
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retrograde labelling experiments, retrogradely labelled neurons were found in laminae V – 

VII with 53.4 ± 3.2% located in these locations. Interestingly, although total numbers were 

very low for retrograde labelling, the LSN comprised 29.9% of all CTb labelled neurons, 

were found bilaterally but preferentially on the contralateral side to the injection (20.67 ± 

9.2%, contralateral; 9.4 ± 8.3% ipsilateral).  This is summarised in Figure 5.21. 

Similar to previous retrograde labelling experiments, the greatest number 

proportionally of CTb labelling occurred in the cervical segments, specifically C1 – 2 (34.7 

± 3.5%).  The least number of retrogradely labelled neurons were found in L5 (7.3 ± 7.2%).  

This is summarised in Figure 5.21. 

This study also used immunocytochemistry for the NK-1 receptor, and interestingly 

none of the retrogradely labelled neurons from the lateral globus pallidus contained this 

receptor.  Representative images of a retrogradely labelled neuron in lamina V and the LSN 

are shown in Figure 5.22 and 5.23 respectively. 
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Figure 5.19.  Reconstruction of injections to the lateral globus pallidus (n = 3).  a - c 

represents experiments 1 - 3 respectively in this series.  The spread of CTb tracer is 

represented by the dark grey area.  The numbers below each tracing indicates the interaural 

co-ordinate (Paxinos and Watson, 1997). 
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Figure 5.20. Location of retrogradely labelled neurons after lateral globus pallidus 

injections.  a - c represents experiments 1 - 3 with each corresponding with the 

reconstructions shown in Figure 5.19a – c respectively, in each of the stated spinal segments.  

Each dark filled circle represents a single CTb labelled neuron in each of the named spinal 

segments.  The numbers in the ventral funiculus represents the total labelled neurons over ten 

alternately selected 50µm transverse spinal segments.  The figure in parentheses shows the 

total number of CTb labelled neurons in the LSN.  The right side of each spinal level diagram 

is ipsilateral to the injection. 
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Figure 5.21.  Distribution of ALL retrogradely labelled neurons after lateral globus 

pallidus injections.  A shows the mean percentage of retrogradely labelled neurons as 

distributed over the spinal segments C1 – 2, C5 and L3 – 5.  B shows the laminar distribution 

of retrogradely labelled neurons, including the LSN. 
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Figure 5.22.  Example of a lamina VII neuron labelled after CTb injection to the lateral 

globus pallidus.  A transverse section of lamina VII built from 9 projected confocal images 

(red, CTb; green, NK-1; blue, NeuN).  A represents the single lamina VII CTb labelled 

neuron in the middle of the field, that is not immunoreactive for NK-1 (B), and C represents 

the neuronal population.  D is the merged image of A, B and C.  Scale bar = 20µm 
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Figure 5.23.  Example of a LSN neuron labelled after CTb injection to the lateral globus 

pallidus.  Projected image of a transverse section of the ipsilateral LSN (red, CTb; green, 

NK-1; blue, NeuN) built from 9 confocal images.  A represents a single CTb labelled neuron 

identified by 1, that is not immunoreactive for NK-1 (B), and shows NeuN immunoreactivity 

(C).  2 represents an NK-1 immunoreactive neuron in the LSN that is not retrogradely 

labelled by CTb injected to the lateral globus pallidus.  D is the merged image of A - C.  

Scale bar = 50µm 
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4.  Discussion 

The main findings of this study are fourfold.  Firstly, the overall number of retrogradely 

labelled neurons identified was relatively small.  Secondly, of those retrogradely labelled 

neurons identified with CTb immunocytochemistry, the most common laminar distribution 

was in laminae V and VII.  Thirdly, almost one-third of all retrogradely labelled neurons 

were found in the LSN.  Fourthly, of those retrogradely labelled neurons found, none 

possessed the NK-1 receptor. 

 

The Spinopallidal Tract in the Rat 

Recently, Braz et al. (2005) used transneuronal transport of a genetically expressed 

lectin tracer WGA in sensory neurons of NaV1.8-expressing mice.  They showed the 

densest accumulation of transganglionic transportation of WGA was found in terminals and 

cell bodies within neurons in lamina II, and corresponded to primarily to the IB4 non-

peptide class.  Indeed, they also stated that there was extensive transportation of WGA to 

the lateral aspect of the globus pallidus, and did not project to the subthalamic nucleus and 

substantia nigra pars reticulata due to a lack of co-localisation with parvalbumin (Ruskin 

and Marshall, 1997). .  They claimed because no labelling was found in subcortical regions 

that link the spinal cord and the globus pallidus e.g. submedius, parafascicularis and the 

midline thalamic nucleus (Groenewegen et al., 1990), pedunculopontine nucleus (Nakano, 

2000) or parabrachial nucleus (Bernard and Besson, 1990), that it must be a direct pathway. 

However, the results presented here show that the spinopallidal projection is not as 

significant as Braz et al. (2005) may have suggested.  Newan et al. (1996) had used the 

anterograde tracer Phaesolus vulgaris-leucoagglutinin (PHA-L) and biotinylated 

dextranamine injected it into the upper cervical spinal cord (C1 – 2) and the cervical 

enlargement at C5, and had showed a large number of labelled terminals in the globus 
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pallidus, many of which were from C1 – 2, in agreement with this study.  However, the 

limitation of that study was that the anterograde transport was only examined in the upper 

cervical spinal cord and the cervical enlargement in the rat.  Although the material 

presented here also demonstrates predominance in the upper cervical segments (C1 – 2), 

the overall numbers were indeed very low. 

This study is also in agreement with anterograde tracing studies in the rat (Cliffer et al., 

1991; Gauriau and Bernard, 2004) that showed that a direct spinopallidal tract is in fact 

minor.  Interestingly, although Braz et al. (2005) demonstrated large numbers of 

transneuronal labelling in the globus pallidus, very little labelling was found in traditional 

targets of the spinal cord like the ventroposterolateral nucleus of the thalamus.  As this 

study shows that it is laminae V and VII neurons that were labelled more frequently 

(despite overall numbers being low), Braz et al. (2005) propose that these neurons arising 

from this site could be part of the nociceptive circuit engaged especially by lamina V 

neurons that receive an input from the non-peptide NaV1.8 expressing population of 

primary afferent nociceptors.  Gauriau and Bernard (2004) have demonstrated that it is the 

deeper laminae that target the globus pallidus, though in contrast to Braz et al. (2005), they 

have shown that the numbers (from the cervical segments only) are indeed low, in 

agreement with the results presented here. 

Although the globus pallidus is a target of deeper spinal laminae, with wide dynamic 

range neurons projecting there (Bernard et al., 1992; Chudler et al., 1993), and the globus 

pallidus established (amongst many other functions) in nociception (Richards and Taylor, 

1992; Lin et al., 1985; Bernard et al., 1992; Chudler et al., 1993; Chudler and Dong, 1995), 

the actual numbers of retrogradely labelled neurons found in this study are relatively small 

compared to other traditional nociceptive pathways.  As this study has shown there to be 

relatively few retrogradely labelled neurons (with only some in the LSN), and none 
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possessing the NK-1 receptor, a direct nociceptive pathway to the globus pallidus from the 

spinal cord may not exist to the extent as some authors have claimed previously.  

Therefore, although the globus pallidus is considered to be an output of the basal ganglia 

system and concerned in regulation of movement (Delong, 1990; Chesselet and Delfs, 

1996) and has been demonstrated to be involved in sensory and cognitive processing 

(Brown et al., 1997), the spinopallidal pathway is indeed very complex in the relations of 

pain and movement. 
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Chapter 6 

 

General Discussion 
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The aim of this chapter is to discuss further the functional significance of the results 

discussed in previous chapters.  The main conclusions of each investigation are 

summarised briefly followed by hypothetical functional models. 

 

1.  Conclusions and models 

Investigation 1:   

The hypotheses initially proposed (p25) suggested the following: 

a)  LSN neurons receive cutaneous information 

b)  LSN neurons are activated by noxious cutaneous stimulation  

c) There is a variable degree of expression of Fos depending on the stimulus, as in the 

SDH 

From this it can be concluded that the LSN does indeed receive cutaneous information, 

and in this case from peripheral cutaneous noxious stimuli (thermal and chemical). 

However, only a small number of LSN neurons are activated by these various stimuli (in 

this case four stimuli were used). A hot thermal stimulus activated the most of those 

neurons as demonstrated by Fos immunoreactivity, but approximately 15% of the total 

neuronal population at the site of the LSN were activated.  Interestingly, unlike the SDH, 

LSN neurons were activated on both the ipsilateral and contralateral sides to the application 

of the noxious stimulus applied (apart from formaldehyde application to the hind-paw, 

which showed only Fos immunoreactivity in the LSN ipsilateral to the side of the 

stimulus). 

 

The LSN could play a role in nociception based on its neurochemical profile 

(Ljungdahl et al., 1978; Barber et al., 1979; Seybold and Elde, 1980; Bresnahan et al., 

1984; Sasek et al., 1984; Vikman et al., 1998; Aarnisalo and Panula, 1998; Olave and 



 
186 

 
 

 
 

Maxwell, 2004) and target projection sites (Pechura and Liu, 1986; Leah et al., 1988; 

Burstein et al., 1996; Jansen and Loewy, 1997; Gauriau and Bernard, 2004), though 

perhaps not to the extent as previously suggested. 

 The work presented here has shown varying degrees of Fos immunoreactivity 

dependent on the stimulus used, with hot water activating most LSN neurons, with 

approximately 15% of all LSN neurons showing Fos immunoreactivity.  However, despite 

the advantages of using c-Fos immunoreactivity to demonstrate nociceptive neurons, it also 

comes with its drawbacks.  Unlike electrophysiological studies, it is not a dynamic way of 

recording nociceptive responses of the neurons.  Indeed, stimulus intensity and duration, 

play key factors in showing Fos immunoreactivity (Bullitt et al., 1992; Lima and Avelino, 

1994).  In addition, not all neurons express the gene when activated (Dragunow and Faull, 

1989).  Even the ventroposterolateral nucleus of the thalamus, an area clearly established in 

nociception, failed to elicit Fos immunoreactivity after the application of noxious 

stimulation (Bullitt, 1990).  More recently, activity dependent phosphorylation of 

extracellular related kinases 1 and 2 (p-ERK1/2) has been shown to highlight nociceptive 

neurons within 5 minutes of noxious mechanical, thermal or chemical stimulation (Polgár 

et al., 2007), and this may well be better at demonstrating nociceptive neurons, though 

further studies will be needed to determine that.  

The LSN neurons project to spinal laminae I, II, V and VII (Jansen and Loewy, 1997) 

and a loop system may well exist for the processing of nociceptive information at this site, 

before projecting to higher brain centres that process nociceptive stimuli.  In addition, the 

LSN neurons form a continuous column underneath the pial surface and some of the 

dendrites pass laterally (Réthelyi, 2003) and some almost appose the pial surface 

Bresnahan et al. (1984).  Indeed, on close inspection of Réthelyi’s (2003) electron 

micrographs, the dendrites actually do pass to the pial surface. That brings into question the 
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possibility that the LSN neurons may also be under the influence of components of the 

cerebrospinal fluid surrounding the spinal cord (Vigh et al., 2004) as well having a small 

role in nociception.   

In addition, SDH neurons that express the NK-1 receptor (more than 80% (Ding et al., 

1995; Marshall et al., 1996; Li et al., 1998; Todd et al., 2000; Spike et al., 2003)) activate 

descending pathways that control spinal excitability (Suzuki et al., 2002).  It may be that 

the descending pathways are activated by the ascending NK-1 neurons from the SDH and 

activates those descending paths (that project bilaterally), and could explain the bilateral 

expression of Fos in the LSN.   

Another potential source of LSN activation could be from lamina I neurons.  Grudt and 

Perl (2002) showed that some lamina I neurons had axon collaterals which entered the 

dorsolateral funiculus, in and around the region of the LSN.  It may be that, those lamina I 

neurons (also with thick axons that passed to the contralateral ventrolateral funiculus) are 

activated by primary afferent input and through the axon collateral, activate the LSN 

neurons.  Indeed, neurons in the lateral dorsal horn have also been shown to have 

commissural axons which project to the lateral region of the dorsal horn on the 

contralateral side (Petkó and Antal, 2000), and could also activate the LSN on the 

contralateral side thus again explaining the bilateral activation of the LSN. Figure 6.1 

summarises a potential circuit for the LSN, its role in nociceptive processing, and other 

influences on it.  
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Investigation 2:  

The hypotheses initially proposed (p26-27) suggested the following: 

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

immunoreactive 

b)  If a majority of LSN neurons are immunoreactive for the NK-1 receptor, only a 

minority be immunoreactive for PKC-γ, which like the NK-1 receptor, has also been 

associated with nociceptive processing (Malmberg et al., 1997)  

c)   As NOS has been found to enhance the release of SP in the SDH (Garry et al., 1994; 

Aimar et al., 1998; Kamasaki et al., 1995), SP and NOS will be intimately related 

immunocytochemically in the LSN 

d)  If a close relationship exists between SP and NOS, as in the SDH, then the same will 

hold for the relationship of NOS and the target of SP, the NK-1 receptor in the LSN  

e) As in the SDH, the NOS terminals in the LSN will be associated with inhibitory   

     GABAergic neurons 

From this it can be concluded that although the LSN is abundant in SP, the total number 

of NK-1 immunoreactive neurons there represented only approximately one-third of the 

entire population, with PKC-γ representing even less (at approximately 10%).  Also, SP 

and NOS immunoreactivity in the LSN were closely related, and the NOS preferentially 

targeted the cell bodies of NK-1 immunoreactive neurons, whereas SP was related to both 

the cell bodies and the dendritic tree of those neurons.  However, unlike in the SDH, the 

work presented previously shows that NOS in the LSN (as revealed by GAD) is not derived 

principally from GABAergic inhibitory neurons (nor that from excitatory glutamatergic 

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

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

use of the vesicular GABA transporter (VGAT), which has been shown to localise in 
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synaptic vesicles in both glycinergic and GABAergic neurons (Chaudry et al., 1998).  

