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Abstract

Primary sensory neurones are a heterogeneous group of cells, highly specialised 

to transduce environmental stimuli and transmit the resulting information centrally. This 

information is carried by two types o f fibres: C-fibres which are associated with small 

cell bodies in the dorsal root ganglia and possess unmyelinated axons; and A-fibres, 

which are associated with medium and large sized dorsal root ganglion cells and possess 

myelinated fibres. The present study has concentrated on the changes in phenotype and 

growth capacity of A-fibres following inflammation and central nervous system injury, 

respectively.

The effect of peripheral inflammation in changing the phenotype of A-fibre 

primary sensory neurones was first assessed. The tachykinin substance-P is significantly 

increased following the induction of inflammation. However, the phenotype of cells that 

become positively labelled has not been previously characterised. A retrograde labelling 

technique that identifies cells with myelinated axons, combined with 

immunohistochemistry for substance-P, was used to assess whether substance-P is 

expressed in cells with myelinated axons following the induction o f inflammation. It 

was found that there is a shift in the phenotype of myelinated fibres innervating the 

inflamed tissue to one resembling C-fibres.

The peripheral branch of sensory neurones is capable o f regeneration and can 

reinnervate peripheral targets after injury. However, the central branch of sensory 

neurones in the central nervous system shows very limited regenerative capacity. In this 

part o f the study the regenerative capacity o f injured dorsal column axons was assessed 

using different manipulations. These included: conditioning the dorsal column fibres 

into a growth state by a peripheral transection; neutralising an myelin-associated 

inhibitory protein using the IN-1 antibody; and a combination of the two techniques. A 

retrograde labelling technique, with a tracer specific for A-fibres, was employed. It was 

found that while IN-1 antibodies improve the microenvironment in which the injured 

fibres regenerate, enabling them to grow into the lesion site and beyond, a conditioning 

peripheral lesion by enhancing the intrinsic growth capacity of the neurones, enabled the



injured axons to grow extensively in the lesion site, on the surface o f the cord and into 

the glial scar. In some animals fibres regrew all the way back into the dorsal column 

nuclei, demonstrating that successful regeneration o f a long ascending spinal cord tract 

can be achieved in the adult rat.

These findings indicate that the phenotype o f A-fibres is not fixed but can alter. 

Inflammation alters the transmitter/neuromodulator content of these fibres in an NGF- 

dependent fashion while peripheral nerve lesion enhances the growth capacity of central 

A-fibre axons. An understanding of the signal mechanisms that initiate and control these 

transcription-dependent changes offers the possibility o f understanding the 

pathophysiology of inflammatory pain and spinal cord injury.
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Chap I 

General Introduction 

1.1 Introduction

Primary sensory neurones are a heterogeneous group of cells, whose main 

function is to convey information from the periphery to the central nervous system. This 

information is carried by two types of fibres: C-fibres which are unmyelinated axons; 

and A-fibres, which are myelinated. All primary sensory neurones posses a peripheral 

axon that terminates in the peripheral nervous system and a central axon that terminates 

in the spinal cord or brain stem. Experimentally, the two branches o f primary sensory 

neurones can be manipulated separately. The consequences can then be analysed at the 

level of peripheral or central nerve terminals and in the cell bodies, in the dorsal root 

ganglion (DRG). Studies performed in the past years have demonstrated that there is a 

tremendous amount of plasticity within the adult sensory nervous system, both in terms 

of sensory neurone phenotype and structure. This is true follo’wing alterations in sensory 

neurone environment, as divergent as after peripheral inflammation and peripheral nerve 

injury. Such functional and structural plasticity in the adult sensory nervous system may 

lead to a number o f sensory disorders.

In the present study I have concentrated on some mechanisms responsible for 

these plastic changes, with a particular emphasis on changes in Ap-fibres. First I will 

show that changes in chemical phenotype o f Ap-fibres occur following inflammation. I 

will then go on to describe the capacity of central Ap-fibres to regenerate following 

dorsal column lesion and the influence of intrinsic and extrinsic factors in this.

1.1.1 Survey of the chemical phenotype of primary sensory neurones

Immunocytochemical and histochemical techniques have been used to study the 

presence o f peptides, enzymes and carbohydrate groups, while in situ hybridisation has 

been used to study the presence o f specific mRNA species in DRG neurones. The main
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markers that are used to distinguish between the different subgroups o f DRG neurones 

include: peptides, enzyme markers and other markers such as cell surface markers.

1.1.1.1 ‘Large light’ versus ‘small-dark’ DRG neurones

Several classifications of primary sensory neurones are described in the 

literature, based on morphological and chemical criteria. Morphologically, they are two 

main subgroups o f neurones: type A or ‘large light’ (L) neurones and type B or ‘small 

dark’ (SO) neurones (Lawson 1992). Statistically, L and SD neurones have a normal 

distribution o f cell size which overlap. The L neurones size extent over the medium and 

large size range o f cell bodies in the ganglia, while the SD neurones are restricted to the 

lower end o f the distribution. L neurones also contain large amounts of neurofilaments 

in their cytoplasm, while SD neurones contain few neurofilaments and have a greater 

number o f Golgi bodies.

1.1.1.2 Neurofilaments in adult sensory neurones

The population of primary sensory neurones can be generally divided into the 

‘large light’ and ‘small dark’ subgroups using the monoclonal antibody RT-97 . This 

antibody recognises the phosphorylated form of the 200kd neurofilament subunit, which 

labels specifically the ‘large light’ DRG cell population in the rat (Lawson et. al. 1984). 

RT-97 immunoreactive neurones constitute about 40% of the lumbar DRG neurones 

(Lawson 1992). The ‘small dark neurones’, however, express intermediate filaments 

(peripherin). Peripherin and RT-97 have a reciprocal labelling pattern; although some 

neurones have been found to posses both intermediate filaments as well as 

neurofilaments (Ferri et. al. 1990).
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1.1.1.3 Peptides in adult sensory neurones

The demonstration that a subpopulation o f DRG neurones was selectively 

immunostained for substance-P (SP) (Hokfelt et. al. 1975a,b), began a series of studies 

localising peptides in primary sensory neurones. SP is one o f the products o f the 

preprotachykinin A gene (PPT-A) expressed in primary sensory neurones. Three 

different types o f mRNA are transcribed from this gene. All o f the mRNAs produce SP 

after post-translation. SP immunoreactivity is found in about 20% of the lumbar DRG 

neurones (Lawson 1992), predominantly in small-sized neurones.

Calcitonin gene-related peptide (CGRP) is a neuropeptide with 37 amino acids, 

generated by alternative splicing of the calcitonin gene. CGRP is found in 50% of DRG 

neurones, predominantly in small sized neurones, although some medium and large

sized neurones also express CGRP. In the lumbar DRG neurones, 30% of the CGRP 

immunoreactive neurones are also RT-97-positive neurones (e.g. large neurones). CGRP 

coexists with SP in the small sized neurones, but large CGRP-positive neurones lack SP 

(Hokfelt et. al. 1987).

Somatostatin (SOM) is found exclusively in small primary sensory neurones 

(Hokfelt et. al. 1975c; 1976), although the mean size o f SOM-positive neurones is larger 

than that of SP-positive neurones (Price 1985). SOM is found in 5-15% of DRG 

neurones, with the highest percentage found in the lumbar region (Lawson 1992). While 

there is little or no colocalisation between SOM and SP (Garry et. al. 1989), all SOM- 

positive neurones are also CGRP-positive neurones (Lawson 1992).

Other peptides are synthesised by DRG neurones but under the normal 

constitutive state the levels o f these peptides are either very low or undetectable. 

Vasoactive intestinal peptide (VIP) is only found in very few DRG cells (Shehab and 

Atkinson 1986), mostly colocalised with CGRP (Lawson 1992). Galanin (GAL) is 

found only in small lumbrosacral DRG neurones (Lawson 1992), most of which are 

colocalised with SP but few have been found to colocalise with SOM (Grunditz et. al. 

1987). Cholecytokinin (CCK) (Hokfelt et. al. 1988) and neuropeptide-Y (NPY) are 

found either in very low or undetectable levels, respectively, in the lumbar DRG 

neurones of normal rats (Gibson et. al. 1984; Kashiba et. al. 1994).
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1.1.1.4 Enzymes in sensory neurones

Subdivision of primary sensory neurones can also be based on the presence or 

absence o f histochemical reactions for a particular enzyme. Acid phosphatase (AP) is a 

hydrolase enzyme found in almost all cells as an important constituent of lysosomes. 

Although most cells contain AP, a number of studies confirmed that many small DRG 

neurones stained intensely for AP (Kalina and Wolman 1970; Novikoff et. al. 1971; 

Peach 1972), whereas the large cells were only lightly stained. Further studies have 

shown that a subtype of this enzyme which is resistant to fluoride ions (FRAP) is 

responsible for the intensely labelled subpopulation of small DRG neurones (Knyihar 

1971). Little or no overlap was found between FRAP and either SP or SOM, but 50% of 

FRAP-positive neurones are also CGRP-positive (Lawson 1992). Thiamine 

monophosphatase (TMP) is also a hydrolase enzyme that is fluoride resistant. Knyihar- 

Csillik et. al. (1986, 1989) found that TMP reactivity was restricted to a population of 

small DRG neurones similar to that of FRAP. Carbonic anhydrase (CA) is another 

enzyme that is mainly found in large cells (Wong et. al. 1983; Robertson and Grant 

1989). CA reactivity has been found to be closely correlated with that o f RT-97 

antibody (Robertson and Grant 1989), and is found in 20-38% of DRG neurones.

1.1.1.5 Growth associated proteins

GAP-43 is a cytoskeletal-associated phosphoprotein (Benowitz and Routtenberg 

1987; Coggins and Zwiers 1991) that is expressed at high levels during development 

and concentrated in axonal growth cone (Biffo et. al. 1990; Fitzgerald et. al. 1991). 

However, the normal levels o f GAP-43 in adult DRG neurones are low about 20% 

(Neve et. al. 1987; Chong et. al. 1992), most of which are small diameter primary 

sensory neurones (Curtis et. al. 1993a).

1.1.1.6 Cell surface markers

A number o f markers, including antibodies and lectins, for cell surface 

glycoconjugates label subpopulations of DRG sensory neurones. DRG neurones that 

contain cell surface gly coconjugates with terminal D-galactose residues, can be
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identified by markers such as IB4 lectins (Silverman and Kruger 1990) or the 

monoclonal antibody LA4 (Alvarez et. al. 1991). Most of these cell surface markers 

label small sized nonpeptidergic neurones. Non-peptide containing cells constitute 30% 

of DRG neurones (Lawson 1992).

1.1.1.7 Neurotrophins and their receptors

Neurotrophic factors are required for growth, differentiation and survival of 

neurones and are particularly important during development of the nervous system 

(Purves and Lichtman 1985). Neurotrophic factors are expressed by different targets in 

limited amounts, ensuring that only a proportion of DRG neurones will survive 

naturally occurring cell death and that appropriate innervation density o f the targets is 

achieved. Nerve growth factor is the best characterised trophic polypeptide, which acts 

on sympathetic and a specific subpopulation o f sensory neurones (Levi-Montalcini 

1987). In the adult, however, sensory neurones cease to rely on this factor (Ruit et. al. 

1990; Lewin et. al. 1992), although NGF has been shown to maintain the phenotype of 

responsive subsets of sensory neurones (McMahon et. al. 1995). Responsiveness is 

conferred by two cell surface receptors (Chao 1992; Barbacid 1993): the low affinity 

NGF receptor - p75 and the high affinity NGF receptor - TrkA. In the L4/5 DRG about 

45% of adult neurones express TrkA (Verge et. al. 1990; 1992; DiStefano et. al. 1992; 

Mu et. al. 1993; McMahon et. al. 1994; Wright and Snider 1995; Averill et. al. 1995). 

These cells are mostly of small diameter, and almost all TrkA immunoreactive neurones 

(92%) also contain CGRP (Averill et. al. 1995). The non-peptidergic population of DRG 

neurones, however, was found to be largely TrkA negative, Avith only 4% of the LA4 

immunoreactive cells showing TrkA immunoreactivity (Averill et. al. 1995). Using in 

situ hybridisation it has been found that nearly all afferents that innervated visceral 

targets were TrkA positive and coexpressed TrkB, the high affinity receptor for two 

other members o f the neurotrophin family, brain derived neurotrophic factor (BDNF) 

and NT4/5 (McMahon et. al. 1994).
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1.1.2 Division of DRG neurones according to chemical markers

In general DRG neurones can be divided into three overlapping subgroups. First, 

the population traditionally described as ‘large light’ and can be identified by the 

monoclonal antibody RT-97 (Lawson 1992). These cells constitute 40% of DRG cells, 

most o f which are TrkA negative neurones, although some do express this receptor 

(Averill et. al. 1995). A second subgroup of DRG neurones contain cell surface 

glycoconjugates with D-galactose residues that can be identified by markers such as the 

monoclonal antibody LA4 (Alvarez et. al. 1989) and the lectin IB4 (Silverman and 

Kruger 1990). These neurones express the enzymes FRAP and TMP, do not show RT- 

97 immunoreactivity and are largely TrkA negative (Averill et. al. 1995). They 

represent about V2 o f the classic ‘small dark’ cell population and constitute about 30% of 

the total DRG population (Alvarez et. al. 1991). The third subgroup of DRG neurones 

consists of those that constitutively synthesise neuropeptides. The best marker for this 

group is the neuropeptide CGRP as it is expressed by the largest number of DRG cells 

(50%) (Lawson 1992). CGRP immunoreactive cells are predominantly small, and hence 

form the other half o f the classic ‘small dark’ population. These neurones show TrkA 

immunoreactivity (Averill et. al. 1995) and also express other peptides such as SP, SOM 

and GAL. However, some o f the CGRP immunoreactive neurones are RT-97-positive, 

these are mainly medium size neurones (Lawson 1992). The overlap between TrkA and 

RT-97, LA4 and IB4 is similar to that observed between CGRP and these markers (see 

Fig. 1.1).

24



TrkA

RT-97 CGRP

Fig. 1.1: Pie chart showing neurochem ically defined subgroups of DRG neurones as 

identified by different markers. Note that TrkA is expressed principally in the peptidergic 

subgroup of DRG neurones, the best m arker of which is CGRP. M odified from Averill 

et. al. 1995.
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1.1.3 Correlation between DRG cell size, calibre and dorsoventral 

organisation in the dorsal horn

DRG neuronal size is correlated with the calibre of primary afferent axons. In 

mammals, functionally distinct subgroups of primary sensory neurones make highly 

specific patterns o f central connections. The primary sensory neurones that normally 

express the tachykinin SP are localised to small neurones, which are predominantly 

associated with unmyelinated axons. In the periphery these neuropeptide containing 

axons are likely to innervate predominantly nociceptors and thermoreceptors (Willis and 

Coggeshall 1991), while in the spinal cord these axons terminate mainly in superficial 

lamina I and II o f the dorsal horn (Sugiura et. al. 1986). The other half of the ‘small 

dark’ population of DRG neurones, that consist o f non-peptidergic neurones have 

unmyelinated axons and terminate mainly in lamina 11, of the spinal dorsal horn. 

Medium and large cells in the DRG that can be identified by binding of the monoclonal 

antibody RT-97, have mostly myelinated axons. In the periphery this axons are 

connected to mechanosensitive endings such as hair follicle afferents and Pacinian 

corpuscles which terminate in lamina I, III and IV of the spinal dorsal horn and dorsal 

column nuclei of the medulla oblongata (Willis and Coggeshall 1991). In addition, these 

axons also innervate muscle spindles which terminate in the ventral horn. However, 

these connections are not fixed. It has been demonstrated that following peripheral 

axotomy, Ap fibres, that usually terminate in lamina I, III and deeper, sprout dorsally 

into lamina II, an area that is usually occupied by unmyelinated C-fibres (Woolf et. al. 

1992).
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1.1.4 Anatomical arrangement of the ascending dorsal column tract

The dorsal columns are anatomically subdivided into two tracts known as the 

fasciculus gracilis and the fasciculus cuneatus. The fasciculus gracilis contain the 

ascending myelinated primary afferent fibres from levels caudal to the midthoracic 

segment, while the fasciculus cuneatus contains the fibres from midthoracic to upper 

cervical levels. The fasciculus gracilis and the fasciculus cuneatus terminate in the 

gracilis nucleus and cuneatus nucleus, respectively. The dorsal column tract is 

somatotopically arranged so that fibres that join the tract at low levels o f the spinal cord 

enter into the medial part o f the tract, while those that join at higher levels enter 

laterally. Most o f the axons that constitute the dorsal column tract are Ap large 

myelinated fibres. Their receptor include different types of low threshold 

mechanoreceptors such as type II slow adapting receptors, and fast adapting receptors 

including G1 and G2 hair follicle receptors and FI and F2 field receptors (for review see 

Willis and Coggeshall 1991). As these fibres enter the spinal cord they extend medially 

into the dorsal colunms, where they bifurcate into branches that turn rostrally and 

caudally. Both branches give collaterals to the segmental grey matter which mainly 

terminate in the deep dorsal horn, lamina V and VI. The rostral branch however, ascent 

all the way up to the dorsal column nuclei. The dorsal column tract contains also 

propriospinal neurones that are associated with large myelinated fibres, and in the 

periphery are likely to be connected to muscle stretch receptors and slowly adapting 

joint receptors that project to the Clarke’s nucleus, located in the lower thoracic level. In 

addition, the dorsal colunrn tract contain descending pathways, and in rats, includes the 

corticospinal tract (see Fig 1.2).
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Fig. 1.2: Schem atic illustration o f the dorsal colum n tract. A xons o f prim ary afferent 

neurones enter the spinal cord through lumbar dorsal roots extend medially and then turn 

rostrally to ascend in the fasciculus gracilis (FG). Prim ary afferents that enter the spinal 

cord at the cervical level ascend in the fasciculus cuneatus, lateral to the fasciculus gracilis. 

The fasciculus gracilis and fasciculus cuneatus end in the nucleus gracilis (NG) or nucleus 

cuneatus (NC), respectively, which together comprise the dorsal column nuclei. M odified 

from W illis and Coggeshall 1991.
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C hapter II

Changes in the phenotype of A-fibres after inflammation 

2.1 Introduction

Inflammation, the bodies response to tissue damage or infection, is associated 

with pain and hypersensitivity. This is due to a number of changes, both in afferent 

neurone function and in central processing o f nociceptive information. It is widely 

accepted that primary sensory neurones phenotype and function as well as connectivity 

is not fixed and changes following alterations in sensory neurones environment, such as 

inflammation. There is a growing body of evidence that during inflammation a variety 

o f chemical mediators, that are produced and released from different cell types, are able 

to alter the phenotype and thus the function of sensory afferent neurones. One such 

potent inflammatory mediator is nerve growth factor (NGF).

This Introduction concentrates on the role o f neurotrophins in regulating the 

phenotype o f primary sensory and the contribution o f sensory neurones to inflammatory 

pain and hypersensitivity.

The inflammatory process is activated in response to: tissue damage, the 

recognition o f a non-self antigenic substances, antigen-antibody complexes or a variety 

o f chemical agents. All these events stimulate the release o f inflammatory mediators 

[cytokines, neurotrophins etc.] which lead to the common signs of inflammation: pain, 

hypersensitivity, edema, erythema and loss of function,

2.1.1 Mechanisms of inflammation

Altered pain sensation is the consequence of cytokines and other inflammatory 

mediators released during inflammation. These substances are generated and released 

from damaged cells, inflammatory cells [e.g. leukocytes, platelets], immune cells, cells 

resident in the tissue [e.g. fibroblasts, Schwann cells and mast cells], postsynaptic
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sympathetic terminals and sensory neurones terminals. The interplay between these 

cellular components determines the severity of inflammatory pain and hypersensitivity. 

In addition to the common function o f sensory neurones in transducing environmental 

stimuli and transmitting the resulting information centrally, they also have an important 

role in inflammatory states. This is due to the efferent function of sensory neurones. 

Neuropeptides released from sensory neurones can enhance the inflammatory response 

o f activated inflammatory cells thus enhance the production and release o f inflammatory 

mediators which in turn can further sensitise and activate sensory neurones.

2.1.1.1 Inflammatory mediators

Under normal conditions, noxious external stimuli are transduced rapidly into 

action potentials by acting directly on nociceptors. However, following tissue damage 

there are chemical interactions between nociceptive sensory nerves and the surrounding 

non-neuronal cells that are not present under normal conditions. Peripheral 

inflammation is associated with the production o f neuroactive inflammatory mediators. 

These include; ions [e.g. protons, potassium], purines [e.g. adenosine triphosphate 

(ATP), adenosine], kinins [bradykinin], histamine, serotonin, noradrenaline, arachidonic 

acid derivatives [prostaglandins, leukotrienes], interleukins [e.g. interleukin-1 , 

interleukin-ip etc.], nerve growth factor and neuropeptides.

These inflammatory mediators may contribute to inflammatory pain and 

hyperalgesia by acting directly on primary sensory nociceptors to lower their thresholds 

or indirectly by acting first on other cells and subsequently altering the function or 

phenotype of responsive primary sensory neurones.

2.1.1.2 Immune-response

The local reaction to tissue damage starts with the activation o f endothelial cells 

o f the small blood vessels, resulting in a perivascular edema and increased vascular 

permeability. Potent agents are released from the tissue which affect local immune cells 

as well as afferent nociceptive nerve terminals from which, in turn neuropeptides are 

released. The latter can stimulate mast cells to release further agents and stimulate the
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production of more cytokines from monocytes (Lotz et. al. 1988). Cytokines such as IL- 

1 and TNF-a stimulate production of growth factors and the endothelial cells to express 

and activate adhesion molecules necessary for the attraction and movement of 

leukocytes - mainly neutrophils along the vascular endothelium. As the neutophils move 

along the endothelial surface, the second step o f adhesion occurs. Platelet-activating 

factor (PAF), expressed on the endothelial cells, activates the neutrophils which undergo 

a conformational change and this leads to increase binding to the endothelial cells. 

Endothelial cells activated by cytokines (IL-1 and TNF-a) also express IL - 8  which 

further activates neutrophils and stimulates them to migrate across the vessel wall. Once 

within the tissue, the cells are attracted to the site of tissue damage by chemotactic 

factors such as leukotriene B4 (LTB4) (Goetzl and Pickett 1980; Goldman and Goetzl

1982). This acute phase o f the inflammatory reaction is followed by the immigration of 

monocytes into the injured tissue. Monocytes turn into activated macrophages, after 

leaving the blood vessel wall. By releasing cytokines, macrophages then attract and 

activate fibroblast proliferation and stimulate fibroblast synthesis o f the collagen 

required to repair tissue damage.

2.1.1.3 Vascular response

Vasodilatation and increase in permeability

Immediately after tissue damage there is a transient constriction of local 

arterioles followed by dilation of all the small blood vessels in the damaged area. As a 

result, the blood flow to the injured area increases significantly. While the blood vessels 

are dilated their permeability also increases. This is due to contraction o f endothelial and 

perivascular cells, so the endothelial cells are pulled apart and proteins leak from the 

intravascular to the extracellular compartment. In addition fluid escapes (secondary to 

protein leakage) through the intercellular space where it contributes to edema.

Non-neurogenic vs. neurogenic effects

The inflammatory response is stimulated by the release and activation o f 

mediators which are pharmacologically active on blood vessels and smooth muscle. 

These substances can be released from neuronal cells (sensory and sympathetic nerves) 

and thus contribute to neurogenic inflammation, while other inflammatory mediators, 

released from non-neuronal cells, contribute to non-neurogenic inflammation.
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Activation of one terminal branch o f a nociceptor sensory neurone results in antidromic 

invasion of action potential activity in other branches o f the neurone that cause the 

peripheral release of vasodilatory substances which are associated with the flare and 

edema that surrounds the site of inflammation (Holzer 1988). These substances include 

neurokinins, particularly SP, and CGRP which can act as an initiating factor in the 

inflammatory response causing vasodilatation, plasma extravasation and mast cell 

degranulation (Dray 1994). In addition, neurokinins released from activated sensory 

neurones may act on postsynaptic sympathetic neurones, to alter local blood flow and 

produce plasma extravasation (Coderre et. al. 1989).

Substances that are released from non-neuronal cells can also contribute to local 

changes in blood flow. BK can induce vasodilation by stimulating vascular endothelial 

cells to release the smooth muscle relaxant nitric oxide (NO), leading to increase in 

tissue blood flow (Schwartz 1994). In addition BK can also induce an increase in 

permeability of blood vessels, allowing the leakage o f plasma proteins (Schwartz 1994) 

that accounts for non-neurogenic edema. Mast cells degranulation during inflammatory 

response, also generates vasodilation and plasma extravasation (Lam and Ferrell 1990). 

This has been demonstrated to be associated with histamine (HA) and serotonin (5-HT), 

mast cells constituents (Lam and Ferrell 1990). In support of this, it has been shown that 

drugs that inhibit degranulation of mast cells decrease rat paw edema (Gabor 1979). BK 

also stimulates postganglionic sympathetic neurones to release prostanoids which also 

affect blood vessel calibre and are also important in generating plasma extravasation 

(Green et. al. 1993).

2.1.1.4 Sensory response

Sensory neurones responding to stimuli intense enough to produce tissue 

damage possess either thin myelinated (Aô) or unmyelinated (C) fibre axons (Torebjork 

and Hallin 1974; Handworker 1976). These nociceptive neurones are activated by a 

variety o f stimuli such as noxious heat, intense mechanical pressure or the chemical 

mediators released during inflammation. These mediators include:

Ions

Protons are either released from damaged cells or produced during 

inflammation. During inflammation proton concentration can yield a local pH as low as
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5.4 (Cobbe and Poole-Wilson 1980). Intradermal injection of acidic solutions and low 

extracellular pH have been shovm to directly activate nociceptors (Steen et. al. 1992). 

Capsaicin, the potent algogen extracted from Capsicum pepper, also stimulates 

nociceptive sensory neurones (LaMotte et. al. 1992). Capsaicin acts by opening a 

cation-permeable ion channel to Na^, K^, and Ca^  ̂ (Bevan and Szolcsanyi 1990). It has 

been suggested that protons activate the same ion channel (Bevan et. al. 1993). The 

resultant ion influx produces an inward membrane current that depolarise and activates 

the neurones. Although protons can activate the capsaicin ion channel/ H^-gated cation 

channels (Bevan and Geppetti 1994) the binding site for protons have been shown to 

differ from that of capsaicin (Bevan et. al. 1993). Recently, a H^-gated channel that 

belongs to an amiloride-sensitive Na^ channel that is expressed in small dorsal root 

ganglia (DRG) neurones, mainly on nociceptive sensory neurones, has been cloned 

(Waldmann et. al. 1997). This channel is transiently activated by extracellular 

acidification and appears to have similar pharmacology properties to the H^-gated cation 

channels. Thus this channel may be the capsaicin receptor channel which is sensitive to 

protons.

Potassium is the predominant intracellular cation in cells. Following tissue 

damage the extracellular concentration of this cation can rise rapidly. Increased 

extracellular potassium concentration in the tissue nerve endings leads to depolarisation 

and ongoing discharge o f sensory neurones adjacent to the site o f injury.

Purines

ATP is present at millimolar levels in cells and is released by tissue damage. 

Other sources of ATP include sympathetic nerves, where ATP is released as a co

transmitter with noradrenaline and neuropeptide Y (NPY) (Bumstock 1990), endothelial 

cells and Merkel cells which are closely associated with sensory nerve endings in the 

skin (Bumstock 1996). Intradermal injection of ATP increases the permeability of 

sensory neurones to cations (Krishtal et. al. 1988; Bean et. al. 1990) and causes a sharp 

and transient pain sensation. Adenosine, formed by the breakdown o f ATP, has also 

been shown to provoke pain and hyperalgesia (Levine et. al. 1993; Bleehen and Keele. 

1977).

The mechanism of action o f ATP and adenosine is mediated by two main 

families of purinoceptors, a ? 2x ionotropic purinoceptor family and a P2y metabotropic 

purinoceptor family consisting of G-protein-coupled receptors (Abbracchio and
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Bumstock 1994). ? 2x receptor activation may lead to rapid firing of nociceptors due to 

its depolarising effects. Pjy receptors mediate slower effects via signal transduction 

pathways. ATP receptors are also found on immune cells such as macrophages (Dray 

1994). Adenosine activation of Aj receptors on sensory neurones produce a rise in cyclic 

AMP (cAMP) levels (Taiwo and Levine 1990a). This leads to the activation of protein 

kinase A (PKA) which can phosphorylate and inactivate a potassium channel, the Ca^*- 

dependent afterdischarge channel (Tsien et. al. 1988). Recently, a new member of the 

? 2x receptor family, ? 2^̂  receptor, has been cloned (Chen et. al. 1995). This receptor 

subtype is selectively expressed by nociceptive sensory neurones (Lewis et. al. 1995; 

Chen et. al. 1995). P2X2 subtype is also expressed on small-diameter sensory neurones 

but in smaller amounts (North 1996; Chen et. al. 1995). The functional properties of Pjx- 

activated ion channels are similar to those found for 5 HT3 receptors and capsaicin 

receptor-linked ion channels, and they are also permeable to both monovalent and 

divalent cations (Bean 1992). Recently it has been shown that a hetromultimeric channel 

can be formed as demonstrated by co-expression of ? 2x subtypes 2/3 in Xenopus oocytes 

(Lewis et. al. 1995) and this may account for some of the slow desensitising responses 

in subsets o f sensory neurones.

Kinins

Kinins such as bradykinin (BK) can be produced within the blood as part of the 

clotting cascade, or in local tissue by immune cells such as mast cells and basophils 

following the release o f cellular proteases during inflammation (Dray 1994). The effects 

of kinins are mediated via B1 and B2 receptors (Dray and Perkins 1993; Menke et. al. 

1994). BK is the endogenous agonist for B2 receptors which are coupled to G-proteins 

and are present on sensory neurones. B2 receptors have been implied in the production 

of pain as selective B2 receptor antagonists significantly attenuate pain and hyperalgesia 

(Perkins et. al. 1993; Steranka et. al. 1988).

Activation o f G-protein-coupled receptor by BK via B2 receptor, stimulate PLC 

to generate IP3 and DAG from membrane phospholipids. IP3 can increase intracellular 

Ca^  ̂ levels (Thayer et. al. 1988) while DAG activates protein kinase C (PKC). The 

latter can regulate ion channel proteins and thereby alter membrane excitability e.g. 

close the potassium M-channel (Brown 1988). Metabolism o f DAG by DAG lipase 

results in the production o f arachidonic acid (AA) and consequently of PG (Rang et. al.

1994) which activate protein kinase A (PKA) via cAMP. PKA can phosphorylate
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another potassium channel, the Câ "̂  dependent channel (Tsien et. al. 1988) leading to 

neurotransmitter release that can mediate a number of local pro-inflammatory effects. In 

addition to the ability of BK to release prostaglandins (PGs), which by themselves have 

a proinflammatory effect (see below), BK can also degranulate mast cells to release 

histamine, 5HT and other inflammatory mediators (Dray 1994).

Amines

Histamine is released from mast cells and acts on sensory neurones to evoke the 

sensation of itch at low concentrations and pain at higher concentrations (Simone et. al.

1991). Histamine acts via the HI receptor which is expressed on some sensory neurones 

(Ninkovic and Hunt 1985). HI receptors are coupled to G-proteins and thus activate the 

same sort of second messenger system as BK, resulting in depolarisation o f responsive 

sensory afferent terminals, with Ca^  ̂ entry and release of neuropeptides (Vedder and 

Otten 1991).

5-hydroxytryptamine (5HT) is also released from mast cells and platelets during 

tissue damage. 5HT can act directly to excite sensory neurones via 5 HT3 receptor 

present on sensory neurones (Hoyer et. al. 1994; Robertson and Bevan 1991). 5HTg 

receptor binding site is part o f a sodium selective ion channel (Maricq et. al. 1991). The 

pain produced following the application of 5HT to a blister base, can be blocked by a 

specific 5 HT3 antagonist (Richardson et. al. 1985; Robertson and Bevan 1991).

5HT can also activate primary sensory neurones via G-protein-coupled 5HT, and 

5 HT2 receptors to close down potassium channels (Dray 1994). Membrane 

depolarisation can lead to nociceptor sensitisation, lower threshold to heat and pressure 

stimuli and induce repetitive neuronal firing (Todorovic and Anderson 1990). Recently 

it has been demonstrated that 5 HT, as well as other inflammatory mediators such as 

adenosine and prostaglandin Ej, can sensitise nociceptors by modulating a tetrodotoxin 

resistant sodium channel that is expressed exclusively on C-polymodal nociceptive 

neurones (Gold et. al. 1996). It has been suggested that cAMP is required for 5HT 

mediated sensitisation of noiceptors since hyperalgesia is blocked by and inhibitor of 

cAMP (Taiwo and Levine 1991). It has also been suggested that 5HT increases sensory 

neurone excitability by a cAMP-mediated reduction in K^ permeability which can lead 

to repetitive firing of the cell (Christian et. al. 1989).

Adrenaline and noradrenaline are released from postganglionic terminals of the 

peripheral sympathetic system. Under normal conditions, nociceptors are not responsive
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to noradrenaline. However, sensitivity seems to evolve following tissue damage, so that 

sympathetic nerve stimulation and direct administration o f noradrenaline results in 

excitation of C-fibre afferent terminals (Sato and Perl 1991; Devor et. al. 1994). This 

can be reduced by aj-receptor antagonists (Sato et. al. 1993).

