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ABSTRACT

Following a lesion of their peripheral processes, dorsal root ganglion (DRG) neurons 

undergo a series of regressive and regenerative changes during which their morphology as well 

as the content and distribution of their components vary considerably. It was also recognised 

that some neurons die as a result of peripheral axotomy. This degeneration and death occurs in 

other types of peripheral and central neuron after de-afterentation, but the mechanism of this 

reaction remains obscure. Any insight into the factors affecting the progress of this process 

may enable the development of therapeutic strategies aimed at reducing it.

The effects of peripheral axotomy upon the morphology and neuropeptide content of 

sensory neurons have been described in extensive studies, some of which are nearly a centur/ 

old. However some of the morphometric methods used have had doubt cast on their reliability, 

and accuracy. In the last decade, antibodies have become available that are directed against ce’i 

surface oligosaccharide antigens that characterise subsets of dorsal root ganglion neuroi.s 

projecting to different laminae of the dorsal horn of the spinal cord, providing an alternative 

biochemical classification to that of neuropeptide or neurofilament content. The effect of 

axotomy upon the expression of oligosaccharides in neurons has not been examined. Other 

recent advances of relevance include the re-evaluation of the phenomenon known as apoptosis 

which now appears to be a fundamental physiological process, particularly important in 

development and disease; and the recent insights into the roles of the ever-growing family of 

neurotrophins and neurotrophic factors which have important roles during development, but 

whose function in adults is less well understood.

This thesis tests the hypothesis that the sensory neuron response to axotomy depends 

upon the type of neuron axotomised, and that this response may be ameliorated by the 

administration of neurotrophins or neurotrophic factors. During the course of the study, the



4th and 5th lumbar dorsal root ganglia and the corresponding levels of the spinal cord of 120 

adult rats of either sex were examined up to 18 months after unilateral (permanent and 

transient) lesions to the sciatic nerve. The monoclonal antibodies (for oligosaccharides) LA4, 

LD2 and MC-813-70 (anti-SSEA4) were used to characterise DRG neurons, in addition to 

calcitonin gene-related peptide and GAP43 antisera. Other histochemical and conventional 

morphological techniques were used to estimate and characterise the incidence of neuronal 

death and vacuolation up to six months following axotomy. A stereological neuronal counting 

technique was also employed to assess the incidence of neuronal loss in ipsilateral ganglia when 

compared with the contralateral ganglia. The effect of administration of the neurotrophins 

nerve growth factor, brain derived neurotrophic factor and neurotrophin-3, and the 

neurotrophic factor ciliary derived neurotrophic factor upon these parameters was also 

assessed at one month after axotomy.

The results obtained suggest that:

1) at least some of the neuronal loss following axotomy occurs via an apoptotic 

pathway and proceeds for longer periods than previously thought. Previous 

confusion concerning neuronal loss probably arose through comparing axotomised 

ganglia with the contralateral, unaxotomised ganglia, a method that is probably 

unable to detect small losses of neurons reliably.

2) The tempo and rate of reaction to peripheral axotomy varies between different 

subsets of DRG neurons.

3) A subset of small sensory neurons is particularly susceptible to trauma when a 

transient model of axotomy is examined (p<0.05, students t-test).

4) Vacuolation is a specific reaction to axotomy by some of the large, 

neurofilament-containing sensory neuron population.

. 1



5) At the time of observation, neurotrophin-3 administration reduced the incidence 

of neuronal apoptosis and vacuolation whereas nerve growth factor probably only 

reduced neuronal loss (p<0.05, AVOVA with post hoc Newman-Keuls range 

test). Nerve growth factor administration actually increased the amount of 

vacuolation, whereas ciliary neurotrophic factor and brain derived neurotrophic 

factor administration did not seem to affect any of the parameters studied.

In conclusion, it appears from my results that a subset o f small diameter sensory 

neurons is particularly vulnerable to axotomy-induced damage, and that some neurons 

belonging to this subset probably undergo apoptosis as a result, although this will be very 

difficult to prove conclusively. Furthermore, some large diameter sensory neurons (with 

myelinated axons) which appear to be relatively resistant to the effects of axotomy, form 

grossly distorting intracytoplasmic vacuoles as a response, and this does not appear to 

lead to the loss of the affected neurons. Finally, the local administration of neurotrophin-3 

can reduce the incidence o f all of the degenerative changes studied, whilst nerve growth 

factor administration only reduced the incidence of neuronal loss, and actually increased 

the amount o f vacuolation seen. Brain derived neurotrophic factor and ciliary 

neurotrophic factor administration had no effect on these parameters.

The working hypothesis that can be drawn from these results would state that the 

phenotype of neurons may determine their response to axotomy, and that this in turn may 

depend upon their trophic requirements. It is therefore likely that different populations of 

neuron may require different neurotrophic factors to resist the effects o f axotomy. This 

hypothesis has implications for the use of neurotrophic factors in neuropathies, and further 

work to examine whether this is true in other neuron populations is needed.
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INTRODUCTION

The study o f axotomy-induced changes in neurons has been an area o f research for 

around 100 years since Nissl reported alterations in the staining properties and appearance 

o f motor neurons following axotomy. Most o f the subsequent research on nerve cells 

damaged by injuries has been conducted on the peripheral nervous system due to the 

relative ease o f access, large size o f the neurons and supposed lack o f intemeuronal 

connections. More recently, the peripheral nervous system has often been used in studies 

o f the effects o f neurotrophic factor administration upon neurodegenerative phenomena 

due to greater access of systemically administered proteins to the neurons in the periphery. 

This in turn, is due to the absence of a blood/brain barrier in dorsal root ganglia, and the 

presumed ability o f neurotrophic factors to gain access to motor neurons retrogradely via 

neuromuscular end-plates.

As a consequence of the convenience o f the peripheral nerve injury model o f 

axotomy, much knowledge of the chronological, biochemical and physiological nature of 

the changes seen after axotomy has been gained. However, this large body o f work does 

not appear to have led to a concomitant increase in understanding o f what triggers the 

processes involved, and a lot o f work remains to be done on this and how they might be 

prevented or reversed. This is illustrated by the fact that the seminal papers and reviews 

(e.g. Ranson, 1909; Cavanaugh, 1951; Lieberman, 1971) on the subject are in many 

respects still relevant today. More recent work has shed light on the possible roles o f  

substance P and other putative neurotransmitters and the effect o f axon damage upon their 

expression. The reorganisation of the centrally projecting axons o f sensory neurons 

following peripheral nerve injury has begun to be elucidated as have some o f the 

molecular events producing these changes. These findings may have significance in



understanding how the peripheral and central nervous system reacts to interrupted contact 

with the periphery and the pathogenesis o f related problems such as neuropathic pain. 

Knowledge of the mechanisms o f neuronal loss following axotomy may be important if 

one is to attempt to correct neuronal defects o f various other types, whether they be of 

genetic, traumatic or toxicological origin.

The development of the technique o f immunohistochemistry heralded new 

advances in the in situ investigation o f some of the biochemical events in neurons 

triggered by axotomy, and led to renewed interest in the field. For the first time 

researchers could classify neurons in situ with criteria that did not involve size or 

histological staining properties. Unfortunately this innovation showed that neurons could 

be classified in many (sometimes contradictory) ways based on the type o f  

neurotransmitter, structural proteins, enzyme or oligosaccharide content investigated. The 

possibility that biochemically defined (as opposed to electrophysiologically defined) 

neurons might react in different ways to axotomy was not pursued thoroughly, particularly 

in adult animals. Attempts had been made to investigate the effects o f axotomy on 

different sizes o f sensory neuron; however most o f these studies did not appear to 

consider the effect o f axotomy on the sizes o f the surviving neurons, nor the effects o f a 

poor perfusion or fixation on same. The changes in volume occurring after different types 

of axotomy are now well known, but there had previously been contradictory reports on 

the actual shape and staining properties of sensory neuron perikarya which were largely 

due to inadequately rapid fixation techniques. In recent years, the technical innovations o f 

stereological neuronal counting techniques and molecular biology promise to give new 

insights into the real nature o f neuronal loss and degeneration after axotomy.