Indeed, they found that although the vast majority of nerve terminals that contained GABA 

or glycine co-localised with VGAT, there are subpopulations of terminals that were rich in 

GABA or glycine that were not immunoreactive for VGAT.  On the contrary, it may be 

that there are more GABAergic terminals in the LSN that have not been revealed with the 

antibodies used in this study, and may be revealed with VGAT. 

Whatever the source of NOS is in the LSN, the precise role of NO in the superficial 

dorsal horn has also been the subject of debate. There is abundant evidence to support the 

idea that NO has a role in pain but its precise role remains unclear. There are a variety of 

reasons for this, for example NO modulates nociception at spinal and supraspinal levels 

and NOS inhibitors have different effects depending upon whether they are administered 

systemically, intrathecally or spinally (Kitto et al., 1992; Meller et al. 1992; Yonehara et 

al., 1997; Osborne and Coderre, 1999; Hoheisel et al., 2005).  

Furthermore, in addition to nNOS, two other variants of NOS have been identified 

(the endothelial and inductable isoforms) and these may also have a role in nociceptive 

modulation (Ruscheweyh et al., 2006).  We have shown that NOS terminals in the LSN are 

preferentially associated with NK-1 neuronal cell bodies.  As discussed in the introduction, 

NO may enhance release of SP from spinal axon terminals (Garry et al., 1994; Aimar et al., 

1998) which has a well established role in transmission of nociceptive information.   NO 

was shown to regulate release of SP from rat spinal cord synaptosomes, but in contrast to 

the studies cited above, it was reported to attenuate release  (Kamisaki et al., 1995).  An 

alternative possibility is that NO may generate long term potentiation  (LTP) at nociceptive 

synapses, (Sandkühler, 2000) a phenomenon that occurs in lamina I projection cells but not 

in interneurons (Ruscheweyh et al., 2006). These findings provide a morphological basis 

for both of these possible modes of action of NO in the LSN.   A possible functional model 
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based on work within the CNS is demonstrated in Figure 6.2 and suggests how SP, NOS 

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

 

Investigation 3:   

The hypothesis initially proposed (p28) suggested the following: 

a) If NK-1 neurons are abundant in the LSN, then many will be projection neurons and  

      target brain areas known to be involved in nociception 

 

Using retrograde injection techniques, this Investigation focussed on the projections of 

LSN neurons to areas of the brain traditionally associated with nociceptive processing, but 

also to the globus pallidus and to the hypothalamus.  It shows that of all retrogradely 

labelled neurons in each of the three sets of experiments, many LSN neurons project to 

these sites, with a bilateral projection system existing to the CVLM, MDT, lateral and 

medial hypothalamus and also the lateral globus pallidus. 

Of all retrogradely labelled neurons in each of the three sets of experiments, LSN 

neurons constituted proportionally: 25% projecting to the lateral hypothalamus, 21% 

projecting to the medial hypothalamus, 12% projecting to both the CVLM and MDT, 15% 

projecting only to the CVLM, 7% projecting only to the MDT and 30% projecting to the 

lateral globus pallidus (although numbers were very low that were retrogradely labelled). 

Although the NK-1 receptor represent only approximately 30% of all neurons within 

the LSN (as discussed in Investigation 2), of all those LSN retrogradely labelled neurons, 

NK-1 receptor immunoreactivity represents: 80% for either the lateral or medial 

hypothalamic projections, more than 50% for either the CVLM and the MDT or just the 

CVLM projections, 25% for MDT projections, but none of the LSN projection neurons to 

the lateral globus pallidus.  Figure 6.3 presents a summary of the findings of these studies. 
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Although the LSN and the SDH share similar characteristics, they both possess very 

unique properties, suggesting that they sub-serve divergent functions that are probably 

complimentary.  There is a great deal of research into the roles and functions within the 

grey matter, including that of the SDH, though the precise role of the LSN has remained 

uncertain. 

This Investigation along with the previous work presented, shows that although the 

LSN has been implicated in nociception in the literature, the extent of its involvement in 

this process is less than previously thought.  Interestingly, approximately one-quarter of 

LSN neurons project to either the lateral or medial hypothalamus, areas traditionally 

associated with autonomic and homeostatic processing, with many of them possessing the 

NK-1 receptor associated with nociceptive transmission especially in the SDH.  

Interestingly, LSN neurons have also been shown to project to the MDT (and also the 

CVLM) which projects to the prefrontal cortex.  It could be postulated that the LSN 

functions as an integrative nucleus for autonomic and homeostatic functions, and with the 

projections to the MDT (and then to the prefrontal cortex), could be involved in the 

motivational and affective components of autonomic function. 
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Figure 6.1.  A model of a possible mechanism of activation of the LSN.  LSN neurons 

could be activated by a number of means (see p159).  They could be activated by NK-1 

neurons in the SDH that activate descending fibres that originate from supraspinal nuclei (1); 

lamina I neurons could pass to the dorsolateral funiculus via their axon collaterals, thus 

activating LSN neurons (2), or those neurons in the lateral part of the dorsal horn could 

project (via commissural axons) to the lateral region of the contralateral dorsal horn, and 

from there activate the contralateral LSN (3). 
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Figure 6.2.  Possible interactions and relations of NOS in the LSN.  The close 

relationship of NOS terminals to NK-1 neuronal cell bodies, and the relation of SP 

terminals to the NK-1 neuron in the LSN could be activated as shown in the diagram.  

Glutamate that is released from SP containing presynaptic terminals, perhaps from lamina 

I neurons, will act on NMDA and AMPA receptors.  When the postsynaptic site (e.g. 

LSN NOS terminal) is depolarised, Ca2+ enters, and via calmodulin (CaM), activation of 

NOS occurs (Bredt and Snyder, 1990).  The NO may then have some type of regulatory 

effect on the SP release that is targeting the NK-1 neuronal cell body (Investigation 2) in 

the LSN, including activation of guanylate cyclase in the SP/glutamate containing cell, 

and perhaps local astrocyte processes. 
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Figure 6.3.  Summary diagram representing the projection targets of NK-1 

immunoreactive LSN neurons.  There is a bilateral projection from the LSN to each of the 

areas studied previously.  The thickness of the lines indicates how many NK-1 neurons in the 

LSN project to each of the brain regions, with projections to the lateral and medial 

hypothalamus (LH and MH respectively) being greater than projections to the CVLM and 

MDT and the lateral globus pallidus (GP).   

 



 
197 

 
 

 
 

 
 
 
 
 
 
 



 
198 

 
 

 
 

        References 

Aarnisalo AA and Panula P (1998).  Neuropeptide FF in the lateral spinal and lateral 

cervical nuclei: evidence of contacts on spinothalamic neurons.  Exp. Brain Res.  

119:159-165. 

Afifi A and Bergman R (2005).  Functional neuroanatomy 2nd edn.  McGraw-Hill, USA. 

Agnati LF, Tiengo M, Ferraguti F, Biagini G, Benfenati G, Benedetti C, Rigoli M and Fuxe 

K (1991).  Pain, analgesia, and stress: An integrated view. Clin. J. Pain.  7(Suppl. 

1):S23-S37. 

Aihara Y, Mashima H, Onda H, Hisano S, Kasuya H, Hori T, Yamada S, Tomura H, 

Yamada Y, Inoue I, Kojima I and Takeda J (2000).  Molecular cloning of a novel brain-

type Na+ dependent inorganic phosphate co-transporter.  J. Neurochem.  74:2622-2625. 

Aimar P, Pasti L, Carmignoto G and Merighi A (1998).  Nitric oxide-producing islet cells 

modulate the release of sensory neuropeptides in the rat substantia gelatinosa.  

J.Neurosci. 18:10375-10388. 

Aimi Y, Fujimura M, Vincent SR and Kinura H (1991).  Localisation of NADPH-

diaphorase-containing neurons in sensory ganglia of the rat.  J. Comp. Neurol.  

306:382-392. 

Aimone LD, Bauer CA and Gebhart GF (1988).  Brain-stem relays mediating stimulation-

produced anti-nociception from the lateral hypothalamus in the rat.  J. Neurosci.  

8(7):2652-2663. 

Aimone LD and Gebhart GF (1987).  Spinal monoamine mediation of stimulation-

produced anti-nociception from the lateral hypothalamus.  Brain Res.  403:290-300. 

Albanese A and Butcher LL (1980).  Acetylcholinesterase and catecholamine distribution 

in the locus coeruleus of the rat.  Brain Res. Bull.  5:127-134.    



 
199 

 
 

 
 

Al-Khater KM, Kerr R and Todd AJ (2008).  A quantitative study of spinothalamic neurons 

in laminae I, III, and IV in lumbar and cervical segments of the rat spinal cord.  J. 

Comp. Neurol.  511:1-18. 

Alvarez FJ, Harrington D and Fyffe REW (1994).  AMPA and NMDA receptor 

immunoreactivity post-synaptic to primary afferent terminals in the superficial dorsal 

horn of the cat spinal cord.  Soc. Neurosci. Abstr.  20:1570. 

Alvarez FJ, Villalba RM, Carp, PA, Grandes, P and Somohano, PM.  (2000).  Differential 

distribution of metabotropic glutamate receptors 1a, 1b and 5 in the rat spinal cord.  J. 

Comp. Neurol.  422:464-487. 

Alvarez FJ, Villalba RM, Zerda R and Schneider SP (2004).  Vesicular glutamate 

transporters in the spinal cord, with special reference to sensory primary afferent 

synapses.  J. Comp. Neurol.  472:257-280. 

Anagnostakis Y, Zis V and Spyraki C (1992).  Analgesia induced by morphine injected 

into the pallidum.  Behav. Brain Res. 48:135-143. 

Apkarian AV and Hodge CJ (1989).  Primate spinothalamic pathways: I. A quantitative 

study of the cells of origin of the spinothalamic pathway.  J. Comp. Neurol.  288:447-

473. 

Armstrong WE (1995).  Morphological and electrophysiological classification of 

hypothalamic supraoptic neurons.  Prog. Neurobiol.  47:291-339. 

Atweh SF and Kuhar MJ (1977).  Autoradiographic localisation of opiate receptors in rat 

brain III.  The telencephalon.  Brain Res.  134:393-405. 

Bachevalier J and Mishkin M (1986).  Visual recognition impairment follows ventromedial 

but not dorsolateral prefrontal lesions in monkey.  Behav. Brain Res.  20:249-261. 



 
200 

 
 

 
 

Barbas H, Saha S, Rempel-Clower N and Ghashghaei T (2003).  Serial pathways from 

primate prefrontal cortex to autonomic areas may influence emotional expression.  

BMC Neurosci.  4:25 

Barber RP, Vaughn JE, Slemmon JR, Salvaterra PM, Roberts E and Leeman SE (1979).  

The origin, distribution, and synaptic relationships of substance P axons in the rat spinal 

cord.  J. Comp. Neurol.  184:331-352.    

Basbaum AI and Fields HL (1984).  Endogenous pain control systems: brainstem spinal 

pathways and endorphin circuitry.  Annu. Rev. Neurosci.  7:308-338.   

Battaglia G and Rustioni A (1992).  Substance P innervation of the rat and cat thalamus.  II.  

Cells of origin in the spinal cord.  J. Comp. Neurol.  315:473-486. 

Beitz AJ (1982).  The organisation of afferent projections to the midbrain periaqueductal 

grey of the rat.  Neurosci.  7:133-159. 

Bellocchio EE, Hu H, Pohorille A, Chan J, Pickel VM and Edwards RH (1998).  The 

localisation of the brain-specific inorganic phosphate transporter suggests a specific 

presynaptic role in glutamatergic transmission.  J. Neurosci.  18:8648-8659. 

Bellocchio EE, Reimer RJ, Fremeau Jr RT and Edwards RH (2000).  Uptake of glutamate 

into synaptic vesicles by an inorganic  phosphate transporter.  Science.  289:957-960. 

Bernard JF and Besson JM (1990).  The spino(trigemino)pontoamygdaloid pathway: 

electrophysiological evidence for an involvement in pain processes.  J. Neurophysiol.  

63:473-490. 

Bernard JF, Carroue J and Besson JM (1991).  Efferent projections from the external 

parabrachial area to the forebrain: a phaseolus vulgaris leucoagglutinin study in the rat.  

Neurosci. Lett.  122:257-260. 



 
201 

 
 

 
 

Bernard JF, Huang GF and Besson JM (1992).  Nucleus centralis of the amygdala and the 

globus pallidus ventralis:  electrophysiological evidence for an involvement  in pain 

processes.  J. Neurophysiol.  68:551-569. 

Bernard AI and Jessel T (2000).  The perception of pain.  In Principals of Neuroscience.  

eds, Kandel ER, Schwartz J and Jessel T.  pp 472-491.  Appleton and Lange, New 

York. 

Bernardi PS, Valtschanoff JG, Weinberg RJ, Schmidt HHHW & Rustioni A (1995). 

Synaptic interactions between primary afferent terminals and GABA and nitric oxide-

synthesizing neurons in superficial laminae of the rat spinal cord. J.Neurosci. 15:1363-

1371. 

Berridge MJ and Irvine RF (1989). Inositol phosphates and cell signalling.  Nature.  

341:197-205. 

Besson JM and Chaouch A (1967).  Peripheral and spinal mechanisms of nociception.  

Physiol. Rev.  67:67-186. 

Bessou P and Perl ER (1969).  Response of cutaneous sensory units with unmyelinated 

fibres to noxious stimuli.  J. Neurophysiol.  32:1025-1043. 

Bester H, Chapman V, Besson JM and Bernard JF (2000).  Physiological properties of the 

lamina I spinoparabrachial neurons in the rat.  J. Neurophysiol.  83:2239-2259. 

Bester H, Menendez L, Besson JM and Bernard JF (1995).  

Spino(trigemino)parabrachiohypothalamic pathway: electrophysiological evidence for 

an involvement in pain processes.  J. Neurophysiol.  73:568-585. 

Bleazard L, Hill RG, Morris R (1994).  The correlation between the distribution of the NK-

1 receptor and the action of tachykinin agonists in the dorsal horn of the rat indicates 

that substance P does not have a functional role on substantia gelatinosa (lamina II) 

neurons.  J. Neurosci.  14(12):7655-7664. 