Prostanoids

Prostanoids, mainly prostaglandins, are among the most important mediators of 

inflammatory hypersensitivity, and are mainly derived from arachidonic acid (AA). Free 

AA is rapidly processed either by cyclo-oxygenase (COX-1 and the inducible COX-2), 

leading to the production of prostaglandins (PGs) and thromboxanes (TXs), or by the 

lipoxygenase enzymes leading to the production of leukotrienes and 

hydroxyeicosatetraenoic acid (HETEs).

Prostaglandins act via a number of receptors including the EP receptor for 

prostaglandin Ej (PGEj) the IP receptor for PGIj (prostacyclin) and the TP receptor for 

TXAj. Under normal conditions, PGs do not activate sensory neurones directly since 

they do not evoke pain when injected intradermally into skin of volunteers (Crunkhom 

and Willis 1971). However, PGEj and PGIj can sensitise sensory neurones, reducing 

their activation threshold and enhancing their responses to other stimuli, thus 

contributing to peripheral hyperalgesia (Birrell et. al. 1991; Levine et. al. 1993). 

Recently it has been shown that PGEj-mediated increase in excitability of sensory 

neurones may be due to modulation of the tetrodotoxin-resistant sodium current 

(England et. al. 1996; Gold et. al. 1996). This increase in excitability o f nociceptive 

neurones is due to a cAMP-dependent mechanism, whereby protein kinase A activation 

leads to the phosphorylation of tetrodotoxin-resistant sodium channels selectively 

expressed on these neurones (England et. al. 1996). Consistent with the idea, that 

changes in TTX-resistant Na^ current are a specific mechanism of nociceptive 

sensitisation and hyperalgesia, thromboxan (TxBj), which is similar in structure to 

PGEj but has no effect on nociceptive threshold when administered into peripheral 

tissue (Taiwo and Levine 1990b), had no effect on TTX-resistant voltage-gated Na^ 

current (Gold et. al. 1996). PGEj has also been shown to stimulate the release of 

substance P from sensory neurones in culture (Nicol et. al. 1992). The constitutive 

synthesis of PGs is enhanced during inflammation by the induction of another iso-form 

of the enzyme cyclo-oxygenase-2 (COX-2) (Hla and Nielson 1992) mainly by 

macrophages activated by cytokines.
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Leukotriene B4 (LTBJ and 8R,15S-dihydroeicosatetraenoic acid (8 R, 15S- 

diHETE, both products of the lypoxygenase pathway, also decrease the nociceptive 

threshold when injected intradermally (Levine et. al. 1993; Levine et. al. 1986). The 

latter by directly decreasing mechanical and thermal thresholds of C-fibres while the 

former enhances the release o f 8 R, 15s-diHETE from polymorphonuclear leukocytes 

(Levine et. al. 1986).

Cytokines

‘Cytokine’ is used as a broad term for an increasing number o f mediator 

families. The classic cytokines include the interleukins (e.g. IL-1 a ,  IL -lp , IL-6 , IL-10) 

and the tumour necrosis factors (TNF-a, TNF-p) which are released mainly from 

macrophages when activated during inflammation. They promote inflammation by 

mobilising and stimulating other inflammatory cells. Both IL-1 and TNF-a can induce 

production o f NGF in nerve tissue (Lindholm et. al. 1987; Hattori 1993; Safieh- 

Garabedian et. al. 1995) as well as stimulating production o f conventional growth 

factors such as platelet-derived growth factor (PDGF) (Hopkins and Rothwell 1995).

The growth factor family include PDGF, epidermal growth factor (EGF), 

endothelial cell growth factor (ECGF), fibroblast growth factor (FGF) and transforming 

growth factor a  and p (TGF-a, TGF-p), all have a role in cell growth and differentiation 

(Hopkins and Rothwell 1995). Growth factors that are involved in the response to nerve 

injury are produced by Schwann cells, leukocytes and neurones (Register et. al. 1993; 

Eccleston et.al. 1993).

The neuropoietins are another cytokine-like family which include leukaemia 

inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), oncostatin (CM) and IL-6 . 

LIF switches the synthesis o f neurotransmitter from noradrenaline to acetyl choline 

(ACh) (Yamamori et. al. 1989) by inducing the production o f choline acetyltransferase. 

CNTF is present in peripheral nerve tissue and is produced mainly by Schwann cells. In 

response to nerve injury CNTF is retrogradly transported at an increase rate to the soma 

(Curtis et. al. 1993b) where it has similar effects to LIF (Hopkins and Rothwell 1995), 

modulating gene transcription.

Neurotrophins

Recently the neurotrophins have been classified as a family under the umbrella 

term of the cytokine families (Hopkins and Rothwell 1995). The neurotrophins include 

nerve groAVth factor (NGF), brain derived growth factor (BDNF), neurotrophins NT-3,
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NT-4, NT-5 and NT - 6  which has recently been discovered (present only in the teleost 

fish-Gotz et. al. 1994). The major function of this family o f growth factors is growth 

and differentiation of neurones. These neurotrophins act via a different class of 

receptors which are divided into two types with low and high affinity. The latter 

receptors possess a tyrosine kinase activity associated with their cytoplasmic domain 

(Lindsay et. al. 1994). The low affinity p75 receptor was first cloned as the NGF 

receptor (Radeke et. al. 1987). However, subsequent studies showed that all members of 

the neurotrophin family bind to this receptor with similar affinities (Rodrigues-Tebar et. 

al. 1990; Rodrigues-Tebar et. al. 1992). p75 receptors have molecular weights of 75kDa 

(Johnson et. al. 1986) with a cysteine-rich extracellular domain, a single transmembrane 

domain and a 155-amino acid cytoplasmic domain.

Members of the proto-ocogene Trk family which possess an intracellular 

tyrosine kinase domain display neurotrophin selectivity, with the TrkA, TrkB and TrkC 

serving as the receptors for NGF, BDGF, and NT-3 respectively, and TrkA and TrkB 

can also act as receptors for NT-3 and NT4/5 (Meakin and Shooter 1992; Chao 1992a). 

Trk receptors consist of an extracellular domain, for ligand recognition, a single 

transmembrane domain, and a cytoplasmic tail (containing the tyrosine kinase domain) 

for initiating the signal cascade. Trk receptors appear to transduce most of the 

neurotrophins’ biological effects (Hosang and Shooter 1985; Schechter and Bothwell 

1981) while the role of p75 in signaling processes is largely undefined.

NGF is the best characterised trophic polypeptide, which acts on sympathetic, a 

specific subpopulation of sensory neurones (Levi-Montalcini 1987) and cholinergic 

neurones o f the basal forebrain (Korsching 1993). Many sympathetic neurones as well 

as specific primary sensory neurones of small diameter that contain neuropeptides such 

as SP, fail to survive when deprived of NGF during development (Johnson et. al. 1986). 

However, adult sensory neurones cease to rely on NGF for survival (Ruit et. al. 1990; 

Lewin et. al. 1992). A constant supply of NGF from the periphery is essential, however, 

for the maintenance o f adult normal cellular phenotype of sensory neurones (Lindsay 

and Harmar 1989). Recently it has been shovm that NGF-responsive cells include 

immune cells, such as mast cells (Horigome et. al. 1993) and leukocytes (Otten 1994), 

and other ectodermal-derived cells such as kératinocytes (Pincelli et. al. 1994; Yaar et. 

al. 1994).
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All o f the actions of NGF are mediated as stated above, by the two cell surface 

receptors, the p75 and the TrkA receptors, but the functional relation between these two 

receptors is controversial (Chao 1992b). TrkA can mediate many responses in the 

absence o f p75 receptors (Barbacid 1993). However, transgenic mice lacking the low 

affinity p75 receptor have neuronal deficits, particularly in the sensory nervous system 

(Lee et. al. 1992). Immunohistochemical analyses revealed a decrease in innervation of 

footpad skin by CGRP and SP immunoreactive fibres which was reversed when human 

p75 gene was crossed into the mutant animals. These results suggest a role for p75 in 

normal development and function of peripheral sensory neurones.

The response to NGF through the TrkA receptors involves regulation of gene 

transcription by distinct intracellular signalling mechanisms. The mechanism that 

mediates changes in nociceptor phenotype in response to NGF require transport of the 

signal from the periphery to the soma as well as from the membrane to the nucleus 

where it can modify gene transcription. NGF binds to the high affinity transmembrane 

receptor TrkA and cross-links two adjacent Trk molecules, which is important for 

receptor activation (Clary et. al. 1994). Cross linking o f receptors induces the 

internalisation o f the complex NGF-TrkA (Grimes el. al. 1996) and the transport to the 

soma (DiStefano et. al. 1992). The mechanism of signal transduction from the soma to 

the nucleus involves the activation of Ras protein, as shown in studied on PC 12 cells 

(Heumann,1994; Kaplan and Stephens 1994). First, proteins that posses the src- 

homology motifs (SH2) are phosphorylated by the receptor kinase. After this initial step 

has occurred, adapter proteins link phosphorylated SH2 protein to an exchange factor 

protein that enhances the exchange o f GDP for GTP on the Ras protein leading to 

production of the active GTP - bound form of Ras. The signal is then transmitted from 

Ras through the cytoplasm and to the nucleus via a cascade o f events in which each 

protein phosphorylates the next one. The final step involves the phosphorylation of 

transcription factors that bind directly or indirectly to specific DNA sequences in the 

promoter area and regulate transcription. After the phosphorylation o f the SH2 proteins 

occur, other pathways including phosphatidylinositol-specific PLC-y and 

phosphoinositol-3-kinase also become activated (Marshall 1995; Greene and Kaplan

1995).
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2.1.1.5 The effect of sensory neurones on inflamed tissue

During inflammation the neurokinin SP and CGRP contribute to neurogenic 

inflammation in the periphery. SP contributes to inflammation in the periphery by 

acting on blood vessels, stimulating immune cells and sympathetic fibres. SP can induce 

vasodilatation by stimulating the release of NO from the vascular endothelium, through 

the activation of NK-1 receptors (Dray 1994). In addition, SP can induce plasma 

extravasation, via a specific NKl receptor action (Maggi et. al. 1993). This allow a 

variety of inflammatory mediators (e.g. BK, 5HT, HA etc.) and immune cells 

(macrophages, neutrophil etc.) access to the site o f tissue damage and afferent nerve 

terminals. Another important role of SP during inflammation is stimulation and 

recruitment of inflammatory cells (Payan et. al. 1983). SP has been reported to stimulate 

chemotaxis (Marasco et. al. 1981), to enhance lymphocyte proliferation (Payan et. al. 

1983) and to stimulate macrophages and monocyte to release cytokines including IL-1 

(Kimball et. al. 1988) and gamma-interferon (INF-y) (Wagner et. al. 1987). Recent 

studies have reported the innervation of immune organs by SP and CGRP containing 

afferent nerve terminals contacting lymphocytes and macrophages (Lorton et. al. 1991; 

Weihe et. al. 1991; Popper et. al. 1988). Thus it is likely that the neuropeptides released 

in close proximity to immune cells modulate their function. In support o f this, it has 

been demonstrated that the immune response to antigen challenge in rats pre-treated 

with capsaicin, is reduced and can be restored by exogenous administered neurokinins 

(Helme et. al. 1987; Eglezos et. al. 1991). SP by stimulating the production of cytokines 

from monocytes (Lotz et. al. 1988), has an important role in the attraction and 

movement of leukocytes along the vascular endothelium. In addition, SP released from 

sensory neurones can stimulate the production o f other cytokines such as IL -lp  and 

TNF-a which can stimulate the synthesis o f NGF (Yoshida and Gage 1992). Thus a 

positive feedback loop between neuropeptides, cytokines and NGF can be activated 

during inflammation. SP can also degranulate mast cells leading to the release o f other 

inflammatory mediators including 5 HT, HA and proteolytic enzymes, which catalyse 

the production o f BK (Dray 1996).
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2.1.2 Inflammatory Pain Hypersensitivity

Inflammatory pain hypersensitivity manifests as:

1.A decrease in the threshold of nociceptive neurones, so that activation is now 

produced by stimuli that are not usually intense enough to cause activation (allodynia).

2.A increase in the responsiveness of nociceptive neurones, so that a usually noxious 

stimulus produces an even greater sensation o f pain (hyperalgesia).

3.Spread of sensitivity to the surrounding uninjured area (secondary hyperalgesia).

2.1.2.1 Peripheral Sensitisation

Primary Hyperalgesia

Electrophysiological work has shown that inflammation leads to changes in the 

transduction sensitivity of high threshold nociceptors, which contribute to alterations in 

sensation. Inflammatory mediators contribute to primary afferent nociceptor 

sensitisation which includes; a reduction o f nociceptor threshold, augmentation o f the 

response to suprathreshold stimuli and an increased spontaneous activity of primary 

afferent nociceptors. Following a localised noxious stimulus to the skin that is intense 

enough to cause tissue damage, the skin becomes hyperalgesic: the threshold for pain 

decreases so that innocuous stimuli such as light touch cause pain (allodynia), normally 

painful stimuli elicit abnormal intense and prolonged sensations o f pain and 

spontaneous pain. Hyperalgesia at the site o f injury is termed primary hyperalgesia.

Thermal Hyperalgesia

A prominent feature of primary hyperalgesia is hyperalgesia to heat stimuli. 

Studies in which heat injury was induced to one-half o f a receptive field of nociceptors 

showed, for example, no change in the sensitivity o f the other half to heat stimuli 

(Thalhammer and LaMotte 1983; Reeh et. al. 1986). A number of studies have shown 

that primary heat hyperalgesia is mediated by sensitisation of nociceptors but that tissue 

type and the nature of the injury are important variables (Meyer and Campbell 1981; 

LaMotte et. al. 1982). A heat injury applied to the glabrous skin results in hyperalgesia 

to heat which is mediated by sensitisation of A-fibres and reduced by a A-fibre block
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(Meyer and Campbell 1981). The same stimulus applied to the hairy skin also results in 

hyperalgesia to heat, but this is due to sensitisation of C-fibres (Campbell and Meyer

1983). Thus, C-fibre sensitisation appear to play an important role in heat hyperalgesia 

in hairy skin, while C-fibres in glabrous skin do not sensitise to a bum injury. In the 

glabrous skin A-fibre appear to mediate this phenomenon.

2.1.2.2 Central Sensitisation

An increase in the excitability of spinal cord neurones produces the phenomenon 

o f central sensitisation (Woolf 1983). Central sensitisation manifests as changes in 

receptive field properties including: reduction in threshold o f dorsal horn neurones, 

increase in responsiveness, expansion of receptive fields and recmitment of 

subthreshold inputs (Cook et. al. 1987). Behaviourally it manifests as abnormal 

mechanical sensitivity which spreads to uninjured sites (secondary hyperalgesia) 

including pain evoked by low-threshold mechanoreceptors (Torebjork et. al.l992).

C-fibre Mediated-facilitation

Mendell and Wall (1965) were the first to observe that a repetitive stimulus at a 

low frequency, sufficient to activate C-fibres, result in a progressive build-up in the 

amplitude o f action potential discharge, but this was not seen after A fibre stimulation. 

This activity-dependent facilitation is the phenomenon o f ‘windup’. This phenomenon is 

unique to C-fibres activation under normal conditions (Wall and Woolf 1986; Woolf 

and Wall 1986). Windup can be blocked by both NMDA receptor antagonists 

(Dickenson and Sullivan 1987) and tackykinin receptor antagonists (Nagy et.al. 1994) 

indicating that it is the consequence of both excitatory amino acid and neuropeptide 

release.

Unlike Ap-fibres activation, which elicit a fast excitatory potential lasting 

several milliseconds, repetitive activation of C-fibres generate a synaptic depolarisation 

due to temporal summation o f slow synaptic potentials which leads to a cumulative 

depolarisation (Sivillotti et.al. 1993). This summation increases with each successive 

input leading to the generation o f a progressive increase in action potential discharge or 

windup (Sivilotti et.al. 1993) by reducing the current required to reach action potential
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threshold. The cumulative depolarisation also accounts for an increase in intracellular 

calcium levels (MacDermott et. al. 1986) either directly, activating voltage-depending 

Ca^  ̂ channels and/or unblocking the NMDA receptor ion-channel, or indirectly via G- 

protein coupled neurokinin receptors which release calcium from intracellular stores 

(Heath et. al. 1994). Thus windup is sufficient to produce central sensitisation as it 

increases the intracellular levels of Ca^  ̂ in dorsal horn neurones which can leads to the 

activation of kinases such as protein kinase C (PKC).

Chen and Huang (1992) demonstrated that PKC can phosphorylate NMDA 

receptors and thus partially remove the magnesium channel blockade leading to the 

activation of this receptor at resting membrane potential. This increase in glutamate 

sensitivity leads to membrane depolarisation of dorsal horn neurones, so that input at 

synapses that were ineffective under normal conditions can generate action potentials 

after sensitisation and thus alter receptive field properties (W oolf and King 1990). Thus 

C-fibre stimuli change the properties of second order dorsal horn neurones in a way 

such that the response to any input depends, within a narrow time window, on previous 

inputs.

SP contributes to slow synaptic potentials

One way in which neuropeptides can modify the function o f dorsal horn 

neurones is via enhancement o f the excitatory affects o f glutamate which is co-localised 

with SP in the small DRG neurones (Rusin et al 92). Primary afferent nociceptor 

terminals that are SP and CGRP immunoreactive are found mainly in laminae I and II of 

the spinal dorsal horn and carry information from peripheral nociceptors (Willis and 

Coggeshall 1991). SP containing afferent neurone terminals have been shown to contact 

nociceptive-specific dorsal horn neurones (De Koninck et. al. 1992). SP released in the 

spinal cord appears to be involved in generating hyperexcitability o f dorsal hom 

neurones via a direct action on the postsynaptic cells, producing a slow and long-term 

depolarisation o f dorsal hom neurones so that weak, ineffective excitatory inputs are 

facilitated (De Koninck and Henry 1991).

In addition, SP can indirectly mediate the excitability o f dorsal hom neurones. 

Specifically, SP enhances the excitability o f spinal neurones by potentiating the 

responses o f spinal neurones to NMDA receptor activation (Dougherty and Willis 1991; 

Randic et. al. 1990; Rusin et. al. 1993). Over a short time course, the potentiating effect
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of SP on NMDA-induced receptor activation is mediated through the removal of the 

voltage-dependent Mg^^ block from the NMDA-ion channel (Mayer et. al. 1984). The 

longer duration effects of SP most probably involve the activation of PKC, via NKl 

receptor binding and mobilisation of intracellular Ca^ ,̂ which leads to the 

phosphorylation o f NMDA receptors (Catalan et. al. 1989). Under these conditions, 

subliminal inputs will reach threshold for excitation resulting in the expansion of 

receptive fields (Woolf and King 1990), thereby contributing to hyperalgesia. In support 

o f this, the synaptic activation o f spinal neurones produced by small unmyelinated C- 

fibre afferents, which elicit a slow synaptic potential, can be mimicked by SP agonists 

and reduced by their antagonists (Urban and Randic 1984; Nagy et. al. 1994).

SP contributes to central sensitisation

The role o f SP in the central nervous system (CNS) was difficult to assess before 

suitable antagonists become available. The availability of specific antagonists for NKl 

and NK2 receptors revealed the differential function of SP and NKA in the spinal cord 

(Wiesenfeld-Hallin and Xu 1993). It has been shown that the NKl antagonist, CP 96 

345, blocks the sensitisation o f the flexor reflex following the activation o f cutaneous 

(Xu et al. 1992) and muscle (Wiesenfeld-Hallin and Xu 1993) afferents. However, the 

NK2 antagonist, Menarini 10207, has been shown to block only the sensitisation evoked 

by conditioning stimulus o f the muscle, but not cutaneous, afferents (Xu et. al. 1991; 

Wiesenfeld-Hallin and Xu 1993). These results indicate that SP released after activation 

of cutaneous afferents is responsible for the sensitisation of the flexor reflex and co

release o f SP and NKA underlay the prolonged facilitation of the flexor reflex following 

activation of muscle afferents.

Differential effect of the activation o f NKl and NK2 receptors on spinal reflex 

hyperexcitability has been also reported by Ma and Woolf (1995). Using other specific 

antagonists, these authors have also demonstrated that the induction of central 

sensitisation but not the maintenance is dependent upon NK receptor activation, with 

cutaneous C fibre conditioning inputs acting via N K l receptors (Ma and Woolf 1995). 

Recently it has also been demonstrated that under inflammatory conditions, low 

intensity mechanical or electrical stimuli of Ap fibres can elicit hyperexcitability of 

dorsal hom neurones, something they normally never do (Ma and Woolf 1996). This 

phenomenon, progressive tactile hypersensitivity, is not observed under normal
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conditions where only C-fibres inputs can elicit central sensitisation. This altered 

responsiveness of dorsal hom neurones to low intensity Ap stimuli, may be attributed to 

a change in the phenotype o f sensory neurones after inflammation.

Glutamate

The fast excitatory effect of glutamate on dorsal hom neurones is mediated via 

glutamate receptors, now known to comprise two major families: the metabotropic 

family o f G-protein coupled receptors and the ionotropic family o f receptors, which 

operate ion channels and which are named after the selective agonists AMPA, kainate 

and NMDA. Activation o f A-fibres results in the release of excitatory amino acids, 

glutamate and aspartate, which elicit a fast excitatory post synaptic potential in dorsal 

hom neurones, mediated principally by non-NMDA receptors. Activation of C-fibres 

results in the release o f excitatory amino acids as well as neuropeptides. Glutamate and 

SP act synergistically to excite the dorsal hom neurones and to elicit the sensation of 

pain (Dougherty and Willis 1991; Rusin et. al. 1993). This is mediated, in part, through 

the N-methyl-D-aspartate-type glutamate receptors (NMDA) in the spinal cord (Dubner 

and Basbaum 1994) and the neurokinin receptors, which together act postsynapticaly to 

elicit windup.

However, NMDA receptors have also been described presynaptically, on 

terminals of SP-containing primary afferent fibres (Shigemoto et. al. 1992; Liu et. al 

1994). It has been demonstrated that activation of these receptors have an important role 

in the production of pain. Glutamate, acting on the presynaptic NMDA receptors can 

maintain the depolarisation o f the presynaptic terminal and prolong the release and 

enhance the postsynaptic effects of SP (Liu et. al. 1997).
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2.1.3 The role of NGF in inflammation

2.1.3.1 Increased production of NGF

During inflammation NGF is produced by different cell types including immune 

cells (lymphocytes, macrophages and mast cells) (Aloe et. al. 1992; Leon et. al. 1994), 

fibroblasts (Matsuoka et. al. 1991; Lindholm et. al. 1988) Schwann cells,(Heumann et. 

al. 1987) smooth muscle cells and kératinocytes (Hattori et. al. 1993). The levels of 

NGF protein have been shown to increase following the induction o f adjuvant 

inflammation in the skin and in the sciatic nerve (Donnerer et.al. 1992; Woolf et. al. 

1994). This increase in NGF is secondary to an initial rise in the levels of cytokine 

interleukin 1-p (Safieh-Garabedian et. al. 1995). Other growth factors and inflammatory 

mediators have been shown to contribute to the increased production o f NGF. PDGF, 

aFGF, pFGF, TNFa, EGF and TGFa and p all increase NGF production in flbroblasts 

in vitro (Matsuoka et. al. 1991; Hattori et al 1993). Thus the increased levels of NGF is 

likely to be a result of release of cytokines and growth factors from inflammatory cells 

as well as a direct release of NGF from some of the inflammatory cells and cells 

resident in the tissue (Leon et. al. 1994).

Different studies have demonstrated that the increase in NGF levels is linked to 

inflammatory pain hypersensitivity. The contribution of NGF in the production of 

hypersensitivity was first demonstrated by Lewin et. al. 1993. In this study 

systematically administrated NGF produced both thermal and mechanical hyperalgesia 

in the rat. In addition, it has been demonstrated that local injection o f NGF into the 

hindpaw also produces a thermal and mechanical hyperalgesia at 6 h which ended within 

24h (Woolf et. al. 1994). Animals pre-treated with neutralising anti-NGF serum (Woolf 

et.al. 1994; Aloe et. al. 1981) or TrkA-IgG fusion proteins (McMahon et. al. 1995) show 

marked reduced sensitivity to thermal and mechanical stimuli after inflammation. 

Furthermore, it has been shown that after the induction o f inflammation, when 

hypersensitivity is fully developed, anti-NGF serum causes an immediate (within one 

hour) significant reduction in thermal hypersensitivity, but a reduction in mechanical 

hypersensitivity could only be detected 24h after the anti-NGF administration (Woolf et.
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al 1994). This implies that during inflammation a continuous increased supply of NGF 

in the periphery contributes to inflammatory thermal hypersensitivity (Woolf et.al 

1994). Thermal hyperalgesia is most probably mediated by local action of NGF on 

primary sensory terminals, either directly or via inflammatory cells while mechanical 

hyperalgesia may require retrograde transport of NGF to the dorsal root ganglia (see 

below).

2.1.3.2 Cytokine-like function

The indirect effects of NGF may be associated with this factor acting like a 

cytokine, modifying cells o f the immune system such as mast cells, macrophages and T- 

cell functions (Otten and Gadient 1995). NGF influences B- and T-lymphocyte 

proliferation (Otten et. al. 1994, 1989), induces the differentiation o f activated B-cells 

into immunoglobulin-synthesising plasma cells (Otten et. al. 1989) and is an autocrine 

survival factor for memory B-lymphocytes (Torcia et. al. 1996). NGF also promotes 

monocyte differentiation (Matsuda et. al. 1991) and mast cell proliferation (Aloe and 

Levi-Montalcini 1977) and degranulation (Pearce and Thompson 1986; Bischoff and 

Dahinden 1992).

2.1.3.3 Indirect effect of NGF

Other indirect effects o f NGF on sensory neurones are mediated through the 

activation of responsive inflammatory cells. Rat peritoneal mast cells have been found 

to possess the TrkA receptor (Horigome et. al. 1993). Inflammatory mediators such as 

histamine and 5-HT are released as a result o f NGF binding to TrkA on the mast cells. 

These mediators could act on nociceptor terminals causing acute increase in sensitivity. 

The early phase of NGF-induced hyperalgesia has been attributed to an action of NGF 

on mast cells degranulation (Lewin et. al. 1993; Woolf et. al. 1996).

2.1.3.4 Direct effects of NGF

NGF can exert its direct action either locally at the nociceptor terminals or in the 

cell body responsive primary sensory neurones. Primary sensory neurones that express

47



TrkA receptor have been observed to be predominantly small diameter DRG cells, but a 

significant number of medium size DRG cells have been also detected (Averill et. al 

1995; McMahon et. al. 1994). These cells also express the neuropeptide SP and CGRP 

(Verge et. al. 1989a,b). Binding of NGF to the TrkA receptor results in the activation of 

the intracellular tyrosine kinase domain which may lead to the phosphorylation of 

transduction-related proteins or membrane proteins such as ion channels and sensitising 

the peripheral terminal. More importantly, NGF interaction with TrkA on sensory 

neurones can results in the retrograde transport of the NGF-TrkA complex to the cell 

body in the DRG (DiStefano et. al. 1992). This has been demonstrated to alter the 

phenotype o f primary sensory neurones (see below). Another target o f NGF is the 

postganglionic sympathetic neurones. However, it seems that these neurones contribute 

only transiently to inflammatory hyperalgesia and that mast cells and sensory neurones 

are more likely to be important sites for the sustained action o f NGF in producing 

increased sensitivity during inflammation (Woolf et. al. 1996).

2.1.3.5 Changes in transcription

NGF produce changes in the phenotype of sensory neurones. It has been shown 

that local administration of NGF can by itself increase the levels o f neuropeptides such 

as SP and CGRP and other modulators in DRG cells (Leslie et. al. 1995). This data 

support previous in vitro findings that show that the levels o f neuropeptides in adult 

DRG cells grown in culture, are controlled by the levels o f NGF in the medium 

(Lindsay et. al. 1989). Since inflammation increases NGF levels, the key question is 

whether the inflammatory-increased levels of NGF changes the phenotype of sensory 

neurones during inflammation.
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2.1.4 Transcription-dependent changes of neurones during

inflammation

2.1.4.1 Primary sensory neurones

Peptides

NGF has been shown, acting at the level of gene expression, to alter the 

phenotype o f sensory neurones. An upregulation o f neuropeptides such as CGRP and SP 

and other neuromodulators (Leslie et. al. 1995) possibly contribute to the central 

generation o f pain and hypersensitivity by amplifying synaptic responses. Acute 

inflammation induced by different irritants, has been shown to alter the levels of SP. 

Formalin injection into the hindpaw increased both, the number o f lumbar DRG 

neurones expressing SP-encoding PPT mRNA (Noguchi et. al. 1988), and the amount of 

immunoreactive SP in dorsal hom neurones (McCarson and Goldstain 1989,1990). The 

use o f Freund’s adjuvant to produce inflammation has also been shown to increase the 

expression o f SP-encoding PPT mRNA in the lumbar DRG and spinal cord (Donaldson 

et. al. 1992; Minami et. al. 1989; Woolf et.al. 1994; Leslie et.al. 1995; Safih-Garabedian 

et.al. 1995). The increase in the levels o f SP mRNA have been shown to be followed by 

an increase in the levels o f these neuropeptides (Donnerer et. al. 1992; Smith et. al. 

1992). In addition, it has been demonstrated that during inflammation the proportion of 

DRG cells which contain SP mRNA increased significantly on the inflamed side in 

comparison to the control side (Hanesch et. al. 1993; Leslie et. al. 1995).

Receptors

Transcription-dependent changes in different kind of receptors has been also 

observed following the induction of inflammation. One example is the three opioid 

receptor types p, Ô and k .  Recently, Ji et. al (1995) have demonstrated that following the 

induction o f inflammation the p opioid receptor type is upregulated in the cell bodies of 

small afferent nerve fibres while opioid receptor type Ô and k  are downregulated. In 

addition other receptors such as the capsaicin receptor (Winter et. al. 1988; Hu-Tsai et. 

al. 1996), the proton activated ion channel and the TTX-resistant ion channel (Aguayo 

and White 1992) have been shown to be regulated by transcription-dependent changes.
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In general, exposure to NGF promotes the capsaicin and TTX-resistant channel 

expression while removal o f NGF results in large reduction o f these channels.

Growth-related genes

The growth-associated protein 43 (GAP-43) is expressed at high levels during 

development in axonal growth cones (Biffo et. al. 1990; Fitzgerald et. al. 1991) and it is 

downregulated following innervation of targets. However, following peripheral axotomy 

in adult rats, GAP-43 is re-expressed in DRG cells and this is associated with successful 

reinnervation o f peripheral targets (Verge et. al. 1990; Chong et. al. 1992; Wiese et. al.

1992). Recently, it has been shown that GAP-43 mRNA is also upregulated following 

the induction o f inflammation in DRG neurones innervating the inflamed area (Leslie et. 

al. 1995). This increase in the levels o f mRNA in the DRG is associated with an 

increase in protein levels, as demonstrated by GAP-43- immunoreactive fibres in the 

epidermis of inflamed skin. This may indicate that during inflammation there is an 

increase in the innervation o f inflamed skin which will lead to an expansion of receptive 

field o f these neurones.

2.1.4.2 Dorsal horn neurones

Neurokinin receptors

SP has been demonstrated to bind to NK-1 receptor with the highest affinity 

(Helke et. al. 1986; Kangrga and Randic 1990). In the spinal cord NK-1 receptors are 

found primarily in the superficial dorsal horn, laminae I and II, in the region of 

termination o f SP containing primary afferent neurones (Helke et. al. 1990; Yashpal et. 

al. 1990; Moussaoui et. al. 1992). Therefore, a likely source of SP for the activation of 

NK-1 receptor is the release from primary afferent neurones that can be activated by 

nociception. An increase in SP released from central terminals together with an 

upregulation o f NK-1 receptor mRNA in dorsal horn neurones (McCarson and Krause 

1994) implies that during inflammation the central effect of primary afferent input are 

greatly amplified. Furthermore, a recent study by Abbadie et. al. (1996) confirmed that 

the changes at the mRNA level are manifested at the protein level - expression of the 

receptor. This upregulation of NK-1 receptor was not confined to the medial part o f the
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dorsal horn, which is the region of input o f the afferent from the hindpaw, but rather 

extended to the lateral part of the dorsal horn as well as to segments rostral and caudal 

to the afferent input from the hindpaw. These changes in the topographical distribution 

of NK-1 receptor can also contribute to central sensitisation. As the non-peptide 

antagonist CP-96345 is able to block the activation of nociceptive specific dorsal horn 

neurones (Salter & Henry 1991; Radhakrishnan and Henry 1991) it has been suggested 

that NK-1, and as a consequence SP, has an important role in the processing of sensory 

information, mainly in mediating hyperalgesia or long term states o f nociception.

NKA is also present in primary afferent terminals in spinal dorsal horn, being 

largely associated with fine Aô and C-fibres. Release of this peptide in the superficial 

dorsal horn has been demonstrated in response to noxious cutaneous stimuli (Duggan et. 

al. 1990). NKA has the highest affinity to NK-2 receptor which is abundant in the 

periphery. Recent experiments have revealed the presence o f a very small but significant 

population o f NK-2 receptors in the spinal cord (Yashpal et. al. 1990). Functional 

studies have shown that locally-administered NK-2 antagonists inhibit the response of 

rat and cat dorsal horn neurones to brief noxious thermal stimuli applied to their 

cutaneous receptive field (Fleetwood-Walker et. al. 1990,1991,1992). Thus, it has been 

suggested that NK-2 receptors are involved in brief thermal nociceptive input 

(Fleetwood-Walker et. al. 1993).