The renewed interest in apoptosis as a fundamental physiological and/or 

pathological process has also provided a new line o f enquiry in the field o f neuronal



responses to axotomy. The issue of whether neurons die after axotomy or whether they 

just seem to disappear, whether they die through necrosis or through the apoptotic 

pathway has not been adequately addressed. If axotomy caused apoptosis o f sensory 

neurons this might provide an alternative measurement o f the severity o f the reaction 

against which potential therapeutic interventions might be gauged. In addition, elucidation 

o f the sequence o f events leading to apoptosis may have profound implications for fields 

o f biology as diverse as development, ageing and oncogenesis. •

The discovery and characterisation o f nerve growth factor (NGF) in the 1960’s 

and the subsequent discoveries o f the related molecules, brain-derived neurotrophic factor 

(BDNF), neurotrophin 3 (NTS), NT4/5 and NT6 using molecular biological techniques to 

hunt for structural homologues are examples o f the success o f this new field. The 

discovery o f their respective receptors was more serendipitous, occurring during a hunt 

for proto-oncogenes. The expression of specific neurotrophic factor receptors is a new 

way o f classifying neurons and which may go some way to resolving some o f the 

contradictions generated by immunohistochemical studies. Efforts to relate the trophic 

requirements o f sensory neurons to their presumed phenotype are in progress today, but 

research into the role of these factors in the adult mammal has taken second place to their 

role in development. In particular very little work has appeared dealing with the link 

between adult patterns o f neuronal pathology and the possible role o f trophic factors in 

the pathogenesis o f axotomy-induced degeneration seen in sensory neurons. Any data 

acquired to this end would assist greatly in the development o f therapeutic strategies to 

ameliorate the effects of peripheral nerve trauma, and conceivably o f central nervous 

system trauma.

This thesis seeks to illustrate the different ways in which some sensory neurons 

react to axotomy, whether and how some o f them die and to what extent these reactions



can be ameliorated by the administration of the neurotrophic factors BDNF, NT3, CNTF 

and to some extent NGF. In the process of investigation I have sought to find alternative 

ways to investigate axotomy-induced degeneration.



CHAPTER 1: REVIEW OF THE LITERATURE.

SENSORY NEURONS AND THEH* RESPONSE TO PERH»HERAL AXOTOMY



1.1: NORMAL APPEARANCE AND STRUCTURE OF ADULT RAT L4 AND L5 

DORSAL ROOT GANGLIA AND SCIATIC NERVE

1.1.1: Composition o f  the sciatic nerve and contribution o f  L4 and L5 DRGs

The normal adult rat sciatic nerve is comprised o f between 23,700-27,000 axons at 

mid-thigh level (Jenq and Coggeshall, 1985; Schmalbruch, 1986), o f which around 29 % 

are myelinated (Schmalbruch, 1986). It contains axons from approximately 2,000 motor 

neurons contained within the spinal cord segments L3-L6, determined by HRP tracing or 

de-efferentiation (Swett et al., 1986; Schmalbruch, 1986), and around 6,200 unmyelinated 

sympathetic axons, as determined by sympathectomy (Schmalbruch, 1986). The sensory 

component, comprising about 19,000 axons (Schmalbruch, 1987a) is thought to originate 

from around 10,500-11,000 ± 2,000 DRG neurons in L4 and L5 (Swett et a/., 1991), 

implying that a proportion of these DRG neurons project branching axons peripherally. As 

the sum total o f the L4 and L5 neurons is thought to be around 27,000 (Schmalbruch, 

1987a) this means that DRG neurons in the L4 and L5 DRGs o f the rat probably send 

axons to areas more proximal such as the viscera, the pia (see Risling et al., 1994) and the 

femoral nerve. However there is disagreement in the literature over the figures for reasons 

to be discussed later: extrapolation o f Bondok and Sansone’s (1984) data, assuming that 

54% of L4 and L5 DRG neurons contribute to the sciatic (Devor et a l ,  1985) produce a 

figure o f 5800 DRG neurons contributing to the sciatic, whilst other figures between these 

values can also be produced from another work (Devor and Govrin-Lippmann, 1985).

Several papers describe attempts to quantify the precise contribution o f either the 

L4 or L5 dorsal root ganglion to various branches o f the sciatic nerve using the same 

tracing techniques, where substances actively transported by axons such as horseradish



peroxidase (HRP) and conjugates o f HRP are used to estimate relative contributions o f L4 

and L5 DRGs to the sciatic and its branches (Devor et a i ,  1985; Himes and Tessler,

1989; Swett et a l ,  1991). This has produced contradictory data, and it is entirely possible 

that the relative contribution o f L4 and L5 to the sciatic nerve varies randomly between 

strains o f rat or even within the same strains. For this reason most authors pool L4 and L5 

morphometric data to reduce variations. The use o f biased neuronal counting techniques 

in these studies has contributed greatly to the variation seen in these studies, with factors 

such as section thickness and different correction factors used, being sources o f error. The 

related issue o f whether the peripheral axons o f DRG neurons bifurcate, with the 

additional possibility o f branches projecting to different nerves remains open and may be a 

source o f error (see Swett et a l ,  1991). It is also by no means clear how reliably tracers 

are transported or whether they can be released by dying neurons and taken up by others 

without branches to the sciatic: quantitative information from these experiments may be 

unreliable. Swett et a l  (1991) also found little evidence for a somatotopic distribution of 

DRG neurons within ganglia.

1.1.2: Structure and appearance o f DRGs

The vast majority o f the sensory neuron perikarya are located within the ganglion 

itself, although some can occasionally be found in the roots (Jeflinija and Jeftinija, 1990) 

or the nerve itself (Dr. J.M. Jacobs: personal communication). Macroscopically the L4 

and L5 lumbar ganglia o f the rat are fusiform or ovoid swellings o f the dorsal roots 2- 

3 mm long by 1-2 wide and are a slightly yellow colour with the nerve and roots being 

white (after perfusion with paraformaldehyde). Microscopically the ganglia possess a 

multilamellate perineural sheath and fibrous epineurium which is continuous with the dura 

of the spinal cord. Within this covering lie the DRG neuron perikarya and bundles of



intraganglionic nerve fibres: each o f the DRG neurons are surrounded by satellite cells in 

close apposition to the perikaryal membrane (see Lieberman, 1976). Various fibroblasts 

and mast cells (Friede and Johnstone, 1967; Olsson, 1968; Lieberman, 1976) are found 

distributed throughout the remainder o f the body o f the ganglia with myelinating and 

unmyelinating Schwann cells associated with axons (for review see Lieberman, 1976). 

Ultrastructurally, dorsal root ganglia are seen to consist o f these various cell types 

embedded in an extracellular matrix o f which collagen is the most obvious component.