 
202 

 
 

 
 

Blottner D and Baumgarten H (1992).  Nitric oxide synthetase (NOS) containing 

sympathoadrenal cholinergic neurons of the rat IML-cell column: evidence from 

histochemistry, immunohistochemistry and retrograde labelling.  J. Comp. Neurol.  

316:45-55. 

Bockhaert J, Pin J and Fagni L (1993).  Metabotropic glutamate receptors: an original 

family of G-protein-coupled receptors.  Fund. Clin. Pharmacol.  7:473-485. 

Boivie J (1979).  An anatomical reinvestigation of the termination of the spinothalamic 

tract in the monkey.  J. Comp. Neurol.  186: 343-370. 

Borszcz GS (2006).  Contribution of the ventromedial hypothalamus to generation of the 

affective dimension of pain.  Pain.  123:155-168. 

Bowsher D (1957).  Termination of the central pain pathway in man: the conscious 

appreciation of pain.  Brain.  80: 606-621. 

Braz JM, Nassar MA, Wood JN and Basbaum AI (2005).  Parallel “pain” pathways arise 

from subpopulations of primary afferent nociceptor.  Neuron.  47:787-793. 

Bredt DS and Snyder SH (1990).  Isolation of nitric oxide synthetase, a calmodulin 

requiring enzyme.  Proc. Natl. Acad. Sci. USA. 87:682-685. 

Bresnahan JC, Ho RH and Beattie MS (1984).  A comparison of the ultrastructure of 

substance-P and enkephalin immunoreactive elements in the nucleus of the dorsal 

lateral funiculus and laminae I and II of the rat spinal cord.  J. Comp. Neurol.  229:497-

511.    

Brodal A and Rexed B  (1953).  Spinal afferents to the lateral spinal nucleus in the cat.  J. 

Comp. Neurol.  98:179-211.    

Broman J, Anderson S and Ottersen OP (1993).  Enrichment of glutamate-like 

immunoreactivity in primary afferent terminals throughout the spinal cord dorsal horn.  

Eur. J. Neurosci.  5:1050-1061.    



 
203 

 
 

 
 

Brown PB and Culberson JL (1981).  Somatotopic organisation of hindlimb cutaneous 

dorsal root projections to cat dorsal horn.  J. Neurphysiol.  45:137-143. 

Brown PB and Fuchs JL (1975).  Somatotopic representation of hindlimb skin in cat dorsal 

horn.  J. Neurophysiol.  38:1-9. 

Brown JL, Liu H, Maggio JE, Vigna SR, Mantyh PW and Basbaum AI (1995).  

Morphological characterization of substance P receptor immunoreactive neurons in the 

rat spinal cord and trigeminal nucleus caudalis.  J. Comp. Neurol.  356:327-344. 

Brown LL, Schneider JS and Lidsky TI (1997).  Sensory and cognitive functions of the 

basal ganglia.  Curr. Opin. Neurobiol.  7:157-163. 

Bullitt E (1990).  Expression of c-Fos like protein as a marker of neuronal activity 

following noxious stimulation in the rat.  J. Comp. Neurol.  296:517-530. 

Bullitt E (1991).  Somatotopy of spinal nociceptive processing.  J. Comp. Neurol. 312:279-

290. 

Bullitt E, Lee CL, Light AR and Wilcockson H (1992).  The effect of stimulus duration on 

noxious stimulus induced c-Fos expression in the rodent spinal cord.  Brain Res.  

580:172-179. 

Burry RW (2000).  Specificity controls for immunocytochemical methods.  J. Histochem. 

Cytochem.  48:163-165. 

Burstein R, Cliffer KD and Giesler Jr., GJ (1987).  Direct somatosensory projections from 

the spinal cord to the hypothalamus and telencephalon.  J. Neurosci.  7: 4159-4164. 

Burstein R, Cliffer KD and Giesler Jr. GJ (1990a).  Cells of origin of the 

spinohypothalamic tract in the rat.  J. Comp. Neurol.  291:329-344. 

Burstein R, Dado RJ and Giesler Jr. GJ (1990b).  The cells of origin of the spinothalamic 

tract of the rat: a quantitative re-examination.  Brain Res.  511:329-337. 



 
204 

 
 

 
 

Burstein R, Dado RJ, Giesler Jr GJ (1991).  Physiological characterization of 

spinohypothalamic tract neurons in the lumbar enlargement of rats.  J. Neurophysiol.  

66:261-284. 

Burstein R, Falkowsky O, Borsook D and Strassman A (1996).  Distinct lateral and medial 

projections of the spinohypothalamic tract of the rat.  J. Comp. Neurol.  373:549-574. 

Cabot JB, Alessi V, Carroll J and Ligorio M (1994).  Spinal cord lamina V and lamina VII 

interneuronal projections to sympathetic preganglionic neurons.  J. Comp. Neurol.  

347:515-530. 

Carelli RM and West MO (1991).  Representation of the body by single neurons in the 

dorsolateral striatum of the awake, unrestrained rat.  J. Comp. Neurol.  309:231-249. 

Carlton SM, Chung SM, Leonard RB and Willis WD (1985).  Funicular trajectories of 

brainstem neurons projecting to the lumbar spinal cord in the monkey (Macaca 

fascicularis).  J. Comp. Neurol.  241:382-404. 

Carman JB, Cowan WM, Powell TPS and Webster KE (1965).  A bilateral cortico-striate 

projection.  J. Neurol. Neurosurg. Psychiatry.  28:71-77. 

Carstens E, Leah J, Lechner J and Zimmermann M (1990).  Demonstration of extensive 

brainstem projections to medial and lateral thalamus and hypothalamus in the rat.  

Neurosci.  35:609-626. 

Carstens EE and Trevino DL (1978).  Laminar origins of spinothalamic projections in the 

cat as determined by the retrograde transport of horseradish peroxidise.  J. Comp. 

Neurol.  182:151-166. 

Carstens EE and Watkins LR (1986).  Inhibition of neurons in the rat spinal cord to noxious 

skin heating by stimulation in midbrain periaqueductal grey or lateral reticular 

formation.  Brain Res.  382:266-277. 



 
205 

 
 

 
 

Casey KL (1966).  Unit analysis of nociceptive mechanisms in the thalamus of the awake 

squirrel monkey.  J. Neurophysiol.  29:727-750. 

Cassell MD and Wright DJ (1986).  Topography of projections from the medial prefrontal 

cortex to the amygdala in the rat.  Brain Res Bull.  17:321-333. 

Chang H-T and Ruch TC (1949).  Spinal origin of the ventral supraoptic decussation 

(Gudden’s commissure) in the spider monkey.  J. Anat.  83:1-9. 

Chaudry FA, Reimer RJ, Bellocchio EE, Danbolt NC, Osen KK, Edwards RH and Storm-

Mathisen JS (1998).  The vesicular GABA transporter, VGAT, localises to synaptic 

vesicles in sets of glycinergic as well as GABAergic neurons.  J. Neurosci.  18:9733-

9750. 

Chesselet MF and Delfs JM (1996).  Basal ganglia and movement disorders: an update.  

Trends Neurosci.  19:417-422. 

Christensen BN and Perl ER (1970).  Spinal neurons specifically excited by noxious or 

thermal stimuli:marginal zone of the dorsal horn.  J. Neurophysiol.  33:293-307. 

Chudler EH and Dong WK (1995).  The role of the basal ganglia in nociception and pain.  

60:3-38. 

Chudler EH, Sugiyama K and Dong WK (1993).  Nociceptive responses in the neostriatum 

and globus pallidus of the anaesthetised rat.  J. Neurophysiol.  69:1890-1903. 

Chung K, Lee WT and Carlton SM (1988).  The effects of dorsal rhizotomy and spinal cord 

isolation on calcitonin gene-related peptide-labelled terminals in the rat lumbar dorsal 

horn.  Neurosci. Lett.  90:27-32. 

Cliffer KD, Burstein R and Giesler Jr. GJ (1991).  Distribution of spinothalamic, 

spinohypothalamic, and spinotelencephalic fibres revealed by anterograde transport of 

PHA-L in rats.  Soc. Neurosci. 11:852-868. 



 
206 

 
 

 
 

Cliffer KD, Urca G, Elde RP and Giesler GJ Jr (1988).  Studies of peptidergic input to the 

lateral spinal nucleus.  Brain Res.  460:356-360. 

Coderre TJ (1992).  Contribution of protein kinase C to central sensitisation and persistent 

pain following tissue injury.  Neurosci. Lett.  140:181-184. 

Craig Jr. AD and Burton H (1981).  Spinal and medullary lamina I projection to nucleus 

submedius in medial thalamus: A possible pain centre.  J. Neurophysiol.  45:443-465. 

Craig AD and Burton H (1985).  The distribution and topographical organisation in the 

thalamus of anterogradely-transported horseradish peroxidase after spinal injections in 

the cat and raccoon.  Exp. Brain Res.  58:227-254. 

Craig AD and Kniffki KD (1985).  Spinothalamic lumbosacral lamina I cells responsive to 

skin and muscle stimulation in the cat.  J. Physiol.  365:197-221. 

Craig AD, Krout K and Andrew D (2001).  Quantitative response characteristics of 

thermoreceptive and nociceptive lamina I spinothalamic neurons in the cat. 86:1459-

1480. 

Craig AD Jr., Linington AJ, Kniffiki KD (1989).  Cells of origin of spinothalamic tract 

projections to the medial and lateral thalamus in the cat.  J. Comp. Neurol.  289: 568-

585. 

Cuello AC and Kanazawa I (1978).  The distribution of substance P-immunoreactive fibres 

in the rat central nervous system.  J. Comp. Neurol.  178:129-156. 

Cuello AC, Galfre G and Milstein C (1979).  Detection of substance P in the central 

nervous system by a monoclonal antibody.  Proc. Natl. Acad. Sci. USA.  76:3532-3536. 

Dado RJ and Giesler Jr. GJ, (1990).  Afferent input to nucleus submedius in rats: retrograde 

labelling of neurons in the spinal cord and caudal medulla.  J. Neurosci.  10:2672-2686. 



 
207 

 
 

 
 

Dado RJ, Katter JT and Giesler Jr. GJ (1994a).  Spinothalamic and spinohypothalamic tract 

neurons in the cervical enlargement of rats.  I.  Locations of antidromically identified 

axons in the cervical cord white matter.  J. Neurophysiol.  71:1003-1021. 

Dado RJ, Katter JT and Giesler Jr. GJ (1994b).  Spinothalamic and spinohypothalamic tract 

neurons in the cervical enlargement of rats. II.  Responses to innocuous and noxious 

mechanical and thermal stimuli.  J.  Neurophysiol.  71: 981-1002. 

Dalsgaard C-J, Vincent SR, Hökfelt T, Lundberg JM, Dahlstrom A, Schultzberg M, 

Dockray DJ and Cuello AC (1982).  Coexistence of cholecystokinin and substance P-

like peptides in neurons of the dorsal root ganglia of the rat.  Neurosci. Lett.  33:159-

163.    

De Biasi S and Rustioni A (1988).  Glutamate and substance P coexist in primary afferent 

terminals in the superficial laminae of spinal cord.  Proc. Natl. Acad. Sci. USA.  

85:7820-7824.    

De Biasi S and Rustioni A (1990).  Ultrastructural immunocytochemical localisation of 

excitatory amino acids in the somatosensory system.  J. Histochem. Cytochem.  

38:1745-1754. 

De Koninck Y, Ribeiro-Da-Silva A, Henry JL and Cuello C (1992).  Spinal neurons 

exhibiting a specific nociceptive response receive abundant substance P-containing 

synaptic contacts.  Proc. Natl. Acad. Sci.  89:5073-5077. 

De Lanerolle NC and LaMotte CC (1982).  The human spinal cord: substance P and 

methionine-enkephalin immunoreactivity.  J. Neurosci.  2:1369-1386. 

DeLong MR (1990).  Primate models of movement disorders of basal ganglia origin.  J. 

Neurosci.  13:281-285. 



 
208 

 
 

 
 

Ding YQ, Takada M, Shigemoto R and Mizumo N (1995).  Spinobrachial tract neurons 

showing substance P receptor-like immunoreactivity in the lumbar spinal cord of the 

rat.  Brain Res.  674:336-340. 

Dostrovsky JO and Hellon RF (1978).  The representation of facial temperature in the 

caudal trigeminal nucleus of the cat.  J. Physiol.  277:29-47. 

Dostrovsky JO and Guilbaud G (1990).  Nociceptive responses in medial thalamus of the 

normal and arthritic rat.  Pain.  40:93-104. 

Doyle CA and Hunt SP (1999).  Substance P receptor (neurokinin-1) expressing neurons in 

lamina I of the spinal cord encode for the intensity of noxious stimulation: a c-Fos 

study in rat.  Neurosci. 89:17-28. 

Dragunow M and Faull R (1989).  The use of c-Fos as a metabolic marker in neuronal 

pathway tracing.  J. Neurosci. Methods.  29:261-265. 

Dubner R and Bennett GJ (1983).  Spinal and trigeminal mechanisms of nociception.  

Annu. Rev. Neurosci.  6:381-418. 

Duggan AW and Hendry IA (1986).  Laminar localisation of the sites of release of 

immunoreactive substance P in the dorsal horn with antibody-coated microelectrodes.  

Neurosci. Lett.  11:134-140. 

Dun NJ, Dun SL, Förstermann U and Tseng LF (1992) Nitric oxide synthase 

immunoreactivity in rat spinal cord.  Neurosci. Lett.  147: 217-220. 

Erickson SL and Lewis DA (2004).  Cortical connections of the lateral mediodorsal 

thalamus in cynomolgus monkeys.  J. Comp. Neurol.  473:107-127. 

Erlander MG and Tobin AJ (1991).  The structural and functional heterogeneity of 

glutamic acid decarboxylase: a review.  Neurochem. Res.  16:215-226. 