In addition, the tachykinin NKB and the NK-3 receptor, to which NKB binds 

with the highest affinity (Helke et. al. 1990), have also been implicated in the mediation 

o f nociception at the level o f the spinal cord. The majority o f NKB in the dorsal horn is 

present within the superficial dorsal horn located in intrinsic spinal cord neurones or 

ascending pathways (Helke et. al. 1990; Ogawa et. al. 1985). NKB has been reported to 

have antinociceptive effects in the spinal cord (Laneuville et. al. 1988) which appear to 

be mediated by opioid peptides and can be blocked by prior i.t. injection of naloxone 

(McCarson and Krause 1995; Laneuville et. al. 1988). The distribution of NK-3 has 

been shown to be concentrated (like the other NK receptors) within laminae I and 

substantia gelatinosa, although this receptor is much less abundant in this region than 

either NK-1 or NK-2 receptors (Helke et.al. 1986; Yashpal et. al. 1990). It has been 

demonstrated that the levels of NK-3 mRNA are upregulated following the induction of
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inflammation (McCarson and Krause 1994). This increase suggests that cells that 

express NK-3 in the dorsal horn may be activated by nociception. Thus, nociception 

may trigger increase activity o f an intrinsic antinociceptive system mediated via NKB 

and endogenous opiates. This system can potentially limit and/or modify transmission 

of nociceptive information to higher brain centres as well as locally in the spinal dorsal 

horn. However, upregulation of NK-3 protein following inflammation has not been 

reported yet.

c-fos

c-fos is one of the genes that belong to the class of ‘immediate early genes’. This 

gene is rapidly and transiently expressed after noxious stimulation within the post- 

synaptic neurones o f the dorsal horn o f the spinal cord. These events are detectable for 

several hours after stimulation, and they reflect the direct activation o f post-synaptic 

neurones by incoming sensory afferents (Munglani & Hunt 1995). After noxious 

peripheral stimulation (e.g. subcutaneous injection of formalin into the hindpaw) c-fos 

immunoreactive neurones are found mainly in the superficial dorsal horn (laminae I and 

II), in the deep part o f the dorsal horn (lamina III, V and VI) and around the central 

canal (laminae X) (Todd et. al. 1994). Recently it has been shown that innocuous touch 

stimuli applied to an inflamed limb can also induce c-fos expression in the spinal cord 

(Ma and Woolf 1996b). In addition Ap-fibre strength electrical stimuli also increased 

the number o f c-fos immunoreactive cells in deep laminae o f the dorsal horn during 

inflammation. These results demonstrate that during inflammation low intensity stimuli 

can significantly increase c-fos expression in dorsal horn neurones, suggesting that the 

central changes in dorsal horn excitability may be related to the novel expression o f c- 

fbs in dorsal horn neurones (Ma and Woolf 1996b).

Opioids

Opioids have also been implied as having a role in the plasticity observed in 

dorsal horn neurones during inflammation. There are three families of endogenous 

opioid peptides derived from three precursor proteins: the pre-pro-opiomelanocortin, 

pre-pro-enkephalin (PPE) and the pre-pro-dynorphin (PPD) system. The major products 

of this precursors are beta-endorphin, met-enkephain (ENK) and dynorphin (DYN), 

respectively. It has been shown that following the induction of inflammation PPD
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mRNA, PPE mRNA and DYN peptide levels are upregulated on the inflamed side 

(Dubner and Ruda 1992; Noguchi et. al. 1991). It has also been shown that more than 

80% of the neurones that express PPD mRNA also express c-fos immunoreactivity 

during inflammation and the same percentage o f colocalisation has been observed for 

PPE mRNA and c-fos immunoreactivity (Dubner and Ruda 1992). Dubner and Ruda 

(1992) have suggested that DYN containing intrinsic dorsal horn neurones are 

excitatory. Potentiation of excitatory amino acid activity by DYN, on intrinsic and 

projecting neurones, together with enhancement release of excitatory amino acid from 

presynaptic endings could lead to excessive depolarisation that can promote 

excitotoxicity and neuronal dysfunction.

2.1.5 Role of SP in inflammatory pain

Inflammation results in an upregulation of NGF levels (Donnerer et. al. 1992; 

Woolf et. al. 1994). Adult DRG neurones are dependent upon constant supply of NGF 

for the maintenance of SP levels (Lindsay and Harmar 1989). Following the induction 

of inflammation SP content and the proportion of PPT-A mRNA expressing DRG 

neurones are increased (Leslie et. al. 1995; Hanesch et. al. 1993) in an NGF dependent 

fashion (Donnerer et. al. 1992; Woolf et. al. 1994). The upregulation o f SP has an 

important role in inflammatory pain and hypersensitivity. Peripherally increased levels 

of SP contribute to neurogenic inflammation while centrally SP contributes to the 

hyperexcitability o f dorsal horn neurones. Although different studies have shown that 

after inflammation primary sensory neurones undergo changes in phenotype, no attempt 

has been made to directly characterise these neurones.
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2.1.6 Aim of study

In the present study three main questions were addressed:

1. Is the increase in SP levels in primary sensory neurones after inflammation due to an 

increased expression in cells that previously expressed SP, mainly small-sized cells 

with unmyelinated axons, or is it due to novel expression in a new subpopulation of 

sensory neurones that do not express SP under normal conditions, particularly cells with 

myelinated axons.

2. Do the cells that become positively labelled for SP, following the induction of 

inflammation, also express TrkA receptor, since the SP induction is NGF-dependent.

3. What is the functional significance of inflammatory changes in SP expression.
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2.2 Materials and Methods

2.2.1 Experiment l:DoubIe labelling substance-P immunoreactivity 

and cholera-toxin binding in DRG neurones

Adult Sprague-Dawley male rats (200-350g) were used in this study (n=8 ). A 

subgroup of the rats (n=4) were injected intradermally in the footpads of the left 

hindpaw with lOOpl o f 50% turpentine (diluted in paraffin oil) under halothane 

anaesthesia. The following day inflamed (n=4) and control rats (n=4) were 

anaesthetised with halothane (induction 4% and maintenance 2.5%). The left sciatic 

nerve was exposed at mid thigh level under aseptic conditions and injected with Ipl of 

the tracer cholera toxin B subunit (CB) conjugated to fluorescein isothiocyanate (List, 

5% dissolved in distilled water). The wound was closed, and the rats were allowed to 

recover. Two days later the animals were terminally anaesthetised with pentobarbitone 

(i.p. 50 mg/kg) and perfused with 200ml saline (room temperature) followed by 

500ml of 2% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer. The 

L4 and L5 dorsal root ganglions were identified, removed and postfixed in the same 

fixative overnight at 4° C.

Frozen sections (50pm) o f the DRGs were cut and stained free floating. 

Initially, the sections were preincubated in blocking buffer (0.8% BSA, 0.2% Triton 

X-100 and 5% NGS) for 60 min. at room temperature followed by avidin D blocking 

solution and biotin blocking solution (Vector) diluted in PBS. Sections were then 

incubated at 4°C for 48h in a polyclonal antiserum to Substance-P (1:8K Affinity 

batch N559) diluted in incubation buffer (0.8% BSA, 0.2% Triton X-100 and 1% 

NGS). After washing, the sections were incubated in goat anti-rabbit IgG conjugated 

to tetramethyl rhodamine isothiocyanate (TRITC) (1:200, Vector) for 60 min. at room 

temperature. Sections were agitated during incubation. After washing with several 

changes of PBS for l-2h the sections were mounted on gelatinised slides and 

coverslipped with glycerol. Non specific staining was assessed by substitution of the
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primary antibody with PBS for all the sets of tissue. No non-specific immunostaining 

of neuronal structures was ever obtained.

2.2.1.1 Area Measurements

The area o f neuronal cell profiles with a clear nucleus were measured and 

frequency distribution histograms drawn for SP-ir and CB-ir DRG cells. 

Measurements were pooled from 5-10 nonadjacent sections per ganglion. The area

(|im^) of the cell profiles was measured using a drawing digitising tablet (Genius 

Newsketch 1212 pad) and the TABYLT morphometry program (generously provided 

by Dr. Jeremy Cook, Dept, o f Anatomy, UCL) which directly calculated the area for 

each cell. Using Microsoft Excel, size distribution histograms were then generated.

2.2.1.2 Confocal Microscopy

Images were analysed using a Leica laser-scanning confocal microscope 

(TCS4D), equipped with three-colour simultaneous fluorescence detection as well as 

transmitted light detector yelding phase and brightfield images.

Sixteen optical sections from an area of 400|im^ were collected from each 

tissue section and reconstructed as a single two dimensional projection using x250 

magnification and zoom factor 1. Single confocal optical section had an effective 

thickness of approximately 2.5pm. Both, TRITC (stimulating wavelength 568nm) and 

FITC (stimulating wavelength 488nm) images were collected simultaneously. 

Composite figures were assembled on Adobe Photoshop.
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2.2.2 Experiment 2 : Substance-P labelling of Dorsal root axons

Adult Sprague-Dawley male rats were used in this study. The induction of 

inflammation and the perfusion procedure were exactly the same as described above. 

Forty eight hours after the inoculation, the L4 and L5 dorsal roots from inflamed 

(n=6 ) and control (n=6 ) animals were removed and fixed overnight at 4° C. 

Transverse, frozen sections (100pm), were cut and processed free flouting for 

immunocytochemistry for substance-P (Affiniti batch Z00247). Briefly, sections were 

preincubated using the blocking kit (Vector), 0.2% Triton X-100 and 0.3% BSA. The 

sections were then incubated in the primary and secondary antibodies (all diluted in 

PBS) as described in Experiment 1.

2.2.2.1 Area Measurements

For each experiment the area of the whole root was measured, using camera 

lucida drawings (Nikon) which were then transferred to the drawing analysis package 

as described in Experiment 1. Pooling together L4 and L5 dorsal roots, the mean area 

and the standard error were calculated for control (n=6 ) and inflamed (n=6 ) animals.

2.2.2.2 Confocal Microscopy

Four optical sections 250pm^ were collected from each tissue section and 

reconstructed as described above using a magnification o f x400 zoom factor 1. Single 

confocal optical section had an effective thickness o f approximately 0.5pm. In order 

to visualise myelinated fibres, the four optical sections through the tissue were 

superimposed on a transmission light image.
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2.2.2.3 Sampling Method

The total number of axons per section (250pm x250pm) was estimated using a 

6 X 6  square grid which covered all the section. The total number o f axons in the four 

marked squares were used to estimate the total number o f axons in the whole section. 

Thus the sum of the number of axons counted in the four black squares were then 

multiplied by nine to give the total number of axons per section. Using the same grid, 

we then counted the substance-P immunoreactive axons in each square.

Labelled substance-P axons were divided into two categories; ‘Clearly 

substance-P positive’ in which axons were definitively stained with high intensity 

fluorescence; and ‘Weakly substance-P positive’ in which we could distinguish the 

staining from the background but the intensity of the fluorescence was not as high as 

in the former group.
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2.2.3 Experiment 3: Double labelling of substance-P and TrkA 

immunoreactivity in DRG neurones

Adult Sprague-Dawley male rats were used in this study. The induction of 

inflammation and the perfusion procedure were the same as described in Experiment 

1. Forty eight hours following the induction o f inflammation, L4 and L5 dorsal root 

ganglions were removed from inflamed (n=4) and control (n=4) animals. Transverse, 

frozen sections were cut at 50pm and processed free floating for substance-P (a 

generous gift from Dr. John E. Maggio USA) followed by TrkA (a generous gift from 

Prof. L. Reichardt USA) immunocytochemistry. Initially, sections were incubated in 

3% BSA (Sigma) for 10 minutes. Then sections were incubated at 4°C for 24h in an 

anti-substance P antibody raised in guinea-pig (G15P-5; 1:1K) diluted in the same 

incubation buffer as described in Experiment 1. Sections were then rinsed in PBS 

(3x10 min.) and incubated in goat anti-guinea-pig IgG conjugated to (FITC) diluted in 

PBS for 60 min. at room temperature. After washing, the sections were transferred for 

5 min. to 0.2% Triton X-100. Sections were then preincubated in avidin D blocking 

solution and biotin blocking solution (Vector) diluted in PBS and incubated in a 

polyclonal antiserum to TrkA (1:1K) at 4®C for 48h. After washing, sections were 

incubated in goat anti-rabbit IgG conjugated to TRITC (1:200 Vector) for 60 min. at 

room temperature. Sections were then rinsed in PBS for l-2h and mounted and 

coverslipped with glycerol.

2.2.3.1 Area Measurements

The area of neuronal cell profiles and frequency distribution histograms were 

drawn for SP-ir and TrkA-ir cells pooled from 4-6 nonadjacent sections per 

experiment, using the same techniques as described in Experiment 1.
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2.2.3.2 Confocal microscopy

Images were captured directly from the confocal microscope at x250 

magnification. Ten optical sections 400pm^ were collected from each tissue section 

and reconstructed as described in Experiment 1.
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2.3 Results

2.3.1 Experiment l:Double labelling of substance-P immunoreactivity 

and cholera-toxin binding in DRG neurones

2.3.1.1 Aim

Immimohistochemical staining experiments were conducted to determine if the 

phenotype o f DRG neurones with myelinated fibres changes after the induction of 

inflammation. For this purpose double labelled cell profiles in the DRG stained for 

substance-P and CB were examined. Myelinated fibres were detected using the B 

fragment of cholera toxin which binds to GMl ganglioside found only on A-fibres 

(Robertson et. al. 1991) and SP expression was detected immunohistochemically.

2.3.1.2 SP immunoreactivity of DRG neurones from control animals

Immunohistochemical staining for substance-P, from sections of control 

untreated animals, showed many immunofluorescence DRG cell profiles distributed 

mainly in the smaller size range of the ganglion. Figure 2.1 shows an example of three 

different sections from naïve animals, all show bright staining SP-immunoreactivity, 

particularly in small-diameter DRG cell profiles. However, it is also possible to see 

some background faint staining of larger DRG cell profiles. The staining in most of the 

profiles appear to be diffuse throughout the cytoplasm and no staining of axons crossing 

the ganglion were observed.

Measurements of the area of SP immunoreactive profiles varied between 

200pm^ to 1000pm\ The cross sectional area of SP positive cell profiles were 

apparently normally distributed (Fig.2.2).
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Fig. 2.1 : Confocal photomicrographs showing three different images constructed from 16 optical sections through 50pm sections of DRG from control

animals labelled for SR SP immunoreactive staining is present primarily in small sized cells (arrow). The very faint label is nonspecific background

staining (arrow head). Scale bar represents 100pm.
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Fig. 2.2: Size-frequency histogram  illustrating the distribution of the cross-sectional 

areas of the SP-im m unoreactive dorsal root ganglion cells pooled from  4 control and 

inflam ed anim als (n=235 control, 491 inflamed). Inflam m ation resulted in an overall 

shift in the distribution of the size of the profiles to the right due to both an increase in 

size of small cells and the appearance of a group of larger (>950pm^) SP labelled profiles.
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Fig. 2.3; Confocal photomicrographs showing three different images constructed from 16 optical sections through 50pm sections of DRG from

inflamed animals labelled for SR In addition to small sized profiles labelled for SP, that were also seen in control animals, SP labelling is present in

larger profiles after inflammation (arrow). The very faint label is nonspecific background staining (arrow head). Scale bar represents 100pm.



2.3.1.3 SP immunoreactivity of DRG neurones from inflamed animals

Following the induction o f inflammation a wider range of cell sizes was 

detected. Figure 2.3 shows an example of three different sections from inflamed 

animals, all show bright staining of SP-positive DRG cell profiles. In addition to small 

diameter SP-positive profiles, which were also observed in the control animals, it is also 

possible to see some larger profiles which are positively stained for SP. The staining 

pattern o f SP-positive profiles after inflammation appear to be similar to those seen in 

the naïve animals, mainly diffuse staining throughout the cytoplasm and no staining of 

axons crossing through the ganglion were observed. Some background staining o f large 

profiles in which the fluorescence intensity was much lower than the SP-positive 

profiles can be also seen.

Measurements o f the cross sectional area of substance-P-ir DRG cell profiles 

revealed a significant increase following inflammation from 512±12pm^ (n=235; see 

table 2.1) to 582±10pm^ (n=491; see table 1) (p<0.0001, Welch’s t-test). The shift in the 

size distribution of substance-P-ir cell profiles can be seen in Figure 2.2. In contrast to 

the normally distributed SP profiles in control animals, after inflammation a tail of 

medium-sized profiles approaching the upper end o f the size distribution appeared. The 

mean area in each inflamed animal matched with a control processed at the same time 

was always larger (see Table 2.0)

Table 2,0: The mean area(±SEM) o fS P  immunoreactive DRG cell profiles, the 

standard error and the number o f  profiles counted in each experiment, all show that the 

mean area in each inflamed animal is always larger then the control

Inflamed Control
Experiment mean SE n mean SE n

1 587.6 24.6 76 542.5 32.1 35
2 471 1 1 . 6 180 433.3 28.8 36
3 689.5 2 0 . 6 161 529 19.1 1 1 0

4 593.1 19.5 87 508 20.7 54
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Table 2.1: Actual number o f  SP, CB and double labelled profiles that were 

counted in control and inflamed animals in each experiment

Inflamed Control
Experiment SP CB Double SP CB Double

1 76 133 2 1 35 64 6

2 180 333 33 36 54 6

3 161 357 34 1 1 0 207 14
4 74 199 15 54 257 5

Total 491 1023 103 235 582 31

2.3.1.4 Cholera-toxin binding of DRG neurones from control animals

In contrast to substance-P-ir, CB positive labelling was found in cells of all 

sizes. In Figure 2.4, which display an example of three different sections from control 

untreated animals, it is possible to see that small as well as large-sized profiles are 

positively labelled for CB. The staining in most of the profiles appear to be diffuse 

throughout the cytoplasm with most o f the profiles brightly stained. Some faintly 

stained axons that cross the ganglion can be also seen as well as low intensity profile 

staining which was considered background staining

The area of measured CB labelled DRG cell profiles varied between 100- 

2900pm^ (Fig. 2.5). However, the cell sizes of the CB population were not normally

distributed, rather there appear to be a peak at 400-450pm^ as well as another small

peak 1500-1700pm^ at the medium-sized and large cells end of the distribution

2.3.1.5 Cholera-toxin binding of DRG neurones from inflamed animals

After the induction o f inflammation CB labelling was also found in cells o f all 

sizes. Figure 2.6 displays three different sections from inflamed animals, all o f which 

show small, medium and large-sized CB positive labelled DRG cell profiles. CB- 

positive labelled profiles vary in the intensity of the fluorescence from bright positively 

stained profiles to weakly stained profiles which were considered as background 

staining. Staining of some CB-positive axons that cross the ganglion were also 

observed.
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Fig. 2.4: Confocal photomicrographs showing three different images constructed from 16 optical sections through 50pm sections of DRG from control

animals labelled for CB. CB positive labelling is present in small sized profiles (arrow) as well as in medium and large-sized profiles (arrow head).

Scale bar represents 100pm.
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Fig. 2.5: Size-frequency histogram illustrating the distribution of the cross-sectional areas of the CB positive dorsal root ganglion cells pooled from 
4 control and inflam ed animals (n=582 control, 1023 inflamed). After inflammation the area of DRG cell profiles CB positive population did not 
alter. T he size  d is tr ib u tio n  o f CB p o p u la tio n  appears to have tw o peaks one at 4 0 0 -4 5 0 |im ^  and ano ther one at I5 0 0 -I700p .m ^ .



•  ♦HI
Fig. 2.6: Confocal photomicrographs showing three different images constructed from 16 optical sections through 50pm sections of DRG from inflamed

animals labelled for CB. CB positive labelling is present in small sized profiles (arrow) as well as in medium and large-sized profiles (astrix). Some CB

labelled axons that cross the ganglion are also visible (arrow head). The very faint label is nonspecific background staining. Scale bar represents 100pm.
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The area o f CB-positive profiles varied from 150pm^ to 3450pm^. The CB 

population o f positive profiles were not normally distributed rather there appear to be 

two peaks, similar to those described for the control animals. It was found that after 

inflammation the area of DRG cells CB positive population (1129±70|iim^ n=582 

control; 1026±61pm^, n=1022 inflamed) did not alter (p=0.2, Welch’s t test; see Fig.

2.5). In addition the density of labelling of CB-positive DRG cells did not change 

(22.5±4.6 profiles per 400pm^ control and 21.0±2.6 profiles per 400pm^ inflamed, n=4; 

see table 2 .2 ).

Table 2,2\ The density (number o f  cells per 400pm^) o f  SP, CB and double 

labelled profiles from  control and inflamed animals.

Inflamed Control
Experiment SP CB Double SP CB Double

1 7.6 13.3 2 . 1 8.75 16 1.5
2 1 2 . 8 6 23.79 2.36 9 13.5 1.5
3 10.06 22.31 2.125 1 2 . 2 28.56 1.56
4 9.25 24.88 1.875 6.75 32.125 0.625

mean 9.94 21.07 2.115 9.175 22.55 1.29
SEM 1 . 1 2 . 6 0 . 1 1.13 4.6 0 . 2 2

2.3.1.6 Double labelling of DRG neurones

The most striking result of the present study was that after inflammation the 

proportion o f substance-P positive profiles with myelinated axons increased, as shovm 

by the increase in the substance-P-ir DRG profiles double labelled for CB (from 

13.9±1.8% to 21.8+2.0%; n=4; see table 2.3). In Figure 2.7 many CB-ir cell bodies 

begin to express substance-P following inflammation, while in the control sections very 

few cells are double labelled. In addition, after inflammation single labelled SP-positive 

cells were still observed.
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Control Inflamed

Fig. 2.7: Confocal photom icrographs showing im ages constructed from  16 optical 
sections through 50pm  sections o f a DRG from a control and inflamed animal labelled 
for SP, CB and both together. A fter inflam m ation many cell bodies positive for CB 
express SP (arrow), whereas in the control, fewer cells are double labelled. The very 
faint stain ing is nonspecific  background stain ing . Scale bar represen ts 100pm .
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Table 2,3: Percentage o f  SP-ir profiles that were double labelled fo r  CB 

(Double-SP) and the percentage o f  CB-positive profiles that were also immunoreactive 

fo r  SP (Double-CB) in control and inflamed animals . After inflammation, there is an 

increase in the SP immunoreactive DRG profiles double labelled fo r  CB.

Inflamed Control
Experiment Double-SP Double-CB Double-SP Double-CB

1 27.6 15.8 17.1 9.4
2 18.3 9.9 16.7 1 1 . 1

3 2 1 . 1 9.5 12.7 6 . 8

4 20.3 7.5 9.3 1.9
Total % 21.83 1 0 . 6 8 13.95 7.3

SEM 2 . 0 1 . 8 1 . 8 2 . 0
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2.3.2 Experiment 2: Substance-P labelling of dorsal root axons

2.3.2.1 Aim

To obtain direct evidence that substance-P is expressed in DRG cells with 

myelinated axons after inflammation. For this purpose large (A a and Ap) myelinated 

fibres in the L4 and L5 dorsal roots, immunoreactive for substance-P were counted.

2.3.2.2 SP immunoreactivity in control dorsal roots

SP immunoreactivity in dorsal root ft-om control animals is primarily observed 

in unmyelinated fibres. Figure 2.8a shows an example of a dorsal root section from a 

control animal where almost all the myelinated fibres are SP negative and some of the 

unmyelinated fibres, interposed between the large myelinated fibres, are SP positive.

2.3.2.3 SP immunoreactivity in inflamed dorsal roots

It was found that some large myelinated axons in the L4 L5 dorsal roots 

contained substance-P-ir 48h following peripheral inflammation (Fig 2.8b,c), In Figure 

2.8c, which shows a section of dorsal root stained for SP from an inflamed animal, it is 

possible to see some SP-positive myelinated fibres, which appear as a central bright spot 

with a dark ring around. The latter represents the myelin of the axon as can be observed 

in Figure 2.8b where the same section is superimposed on a transmission light image. 

This staining in the myelinated fibres is distinct from that seen in the unmyelinated fibre 

bundles. In addition to the staining in myelinated fibres after inflammation it is also 

possible to see that more unmyelinated fibres are SP-positive (Fig.2.8b,c compared with 

Fig 2.8a).

Due to technical difficulties in obtaining good transverse sections of dorsal 

roots, L4 and L5 dorsal roots were pooled. In Table 1.4 the total area of dorsal roots 

(fim^) pooled together from control (n=6 ) and inflamed (n=6 ) animals including the
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Inflamed

Fig. 2.8: Confocal photom icrographs of transverse lOOpm-thick sections of L4 dorsal roots stained for SP im m unofluorescence. Control shows SP 
imm unofluorescence only in the small fibres interposed between the large myelinated axons. After inflammation, SP imm unofluorescence increases 
in both large m yelinated fibres (arrow) and in the small C and A fibres. Confocal images generated from four optical sections through the tissue are 
superim posed on a transm ission light image (A and B) in order to visualise the myelinated fibres. Image C is not superim posed, and illustrates that 
the  lab e l in the  m y e lin a te d  f ib re s  is d is t in c t  from  th a t in the  u n m y e lin a te d  f ib re s  b u n d le . S c a le  b a r  r e p re s e n ts  5 0 p m .



mean area and standard error are shown. Using the equation described in the Method 

section, it was calculated that over a quarter o f the whole dorsal root was sampled by the 

confocal microscope in these experiments. Therefore, the actual numbers o f axons 

counted using the sampling method were multiplied by four in order to give an 

approximation o f the real numbers o f substance-P-ir axons in the whole root. The 

number of substance-P positive axons per root, the total number o f axons/dorsal root per 

experiment and the total mean and standard error pooled from 6  animals in each group 

are shown in table 2.5. It has been found that 48h after the induction o f inflammation 

there was a threefold increase in the number of large myelinated fibres positively 

stained for substance-P from 19±3 in controls to 62±7.6 in inflamed animals (see Table

2.5). It is known that there are approximately 5000 myelinated axons in L4/L5 dorsal 

roots (Coggeshall et. al. 1997). In this experiment around 1000 myelinated axons per

250pm^, or 4000 myelinated axons in the whole root were counted. This means that 

only about 70% of the axons with myelinated fibres were examined. This is due to the 

fact that accurate counts could be made only from fibres with diameter >6 pm.

Table 2,4: Total area o f  dorsal roots (jiim^) from  control and inflamed animals

Inflamed pm^ Control pm^
198280 254580
213950 257470
206340 221140
227860 182160
227010 214660
223880 234870
223880 223040
231510 247980
253320 215020

mean=222836 mean=227880
SE=5273.9 SE=7971.3

n= 6 n= 6
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Table 2.5; Total number o f  SP positive axons per dorsal root and the total 

number o f  axons per root in control and inflamed animals

Inflamed Control
SP positive Total number of SP positive Total number of

axons/ per root axons/per root axons/ per root axons/per root
72 3960 2 0 3456
94 3880 26 3636
40 3636 16 3636
56 4068 16 3564
54 3744 8 3168
60 4032 28 3240

mean=62.7 mean=3 886.7 mean=19 mean=3450
SE=7.6 SE=68.9 SE=3 SE=82.8
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2.3.3 Experiment 3: Double labelling of substance-P and TrkA 

immunoreactivity in DRG neurones

2.3.3.1 Aim

In order to determine if the upregulation o f SP in DRG cells with myelinated 

fibres is NGF dependent double labelling of SP and TrkA immunohistochemistry was 

performed.

2.3.B.2 SP immunoreactivity in control and inflamed animals

In the present study a different SP antibody was used. SP immunohistochemistry 

from control animals showed many small-sized immunofluorescence DRG cell profiles 

(Fig. 2.9a) similar to those described in Experiment 1. Following the induction of 

inflammation a wider distribution o f cell sizes was detected (Fig 2.9b). However, the 

staining pattern was different from the one described in Experiment l.The staining in 

some cells appeared to be confined to the area around the nucleus with staining of Golgi 

complexes as well as diffuse cytoplasmic staining and staining o f axons crossing 

through the ganglion (Fig 2.11).

Measurements o f the cross sectional area o f SP immunofluorescence DRG 

profiles also showed a significant increase in the size distribution following the 

induction of inflammation from 553±12pm^ (n=285) to 745±18pm^ (n=250) (p<0.0001, 

Welch’s t-test). The shift in the size distribution can be seen in Figure 2.10, where after 

inflammation there are more SP-positive DRG cell profiles with an area >1000pm^. 

These results, although obtained with a different antibody, confirmed the results of 

Experiment 1, but with a greater increase in cell size, presumably because it is a more 

sensitive antibody.
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InflamedControl

TrkA Irk A

DoubleDouble

Fig. 2.9: Confocal photom icrographs showing images constructed from  10 optical 
sections through 50pm sections of DRG from a control and an inflamed animal labelled 
for SP, TrkA and both together. After inflammation all SP im m unoreactive profiles are 
still a lso  positive ly  sta ined  fo r TrkA  (arrow ). H ow ever, TrkA  sing le  sta ined  
immunotlourescence profiles can bee seen in control and inflamed animals (arrow head). 
The very faint staining is nonspecific background staining. Scale bar represents 100pm.
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Fig. 2.10: Size-frequency histogram  illustrating the distribution of the cross-sectional 
areas of the SP-im m unoreactive dorsal root ganglion cells pooled from  4 control and 
inflamed animals (n=285 control, 250 inflamed). Although a different antibody was used 
to create this histogram, inflammation still resulted in an overall shift in the distribution 
of the size of the profiles to the right. This was due to both an increase in size of small 
ce lls  and the appearance o f a group o f larger (> 950m ^) SP labe lled  p ro files .
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2.3.3.3 TrkA immunoreactivity in control and inflamed animals

TrkA immunofluorescence DRG cells were distributed throughout the ganglion 

in control and inflamed animals (Fig 2.9c,d)- Although there is a shift in the distribution 

o f TrkA-ir profiles in cells with an area <1000pm^ following the induction of 

inflammation from 561.13+9.6 (n=292) to 660±12.5 (n=212) (p<0.0001, Welch’s t-test) 

(Fig. 2.12), analysis of the total cross sectional area o f TrkA positive DRG profiles 

shows that the shift is not statistically significant (from 812±30pm \ n=370 to 

881±26pm\ n=296; p=0.08, Welch’s t-test). The staining o f TrkA positive cells 

appeared to be mainly intracellular, including staining o f Golgi complexes and diffuse 

staining as well as staining of axons crossing the ganglion (Fig. 2.11).

In double labelled sections from control animals it was found that all the SP 

immunofluorescence profiles were also positively stained for TrkA (Fig 2.9e). 

Following the induction o f inflammation, double labelling o f DRG sections revealed 

that all the SP positive profiles were still also positive for TrkA (Fig 2.9f). However, in 

sections from control and inflamed animals not all TrkA positive profiles express SP 

immunofluorescence (Fig 2.9e,f). This is confirmed when the size frequency histogram 

of SP and TrkA cross-sectional areas are superimposed. Figure 2.13 shows that for 

small sized cell profiles, TrkA and SP profile distributions correspond exactly. In 

addition a tail o f medium sized and a few large sized TrkA positive profiles that are not 

SP positive can be seen. Similar results were obtained following inflammation in which 

the size o f both, SP and TrkA increased together (Figure 2.14).
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\  Double TrkA

Fig. 2.11: Confocal photom icrographs showing images constructed from 4 optical sections through a 4pm  section of a DRG from an inflam ed animal 

labelled for SP, TrkA and both together. Both SP and TrkA staining is confined to the area around the nucleus with staining of Golgi complexes as well 

as some diffuse cytoplasm ic staining and staining o f axons crossing through the ganglion (arrow). Under this high m agnification (x630) it is possible 

to see vesicular structures around the nucleus, m ost probably in Glogi complexes, where both SP and TrkA are produced. Some vesicles are also visible 

in the axons im plying that both S P and  TrkA are shipped out of the ganglion. Scale bar represents 50pm.
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2.4 Discussion

2.4.1 Experiment 1: Double labelling of substance-P and cholera-toxin 

B-fragment in DRG neurones

Primary sensory neurones are a homogeneous population in the sense that their 

cell bodies are located in the DRGs, they posses a peripheral and a central branch and 

they have a common function, to transduce environmental stimuli and transmit the 

resulting information centrally. Despite the similarities, primary sensory neurones have 

been also described as a heterogeneous population. DRG neurones have been classified 

into two main sub-populations, large light cells and small dark cells, according to their 

morphology and neurochemistry (Lawson 1992). The small dark cells population has 

been further subdivided into those that express neuropeptides (e.g. CGRP) and those 

that do not express neuropeptides but stain for the lectin IB4 (Alvarez et. al. 1991).

The expression of the TrkA receptor in adult DRG have been recently related to 

the different sub-populations o f DRG neurones (Averill et. al. 1995). It has been shown 

that nearly all the peptidergic small dark neurones also express the TrkA receptors while 

only some of the large light cells and few non-peptidergic small dark cells are TrkA 

positive. In addition it has been shown that DRG neuronal size is correlated with the 

calibre o f primary afferent axons (Harper and Lawson 1985; Cameron et. al. 1986). 

Tachykinin peptides, mainly SP have been found in small neurones o f the DRG 

(Hokfelt et. al. 1975b), mainly associated with unmyelinated axons (McCarthy and 

Lawson 1989). Stimulation o f these afferent fibres leads to release of SP in the 

periphery which is associated with plasma extravasation and vasodilatation. Thus, SP 

has a key role in neurogenic inflammation and subsequently hyperalgesia (Donnerer et. 

al. 1992; Woolf et. al. 1994). On the other hand, release o f SP from the central branches 

has been implicated in the transmission of nociceptive information. SP is release 

following noxious mechanical and heat stimulus as well as electrical stimulation of
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peripheral afférents at stimulus intensity that is strong enough to activate C-fibres 

(Yaksh et. al. 1980; Duggan et. al. 1988).