The capillaries o f the ganglia are derived from an extensive arterial plexus within the 

capsule and are fenestrated (Jacobs et a l ,  1976) with only the fenestrated endothelial cell 

and a basal lamina to separate the blood from the extracellular compartment. Satellite cells 

are seen to interdigitate with their associated sensory neurons; the neuronal evaginating 

cytoplasmic processes are known as paraphytes (see Lieberman, 1976), and the satellite 

cell-satellite cell and satellite cell-neuron membranes are separated by a 20 nm intercellular 

space in fi-ogs (Rosenbluth and Wissig, 1964) which is patent. This space also apparently 

exists in rats (Jacobs et a l ,  1976). Satellite cell processes can form a multilamellated 

sheath, particularly around larger DRG neurons (see Lieberman, 1976). The function o f  

satellite cells in the adult ganglion is not entirely clear: they appear to have a role in the 

differentiation and survival of embryonic neurons in culture (see Lieberman, 1976), and 

neurons may signal to them (e.g. Morris et a l ,  1992); any further consideration o f these 

interesting cells is beyond the scope of this thesis.

1.2; MORPHOLOGICAL CLASSES OF SENSORY NEURON

The division of sensory neurons into subtypes characterised by size, structure and 

staining properties has been the subject o f many reports (e.g. Hess, 1955; Peach, 1972;

8



Lawson a/., 1974; see Lieberman, 1976; Duce and Keen, 1977; Tandrup, 1993, 1995). 

Sensory neurons have most often been divided into 2 types based on size and staining 

properties called A and B types in the now obsolete classification o f Andres (see 

Lieberman, 1976). Most workers have used histological stains with an affinity for RNA 

and DNA, such as cresyl fast violet or toluidine blue to characterise sensory neurons into 

“dark” or “light” cells (e.g. Tandrup, 1993), as the distribution o f rough endoplasmic 

reticulum (RER or Nissl substance) containing RNA in the cytoplasm differs between the 

2 types o f sensory neuron. This distribution of RER and o f the Golgi complex can also be 

used to further classify A and B neurons (Duce and Keen, 1977). Type A neurons are the 

lighter staining variety with DNA/RNA stains, possess one large, centrally placed 

nucleolus within the nucleus, and are nowadays known as “large light” (L neurons, 

although the “large” can be misleading) neurons. Similarly type B neurons are darkly 

staining with DNA/RNA stains, with more than one nucleolus that are often in close 

apposition with the nuclear membrane, and are now known as “small dark” (SD) neurons 

(e.g. Schmalbruch, 1987a; see Lawson, 1992; Tandrup, 1993, 1995). This morphological 

classification will be used for the purposes of this thesis. Nuclei in normal sensory neurons 

are almost always positioned in the centre of the perikarya, but very occasional binucleate 

neurons can be observed (see Lieberman, 1976).

In general, the SD sensory neurons (10-25pm in diameter) stain more intensely 

with these stains than the L neurons (10-60pm in diameter) due to the higher density of 

ribosomes in the cytoplasm and these are often concentrated around the periphery o f the 

cell (see Lieberman, 1976; Duce and Keen, 1977). Large sensory neurons often have 

“islands” o f ribosomes amidst a paler cytoplasm: ultrastructurally these pale areas contain 

abundant neurofilaments and microtubules (Duce and Keen, 1977). Both populations of 

neurons show a cell size distribution that is normal distributed around 2 mean values, and



these two populations overlap in the rat when based on neurofilament content (Lawson et 

a l ,  1984). This means that some L neurons are as small as SD neurons. A stereological 

study utilising a classification based on staining properties and morphology also confirmed 

that the size distribution of the L neuron population overlaps with that o f the SD 

population, i.e. that the SD population is limited to the smaller diameter part o f the size 

spectrum whereas the L population spans the entire spectrum (Tandrup, 1993).

The development o f DRG neurons also implies the existence o f 2 populations: 

following the migration of DRG neuronal precursors from the neural crest to their 

ventrolateral position next to the spinal cord, rat lumbar DRG neuroblasts undergo their 

last cell division on E 12-14 (Lawson et a l ,  1974). The last cell division for L neurons 

occurs about 1 day earlier than that for SD neurons in mice and rats (Lawson et al., 1974; 

Lawson and Biscoe, 1979). These two populations subsequently become distinguishable 

at 1 day after birth in rats on the basis o f RT97 (an anti-neurofilament antibody) 

immunoreactivity (Lawson and Waddell, 1991).

Information regarding the distribution o f L and SD sensory neurons within 

individual ganglia or whether L4 has more o f either type than L5 is lacking: however in L5 

approximately 70% of DRG neurons are o f the SD variety and 28% are L neurons with 

2% being unclassifiable (Tandrup, 1993), and the composition in L4 is probably similar. 

Furthermore the number of unmyelinated fibres in the dorsal root corresponds very well 

with the number o f SD neurons in the corresponding DRG in stereological studies, as 

does the number of myelinated fibres with L neurons (Tandrup, 1995). Indeed this work 

was the first to confirm the long suspected 1:1 ratio o f DRG neurons to central axons 

using unbiased counting techniques. It would be a different proposition to correlate the 

number and type o f peripheral axons with the number and type o f DRG neurons as a 

substantial motor component combines with the sensory nerves in the region o f the
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ganglion, and the possibility o f branching peripheral axons remains to be elucidated. 

However anatomical and electrophysiological evidence for the correlation o f SD neurons 

with unmyelinated axons and L neurons with myelinated axons in the periphery has been 

described (Ohnishi and Dyck, 1974; Yoshida and Matsuda, 1979; Sugiura et a l ,  1988) 

but thinly myelinated A6 fibres may show features o f either group, such as RT97 

immunoreactivity (Lawson and Waddell, 1991).

Further morphological divisions of sensory neurons have been proposed on the 

basis o f ultrastructural and light microscopical criteria (Duce and Keen, 1977; see 

Lawson, 1992) but it is unclear as to whether these further divisions have any relevance to 

functional modalities (although see Sugiura et a l ,  1988). Tandrup (1993) identified 

nonclassifiable (i.e. neither L or SD) sensory neurons comprising approximately 2% of the 

total in L5 dorsal root ganglia, but for the purposes o f this Thesis the L and SD divisions 

will be considered as the main morphological division o f sensory neurons.

1.3: MORPHOLOGY AND DISTRIBUTION OF THE CENTRAL TERMINALS 

OF SENSORY NEURONS IN THE SPINAL CORD

1.3.1:Laminar distribution

Since the proposal that the dorsal and ventral spinal roots had different functions 

early in the 19* century (see Perl, 1992), the idea that particular areas o f the spinal cord 

may be responsible for the processing o f sensory information has become standard. 

Rexed’s classification (1952) o f the laminar organisation o f the spinal grey matter was 

based upon the size, shape and density (no. per unit area) o f neuronal cell bodies. 

Although the dimensions of the laminae vary along the spinal cord, the general 

organisation is relatively uniform, both within species and between species (e.g. in the rat: 

Molander et a l ,  1984) which is probably one o f the reasons that Rexed’s classification is

11



still used. Other histological methods, subsequently developed, also tended to confirm 

Rexed’s classification; myelin stains such as osmium tetroxide or luxol fast blue will 

sharply delineate lamina I and II fi-om the surrounding white matter and the deeper 

laminae due to their lower content o f myelin (see FyflFe, 1992).