 
209 

 
 

 
 

Feil K and Herbert H (1995).  Topographic organisation of spinal and trigeminal 

somatosensory pathways to the rat parabrachial and Kolliker-Fuse nuclei.  J. Comp. 

Neurol.  353:506-528. 

Feltz P, Krauthamer G and Albe-Fessard D (1967).  Somatosensory responses and caudate 

inhibition.  J. Neurophysiol.  30:55-68. 

Ferrington DG, Sorkin LS, Willis WD (1987).  Responses of spinothalamic tract cells in 

the superficial dorsal horn of the primate lumbar spinal cord.  J. Physiol.  388:681-703.   

Fields HL, Gebhart GF and Randich A: Brainstem modulation of nociception, in Klemm 

WR, Vertes RP (eds): Brainstem mechanisms of behaviour.  Inc 1990, pp315-352.  

John Wiley & Sons, New York. 

Fremeau Jr RT, Burman J, Qureshi T, Tran CH, Proctor J, Johnson J, Zhang H, Sulzer D, 

Copenhagen DR, Storm-Mathisen J, Reimer RJ, Chaudry FA and Edwards RH (2002).  

The identification of vesicular glutamate transporter 3 suggests novel modes of 

signalling by glutamate.  Proc. Natl. Acad. Sci. 99:14488-14493. 

Fremeau Jr RT, Troyer MD, Pahner I, Nygaard GO, Tran CH, Reimer RJ, Bellocchio EE, 

Fortin D, Storm-Mathisen J and Edwards RH (2001).  The expression of vesicular 

glutamate transporters defines two classes of excitatory synapse.  Neuron.  31:247-260. 

Fremeau Jr RT, Voglmaeir S, Seal RP and Edwards (2004).  VGLUTs define subsets of 

excitatory neurons and suggest novel roles for glutamate.  Trends Neurosci.  27:98-103. 

Freund-Mercier MJ, Stoeckel ME, Moos F, Porte A and Richard P (1981).  Ultrastructural 

study of electrophysiologically identified neurons in the paraventricular nucleus of the 

rat.  Cell Tissue Res.  216:503-512. 

Fuster JM (1997).  The prefrontal cortex: anatomy, physiology, and neuropsychology of the 

frontal lobe.  Raven Press, New York. 



 
210 

 
 

 
 

Gabbot PLA, Warner TA, Jays PRL, Salway P and Busby SJ (2005).  Prefrontal cortex in 

the rat: projections to subcortical autonomic, motor, and limbic centres.  J. Comp. 

Neurol.  492:145-177. 

Gaffan D, Murray EA and Fabre-Thorpe M (1993).  Interaction of the amygdala with the 

frontal lobe in reward memory.  Eur. J. Neurosci.  5:968-975. 

Gaffan D and Parker A (2000).  Mediodorsal thalamic function in scene memory in rhesus 

monkeys.  Brain.  123:816-827. 

Gaffan D and Watkins S (1991).  Mediodorsal thalamic lesions impair long-term visual 

associative memory in macaques.  Eur. J. Neurosci.  3:615-620. 

Garry MG, Richardson JD and Hargreaves KM (1994).  Sodium nitroprusside evokes the 

release of immunoreactive calcitonin gene related peptide and substance P from dorsal 

horn slices via nitric oxide-dependent and nitric oxide-independent mechanisms.  J. 

Neurosci.  14:4329-4337. 

Garthwaite J (1991).  Glutamate, nitric oxide and cell-cell signalling in the nervous system.  

Trends Neurosci.  14:60-67. 

Garthwaite J and Boulton CL (1995). Nitric oxide signalling in the central nervous system.  

Annu. Rev. Physiol. 57:683-706. 

Gauriau C and Bernard J-F (2004).  A comparative reappraisal of projections from the 

superficial laminae of the dorsal horn in the rat: the forebrain.  J. Comp. Neurol.  

468:24-56. 

Gebhart GF and Ossipov MH (1986).  Characterisation of inhibition of the spinal 

nociceptive tail-flick reflex in the rat from the medullary lateral reticular nucleus.  J. 

Neurosci.  6:701-713. 



 
211 

 
 

 
 

Gibson SJ, Polak JM, Bloom SR and Wall PD (1981).  The distribution of nine peptides in 

rat spinal cord with special emphasis on the substantia gelatinosa and on the area 

around the central canal (lamina X).  J. Comp. Neurol.  201:65-79.         

Giesler GJ Jr and Elde RP (1985).  Immunocytochemical studies of the peptidergic content 

of fibres and terminals within the lateral spinal and lateral cervical nuclei.  J. Neurosci.  

5:1833-1841. 

Giesler GJ, Urca G, Cannon JT and Liebeskind JC (1979).  Response properties of neurons 

of the lateral cervical nucleus in the rat.  J. Comp. Neurol.  186:65-78.  

Gramsch C, Hollt V, Mehraein P, Pasi A and Herz A (1979).  Regional distribution of 

methionine-enkephalin and beta-endorphin-like immunoreactivity in human brain and 

pituitary.  Brain Res.  171:261-270. 

Granum SL (1986).  The spinothalamic system of the rat.  I.  Locations of cells of origin.  J. 

Comp. Neurol.  247:159-180. 

Gras C, Herzog E, Bellenchi GC, Bernard V, Ravasaard P, Pohl M, Gasnier B, Giros B and 

El Mestikawy S (2002).  A third vesicular glutamate transporter expressed by 

cholinergic and serotoninergic neurons.  J. Neurosci.  22:5442-5451.  

Gray EG (1969).  Electron microscopy of excitatory and inhibitory synapses: a brief 

overview.  Prog. Brain Res.  31:141-155. 

Greenfield SA (1991).  A noncholinergic action of acetylcholinesterase (AChE) in the 

brain: from neuronal secretion to the generation of movement.  Cell Mol. Neurobiol.  

11:55-77. 

Groenewegen HJ, Berendse HW, Wolters JG and Lohman AH (1990).  The anatomical 

relationship of the prefrontal cortex with the striatopallidal system, the thalamus and the 

amygdala: evidence for a parallel organisation.  Prog. Brain Res.  85:95-116. 



 
212 

 
 

 
 

Gros C, Pradelles P, Humbert J, Dray F, Le Gal La Salle G and Ben-Ari Y (1978).  

Regional distribution of met-enkephalin within the amygdaloid complex and bed 

nucleus of the stria terminalis.  Neurosci. Lett.  10:193-196. 

Grudt TJ and Perl ER (2002).  Correlations between neuronal morphology and 

electrophysiological features in the rodent superficial dorsal horn.  J. Physiol. 540:189-

207. 

Guilbaud G, Peschanski M, Gautron M and Binder D (1980).  Neurons responding to 

noxious stimulation in VB complex and caudal adjacent regions in the thalamus of the 

rat.  Pain.  8:303-318. 

Gwyn DG and Waldron HA  (1968).  A nucleus in the dorsal lateral funiculus of the spinal 

cord of the rat.  Brain Res.  10:342-351. 

Gwyn DG and Waldron, HA (1969).  Observations on the morphology of a nucleus in the 

dorsolateral funiculus of the spinal cord of the guinea-pig, rabbit, ferret and cat.  J. 

Comp. Neurol.  136:233-236. 

Hagihari S, Taenaka N and Yoshiya I (1997).  Inhalation anaesthetics suppress the 

expression of c-Fos protein evoked by noxious somatic stimulation in the deeper layer 

of the spinal cord in the rat.  Brain Res.  751:124-130. 

Han Z-S, Zhang E-T and Craig AD (1998).  Nociceptive and thermoreceptive lamina I 

neurons are anatomically distinct.  Nat. Neurosci.  1:218-225.   

Harmann PA, Carlton SM and Willis WD (1988).  Collaterals of spinothalamic tract cells 

to the periaqueductal grey: a fluorescent double-labelling study in the rat.  Brain Res.  

441:87-97. 

Harris JA (1998).  Using c-Fos as a neural marker of pain.  Brain Res. Bull.  45:1-8. 

Harrison NL and Simmonds MA (1985).  Quantitative studies on some antagonists of N-

methyl D-aspartate in slices of rat cerebral cortex.  Br. J. Pharmacol.  84:381-391. 



 
213 

 
 

 
 

Herbison AE, Simonian SX, Norris PJ and Emson PC (1996).  Relationship of neuronal 

nitric oxide immunoreactivity to GnRH neurons in the ovariectomised and intact female 

rat.  J. Neuroendocrin.  8:73-82. 

Herkenham M and Pert CB (1981).  Mosaic distribution of opiate receptors, parafascicular 

projections and acetylcholinesterase in rat striatum.  Nature.  291:415-418. 

Hillman P and Wall PD (1969).  Inhibitory and excitatory factors influencing the receptive 

fields of lamina V spinal cord cells.  Exp. Brain Res.  9:284-306. 

Hockfield S, Carlson S, Evans C, Levitt P, Pintar J and Siberstein L eds. (1993).  

Molecular probes of the nervous system vol 1.  Selected methods for antibody and 

nucleic acid probes.  Cold spring Harbor Laboratory Press, New York. 

Hoheisel U, Unger T and Mense S (2005).  The possible role of the NO-cGMP pathway in 

nociception: Different spinal and supraspinal action of enzyme blockers on rat dorsal 

horn neurons.  Pain.  358-367. 

Honda CN (1985).  Visceral and somatic efferent convergence onto neurons near the 

central canal in the sacral spinal cord of the cat.  J. Neurophysiol.  53:1059-1078. 

Honda CA and Lee CL (1985).  Immunohistochemistry of synaptic input and functional 

characterisation of neurons near the spinal central canal.  Brain Res.  343:120-128. 

Honda CN and Perl ER (1985).  Functional and morphological features of neurons in the 

midline region of the caudal spinal cord of the cat.  Brain Res.  340:285-295. 

Hong JS, Yang HYT and Costa E (1977a).  On the location of methionine enkephalin 

neurons in rat striatum.  Neuropharmacol.  16:451-453. 

Hong JS, Yang HYT, Fratta W and Costa E (1977b).  Determination of methionine 

enkephalin in discrete regions of rat brain.  Brain Res.  134:383-386. 

Hu JW, Dostrovsky JO and Sessle BJ (1981).  Functional properties of neurons in cat 

trigeminal subnucleus caudalis (medullary dorsal horn).  I.  Response to oral-facial 



 
214 

 
 

 
 

noxious and non-noxious stimuli and projections to thalamus and subnucleus oralis.  J. 

Neurophysiol. 45:173-192. 

Hudson PM, Semenenko FM and Lumb BM (2000).  Inhibitory effects evoked from the 

rostral ventrolateral medulla are selective for the nociceptive responses of spinal dorsal 

horn neurons.  Neurosci.  99:541-547. 

Hunt SP, Pini A and Evan G (1987).  Induction of c-fos-like protein in spinal cord neurons 

following sensory stimulation.  Nature.  328: 632-634.    

Inoue S, Campfield LA and Bray GA (1977).  Comparison of metabolic alterations in 

hypothalamic and high fat diet-induced obesity.  Am. J. Physiol.  233:R162-168. 

Iwata K, Kenshalo Jr. DR, Dubner R and Nahin RL (1992).  Diencephalic projections from 

the superficial and deep laminae of the medullary dorsal horn in the rat.  J. Comp. 

Neurol.  321:404-420. 

Jansen ASP and Loewy AD (1997).  Neurons lying in the white matter of the upper 

cervical spinal cord project to the intermediolateral cell column.  Neurosci.  77:889-

898. 

Jansen ASP, Wessendorf MW and Loewy AD (1995).  Transneuronal labelling of CNS 

neuropeptides and monoamine neurons after pseudorabies virus injections into the 

stellate ganglion.  Brain Res.  683:1-24. 

Janss AJ and Gebhart GF (1987).  Spinal monoaminergic receptors mediate the anti-

nociception produced by glutamate in the medullary lateral reticular nucleus.  J. 

Neurosci.  7:2862-2873. 

Janss AJ and Gebhart GF (1988).  Quantitaive characterisation and spinal pathway 

mediating inhibition of spinal nociceptive transmission from the lateral reticular 

nucleus in the rat.  J Neurophysiol.  59:226-247. 



 
215 

 
 

 
 

Jasmin L, Gogas KR, Ahlgren SC, Levine JD and Basbaum AI (1994).  Walking evokes a 

distinctive pattern of Fos-like immunoreactivity in the caudal brainstem and spinal cord 

of the rat.  Neurosci.  58:275-286.    

Jensen TS and Yaksh TL (1984).  Spinal monoamine and opiate systems partly mediate the 

antinociceptive effects produced by glutamate at brainstem sites.  Brain Res.  321:287-

297. 

Jessel T, Iversen L and Cuello A (1978).  Capsaicin induced depletion of SP from primary 

sensory neurons.  Brain Res.  152:183-188.    

Jessell TM, Yoshioka K and Jahr CE (1986).  Amino acid receptor mediated transmission 

at primary afferent synapses in rat spinal cord.  J. Exp. Biol.  124:239-258. 

Jiang MC, Liu L and Gebhart GF (1999).  Cellular properties of lateral spinal nucleus 

neurons in the rat L6-S1 spinal cord.  J. Neurophysiol.  81:3078-3086. 

Jonas P, Bischofberger J and Sandkuhler J (1998).  Corelease of two fast neurotransmitters 

at a central synapse.  Science.  281:419-424. 

Jones AKP, Brown WD, Friston KJ, Li LY and Frackowiak RSJ (1991).  Cortical and 

subcortical localisation of response to pain in man using positron emission tomography.  

Proc. R. Soc. Lond. B. Biol. Sci.  244:39-44. 

Jones SL and Gebhart GF (1986a).  Characterisation of cuerulospinal inhibition of the 

nociceptive tail-flick in the rat: mediation by spinal a2-adrenoreceptors.  Brain Res.  

364:315-330. 

Jones SL and Gebhart GF (1986b).  Quantitative characterisation of cuerulospinal 

inhibition of nociceptive transmission in the rat.  J. Neurophysiol.  56:1397-1410. 

Jones EG and Leavitt RY (1974).  Retrograde axonal transport and the demonstration of 

non specific projections to the cerebral cortex and striatum from thalamic intralaminar 

nuclei in the rat, cat and monkey.  J. Comp. Neurol.  154:349-378. 