It has been repeatedly demonstrated that following the induction o f inflammation 

the synthesis o f SP is upregulated (for references see Table 2.6). However, SP is not the 

only peptide that is upregulated after inflammation. Particularly, calcitonin gene-related 

peptide (CGRP) mRNA and content have also been reported to be upregulated after 

inflammation (Hanesch and Schaible 1995; see also Table 2.6), in an NGF dependent 

manner (Woolf et. al. 1994). Inflammation also results in increased levels of proteins, 

including growth-associated protein GAP-43 (Leslie et. al. 1995) and somatostatin 

(Ohno et. al. 1990). However, in contrast to the neuropeptides, upregulation of these 

proteins has been shown to be NGF independent as in the case o f GAP-43 (Leslie et. al.

1995). The upregulation in the levels o f somatostatin is also NGF independent, as 

somatostatin is produced in a subpopulation of DRG neurones that do not express any 

known Trk receptors (McMahon et. al. 1994). In this discussion, however, 1 will 

concentrate on the changes in SP.

Early studies of sensory neuropeptides in experimental models of inflammation 

have mainly used the polyarthritic model. In general when the data from polyarthritic 

rats have shown and increase in SP (Lembeck et. al. 1981), these were thought not to be 

due to an increase in the numbers of cells expressing SP (Weihe et. al 1988). However, 

as the polyarthritic model produces widespread systemic changes including vascular and 

meningal inflammation as well as a severe polyarthritis, it has been difficult to prove a 

causal relationship between the changes in neuropeptide expression and the arthritic 

process.

More recently a variety of monoarthritc models have been introduced as they 

reveal site-specific processes and a further advantage is that monoarthritis occurs in 

clinical inflammatory joint diseases. Smith and co-workers (1992) found a marked 

elevation of SP content in DRGs of rats 15 days after the induction o f inflammation in 

the carpal joint which suggest a close relationship between the neuropeptides and the 

inflammatory process in the affected joint. Increased SP content has also been shown 5 

days after CFA-induced paw inflammation (Donnerer et. al. 1992). However, the
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Table 2.6: The percentage increase over control o f  SP and CGRP expressing cells, 
mRNA or content, after inflammation as shown by studies using radioimmunoassay, in 
situ hybridisation, dot blot analysis and immunohistochemistry.

Study Technique Segment SP
content

CGRP
content

SP
mRNA

CGRP
mRNA

Type of 
inf.

Time
course

Lembeck 
et.al. 81

RIA T12-
S3

30 - poly
tail

20d

Noguchi 
et.al. 88

in
situ

L5 - 10 acute
inf./form.

3h

Minami 
et.al. 89

dot blot 
analysis

L4/
L5

- 40 poly. 4d

Smith 
et.al. 92

RIA C6/
C7

69 204 mono.
joint

15d

Donnerer 
et.al. 92

RJA L4/
L5

30-40 30-40 mono. 8h

Donaldson 
et.al. 92

in
situ

L5 - 81 44 mono.
joint

5d

Hanesch 
et.al. 93

in situ 
+immuno

L4/
L5

- 25-30 31-34 * mono.
joint

2d
20d

Leslie 
et.al. 95

in
situ

L4/
L5

- 156 - acute
CFA

48h

Cho 
et.al. 96

in
situ

L5 46 mono
CFA

Id

inf=inflammation; immuno=immunohistochemistry (done only in Hanesch et. al. Study for CGRP); 

mono=monoarthritis; poly=polyarthritis; form.=formalin; RIA=radioimmunoassay; if not indicated 

inflammation was induced in the hindpaw.
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radioimmunoassay methods employed in these studies cannot determine whether an 

increase in synthesis, a decrease of axonal transport or increased release o f the 

neuropeptide accounts for the increase in DRG peptide levels. Therefore a number of 

different approaches have been used to examine whether changes in peptide content are 

reflected in altered neuropeptide gene expression.

In monoarthritic rats a 1.7-fold increase o f the PPT-A mRNA was observed in the 

ipsilateral DRGs 4 days after the induction of inflammation in the hindpaw (Minami et. 

al. 1989). In another study in which adjuvant monoarthritis was induced it has also been 

found that the expression o f PPT mRNA in ipsilateral DRG neurones innervating the 

affected joint was markedly increased. These increase occurred within 8 h and persisted 

until chronic arthritis developed (14 days) (Donaldson et. al. 1992).

The expression of PPT-A mRNA in the DRG was also shown to be enhanced by 

acute pain produced by a subcutaneous injection of formalin (Noguchi et. al. 1988). 

Such elevation in PPT-A mRNA expression was observed as early as 3h after formalin 

injection suggesting an important role for SP in the acute phase of inflammation. 

Furthermore, it has been shown that during inflammation the proportion of DRG cells 

which express PPT-A mRNA increased significantly on the inflamed side in comparison 

to the control side (Hanesch et. al. 1993; Leslie et. al. 1995), and that these changes are 

NGF dependent as administration of anti-NGF prevented this increase (see Fig 2.15). 

Leslie and co-workers (1995) have shown a greater than two fold increase in the number 

o f DRG cells positive for PPT-A mRNA after an adjuvant-induced inflammation to the 

hindpaw. Similar increase in PPT-A mRNA has also been observed after turpentine 

induced inflammation (Neumann et. al. 1996; see also Fig 2.16).These data imply that 

SP may, under these conditions, begin to be expressed in many cells that under normal 

conditions do not express the peptide.

Electrophysiological experiments in monoarthritic rats have shown that under 

inflammatory conditions SP is likely to play a role as a transmitter during light pressure 

applied to the joint (Neugebauer et. al. 1995), while under normal condition SP is 

involved only in the processing of nociceptive input from the joint (Neugebauer et. al. 

1994). Behavioural measurements in conscious intact animals have shown that repeated
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The Effect of anti-NGF on SP and CGRP mRNA and Peptide Levels
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Fig. 2.15: The effect of anti-NGF on both SP and CGRP mRNA and peptide levels 48h 
after CFA inflammation. CFA inflammation resulted in a significant increase in the 
number of SP and CGRP mRNA-containing cells in the ipsilateral L4 DRG compared 
to naïve animals. A sheep anti-NGF serum administered one hour before and 24h after 
CFA eliminated this increase. Similar results were observed at the peptides levels. Figure 
modified from Woolf et. al. 1994.

89



I
II
'©

1
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2.16: Turpentine -induced inflammation (48h) resulted in a significant increase in the 
number of SP mRNA-containing cells and the amount of SP in L4 DRG compared to 
control uninflamed animals. All results are expressed as mean s.e.m. (*P<0.05, **P<0.01 
and ***P<0.001). Figure modified from Neumann et. al. 1996.
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light tough stimuli to an inflamed hindpaw resulted in a progressive reduction in the 

mechanical withdrawal threshold from its already hypersensitive basal level, the 

phenomenon o f progressive tactile hypersensitivity (Ma and Woolf 1996a). These data 

indicates that after the induction of inflammation low intensity stimuli, which is 

conveyed by DRG neurones with myelinated fibres, begin to generate incremental 

sensitisation. Taken together these results suggest that SP may be expressed in cells 

with myelinated axons, after peripheral inflammation.

In the present study a double label confocal immunofluorescence technique was 

employed to examine the expression o f SP in DRG neurones with myelinated axons, in 

control and inflamed animals. This technique have been chosen as it provides an easier 

and more accurate way of visualising double labelled cells compared to two different 

coloured reaction products in cells double labelled with peroxidase-antiperoxidase or 

DAB. In control animals SP immunoreactive profiles in DRG were seen mainly in small 

perikarya (Fig 2.1), in agreement with previous studies (Hokfelt et. al. 1975b; Price 

1985). Analysis o f the data showed that 13.9±1.8% of SP immunoreactive DRG profiles 

were double labelled for CB, most of which are likely to posses small myelinated axons. 

This is consistent with previous studies that showed that under normal conditions 10- 

20% of the large light DRG neurones (which are RT-97-positive and posses myelinated 

axons) express the neuropeptide SP (O’Brien et. al. 1989; McCarthy and Lawson 1989).

The most striking result o f this study was that 48h after inflammation there was a 

significant increase in SP immunoreactive profiles double labelled with CB (to 

21.8±2.0%). These changes are probably underestimated as the sciatic nerve and L4 

DRG contain many fibres/cells that do not innervate the inflamed tissue. Figure 2.7 

shows that after inflammation more profiles are double labelled for SP and CB and that 

the SP immunoreactive profiles from the inflamed animals are consistently bigger than 

control SP-positive profiles. This impression has been confirmed by the analysis of the 

distribution o f cell profiles (Fig 2.2), which shows a shift o f the cross-sectional area of 

cell profiles after inflammation. In contrast, the area o f CB-positive DRG cells and the 

density of labelling did not alter the induction o f inflammation (Fig. 2.5). This rules out 

the possibility that the increased number o f double labelled profiles observed after the 

induction of inflammation is due to CB labelling of C-fibres. In support of this, electron
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microscope studies have demonstrated that 97% of dorsal roots that are labelled with 

CB are A myelinated fibres (Lamotte et. al. 1991; Woolf et. al. 1995). Thus, it is 

conceivable to assume that there is no change in CB labelling from A to C-fibres 

following the induction o f inflammation.

These results imply that after inflammation SP is expressed in a subpopulation of 

DRG neurones with myelinated A-fibres. Such a switch has also been shown after 

peripheral nerve transection where large- and medium-sized DRG cells begin to be 

positively labelled for PPT-A mRNA and SP immunoreactivity (Noguchi et. al. 1994), 

indicating that these cells are able to alter their phenotype in this way. However, in this 

case, neuropeptide upregulation in myelinated fibres is NGF-independent, whereas after 

inflammation this increase is NGF-dependent.

Work performed in our laboratory has shown that the phenotypic change of A- 

fibre has a functional significance and thus may contribute to the generation of 

inflammatory pain hypersensitivity (e.g. allodynia and hyperalgesia). A novel 

phenomenon termed progressive tactile hypersensitivity whereby activation of A-fibres 

after inflammation results in hyperexcitability of dorsal horn neurones (something they 

never normally do) has been described (Ma and Woolf 1996a). Electrophysiological 

recordings 48h after the induction of inflammation of the flexor reflex showed a 

significant reduction in the mechanical threshold compared with control animals, while 

the touch and the Ap-afferent-evoked responses progressively increased over the period 

of repeated testing (Fig. 2.17). These results resemble those obtained after noxious 

and/or C-fibre strength activation, implying that innocuous stimulation conveyed by A- 

fibres acquired the capacity to produce prolong central changes in excitability, after 

inflammation. It has also been shown that these changes are NGF (Ma and Woolf 1997) 

and N K l receptor dependent (Ma and Woolf in press; see Fig 2.18), both suggesting 

that expression o f SP (which is regulated by the previous and acts via the latter) in large 

myelinated afferents after inflammation has an important role in mediating central 

excitability changes.

Additional evidence for fimctional plasticity after inflammation produced by 

innocuous stimuli has been obtained from action-potential afterdischarge recordings of
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Fig. 2.17: Responses of single flexor motor neurones recorded in inflamed and control animals produced by repeated application of: von Frey 

mechanical threshold testing (A), 8  light touch to the plantar skin every 4 sec (B) and A-fibre strength stimulation (C) to the sural nerve. Repeated 

test stimuli resulted in the reduction of the mechanical threshold and an increase in the light touch and A-fibre evoked responses compared to control 

animals. Data are expressed as percentage of baseline which was calculated from the first three measurements which were then averaged and are 

illustrated as mean s.e.m. **P<0.01 and ***P<0.001, compared with control. Modified from Ma and Woolf 1996a.
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Effects of RP67580 on Progressive Tactile Hypersensitivity
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Fig. 2.18: Repeated touch stimuli every 5 min for 80 min, in inflamed animals results 
in an increased response of flexor motor neurones which is attenuated by 1 mg/kg and 
lOmg/kg of the NKl antagonist RP67580. Modified from Ma and Woolf, in press.
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deep dorsal horn neurones to brief stimulation of A or C-fibres. It has been found that 

after the induction o f inflammation, Ap strength stimuli produced afterdischarge, which 

can be elicited normally exclusively by Aô or C-fibre strength stimuli (Neumann et. al.

1996). After inflammation however, Ap stimuli produced as much afterdischarge as C- 

fibre strength stimuli in control animals and this was significantly reduced by systemic 

administration o f NKl antagonist (Fig. 2.19). This implies that the increased 

afterdischarge is a consequence o f SP release from primary afferents, although the 

release o f SP from intrinsic dorsal horn neurones cannot be excluded.

Immunohistochemical staining o f c-fos in the spinal cord, which is widely used as 

a marker of nociceptive neuronal activity, has also shown that after inflammation 

innocuous touch and Ap fibre stimulation increase the number o f FOS immunoreactive 

spinal dorsal horn neurones compared to non-inflamed animals (Ma and Woolf 1996b). 

Behaviourally, both turpentine oil and CFA result in mechanical and thermal 

hyperalgesia manifesting as a reduction in the force required to elicit a flexion response 

and in the withdrawal time in the hot plate test, respectively (Fig. 2.20). The application 

of these irritants was also associated with a significant increase in FOS-immunoreactive 

neurones in the spinal dorsal horn, as soon as 1.5h after the application of the irritant in 

superficial and deep laminae (see Fig. 2.21). Further investigation showed that Ap 

strength stimulation in inflamed animals produced a significant increase in the number 

of FOS immunoreactive neurones in the spinal cord compared to either Ap stimulation 

in control animals or a sham operation in CFA animals (Fig. 2.22). These results 

suggest that activation of Ap fibres innervating inflamed tissue can generate central 

excitability changes normally only evoked by nociceptors.

Evidence from another laboratory has shown that innocuous pressure applied to an 

inflamed knee joint, results in an increased response of dorsal horn neurones that was 

associated with release of SP in the spinal cord, which never occurs under normal 

conditions (Schaible et. al. 1990).

Taken together, these results show that subsequent to the phenotypic change of 

DRG neurones with myelinated fibres innervating inflamed tissue, there are also 

functional changes evoked by these fibres. Thus under inflammatory conditions, in
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Effects of Türpentineinduced Inflammation 
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Fig 2.19: The proportion of deep wide dynamic range cells showing action-potential 

afterdischarge following a 20 sec train of stimuli to the sciatic nerve at current strength 

that successively activated A ( lOOA, 50s), A (500A, 50s) and C-fibres (5mA, 500s). In 

naïve anim als afterdischarge is only evoked after high frequency A or C-fibre strengh 

stimuli. In inflamed animals (48h) all test stimuli produced afterdischarge and A stimuli 

produced as much afterdischarge as C-fibres in naïve animals. Adm inistration of 1 mg 

per kg of the N K l antagonist RP67580 to inflamed anim als significantly reduced the 

capacity of all the test stimuli to produce afterdischarge. M odified from  Neum ann et. 

al. 1996.
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Time course of c-fos expression
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Fig. 2.21: Time course of c-fos expression after intra-plantar injection of turpentine oil. 
Turpentine oil caused an initial significant expression in the superficial and deep dorsal 
horn followed by a gradual decrease. *P<0.05, **P<0.01 and ***P<0.001, compared 

with control. Modified from Ma and Woolf 1996b.
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Effect of Electrical Stimulation on the Expression of c-fos
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Fig. 2.22: Effects of electrical stimulation of the sciatic nerve at A and C-fibre strengths 

on the expression of c-fos in control and inflamed animals. After CFA induced inflammation 

A-fibre strength stimulation generated a significant increase in c-fos expression compared 

to A stim ulation in control anim als or sham operated inflam ed anim als. . *P<0.05, 

**P<0.01 and ***P<0.001, compared with sham operated in control animals (for A or 

C-fibre stimulation) or in CFA animals (for A stimulation in CFA animals). ###P<0.001, 

comparison with sham or A stimulation in control animals. Modified from M a and W oolf 

1996b.
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addition to the C-fibre mediated changes in central excitability seen normally, A-fibres, 

particularly Ap fibre activation also contributes to the development o f hyperexcitability 

of dorsal horn neurones. These changes may contribute to pain hypersensitivity seen 

clinically in patients with arthritis or other inflammatory disorders.

100



2.4.2 Experiment 2: SP labelling of dorsal root axons

In order to provide direct evidence that SP is expressed in Ap myelinated fibres 

after inflammation, dorsal root axons immunoreactive for SP were counted. The use of 

the confocal microscope which enables focus on different planes (not possible with a 

conventional microscope), was chosen as it provides a simple way to count large 

(>6 pm) dorsal root Ap and A a axons.

SP labelled axons were either ‘clearly SP positive’ or ‘weakly SP positive’ 

where the intensity of staining was higher than background but lower than in the former 

group (Fig. 2.8b,c). In order to avoid counting of axons that might have not been 

positively labelled, only ‘clearly SP positive’ axons were used in the analysis which 

showed a significant increase in the total number o f SP-positive large myelinated 

axons/dorsal root in inflamed animals. These results further indicate that following the 

induction of inflammation, SP is expressed in cells with myelinated axons. However, 

there seems to be a mismatch between the results obtained from DRG cell profiles 

(showing only medium-sized profiles double labelled after inflammation Fig 2.2) and 

those from dorsal roots. One possible explanation for this is that the upregulation of SP 

in large cells is not detectable using this particular protocol. In large myelinated DRG 

neurones, the same absolute increase in SP content may be diluted simply by virtue of 

cell volume compared with that present in small-sized cells, and thus not distinguishable 

from background staining. Nevertheless, the staining of large myelinated fibres in the 

dorsal root shows that such upregulation in DRG cells with myelinated axons does 

occur and that the neuropeptide is transported out o f the soma to the spinal cord. 

Whether these changes reflect true new expression or elevation from previously 

undetectable levels is unclear and further experiments using in situ hybridisation 

techniques need to be employed to answer this question. In any event, several 

experiments have shown that after the induction o f inflammation, there is an increase in 

SP peptide in the dorsal horn, in polyarthritic rats (Schoenen et. al. 1985; Kar et. al. 

1991; Marlier et. al. 1991), in rats with acute joint inflammation (Sluka and Westlund 

1993), and in rats receiving intraplantar injection of formalin (Kantner et. al. 1985). 

Although some of this increase may originate from intrinsic spinal cord neurones
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(Noguchi and Ruda 1992), based on the findings reviewed above and the fact that 

normally primary afferent neurones provide approximately 70% of the SP containing 

varicosities in the spinal cord (Tuchscherer and Seybold 1989), it is clear that increase 

o f SP in primary afferent neurones contributes to the overall increase in the spinal cord.

In the present study, an attempt to characterise the cells that express SP 

following the induction o f inflammation has shown, for the first time, that SP begins to 

be expressed in a subpopulation of DRG neurones with myelinated fibres, some of 

which posses Ap myelinated fibres. Although the scale o f phenotypic changes that take 

place after inflammation are relatively small, they result in a detectable change in 

function. In the CNS, increased number o f A-myelinated axons expressing SP, can now, 

like C-flbres, contributes to hyperexcitability o f spinal cord neurones and consequently 

to inflammatory hypersensitivity. As these fibres terminate in laminae III o f the spinal 

cord, an area where NKl receptor is located (Mantyh et. al. 1995) and upregulated 

during inflammation (McCarson and Krouse 1994), postsynaptic neurones can be 

activated by the SP-containing A-flbres and subsequently amplify the effects of primary 

afferent inputs.
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2.4.3 Experiment 3: Double labelling of SP and TrkA in DRG

neurones

Several lines o f evidence have suggested that synthesis o f neuropeptides is 

regulated by neurotrophic factors. Different studies have shown that the synthesis o f SP 

in primary sensory neurones is regulated by nerve growth factor transported from 

peripheral target tissues (Fitzgerald et. al. 1985; Lindsay and Harmar 1989; Donnerer et. 

al. 1992; W oolf et. al. 1994). These experiments confirm earlier studies from culture 

work that have shown that the levels of SP in adult DRG neurones is controlled by the 

level of NGF in the target tissues (Lindsay et. al. 1989). The levels o f NGF, which is 

produced in peripheral target tissues and different cell types, have been shown to be 

markedly increased in the sciatic nerve after the induction o f inflammation in rat 

hindpaws (Donnerer et. al. 1992). Recently it has also been shown that NGF levels are 

elevated in the inflamed skin (Woolf et. al. 1994). Thus it is most likely that elevated 

levels o f NGF in the inflamed skin followed by a rise in the sciatic nerve are reflecting 

an increase transport o f NGF from the inflamed tissue to the DRG (DiStefano et. al. 

1992) where it can alter the transcription and subsequently the synthesis of SP and other 

neuropeptides and proteins.

In addition, it has been shown that local injection of NGF results in an elevation 

in the levels o f SP as well as an increase in mechanical and thermal hypersensitivity 

(Woolf et. al. 1994). Anti-NGF antibodies substantially reduced the thermal and 

mechanical hyperalgesia as well as the inflammatory induced up-regulation of SP in 

primary sensory neurones (Donnerer et. al. 1992; Woolf et. al. 1994), implying that 

these changes are in part dependent upon an increase in NGF levels. The majority of 

DRG neurones that are TrkA-positive are o f small diameter (McMahon et. al. 1994), 

most o f which contain SP (Averill et. al. 1995). However, under normal conditions most 

o f the myelinated afferent, that may express SP after inflammation, do not express 

TrkA. This raises the question how an NGF-dependent phenotype change may occur in 

these afferents. To address this issue, although a different anti-SP antibody was used to 

that used in Experiment 1, measurements o f SP immunoreactive DRG profiles showed a 

significant increase in area following the induction of inflammation (Fig. 2.10), in
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agreement with the finding with a rabbit polyclonal antibody. In addition, it was found 

that after inflammation some myelinated fibres in the dorsal roots were positively 

labelled for TrkA, while in control dorsal roots TrkA immunoreactive axons were found 

mainly in unmyelinated axons (Fig 2.24). This preliminary data, although not 

quantitative, implies that there is an up-regulation of TrkA in myelinated fibres after 

inflammation. Lindsay and co-workers (1990) have demonstrated that addition o f NGF 

to dissociated DRG neurones in cultures resulted in an up to 3 fold increase in TrkA 

mRNA, suggesting that increased levels o f NGF during inflammation may have the 

same effect in vivo. To investigate this further quantitative measurements of TrkA 

mRNA by in situ. Northern blot or polymerase chain reaction (PCR) in control and 

inflamed animals are required.

A major new finding o f the present study is that all the SP-positive profiles that 

were examined, were also positively labelled for TrkA. No SP positive TrkA negative 

profiles were ever found even after inflammation, whereas TrkA positive SP negative 

profiles were found. One possible explanation o f the present results is that TrkA is 

expressed in very low levels under normal condition in some medium and large 

myelinated fibres (i.e. more widespread than previously observed). These fibres which 

are low threshold mechanoreceptors terminate in the dermis. Normally NGF is abundant 

in the epidermis (made by keratynocytes) where C-fibre terminals terminate. However, 

NGF levels are substantially increased under inflammatory conditions in a number of 

different cell types including macrophages fibroblasts as well as keratynocytes. Thus it 

is conceivable that under inflammatory medium and large myelinated fibres within the 

dermis have access to NGF. NGF interaction with TrkA could then alter the phenotype 

o f these neurones by the retrograde transport of the complex TrkA-NGF to the cell soma 

in the DRG where, by altering transcription, it may result in the up-regulation of both 

TrkA, to detectable levels, and that of SP (Fig. 2.23 A).

NGF may also act indirectly via small TrkA expressing neurones, resulting in a 

paracrine release o f signal molecules, which may change the phenotype o f medium- and 

large-sized neurones, making these cells responsive to NGF. NGF has recently been 

reported, for example, to regulate the expression of brain derived growth factor (BDNF) 

in TrkA positive DRG neurones (Apfel et. al. 1996). Thus NGF acting on TrkA
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A: Direct effect
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Fig. 2.23A: Schem atic illustration o f the possible effects o f NG F on the phenotype of 
m edium  and large-sized DRG neurones with m yelinated fibres. A fter the induction of 
inflam m ation N G F levels are increased in different cell types which have access to the 
dermis where A -m yelinated fibres terminate. Assuming that some of these fibres express 
low levels of TrkA, NGF can directly interact with TrkA leading to the internalisation and 
retrograde transport to the cell body in DRG where, by changing transcription, alter the 
function of these neurones.

105



B: Indirect effect on neuronal cells
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Fig. 2.23B,C; Schem atic illustration o f the possible effects o f NGF on the phenotype 
of medium and large-sized DRG neurones with m yelinated fibres. B: Indirect effects of 
NGF on neuronal cells. NGF acting on small-diam eter TrkA expressing DRG neurones 
results in a paracrine release of BDNF which may act either centrally or peripherally 
on TrkB expressing neurones. C: Indirect effects of NGF on non-neuronal cells to release 
inflammatory mediators including LIF and BDNF, which can then interact with myelinated 
fibres. These may lead to the internalisation and retrograd transport of these m ediators 
to the cell body where by changing transcription they can modify the phenotype of these 
cells.
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expressing cells can result in a paracrine release o f BDNF which could then act on TrkB

expressing medium and large neurones (see Fig 2.23B).

Another possibility is that inflammatory mediators released by NGF in the 

periphery act on non-neuronal cells to produce the up-regulation of TrkA. Such 

mediators may include leukaemia inhibitory factor (LIF) and BDNF which can then act 

on primary myelinated fibres to alter their phenotype (see Fig. 2.23C). As NGF has an 

important role in maintaining the normal phenotype o f primary sensory neurones 

(Fitzgerald et. al. 1985; Lindsay and Harmar 1989), it is possible that the up-regulation 

of TrkA in A-fibres neurones is essential for the expression o f SP in this cells.

The staining pattern o f TrkA is in agreement with the one previously described 

(Averill et. al. 1995), mainly punctate appearance in the cytoplasm, probably in the 

Golgi complex or the endoplasmic reticulum, where the receptor is synthesised and on 

the membrane where the receptor is active. In addition staining of axons crossing the 

ganglion was observed (Fig 2.11) indicating that the receptor is shipped out of the soma. 

Similar patterns o f staining were observed with SP. In Figure 6  it is possible to see that 

some of the punctate staining in the cytoplasm is both TrkA and SP positive, indicating

that in some vesicles SP and TrkA are packed together.
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2.4.4 Stereology and confocal microscope

Interest has recently grown in the problem of counting neuronal structures. 

Counting methods of histologically sectioned material are diverse, with different 

investigators using different techniques to estimate counts o f neurones and synapses, 

making it difficult to compare the results from different studies. Recently, a 

commentary review calling for more uniform standards o f determining numbers o f cells 

and synapses has been published (Coggeshall and Lekan 1996). Since in the present 

study (Experiment 1) counts of cell profiles were used it is important to explain why this 

method was chosen rather than counts o f actual numbers o f cells.

In general when immunohistochemical staining techniques of DRG cells are 

employed, either single or double labelled, unbiased estimations of the number of 

positively labelled cells in the ganglion are required. This depends on having an 

unbiased sampling technique which is a general problem, but is made more acute as the 

DRG is extremely anisotropic. The cells are not spread randomly, so bundles of cells are 

separated from each other by completely cell free areas. In addition, labelled cells are 

not distributed randomly in the cellular areas. This is highlighted by the large variation 

in the number o f labelled cells counted in different fields. This leads to high variance in 

repeated measures (i.e. estimating the same section several times would give different 

answers).

The best way to deal with anisotropy is to use systematic random sampling. 

Systematic random sampling proceeds on two levels. First, sections that are to be 

counted have to be chosen. This is done by determining section separation k, choosing 

a random number R from 1 to k, and examining all the sections R, R+k, R+2k, and so 

on. Second, each chosen section must have systematic random sampling unless the 

counts are done on the whole section which is usually labour intensive. The confocal 

microscope would be an ideal tool to use in conjugation with the optical dissector 

whereby in a predetermined field the number of cells are counted in different plain. The 

most accurate and efficient way to do this would be to use a computerised motorised
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stage so that the computer will determine the grid o f counting points and move to each 

of the points by command. However, while the available set up o f the confocal 

microscope enables systematic random sampling, computerised motorised stages are not 

yet available. Thus the best results that can be obtain with the confocal microscope at 

the present time are reconstructing and counting profiles rather than actual cell numbers, 

as done in the present experiments.
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Chap III

Changes in the capacity of A-fibres to regenerate after dorsal 
column lesion in the adult spinal cord 

3.1 Introduction

It is well established that no or very little regeneration o f injured axons occurs 

following injury to adult mammalian central nervous system (CNS), in contrast to the 

situation in the peripheral nervous system (PNS) where injured axons regenerate 

successfully into the distal stump leading to considerable degree of functional recovery 

(see review by Fawcett and Keynes). Injury to the spinal cord, resulting in the disruption 

o f sensory and motor signals between the body and the brain and thus to functional 

losses, has long been believed to be fixed and irreversible. However, experiments 

conducted in the past years have established that the abortive growth response o f injured 

adult central neurones can be overcome if appropriate factors are provided.

This Introduction concentrates on the role o f intrinsic and extrinsic factors in 

promoting and/or impeding the capacity o f CNS axons to regenerate in the adult 

mammalian,

3.1.1 The scar formation

Injury to the spinal cord is followed by an inflammatory response that begins 

within hours and peaks within several days (Dusart and Schwab 1994), which leads to 

the formation of scars in the CNS. The most important cell type in the generation of 

CNS scars is the astrocyte, with additional contribution from microglia, fibroblasts and 

during scar formation; inflammatory cells that are recruited into the area of lesion.
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3.1.1.1 Acute phase

The first detectable morphological abnormality in the spinal cord tissue, after 

tissue destruction (particularly after impact or compression injury), is an alteration in 

blood flow and haemorrhage. Blood vessels become distended with erythrocytes, and 

microthrombi that contain degranulated platelets and flbrin are observed in intact or 

necrotic appearing vessel walls. Necrotic alterations are also observed within the first 

hour postinjury and in the white matter are characterised by a finely granular appearance 

o f axons and an abnormal development of a space between the axon and its myelin 

sheath (particularly in the central injury zone), within the first hour after injury (Holtz 

et. al. 1990).

3.1.1.2 Subacute phase

The next stage in scar formation is characterised by activation o f CNS cells as 

well as recruitment of different peripheral cell populations into the lesion area. Gliosis is 

a response noted following nearly every type of CNS injury and involves activated 

microglia and astroglia.

Microglia cells respond not only to changes in the structural integrity but also to 

alterations in their microenvironment (Gehrmann et. al. 1993). The unique set of 

membrane channels (including inward-rectifying channel (Kettenmann et. al. 1990;

1993) and receptors for CNS signalling molecules such as ATP (Walz et. al. 1993) 

calcitonin gene-related peptide (CGRP) (Priller et. al. 1995) acetylcholine and 

noradrenaline (Whittemore et al. 1993), enable them to monitor the integrity of their 

microenvironment continuously and to respond rapidly to disturbances. The phenotype 

o f activated microglia is characteristic by an increase in the number o f pseudopodic 

processes (Andersson et. al. 1991). In addition a number of cell surface molecules are 

upregulated such as the complement C3 receptor and the macrophage activation marker 

EDI, but also the major histocompatibility complex class I and II antigens (Streit et. al. 

1989), tumour necrosis factor a  (TNF-a) (Buttini et. al. 1996), and several cell adhesion 

molecules including thrombospondin (Moller et. al. 1996). The activation process of 

microglia is a graded event that is dependent on the severity o f the lesion and is
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regulated by cytokines (Gehrmann et. al. 1995). Thus, only if neuronal degeneration 

occur, activated microglia undergo a full transformation into phagocytic cells, also 

known as microglia-derived brain macrophages (Andersson et. al. 1991).

Reactive astrocytes appear larger with more prominent and numerous processes 

than normal astrocytes. They possess increased numbers of intermediate filaments 

comprised largely o f glial fibrillary acidic protein (GFAP). Increased mRNA content of 

GFAP has been observed within hours after a lesion (Mucke et al. 1991). It has been 

reported that following a midthoracic transection or hemisection o f the rat spinal cord, 

marked reactive gliosis was also induced in the lumbar spinal cord in addition to the 

lesion site, while hemisection induced an ipsilateral lumbar response (Barrett et. al. 

1984). This indicated that at least upregulation of GFAP in reactive astrocytes is not 

exclusively regulated by local signals. It has been suggested that part o f the signals 

exchanged between the different cell types that are involved in scar formation may 

involve cytokines; an increase of TGF-p (Lindholm et. al. 1992; Pasinetti et. al. 1993), 

FGF (Logan et. al. 1992), IL-1 (Tchelingerian et. al. 1993), LIF (Banner and Patterson 

1994) and CNTF (Ip et. al. 1993) have been seen in CNS lesions. Infusion of antibodies 

against TGF-P have been shown to decrease the connective tissue components of the 

scar and thus reduce scar formation (Logan et. al. 1994).

In addition to the activation o f CNS cells, a classical acute inflammatory 

response takes place at the spinal cord lesion site which resembles the inflammatory 

reactions taking place in other parts of the body. One marked difference is a time delay 

in the initiation of the inflammatory response in the spinal cord (Dusart and Schwab 

1994). Two main waves o f cellular infiltration by inflammatory cells have been 

documented; the first consists o f polymorphonuclear granulocytes while the second is 

dominated by monocytes/macrophages. It has been suggested that degradation of 

hemoglobin products (Means and Anderson 1983) and activation of membrane 

phospholipases by clotting factors such as thrombin and bradykinin, which extravasate 

into the spinal cord tissue, may initiate formation of chemoattractant factors for 

polymorphonuclear granulocytes (Fernandez et. al. 1978). Polymorphonuclear 

leukocytes such as neutrophils may be involved in neuronophagia (Means and Anderson 

1983). The main function of the cells that are recruited in the second wave is 

phagocytosis o f cell debris (Perry et. al. 1993).
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Other peripheral cell types, including Schwann cells, meningeal cells and 

fibroblasts, have been reported to invade spinal cord lesion sites (Blakemore 1975). 