After some confiising Marchi (a stain for degenerating myelin) studies, a study 

using degeneration in the spinal cord following dorsal root transection showed that most 

of the rat dorsal root fibres terminated in laminae im  (Heimer and Wall, 1968). However 

it was the development of intracellular staining techniques, combined with the 

phenomenon of transganglionic transport (Grant et a l ,  1979) that enabled individual 

identified fibres to be traced to their termination zones in the spinal cord (Light and Perl, 

1979; Brown, 1981; Molander and Grant; 1985; see Willis and Coggeshall, 1991; 

Shortland and Woolf, 1993), and enabled electrophysiology and intracellular labelling to 

be performed upon the same axon. The vast amount o f literature published on this field 

will not be reviewed here (see Willis and Coggeshall, 1991); suffice to say that a high 

degree of laminar specificity of primary afferent axons was subsequently shown. In the rat 

myelinated mechanoreceptors were shown to project predominantly to lamina III and IV 

but in the cat they terminate almost exclusively in lamina III (Woolf, 1987). Muscle 

afferents appear to terminate in deeper laminae III-VII and X in the cat (see Fyffe, 1992) 

whereas unmyelinated afferents terminate predominantly in lamina I/H, with occasional 

ones going to lamina III/IV (Sugiura et a l ,  1986) in the guinea pig. Interspecies 

differences were noted: in the rat, hair follicle afferents terminate in lamina Hi and III, 

whereas in the cat they terminate in lamina IB. However there seems to be broad 

agreement that unmyelinated C-fibres (fi*om SD neurons) terminate largely in lamina I/II 

(e.g. monkey: Ralston and Ralston, 1979; rat: Molander and Grant, 1985, 1986; see 

Maxwell and Réthelyi, 1987; Tajti et a l ,  1988), and the myelinated A fibres (fi-om L
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neurons) terminate in deeper laminae (Woolf, 1987; see Maxwell and Réthelyi, 1987; 

Willis and Coggeshall 1991). Thinly myelinated fibres, the AÔ fibres probably from high 

threshold mechanoreceptors, appear to terminate largely in lamina I with some projecting 

to lamina V (Light and Perl, 1979). Some afferent processes bifurcate and send branches 

into the dorsal columns (Patterson et a l ,  1989, 1990) although where they bifurcate and 

which ones bifurcate is arguable. Visceral afferents appear to terminate in laminae I, II, V, 

X and the contralateral laminae V and X in the guinea pig (Sugiura et a l ,  1989), but in 

the cat they do not terminate in lamina II (Cervero and Connell, 1984).

What would appear to be occasional sensory afferents may also enter the spinal 

cord via the ventral roots, and most o f these are unmyelinated (Coggeshall et a l ,  1974; 

Maynard et a l ,  1977). Very few o f these afferents appear to enter the CNS via the ventral 

roots and would instead appear to innervate the pia mater (Risling et a l ,  1984; Risling et 

a l,  1994). Some o f these axons may end blindly (Habler et a l ,  1990) or loop (Risling et 

a l ,  1984).

1.3.2: Ultrastructural features o f afferent terminals

Ultrastructural classification o f primary afferent terminals has been hindered by the 

fact that they do not possess unique ultrastructural features to enable them to be 

distinguished from CNS neuronal terminals, and contain similar neuropeptide and 

neurotransmitter markers (see Hunt et a l ,  1992). Consequently little reliable quantitative 

data are available, but qualitative data have been obtained with fibre tracing and 

degeneration techniques. Electron dense terminals are found in the rat LIIo, electron 

lucent terminals are found in Llli and electron lucent terminals with filaments are seen in 

LIII (Ribeiro da Silva and Coimbra, 1982) and these are all thought to be types o f afferent 

terminals. Glomerular terminal structures are conspicuous ultrastructural features o f Llli 

in the rat and are thought to be a type of c-fibre terminations as they are destroyed by
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neonatal administration o f capsaicin, a c-fibre neurotoxin (Ribeiro da Silva and Coimbra,

1984). C-fibre terminations in LI/IIo appear largely to be non-glomerular and to contain 

dense-core vesicles (Hunt and Rossi, 1985) which probably contain peptides (Alvarez et 

a/., 1993). Other features such as orientation o f the terminal branches (Brown , 1981; see 

Fyffe, 1992), the number and arrangement o f synaptic boutons and the type o f synaptic 

vesicle present (Maxwell and Rethelyi, 1987; Alvarez et al., 1993) have also been used to 

characterise putative afferent terminations.

J.3.3: Somatotopic distribution o f afferent terminals

In addition to the well-defined laminar distribution o f primary afferent terminals, 

the termination zones o f the various branches o f the rat sciatic nerve show a somatotopic 

distribution laterally across the dorsal horn. Afferents from the most dorsal part o f the 

dermotome project to the most lateral part o f the dorsal horn and those from the most 

ventral part projecting to the most medial part (Grant and Ygge, 1981; Swett and Woolf,

1985).

The rostro-caudal distribution o f adult rat SD sciatic nerve sensory afferents has 

been well described using wheatgerm-agglutinin conjugated horseradish peroxidase 

(WGA-HRP: Swett and Woolf, 1985), a neuronal tracer that is specifically transported 

transganglionically by SD neurons. This work showed that, travelling in a rostrocaudal 

direction, the sciatic afferent termination zone begins in the L2 region as 2 distinct areas in 

lamina I and II. By the beginning o f L4, almost all o f lamina I and II (apart from the most 

lateral 1/5) contains afferents from the sciatic at mid-thigh level. This pattern continues 

until halfway through L5, then the area o f the sciatic afferent termination zone declines in 

a lateral-medial direction, until by the beginning o f L6 no part o f lamina I or II contains 

any.
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For the purposes o f this Thesis the broad laminar distribution o f sensory afferent 

terminals will be considered, rather than the fine structural distinctions evident with fibre 

tracing techniques. In the adult rat this will generally involve Ll/IIi + IIo (the main 

termination zone o f SD neurons) and laminae III-V (the main termination zone ofL  

neurons).

1.4; ELECTROPHYSIOLOGICAL AND BIOCHEMICAL SUBTYPES OF

SENSORY NEURON

1.4.1: Electrophysiological classification

The increasing sophistication o f electrophysiological techniques also provided a 

way o f categorising neurons, Matsuda et al. (1978) and Yoshida and Matsuda (1979) 

showing that there were at least two distinct populations o f sensory neuron cell body that 

could be classified according to whether they exhibited a tetrodotoxin sensitive or 

insensitive sodium current, and whether this current was a pure sodium ion current or a 

mixed calcium/sodium current with inflections. Approximately 61% of AÔ fibres and 23% 

o f Acc/p (fast conducting myelinated fibres) in the rat lumbar ganglia have inflections, 

whilst all C fibres (slow conducting, unmyelinated fibres) are thought to have inflections: 

all cells with inflections possessed tetrodotoxin-insensitive action potentials (Waddell and 

Lawson, 1990). Recently tetrodotoxin insensitive sodium channels specific to 

unmyelinated fibres have been discovered (Akopian et al., 1996), giving a further 

biochemical basis to the electrophysiological distinctions in sensory neurons, but further 

discussion on this topic is beyond the scope o f this Thesis.
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1.4.2: Structural Proteins

The advent o f immunohistochemistry revived interest in classification o f sensory 

neurons. The more recent development o f in situ hybridisation for mRNA has also 

allowed novel ways o f categorising neurons which does not have some o f the drawbacks 

of immunohistochemistry such as possible non-specific interactions with related 

biomolecules.