 
216 

 
 

 
 

Jordt SE, McKemy DD and Julius D (2003).  Lessons from peppers and peppermint: the 

molecular logic of thermosensation.  Current Opinion in Neurobiol.  13:487-492. 

Josephsen K, Smith CE and Nanci A (1999).  Selective but non-specific immunolabelling 

of enamel protein associated compartments by a monoclonal antibody against vimentin.  

J. Histochem. Cytochem.  47:1237-1246. 

Ju G, Hökfelt T, Brodin E, Fahrenkrug J, Fischer JA, Frey P, Elde RP and Brown JC 

(1987a).  Primary sensory neurons of the rat showing calcitonin gene-related peptide 

immunoreactivity and their relation to substance P, somatostatin, galanin, vasoactive 

intestinal polypeptide and cholecystokinin immunoreactive ganglion cells.  Cell Tissue 

Res.  247:417-431. 

Ju G, melander T, Ceccatelli S, Hökfelt T and Frey P (1987b).  Immunohistochemical 

evidence for a spinothalamic pathway co-containing cholecystokinin and galanin like 

immunoreactivities in the rat.  Neurosci.  20:439-456. 

Kamisaki Y., Nakamoto K., Wada K. and Itoh T. (1995) Nitric oxide regulates substance P 

release from rat spinal cord synaptosomes.  J. Neurochem.  65:2050-2056 

Kaneko T, Fujiyama F and Hioki H (2002).  Immunohistochemical localization of 

candidates for vesicular glutamate transporters in the rat brain.  J. Comp. Neurol.  

444:39-62.    

Kannan H, Niijima A and Yamashita H (1987).  Inhibition of renal sympathetic nerve 

activity by electrical stimulation of the hypothalamic paraventricular nucleus in 

anaesthetised rats.  J. Auton. Nerv. Syst.  21:83-86. 

Katter JT, Burstein R and Giesler Jr GJ (1991).  The cells of origin of the 

spinohypothalamic tract in rats.  J. Comp. Neurol.  303:101-112. 

Katter JT, Ddo RJ, Kostarczyk E and Giesler Jr. GJ (1996a).  Spinothalamic and 

spinohypothalamic tract neurons in the sacral spinal cord of rats.  I.  Locations of 



 
217 

 
 

 
 

antidromically identified axons in the cervical cord and diencephalon.  J. Neurophysiol.  

75:2581-2605. 

Katter JT, Ddo RJ, Kostarczyk E and Giesler Jr. GJ (1996b).  Spinothalamic and 

spinohypothalamic tract neurons in the sacral spinal cord of rats.  II.  Responses to 

cutaneous and visceral stimuli.  J. Neurophysiol.  75: 2606-2628. 

Kaufman EFS and Rosenquist AC (1985).  Efferent projections of the thalamic intralaminar 

nuclei in the cat.  Brain Res.  335:257-279. 

Kawabata AS, Manabe S, Manabe Y and Takagi (1994).  Effect of topical administration of 

L-arginine on formalin-induced nociception in the mouse: a dual role of peripherally 

formed NO in pain modulation.  Br. J. Pharmacol.  112:547-550. 

Kayalioglu G, Robertson B, Kristensson K and Grant G (1999).  Nitric oxide synthase and 

interferon-γ receptor immunoreactivities in relation to ascending spinal pathways to 

thalamus, hypothalamus, and the periaqueductal grey in the rat.  Somatosensory and 

Motor Res.16:280-290. 

Keller AF, Coull JA, Chery N, Poisbeau P and De Koninck Y (2001).  Region-specific 

developmental specialization of GABA-glycine co-synapses in laminas I-II of the rat 

spinal dorsal horn.  J. Neurosci.  21:7871-78803. 

Kevetter GA and Willis WD (1982).  Spinothalamic cells in the rat lumbar cord with 

collaterals to the medullary reticular formation.  Brain Res.  238:181-185. 

Kincaid AE, Penney Jr. JB, Young AB and Newman SW (1991).  The globus pallidus 

receives a projection from the parafascicular nucleus in the rat.  Brain Res.  553:18-26. 

Kitto KF, Haley JE and Wilcox GL (1992).  Involvement of nitric oxide in spinally 

mediated hyperalgesia in the mouse.  Neurosci. Lett.  148:1-5. 

Klop EM, Mouton LJ and Holstege G (2004).  How many spinothalamic tract cells are 

there?  A retrograde tracing study in the cat.  Neurosci. Lett.  360:121-124. 



 
218 

 
 

 
 

Kostarczyk E, Zhang X and Giesler Jr. GJ (1997).  Spinohypothalamic tract neurons in the 

cervical enlargement of rats: locations of antidromically identified ascending axons and 

their collateral branches in the contralateral brain.  J. Neurophysiol.  77: 435-451. 

Krettek JE and Price JL (1977).  The cortical projections of the mediodorsal nucleus and 

adjacent thalamic nuclei in the rat.  J. Comp. Neurol.  171:157-192. 

Kuraishi Y, Hirota N, Sato Y, Hino Y, Satoh M and Takagi H (1985).  Evidence that 

substance P and somatostatin transmit separate information related to pain in the spinal 

dorsal horn.  Brain Res.  325:294-298. 

Laing AC, Todd CW, Heizmann HHHW and Schmidt NK (1994).  Subpopulation of 

GABAergic neurons in laminae I – III of rat spinal dorsal horn defined by coexistence 

with classical transmitters, peptides, nitric oxide synthase or parvalbumin.  Neurosci.  

61:123-132. 

Lam HHD, Hanley DF, Trapp BD, Saito S, Raja S, Dawson TM and Yamaguchi H (1996).  

Induction of spinal cord neuronal nitric oxide synthase (NOS) after formalin injection 

in the rat hind paw.  Neurosci. Lett.  210:201-204. 

LaMotte CC, Snowman A, Pert CB and Snyder SH (1978).  Opiate receptor binding in 

rhesus monkey brain: association with limbic structures.  Brain Res.  155:374-379. 

Lantéri-Minet M, De Pommery J, Herdegen T, Weil-fugazza J, Bravo R and Menétrey D 

(1993).  Differential time course and spatial expression of Fos, Jun, and Krox-24 

proteins in spinal cord of rats undergoing subacute or chronic somatic inflammation.  J. 

Comp. Neurol.  333:223-235. 

Larabi Y, Berger B, Besson JM, Lombard MC and Gay M (1983).  Substance P in the 

dorsal horns of partially deafferented rats.  In Advances in pain research and therapy, 

Bonica JJ, Lindblom U and Iggo A., eds., Vol. 5, pp277-282., Raven Press, New York. 



 
219 

 
 

 
 

Lawson SN, Crepps BA and Perl ER (1997).  Relationship to substance P to afferent 

characteristics of dorsal root ganglion neurons in guinea-pig.  J. Physiol.  505:177-191. 

Leah J, Menétrey D and De-Pommery J.  (1988).  Neuropeptides in long ascending spinal 

tract cells in the rat: evidence for parallel processing of ascending information.  

Neuroscience.  24:195-207. 

Lee JH, Wilcox GL & Beitz AJ (1992).  Nitric oxide mediates Fos expression in the spinal 

cord induced by mechanical noxious stimulation. Neuroreport.   3:841-844. 

Le Gros Clark WE (1932a).  The structure and connections of the thalamus.  Brain.  

55:406-470. 

Le Gros Clark WE (1932b).  An experimental study of thalamic connections in the rat.  

Philos. Trans. R. Soc. London [Biol].  221:1-28. 

Levine MS, Schneider JS, Lloyd RL, Hull CD and Buchwald NA (1987).  Ageing reduces 

somatosensory responsiveness of caudate neurons in the awake cat.  Brain Res.  

405:389-394. 

Li J-L, Fujiyama F, Kaneko T and Mizuno N (2003).  Expression of vesicular glutamate 

transporters, VGLUT1 and VGLUT2, in axon terminals of nociceptive primary afferent 

fibres in the superficial layers of the medullary and spinal dorsal horns of the rat.  J. 

Comp. Neurol.  457:236-249. 

Li J-L, Kaneko T, Shigemoto R and Mizuno N (1997).  Distribution of 

trigeminohypothalamic and spinohypothalamic tract neurons displaying substance P 

receptor-like immunoreactivity in the rat.  J. Comp. Neurol.  378:508-521. 

Li JH, Wang YH, Wolfe BB, Krueger KE, Corsi L, Stocca G and Vicini S (1998).  

Developmental changes in localisation of NMDA receptor subunits in primary cultures 

of cortical neurons.  Eur. J. Neurosci.  10:1704-1715. 



 
220 

 
 

 
 

Lidsky TI, Robinson JH, Denaro FJ and Weinhold PM (1978).  Trigeminal influences of 

entopeduncular units.  141:227-234. 

Light AR and Durkovic RG (1984).  Features of laminar and somatotopic organisation of 

lumbar spinal cord units receiving cutaneous inputs from hindlimb receptive fields.  J. 

Neurophysiol.  52:449-458. 

Light AR and Perl ER (1979).  Spinal termination of functionally identified primary 

afferent neurons with slowly conducting myelinated fibres.  J. Comp. Neurol.  186:133-

150. 

Lima D and Avelino A (1994).  Spinal c-Fos expression is differentially induced by brief or 

persistent noxious stimulation.  Neuroreport.  5:1853-1856. 

Lima D, Avelino A and Coimbra A (1993).  Differential activation of c-Fos in spinal 

neurons by distinct classes of noxious stimuli.  Pain.  4:747-750. 

Lima D and Coimbra A (1988).  The spinothalamic system of the rat: structural types of 

retrogradely labelled neurons in the marginal zone (lamina I).  Neurosci.  27: 215-230. 

Lin Q, Palecek J, Palecková V, Peng YB, Wu J, Cui ML & Willis WD (1999).  Nitric oxide 

mediates the central sensitization of primate spinothalamic tract neurons. 

J.Neurophysiol.  81:1075-1085. 

Lin MT, Uang WN and Chan HK (1985).  Both thermal and nociceptive afferents influence 

the unit activity of the neurons in the corpus striatum.  Experientia Basel.  41:120-122. 

Ling L-J, Honda T, Shimada Y, Ozaki N, Shiraishi Y and Sgiura Y (2003).  Central 

projection of unmyelinated C primary afferent fibres from gastrocnemius muscle in the 

guinea pig.  J. Comp. Neurol.  461:140-150. 

Littlewood NK, Todd AJ, Spike RC, Watt C and Shehab SAS (1995).  The types of neuron 

in spinal dorsal horn which possess neurokinin-1 receptors.  Neurosci.  66:597-608. 



 
221 

 
 

 
 

Liu H, Brown JL, Jasmin L, Maggio JE, Vigna SR, Mantyh PW and Basbaum AI (1994).  

Synaptic relationship between substance P and the substance P receptor: light and 

electron microscopic characterisation of the mismatch between neuropeptides and their 

receptors.  Proc. Natl. Acad. Sci. USA.  91:1009-1013. 

Liu RH and Zhao ZQ (1992).  Selective blockade by yohimbine of descending spinal 

inhibition from lateral reticular nucleus but not from locus coeruleus in rats.  Brain Res.  

142:65-68. 

Ljungdahl A, Hökfelt T and Nilsson G (1978).  Distribution of substance P-like 

immunoreactivity in the central nervous system of the rat. I. Cell bodies and nerve 

terminals.  Neurosci.  3:861-943.   

Llewellyn-Smith IJ and Minson B (1992).  Complete penetration of antibodies into 

vibratome sections after gluteraldehyde fixation and ethanol treatment: light and 

electron microscopy for neuropeptides.  J. Histochem. Cytochem.  40:1741-1749. 

Loewy AD (1991).  Forebrain nuclei involved in autonomic control.  Prog. Brain Res.  

87:253-268. 

Lund, RD and Webster, KE (1967).  Thalamic afferents from the spinal cord and trigeminal 

nuclei.  J. Comp. Neurol.  130:313-328. 

Mackie M, Hughes DI, Maxwell DJ, Tillakaratne NJK and Todd AJ (2003).  Distribution 

and co-localisation of glutamate decarboxylase isoforms in the rat spinal cord.  

Neuropharm.  119:461-472. 

Malick A, Strassman AM and Burstein R (2000).  Trigeminohypothalamic and 

reticulohypothalamic tract neurons in the upper cervical spinal cord and caudal medulla 

of the rat.  J. Neurophysiol.  84: 2078-2112. 

Malmberg A, Chen C, Tonegawa S and Basbaum AI (1997).  Preserved acute pain and 

reduced neuropathic pain in mice lacking PKC-γ.  Science.  278:279-283. 



 
222 

 
 

 
 

Malmberg AB and Yaksh TL (1993).  Spinal nitric oxide synthesis inhibition  blocks 

NMDA-induced thermal hyperalgesia and produces anti-nociception in the formalin 

test in rats.  Pain.  54:291-300. 

Manetto C and Lidsky TI (1989).  The effects of movement on caudate sensory responses.  

Neurosci. Lett.  96:295-299. 

Mantyh PW, DeMaster E, Malhotra A, Ghilardi JR, Rogers SD, Mantyh CR, Liu H, 

Basbaum AI, Vigna SR, Maggio JE and Simone JE (1995).  Receptor endocytosis and 

reshaping of spinal neurons after somatosensory stimulation.  Science.  268:1629-1632. 

Mao J, Price DD, Mayer DJ and Hayes RL (1992).  Pain related increase in spinal cord 

membrane bound protein kinase C following peripheral nerve injury.  Brain Res.  

588:144-149. 

Marshall GE, Shehab SAS, Spike RC and Todd AJ (1996).  Neurokinin-1 receptors on 

lumbar spinothalamic neurons in the rat.  Neuroscience.  72:255-263. 

Martin DL and Tobin AJ (2000). Mechanisms controlling GABA synthesis and 

degradation in the brain. In: GABA in the Nervous System: The View at Fifty Years, 

Martin, DL and Olsen RW., eds., pp. 25–41 Lippincott, Williams & Wilkins, 

Philadelphia. 