Schwann cells, by their ability to produce a number o f different neurotrophic factors 

such as NGF (Rush 1984; Heumann et. al. 1987) FGF (Ecclestein et. al. 1991) PDGF 

(Eccleston et. al. 1990) CNTF (Sendtner et. al. 1992) and GDNF (Henderson et. al. 

1994) have been implicated in promoting axonal regeneration. The exact role of 

meningeal cells is unclear at present but it has been reported that they might have a role 

in establishing the glia limitans following brain lesions (Carbonell and Boya 1988). 

Fibroblasts also invade the lesion to some degree. Because an upregulation o f basic 

fibroblast growth factor (bFGF) has been reported at the lesion site, it has been 

suggested that this may influence the proliferation rate o f fibroblasts (Follesa et. al. 

1994; Koshinagaet. al. 1993).

3.1.1.3 Late phase

The last phase in scar formation occurs several days after injury. At this stage 

macrophages disappear from the lesion area, leaving a fluid-filled cyst. From two weeks 

on, the cysts become more defined, and formation of scar tissue that surrounds the cysts 

is seen. The cysts are often connected to the central canal and are filled with 

cerebrospinal fluid. Reactive astrocytes that accumulated at the margin o f the lesion 

within the first week following injury, start to form a scar at the interface between the 

intact and injured spinal cord. The main component of the scar tissue is reactive 

astrocytes which undergo hypertrophy and build up a very dense network of processes 

that are tightly interlinked by junctions. Invasion of the lesion by connective tissue leads 

to the formation o f a glia limitans which seems to be impenetrable to regenerating axons 

(Bumstein et. al. 1985). Thus, the scar is usually thought to be a mechanical barrier for 

regenerating axons (Jakeman and Reier 1991).
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3.1.2 Experimental animal models used to ‘bridge’ the lesion site

The ultimate objective of neuroscientists that investigate regeneration in the 

adult spinal cord is to achieve full functional restoration o f sensory and motor function. 

To study the growth potential of lesioned spinal cord tracts and ways to overcome the 

abortive environment of the lesion scar, transplants o f various types o f tissue have been 

used. These experiments have demonstrated that injured spinal cord axons have the 

capacity to successfully regenerate and elongate in tissues that are different from the 

adult CNS. However, permissive environment is necessary but not sufficient - other 

factors such as growth factors and growth promoting proteins may determine the growth 

capacity o f injured neurones. Although substantial progress in understanding growth in 

the CNS has been made in recent years, few injured fibres manage to re-enter the adult 

host CNS and thus only limited but important functional restoration has been achieved 

(Bregman et. al. 1995; Schnell et. al 1994; Iwashita et. al. 1994; Cheng et. al. 1996).

3.1.2.1 Peripheral nerve grafts as bridges across adults spinal cord lesion

Ramon y Cajal (1928) demonstrated that lesioned CNS axons have the capacity 

to regenerate by grafting pieces of sciatic nerve into CNS environment. He 

demonstrated that CNS axons are able to regenerate into PNS environment and 

attributed the failure of CNS regeneration to absence of neurotrophic and neurotropic 

substances. Aguayo and colleagues (1981) have shown that provision o f a peripheral 

nerve environment in a form of a peripheral nerve ‘bridge’ linking the medulla and the 

thoracic spinal cord, leads to growth of some central axons over long distances. In 

another study a 5-mm segment of the midthoracic spinal cord was removed and an 

autologous sciatic nerve graft was inserted between the two stamps of the spinal cord 

(Richardson et. al. 1980). Retrograde tracing with horseradish peroxidase (HR?) 

showed that up to several hundred fibres entered the grafts. Several other studies have 

shown that peripheral nerve grafts constitute a favourable environment for axonal 

regeneration (Vidal-Sanz et. al.87; Campbell et. al. 1992; Cheng et. al. 1996). However,
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only a minority of the neurones within the descending tracts regenerated into these 

grafts (David and Aguayo 1981; Richardson et. al. 1984; Houle 1991).

It has also been demonstrated that central processes o f DRG neurones have the 

capacity to regenerate into short peripheral nerve grafts (Zelena and Jirmanova 1988). 

However, only few injured DRG central axons regenerated into peripheral nerves 

grafted into the dorsal columns of the spinal cord (Richardson and Issa 1984). This 

limited regeneration capacity can be enhanced if a conditioning stimulus e.g. transection 

of the sciatic nerve is also applied (Richardson and Issa 1984; Oudega et. al. 1994), with 

similar findings for growth in the dorsal root (Chong et. al. 1996).

Transplants of peripheral nerves into various parts of the brain and into the retina 

or optic nerve provided similar results to those observed in the spinal cord (Aguayo 

1985; Berry et. al. 1988; Berry et. al. 1996; Morrow et. al. 1993). Since many, but not 

all, CNS neuronal types can elongate a fibre for a considerable length into a nearby 

peripheral nerve graft, the latter represents a favourable and growth-promoting 

microenvironment for lesioned adult axons.

3.1.2.2 Purified Schwann cells and other materials as bridges across adult spinal

cord lesions

As mentioned above, CNS axons are capable o f regenerating, but they require 

trophic and tropic substances and permissive substrates that are missing in the adult 

CNS. One of the major cell types in the peripheral nerve is the Schwann cell. Schwann 

cells produce a variety of trophic factors as well as secrete extracellular matrix 

molecules (ECM), such as laminin (Bunge et. al. 1986) which is known to modulate 

neurite outgrowth (Davis et. al. 1985). In addition, Schwann cells also express a variety 

o f cell adhesion molecules e.g. LI (Kleitman et. al. 1988). Thus, grafts o f Schwann cells 

have been tested as substrates for promoting regeneration of adult spinal cord fibres.

One o f the approaches used, involved small implants o f purified Schwann cells 

injected as a suspension of cells cultured from the sciatic nerve. These cell grafts were 

then implanted into the corticospinal tract (CST) or the ascending dorsal column tract 

(by a minimal traumatic air pressure microinjection), at the upper cervical level. 

Following a small electrolytic lesion (Li and Raisman 1994) it was found that both 

corticospinal and ascending dorsal column axons sprouted and extended for a
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considerable distance in response to contact with the transplanted Schwann cells. 

Schwann cells were also implanted on a support o f collagen, following large dorsal 

spinal cord lesions (Paino et. al. 1994). It has been found that many of the lesioned 

fibres enter the Schwann cell bridges but no growth on collagen implants without 

Schwann cells was observed. Schwann cells in semipermeable guidance channels have 

also been used as a substrate for regenerating adult CNS fibres (Xu et, al. 1995a,b). 

These channels were implanted into adult rat spinal cord transected at mid-thoracic level 

an it was found that, although propriospinal and sensory axons manage to enter the 

graft, no fibres from the descending brain stem projections penetrated the implants.

Collagen, astrocyte or laminin-coated nitrocellulose filters and carbon filaments 

have also been used in an attempt to bridge spinal cord lesions. Very poor regeneration 

of corticospinal fibres has been observed in adult rat onto laminin-coated nitrocellulose 

bridges, carbon filaments or collagen implants (Schnell and Schwab 1993). Negative 

results with collagen were also reported by Paino and colleagues (1994). However, 

Joosten et. al. (1995) have shown that fluid collagen grafts which in situ self-assemble, 

but not gel collagen grafts, are a supportive environment for regrowth of lesioned 

corticospinal axons in adult rat spinal cord. Some growth o f corticospinal fibres has also 

been observed on carbon filaments implants (Khan et. al. 1991). Astrocyte-coated filters 

has also been used to bridge spinal cord lesions. Kliot et. al. (1990) reported that 

astrocyte-coated filters successfully guided injured dorsal roots fibres into the grey 

matter o f adult spinal cord. Since contradictory results were obtain in some cases in 

which artificial materials were used, it seems that host-transplant interaction and the 

extent of the inflammatory response may play important roles in determining the 

capacity o f injured fibres to regenerate.

3.1.2.3 Embryonic tissue transplants as bridges across spinal cord lesions

Transplants of embryonic tissue is another approach that has been widely used in 

spinal cord regeneration research. In this model both ingrowth o f host fibres into the 

embryonic grafts as well as projections o f transplanted neurones into the host CNS have 

been observed. In general, transplants of embryonic tissue (E-14-El7) integrate better 

into newborn than adult spinal cord hosts. Antrograde tracing studies have shown 

progressive decrease o f corticospinal fibre ingrowth into E-14 transplants placed into
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newborn or 8, 16 or 30-day-old hosts (Bregman et. al. 1989). In the newborn, extensive 

ingrowth of corticospinal axons into the grafts were observed, with fibres regenerating 

across the transplant and back into the host spinal cord caudal to the lesion. In animals 

with successful replacement grafts, functional restoration was observed (Iwashita et. al. 

1994). In contrast, very restricted ingrowth and no bridge function was seen in hosts 

older than postnatal day 10 (Bregman et. al. 1989; Nothias and Peschanski 1990). Not 

only corticospinal fibres invade embryonic grafts, rubrospinal, descending serotonergic 

and catecholaminergic fibres and CGRP-positive dorsal root fibres have been shown to 

grow into transplants, in newborn and to a lesser extent in adult spinal cord (Nothias and 

Peschanski 1990; Itoh et. al. 1992).

Growth o f embryonic transplant neurones into adult CNS hosts have also been 

reported. Tonder et. al. (1990) have shown that embryonic hippocampal cells 

transplanted into a previously lesioned hippocampus could be traced to the contralateral 

hippocampus. Long-distance fibre outgrowth from embryonic mouse olfactory bulbs 

transplanted into adult mouse have also been reported (Fujii 1989; 1991). Wictorin and 

colleagues (1990a,b; 1991) have used a number o f different axonal labelling techniques 

to demonstrate that transplanted embryonic neuroblasts are able to grow axons along 

adult host myelinated fibre tracts to appropriate terminal fields. Microtransplantation of 

a suspension o f mid to late (E-18/E-19) embryonic mouse hippocampal neurones into 

the rat fimbria resulted in a vigorous growth of embryonic donor axons along adult 

central myelinated tracts (Davies et. al. 1993). These results challenge the idea that the 

CNS is a non-permissive environment to axonal growth and suggest that the growth 

capacity of injured neurones may be a key factor.
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3.1.3 Growth promoting cues

Until relatively recently, most of the studies on the mechanism o f neurite growth 

focused primarily on positive, growth-promoting effects. Early concepts that axonal 

growth was regulated by chemotropic molecules or by expression o f sequences of cell 

adhesion molecules (C AMs) have given way to the view that a combination of these and 

other control factors (molecule-receptor systems) are involved in determining axonal 

growth. In general, three main classes of proteins have been found to promote and guide 

axonal growth: soluble trophic factors and chemotropic agents, different constituents of 

extracellular matrix (ECM), and different cell surface molecules. At the molecular level, 

nerve elongation coincides with the expression o f a set o f growth associated proteins 

(GAPs) in the neuronal cell bodies. Thus nerve growth is also controlled by the 

expression of these molecules.

3.1.3.1 Neurotrophic factors

The discovery of NGF by Levi-Montalcini and Hamburger in 1951 (for review 

see Levi-Montalcini 1987) led to a theory on the role o f neurotrophic factors, which had 

to be modified as a result o f rapid increase in information on families of soluble factors 

that have neurite growth-promoting effects as well as survival and differentiation effects 

(Thoenen 1991). Messenger RNAs for neurotrophic factors have been found in varying 

levels and with different developmental profile in the spinal cord (Maisonpierre et. al. 

1990; Schecterson and Bothwell 1992). In general, NT-3 is highest during development 

and decreases to relatively low levels in the adult rat, while both NGF and BDNF are 

found at lower levels (Maisonpierre et. al. 1990). The high-affmity neurotrophin 

receptors TrkB and TrkC are also expressed from early developmental stages to 

adulthood (Merlio et. al. 1992; Lamballe et. al. 1994; Escandon et. al. 1994). The 

currently available in situ hybridisation studies do not allow precise cellular localisation, 

except motoneurones that express TrkB and TrkC and contain messenger for NT-3 and 

BDNF (Schectreson et. al. 1992; Escandon et. al. 1994)
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O f DRG neurones, 44% are TrkA-positive, 27% TrkB-positive, 17% TrkC- 

positive and 34% are Trk-negative sensory neurones (McMahon et. al. 1994). In 

addition a subpopulation o f DRG neurones express more than one Trk receptor. The 

TrkA-positive neurones are primarily small and predominantly innervate the dorsal horn 

of the spinal cord. TrkB and TrkC-positive neurones are the medium and large-sized 

neurones, most o f which ascend in the dorsal column toward the dorsal column nuclei 

(Willis and Coggashall 1991).

Recent studies have focused on the ability o f neurotrophic factors to support 

spinal cord regeneration. Oudega and Hagg (1996) have demonstrated that in the 

presence o f NGF, adult sensory fibres can regenerate back into the dorsal spinal cord 

white matter from an intraspinal nerve graft. Xu et. al. (1995b) have shown that while 

Schwann cells in semipermeable guidance channels promote growth o f propriospinal 

axons, the combination o f grafts o f Schwann cells plus neurotrophins (NT-3 and BDNF) 

also promote axonal regeneration of supraspinal neurones. Schnell and colleagues 

(1994) have demonstrated that while injection of NT-3 into the lesioned spinal cored 

only increased regenerative sprouting, a combination of NT-3 and antibody against 

neurite growth inhibitory proteins (see more details below) resulted in long distance 

regeneration of a small population of corticospinal fibres. Fibroblast cells genetically 

modified to produce NGF have been found to elicit a robust and dense sprouting 

response from spinal cord sensory neurites, indicating that sensory fibres retain a growth 

responsiveness to NGF well into adulthood (Tuszynski et. al. 1994). However, the fibres 

remained in the implant and did not re-enter the host spinal cord.

Some o f the regenerative responses observed in the spinal cord following 

implants of Schwann cells or embryonic tissue, can be attributed to synthesis of 

neurotrophic factors by these transplanted cells. Transplantation of embryonic spinal 

cord tissue, which express high levels of NT-3 (Maisonpierre et. al. 1990), into lesioned 

thoracic spinal cord of young rats resulted in enhanced regenerative sprouting of 

lesioned corticospinal fibres (Schnell and Schwab 1993), similar to those described 

following a single injection of NT-3 into lesioned spinal cord (Schnell et. al. 1994). The 

successful regeneration of corticospinal axons into a suspension o f Schwann cell grafts, 

after an electrolytic lesion to the corticospinal tract, reported by Li and Raisman (1994) 

can also be attributed in part to synthesis of neurotrophic factors by Schwann cells. 

However, since only Schwann cell grafts did not promoted regeneration of corticospinal
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axons following spinal cord transection at T8 level (Xu et. al. 1995a), it is conceivable 

that the successful outgrowth of corticospinal fibres reported by Li and Raisman may be 

the result o f other factors.

3.1.3.2 ECM proteins-laminin, fibronectin, collagen and thrombospondin

Some o f the most abundant components of ECM include laminin (LN), 

fibronectin (FN), and collagen, all o f which are capable o f promoting neurite growth in 

vitro (for review see Reichardt et. al. 1989), and fluid collagen grafts have been shown 

to do so in vivo (Joosten et. al. 1995). Recent work has revealed a surprising diversity in 

these glycoproteins. The fact that all three classes o f ECM proteins can promote growth 

from different types of neurones (Rogers et. al. 1989) together with the broad 

distribution of ECM proteins had led to the initial view that ECM proteins have no 

specific growth function. However this idea has been dismissed when it was discovered 

that the three proteins exist in multiple forms, and in the case o f LN and FN a single 

form can have multiple functional domains (Klein et. al. 1988; Sonnenberg et. al. 1990; 

Rogers et. al. 1989). Most prominent among these domains is the fibronectin type III 

repeats, which has a cells attachment function. A second major domain implicated in 

cell adhesion, is the immunoglobulin domain (Noonan et. al. 1988) which has been 

found in several cell adhesion molecules, including neuronal cell adhesion molecule 

(NCAM), LI and others (see Harrelson and Goodman 1988). Since most of the cell 

adhesion molecules also contain several FN type III repeat neither of these domains 

distinguish cell membrane-associated adhesion molecules from adhesive glycoproteins 

found in the ECM. In general, these domains include binding sites for cells, other 

glycoproteins and glycolipides (Mann et. al. 1989). Thrombospondin (TSP) is another 

component o f the ECM which has been implicated in control of neurite outgrowth. Like 

LN and FN, TSP is a multifunctional glycoprotein that can mediate cell adhesion 

(Taraboletti et. al. 1987), and has been shown to promote axonal growth in vitro 

(Neugebauer et. al. 1991).

From the potential receptors that have been described for the ECM proteins 

(Edgar 1989), the function of the superfamily cell-surface heterodimers known as the 

integrins is best correlated with the induction o f neurite outgrowth (for review see
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Reichardt and Tomaselli 1991), and a variety of other functions e.g. synaptic 

rearrangment, in the adult CNS (for review see Jones 1996). Integrins are divided into 

subfamilies based on different a  subunits as they have a common p subunit. Antibody 

to the p i integrin subunit have been shown to inhibit neurite outgrowth on LN, FN, 

collagen and complex ECMs (Hall et. al. 1987).

3.1.3.3 Cell adhesion molecules (CAMs)

Many o f the proteins that have neurite-promoting function are CAMs, and many 

of these belong to the immunoglobulin superfamily (Brummendorf and Rathjen 1993). 

These molecules can be either integral membrane proteins, or linked to the membrane 

through glycophosphatidylinositol (GPI). The most extensively characterised of these 

CAMs, is the neural cell adhesion molecule, NCAM (Edelman 1986). The ability of 

NCAM to promote neurite outgrowth has been demonstrated with antibody blocking 

studies (Bixby et. al. 1987) and through transfection of the gene for NCAM into 

hetrologous cells (Doherty et. al. 1989; 1990). In addition to the immunoglobulin 

domains, NCAM also posses several repeats of FN type III domains (Cunningham et. al. 

1987).

A second group of immunoglobulin superfamily molecules belong to the general 

class of Ca^^-independent CAMs. The most known member o f the family is L I, other 

members include Fll/contactin, NgCAM-related molecule (Nr) and TAG-1. All 

members of these family are similar in primary sequence (30-50%) as well as overall 

structure, with each containing six immunoglobulin-type repeat units and four or five 

FN-type III domains (Furley et. al. 1990). The role o f LI in the induction of neurite 

growth has been demonstrated through the use of purified protein as a substrate 

(Lagenauer and Lemmon 1987) and by antibody blocking studies (Bixby et. al. 1988; 

Seilheimer and Schachner 1988). In addition it has been found that LI is upregulated by 

Schwann cells in injured peripheral nerves, but is not expressed by mammalian CNS 

glia in vivo (Bartsch et. al. 1989). Both regenerating peripheral axons and regenerating 

CNS axons have LI on their surface, which is in good position to interact with LI on 

Schwann cells for homophilic binding. It has been shown that LI expression by injured 

neurones in the CNS, can be correlated with their capacity to regenerate into peripheral 

nerve grafts. Morrow et. al. (1993) have shown that following implantation o f peripheral
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nerve grafts into the thalamus, there was an increase of the synthesis o f L I, especially 

by thalamic neurones. Thus, it has been suggested that the absence o f LI on astrocytes 

may play a role in the failure of regeneration in the CNS.

Cadherins are the third major group of the immunoglobulin superfamily that 

belong to the general class o f Ca^^^-dependent CAMs (Takeichi 1990). The major 

cadherin in the nervous system is N-cadherin which has been implicated in neurite 

outgrowth in different studies. Antibodies against N-cadherin have been shown to 

inhibit neurite growth (Bixby et. al. 1988; Neugebauer et. al. 1988). Conversely, 

enhancements o f neurite-promoting activity o f cells transfected with N-cadherin cDNA 

(Matsunaga et. al. 1988), and induction o f neurite outgrowth using the purified 

glycoprotein have also been observed (Bixby and Zhang 1990).

The receptors for the immunoglobulin-related CAMs and cadherins are the 

cognate molecules themselves in the neuronal membrane. Members o f the 

immunoglobulin superfamily often bind to other immunoglobulin superfamily 

molecules (Williams and Barclay 1988), either to second member proteins (heterophilic 

interaction), or to themselves (homophilic interaction). Intercellular homophilic 

interactions have been demonstrated for most o f the immunoglobulin-related CAMs 

(Grumetand Edelman 1988; Filbin et. al 1990) and cadherins (Takeichi 1990; Nose et. 

al. 1990). The importance of such interaction in the induction of neurite outgrowth has 

been directly demonstrated in the case o f LI and NCAM. It has been demonstrated that 

these molecules can associate with each other (Kadmon et. al. 1990), and that the 

complex binds more strongly to another LI on another cell, than LI to LI alone. LI and 

NCAM bind to each other via oligomannosidic carbohydrates expressed by LI. 

Interference with the interaction between LI and NCAM at the cell surface inhibits 

neurite outgrowth. Thus, carbohydrate-mediated-interactions between adhesion 

molecules, has an important functional role (Horstkorte et. al. 1993).

3.1.3.4 Axonal growth-associated proteins

A number o f genes that are normally expressed in developing neurones are 

reactivated in adulthood following a lesion. One example is the growth-associated 

protein, GAP-43. GAP-43 is a membrane- and cytoskeletal-associated phosphoprotein 

(Skene 1989; Coggins and Zwiers 1991) that is produced at high levels during
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development and accumulates in neuronal growth cones (Skene et. al. 1986; Meiri et. al. 

1986; Biffo et. al. 1990; Fitzgerald et. al. 1991). However, following target innervation 

this protein is dovmregulated in most parts of the nervous system, except for certain 

areas that are lightly myelinated e.g. the substantia gelatinosa o f the spinal cord 

(Kapfhammer and Schwab 1994a). This inverse correlation, between myelin content and 

local GAP-43 levels, in almost all parts o f the adult rat CNS (Kapfhammer and Schwab 

1994a), as well as the observation that developmental downregulation o f GAP-43 does 

not occur if oligodendrocyte development and myelin formation are prevented through 

neonatal X-irradiation (Kapfhammer and Schwab 1994b), has led to a suggestion that 

GAP-43 levels are regulated by local environmental factors e.g. CNS myelin 

(Kapfhammer and Schwab 1994b; Schreyer and Skene 1991).

Following peripheral nerve injury o f DRG neurones in the adult rat, GAP-43 is 

re-expressed and rapidly transported along the injured peripheral neurones (Bisby 1988; 

Van der Zee et. al. 1989; Tetzlaff et. al.l989; Woolf et. al 1990; Chong et. al. 1992). In 

marked contrast, little reexpression of GAP-43 occurs after injury to the central branch 

of DRG neurones and regeneration is abortive (Schreyer and Skene 1993; Chong et. al. 

1994), except when the injuiy is close to the cell body (Doster et. al. 1991; Tetzlaff et. 

al. 1991). The correlation between the presence of GAP-43 and the intrinsic growth 

state o f the neurone led to the use o f this protein as a marker for axonal growth (Skene 

1989), and there is in vitro evidence that suggest a direct involvement of GAP-43 in 

such growth. For example, Aigner and Caroni (1993) have demonstrated that DRG cells 

depleted of GAP-43, by antisense oligonucleotides, were still able to grow neurites on a 

laminin substrate but the neurites were thinner and less branched than normal, and the 

growth cone were small and mostly lacked filopodia.

The failure o f dorsal root lesion to increase GAP-43 expression in DRG 

neurones, has been postulated to be an important factor in the limited regenerative 

capacity seen following such lesions (Chong et. al. 1994). In support of this it has been 

demonstrated that only a few of the injured central axons of DRG neurones regenerate 

into peripheral nerve grafts implanted into the dorsal columns of the spinal cord unless 

the sciatic nerve is also transected as a conditioning stimulus (Richardson and Issa 1984; 

Richardson and Verge 1986). Similar results were obtained by Oudega and colleagues 

(1994) and Chong and colleagues (1996) who demonstrated that the capacity to 

upregulate GAP-43 correlates with the ability of the central axons to grow long
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distances. An increased number of injured dorsal column fibres, regenerating into a 

predegenerated peripheral graft compared with a fresh graft, have been observed, but 

only in experiments in which a conditioning lesion to the sciatic nerve was also applied 

(Oudega et. al. 1994). Increased rate of regeneration o f myelinated and unmyelinated 

axons were also observed following a peripheral graft that was attached to L4 dorsal 

root and accompanied by a sciatic nerve crush (Chong et. al. 1996). These observations 

indicate that axotomy enhances central axon regeneration, probably by producing a cell 

body response that includes the upregulation o f GAP-43. Schreyer and Skene (1991) 

have also demonstrated that there is a strong correlation between the expression of 

GAP-43 and the potential o f axons to regenerate. Moreover, transgenic mice engineered 

to constitutively overexpress GAP-43, in adult neurones, show increased spontaneous 

and lesion induced axonal sprouting in the peripheral and central nervous system 

(Aigner et. al. 1995).
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3.1.4 Growth-inhibitory cues

Evidence that negative, neurite growth inhibitory signals have an important role 

in axonal guidance have been put forward only in recent years. Thus, today it is largely 

accepted that axon guidance involves contact-inhibitory/repulsive interactions between 

growth cones and their environment as well as positive, growth promoting signals.

3.1.4.1 Neurite growth inhibitory proteins: NI-35 and NI -250

The concept of specific negative signals that repulse growth cones is a relative 

recent one. A few year ago Kapfhammer and Raper (1987) demonstrated that the growth 

cones o f retinal cells collapse when they contact axons of sympathetic cells and vice- 

versa. Throughout the complete sequence of contact and collapse, strong local adhesions 

between growth cone and neurite were present, suggesting that a specific signalling 

mechanism operates that induces the collapse o f the growth cone. Since transplantation 

experiments have shown that CNS neurones can regenerate their lesioned neurites in a 

peripheral nerve environment, but cannot do so within the CNS (David and Aguayo 

1981; Aguayo et. al. 1990), it has been postulated that inhibitory activity present in 

adult CNS tissue, particularly molecular components of oligodendrocytes and central 

myelin are involved in the arrest o f axonal regrowth observed after CNS lesion (Berry 

1982; Schwab and Thoenen 1985; Caroni and Schwab 1988b).

When membranes from oligodendrocyte enriched cultures and CNS myelin 

membranes were used as substrates for neurone growth, a strong inhibitory effect was 

observed (Caroni and Schwab 1988a; Vanselow et. al. 1990). Separation and 

reconstruction of spinal cord myelin proteins into liposomes led to the identification of 

two active fractions of 35 and 250kD (NI-35/250) molecular wight (Caroni and Schwab 

1988a). These neurite growth inhibitors have been found in all CNS regions containing 

white matter, including the optic nerve, but are absent from sciatic nerves (Rubin et. al. 

1994). Their full molecular characterisation and cDNA cloning is not available yet. 

However, since Ca^  ̂ (Bandtlow et. al. 1993) and specific G-proteins (Gj/o) (Igarashi et.
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al. 1993) have been shown to be involved in second messenger mechanisms of growth 

cones, the current concept includes a so far uncharacterised neuronal membrane receptor 

for these inhibitory molecules.

Monoclonal antibodies (IN-1) were raised against partially purified NI-35/250 

and selected for their neutralising activity (Caroni and Schwab 1988b). The application 

o f neutralising antibody (IN-1) against NI-35/250 both in vivo and in vitro was found to 

ameliorate the inhibitory action of these molecules (for review see Schwab et. al. 1993). 

Recent in vivo experiments have shown that the regenerative response can be further 

enhanced by the combined delivery of IN-1 and specific neurotrophins to the lesion site. 

Application o f neurotrophin alone [NT-3 to the GST of adult rats (Schnell et. al. 1994), 

BDNF or FGF to the optic nerve of postnatal rats (Weibel et. al. 1994)] has been shown 

to enhance local sprouting responses of injured axons and prevent retrograde neuronal 

degeneration. However, combined application o f NT-3 and IN-1 resulted in long

distance regeneration o f about 5-10% of the GST lesioned axons (Schnell et. al. 1994),

Structural and functional recovery observed after treatment o f the transected 

optic nerve with nerve-derived transglutaminase, which induces dimérisation of 

interleukin-2 (which is cytotoxic to oligodendrocytes), has also been interpreted in 

terms o f growth inhibition by oligodendrocyte/myelin components (Eitan et. al. 1994). 

However, in a recent study in which the relative importance o f absence of trophic 

factors versus presence of growth inhibitory molecules was assessed, it was found that 

injured optic nerves traversed the lesion site and grew distally if  a cellular or acellular 

peripheral nerve graft was implanted into the vitreous body (Berry et. al. 1996). It has 

been suggested that the substantial regrowth of axons into an area rich with 

myelin/oligodendrocyte debris distal to the lesion site, is due to trophic molecules 

secreted from the grafts, which in addition to their growth promoting function also 

downregulate the receptors for inhibitory ligands (Berry et. al. 1996).

3.1.4.2 Myelin associated glycoprotein (MAG)

In addition to NI-35 and NI-250, other inhibitory molecules are present in 

myelin extracts. One such molecule is the myelin associated glycoprotein, MAG 

(McKerracher et. al. 1994; Mukhopadhyay et. al. 1994), a member o f the 

immunoglobulin superfamily with significant homology to NGAM. MAG is exclusively
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expressed by oligodendrocytes and Schwann cells and is involved in myelin formation 

and maintenance (Salzer et. al. 1987; see also Bartsch et. al. 1995a).

An additional role o f MAG as an inhibitor of axonal regeneration has been 

indicated from in vitro studies. Recombinant MAG expressed by Chinese hamster ovary 

(CHO) cells has been shown to exert a robust inhibitory effect on neurite outgrowth 

from young cerebellar neurones and adult sensory neurones (Mukhopadhyay et. al.

1994). McKerracher et. al. (1994) have shown that fractionation o f solubilised bovine 

CNS myelin yields two major peaks o f inhibitory activity for the extension of axons 

from neuroblastoma cells. It has been demonstrated by using anti-MAG antibodies, that 

MAG is responsible for more than 60% of the in vitro axon outgrowth inhibitory 

activity present in myelin extracts, and that recombinant MAG is also inhibitory. The 

inhibitory role of MAG, which is present on the surface o f peripheral nerve Schwann 

cells and is downregulated after peripheral nerve lesions (Martini and Schachner 1988), 

also fits well with experiments that demonstrated that intact nondegenerated peripheral 

nerves are not a good substrate for axon growth of certain types o f neurones. For 

example, it has been shown that sensory neurite regeneration is poor in crushed sciatic 

nerves in mice with delayed Wallerian degeneration (Brown et. al. 1994). However, in a 

recent in vivo study by Bartsch and colleague (1995b) the role of MAG as a significant 

inhibitor o f axonal outgrowth has been questioned. Using the MAG-deficient mouse 

(Montag et. al. 1994) it has been shown that the extent o f axonal regrowth into lesioned 

optic nerve or GST is similar in MAG-deficient and wild-type mice. Application of IN-1 

antibody, however, resulted in an increased regrowth of optic and GST lesioned axons 

in MAG-deficient and wild-type mice, to a similar extent; demonstrating that MAG is 

not a significant inhibitor for axonal regeneration in vivo. Thus, the importance o f MAG 

as an inhibitor o f axonal regeneration needs to be further assessed.

3.1.4.3 Semaphorm/Collapsin Family

Several additional proteins that repulse growth cones or induce their collapse 

have recently been characterised. The first members of the semaphorin/collapsin family 

were identified in two independent ways. Sema I (or fasciclin VI), was immunopurified 

using a monoclonal antibody recognising specific axonal tracts in the grasshopper 

embryo (Kolodkin et. al. 1992), and was then cloned and sequenced to yield homologs
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in insects and vertebrates (Kolodkin et. al. 1993). Independently, another member of the 

family was identified. Collapsing activity can be easily demonstrated in vitro by 

sprinkling membranous vesicles of test materials onto growing axons (Raper and 

Kapfhammer 1990). With the use of this assay, a collapse-induced factor, collapsin, was 

purified from adult chicken brain and cloned (Luo et. al. 1993). The family encodes 

both secreted and transmembrane proteins. Other members o f the family have been 

identified recently in the mouse (Messersmith et. al. 1995; Puschel et. al. 1995), chicken 

(Luo et. al. 1995) and human (Messersmith et. al. 1995).

The evidence that members of the family participate in axonal guidance and/or 

target recognition comes from different studies. Sema III, the murine homolog of 

chicken collapsin-1, has been shown to participate in the patterning of sensory 

projections within the mammalian spinal cord (Messersmith et. al. 1995). Sema III, 

which is concentrated in the ventral horn o f the developing spinal cord, contributes to 

the dorsoventral termination o f different classes o f primary sensory neurones in the 

spinal cord, by selectively repelling those axons that terminate dorsally e.g. NGF- 

responsive axons, but not those axons that terminate ventrally, e.g. NT-3 responsive 

type la fibres (Messersmith et. al. 1995). Recently, it has been shown that mice mutant 

in the Sema III gene have inappropriate projections o f some sensory axons into regions 

of the spinal cord where sema III is normally expressed (Behar et. al. 1996). The pattern 

of mRNA expression for mouse semaphorins (Puschel et. al. 1995) and chicken 

collapsins (Luo et. al. 1995) are also consistent with possible repulsive roles for these 

proteins. For instance, collapsin-2 mRNA is present during development in the dorsal 

neural tube while the floor plate secretes a diffusible chemotropic factor for commisural 

fibres, which has been identified and cloned (Kennedy et. al. 1994). It has been 

suggested that collapsin-2 provides a repulsive gradient reciprocal to that of the netrins 

for the ventrally directed spinal commissural intemeurones (Luo et. al. 1995).