Ultrastructural observations that the L neurons contained more neurofilaments and 

microtubules (or “neurotubules”) than the SD neurons had been reported (Peach, 1972; 

Lawson et a l ,  1974; Duce and Keen, 1977) and were later confirmed by 

immunohistochemistry. The L type o f sensory neurons have been shown to contain the 

neurofilament triplet proteins (the low, medium and high molecular weight neurofilament 

proteins; Sharp et a l ,  1982; Lawson et a l ,  1984; Goldstein et a l ,  1991) and this is one of 

the ways by which these neurons can be labelled in situ to distinguish them from the SD 

population. In particular, the RT97 monoclonal antibody which recognises the 

phosphorylated forms o f the medium and heavy weight neurofilament proteins (Perry et 

a l,  1991) is often used for this purpose (e.g. Lawson et a l ,  1984; Robertson et a l ,  1991; 

Averill et al, 1995), although there seems to be debate as to how reliably it stains the 

entire L population (Goldstein et a l ,  1991). Size distribution analysis ofRT97 

immunoreactive sensory neurons demonstrates immunostaining o f all sizes o f sensory 

neuron, confirming that the L population spans the entire size spectrum whereas the SD 

population (RT 97 negative) is confined to the small sizes (Lawson et a l ,  1984). 

Immunostaining for the non-phosphorylated forms does not distinguish the two 

populations (Perry et a l ,  1991). Conversely, the SD population can be identified with 

antibodies to peripherin, an intermediate filament protein (Parysek and Goldman, 1988; 

Ferri e t a l ,  1990; Goldstein e ta l , \9 9 \ ) .
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1.4.3: Neurotransmitters and Neuropeptides

This is probably the largest and most complex o f the biochemical classification 

schemes due the vast number o f putative neurotransmitters and neuropeptides which often 

show overlapping distributions (see Willis and Coggeshall, 1991; Lawson, 1992). The list 

o f identified neuropeptides in DRG neurons presently contains around 15 candidates (for 

neurotransmitters or neuromodulators); however the original hope that single peptide 

content could be related to function has proved to be elusive, as many o f these substances 

are co-expressed (see Lawson, 1992). Nevertheless, as will be seen, at least one useful 

distinction can be made on the basis o f peptide content. As is often pointed out, care is 

needed in interpreting peptide-immunoreactivity as some (such as the opioids, or 

tachykinin) maybe processed from a single gene and therefore cross-reactivity is often 

possible. A substantial amount o f inter-species variation is also evident in the relative 

proportions o f DRG neurons expressing neuropeptides and within animals different 

proportions are evident at different levels o f the spinal cord (see Lawson, 1992): for the 

purposes o f this review rat lumbar DRG neurons will be concentrated upon whenever 

possible.

Substance P (SP) was the first neuropeptide to be demonstrated in situ in DRG 

neurons (Hokfelt et a i ,  1975; Hôkfelt et a l ,  1976) and the finding that it occurred in a 

population o f small diameter neurons began an extensive search for other peptides in 

sensory neurons. In the rat around 20% of the lumbar DRG neurons demonstrate 

substance P-like immunoreactivity (SP-IR), mostly but not entirely o f the SD type, with 

some larger neurons also showing immunoreactivity (McCarthy and Lawson, 1989; 

O’Brien et al, 1989). More SP is transported to the periphery than to the central 

processes in vitro and it is possible that it has its major role there (it is a vasodilator 

causes increases in vascular permeability: Harmer and Keen, 1982; Holzer, 1988). In the
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spinal cord o f rabbits SP is released in response to noxious mechanical stimulus (Kuraishi 

e t a l ,  1985)

Calcitonin gene related peptide (CGRP) occurs in two forms in rat dorsal root 

ganglion: aCGRP and pCGRP; the former is the predominant form and is more prevalent 

in large neurons than the p form (Noguchi et a l ,  1990). CGRP-IR is seen in 

approximately 50% of rat lumbar DRG neurons o f all sizes, but predominantly in SD 

neurons (Verge e ta l ,  1989; McCarthy and Lawson, 1990; see Lawson, 1992). 

Approximately 30% of L neurons demonstrate CGRP-IR (McCarthy and Lawson, 1990). 

The function o f this peptide is unclear but it does have powerful vasodilator properties in 

the periphery (Brain et a l ,  1985) and is thought to play a role in the long-term changes of  

central neurons following noxious stimulation, where it potentiates the calcium current in 

sensory afferents (Ryu et a l ,  1988) and the behavioural effects o f SP (Wiesenfeld-Hallin 

et a l ,  1984). Around 50% of rat CGRP-IR sensory neurons contain SP (Lee e t a l ,  1985) 

and virtually all SP neurons contain CGRP (Ju et a l ,  1987) and for this reason CGRP is 

often thought o f as being involved in the control o f nociception as well as with 

inflammatory responses in the periphery.

Somatostatin is another neuropeptide that is found in approximately 10% of rat 

lumbar DRG neurons, mainly in ones that project to the skin (Verge et a l ,  1989; O’Brien 

et a l ,  1989). It is released in the rabbit spinal dorsal horn during thermal but not 

mechanical nociception (Kuraishi e t a l ,  1985).

Nagy and Hunt (1982) proposed that rat lumbar DRG neurons projecting to 

laminae I and II could be divided in to 3 non-overlapping classes based on SP-IR, 

somatostatin-IR and fluoride resistant acid phosphatase (FRAP) reactivity. FRAP is an 

enzyme found in primary sensory neurons (Knyihâr, 1971; Silverman and Kruger, 1988) 

possessing many of the characteristics o f a neurotransmitter-metabolising enzyme, as it

18



undergoes anterograde axonal transport from the ganglia and is concentrated in the 

terminals within the dorsal horn (of the spinal cord). If one adds up the approximate 

percentages o f SP-IR, somatostatin-IR and FRAP-reactive lumbar DRG neurons in the rat 

that have been quoted in the literature (see Lawson, 1992) a figure similar to the 

proportion o f SD neurons (70 %: Tandrup, 1993) can be obtained, allowing for 

methodological differences and SP-IR in L neurons. However Ju et a l  (1987) have 

reported occasional neurons with both somatostatin and SP in the rat. Of the 

neuropeptides discovered in sensory neurons so far, CGRP has the widest distribution (see 

Lawson, 1992), followed by SP and somatostatin. Many other peptides occur in small 

populations o f rat sensory neurons including vasoactive intestinal peptide (VIP: Ju e t a l ,  

1987), galanin and peptide histidine-isoleucine (Villar et a l ,  1989; see Lawson et a l ,  

1992). There have been reports that vasopressin and oxytocin-IR are seen in over 50% 

and 38% respectively of rat DRG neurons (Kai-Kai, 1989) but no mRNA for vasopressin 

could be detected in rat sensory neurons (Boehmer et a l ,  1989; see Willis and Coggeshall, 

1991; Lawson, 1992).

Other work has suggested that SD neurons can be divided into peptide-containing 

and non peptide-containing populations. These authors used CGRP or SP 

immunoreactivity to visualise the peptide-containing neurons and FRAP, lectin (GS-IB4) 

or oligosaccaride reactivity for the non peptide-containing neurons (Nagy and Hunt, 1982; 

Hunt and Rossi, 1985; Silverman and Kruger, 1990; Alvarez e t a l ,  1991; Averill e t a l ,  

1995). These 2 populations appear also to have slightly different termination zones in the 

dorsal horn o f the spinal dorsal horn (Hunt and Rossi, 1985; Alvarez et a l ,  1991). 

However there is evidence for some FRAP reactive neurons containing CGRP (Carr et 

a l ,  1990), suggesting that FRAP is not an ideal marker for the putative non-peptide 

containing SD neuron population. The question o f what neurotransmitters these non
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peptide containing neurons might utilise has not been comprehensively addressed, nor has 

the issue o f what fiinction these neurons might perform (see section 1.4.5).