Masson RL, Sparkes ML and Ritz LA (1991).  Descending projections to the rat 

sacrocaudal spinal cord.  J. Comp. Neurol.  307:120-130. 

Mathur BN and Deutch AY (2008).  Rat meningeal and brain microvasculature pericytes 

co-express the vesicular glutamate transporters 2 and 3.  Neurosci. Lett.  435:90-94. 

McCarson KE and Goldstein BD (1991).  Release of substance P into the superficial dorsal 

horn following nociceptive activation of the hindpaw of the rat.  Brain Res.   568:109-

115. 



 
223 

 
 

 
 

McCurrin DM and Bassert JM (2002).  Clinical textbook for veterinary technicians, 5th ed. 

Saunders, Philadelphia, PA. 

McFarland NR and Haber SN (2002).  Thalamic relay nuclei of the basal ganglia form both 

reciprocal and nonreciprocal cortical connections, linking multiple frontal cortical 

areas.  J. Neurosci.  22:8117-8132. 

McLaughlin BJ, Barber R, Saito K, Roberts E and Wu J-Y (1975).  Immunocytochemical 

localisation of glutamate decarboxylase in rat spinal cord.  J. Comp. Neurol.  164:305-

322. 

Mehler WR,  Feferman  ME and Nauta WJH (1960).   Ascending axon degeneration   

following anterolateral cordotomy.  An experimental study in the monkey.  Brain.  83: 

718-750. 

Meller ST & Gebhart GF (1993).  Nitric oxide (NO) and nociceptive processing in the 

spinal cord.  Pain.  52:127-136. 

Meller ST, Pechman PS, Gebhart GF and Maves TJ (1992).  Nitric oxide mediates the 

thermal hyperalgesia produced in a model of neuropathic pain in the rat.  Neurosci.  

50:7-10. 

Menétrey D and Basbaum AI (1987).  Spinal and trigeminal projections to the nucleus of 

the solitary tract: a possible substrate for somatovisceral and viscerovisceral reflex 

activation.  J. Comp. Neurol.  255:439-450. 

Menétrey D and Besson J-M (1981).  Electrophysiology and location of dorsal horn 

neurons in the rat, including cells at the origin of the spinoreticular and spinothalamic 

tracts.  In: Spinal cord sensation, Brown A, Rethelyi M, eds., pp179-188.  Scottish 

Academic Press, Edinburgh. 



 
224 

 
 

 
 

Menétrey D, Chaough A and Besson JM (1980).  Location and properties of dorsal horn 

neurons at origin of spinoreticular tract in lumbar enlargement of the rat.  J. 

Neurophysiol.  44:862-877. 

Menétrey D, Chaough A, Binder D and Besson JM (1982). The origin of the 

spinomesencephalic tract in the rat:  An anatomical study using the retrograde transport 

of horseradish peroxidase.  J. Comp. Neurol.  206:193-207. 

Menétrey D and De Pommery J (1991).  Origins of ascending pathways that reach central 

areas involved in visceroception and visceronociception in the rat.  Eur. J. Neurosci.  

3:249-259. 

Menétrey D, De Pommery J and Roudier F (1984).  Properties of deep spinothalamic tract 

cells in the rat, with special reference to ventral-medial zone of lumbar dorsal horn.  J. 

Neurophysiol.  52:612-624. 

Menétrey D, Gannon A, Levine JD and Basbaum AI (1989).  Expression of c-fos protein in 

interneurons and projection neurons of the rat spinal cord in response to noxious, 

somatic, articular and visceral stimulation.  J. Comp. Neurol.  285:177-195.    

Menétrey D, Giesler Jr. GJ and Besson JM (1977).  An analysis of response properties of 

spinal dorsal horn neurons to non-noxious and noxious stimuli in the rat.  Exp. Brain 

Res.  27:15-33.   

Mense S and Praghakar (1986).  Spinal termination of nociceptive afferent fibres from deep 

tissues in the cat.  Neurosci. Lett.  66:169-174. 

Mercier BE, Legg CR and Glickstein M (1990).  Basal ganglia and cerebellum receive 

different somatosensory information in rats.  Proc. Natl. Acad. Sci. USA.  87:4388-

4392. 



 
225 

 
 

 
 

Milam KM, Stern JS, Storlein LH and Keesey RE (1980).  Effect of lateral hypothalamic 

lesions on regulation of body weight and adiposity in rats.  Am. J. Physiol.  239:R337-

343. 

Mitchell AS, Baxter MG and Gaffan D (2007).  Dissociable performance on scene learning 

and strategy implementation after lesions to magnocellular mediodorsal thalamic 

nucleus.  J. Neurosci.  27:11888-11895. 

Mitchell AS and Gaffan (2008).  The magnocellular mediodorsal thalamus is necessary for 

memory acquisition, but not retrieval.  J Neurosci.  28:258-263. 

Moechars D, Weston MC, Leo S, Callaerts-Vegh Z, Goris I, Daneels G, Buist A, Cik M, 

van der Spek P, Kass S, Meert T, Hooge RD, Rosenmund C and Hampson RM (2006).  

Vesicular glutamate transporter VGLUT2 expression levels control quantal size and 

neuropathic pain.  J. Neurosci.  26:12055-12066. 

Molander C and Grant G (1985).  Cutaneous projections from the rat hindlimb foot to the 

substantia gelatinosa of the spinal cord studied by transganglionic transport of WGA-

HRP conjugate.  J. Comp. Neurol.  237:476-484. 

Molander C and Grant G (1986).  Laminar distribution and somatotopic organization of 

primary afferent fibres from hindlimb nerves in the dorsal horn.  A study by 

transganglionic transport of horseradish peroxidase in the rat.  Neurosci.  19:297-312. 

Morgan DR, Cohen JL and Curran T (1987).  Mapping patterns of c-Fos expression in the 

central nervous system after seizure.  Science.  237:192-197. 

Morgan JI and Curran T (1989).  Stimulus transcription coupling in neurons: role of 

cellular immediate early genes.  Trends Neurosci.  12:459-462. 

Morgan JI and Curran T (1991).  Stimulus transcription coupling in the nervous system: 

involvement of the inducible proto-oncogenes fos and jun.  Annu. Rev. Neurosci.  

14:421-451. 



 
226 

 
 

 
 

Morin F and Catalano JV (1955).  Central connections of a cervical nucleus (nucleus 

cervicalis lateralis of the cat).  J. Comp. Neurol.  103:17-32.    

Morton CR, Johnson SM and Duggan AW (1983).  Lateral reticular regions and the 

descending control of dorsal horn neurons of the cat: selective inhibition by electrical 

stimulation.  Brain Res.  275:13-21. 

Mouton LJ and Holstege G (1994).  The periaqueductal grey in the cat projects to lamina 

VIII and the medial part of lamina VII throughout the length of the spinal cord.  Exp. 

Brain Res.  101:253-264. 

Mullen RJ, Buck CR and Smith AM (1992).  NeuN, a neuronal specific unclear protein in 

vertebrates.  Development.  116:201-211. 

Nadelhaft I and Booth AM (1984).  The location and morphology of preganglionic neurons 

in the distribution of visceral afferents from the rat pelvic nerve: a horseradish 

peroxidase study.  J. Comp. Neurol. 226:238-245. 

Nahin RL, Madsen AM and Giesler GJ (1983).  Anatomical and physiological studies of 

the grey matter surrounding the spinal cord central canal.  J. Comp. Neurol.  220:321-

335. 

Naim M, Spike RC, Watt C, Shehab AS and Todd AJ (1997).  Cells in laminae III and IV 

of the rat spinal cord that possess the neurokinin-1 receptor and have dorsally directed 

dendrites receive a major synaptic input from tachykinin containing primary afferents.  

J. Neurosci.  17(14):5536-5548. 

Nakano K (2000).  Neural circuits and topographic organisation of the basal ganglia and 

related regions.  Brain Dev. Suppl.  22:S5-S16. 

Nakaya Y, Kaneko T, Shigemoto R, Nakanishi S and Mizuno N (1994).  

Immunohistochemical localization of substance P receptor in the central nervous 

system of the adult rat.  J. Comp. Neurol.  347:249-274. 



 
227 

 
 

 
 

Nazli M and Morris R (2000).  Comparison of localisation of the neurokinin 1 receptor and 

nitric oxide synthase with calbindin D labelling in the rat spinal cord.  Anat. Histol. 

Embryol. 29:141-143. 

Neafsey EJ, Hurley-Gius KM and Arvanitis D (1986).  The topographical organization of 

neurons in the rat medial, frontal, insular and olfactory cortex projecting to the solitary 

nucleus, olfactory bulb, periaqueductal grey and superior colliculus.  Brain Res.  

377:261-271. 

Neafsey EJ, Terreberry RR, Hurley KM, Ruit KG, Frysztak RJ (1993).  Anterior cingulated 

cortex in rodents: connections, visceral control functions, and implications for 

emotions.  In: Vogt BA, Gabriel M, editors.  Neurobiology of cingulated cortex and 

limbic thalamus: a comprehensive handbook.  p206-223. Birkhauser, Boston. 

Ness TJ, Follett KA, Piper J and Dirks BA (1998).  Characterisation of neurons in the area 

of the medullary lateral reticular nucleus responsive to noxious visceral and cutaneous 

stimuli.  Brain Res.  802:163-174. 

Ness TJ and Gebhart GF (1987).  Quantitative comparison of inhibition of visceral and 

cutaneous spinal nociceptive transmission from the midbrain and medulla in the rat.  J. 

Neurophysiol.  58:850-865. 

Ness TJ and Gebhart GF (1988).  Colorectal distension as a noxious visceral stimulus: 

physiologic and pharmacologic characterisation of pseudoaffective reflexes in the rat.  

Brain Res.  450:153-169. 

Neuhuber W (1982).  The central projections of visceral primary afferent neurons of the 

inferior mesenteric plexus and hypogastric nerve and the location of related sensory and 

preganglionic sympathetic cell bodies in the rat.  Anat. Embryol.  164:413-425. 



 
228 

 
 

 
 

Neuhuber WL, Sandoz PA and Fryscak T (1986).  The central projections of primary 

afferent neurons of greater splanchnic and intercostal nerves in the rat.  A horseradish 

peroxidise study.  Anat. Embryol.  164:413-425. 

Newman HM, Stevens RT and Apkarian AV (1996).  Direct spinal projections to limbic 

and striatal areas: anterograde transport studies from the upper cervical spinal cord and 

the cervical enlargement in squirrel monkey and rat.  J. Comp. Neurol.  365:640-658. 

Ni B, Wu X, Yan G-M, Wang J and Paul SM (1995).  Regional expression and cellular 

localisation of the Na+ dependent inorganic phosphate co-transporter of rat brain.  J. 

Neurosci.  15:5789-5799. 

Nicholas AP, Zhang X and Hökfelt T (1999).  An immunohistochemical investigation of 

the opioid cell column in lamina X of the male rat lumbosacral spinal cord.  Neurosci. 

Lett.  270:9-12. 

Niijima A, Rohner-Jeanrenaud F and Jean-Renaud B (1984).  Role of ventromedial 

hypothalamus on sympathetic efferents of brown adipose tissue. 

Nishizuka Y (1984a).  The role of protein kinase C in cell surface signal transduction and 

tumour promotion.  Nature.  308:693-698. 

Nishizuka Y (1984b).  Turnover of inositol phospholipids and signal transduction.  Science.  

255:1365-1370. 

Nishizuka Y (1986).  Studies and perspectives of protein kinase C.  Science.  233:305-312. 

Ogawa T, Kanazawa I and Kimura S (1985).  Regional distribution of substance P, 

neurokinin α and neurokinin β in rat spinal cord, nerve roots and dorsal root gamglia 

and the effects of dorsal root section or spinal transection.  Brain Res.  359:152-157. 

Olave MJ and Maxwell DJ (2004).  Axon terminals possessing α2c-adrenergic receptors 

densely innervate neurons in the rat lateral spinal nucleus which respond to noxious 

stimulation.  Neurosci.  126:391-403. 



 
229 

 
 

 
 

Osada S-I, Mizuno K, Saido TC, Suzuki K, Kuroki T and Ohno S (1992).  A new member 

of the protein kinase C family, nPKCθ, predominantly expressed in skeletal muscle.  

Mol. Cell Biol.  12:3930-3938. 

Osborne MG and Coderre TJ (1999).  Effects of intrathecal administration of nitric oxide 

synthase inhibitors on carrageenan-induced thermal hyperalgesia.  Br J Pharmacol.  

126:1840-1846. 

Paleček, J, Palečková V, Dougherty PM and Willis WD (1994).  The effect of phorbol 

esters on the responses of primate spinothalamic neurons to mechanical and thermal 

stimuli.  J. Neruophysiol.  71:529-537. 

Palestini M, Mariotti M, Velasco JM, Formenti A and Mancia M (1987).  Medialis dorsalis 

thalamic unitary response to tooth pulp stimulation and its conditioning by brainstem 

and limbic activation.  Neurosci. Lett.  78:161-165. 

Parker A, Eacott MJ and Gaffan D (1997).  The recognition memory deficit caused by 

mediodorsal thalamic lesion in non-human primates: a comparison with rhinal cortex 

lesion.  Eur. J. Neurosci.  9:2423-2431. 

Parker A and Gaffan D (1998).  Interaction of frontal and perirhinal cortices in visual 

object recognition memory in monkeys.  Eur. J. Neurosci.  10:3044-3057. 

Paxinos G and Watson C (1997).  The rat brain in stereotaxic coordinates.   Academic 

Press, New York 

Pechura CM and Liu RPC.  (1986). Spinal neurons which project to the periaqueductal 

gray and the medullary reticular formation via axon collaterals: a double-label 

fluorescence study in the rat.  Brain Res.  374:357-361. 

Peschanski M (1984).  Trigeminal afferents to the diencephalons in the rat.  Neurosci.  

12:465-487. 



 
230 

 
 

 
 

Peschanski M, Guilbaud G, Gautron M and Besson JM (1980).  Encoding of noxious heat 

messages in neurons of the ventrobasal thalamic complex of the rat.  Brain Res.  