3.1.4.4 Tenascin family

Tenascin is a secreted ECM glycoprotein that also belongs to immunoglobulin 

superfamily, and can be found in several alternative spliced forms (Reichardt and 

Tomaselli 1991). Tenascins contain FN type III domains as well as stretches of EGF- 

like repeats, which have been shown to exert anti-adhesive effects on epithelial cells and
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fibroblasts (Spring et. al. 1989). In the nervous system tenascin is developmentally 

regulated and appears to be involved in different morphogenetic events. One example is 

the formation o f the barrels o f the somatosensory cortex in whisking rodents. It has been 

suggested that the anti-adhesive activity may function in vivo to separate the fields of 

different afferent inputs (Steindler et. al. 1990; Mitrovic et. al. 1994). Tenascin is 

produced by astrocytes during normal development but is dovmregulated by these cells 

during the first two postnatal weeks (Bartsch et. al. 1992), while in the same time, a 

subpopulation o f neurones in the ventral horn begins to express tenascin mRNA and 

continue to do so in the adult rat (Zhang et. al. 1995). The tenascin-related molecule 

Janusin, has similar structure to tenascin (Fuss et. al. 1993) and exerts similar repulsive 

effects to tenascin on neurite outgrowth in culture (Taylor et. al. 1993). Unlike tenascin, 

Janusin is predominantly expressed and secreted by oligodendrocytes (Pesheva et. al. 

1989).

Immunohistochemical data has provided evidence that tenascin is re-expressed 

by astrocytes near lesion in the cerebral cortex and cerebellum (McKeon et. al. 1991; 

Laywell et. al. 1992). Recently, it has been demonstrated that after dorsal root lesion, 

astrocytes in the ipsilateral dorsal column (at the level o f L4-L5 segments) upregulate 

tenascin mRNA in regions undergoing Wallerian degeneration (Zhang, et. al. 1995). 

However, there is no evidence to date that tenascin upregulation in the degenerating 

dorsal columns is responsible for the failure o f axonal regeneration in the spinal cord.

Other studies however, have suggested a growth promoting function for 

tenascin. This has been supported by in vitro studies that demonstrated that tenascin 

increased neurite outgrowth (Wehrle and Chiquet 1990; Lochter et. al. 1991), as well as 

in vivo studies that demonstrated that antibodies against tenascin delay the reinnervation 

of motor end plates in mouse (Langenfeld-Oster et. al. 1994) and frog (Mege et. al. 

1992).

3.1.4.5 Proteoglycans

Proteoglycans are components of ECM, they consist of a variety o f protein back 

bones (Herndon and Lander 1990) which are linked to sugar chains o f the heparin 

sulphate (HS), chondroitin sulphate (CS), dermatan sulphate (DS) or keratin sulphate 

(KS) type. Evidence for an inhibitory role for certain proteoglycans, particularly CS and
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KS, have been provided from in vitro studies, that demonstrated that these 

proteoglycans inhibit neurite outgrowth (Cole and McCabe 1991; Oohira et. al. 1991; 

Snow et. al. 1990, 1992), and from immunohistochemical studies that revealed an 

increase o f CS (coincident with tenascin) in scar areas, particularly at interfaces between 

intact and injured tissue or around cysts (Levine 1994; McKeon et. al. 1991).

3.1.4.6 The lesion scar

The majority o f studies in mammals, particularly in the spinal cord, point to an 

inhibitory role or barrier function of the lesion scar. The lesion scar in the spinal cord is 

dominated by hypertrophic astrocytes (see ‘Scar formation’). In vivo astrocytic scars 

can be mimicked by cultivating astrocytes in tubes. Neurites from postnatal DRG cells, 

are for example, unable to grow into three-dimensional astrocyte cultures (Fawcettet. al. 

1989). Filters populated by astrocytes and implanted into newborn or older brains were 

found to be growth supporting in vitro for the former case, but poor substrates in the 

latter case (Rudge and Silver 1990). This evidence support the hypothesis o f an age- 

dependent loss of regenerative capacity o f lesioned axons in the CNS. Additional 

evidence for this hypothesis and the importance of the scar for neurite growth and 

regeneration has come from studies of scar formation in immature CNS animals. It has 

been demonstrated that scar formation is less severe in the immature CNS than in the 

adult e.g. upregulation o f GFAP in astrocytes is less extensive and cyst formation is rare 

(Firkins et. al.l993; Maxwell et. al. 1990).

In vivo studies also demonstrate an inhibitory role o f astrocytes for regenerating 

CNS axons. Regeneration of lesioned dorsal roots stops, for example, at the entry zone 

into the spinal cord (Liuzzi and Lasek 1987; Liuzzi and Tedeschi 1992). It has been 

suggested that such an inhibitory signal is exerted by the astrocytes of the dorsal root 

entry zone which create a three-dimensional multilayer structure (Sims and Gilmore 

1992), although other candidates including tenascin and CS proteoglycans have also 

been implicated (see above; Pindzola et. al. 1993). In general, it has been demonstrated 

that transplants of CNS tissue (e.g. optic nerves) are not permissive for axonal 

regeneration (Weinberg and Raine 1980). More specifically, however, it has been 

demonstrated that transected sciatic nerves fail to regenerate through implants of optic 

nerves o f the myelin-deficient Browman-Wyse rat mutant, which contained astrocytes
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but lacked oligodendrocytes (Hall et. al. 1992). In addition, the same group 

demonstrated that lesioned retinal ganglia cell axons o f the Browman-Wyse mutant rat 

fail to regenerate through the unmyelinated proximal segments o f Browman-Wyse optic 

nerves which are enriched with astrocytes (Berry et. al. 1992). In a recent in vivo study, 

in which gelform matrices seeded with astrocytes were implanted into the lesioned 

thoracic spinal cord, it has also been demonstrated that these grafts are poor substrates 

for regenerating fibres in the CNS (Rabchevsky and Streit 1997).
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3.1.5 Aims

Successful regeneration in the adult central nervous system depends on multiple 

intrinsic and extrinsic factors, growth promoters or inhibitors as well as diffusible or 

bound substances, operating simultaneously to determine the growth fate o f injured 

axons. The assumption that adult CNS neurones lack the ability to grow has been shown 

by a number of different studies to be incorrect (Aguayo et. al. 1981; Richardson and 

Issa 1984; Richardson and Verge 1986). Provision o f a peripheral nerve environment 

(e.g. peripheral nerve graft; Schwann cells graft) leads to some axons regrowing into 

these grafts (Richardson and Issa 1984), and inducing cells into a growing mode greatly 

enhances the capacity of CNS axons to regenerate (Richardson and Issa 1984; Oudega 

et. al. 1994; Chong et. al. 1996). What determines the growth capacity o f the neurones in 

not known yet, but it is clear that both permissive environment and the strength of the 

cell body response play an important role.

In the spinal cord most attention has been directed on promoting regeneration of 

descending systems from the cortex or brainstem (Bregman et. al. 1995; Xu et. al. 

1995a,b; Li and Raisman 1995; Cheng et. al. 1996), with little attention on ascending 

pathways. In the present study the relative contribution o f intrinsic growth capacity 

versus permissive environment in determining the capacity o f transected dorsal column 

axons to regenerate was studied. The following issues were addressed:

1. Does a peripheral nerve lesion enhance the capacity o f injured dorsal column fibres to 

regenerate?

2. Do IN-1 producing hybridoma cells provide a permissive environment for 

regenerating dorsal column axons?
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3.2 Materials and Methods

3.2.1 Dorsal Column Lesions

Bilateral lesions o f the dorsal columns (DC) were performed in adult Sprague- 

Dawley male rats (250-3 50g; n=40). Under halothane anaesthesia (induction 4% and 

maintenance 2.5%) the dorsal skin was opened and the underlying muscle layers were 

incised along the midline and kept apart. A dorsal laminectomy was performed at the 

level of the thoracic vertebra to expose the spinal cord. After the dura mater was opened, 

the dorsal columns were transected at the level of T7-T8 segments using a fine tungsten 

scissors. The dorsal columns were cut from one dorsal root entry zone to the other and 

bleeding was stopped using cotton buds. The wound was then closed and the rats were 

allowed to recover for six to eight weeks.

The animals were divided into the following groups:

1) Dorsal column (DC) lesion only (n=8, two of which were reacted after one year). In 

addition two transgenic mice over-expressing GAP-43 (provided by Dr. Pico Caroni) 

underwent DC lesions;

2) DC lesion and cyclosporin A (see ‘hybridoma injection’) (n=4);

3) DC lesion, hybridoma injection and cyclosporin A (n=5);

4) DC lesion and sciatic transection (see ‘peripheral condition lesion’) (n=6);

5) DC lesion, sciatic transection and cyclosporin A (n=8);

6) DC lesion, hybridoma injection, sciatic transection and cyclosporin A (n=9).

3.2.2 Hybridoma Injection

At the time of the spinal cord surgery a subgroup o f rats (n=14) were 

intracerebrally injected with hybridoma cells secreting IN-1 antibody (provided by 

Martin Schwab Switzerland). IN-1 antibody-secreting hybridoma cells were obtained by
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immunisation o f a mouse with the neurite growth inhibitory protein NI-250 isolated 

from rat CNS myelin (Caroni and Schwab 1988). The scalp skin and the periost were 

midsagitally incised and the parietal bone was cleaned of blood. Using a sharp scalpel 

blade a small hole was drilled in the parietal bone lateral to the bregma. Injections were 

made using a glass micropipette sealed to a Hamilton syringe into the forebrain (Ip l of 

cell suspension). The hole was sealed using bone wax and the wound was closed using a 

3-0 suture. The animals received cyclosporin A (Sandimmun, Sandoz; 50mg/ml) as an 

immunosuppressive treatment for one week (lOOpl every other day) after which it was 

discontinued. During the immune suppressive treatment small tumours formed rapidly, 

secreting high amounts of antibody. The production of IN-1 antibody was detected by 

staining brain sections with anti-mouse fluorescein isothiocyanate (FITC)-conjugated 

immunoglobulin (1:200, Vector; see Fig. 3.1). Frozen sections (50pm) o f forebrain were 

cut and mounted on gelatinised slides. The sections were preincubated in blocking 

buffer (0.8% BSA, 0.2% Triton X-100) for 15 min. at room temperature followed by 

anti-mouse FITC-conjugated IgM for 60 min. at room temperature. After washing with 

PBS for 30 min. the sections were coverslipped with glycerol.

3.2.3 Peripheral Conditioning Lesion

A subgroup of rats with dorsal column lesions underwent an additional left 

sciatic nerve cut (n=23) on the same day. The left sciatic nerve was exposed at mid

thigh level and a ligature was firmly tightened around the nerve distal to its emergence 

from the greater sciatic notch. The nerve was transected proximal to the ligature, the 

wound was closed and the rats were allowed to recover.

3.2.4 Anterograde Neuronal Tracing

Six to eight weeks after the dorsal column lesions and five days before the 

histochemical processing, rats were again anaesthetised with halothane and the left 

sciatic nerve was exposed. A ligature was loosely placed proximal to the sciatic 

branching or above the transection in rats that underwent a conditioning lesion. A small
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Fig. 3.1 : Top: Schematic illustration o f the site of administration of IN-1 producing hybridoma 

cells. Bottom: Fluorescence photom icrograph of a brain section, showing IN-1 producing 

hybridom a cells. Scale bar represents 200pm .
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incision was made in the epineurium distal to the ligature. The needle o f a lOpl 

Hamilton syringe was inserted through the epineurial incision passing the ligature. The 

ligature was firmly tighten around the needle and 1.5pl o f choleragenoid conjugated to 

horseradish peroxidase (B-HRP) solution was injected (List, 1% dissolved in distilled 

water). The syringe was removed and the ligature further tightened around the nerve, 

preventing leakage of B-HRP. The wound was closed and the rats were allowed to 

recover.

3.2.5 Tissue Processing for Light Microscopy

Five days after the B-HRP injection, the animals were terminally anaesthetised 

with an intraperitoneal overdose of sodium pentobarbitol and perfused with 2 0 0 ml 

saline (room temperature) followed by 500ml of 1% paraformaldehyde and 1.25% 

gluteraldehyde in O.IM phosphate buffer. A complete laminectomy was performed to 

determine accurately the lesioned segment. The lower brainstem (for the dorsal column 

nuclei), the thoracic spinal cord (including a segment below the lesion site and some 

segments above it) and lumbar 4-5 segments were removed. The thoracic spinal cord 

was cut longitudinal into serial 50pm frozen sections and stored in sequential wells in

O.IM phosphate buffer. The brainstem and the lumbar blocks were cut transversely and 

every fourth section was stored in sequential wells. The section were processed for 

peroxidase activity using tetramethylbenzidine (TMB; Sigma) as a substrate and sodium 

nitroferriyanide as stabilising agent (Mesulam 1978). Sections were then mounted on 

gelatinised slides and coverslipped.

3.2.6 Data Analysis

In order to visualise the TMB reaction the sections were analyse with the aid o f a 

light microscope under darkfield filter. Each animal was scored blind by an observer. 

The regenerative capacity of the injured dorsal column fibres were scored at three 

different sites: proximal to the lesion, at the lesion site and beyond the lesion (see Fig 

3.2).
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Fig. 3.2; Schematic illustration o f the different sites that were scored: proximal 

to the injury, at the injury site and distal to the injury.
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A. Proximal to the injury site:

Proximal to the lesion the extent of the collateral sprouts was scored using the following 
score:

Score Extent of collateral sprouts (CS)
0 noC S
1 very few CS
2 few CS
3 some CS
4 many CS
5 extensive CS

Fig. 3.3 schematically illustrates the different extent o f the collateral sprouts 

proximal to the lesion.

Dorsal Column Tract Regeneration Score 

P ro x im a l to In ju ry

Proximal Injury Distal

I- 
I 
I-

Fig. 3.3: Schematic illustration o f collateral sprout extent proximal to the lesion. 

The top fibre ends blind with no collateral sprouts while the middle fibre has some 

collateral sprouts and the bottom fibre has many collateral sprouts.

Fig. 3.4 shows three different examples o f collateral growth proximal to the 

injury site from different animals. It is possible to see that in Fig.3.4A there are very few 

collateral sprouts (score=l) while in Fig. 3.4C there are many collateral sprouts 

(score=4).
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Iniurv site

Fig. 3.4: Dark-field photomicrographs showing different extents of collateral sprouting 
proxim al to the injury site labelled with B-HRP. A: longitudinal section from  a DC 
lesioned rat; note that there are alm ost no collateral sprouts (score= l). B: longitudinal 
section from a DC lesion, IN-1 producing hybridoma cells and cyclosporin A rat, showing 
some collateral sprouts (score=3). C: longitudinal section from a DC lesion, sciatic nerve 
transection, IN-1 producing hybridom a cells and cyclosporin A rat. Note that there are 
many collateral sprouts proximal to the lesion site (score=5). Scale bar represents 500pm.
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B. Iniurv site:

Three different parameters were scored individually at the site o f injury:

1. The rostrocaudal growth into the lesion site:

A similar score to that used above was used to classify the extent of regrowth of 

injured dorsal column fibres into the injury site. Using this score, failure to penetrate the 

lesion site was scored 0 and growth across the lesion was scored 5, as schematically 

illustrated in Fig. 3.5.

Dorsal Column Tract Regeneration Score 

In ju ry  Site

Rostrocaudal

Proximal Injury Distal

-C c
h
I

Fig. 3.5: Schematic illustration of the rostrocaudal extent o f regrowth of injured 

dorsal column fibres into the injury site. The top fibre does not enter the injury site 

(score=0 ), the middle fibre enters the injury site and traverse half the way through the 

lesion (score=3) while the bottom fibre traverses the entire extent o f the lesion 

(score=5).

Fig 3.6 shows three different sections from different animals, all show different 

extents of rostrocaudal growth into the lesion site. It is possible to see that in Fig. 3.6A 

damaged dorsal column fibres do not enter the injury site (score=0) while in Fig. 3.6C 

injured dorsal column fibres successfully traverse the entire extent of the lesion 

(score=5).
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Fig 3.6: Dark-field photomicrographs showing different extents o f rostrocaudal regrowth 
into the injury site. A: longitudinal section from a DC lesion rat showing that fibres 
stop blind before the injury site (score=0). B: longitudinal section from a DC lesion, 
IN-1 producing hybridoma cells and cyclosporin A rat. Note that some of the DC injured 
fibres enter and grow through the lesion (score=3). C: longitudinal section from a DC 
lesion, sciatic nerve transection, IN-1 producing hybridom a cells and cyclosporin A 
rat, showing fibres successfully traverse the entire extent of the lesion (score=5). Scale 
bar represents 500p.m.
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2. The mediolateral growth into the lesion site;

The mediolateral growth into the lesion was assessed using a similar scale in 

which no mediolateral growth in the lesion was scored 0  and extensive mediolateral 

growth on the surface of the cord was scored 5. Fig. 3.7 schematically illustrates the 

extent of the mediolateral growth.

Dorsal Column Tract Regeneration Score 

In ju ry  S ite

Mediolateral

Proximal Injury Distal

DR

Fig. 3.7: Schematic illustration of mediolateral regrowth of injured dorsal

column fibres into the injury site. The top fibre does not enter the injury site (score=0), 

the middle fibre enters the injury site and generates some neurites that grow in the 

mediolateral dimension while the bottom fibre generates many neurites that grow 

extensively in the injury, on the surface of the cord and into dorsal roots.

In Fig 3.8 three different examples from different animals are displayed, 

showing a variety of mediolateral growths within the lesion site. In Fig. 3.8 A only some 

fibres grow in the mediolateral dimension while in Fig.3.8C the lesion does not appear 

to be a barrier for regeneration and there is extensive mediolateral sprouting in the 

lesion with some fibres growing on the surface of the cord.
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Fig. 3.8: Dark-field photom icrographs showing different extents of m ediolateral growth 
into the injury site. A: longitudinal section from  a DC lesion, sciatic transection and 
cyclosporin A rat, showing some grow th in the m ediolateral dim ension (score=2). B: 
longitudinal section from  a DC lesion and sciatic nerve transection rat, showing many 
fibres entering the lesion site and growing in the mediolateral dimension and on the surface 
of the cord (score=4). C: longitudinal section from a DC lesion, IN-1 producing hybridoma 
cells, sciatic nerve transection and cyclosporin A rat. Note that there is massive regrowth 
into the lesion site with many fibres grow ing in the m ediolateral dim ension (score=5). 
Scale bar represents 500pm . 1 4 3



3. The dorsoventral growth into the lesion site:

In this dim ension anim als were scored 0 if  the growth was observed only in one 

superficial section. However, if  growth was observed in consecutive sections throughout 

the dorsal colum ns they were scored 5. Fig 3.9 schem atically illustrates different 

dorsoventral levels o f  growth that were scored.

Dorsal Column Tract Regeneration Score

Proximal

In ju ry  Site

Dorsoventral

Injury Distal
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1 1
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1 1 
___ 1_____________ 1___ Ventral

Fig. 3.9: Schematic illustration o f  the dorsoventral extent o f  regrowth o f  injured 

dorsal column fibres. Anim als in which regrowth o f  dorsal colum n fibres into the injury 

site was observed only on the surface o f the cord received low scores (score 1 or 2). In 

anim als that regrowth o f injured axons into the injury site were observed all the way 

through the consecutive longitudinal sections the dorsoventral score was high (4 or 5).
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c . Beyond lesion:

The extent of growth beyond the lesion site was scored using a scale from 0-5. 

No growth beyond the lesion site was scored as 0 while growth all the way back into the 

dorsal column nuclei was scored 5. Fig. 3.10 schematically illustrates the extent of 

growth beyond the lesion site.

Dorsal Column Tract Regeneration Score 

D ista l to In ju ry

Proximal Injury Distal

I
I-

I-

Fig. 3.10: Schematic illustration of regrowth o f injured dorsal column fibres 

across the lesion into the vacant dorsal columns distal to the injury. The top fibre 

regrows only into the injury site but does not grow beyond it (score=0). The middle 

fibre grows across the lesion and for a short distance beyond the lesion into the dorsal 

columns (score=2 or 3). The bottom fibre grows right across the lesion site back into the 

dorsal columns distal to the lesion and all the way up to the dorsal column nuclei where 

they reinnervate the gracile nucleus (score=5).

In Fig 3.27 (on page 165) an example o f regrowth o f dorsal column injured 

fibres into the dorsal columns beyond the lesion site is shown. However, in some 

animals that displayed growth beyond the lesion site the regenerating fibres grew into
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lateral tracts or grey matter (see Fig. 3.39 on page 180). These animals were also scored 

according to the extent of regrowth beyond the lesion site.

In some o f the animals that showed growth beyond the lesion site the 

rostrocaudal extent of the regenerating fibres were measured using a camera lucida 

microscope attachment. The extent of the labelled fibres within the dorsal column was 

plotted from serial sections, and the length of the regenerating axons measured.

For each animal the rostrocaudal, mediolateral and dorsoventral scores were 

added and normalised. This combined score was used for statistical analysis.

3.2.7 Statistics

The score of each animal in each sector was tested for statistical significance 

using the Kruskal-Wallis non-parametric ANOVA test.
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3.3 Results

3.3.1 Aim

The regenerative capacity of injured dorsal column axons has been assessed 

using different manipulations. These include: conditioning the dorsal column fibres into 

a growth state by a peripheral nerve transection; neutralising an oligodendrocyte 

myelin-associated inhibitory protein using the IN-1 antibody; and a combination of the 

two techniques. A retrograde labelling technique, with a tracer specific for A-fibres, the 

B-fragment o f cholera toxin which binds to GMl ganglioside found only on myelinated 

axons (Robertson et. al. 1991) was used to detect the lesioned fibres.

3.3.2 Control animals

Intraneural injection o f the tracer B-HRP into the sciatic nerve o f control animals 

labels the cell bodies of A fibres in the relevant dorsal root ganglia (L4, L5 and L6 ) 

(Woolf et. al. 1995), their central branches in the dorsal horn (LaMotte et. al. 1991; 

Woolf et. al. 1995) and their stem axons traversing the dorsal columns (Fig. 3.11; Fig. 

3.12) all the way up the spinal cord to the dorsal column nucleus (Fig 3.13). The 

staining in the dorsal column nucleus is confined to the gracile nucleus, the site of 

termination o f sciatic dorsal column fibres. The dorsal column tract contains a tight 

bundle of fibres that ascend in the midline of the spinal cord and are somatotopically 

arranged (see General Introduction).

3.3.3 Lesion site

The bilateral dorsal column lesion damaged the area between the dorsal roots entry zone 

as schematically illustrated in Fig. 3.14A. In Fig 3.14B a transverse section o f thoracic 

spinal cord, in a dorsal column lesioned rat, shows the extent o f the injury site. In
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Fig 3.11: Dark-field photomicrograph showing a longitudinal section through the thoracic 

spinal cord labelled for B-HRP, applied to a naïve animal. Note that the fibres do not 

possess any collateral branches or grow th cone-like swelling. The fibres traverse the 

spinal cord all the way up to the dorsal colum n nuclei. Scale bar represents 500pm .

Fig. 3.12: Dark-field photomicrograph showing a transverse section through the thoracic 

spinal cord labelled for B-HRP from a naïve animal. Note the labelled sciatic dorsal 

column fibres (arrow). Scale bar represents 500pm.
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Fig 3.13: Dark-field photomicrograph through a transverse section of the caudal medulla 

showing termination of sciatic dorsal column fibres in the gracile nucleus (arrow). Scale 

bar represents 500pm .
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Fig 3.14: Dark-field photom icrographs of transverse sections through thoracic spinal 

cord. A: schematically illustrating the lesion site in experimental animals. B: showing 

the extent of the lesion site in an experim ental anim al. Scale bar represents 5 0 0 |L im .
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addition to the mediolateral extent of the lesion (about 1.25mm), the lesion is quite deep 

in the dorsoventral dimension, extending to the central canal. The lesion site could be 

seen in up to 12 consecutive 50pm longitudinal sections. The injury site was associated 

with disrupted tissue: a superficial cup of swollen tissue (Fig. 3.6A), scar tissue and a 

network of fibres that bridged the lesion gap by growing on the glial scar (Fig. 3.31), on 

the surface of the cord (Fig. 3.30) and around cysts (see Fig. 3.24; Fig. 3.25; Fig. 

3.35B). Distal to the injury site the dorsal columns were degenerated/demyelinated and 

in some cases injured dorsal roots became incorporated into the lesion (see Fig. 3.32). 

All animals with incomplete dorsal column lesions were excluded from the study.

3.3.4 The effect of transection of the dorsal columns on sciatic dorsal

column fibres

Dorsal column lesion results in almost no regenerative response in the ascending 

axons. The transected dorsal column axons stop dead at the injury site. There is not 

much sprouting proximal to the lesion and there is no growth into or beyond the lesion 

(Fig 3.15). The transected axons do not generate many neurites or growth-cone like 

swellings. In one animal the injured axons generated growth-cone like swelling most of 

which stop before a big cyst (Fig. 3.17). Few fibres are growing around the cyst (which 

is proximal to the injury site) but fibres do not extend beyond the cyst into the injury 

site.

In two animals that survived for one year, following dorsal column injuries, 

there was no change in the capacity of these fibres to regenerate, most o f the fibres 

stopped blind at the lesion site (see Fig. 3.16).

In animals that received cyclosporin A during the first week after the dorsal 

column lesion no change in the capacity o f sciatic dorsal column fibres to regenerated 

was observed. Figures 3.19; 3.20 and 3.21 show three different animals that received 

dorsal column lesion and cyclosporin A injection. In these animals most of the fibres 

stop at or before the lesion site with very few collateral sprouts. However, one or two 

fibres are entering into the lesion site but for a very short length (Fig. 3.19) and some of 

the fibres generate growth-cone like swelling but do not penetrate into the injury site 

(Fig. 3.20).
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Fig. 3.15: Dark-field photomicrographs of longitudinal sections through the lesion site, 

from two different DC lesion anim als, show ing the absence o f regenerative growth. 

F ib re s  end  b lin d  w ith  m in im a l sp ro u tin g . S ca le  b a r re p re s e n ts  5 0 0 p m .
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Fig. 3.16: Dark-field photom icrograph o f a longitudinal section through the lesion site 

taken from a DC lesioned animal one year after the injury. Note that sciatic dorsal column 

f ib re s  co m e  to  a h a lt  at the  le s io n  s ite . S ca le  b a r  r e p re s e n ts  5 0 0 p m .
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Fig. 3.17: Low and high power dark-field photom icrographs of longitudinal sections 

through the lesion site taken from a DC lesioned animal. Note that most o f the sciatic 

dorsal colum n fibres stop at the cyst with many fibres generating growth cone-like 

swellings. Few fibres grow around the cyst but not beyond it into the injury site (arrow).
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Injury site

Fig. 3.19: Low and high power dark-field photom icrographs of longitudinal sections 

through the lesion site taken from  a DC lesion plus cyclosporin A animals. Note that 

m ost sciatic dorsal colum n fibres stop dead at the lesion site with minimal sprouting, 

but few  fib re s  e n te r the lesion  site  and  regrow  fo r a sho rt leng th  (arrow ).
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Glial scar

Fig. 3.20: Low and high power dark-field photom icrographs of longitudinal sections 
through the lesion site taken from a DC lesion plus cyclosporin A animals. Note that 
most fibres end blind at the lesion site w ith few fibres generating growth cone-like 
swelling. Some collateral sprouts proxim al to the lesion site can be seen (arrow), but 
no growth on the glial scar was observed.
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Fig. 3.21; Low and high power dark-field photom icrographs of longitudinal sections 

through the lesion site taken from a DC lesion plus cyclosporin A animal, showing the 

sciatic dorsal colum n fibres coming to a halt at the lesion site with minimal collateral 

sprouts proximal to the lesion site.
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Dorsal column lesion alone or with cyclosporin A administration do not alter the 

distribution o f the central terminals o f axotomised sciatic dorsal column axons in the 

lumbar dorsal horn (Fig. 3.22). Myelinated afferents terminate in lamina III and IV in 

the L3-5 segments of the spinal cord as in naïve animals, leaving laminae II where high 

threshold nociceptors terminate, free o f staining.
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Fig. 3.22: Low and high power dark-field photomicrographs of transganglionic B-HRP 

label in the dorsal horn of the spinal cord seen in transverse sections from a DC lesioned 

animal. Note that B-HRP label of the sciatic nerve is present in lamina I, III and deeper. 

However, lam ina II, the site of C-fibres term inals, shows absence of label in the entire 

m ediolateral extent. (The gap in the m iddle is w here saphenous fibre term inate).
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3.3.5 The effect of IN-1 producing hybridoma cells on the response of 

sciatic dorsal column axons to transection of the dorsal column

Administration of IN-1 producing hybridoma cells resulted in the appearance of 

many more terminal growth cone-like swelling (Fig 3.23), some collateral sprouts 

proximal to the lesion (Fig. 3.23) and growth along the wall o f cysts (Fig 3.24). The 

production o f IN-1 antibody was detected in the forebrain (Fig. 3.1), indicating that the 

antibody was released into the cerebrospinal fluid and reached the lesion site in the 

spinal cord. In some of the animals fibres regrew into and through the lesion site (Fig. 

3.25). However, the growth into the lesion site was confined, there was not much 

growth in the mediolateral dimension at the lesion. In two out of the 5 rats examined, 

fibres traversed the lesion into the denervated dorsal columns distal to the lesion. In one 

case a few fibres regrew into the dorsal columns for a length o f approximately 8.6mm 

(Fig 3.26) but no staining in the dorsal column nucleus was observed. In the other rat 

few fibres regrew right across the lesion into the dorsal column distal to the lesion (Fig 

3.27) and ascended up to the dorsal column nuclei where they reinnervated the gracile 

nucleus (Fig 3.28). Although in these animals few injured dorsal column fibres regrew 

into the dorsal column distal to the injury, the growth pattern o f these fibres is confined 

to the dorsal columns; there are not many sprouts proximal to the lesion or at the lesion 

site. These fibres could be traced back to the lesion site on serial sections.

In addition, dorsal column lesions combined with IN-1 producing hybridoma 

cells administration did not alter the central terminals o f axotomized sciatic dorsal 

column axons in the dorsal horn (Fig 3.29). Myelinated A-fibres terminate in lamina I, 

III and deeper laminae in the spinal cord, leaving lamina II free of staining.
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Fig. 3.23: Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 

sections through the lesion site taken from a DC lesion plus IN-1 producing hybridom a 

cells and cyclosporin A animal. Note the collateral sprouts (arrow head) and the growth 

cone like swellings (arrow).
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Injury site

Fig. 3.24: Low (top) and high (bottom) power dark-held photomicrographs of longitudinal 

sections through the lesion site taken from a DC lesion plus IN-1 producing hybridom a 

ce lls  and c y c lo sp o rin  A an im al, show ing  g row th  along  the w all o f  a cy st.

162



Injury site

Fig. 3.25: Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 

sections through the lesion site taken from a DC lesion plus lN-1 producing hybridom a 

cells and cyclosporin A animal, showing sciatic dorsal column fibres growing through 

the lesion. Note that the regrowing fibres do not sprout in the m ediolateral dim ension 

and that som e o f the fibres generate  large grow th cone-like sw ellings (arrow ).
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Fig 3.26: Dark-field photomicrograph showing a longitudinal reconstructed section from a DC lesion, IN-1 producing hybridoma cells and cyclosporin 

A treated rat. Note that a few fibres are running through white matter distal to the lesion (arrow) and that the growth is restricted to the dorsal columns 

at the lesion site and beyond the lesion. Scale bar represents 500p.m.
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Fig. 3.27: A. Dark-field photom icrograph o f a longitudinal reconstructed section from a DC lesion, IN-1 producing hybridom a cells and cyclosporin 

A treated rat, showing a few sciatic dorsal column fibres regrowing into the vacant dorsal columns distal to the lesion (arrow). B. Higher magnification 

of the region fram ed in A.
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Fig. 3.28; Dark-field photom icrographs o f transverse sections through the brainstem  

from a DC lesion, IN-1 producing hybridoma cells and cyclosporin A treated rat, showing 

successful reinnervation by a few fibres o f dorsal colum n nucleus (arrow). Scale bar 

represents 200p.m.
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Fig 3.29: Low (top) and high (bottom ) pow er dark -fie ld  pho tom icrog raphs o f 
transganglionic B-HRP label in the dorsal horn o f the spinal cord seen in transverse 
sections from a DC lesion and IN-1 producing hybridoma cells plus cyclosporin A treated 
rat. Note that labelling in the dorsal horn is present only in lam ina I, III and deeper, 
compatible with A-fibre terminals. Lam ina II, the site of C-fibre terminals, is showing 
absence of labelling in the entire mediolateral extent.
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3.3.6 The effect of a conditioning peripheral axotomy on sciatic 

dorsal column fibres response to dorsal column transection

Peripheral transection of the sciatic nerve at the same time as the dorsal column 

lesion resulted in the outgrowth of neurites of transected dorsal column fibres into the 

lesion site (Fig 3.30). Some of the fibres grow along the cyst while others grow in the 

mediolateral dimension and then continue to grow on the surface of the cord. In another 

animal from the same group it was observed that there is massive superficial growth on 

the glial scar along the surface (Fig. 3.31). In addition growth in more ventral sections 

revealed massive gro^vth into the lesion site with neurites growing in the mediolateral 

dimension towards the surface o f the cord and into an injured dorsal root (Fig 3.32).

Dorsal column injury with conditioning peripheral nerve transection and 

cyclosporin A treatment resulted in a similar regrowth as observed in the previous 

group. There was growth on the surface on the glial scar (Fig. 3.33) as well as growth 

into the lesion site with fibres traversing the lesion with some growth on the surface of 

the cord (Fig. 3.34). In another animal there was quite extensive mediolateral growth of 

fibres at the injury site with growth on the walls of the cyst (Fig 3.35).