Evidence for classical neurotransmitters, such as glutamate, acetylcholine or 

noradrenaline, in sensory neurons, rather than the multifarious neuropeptides, is strong for 

glutamate. Researchers have reported the presence o f serotonin in cultured DRG neurons 

(Schoenen et a l ,  1989) but not in vivo, whilst others have found evidence for serotonin 

(5-hydroxytryptamine) in rat DRGs following pretreatments to prevent its breakdown 

(Kai-Kai and Keen, 1985). The significance o f these findings is not clear. Conflicting 

reports have appeared regarding the presence o f glutamate in DRG neurons: antisera 

raised against glutamate immunostained large diameter neurons (Wanaka et a l ,  1987) 

whereas antisera raised against glutamate conjugated to haemocyanin stained small 

diameter neurons (Battaglia and Rustioni, 1988). More recent work has indicated that 

glutamate-immunoreactivity occurs in a subpopulation o f rat SD neurons, and can also be 

observed in lamina I/E o f the dorsal horn o f the spinal cord (Kai-Kai and Howe, 1991), 

where most afferent terminals are now thought to contain significant amounts (Broman et 

a l ,  1993; Valtschanofi*et a l ,  1994). There are many technical problems in proving a 

substance to be a neurotransmitter once it has been localised, particularly regarding 

glutamate or aspartate which occur in all cells as amino acids involved in normal 

metabolism. Immunolocalisation in synaptic vesicles is generally taken to mean an 

involvement in synaptic transmission, along with the presence o f transmitter synthesising 

enzymes, degradation/removal mechanisms and receptors for the neurotransmitter. 

Glutamate fulfils most o f these criteria: it can be found in many o f the primary afferent 

terminals in the dorsal horn o f the spinal cord, in both unmyelinated and myelinated 

afferent termination zones (Valtschanofif et a l ,  1994). This finding, combined with other 

work describing specific types o f glutamate receptor in the spinal dorsal horn (Furuyama
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et a l ,  1993; PopratilofiFet a l ,  1996) indicates that glutamate probably is involved in 

sensory neurotransmission in the spinal dorsal horn. It would be o f great interest if the 

non-peptide containing SD neuron population were found to be solely glutamate- 

containing.

It should also be mentioned that GABA immunoreactivity (gamma aminobutyric 

acid) has also been described in DRG neurons, where it might have neurotransmitter 

actions (Szabat et a l ,  1992).

1.4.4: Enzymes

Enzyme content has been used to classify DRG neurons, the main ones studied 

being fluoride resistant acid phosphatase (FRAP) which is found in a subpopulation o f SD 

neurons (Knyihâr, 1971), and carbonic anhydrase which is found in the large RT97-IR 

DRG neurons and axons (Wong et a l ,  1983; Robertson and Grant, 1989; Szabolcs et a l ,  

1989). The role of carbonic anhydrase in large DRG neurons is unknown but may be 

responsible for maintaining acid-base homeostasis in neurons with high firing rates 

(Szabolcs e ta l ,  1989).

Tyrosine hydroxylase, the major catecholamine synthesising enzyme, is reported to 

occur in only 1% of adult rat lumbar DRG neurons (Price and Mudge, 1983) of small 

diameter (Price, 1985), suggesting that catecholamines are not very important in sensory 

information transmission. Acetylchohnesterase activity can be demonstrated in DRG 

neurons but choline acetyl transferase does not appear to be found in DRG neurons, 

making the flmction o f acetylcholinesterase in DRG neurons unclear (see Willis and 

Coggeshall, 1991).

It is likely that FRAP is identical to thiamine monophosphatase (TMP: Knyihâr- 

Csillik et a l ,  1986), and does not co-localise with substance P in rat DRG neurons (Nagy 

and Hunt, 1982). However, as described previously, approximately 50% o f the CGRP-IR
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population has been reported to contain FRAP in the rat (Carr et a l ,  1990) whereas 

Silverman and Kruger (1990) found little (approximately 10%) overlap between the lectin 

positive/FRAP population and the CGRP-IR population in the adult rat lumbar DRGs, a 

contradiction that is best explained by the different methodologies used. Indeed most 

authors go on to use FRAP staining (and Grijfonia simplicifolia isolectin B4 staining) to 

label the non-peptidergic SD neuron population as described above, and CGRP-IR to 

label the peptidergic SD neuron population (see section 1.4.5).

Other enzymes have been reported in DRG neurons, such as glycogen 

phosphorylase, cytochrome oxidase, adenosine deaminase, alkaline phosphatase and acid 

phosphatase (see Willis and Coggeshall, 1991) but these are not commonly used to 

characterise DRG neurons.

1.4.5: Oligosaccharide and carbohydrate content.

Oligosaccharides are chains of sugars synthesised by series o f glycosyl 

transferases. They can be straight or branched (chains) and are conjugated to lipids 

(glycolipids) or proteins (glycoproteins). There are over 400 known glycolipid structures 

and they are thought to have many functions including maintenance o f a hydration shell 

around cells (oligosaccharides being hydrophilic), cell-cell recognition and adhesion.

The presence o f conjugated oligosaccharides and characteristic sugars in sensory 

nerves and their termination zones in the dorsal horn o f the spinal cord was reported by 

two different groups of researchers in the mid-1980’s using 2 different lines o f inquiry. 

Streit et al. (1985) examined the reactivity o f various plant and animal lectins, which 

recognise individual sugars or pairs o f sugars, on DRG neurons and their central 

processes. They found that lectins that recognised terminal a-D-galactose (such as 

Griffonia simplicifolia isolectin B4; GS-IB4) reacted with a population o f SD neurons. L 

type neurons rarely showed any a-D-galactose reactivity but did show reactivity for N-
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glycosidically linked sugars. The lamina I and II o f the spinal cord also showed lectin 

reactivity, but not in spinal cord neuronal perikarya or glia, and this was assumed to be 

due to transport to the central terminals of the lectin reactive, proprioceptive, small 

diameter afferents from the DRGs. The nature o f the glycoconjugates was unknown but 

they were assumed to be glycoproteins due to the fact that reactivity was not abolished by 

paraffin processing (glycolipids being removed by this: See Streit et a l ,  1985).

Dodd et a l  (1984; Dodd and Jessell, 1985) reported that subpopulations o f DRG 

neurons could be distinguished on the basis o f oligosaccharide immunoreactivity. This 

approach used monoclonal antibodies directed against sequences o f sugars rather than 

individual sugars. They found that lactoseries oligosaccharides (which they also called 

sensory neuron-acinar cell: SNAC) antigens were found predominantly in small-medium 

sized rat DRG neurons, both in vivo and in vitro, and their central termination zones in 

lamina I and II o f the spinal cord. Antibodies raised against globoseries oligosaccharide 

antigens that are expressed during embryogenesis, such as stage specific embryonic 

antigen (SSEA) 1, 3 and 4 were found to immunostain predominantly large diameter 

neurons and their termination zones in deeper laminae o f the spinal cord. More than 80% 

of adult rat DRG neurons could be labelled with antibodies directed against lactoseries or 

globoseries oligosaccharides (Dodd and Jessell, 1986). These authors assumed these 

antigens to be glycolipids as treatment with methanol abolished immunoreactivity; fiarther 

work (Chou et a l ,  1989) showed the presence o f these moieties on the GMl glycolipid 

but it is still unclear whether they occur on proteins as well.

The function o f these oligosaccharides has been postulated to involve cell-cell 

recognition o f primary afferents, particularly regarding the laminar organisation o f the 

spinal cord (Dodd and Jessell, 1985, Jessell and Dodd, 1985), and this is becoming more 

likely with the recent discovery of endogenous galactose-binding lectins in the central
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nervous system which may act as recognition factors for these oHgosaccharides (Barondes 

e ta l ,  1994; Puche and Key, 1995).