197:401-413. 

Petkó M and Antal M (2000).  Propriospinal afferent and efferent connections of the lateral 

and medial areas of the dorsal horn (laminae I-IV) in the rat lumbar spinal cord.  J. 

Comp. Neurol.  422:312-325. 

Petrusz P, Sar M, Ordronneau P and DiMeo P (1976).  Specificity in immunocytochemical 

staining.  J. Histochem. Cytochem.  24:1110-1112. 

Pickel VM, Sumal KK, Beckley SC, Miller RJ and Reis DJ (1980).  Immunocytochemical 

localisation of enkephalin in the neostriatum of rat brain: a light and electron 

microscopic study.  J. Comp. Neurol.  189:721-740. 

Polgár E, Campbell AD, MacIntyre LM, Watanabe M and Todd AJ (2007).  

Phosphorylation of ERK in neurokinin 1 receptor expressing neurons in laminae III and 

IV of the rat spinal dorsal horn following noxious stimulation.  Mol. Pain.  3:4. 

Polgár E, Fowler JH, McGill MM and Todd AJ (1999a).  The types of neuron which 

contain protein kinase C gamma in rat spinal cord.  Brain Res.  833:71-80. 

Polgár E, Shehab SAS, Watt C and Todd AJ (1999b).  GABAergic neurons that contain 

neuropeptide Y selectively target cells with the neurokinin 1 receptor in laminae III and 

IV of the rat spinal cord.  J. Neurosci.  19:2637-2646. 

Popratiloff A, Weinberg RJ and Rustioni (1996).  AMPA receptor subunits underlying 

terminals of fine calibre primary afferent fibres.  J.  Neurosci.  16:3363-3372. 

Popratiloff A, Weinberg RJ and Rustioni A (1998a).  AMPA receptors at primary afferent 

synapses in substantia gelatinosa after sciatic nerve section.  Eur. J. Neurosci.  10:3220-

3230. 



 
231 

 
 

 
 

Popratiloff A, Weinberg RJ and Rustioni A (1998b).  NMDAR1 and primary afferent 

terminals in the superficial spinal cord.  Neuroreport.  9:2423-2429. 

Presley RW, Menétrey D, Levine JD and Basbaum AI (1990).  Systemic morphine 

suppresses noxious stimulation-evoked fos protein-like immunoreactivity in the rat 

spinal cord.  J. Neurosci.  10:323-335. 

Price DD, Hayes RL, Ruda M and Dubner D (1978).  Spatial and temporal transformation 

of input to spinothalamic tract neurons and their relation to somatic sensations.  J. 

Neurophysiol.  41:933-947.    

Price JL (1995).  Thalamus.  In: Paxinos G, editor.  The rat nervous system, 2nd ed.  pp629-

648.  Academic Press, San Diego. 

Pubols LM and Goldberger ME (1980).  Recovery of function in dorsal horn following 

partial deafferentation. J. Neurophysiol.  43:102-117. 

Renshaw B (1946).  Central effects of centripetal impulses in axons of spinal ventral roots. 

J. Neurophysiol.  9:191-204. 

Réthelyi, M.  (2003).  Neurons of the lateral spinal nucleus in the rat spinal cord – a Golgi 

study.  Eur. J. Anat.  7(1):1-8. 

Rexed B (1951).  The nucleus cervicalis lateralis, a spino-cerebellar relay nucleus.  Acta 

Physiol. Scand., Suppl.  89:399-407.    

Rexed B. (1952).  The cytoarchitectonic organisation of the spinal cord in the cat.  J.  

Comp. Neurol.  96:414-495.   

Rexed B and Brodal A (1951).  The nucleus cervicalis lateralis.  A spinocerebellar relay 

nucleus.  J. Neurophysiol.  14:399-407.   

Richards CD and Taylor DCM (1982).  Electrophysiological evidence for a somatotopic 

sensory projection to the striatum of the rat.  Neurosci.  Lett.  30:235-240. 



 
232 

 
 

 
 

Roche AK, Cook M, Wilcox GL and Kajander KC (1996).  A nitric oxide synthase 

inhibitor (L-NAME) reduces licking behaviour and Fos labelling in the spinal cord of 

rats during formalin-induced inflammation.  Pain.  66:331-341. 

Ruscheweyh R, Goralczyk A, Wunderbaldinger G, Schober A & Sandkuhler J (2006). 

Possible sources and sites of action of the nitric oxide involved in synaptic plasticity at 

spinal lamina I projection neurons. Neuroscience. 141:977-988. 

Ruskin DN and Marshall JF (1997).  Differing influences of dopamine agonists and 

antagonists on Fos expression in identified populations of globus pallidus neurons.  

Neuroscience.  81:79-92. 

Sadikot AF, Parent A and Fancois C (1992a).  Efferent connections of the centromedian 

and parafascicular thalamic nuclei in the squirrel monkey: a PHA-L study of 

subcortical projections.  J. Comp. Neurol.  315:137-159. 

Sadikot AF, Parent A, Smith Y and Bolam JP (1992b).  Efferent connections of the 

centromedian and parafascicular thalamic nuclei in the squirrel monkey: a light and 

electron microscopic study of the thalamostriatal projection in relation to striatal 

heterogeneity.  J. Comp. Neurol.  320:228-242. 

Sagar SM, Sharp FR and Curran T (1988).  Expression of c-Fos protein in brain: metabolic 

mapping at the cellular level.  Science.  240:1328-1331. 

Saito M, Minokoshi Y and Shimazu T (1989).  Accelerated norepinephrine turnover in 

peripheral tissues after ventromedial hypothalamic stimulation in rats.  Brain Res.  

481:298-303. 

Sakata-Haga H, Kanemoto M, Maruyama D, Hoshi K, Mogi K Narita M, Okado N, Ikeda 

Y, Nogami H, Fukui Y, Kojima I Takeda J and Hisano S (2001).  Differential 

localization and co-localisation of two neuron types of sodium-dependent inorganic 

phosphate co-transporters in rat brain.  Brain Res. 902:143-155. 



 
233 

 
 

 
 

Salt TE and Hill RG. (1983).  Pharmacological differentiation between responses of rat 

medullary dorsal horn neurons to noxious mechanical and noxious thermal cutaneous 

stimuli.  Brain Res.  263:167-171. 

Sandkühler J (2000).  Learning and memory in pain pathways. Pain.  88:113-118. 

Saper CB (1995).  Central autonomic system.  In:  The rat nervous system.  Paxinos G ed., 

pp107-135.  Academic, New York. 

Sar M, Stumpf WE, Miller RJ, Chang K and Cautrecasas P (1978).  Immunohistochemical 

localisation of enkephalin in rat brain and spinal cord.  J. Comp. Neurol.  182:17-38. 

Sarter M and Markowitsch HJ (1983).  Convergence of basolateral amygdaloid and 

mediodorsal thalamic projections in different areas of the frontal cortex in the rat.  

Brain Res. Bull.  10:607-622. 

Sarter M and Markowitsch HJ (1984).  Collateral innervation of the medial and lateral 

prefrontal cortex by amygdaloid, thalamic, and brainstem neurons.  J. Comp. Neurol.  

224:445-460. 

Sasek CA, Seybold VS and Elde RF (1984).  The immunohistochemical localization of 

nine peptides in the sacral parasympathetic nucleus and the dorsal grey commissure in 

rat spinal cord.  Neuroscience 12:855–873. 

Satoh M, Oku R and Akaike A (1983).  Analgesia produced by microinjection of L-

glutamate into the rostral ventromedial bulbar nuclei of the rat and its inhibition by 

intrathecal α-adrenergic blocking agents.  Brain Res.  261:361-364. 

Schafer MK, Bette M, Romeo H, Schwaeble W and Weihe E (1994).  Localisation of 

kappa-opioid receptor mRNA in neuronal subpopulations of rat sensory ganglia and 

spinal cord.  Neurosci. Lett.  167:137-140. 



 
234 

 
 

 
 

Schafer MK, Varoqui H, Defamie N, Weihe E and Erickson JD (2002).  Molecular cloning 

and functional identification of mouse vesicular glutamate transporter 3 and its 

expression in subsets of novel excitatory neurons.  J. Biol. Chem.  277:50734-50748. 

Schmidt HHHW, Pollock JS, Nakane M, Gorsky LD, Förstermann U and Murad F (1991).  

Purification of a soluble isoform of guanylyl cyclase-activating-factor synthase.  Proc. 

Natl. Acad. Sci.  88:365-369. 

Schneider JS, Levine MS, Hull CD and Buchwald NA (1985).  Development of 

somatosensory responsiveness in the basal ganglia in the awake cats.  J. Neurophysiol.  

54:143-154. 

Schneider JS and Lidsky TI (1981).  Processing of somatosensory information in striatum 

of behaving cats.  J. Neurophysiol.  45:841-851. 

Schneider JS, Morse JR and Lidsky TI (1982).  Somatosensory properties of globus 

pallidus neurons in awake cats.  Exp. Brain res.  46:311-314. 

Schneider SP and Perl ER (1994).  Synaptic mediation from cutaneous mechanical 

nociceptors.  J. Neurophysiol.  72:612-621. 

Schoepp DD and Conn PJ (1993).  Metabotropic glutamate receptors in brain function and 

pathology.  Trends Pharmacol. Sci.  14:13-20. 

Schramm LP, Strack AM, Platt KB and Loewy AD (1993).  Peripheral and central 

pathways regulating the kidney: a study using pseudorabies virus.  Brain Res.  616:251-

262.    

Schulman S (1957).  Bilateral symmetrical degeneration of the thalamus: a clinico-

pathological study.  J Neuropathol. Exp. Neurol.  16:446-470. 

Schuster DP and Powers WJ eds. (2005).  Translational and experimental clinical 

research.  Lippincott Williams and Wilkins, Baltimore. 



 
235 

 
 

 
 

Schwartzman RJ and Kerrigan J (1990).  The movement disorder of reflex sympathetic 

dystrophy.  Neurology.  40:57-61. 

Semos ML and Headley PM (1994).  The role of nitric oxide in spinal nociceptive reflexes 

in rats with neurogenic and non-neurogenic peripheral inflammation.  Neuropharmacol.  

33:1487-1497. 

Senba E, Shiosaka Y, Hara S, Inagaki M, Sakanaka K, Takatsuki Y K and Tohyama M 

(1982).  Ontogeny of the peptidergic system in the rat spinal cord.  J. Comp. Neurol.  

208:54-66.    

Seybold V and Elde RP (1980).  Immunohistochemical studies of the peptidergic neurons 

in the dorsal horn of the spinal cord.  J. Histochem.  Cytochem.  28:367-370.   

Siegel A (2005).  The neurobiology of aggression and rage.  CRC Press , Boca Raton. 

Siegel A and Sapru HN (2006).  Essential Neuroscience.  Lippincott Williams and Wilkins, 

Baltimore.   

Sivilotti LG and Woolf CJ (1994).  The contribution of GABAA and glycine receptors to 

central sensitisation: disinhibition and touch evoked allodynia in the spinal cord.  J. 

Neurophysiol.  72:169. 

Sluka KA and Willis WD (1997).  The effects of G-protein and protein kinase inhibitors on 

the behavioural responses of rats to intradermal injection of capsaicin.  Pain.  71:165-

178. 

Snyder RL, Faull RL and Mehler WR (1978).  A comparative study of the neurons of 

origin of the spinocerebellar afferents in the rat, cat and squirrel monkey based on the 

retrograde transport of horseradish peroxidase.  J. Comp. Neurol.  15:833-852. 

Sonnenberg JL, Macgregor-Leon PF, Curran T and Morgan JI (1989).  Dynamic alterations 

occur in the levels and composition of transcription factor AP-1 complexes after 

seizure.  Neuron.  3:359-365. 



 
236 

 
 

 
 

Sotgiu ML (1986).  Effects of noxious stimuli on neurons of the lateral reticular nucleus 

region in rabbits.  Brain Res.  375:168-171. 

Soyguder Z, Schmidt HHHW and Morris R (1994).  Postnatal development of nitric oxide 

synthase type-1 expression in the lumbar spinal cord of the rat - a comparison with the 

induction of c-Fos in response to peripheral application of mustard oil.  Neuroscience 

Letters. 180:188-192. 

Spike RC, Puskar Z, Andrew D and Todd AJ (2003).  A quantitative and morphological 

study of projection neurons in lamina I of the rat lumbar spinal cord.  Eur. J. Neurosci.  

18:2433-2448. 

Spike RC, Todd AJ and Johnston HM (1993).  The coexistence of NADPH diaphorase with 

GABA, glycine and acetylcholine in rat spinal cord.  J. Comp. Neurol.  335:320-333. 

Sugiura Y, Lee CL and Perl ER (1986).  Central projections of identified unmyelinated (C) 

afferent fibres innervating mammalian skin.  Science.  234:358-361.  

Suzuki R, Morcuende S, Webber M, Hunt SP and Dickenson AH (2002).  Superficial NK-1 

expressing neurons control spinal excitability through activation of descending 

pathways.  5(12):1319-1326. 

Swaab DF, Pool CW and Van Leeuwen FW (1977).  Can specificity ever be proven in 

immunocytochemical staining?  J. Histochem. Cytochem.  25:388-390. 

Swett JE and Woolf CJ (1985).  The somatotopic organisation of primary afferent terminals 

in the superficial dorsal horn of the rat spinal cord.  J. Comp. Neurol.  231:66-77. 

Takai Y, Kishimoto A, Iwasa Y, Kawahara Y, Mori T and Nishizuka Y (1979).  Calcium-

dependent activation of a multifunctional protein kinase by membrane phospholipids.  

J. Biol. Chem.  254:3692-3695. 



 
237 

 
 

 
 

Takamori S, Rhee JS, Rosenmund C and Jahn R (2000).  Identification of a vesicular 

glutamate transporter that defines a glutamatergic phenotype in neurons.  Nature.  

407:189-194. 

Tasker RAR, Choinière M, Libman SM and Melzack R (1987).  Analgesia produced by 

injection of lidocaine into the lateral hypothalamus.  Pain.  31:237-248. 