Following sciatic nerve transection with or without cyclosporin A, the sciatic 

central terminals pattern in the lumbar spinal cord changed with a more dorsal extension 

of the label, from lamina III into lamina II (see Fig. 3.36) as has been described before 

(Woolf et. al. 1992).
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Fig 3.30: Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 

sections through the lesion site taken from a DC lesion and sciatic nerve transection 

anim al, showing growth of fibres into the lesion site, along the cyst (arrow head) and 

the surface of the cord (arrow).
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Fig. 3.31 : Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 

sections taken from a DC lesion and sciatic nerve transection animal, showing growth 

o f d o rsa l co lu m n  f ib re s  on the g lia l sc a r  a lo n g  the su rface  o f  the  co rd .
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Fig. 3.32; Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 

sections, through the lesion site taken from  a DC lesion and sciatic nerve transection 

animal. Note that m any sciatic dorsal colum n fibres enter the injury site and grow 

extensively in the mediolateral dimension, on the surface of the cord and into an injured 

dorsal root (arrow).
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Fig 3.33: Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 

sections taken from a DC lesion and sciatic nerve transection plus cyclosporin A treated 

anim al. Note the extensive growth on the glial scar (arrow) and on the surface of the 

cord (arrow head).
172



09*^ î-

Fig 3.34: Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 
sections through the lesion site taken from a DC lesion and sciatic nerve transection plus 
cyclosporin A treated anim al. Note that m any fibres are growing into the lesion site, 
with few fibres traversing the lesion (arrow). There is also some growth on the surface 
o f the cord (arrow head).
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Fig. 3.35: Low power dark-field photom icrographs o f longitudinal sections through the 

lesion site, taken from a DC lesion and sciatic nerve transection plus cyclosporin A treated 

animals. A: showing extensive mediolateral growth at the lesion site. B: showing extensive 

growth of sciatic dorsal column fibres on the walls of a cyst. Scale bar represents 500pm.
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Fig 3.36: Low power dark-field photomicrograph o f transganglionic B-HRP label in the 

dorsal horn of the spinal cord seen in transverse sections from a DC lesion and sciatic 

nerve transection plus cyclosporin A treated rat. Note the dorsal extension of the labelling 

from lam ina III into lam ina II. Scale bar represents 500p.m.
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3.3.7 Transgenic mice overexpressing GAP-43

Dorsal column transection in two mice overexpressing GAP-43 resulted in 

almost no regenerative response (Fig. 3.18). Most fibres stop dead at the lesion site with 

some fibres generating growth cone-like swelling. Very few sprouts were seen proximal 

to the lesion. These results were similar to those obtained from the dorsal column lesion 

with or without cyclosporin A treated groups (Fig. 3.15; 3.21).

3.3.8 The effect of a conditioning peripheral nerve transection 

combined with administration of IN-1 producing hybridoma cells

In this group, animals received both IN-1 producing hybridoma cells and a 

conditioning peripheral nerve transection with cyclosporin A treatment. Most animals in 

this group showed vigorous regenerative responses. Extensive sprouts were commonly 

observed proximal to the lesion (Fig 3.37), In addition the injured dorsal column axons 

in most cases sprouted extensively into the lesion site with many fibres sprouting in the 

mediolateral dimension. Many fibres grew into the actual lesion and along the surface of 

the spinal cord (Fig. 3.37). Fibres were also seen to traverse the lesion growing along 

the walls of cysts, across the lesion and also along injured dorsal roots (Fig 3.38). 

Growth was also observed beyond the lesion site into grey (Fig3.39) and as well as 

white matter (Fig.3.40A). In one animal fibres grew across the lesion into the vacant 

dorsal columns distal to the lesion and ascended up to the dorsal column nuclei where 

they reinnervated the gracile nucleus (Fig. 3.40B). In some o f the animals although there 

was quite extensive superficial growth, mainly on the glial scar (Fig 3.40), not much 

growth more ventrally in the lesion site was seen (Fig 3.41).

In the dorsal horn, the central terminals of the axotomized sciatic dorsal column 

axons sprouted dorsally into lamina II following the combined manipulations of 

peripheral nerve transection and administration of IN-1 producing hybridoma cells (see 

Fig. 3.42) in a way that was not distinguishable from sciatic lesion in the absence o f IN- 

1 hybridoma producing cells.
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Fig 3.18: Dark-field photomicrographs of longitudinal sections through the lesion site, 

from a DC lesion transgenic over-expressing GAP-43 m ouse. Note that m ost o f the 

sciatic dorsal column fibres stop dead at the lesion site with very few collateral sprouts 

proximal to the lesion. Scale bar represents 500pm .
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Fig. 3.37: Dark-field photomicrograph showing a longitudinal reconstructed section from a DC lesion, sciatic nerve transection, IN-1 producing hybridoma 
cells and cyclosporin A treated rat. Note that the lesion does not appear to be barrier for regeneration and fibres successfully traverse the entire extent 
of the lesion. There is massive sprouting in the mediolateral dimension into the lesion as well as growth along the surface of the cord (arrow head) with 
many fibres generating growth cone-like swellings (arrow). Scale bar represents 200pm.
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Fig 3.38: Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 

sections through the lesion site, taken from  a DC lesion, sciatic nerve transection, IN-1 

producing hybridom a cells and cyclosporin A treated rat. Note that the sciatic dorsal 

colum n fibres on the left entering the lesion site grow around the cysts and across the 

lesion but do not extend into the denervated dorsal colum ns distal to the lesion. Some 

of the fibres that regrow into the lesion sprout into an injured dorsal root (arrow).
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Fig. 3.39: A. Dark-field photom icrograph showing a longitudinal reconstructed section from a DC lesion, IN-1 producing hybridom a cells, sciatic 

nerve transection and cyclosporin A rat. Note that some fibres grow beyond the lesion site into the grey m atter distal to the lesion (arrow).B. Higher 

magnification o f the region fram ed in A.
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Fig. 3.40: Dark-field photom icrographs from  a DC lesion, sciatic nerve transection, IN-1 

producing hybridom a cells and cyclosporin A animal. A: longitudinal section distal to the 

lesion site, showing regenerated dorsal colum n fibres running through white matter. B: a 

transverse section through the brainstem showing successful reinnervation by a few fibres 

of dorsal colum n nucleus (arrow).
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Fig. 3.41 : Dark-field photomicrograph of longitudinal sections taken from a DC lesion, 

sciatic nerve transection, IN-1 producing hybridom a cells and cyclosporin A treated 

animal, showing massive growth of sciatic dorsal column fibres on the glial scar along 

the surface of the cord (a rro w ). Scale bar represents 500)xm.
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Fig 3.42: Low (top) and high (bottom) power dark-field photomicrographs of longitudinal 
sections through the lesion site, taken from  a DC lesion, sciatic nerve transection, IN -1 
producing hybridom a cells and cyclosporin A treated rat. Note that in this animal the cyst 
that was created as a result o f the dorsal colum n lesion is very big and that sciatic dorsal 
colum n fibres grow only around a part o f this large cyst (arrow).
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Fig 3.43: Low power dark-field photomicrograph of transganglionic B-HRP label in the 

dorsal horn of the spinal cord seen in transverse section from a DC lesion, sciatic nerve 

transection, IN-1 producing hybridoma cells and cyclosporin A treated rat. Note that the 

labelling for the sciatic central term inals extended throughout lam ina 11. Scale bar 

represents 500pm .
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3.3.9 Analysis of the growth proximal to the injury site

Using the criteria described in the Materials and Methods section, all the animals 

were scored and their scores normalised (see table 3.1).

Table 3,1: The score o f  each animal in the six different groups 
proximal to the lesion site (%).

DC+only DC+cyclo DC+hyb+cyclo DC+sc DC+sc+cyclo Dc+sc+hyb
+cyclo

2 0 2 0 2 0 80 90 90
0 2 0 2 0 80 40 80

2 0 0 40 40 50 70
2 0 30 70 50 80 60
2 0 - 40 80 80 70
0 - - 70 1 0 0 40
- - - - 60 80
- - - - 80 80
- - - - - 90

n= 6 4 5 6 8 9
mean=13.3 17.5 38 66.667 72.5 73.3
SEM=4.2 6.3 9.2 7.14 7.3 53

In Fig. 3.44 the extent of collateral sprouts in the six different groups, proximal to the 

lesion site is shown. It is possible to observe that the results can be divided into three 

different groups. The first group contains the DC lesion only and DC lesion plus 

cyclosporin A treatment. In this group the extent of collateral sprouting is low (below 

25%). The second group contains the DC lesion plus IN-1 producing hybridoma cells 

and cyclosporin A treatment. In this group the extent of the collateral spouting is higher 

then in the previous group (38%). The last group contains the DC lesion and sciatic 

transection; DC lesion and sciatic transection plus cyclosporin A treatment and the DC 

lesion and sciatic transection plus IN-1 producing hybridoma cells and cyclosporin A 

treatment. In this group extensive collateral sprouting was observed (about 70%).

Using the Kruskal-Wallis non-parametric ANOVA test it was found that 

variations among the six group medians is significantly greater than expected by chance 

(KW=25.591;P=0.0001).
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Fig. 3.44 : Normalised mean scores representing the extent of collateral sprouts 
proximal to the lesion site, for the different groups.
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3.3.10 Analysis of the growth at the injury site

Using the criteria described in the Materials and Methods section, each animal 

was scored for the extent of regrowth into the lesion site in the rostrocaudal, 

mediolateral and dorsoventral plane. The combined scores for each animal are presented 

in table 3.2.

Table 3.2: The combined score fo r  each animal in the different groups
at the injury site (%)

DC only DC+cyclo DC+hyb+cyclo DC+sc DC+sc+cyclo DC+sc+hyb
+cyclo

26.7 26.7 40 86.7 80 73.3
20 20 20 80 20 80

26.7 20 66.7 26.7 26.7 66.7
26.7 26.7 40 20 80 33.3

0 - 66.7 66.7 100 46.7
20 - - 46.7 93.3 20
- - - - 46.7 93.3
- - - - 80 53.3
- - - - - 56.7

n=6 4 5 6 8 9
mean=20 23.4 46.7 54.5 65.8 58.1
SEM=4.2 1.9 8.9 11.3 10.8 7.7

In Fig. 3.45 the overall extent o f regrowth o f dorsal column injured fibres into 

the injury site is shown. At the injury site, similar results to those obtained proximal to 

the lesion were observed. Here again the results can be divided into three main groups 

identical to those described above. DC lesion alone or with cyclosporin A treatment 

resulted in a low extent o f regenerating fibres into the lesion site (about 20%). DC 

lesion with sciatic transection, with or without IN-1 producing hybridoma cells resulted 

in extensive regrowth of fibres into the lesion site (above 50%). DC lesion with IN-1 

producing hybridoma cells and cyclosporin A treatment resulted in an increased 

regrowth into the lesion site compared with the DC lesion group but less than that 

observed in the DC lesion plus sciatic nerve transection group (46%).

Kruskal-Wallis non-parametric ANOVA test revealed a significant difference 

between the six group medians (KW=14.227; P=0.0142).
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Fig. 3.45: Normalised mean score representing the overall extent(%) 
of regrowth into the injury site, for the different groups.
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3.3.11 Analysis of the growth beyond the injury site

Fig 3.46 displays the animals that showed growth beyond the injury site in the 

different groups that were examined. Only animals in which the myelin-associated 

inhibitory proteins were neutralised or the dorsal column fibres were conditioned into a 

growth state using a conditioning peripheral nerve transection or when both approaches 

were combined, showed regrowth of injured dorsal column fibres into the denervated 

dorsal columns distal to the injury site. The highest proportion o f regrowth beyond the 

lesion site was observed in the dorsal column lesion plus IN-1 producing hybridoma 

cells and cyclosporin A treated group. In this group, two out o f five animals regrew 

fibres beyond the lesion site (40%). In the dorsal column lesion plus sciatic nerve 

transection, IN-1 producing hybridoma cells and cyclosporin A, three out of nine 

animals showed growth beyond the lesion site (33%). In the dorsal column lesion plus 

sciatic nerve transection and cyclosporin A group, two out o f eight animals showed 

growth o f injured fibres beyond the lesion site while no such growth was observed in 

the other groups.
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Fig. 3.46: Normalised mean score for the different groups that showed growth beyond 

the lesion site.
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3.4 Discussion

3.4.1 The effect of transection of the dorsal columns on sciatic dorsal

column fibres

Injury to neurones in the central nervous system is characterised by a failure to 

achieve successful regeneration. In contrast, neurones in the peripheral nervous system 

retain the capacity to regenerate after injury. Transplantation o f parts of peripheral 

nerves into various regions of the central nervous system has demonstrated that central 

nervous system neurones have the capacity to regenerate over long distances, in a 

peripheral environment (Ramon y Cajal 1928; David and Aguayo 1981; Richardson and 

Issa 1984; Benfey et. al. 1985; Vidal-Sanz et. al. 1987). It has also bee demonstrated 

that the regenerative capacity o f the central branches of primary sensory neurones is 

enhanced after transection of their peripheral branch, both into sciatic nerve grafts in the 

CNS (Richardson and Issa 1984; Richardson and Verge 1986; Oudega et. al 1994) and 

into denervated regions o f the spinal cord (Molander et. al. 1988). Increased 

regenerative capacity has been correlated with an upregulation o f GAP-43 in DRG 

neurones (Woolf et. al. 1990; Chong et. al. 1996). However, injured GST neurones do 

not upregulate the growth-associated protein GAP-43 in response to a spinal cord lesion 

(Reh et. al. 1987). These fibres also show poor regenerative response into implants of 

peripheral nerve (Richardson et, al. 1984). Thus, the capacity o f injured CNS fibres to 

regenerate has been attributed in part to the intrinsic capability o f these neurones to 

upregulate GAP-43.

On the other hand, it has been suggested by Ramon y Cajal (1928) that the 

difference in trophic factor production between the peripheral and central nervous 

system are responsible for the difference in their regenerative capacities. In the 

peripheral nervous system Schwann cells produce a variety of neurotrophic factors after 

denervation (Richardson and Ebendal 1982; Heumann et. al. 1987). Neurotrophic 

factors however, have also been found in the adult CNS (Stockli et. al. 1989; Barde
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1989; Leibrock et. al. 1989) and increased neurotrophic activities have been observed at 

central lesion sites (Whittemore et. al. 1987; Needels et. al. 1986). These latter results 

prompted an in vitro study where neurones were plated in a narrow chamber with access 

to sciatic and optic nerve explants of adult rats (Schwab and Thoenen 1985). The results 

demonstrated that while there was vigorous ingrowth into the sciatic nerve, no axons 

were found in the optic nerve. As these experiments were carried out in the presence of 

appropriate amounts of neurotrophic factors and as the differences persisted upon 

freezing of tested substrates, it has been suggested that absence of growth into optic 

nerve explants may be due to the presence o f unfavorable surface components (Schwab 

and Thoenen 1985). In vitro studies have been shown that CNS white matter, cultured 

oligodendrocytes (Schwab and Thoenen 1985; Carbonetto et. al. 1987; Savio and 

Schwab 1989), and CNS myelin itself, are strong inhibitors o f neuronal growth (Schwab 

and Caroni 1988). Two inhibitory tissue components, o f white matter, involved in this 

nonpermisive substrate effect have been characterised as proteins o f 35 and 250 kd 

(Caroni and Schwab 1988a), and monoclonal antibodies were raised against these 

proteins - IN-1 (Caroni and Schwab 1988b). Recently, it has been demonstrated that 

descending lesioned CNS neurones e.g. CST fibres, can regenerate into CNS tissue 

when these neurite-growth inhibitors are neutralised (Schnell and Schwab 1990; 

Bregman et. al. 1995). These studies suggested that inhibitory proteins on the surface of 

oligodendrocytes and myelin, also contribute in part to the limited capacity of lesioned 

CNS axons to regenerate.

In the present study the regenerative capacity of ascending fibres in the adult 

spinal cord, following transection of dorsal column axons, has been assessed. This 

pathway has been chosen since it offers several major advantages in the investigation of 

CNS regeneration. Firstly, this pathway is unique in that the cell bodies of the neurones 

lie outside o f the CNS in the DRG. In addition, the central and peripheral axons of 

primary sensory neurones are distinct in one important respect; the demonstrable 

capacity o f the latter to regenerate. From the experimental point o f view, the cells are 

relatively easy to identify and manipulate, and their phenotype, function and anatomical 

arrangements are well known (Willis and Coggeshall 1991). In addition, it has recently 

been demonstrated that there is no cell loss in the early period following injury to 

primary sensory neurones although there is a reduction in cell size o f DOR neurones
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(Coggeshall et. al. 1996). This is in contrast to earlier studies that reported up to 30% 

cell loss (Arvidsson et. al. 1986). Thus, cell loss is unlikely to be a limiting factor in this 

system. From the clinical aspect, restoration of the dorsal column pathway offers an 

improved tactile and proprioceptive sensibility as well as improved locomotion and 

skilled motor function, by re-establishing joint and muscle feedback.

In the present study, dorsal column lesions resulted in almost no regenerative 

response in the lesioned axons. The transected axons approached the lesion as a compact 

bundle from which no (see Fig, 3.15) or very little sprouting occurred (Fig. 3.17). Most 

fibres stopped abruptly at the lesion site. In one animal in which a big cyst was present, 

many fibres generated growth cone-like swellings with a few fibres sprouting for a short 

distance proximal to the lesion site (Fig. 3.17). These results are in agreement with 

many previous studies which have shown that injury to CNS axons results in an abortive 

regenerative response. Ramon y Cajal in 1928 already noted that cut central axons 

produce some regenerative sprouts, but these sprouts are transient and abortive, and are 

unable to cross the lesion site.

Similar results were obtained in animals that received cyclosporin A during the 

first two weeks after dorsal column lesions. Most of the sciatic dorsal column fibres stop 

dead at or before the lesion site (Fig. 3.21) with a few fibres sprouting proximal to the 

lesion site (Fig. 3. 20) or into the lesion site but for a very short length (Fig. 3.19). 

These results are in agreement with those o f Schnell and Schwab (1990) who reported 

that injured CST fibres from control (no antibody injection) and sham (injected with 

antibodies against HRP) animals have the capacity to sprout but do not elongate more 

than 1mm from the distal edge of the lesion site. Li and Raisman (1994) have shown 

that both DC and CST lesioned axons generate sprouts in the region of the lesion, and 

that these sprouts persisted for several weeks.

Another important result from the present group of animals is that dorsal column 

lesion alone or with the administration of cyclosporin A did not alter the distribution of 

axotomised dorsal column axons terminating in the lumbar dorsal horn (Fig. 3.22). 

Labelled axons, in the dorsal horn, were only found in lamina I, III and deeper. These 

results are compatible with A-fibre central terminal labelling in control animals, as 

reported by other investigators (Brown et. al. 1977; Shortland et. al. 1989; Woolf et. al.

193



1992), who demonstrated that the distribution of A-fibres in the dorsal horn of naïve 

animals is only found in lamina I, III and deeper.

In animals who were allowed to survive up to a year, similar results to the 

shorter survival time were observed. In Fig 3.16 it is possible to see that nearly all the 

sciatic dorsal column fibres (arranged in a longitudinal strip o f fibres) which approach 

the lesion stop dead. Thus, it seems that long survival time by itself did not improve the 

capacity o f injured sciatic dorsal column axons to regenerate. This result also strongly 

confirms the completeness of the DC lesions that were made (for more details see 

below).
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3.4.2 The effect of IN-1 producing hybridoma cells on the response of 

sciatic dorsal column axons to transection of the dorsal column

The limited capacity of injured sciatic dorsal column axons to regenerate could 

be the consequence of an impenetrable barrier at the lesion interface, a lack of molecular 

machinery necessary for growth or the presence of growth inhibitory molecules. In the 

present study a series of approaches were used to investigate what is preventing 

regeneration o f dorsal column fibres. Particularly, the contribution o f intrinsic growth 

capacity versus extrinsic permissive environment in promoting successful regeneration 

o f ascending fibres in the adult spinal cord following transection o f dorsal column 

axons, was assessed. The first approach that was used involved the attempted 

neutralisation o f a myelin associated inhibitory protein using the IN-1 producing 

hybridoma cell line. This antibody has been successfully used previously, not only to 

promote regrowth of injured CST fibres (Schnell and Schwab 1990) but also to restore 

some motor function after spinal injury (Bregman et. al. 1995).

In the present group o f animals, administration o f IN-1 producing hybridoma 

cells increased the capacity of injured sciatic dorsal column axons to regenerate. Many 

more growth cone like swelling were observed in some animals (Fig. 3.23; 3.25). 

Whether these end bulbs represent growth cones or retraction bulbs can not be 

determined using the light microscope and further experiments using electron 

microscopy need to be employed to answer this question. Sprouts were observed 

proximal to the lesion site (Fig 3.23; 3.24; 3.25). Growth on the wall of a cysts (Fig. 

3.24) and regrowth into and across the lesion site (Fig. 3.25) were frequently observed. 

Using the score criteria we found, that in the IN-1 treated group, compared with the 

dorsal column transection group and the dorsal colunrn transection and cyclosporin A 

treated group, the extent o f the sprouts proximal to the lesion site was much greater 

(38% compared with 13.3% and 17.5% respectively, see also Fig. 3.44), and the growth 

of injured fibres into the lesion site was 46.7% for the IN-1 compared with 20% and 

23.4 % for the dorsal column only and cyclosporin A groups ( see also Fig. 3. 45). 

These results are also compatible with those of Schnell and Schwab (1990) and Schnell
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et. al. (1994) who showed that neutralisation of myelin-associated neurite growth 

inhibitors promoted elongation o f injured CST fibres into and across the lesion site.

In two o f the five rats examined, fibres not only grew across the lesion site but 

beyond into the denervated dorsal columns, distal to the lesion (Fig. 3.26; 3.27). In one 

animal injured dorsal column fibres regrew for approximately 8.6mm distal to the lesion 

site (Fig 3.26) while in the other animal fibres regrew all the way up to the denervated 

dorsal column nuclei where they reinnervated the gracile nucleus (Fig. 3.28). These 

results are compatible with other studies that have demonstrated grov^h beyond the 

lesion site o f descending CST fibres following administration o f IN-1 producing 

hybridoma cells (Schnell and Schwab 1990; Schnell et. al. 1994; Bregman et. al. 1995) 

but are greater than those previously described in terms of distance grown. These result 

also support the hypothesis of a nonsupportive substrate property o f oligodendrocytes 

and CNS myelin (Berry 1982; Schwab and Thoenen 1985; Caroni and Schwab 1988b).

However, other factors, in addition to the IN-1 antibodies, may contribute to the 

increased capacity of dorsal column fibres to regenerate. All the animals that received 

IN-1 producing hybridoma cells were also treated with cyclosporin A which was 

administered for one week, starting at the day of the surgery. Cyclosporin A was given 

as an immunosuppressive treatment to enable the hybridoma cells to establish small 

tumours and secrete antibodies to reach the spinal cord through the cerebrospinal fluid 

(Schnell and Schwab 1990; Schnell and Schwab 1993). However, cyclosporin A, 

through its immunosuppressive action, might have reduced secondary tissue damage 

and thus contribute to the improved regenerative response observed following dorsal 

column transection and administration of IN-1 antibodies. Although cyclosporin A 

treatment alone did not significantly increased the capacity o f the dorsal column lesion 

axons to regenerate, it could be that the combined administration o f IN-1 antibodies and 

cyclosporin A have a synergistic effect on lesioned sciatic dorsal column fibres. Clinical 

studies have demonstrated that steroid immunosuppression with methylprednisolone 

(MP), improved the neurological functional outcome o f patients with spinal cord injury, 

when given within 8h after injury (Bracken et. al. 1990; 1992). In experimental models 

of spinal cord injury, MP has also been shown to protect neuronal tissue from secondary 

tissue loss by interrupting the biochemical cascade initiated by the injury (Hall 1992).
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MP has also been shown to improve axonal regeneration into Schwann cells grafts 

following transection o f the thoracic spinal cord in adult rats (Chen et. al. 1996).

Recent studies have demonstrated that cyclosporin A and FK506 (a relatively 

new immunosuppressant with greater potency and relatively diminished side-effects) are 

also involved in growth promoting activity both in vitro and in vivo. In vitro studies 

showed that FK506 stimulated neurite outgrowth in PC I2 cells and primary cultures of 

DRG sensory neurones (Lyons et. al. 1994). FK506 enhanced neurite outgrowth by 

increasing sensitivity to NGF and an antibody to NGF was shown to abolish the trophic 

effects o f FK506. In vivo studies showed that FK506 enhanced recovery o f ftmction 

following a sciatic nerve axotomy due to an enhancement in the rate of axonal 

elongation, resulting in a more rapid maturation o f axonal sprouts (Gold et. al. 1995). It 

has been suggested that the growth associated protein GAP-43 which is involved in 

neuronal process extension (and its phosphorylation appears to augment this activity) 

(Lyons et. al. 1994), might be involved in the above observations. FK506 acts by 

binding to receptor proteins, FK506-binding proteins (FKBPs), which in turn can bind 

to and inhibit a Ca^^^-dependent phosphatase, calcineurin. One o f the protein targets for 

calcineurin in neurones is GAP-43 (Skene 1990). Thus, inhibition of calcineurin 

increases the activated (e.g. phosphorylated) levels of GAP-43, which consequently 

results in enhanced membrane fiision/axonal elongation (Skene 1989). The possibility 

that inhibition o f calcineurin activity accelerates axonal regeneration has recently been 

supported by an in vitro study that demonstrated that agents which inhibit protein kinase 

C reduced the regeneration of adult frog sciatic sensory axons (Ekstrom et. al. 1992), 

indicating that both kinases and phosphatases regulate axonal elongation. However, in 

spite o f the postulated role of immunophilins in axonal growth, in the present study no 

significant effect o f cyclosporin A was detected. In addition, preliminary experiments 

with FK-506 also did not produce an effect o f its own.

Another important result from the present study was that dorsal column lesioned, 

IN-1 producing hybridoma and cyclosporin A treated animals did not show any change 

in the central terminals o f axotomised dorsal column axons in the lumbar dorsal horn 

(Fig. 3.29). The distribution o f the labelling in the lumbar dorsal horn included lamina I, 

III and deeper, similar to that observed in naïve animals, and in animals with dorsal
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column lesion only (Fig. 3.16) with no label in lamina II. Thus, administration of IN-1 

antibodies does not alter the distribution of central terminals of primary sensory 

neurones in the lumbar dorsal horn in a way that peripheral axotomy or capsaicin 

treatment does (Woolf et. al. 1992; Mannion et. al. 1996). Nevertheless, the 

administration of IN-1 antibodies do enhance the regenerative capacity of injured dorsal 

column axons to regrow into and beyond the lesion site (see also Fig. 3.46). This might 

be o f clinical importance for the use o f IN-1 as a promoter o f CNS regeneration in 

humans.
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3.4.3 The effect of a conditioning peripheral axotomy on sciatic dorsal 

column fîbres response to dorsal column transection

The second approach that was used to investigate what is preventing 

regeneration of injured dorsal column fibres, was to condition the dorsal column fibres 

into a growth state. This was achieved by a peripheral transection of the sciatic nerve at 

the same time as the dorsal column lesion. Animals that received a conditioning 

peripheral nerve lesion in addition to dorsal column transection showed a more vigorous 

regenerative response. Similar results were also observed in animals that in addition to 

the conditioning lesion also received cyclosporin A. Injured sciatic dorsal column fibres 

were seen at the lesion site, with fibres growing along the walls o f cysts (Fig. 3.30; 

3.35), in the mediolateral dimension (Fig. 3.32) and then continued to grow on the 

surface o f the cord (Fig. 3.30; 3.34) as well as into injured dorsal roots (for example see 

Fig. 3.32). This growth pattern is in marked contrast to that observed in DC lesion, 

hybridoma injection and cyclosporin A group, in which regenerating fibres were 

confined to the dorsal columns. The direct visual observation that increased growth 

capacity of neurones resulted in a more profound regenerative response was monitored 

using the score criterea (described in Materials and Methods). These results showed that 

proximal to the lesion site (see Table 3.1; and Fig. 3.44), but more importantly at the 

lesion site, DC lesion and sciatic transection with or without cyclosporin A showed 

extensive regrowth of fibres into the lesion site (65.8%; 54.5% respectively), a 

considerably higher score than that observed in the DC lesion with IN-1 producing 

hybridoma cells and cyclosporin A treated group (46.7%; see also table 3.2; and Fig. 

3.45). These results are in agreement with earlier studies that showed that conditioning 

peripheral lesion enhanced the capacity of injured dorsal column fibres to regenerate 

into peripheral nerve grafts (Richardson and Issa 1984; Oudega et. al. 1994). In this case 

the growth is not into a nerve graft but into the lesion itself.

It is important to point out that dorsal column injury alone, although severing 

axons of the same sensory neurones as a peripheral nerve transection, did not promote 

regeneration o f the injured fibres. Thus, it is not the injury per se to the primary sensory
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neurones that enhances the capacity o f these fibres to regenerate, rather, there seems to 

be something specific about injury to the peripheral axon, that enhances growth 

including that of the central axons. These results are compatible with those reported by 

Chong et. al. (1994; 1996), who demonstrated that the response o f the DRG cell bodies 

to peripheral axotomy and dorsal rhizotomy is completely different. In contrast to dorsal 

rhizotomy, peripheral axotomy resulted in an upregulation o f the growth-associated 

protein GAP-43, which is considered a marker o f the intrinsic growth state of the 

neurone (Skene 1989). The increased levels o f GAP-43 following peripheral nerve 

transection, but not central axotomy (e.g. dorsal root transection) have been shown to 

correlate with the capacity of central axons in the dorsal root to regenerate through a 

nerve graft (Chong et. al. 1996). It is conceivable therefor that GAP-43 or a similar 

growth related protein may play an important role in promoting the regenerative 

capacity o f dorsal column fibres, after peripheral conditioning lesions.

To test specifically whether increased levels of GAP-43 alone can promote the 

regenerative capacity of injured sciatic dorsal column axons, transgenic mice 

overexpressing chick GAP-43 under control of Thy-1 promoter (Aigner et. al. 1995) 

underwent dorsal column lesions. The preliminary results, from two mice, showed that 

GAP-43 alone did not promote regeneration o f injured dorsal column axons similar to 

that seen with peripheral axotomy (see Fig. 3. 18). Since this group o f animals is very 

small, it would be incorrect to conclude that GAP-43 has no role in promoting axonal 

regeneration o f dorsal column axons. However, other factors that are related to the 

peripheral axotomy might be involved. For example, the array o f soluble neurotrophic 

factors in the targets of the two branches of DRG cells are very different. The presence 

or absence of these factors might alter the phenotype o f DRG cells and thus indirectly 

influencing the regenerative capacity o f these cells. Although it has been reported that 

neurotrophic factors are present in the adult CNS (Stockli et. al. 1989; Leibrock et. al. 

1989) and at central lesion sites (Needels et. al. 1986), different studies have shown that 

administration o f neurotrophins enhance the capacity o f different types of lesioned CNS 

neurones to regenerate into peripheral nerve grafts (Oudega et. al. 1996), Schwann cells 

grafts (Xu et. al 1995b) or into the denervated GST caudal to a lesion site (Schnell et. al. 

1994). In addition, in the visual system, it has been suggested that neurotrophins, 

secreted from cellular and acellular peripheral nerve grafts implanted in the vitreous
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body, promote the regeneration of crushed optic nerve into the segment distal to the 

lesion; a area occupied by myelin and oligodendrocyte debris (Berry et. al. 1996). Thus, 

it will be interesting to extend the present study to test whether administration of 

neurotrophins, such as BDNF or NT3, either in the vicinity o f the primary sensory 

neurones cell body or at the lesion site in the dorsal column, can mimic the effect of 

peripheral axotomy.

Another interesting observation, not found in the other experimental groups in 

previous studies, was the presence of axonal growth on the glial scar along the surface 

of the cord (Fig. 3.31). This growth on the glial scar, was also observed in DC lesion 

and sciatic nerve transection plus cyclosporin A treated animals (Fig. 3.33). The glial 

scar is conventionally thought to be one of the main factors that impede regeneration in 

the CNS, and different strategies, including surgical removal o f the scar (for review see, 

Puchala and Windle 1977), X-irradiation (Kalderon et. al. 1990) and antibodies against 

TGF-p (Logan et. al. 1994) have been tried in an attempt to reduce scar formation. In 

the present study however, relatively massive growth on the glial scar was observed 

(Fig. 3.31). Since this type of growth was not found in those experimental groups 

without a sciatic nerve section, it indicates that something about the peripheral nerve 

lesion, promotes this pattern o f growth of injured dorsal column axons. The extent of 

the scar in the different groups needs to be evaluated using glial fibrillary acidic protein 

(GFAP) as an immunohistochemical marker for the extent and distribution o f astrocytes. 

It is possible that peripheral axotomy results in an increase in growth that overcomes the 

inhibitory influence o f astrocytes or that the axotomy down-regulates receptors sensitive 

to these inhibitory cues.

Dorsal column and sciatic lesion with or without cyclosporin A also changed the sciatic 

terminals pattern in the lumbar spinal cord with a more dorsal extension o f the label. 

The redistribution of A-fibres from lamina III into lamina II can be seen in Fig. 3.36. 