The DRG neuron population that can be labelled with lectins that label terminal a -  

D-galactose residues (such as GSA-IB4), or antibodies against the extended 

oligosaccharide (such as LA4) was found to be virtually identical to the FRAP containing 

SD population (Jessell and Dodd, 1985; Silverman and Kruger, 1990). Other authors have 

found co-localisation o f GSA-IB4 lectin reactivity with substance P-IR which would tend 

to contradict the use of FRAP/GS A-IB4 and CGRP-IR to delineate the two putative 

populations. However it is extremely likely that the GSA-IB4 lectin staining occurs as 

either strong (= non-peptide, 32% of the total lumbar DRG population) or weak staining 

(=others) and so care should be exercised when using this lectin (see Wang et a l ,  1994). 

For this reason the use of monoclonal antibodies directed against the extended 

oligosaccharide epitopes, in particular LA4, might be expected to show a more restricted 

distribution, which does seem to be the case (Alvarez et a l ,  1991; Averill et a l ,  1995). 

Interestingly, when the glycolipid containing the terminal a-D-galactose oligosaccharides 

was analysed and the structure specificity o f the antibodies directed against it (such as 

LD2, LA4 and TC6) examined, the antibodies showed similar reactivities against the same 

glycolipid. This indicates that the restricted distribution seen in rat DRG and spinal cord is 

due to topographical differences in the shape o f the same antigen rather than different 

antigens (Chou e ta l ,  1989).

The globoseries oligosaccharide antigens such as SSEA 1, 3 and 4, appear to be 

specific to subsets o f the L neuron population (Dodd et a l ,  1984; see Lawson, 1992; 

Holford et a l ,  1994) and o f these SSEA4 labels the most neurons in rat lumbar gangha 

(about 11%: Dodd and Jessell, 1985).
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1.4.6: Neurotrophic factor receptors

The discovery of the prototypical neurotrophin (a trophic molecule for neurons), 

nerve growth factor (NGF; see Levi-Montalcini and Angeletti, 1968) led to the formation 

of the neurotrophic hypothesis to explain how numbers o f neurons are regulated during 

development (see Barde, 1989). This hypothesis describes how developing sensory 

neurons appear to be dependent upon a supply o f NGF from the periphery without which 

they die (e.g. Johnson et a l ,  1980), but the role o f NGF in adult animals is less clear (see 

Lindsay, 1988, 1992; Snider and Johnson, 1989; McMahon gf ar/., 1995). The discovery of 

brain derived neurotrophic factor (BDNF: Barde et a l ,  1982) and its subsequent 

sequencing and cloning (Leibrock et a l ,  1989) revealed it to be a structural analogue of  

NGF, with a 50% homology. This information was used to screen genomic DNA for 

related molecules and neurotrophin-3 (NT3) was subsequently discovered (Maisonpierre 

et a l ,  1990a). Additional discoveries o f a series o f structurally unrelated neurotrophic 

factors such as ciliary derived neurotrophic factor (CNTF: Manthorpe et a l ,  1986) has 

raised the possibility o f classifying sensory neurons according to their putative trophic 

requirements. Indeed, one could imagine that various combinations o f neurotrophins and 

neurotrophic factors derived from different sources and targets might explain the 

overlapping populations o f neuropeptide-containing DRG neurons; neurons responsive to 

NT3 and BDNF might express SSEA4, those responsive to NGF might express CGRP, 

those responsive to NGF and CNTF might also express substance P and so on.

The subsequent discoveries o f the 3-member trk family o f tyrosine kinases and 

their sequences (see Barbacid, 1994) that act as high aflSnity receptors for NGF, BDNF 

and NT3 (and other subsequently discovered neurotrophins) along with the low aJBQnity 

p75 neurotrophin receptor (Johnson et a l ,  1986) enabled in situ hybridisation studies in 

DRGs to be conducted (there is a lack o f suitable antisera for trk molecules in rats at
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present). Initially the bulk o f the work on this potential classification system was carried 

out on neonatal animals rather than adults (e.g. Mu et al., 1993; Wright and Snider,

1995), as some neurotrophin receptor expression is much greater during development (see 

Emfors et a l ,  1993; McMahon et a l ,  1994; Molliver and Snider, 1997).

Trk A, the high affinity receptor for NGF, is co-localised with the peptidergic, 

CGRP-IR, GAP43-1R SD neuron population in the adult rat lumbar (L4 and L5) DRGs 

(Verge et a l ,  1989, 1990; Averill et a l ,  1995), about 40-50% of the total (Mu et a l ,

1993). Trk B, the BDNF high affinity receptor and trk C (NT3 high affinity receptor) are 

found in approximately 6% and 8% of neurons in adult rat lumbar DRGs respectively (Mu 

et a/., 1993), or 27% and 17% (McMahon et a l ,  1994) a difference that was explained by 

whether weakly labelled neurons were counted or not. Neurons expressing trk C are o f  

large diameter, with those expressing trk B being o f intermediate size (McMahon et a l ,

1994). The trk A-containing population is largely separate from the trk C-containing 

population, but there appears to be disagreement over whether the trk B-containing 

population does or does not express either trk A or C (see McMahon et a l ,  1994; Wright 

and Snider, 1995) which may also be due to methodological differences. The p75 low 

affinity neurotrophin receptor is only expressed in those neurons expressing trk A, B or C 

and only half of the trk C-containing population co-express p75 (Wright and Snider,

1995): this leaves a substantial proportion o f DRG neurons that do not express any known 

neurotrophin receptor in the adult rat in detectable quantities. These neurons would 

appear to include the TMPase/FRAP/LA4-lR/GS-lB4 reactive neuron population, and 

indeed this has recently been shown (Averill et a l ,  1995).

The CNTF receptor is part o f the large cytokine receptor family and consists of 

three subunits one of which, the CNTF-a subunit, is responsible for binding the CNTF 

molecule (Davis et a l ,  1991). Immunohistochemistry on adult rat DRGs using antibodies
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directed against this protein demonstrated immunoreactivity in all DRG perikarya, with 

staining varying from weak to intense (MacLennan et a l ,  1996). Other potential 

neurotrophic factors include glial derived neurotrophic factor (GDNF: Lin et a l ,  1993) 

and neurturin (Kotzbauer et a l ,  1996). It is likely that other neurotrophic factor receptors 

(e.g. the neurturin receptor: Klein et a l ,  1997), and possibly neurotrophin receptors, exist 

and may provide a more coherent way o f phenotyping the various populations of sensory 

neurons.

1.4.7: Other markers

The B subunit o f cholera toxin (choleragenoid: CB) binds to the GMl ganglioside 

with a high affinity (Cuatrecasas, 1973) and, when labelled with an appropriate 

chromogen, can be used to identify DRG neurons belonging to the L population 

(Robertson and Grant, 1989). Along with RT97 immunoreactivity, choleragenoid binding 

is another way to identify L neurons (see Lawson, 1992). L neurons will also transport 

CB to their central processes when it is injected into their peripheral processes, whilst SD 

neurons do not in the rat (Robertson and Grant, 1985); when conjugated with a reporter 

molecule such as horseradish peroxidase it can be used to identify their central processes. 

Similarly SD neurons transport wheatgerm agglutinin (WGA) to their central terminals in 

lamina I and II whilst L neurons do not (Robertson and Grant, 1985), and this enables the 

central termination zones o f SD neurons to be visualised.

The growth associated protein GAP43 (also called B50) is involved with axonal 

elongation and growth cone morphology (De Graan et a l ,  1985; Verhaagen et a l ,  1986; 

Burry et a l ,  1992). In normal rat lumbar DRG it is found in approximately 60% of  

neurons o f small to medium size (Sommervaille et a l ,  1991) and is co-locahsed with the 

high-affinity nerve growth factor receptor, trk A, and CGRP (Verge et a l ,  1989, 1990). 