Tavares I and Lima D (1994).  Descending projections from the caudal medulla oblongata 

to the superficial or deep dorsal horn of the rat spinal cord.  Exp. Brain Res.  99:455-

463. 

Tavares I and Lima D (2002). The caudal ventrolateral medulla as an important inhibitory 

modulator of pain transmission in the spinal cord.  The Journal of Pain.  3:337-346. 

Tavares I, Lima D and Coimbra A (1993).  Neurons in the superficial dorsal horn of the rat 

spinal cord projecting to the medullary ventrolateral reticular formation express c-fos 

after noxious stimulation of the skin.  Brain Res. 623:278-286. 

Tavares I, Lima D and Coimbra A (1996).  The ventrolateral medulla of the rat is 

connected with the spinal cord dorsal horn by an indirect descending pathway relayed 

in the A5 noradrenergic cell group.  J. Comp. Neurol.  374:84-95. 

Todd AJ (1991).  Evidence that acetylcholine and glycine exist in different populations of 

GABAergic neurons in lamina III of rat spinal cord.  Neuroscience.  44:741-746. 

Todd AJ (1996).  GABA and glycine in synaptic glomeruli of the rat spinal dorsal horn.  

Eur. J. Neurosci.  8:2492-2498. 

Todd AJ, Hughes DI, Polgár E, Nagy GG, Mackie M, Ottersen OP and Maxwell DJ (2003).  

The expression of vesicular glutamate transporters VGLUT1 and VGLUT2 in 

neurochemically defined axonal populations in the rat spinal cord with emphasis on the 

dorsal horn.  Eur. J. Neurosci.  17:13-27. 



 
238 

 
 

 
 

Todd AJ and Lewis SG (1986).  The morphology of Golgi- stained neurons in lamina II of 

the rat spinal cord.  J. Anat.  149:113-119. 

Todd AJ and Maxwell DJ (2000).  GABA in the mammalian spinal cord.  In: GABA in the 

nervous system: the view at fifty years, Martin DL, Olsen RW, eds., pp439-457.  

Lippincott, Williams & Wilkins.  Philadelphia, PA, USA.   

Todd AJ, McGill MM and Shehab SAS (2000).  Neurokinin 1 receptor expression by 

neurons in laminae I, III and IV of the rat spinal dorsal horn that project to the 

brainstem.  Eur. J. Neurosci.  12:680-700. 

Todd AJ, Puskár Z, Spike RC, Hughes C, Watt C and Forrest L (2002).  Projection neurons 

in lamina I of rat spinal cord with the neurokinin 1 receptor are selectively innervated 

by substance-P containing afferents and respond to noxious stimulation.  J. Neurosci.  

22(10):4103-4113. 

Todd AJ and Spike RC (1993).  The localization of classical transmitters and neuropeptides 

within neurons in laminae I-III of the mammalian spinal dorsal horn.  Prog. Neurobiol.  

41:609-646.    

Todd AJ, Spike RC, Brodbelt AR, Price RF and Shehab SAS (1994).  Some inhibitory 

neurons in the rat spinal cord develop c-fos-immunoreactivity after noxious stimulation.  

Neuroscience. 63:805-816. 

Todd AJ, Spike RC and Polgár E (1998).  A quantitative study of neurons which express 

neurokinin-1 and somatostatin sst2a receptor in rat spinal dorsal horn.  Neurosci.  

85:459-473. 

Todd AJ, Spike RC, Young S and Puskár Z (2005).  Fos induction in lamina I projection 

neurons in response to noxious thermal stimuli.  Neurosci.  131:209-217. 



 
239 

 
 

 
 

Todd AJ and Sullivan AC (1990).  A light microscope study of the coexistence of GABA-

like and glycine-like immunoreactivities in the spinal cord of the rat.  J. Comp. Neurol.  

296:496-505.   

Todd AJ, Watt C, Spike RC and Sieghart W (1996).  Co-localisation of GABA, glycine and 

their receptors at synapses in the rat spinal cord.  J. Neurosci.  16:974-982. 

Too HP and Maggio JE (1991).  Immunocytochemical localisation of neuromedin K 

(neurokinin B) in rat spinal ganglia and cord.  Peptides.  12:431-443. 

Trevino DL and Carstens E (1975).  Confirmation of the location of spinothalamic neurons 

in the cat and monkey by the retrograde transport of horseradish peroxidise.  Brain Res.  

98:177-182. 

Uchizono K (1965).  Characteristics of excitatory and inhibitory synapses in the central 

nervous system of the cat.  Nature.  207:642-643. 

Uyama N, Geerts A and Reynaert (2004).  Neural connections between the hypothalamus 

and the liver.  Anat. Rec.  280A:808-820. 

Valtschanoff JG, Phend KD, Weinberg RJ and Rustioni A (1994).  Amino acid 

immunocytochemistry of primary afferent terminals in the rat dorsal horn.  J. Comp. 

Neurol.  346:237-252. 

Valtschanoff JG, Weinberg RJ and Rustoni A (1992a) NADPH diaphorase in the spinal 

cord of rats.  J. Comp. Neurol. 321:209-222. 

Valtschanoff JG, Weinberg RJ, Rustioni A and Schmidt HHHW (1992b). Nitric oxide 

synthase and GABA co-localise in lamina II of rat spinal cord. Neurosci.Lett. 148:6-10. 

Van der Kooy D (1979).    The organisation of the thalamic, nigral and raphe cells 

projecting to the medial vs. lateral caudate putamen in rat.  A fluorescent retrograde 

double labelling study.  Brain Res.  169:381-387. 



 
240 

 
 

 
 

Varoqui H, Schäfer M K-H, Zhu H, Weilhe E and Erickson JD (2002).  Identification of 

the differentiation-associated Na+/PI transporter as a novel vesicular glutamate 

transporter expressed in a distinct set of glutamatergic synapses.  J. Neurosci. 

22(1):142-155. 

Veening JG, Cornelissen FM and Lieven PAJM (1980).  The topical organisation of the 

afferents to the caudatoputamen of the rat.  A horseradish peroxidase study.  Neurosci.  

5:1253-1268. 

Verberne AJM and Owens NC (1998).  Cortical modulation of the cardiovascular system.  

Prog.  Neurobiol.  54: 149-168. 

Vergnano AM, Ferrini F, Salio C, Lossi L, Baratta M and Merighi A (2008).  The 

gastrointestinal hormone ghrelin modulates inhibitory neurotransmission in deep 

laminae of mouse spinal cord dorsal horn.  Endocrinology.  149:2306-2312. 

Vigh, B., Manzano e Silva, M.J., Frank, C.L., Vincze, C., Czirok, S.J., Szabo, A., Lukats, 

A. and Szel, A.  (2004).  The system of cerebrospinal fluid-contacting neurons.  Its 

supposed role in the nonsynaptic signal transmission of the brain.  19(2):607-628. 

Vigna SR, Bowden JJ, McDonald DM, Fisher J, Okamoto A, McVey DC, Payan DG and 

Bunnett NW (1994).  Characterisation of antibodies to the rat substance P (NK-1) 

receptor and to a chimeric substance P receptor expressed in mammalian cells. J. 

Neurosci.  14:834-845. 

Vikman K, Robertson B, Grant G, Liljeborg Aand Kristensson K (1998).  Interferon-γ 

receptors are expressed at synapses in the rat superficial dorsal horn and lateral  spinal 

nucleus.  J. Neurocytol.  27:749-760. 

Wall PD (1953).  Cord cells responding to touch, damage, and temperature of skin. J. 

Physiol.  16:169-182. 



 
241 

 
 

 
 

Warden MK and Young WS (1988).  Distribution of cells containing mRNAs encoding 

substance P and neurokinin B in the rat central nervous system.  J. Comp. Neurol.  

272:90-113. 

Webster KE (1961).  Cortico-striate interrelations in the albino rat.  J. Anat.  95:532-544. 

Wessendorf W and Elde RP (1985).  Characterisation of ana immunofluorescence 

technique for the demonstration of coexisting neurotransmitters within nerve fibres and 

terminals.  J. Histochem. Cytochem.  33:984-994. 

Williams S, Pini A, Evans G and Hunt SP (1989).  Molecular events in the spinal cord 

following sensory stimulation in Processing of sensory information in the superficial 

dorsal horn of the spinal cord (eds., Cervero F, Bennett GJ and Headley PM), pp. 273-

283.  Plenum, New York. 

Williams S, Evans G and Hunt SP (1990a).  Spinal c-Fos induction by sensory stimulation 

in neonatal rats.  Neurosci. Lett. 109:309-314. 

Williams S, Evans GI and Hunt SP (1990b).  Changing patterns of c-Fos induction in spinal 

neurons following thermal cutaneous noxious stimulation in the rat.  Neurosci.  36:73-

81. 

Willingham MC (1999).  Conditional epitopes: is your antibody always specific?  J. 

Histochem. Cytochem.  47:1233-1236. 

Willis WD (1985).  The pain system: the neural basis of nociceptive transmission in the 

mammalian nervous system.  Karger, Basel. 

Willis WD (1989).  The origin and destination of pathways involved in pain transmission.  

In: Wall PD and Melzack., eds., pp112-127. Textbook of pain.  Churchill Livingstone, 

New York. 

Willis WD and Coggeshall RE (1991).  Sensory mechanisms of the spinal cord. 2nd edn.  

Plenum Press, New York. 



 
242 

 
 

 
 

Willis WD, Kenshalo DR and Leonard RB (1979).  The cells of origin of the primate 

spinothalamic tract.  J. Comp. Neurol.  188:543-574. 

Wisden W, Errington ML, Williams S, Dunnett SB, Waters C, Hitchcock D, Evan G, Bliss 

TVP and Hunt SP (1990).  Differential expression of immediate early genes in the 

hippocampus and spinal cord.  Neuron.  4:603-614. 

Workman BJ and Lumb BM (1997).  Inhibitory effects evoked from the anterior 

hypothalamus are selective for the nociceptive responses of dorsal horn neurons with 

high and low threshold inputs.  J. Neurophysiol.  77:2831-2835. 

Wu J, Fang L, Lin Q & Willis WD (2000).  Fos expression is induced by increased nitric 

oxide release in rat spinal cord dorsal horn.  Neuroscience.   96:351-357. 

Xu X-J, Hao J-X, Olsson T, Kristensson K, Van der Meide PH and Wiesenfeld-Hallin HZ 

(1994).  Intrathecal interferon-γ facilitates the spinal nociceptive flexor reflex in the rat.  

Neurosci. Letters.  182:263-236.    

Yaksh TL (1989).  Behavioural and autonomic correlates of the tactile evoked allodynia 

produced by spinal glycine inhibition effects of modulatory receptor systems and 

excitatory amino acid antagonists.  Pain.  32:111-123. 

Yashpal K, Pitcher GM, Parent A, Quirion R and Coderre TJ (1995).  Noxious thermal and 

chemical stimulation induce increases in 3H-phorbol 12,13-dibutyrate binding in spinal 

cord dorsal horn as well as persistent pain and hyperalgesia, which is reduced by 

inhibition of protein kinase C.  J. Neurosci.  15:3263-3272. 

Ygge J and Grant G (1983).  The organisation of the thoracic spinal nerve projection in the 

rat dorsal horn demonstrated with transganglionic transport of horseradish peroxidise.  

J. Comp. Neurol.  216:1-9. 

Yi DK and Barr GA (1996).  The suppression of formalin-induced fos expression by 

different anaesthetic agents in the infant rat.  Dev. Psychobiol.  29:497-506. 



 
243 

 
 

 
 

Yonehara N, Takemura M, Yoshimura M, Iwase K, Seo HG, Taniguchi N and Shigenaga Y 

(1997).  Nitric oxide in the rat spinal cord in Freund’s adjuvant-induced hyperalgesia.  

Jpn J Pharmacol.  75:327-335. 

Yoshida A, Dostrovsky JO, Sessle BJ and Chiang CY (1991).  Trigeminal projections to 

the nucleus submedius of the thalamus in the rat.  J. Comp. Neurol.  307:609-625. 

Yoshimatsu H, Niijima A, Oomura Y, Yamabe K and Katafuchi T (1984).  Effects of 

hypothalamic lesion on pancreatic autonomic nerve activity in the rat.  Brain Res.  

303:147-152. 

Yu XY, Ribeiro-da-Silva and De Koninck Y (2005).  Morphology and neurokinin 1 

receptor expression of spinothalamic lamina I neurons in the rat spinal cord.  J. Comp. 

Neurol.  491:56-68. 

Zafra F, Aragón C, Olivares L, Danbolt NC, Giménez C and Stormmathisen J (1995).  

Glycine transporters are differentially expressed among CNS cells.  J. Neurosci.  

15:3952-3969.  

Zhang ET and Craig AD (1997).  Morphology and distribution of spinothalamic lamina I 

neurons in the monkey.  J. Neurosci.  17:3274-3284. 

Zhang ET, Han ZS and Craig AD (1996).  Morphological classes of spinothalamic lamina I 

neurons in the cat.  J. Comp. Neurol.  367:537-549. 

Zhang X, Wenk HN, Gokin AP, Honda CN and Giesler Jr. GJ (1999).  Physiological 

studies of spinohypothalamic tract neurons in the lumbar enlargement of monkeys.  J. 

Neurophysiol.  82: 1054-1058. 

Zhang X, Gokin AP and Giesler Jr. GJ (2002).  Responses of spinohypothalamic tract 

neurons in the thoracic spinal cord of rats to somatic stimuli and to graded distension of 

the bile duct.  Somatosensory and Motor Res.  19:5-17. 



 
244 

 
 

 
 

Zola-Morgan S and Squire LR (1985).  Amnesia in monkeys after lesions of the 

mediodorsal nucleus of the thalamus.  Ann Neurol.  17:558-566. 



 
245 

 
 

 
 



 
246 

 
 

 
 



 
247 

 
 

 
 



 
248 

 
 

 
 



 
249 

 
 

 
 

 



 
250 

 
 

 
 



 
251 

 
 

 
 



 
252 

 
 

 
 



 
253 

 
 

 
 



 
254 

 
 

 
 



 
255 

 
 

 
 

 