These results are compatible with those described previously by Woolf and colleagues 

(1992), who demonstrated that following peripheral nerve injury myelinated A-fibres, 

which usually terminate in lamina III and deeper, sprouted dorsally into lamina II.
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3.4.4 The effect of a conditioning peripheral nerve transection 

combined with administration of IN-1 producing hybridoma cells

The next experiment was to combine the two approaches mentioned above. Most 

animals in this group showed extensive regenerative responses. Extensive sprouting 

proximal to the lesion site was observed in most animals (Fig. 3.37; 3.39; 3.42). In 

addition, the lesion site did not appear to be a barrier for most regenerating sciatic dorsal 

column fibres, which successfully regrew into the lesion site with many fibres traversing 

the lesion (Fig. 3. 37; 3.38) while others elongated in a mediolateral dimension (Fig. 3. 

37) and then continued to grow on the surface of the cord (Fig 3.37) or into injured 

dorsal roots (Fig. 3.38). One possible explanation for the massive ingrowth of injured 

fibres into the lesion site might be the fact that by damaging dorsal roots (at the time of 

the dorsal columns transection), Schwann cells were introduced into the lesion site. 

Schwann cells grafts have been repeatedly demonstrated to be a permissive environment 

for injured CNS axons (Xu et. al. 1995a). However, normally following CNS injury, 

Schwann cells migrate into the lesion site where they have been found to remyelinate 

injured/demyelinated CNS axons (Li and Raisman 1995). Since in the present study DC 

lesion alone resulted in an abortive regenerative response, Schwann cells alone, whether 

introduced during dorsal column lesion or migrated as part o f the inflammatory 

response, did not promote the capacity of injured dorsal column axons to regenerate. 

Nevertheless, in order to exclude the possibility that Schwann cells are in part 

responsible for the effect observed in the present group o f animals, a marker for 

Schwann cells such as S I00 needs to be employed to quantitatively determine if there is 

a significant difference between the number of Schwann cells in the different groups.

In some o f the animals, although extensive superficial growth was observed 

(Fig. 3. 41), not much growth more ventrally in the lesion was observed (Fig. 3.42), this 

may be in part due to the extent of the lesion and the distribution o f scar tissue. Growth 

beyond the lesion site was observed in this group (Fig 3.40). In three out of the nine 

animals fibres regrew beyond the lesion site (see Fig. 3.46), including in one animal into 

the grey matter distal to the lesion site (Fig. 3.39) and into the white matter (Fig. 

3.40A). A few fibres actually regrew right across the lesion back into the denervated
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dorsal columns distal to the lesion site and ascended all the way back to the dorsal 

column nuclei where they reinnervated the gracile nucleus (Fig. 3.40B). The pattern of 

growth beyond the lesion site in this experimental group was confined, with nearly all 

fibres growing in a tight longitudinal bundle, similar to that observed in the DC lesion 

and IN-1 producing hybriboma cells plus cyclosporin A group (Fig. 3. 26; 27).

Taken together these results demonstrate that the combination o f conditioning 

the dorsal column into a growth state and neutralising a myelin associated inhibitory 

protein, did not promote the regenerative response o f injured dorsal column fibres 

significantly beyond that seen following a conditioning peripheral lesion alone (with or 

without cyclosporin A). The score evaluation showed that compared to DC lesion and 

sciatic transection with or without cyclosporin A treatment, the combined treatment did 

not result in; increased sprouting proximal to the lesion site (72.5%, 66.7, 73.3 

respectively, see also table 3.1 and Fig. 3. 44) or increased growth at the lesion site 

( 65.8%, 54.5%; 58.1% respectively, see also Table 3.2 and Fig. 3.45).

Thus, the six groups that were examined in the present study can effectively be 

divided into three main groups:

A. DC lesion (with or without cyclosporin A)

B. DC lesion and IN-1 producing hybridoma cells

C. DC lesion and conditioning peripheral lesion (with or without IN-1 and cyclosporin 

A).

While DC lesion alone resulted only in some sprouting o f injured dorsal column axons 

proximal to the lesion site, administration of IN-1 producing hybridoma cells improved 

the microenvironment in which these fibres regenerated. As a consequence, injured 

dorsal column fibres regrew into the lesion site and in some cases beyond it into the 

denervated dorsal columns. A conditioning peripheral lesion, on the other hand, greatly 

enhanced the growth capacity o f injured sciatic dorsal column fibres, enabling them to 

grow extensively in the mediolateral dimension as well as into and on the glial scar 

something they never normally do.

The growth of axons into the lesion site and beyond it into the denervated dorsal 

columns, in group B and C but not in group A (which received only DC lesions).
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confirms the completeness o f the dorsal column lesions that were made. In dorsal 

column lesioned animals labelled fibres were observed only proximal to the lesion site 

giving rise to some sprouts that mainly did not invade the lesion site (Fig. 3.15; 3.16). In 

marked contrast, most of the animals from group B and C regrew axons into the lesion 

site and beyond it, although like animals from group A they also generated sprouts 

proximal to the lesion site. Labelled regenerating axons often followed an irregular 

course with axons growing in a mediolateral dimension (Fig. 3.37), on the surface of the 

cord (Fig. 3.30; 3.37) and into dorsal roots (Fig. 3.32; 3.38). The irregular morphology 

of regenerating axons from group B and C made them easy to distinguish from normal 

uninjured dorsal column fibres (Fig. 3.11), or from the DC lesion group in which most 

fibres stop dead at the lesion site.

In conclusion, adult ascending sensory axons in the dorsal column o f the spinal 

cord can in appropriate circumstances regenerate. This appear to involve both intrinsic 

factors (growth capacity) and extrinsic factors (external environment). The failure to 

observe a synergistic interaction between the effect of the peripheral conditioning lesion 

and the administration of IN-1 producing hybridoma cells is disappointing but this 

model system provides a means to tease out the factors promoting or suppressing axonal 

growth.
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Chap IV

General Discussion

Primary sensory neurones represent the main conduit for conveying information 

from the periphery to the spinal cord and brain. Sensory neurones o f the DRG function 

primarily as detectors of noxious stimuli (nociceptors), pressure (mechanoreceptors) and 

positional information (proprioceptors). This information is carried by two types of 

fibres: C-fibres which are associated with small primary sensory neurones and possess 

unmyelinated axons; and A-fibres, which are associated with medium and large sized 

dorsal root ganglia cells and possess myelinated fibres. The present study concentrated 

on the latter group o f neurones, and demonstrated that both their phenotype as well as 

their capacity to regenerate are not fixed and can be altered following inflammation and 

dorsal column injury, respectively.

Although previous studies have repeatedly demonstrated that the neuropeptide 

content o f primary sensory neurones increase following the induction o f inflammation 

(Noguchi et. al. 1988; Minami et. al. 1989; Smith et. al. 1992; Donnerer et. al. 1992; 

Donaldson et. al. 1992), in a NGF-dependent manner (Leslie et. al. 1995), no attempt 

has been made before to characterise these neurones. In the present study, it has been 

demonstrated, for the first time, that following the induction of inflammation a 

subpopulation o f Ap fibres switch their phenotype to one that resembles that of C- 

fibres. In addition, it has been demonstrated that the central axons o f these fibres have 

the capacity to regenerate following dorsal column lesion. This phenomenon is, 

however, complex and involves a variety of different mechanisms, including neurite 

growth inhibitors and intrinsic growth promoting molecules. It is likely though that 

growth promoting factors, such as neurotrophins, may have an important role in both the 

phenotypic switch as well as in the increased capacity of these fibres to regenerate.

Neurotrophin molecules have been shown to be involved in survival, 

differentiation and process outgrowth of responsive neurones during development. In 

the case of primary sensory neurones it has been shown that a subclass of sensory 

neurones which are primarily neurones with a relatively small soma and unmyelinated 

axons, depend on NGF for survival during development (Aloe et. al. 1981). Adult
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sensory neurones, however, cease to rely on target derived-NGF for survival (Ruit et. al. 

1990; Lewin et. al. 1992), although recently it has been reported that BDNF, which is 

produced by TrkA expressing cells in the DRG, is involved in survival o f some adult 

DRG neurones (Acheson et. al. 1995). Neurotrophins, have also been demonstrated to 

be involved in the maintenance of adult primary sensory neurones phenotype, and 

deprivation (Otten 1984) or excess of NGF (Leslie et. al. 1995), have been shown to 

result in decrease or increase in neuropeptides levels in DRG neurones, respectively. In 

the present study it has been demonstrated that large myelinated fibres, that usually do 

not express neuropeptides and are unresponsive to NGF, begin to express the 

neuropeptide SP after inflammation. One explanation for the observed switch in 

phenotype o f these neurones may involve neurotrophins, in one or several different 

ways, as suggested in the Discussion o f chapter II.

In the case o f regenerating dorsal column fibres following DC lesion, it has been 

shown that despite the increased regrowth of injured fibres observed following the 

neutralisation o f neurite growth inhibitors, peripheral conditioning lesion, or both 

combined together, the reinnervation o f the denervated dorsal column nuclei did not 

reach normal density. This suggests that other mechanisms such as growth promoting 

factors, like neurotrophins, could contribute to further optimising the regenerative 

capacity o f theses fibres and their capability to regrow into and beyond the lesion site. 

Recent studies have demonstrated that neurotrophins applied at the site of injury 

(Schnell et. al. 1994), or at a distance from the injury site in the ganglia (Berry et. al. 

1996), can promote the capacity of injured CNS fibres to regenerate. The fact that 

exogeneous neurotrophins can promote the regeneration o f injured CNS fibres, suggests 

that the neurotrophins normally expressed in the CNS are either present in insufficient 

levels or are blunted by the presence o f growth inhibitory factors.

Taken together these results suggest that neurotrophins, which have diverse 

effects on primary sensory neurones, may be key mediators involved in both the plastic 

changes observed in the present study; phenotype switch and regenerative capacity. The 

challenge now is to find which growth factors act on which sensory neurone and under 

which circumstances.
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Inflammatory pain 
hypersensitivity mediated 
by phenotypic switch in 
myelinated primary sensory 
neurons
Simona Neumann, Tim P. Doubeii, Tabi Lesiie 
& Ciifford J. Wooif

360

D epartm en t o f Anatomy a n d  D evelopm ental Biology, Gow er S tre e t, 
University College London, London W C IE  6BT, UK

P a i n  is normally evoked only by stimuli that are sufficiently 
Intense to activate high threshold A5 and C sensory fibres, 
which relay the signal to the spinal cord. Peripheral Inflamma
tion leads to profoundly Increased pain sensitivity; noxious 
stimuli generate a greater response and stimuli that are normally 
Innocuous elicit pain. Inflammation Increases the sensitivity of 
the peripheral terminals of A5 and C fibres at the site of 
Inflammation'. It also Increases the excitability of spinal cord 
neurons^, which now amplify all sensory inputs including the 
normally Innocuous tactile stimuli that are conveyed by low- 
threshold Ap fibres. This central sensitization has been attrib
uted to the enhanced activity of C fibres*, which Increase the 
excitability of their postsynaptlc targets by releasing glutamate 
and the neuropeptide substance P ^ \ Here we show that Inflam
mation results In Ap fibres also acquiring the capacity to increase 
the excitability of spinal cord neurons. This Is due to a phenotypic 
switch In a subpopulation of these fibres so that they, like C- 
Abres, now express substance P. AP Abres thus appear to con
tribute to Inflammatory hypersensitivity by switching their
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phenotype to one resem bling pain fibres, thereby enhancing 
synaptic transm ission in the spinal cord and exaggerating the 
central response to innocuous stimuli.

Primary sensory neurons are highly specialized to transduce, 
transfer and transm it sensory inform ation from the periphery to 
the central nervous system. The chemical diversity of the cells 
reflects their functional heterogeneity. The tachykinin substance 
P, which is involved in nociceptive central transmission and is 
present in about 25% of all primary sensory neurons, is normally 
expressed in about 45% of the high-threshold A5 and C-fibre 
sensory cells, coexpressed with the high-affinity nerve growth 
factor (NGF) receptor trkA*. There are C-fibres that do not 
express trk  receptors or the neuropeptide and there are low- 
threshold cells with myelinated AP-fibres (~30%  of total primary 
sensory neurons) that express trkB and trkC receptors but not 
substance P. The expression of substance P, like o ther neuro
peptides, is not fixed, however. Depriving sensory neurons of 
contact with their targets by a peripheral axotomy results in a 
downregulation o f substance P in C-fibres, rescued by supple
mental N G F’“ ’ and increased expression in dorsal column mye
linated fibres". But inflammation, which increases NGF.levels in 
the periphery'^ results in the upregulation of preprotachykinin-A  
(PPT-A) messenger R N A " and substance P "  in an NGF-dependent 
fashion.

We have investigated w hether experimental inflammation 
alters the chemical phenotype of AP-fibres, and w hether this 
changes their central actions. An acute, sterile, localized inflam
mation with oedem a, erythema and increased sensitivity was 
produced, under anaesthesia, by intraplantar injection of turpen
tine oil. The force required to elicit a flexion withdrawal reflex 
from the inflamed tissue fell from > 6 0 g to < 1 0 g (Fig. la ) , and a 
light tactile stimulus to the inflamed paw elicited hindpaw eleva
tion. The mechanical and therm al hypersensitivity was, as in other 
m odels'"" '* , N G F dependent. Pretreatm ent with 5 p ig " ' anti- 
N G F serum '" before the inflammation resulted in a mechanical

threshold o f 20 ±  3.6 g and a therm al reaction time of 16 ±  1.5 s 
(n =  3, hotp late 50 °C), significantly higher (P < 0.001) than the 
7.2 ± 1 .2  g threshold and therm al reaction time o f 6.7 ±  1.2 s 
(n = 3) with control serum. In te rm itten t repeated  low-intensity 
tactile stim ulation o f the dorsal surface o f the inflamed hindpaw 
produced a progressive fu rth er reduction in the flexion reflex 
threshold tested in the  sam e a rea  as the conditioning stimuli (Fig. 
lb ). This is the phenom enon o f progressive tactile hypersen
sitivity'’, which indicates tha t low-intensity stimuli after inflam
m ation begin to  generate  increm ental sensitization, something 
they never norm ally do. This might be due to  a reduction in 
threshold o f nociceptors in the  periphery, o r to a change in the 
response evoked by low -threshold fibres in a spinal cord, as a 
consequence o f a change in the ir transm itter content. We have 
investigated the la tte r possibility.

The inflam m ation resulted in an elevation in substance P 
content in the dorsal root ganglia innervating the inflamed 
hindpaw (Fig. Ic). T he substantial increase in the num ber of 
dorsal root ganglion cells expressing preprotachykinin A mRNA 
(Fig. Id) implies new expression in cells normally negative for 
substance P ra ther than  m ere upregulation in cells normally 
positive for substance P. T o  test w hether this new expression 
occurred in A-fibres, we m easured  normally and following inflam
m ation the overlap betw een dorsal root ganglion (D R G ) cells 
expressing substance P and cells that possess myelinated axons. 
The sciatic nerve was injected with the B fragm ent of cholera toxin 
(CB). CB binds to G M l ganglioside found only on A-fibres'*, and 
substance P expression was detected  immunohistochemically 
(Fig. 2). In control animals 13.9 ±  1.8% of substance P immuno
reactive D R G  profiles were double labelled for CB, most of which 
are likely to possess small m yelinated axons (A5 fibres). After 
inflam m ation (48 h) this increased to 21.8 ± 2 .0 %  (n = 4, 
P  =  0.02, M ann-W hitney), and was associated with an increase 
in the area  of the substance P-positive cell profiles from 
512 ±  12 pm ’ (n =  235) to 582 ±  10 pm ’ (« =  491) (P < 0.0001,

Mechanical sensitivity b Progressive tactile hypersensitivity
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FIG. 1  a ,  Acute inflam m ation red u ces  th e  m echanical 
th resho ld  for eliciting a  flexion withdrawal reflex (n =  5). 
b , R ep ea ted  light tac tile  stim ulation of a n  inflamed paw 
(4 8  h) g e n e ra te s  a  progressive further reduction in the 
th resho ld  o f th e  flexion reflex (n =  5). Threshold testing  
a lo n e  had  no su ch  effec t (n =  5). R esults a re  normalized 
with resp e c t to  th e  th resho ld  v a lues im m ediately preceding 
th e  tactile  t e s t  stim uli, c , The am o u n t of su b s tan ce  P in the  
L4 dorsal root ganglion in creases  significantly 4 8  h after 
inflam m ation, d . The nu m b er o f DRG cells expressing 
preprotachykinin A (PPT-A) mRNA in creases  with inflam
m ation  (4 8  h). All resu lts  a re  expressed  a s  m ean  ±  s.e .m . 
and  significant d iffe rences calcu lated  by W elch’s t-te s t 
("P  <  0 .0 5 ,  “ P  <  0 .0 1  and  “ •P  <  0 .0 0 1 ) .
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FIG. 2 Confocal photomicrographs showing Im ages constructed from 16 
optical sections through a  50-pm  section of a dorsal root ganglion from a 
control and Inflamed animal labelled for substance P, th e  B fragm ent of 
cholera toxin (CB; a m arker of m yelinated axons) and both together. After 
inflammation many cell bodies positive for cholera toxin express substance 
P (arrows), w hereas in the control, fewer cells are double labelled. Scale 
bar, 1 0 0  pm. The very faint label is nonspecific background.

_  0 .1 0  -

0.08 -

cr 0.06

0,04 -

0.02  -

; # g

Control

Inflamed

FIG. 4  Confocal photomicrographs of transverse 100-pm -thick sections of 
14 dorsal roots stained for substance P im m unofluorescence. Control 
shows substance  P im m unofluorescence only in the small fibres interposed 
betw een the large myelinated axons. After inflammation, substance P 
im m unofluorescence increases in both large m yelinated fibres (arrows) 
and in the small C and AS fibres. In order to visualize the m yelinated fibres, 
the  top two confocal im ages generated  from four optical sections through 
the tissue are supenm posed  on a transmission light image. The bottom 
im age is not superim posed, and Illustrates that the label in the  myelinated 
fibres Is distinct from that In the unmyelinated fibre bundles. Counts of 
Immunoreactive m yelinated fibres could be accurately resolved only In 
those fibres with a d iam eter > 6  pm (~ 7 0 %  of total myelinated fibres). 
Scale bar, 5 0  pm.

I

Ï !-1 i s i i Î
C ro ss-sec tio n a l a re a  of cell profiles

362

FIG. 3  A size-frequency histogram Illustrating the distribution of the cross- 
sectional a reas  of the  profiles of substance P-immunoreactive dorsal root 
ganglion cells pooled from 4  control and inflamed anim als (n =  2 3 5  
control, 4 9 1  Inflamed). Inflammation resulted in an overall shift In the 
distribution of the size of the  profiles to the right due both to an  Increase In 
size of small cells and the appearance of a group of large (> 9 5 0  pm^) 
substance P-labelled profiles. The m ean a rea  In each  inflamed animal 
m atched  with a  control processed a t the  sam e tim e w as always larger; 587  
versus 5 4 2 , 4 7 1  versus 4 3 3 , 6 8 9  versus 5 2 9  and 5 9 3  versus 5 0 8  pm^.
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FIG. 5  The proportion of d e e p  dorsal horn wide dynam ic range  cells  showing 
action-potentia l afte rd ischarge  following a  2 0 - s  train o f stim uli to  th e  
scia tic  nerve a t  cu rren t s tren g th s  th a t successively  ac tiv a te  Ap (1 0 0  pA, 
5 0  ps), Ao (5 0 0  pA, 5 0  pS) an d  C fibres (5 mA. 5 0 0  ps). In naive an im als, 
afterd ischarge is only evoked a fte r h igh-frequency A5, o r C-fibre strength  
stimuli. In inflam ed an im als (4 8  h) all te s t  stimuli elicit a fte rd ischarge , and 
Ap 1 Hz stimuli now p ro d u ces  a s  m uch afterd ischarge a s  C-fibres in the  
control situation . The adm inistration  of 1 m g per kg R P 6 7 5 8 0  to  inflamed 
an im als substantially  red u ced  th e  capacity  of all th e  te s t  stimuli to  produce 
afterdischarge. Recordings w ere m ad e  from 6  naive anim als, 5  inflamed and 
4  inflam ed + R P 6 7 5 8 0 . D ifferences ca lcu lated  using  th e  ch i-sq u are  test.

W elch's f-test) (Fig. 3). Because the sciatic nerve and the L4 dorsal 
root ganglion contain many fibres/cells not innervating the 
inflamed tissue, these changes are underestim ates. T he  area of 
CB-positive D R G  cells, (1,129 ±  70pm ^, n =  582 control; 
1.026 ±  61 p m \  n  =  1,022 inflamed, P  =  0.2 pooled from 4 ani
mals per group), and their the density o f labelling (22.5 ±  4.6 
profiles per 400 pm^ control and 21.0 ±  2.6 profiles per 400 pm^ 
inflamed, « =  4) did not alter, nor did CB conjugated to horse
radish peroxidase (H R P ) transganglionically label lam ina II of the 
dorsal horn 48 h after the inflam m ation {n =  2), showing that 
inflammation did not lead to CB labelling of C-fibres. Direct 
evidence that substance P is expressed in A p fibres after inflam
m ation was provided by counting the num ber o f large (> 6 p m ) A a 
and Ap myelinated fibres in the L4 and L5 dorsal roots im m uno
reactive for substance P (Fig. 4). T he total num ber o f substance P- 
positive large m yelinated axons/dorsal root increased threefold 
from 19 ±  3 in controls to 62 ±  7.6 in inflamed animals 
{P =  0.002, W elch’s f-test, n  =  6), which will underestim ate  the 
degree of change in fibres innervating the inflam ed tissue. This 
change may reflect true  new expression o r an elevation from 
presently undetectable levels.

Given the shift in the phenotype of m yelinated fibres inner
vating inflamed tissue to one resem bling C-fibres, does the 
synaptic drive generated  by A-fibres also alter? This was examined 
by looking a t action-potential afterdischarge elicited in deep 
dorsal horn wide dynamic neurons by b rie f stim ulation o f A or 
C-fibres (Fig. 5). In non-inflam ed anim als the incidence o f after
discharge to a 20 s AP (1, 10 to 20 Hz) o r an A5 (1 H z) train  was 
very low, only 5 Hz A5 and 1 H z C-fibre trains elicited after
discharges in a large p roportion  o f cells (Fig. 4). A fte r inflam m a
tion a significant increase in the proportion  o f cells showing 
afterdischarge to A p trains and a fu rther increase in response to 
A 5 and C inputs occurred. This was com pletely prevented by 
systemic adm inistration o f the NK, receptor antagonist RP67580, 
indicating that the increased afterdischarge is the consequence of 
substance P release, which is most likely to be of prim ary afferent 
origin, although substance P-expressing dorsal horn  neurons’’ 
may contribute. RP67580 ( Im g k g ”', in traperitoneally  (i.p.))
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also  significantly a tten u a ted  the  deg ree  o f progressive hypersen 
sitivity o f  the  flexion reflex elicited  by tactile stim ulation  o f  the 
inflam ed h indpaw  (Fig. 16). T he ex ten t o f the decrease  in th re sh 
o ld  a t 110 m in p ro d u ced  by in te rm itten t light strok ing  o f  the 
in flam ed  skin was 75 ±  6%  in inflam ed anim als w ithou t 
R P67580 an d  42 ±  8%  in its p resence  {n =  5, P  < 0.01). T he 
R P 67580 had  no  effect on  basal sensitivity befo re  the tactile  
s tim uli in the  inflam ed o r  con tro l anim als, and  its inactive 
e n a n tio m er RP68651 had no  d e tec tab le  effect e ith e r  on  the 
d ev e lo p m en t o f progressive tactile  hypersensitivity o r  on  basal 
sensitivity  (n =  5). N e ith er d rug  affec ted  the an im als’ genera l 
b ehav iou r, a lertness  o r  locom otion .

P rim ary  sensory neu ro n s signal th e  onset, in tensity , d u ra tio n  
an d  location  o f p e riphera l stim uli to  spinal co rd  n eu rons  by fast 
g lu tam a te -m ed ia ted  synaptic cu rren ts. C-fibre afferen ts  also , by 
v irtue  o f  the  slow synaptic cu rren ts  they  evoke th rough  N -m ethyl- 
D -aspartate  (N M D A ) and  tachykinin rece p to rs^^ ’, m odu la te  
m em b ran e  excitability o f dorsal h o rn  neurons. T he slow synaptic 
c u rren ts  can sum m ate tem porally  and  spatially and  raise in ternal 
ca lc ium  con cen tra tio n  ([C a-*]J th rough  Ca^* inflow and  re lease  o f 
in trace llu la r s to res’ .̂ This p roduces a pro te in  kinase C -dependen t 
phospho ry la tion  o f the  N M D A  rece p to r partially  rem oving its 
v o ltag e-d ep en d en t Mg^" b lockade^ , increasing g lu tam ate  sensi
tivity, and  recru iting  sub th resho ld  inputs-^ A n increase in the 
n um ber o f A P fibres expressing substance P afte r  inflam m ation  
resu lts  in a qualita tive change in function; they can  now, like C- 
fibres, induce increase cen tra l excitability in vivo  and  evoke 
p ro lo n g ed  ven tral roo t po ten tia ls  in vitro~\ A p fibres te rm in a te  
in lam ina  III o f the dorsal h o m “  an  area  w here N K, recep to r- 
expressing  cells a re located-’, explaining how a p resynaptic  tra n s
m itte r  change may in itia te new postsynaptic a lte ra tio n s  in excit
ability, although volum e transm ission may contribute. Inflam m atory 
p ain  is an expression o f m ultiple form s o f neuroplasticity; changes 
in tran sduc tion  sensitivity in the periphery , a lte red  excitability  in 
the  sp inal cord  and, as we now show, a phenotypic switch in 
prim ary  sensory neurons. □

Methods
Inflam m ation and behavioural sensitivity . Inflammation was generated by 
an  Intraplantar injection in adult male Sprague-Dawley rats of 100 pi of 50% 
turpentine oil (In paraffin oil) under 4% halothane anaesthesia. Mechanical 
sensitivity of the flexor reflex was m easured using monofilament nylon von Frey 
probes". Progressive tactile hypersensitivity was elicited by 8  light touches 
applied manually to the dorsal surface of the hindpaw every 4 s, a t 4-mln 
Intervals and measured with monofilament probes applied to the sam e s ite " . 
S u b s tan c e  P m easu rem en ts . Substance P levels were extracted from fresh 
DRGs and measured by an inhibition enzyme-linked Immunosorbent assay 
(ELISA)". In situ hybridization was performed using an alkaline phosphatase- 
linked 30-m er ollgodeoxynucleotlde probe to PPT-A using hybhdlzation, visua
lization and physical dIsector counting techniques as detailed before". 

Im m unohlstochem lstry. Double label in the DRG: Ip l  of cholera toxin B 
subunit (CB) conjugated to fluorescein isothlocyanate (List, 5% in dHjO) was 
injected Into the left sciatic nerve of Inflamed (24 h, n =  4) and naive rats 
(n =  4) under halothane anaesthesia. After 48  h the L4 and L5 dorsal root 
ganglia were removed after perfusion with 2% paraformaldehyde and 0.2%  picric 
acid in 0 .1  M phosphate. Frozen sections (50 pm) were cut and stained free 
floating with a polyclonal antiserum to substance P (1 :8 ,0 0 0 ; Affinity) and 
visualized with a goat anti-rabbit IgG conjugated to tetramethyl rhodamine 
isothlocyanate (TRITC) (1 :2 0 0 ; Vector). Images were analysed using a Leica 
laser-scanning confocal microscope (TCS4D). Sixteen optical sections 
(400 pm ') were collected from each tissue section and reconstructed as a 
two-dimensional projection. TRITC stimulating wavelength 568  nm, fluoroscein 
isothlocyanate (FTTC) 488  nm. Profile counts were obtained from 5 - 1 0  non- 
adjacent sections per ganglion. Counts were m ade blind by two observers. Area 
m easurem ents were only made from nucleated profiles. Substance P label in 
dorsal roots: the L4 and L5 dorsal roots from inflamed (n =  6) and control naive 
(n =  6) animals were removed and fixed overnight at 4  °C. Transverse frozen 
sections (100 pm) were cut and processed for Immunocytochemistry for sub
stance P as above. Four optical sections (25 pm^) were collected from each 
tissue section and reconstructed as a two-dimensional projection. 

Electrophysiology. Experiments were performed In decerebrate-spinal rats 
with the L4 segment exposed by a laminectomy. Dorsal horn recordings were 
m ade with gold/platlnum-plated tungsten microelectrodes and the sciatic nen/e 
stimulated with a constant current stimulator through bipolar silver electrodes^®.
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Single spikes with a  signal : noise ratio of > 2 0  ; 1  were recorded and spike shape 
monitored with an  analogue-delay line. Afterdischarge was defined a s  the 
presence of spike activity atx)ve m ean ±  2 s .ds of background activity counted 
over 2 0  s.

Received 23  June; accepted 27  September 1996.

1. Reeh, P. W. in Cellular Mechanisms o f  Sensory Processing: Cell Biology Vol. 79  (ed. Urban. L) 
Vol. 1st, 1 1 9 -1 3 1  (Springer, Berlin, 1994).

2. Woolf, C. J. Nature 3 0 6 , 6 8 6 -6 8 8  (1983).
3 . Torebjork, H. E., lundberg, L E. R. 4  LaMotte, R. H. J. Physiol. (Lond.) 4 4 S ,  7 6 5 -7 8 0  (1992).
4. Woolf, C. J. 4  Wall, P. D. J. Neurosci. 6 , 1 4 3 3 -1 4 4 3  (1986).
5. Woolf, C. J. 4  Thompson, S. W. N. Pain 44 , 2 9 3 -2 9 9  (1991).
6. Xu, X.-J., Dalsgaard, C.-J. 4  Wiesenfeld-Hallin, Z. Eur. J. Pharmacol. 2 1 » ,  3 3 7 -3 4 4  (1992).
7. Ma, Q.-P. 4  Woolf, C. J. J. Physiol. (Lond.) 4 8 8 .3 ,  7 6 9 -7 7 7  (1995).
8. Averill, S ., McMahon, S, S., Clary, 0 . 0 ., Reichardt, L  F. 4  Priestley, J. V. Eur. J. Neurosci. 7 , 

1 4 8 4 -1 4 9 4  (1995).
9. Fitzgerald, M., Wall, P. D., Goedert, M. 4  Emson, P. C. Brain Res. 3 3 2 , 1 3 1 -1 4 1  (1985).

10. Verge, V. M. K , Richardson, P. M., Wiesenfeld-Hallin, Z  4  Hokfelt, T. J. Neurosci. IS ,  2 0 8 1 -  
2096  (1995).

11. Noguchi, k.. Rawai, Y., Fukuoka, T„ Senba, E. 4  Miki, K. J. Neurosci. I S ,  7 6 3 3 -7 6 4 3  (1995).
12. Wodf, C. J., SaMeh-Garabedian, B„ Ma, Q.-P, Crilly, P. 4  Winter, J. Neuroscience 8 2 , 3 2 7 -3 3 1

(1994).
13. Leslie, T. A.. Emson, P. C., Dow), P. M. 4  Woolf, C. J. Neuroscience «7 , 7 5 3 -7 6 1  (1995).
14. Donnerer, J., Schuligoi, R. 4  Stein, C. Neuroscience 4 9 , 6 9 3 -6 9 8  (1992).
15. Lewin, G. R., Rueff, A. 4  Mendell, L  M. Eur. J. Neurosci. « , 1 9 0 3 -1 9 1 2  (1994).
16. McMahon, S. B., Bennett, D. L H., Pnestley. J. V. 4  Shelton, D. L  Nature Med. 1 , 7 7 4 -7 8 0

(1995).
17. Ma, Q. -P. 4  Woolf, C. J. Pain 8 7 , 9 7 -1 0 6  (1996).
18. Robertson, B. Perry, M. J. 4  Lawson, S. N. J. Neurocytol. 2 0 , 3 8 7 -3 9 5  (1991).
19. Warden, M. K. 4  Young, W. S. J. Comp. Neurol. 2 7 2 ,9 0 -1 1 3  (1988).
20 . Thompson, S. W. N., King, A. E. 4  Woolf, C. J. Eur. J. Neurosci. 2 , 6 3 8 -6 4 9  (1990).
21 . Urban, 1_ 4  Randic, M. Brain  Res. 2 9 1 , 3 3 6 -3 4 1  (1984).
22. Heath, M. J., Womack, M. 0 . 4  MacOermotL A. B. J. Neurophysiol. 7 2 , 1 1 9 2 -1 1 9 8  (1994).
23. Chen, L 4  Huang, L-Y. M. Nature 3 S 8 ,  5 2 1 -5 2 3  (1992).
24. Woolf, C. J. 4  King, A. E. J. Neurosci. 1 0 , 2 7 1 7 -2 7 2 6  (1990).
25. Thompson, S. W. N., Dray. A. 4  Urban, L J. Neurosci. 14 , 3 6 7 2 -3 6 8 7  (1994).
26. Woolf, C. J. J. Comp. Neurol. 2 9 1 , 1 0 5 -1 1 9  (1987).
27. Mantyh, P. W. e ta l. Science 2 6 8 , 1 6 2 9 -1 6 3 2  (1995).
28 . Woolf, C. J., Shortland, P. 4  Sivrlotb, L  G. Pain 68  1 4 1 -1 5 5  (1994).

ACKNOWLEDGEMENTS. We thank A. Allchome, Q.-P. Ma and B. Safieh-Garatiedian for technical 
assistance and P. Emson for supply of the PPT-A oligoprobe. th is work was supported by the Medical 
Research Council, the European Union (Biomed 4) and the Intemauonal Human Fronbers Science 
Program.

CORRESPONDENCE and requests for ma tenais should be addressed to C.J.W. (e-mail; c.woolf® 
ucl.ac.uk).

3 6 4  NATURE • VOL 3 8 4  • 2 8  NOVEMBER 19 9 6

2 43