The precise function o f GAP43 in these neurons is unknown but may reflect an inherent
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plasticity in this (peptidergic) population o f neurons, and does provide further evidence of 

a division between the peptide-containing and the non-peptide-containing SD neurons.

1.5: CENTRAL TERMINATION ZONES OF BIOCHEMICALLY DEFINED DRG

NEURONS

1.5.1: Biochemical markers in the spinal cord o f  primary afferent origin.

The tracing studies involving the injection o f anterogradely transported tracers into 

the periphery and studies utilising degeneration o f central terminals following rhizotomy, 

have shown that the termination zone differs according to the size o f the axon and/or 

whether axons are myelinated or unmyelinated. That o f unmyelinated afferents (from SD 

neurons) is largely within lamina I and II (the substantia gelatinosa), whilst that of 

myelinated afferents (from L neurons) has a more diffuse distribution within the laminae 

III-V (see section 1.3)

All the putative markers for the SD and L neurons described above are generally 

found in the expected laminae o f the dorsal horn o f the spinal cord: CGRP, substance P, 

LA4 and LD2-IR, and GS-IB4 reactivity is generally seen in lamina I and II (Hokfelt et 

a i ,  1976; Gibson e ta l ,  1984; Jessell and Dodd, 1985; Tajti e ta l ,  1988; Alvarez e ta l ,  

1989 a,b; Silverman and Kruger, 1990), whilst SSEA 1, 3 and 4-IR (some o f the few 

afferent markers for the central terminals o f some L neurons) is seen in lamina III, IV and 

V (Jessell and Dodd, 1985). Some L neurons contain CGRP and some CGRP-IR axons 

can be observed in deeper laminae and around lamina X (Gibson et a l ,  1984). GAP43-IR 

is seen in all parts of the grey matter, but there is a greater concentration in the superficial 

laminae o f the dorsal horn. Like CGRP-IR, GAP43-ER is also seen in lamina X, ventral to 

the central canal (Curtis et a l ,  1993).
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The division of unmyelinated DRG neurons into peptidergic and non-peptidergic 

subsets also seems to have relevance in the termination areas o f the centrally projecting 

axons: that o f CGRP-IR (peptide-containing) afferents is seen predominantly in lamina I 

and the outer part o f lamina II (lamina IIo) in the rat whereas LA4 oligosaccharide 

immunoreactivity (non-peptide-containing afferents) is concentrated in the inner part o f  

lamina II (lamina Hi: Alvarez et a l ,  1989b, 1991). Data for the precise laminar 

distribution o f GS-IB4 reactive afferent terminals does appear to be absent in the 

literature.

It is unclear at present whether neurotrophin receptor localisation will be o f use in 

defining the laminar distribution of primary afferent terminals in the spinal cord. Recent 

work using a newly characterised antibody, however, has shown that trk A 

immunoreactivity is concentrated in laminae I, IIo and in patches in deeper laminae, which 

is where one would expect it to be found if it was contained within CGRP-IR afferents 

(Averill et a l ,  1995). It is unclear whether it has any functional role within the afferent 

axons and terminals, although some reports have suggested that under certain conditions 

trophic factor supply from the cord may be important (Johnson and Yip, 1985). The low 

affinity neurotrophin receptor, p75, is localised in the superficial laminae o f the rat spinal 

cord, at least at thoracic and cervical levels (Pioro and Cuello, 1990), and it is co-localised 

with CGRP within primary afferents (Fried et a l ,  1990). The CNTF receptor is not 

concentrated in any particular area o f the dorsal horn, it seems (MacLennan et a l ,  1996). 

1.5.2: Summary: classification o f DRG neurons.

Dorsal root ganglion neurons can be subdivided in many different ways on the 

basis o f function, size, staining properties, central termination zone in the spinal cord and 

biochemical content. The SD population appears to be a more heterogeneous group than 

the L population, but the most meaningful division o f this population in the adult rat in my
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view, on the basis o f neuropeptide expression, central termination patterns and possibly 

neurotrophin receptor expression, is the division into peptidergic and non-peptidergic 

subsets. I do not propose to subdivide the L population (based on RT97-IR) apart from 

the expression/non-expression of the SSEA4 oligosaccharide.

1.6: THE EFFECT OF AXOTOMY UPON THE MORPHOLOGICAL 

CHARACTERISTICS OF DORSAL ROOT GANGLIA

1.6.1: Morphological effects o f axotomy: the axon reaction.

The term axon reaction describes a neuronal response to axotomy that leads to a 

sequence o f morphological, functional and physiological changes in the perikaryon o f the 

affected neuron. The term is inclusive o f the appearance o f such neurons which has been 

called chromatolysis, due to the disruption and reduction o f the Nissl staining which is a 

characteristic o f this process. The axon reaction has often been studied in sensory neurons 

following axotomy of the peripherally projecting axons, due to ease o f access to the axons 

and associated ganglia and due to the relatively simple nature o f the neural connections 

(i.e. one can generally be sure that one has severed all connection with the peripheral 

targets). Moreover, like other neurons in the peripheral nervous system, they also have the 

ability to regenerate if conditions allow.

The axon reaction was first described by Nissl at the end o f the last century in 

rabbit facial neurons and later in spinal motor neurons (see Lieberman, 1971), and 

included descriptions of the migration o f nuclei to the periphery o f neurons and the 

apparent disruption and dissolution o f the cytoplasmic basophilic material. These are the 

primary morphological features seen in perikarya during the axon reaction, along with 

swelling and /or shrinkage. On the other hand axotomy o f the centrally directed axons of
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sensory neurons (rhizotomy) does not produce any observable morphological change in 

the perikarya o f the affected neurons (see Cragg, 1970; Lieberman, 1976), although it 

does produce changes in the termination zones in the spinal cord as these afferent axons 

subsequently undergo Wallerian degeneration. Permanent transection o f the peripheral 

axons also produces changes in the proximal stump of the nerve, resulting in neuroma 

formation which may persist for long periods o f time (see Weller and Cervos-Navarro, 

1977). The distal part o f the transected nerve undergoes Wallerian degeneration, with 

phagocytosis o f myelin and axon remnants by macrophages, until eventually only Schwann 

cells remain (with fibroblasts and macrophages). Crush injuries (axonotmesis) to the 

peripheral axons produces a transient axotomy (Bridge et a l ,  1994), with associated 

perikaryal responses and Wallerian degeneration o f the nerve distal to the trauma, 

followed by effective regeneration and resolution o f the chromatolytic appearance once 

contact with the periphery has been re-established (Rich et a l ,  1987; see McMahon,

1992; Swett et a l ,  1995). The length o f time that this regeneration takes does appear to 

depend upon the severity o f the crush lesion (in terms o f how long the nerve is crushed for 

or what type of forceps are used: Bridge et a l ,  1994). This is probably due to the 

continuity o f the structural elements (such as Schwann cells and basal laminae), being 

preserved and acting as a scaffold for the growing axons (see Scaravilli, 1984) and the 

production of neurotrophic factors by cells in the distal stump (Politis et a l ,  1982; 

Heumann et a l ,  1987). Nerve transection results in a disruption o f these structural 

elements, and depending upon the size o f the gap between the distal and proximal stumps, 

a much reduced or abolished regenerative response. However, the nerve crush paradigm 

appears to have been less intensively researched than transection-type trauma in 

investigating adult perikaryal responses to axotomy.
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Since Nissl’s early observations, much research has been focused on the axon 

reaction: its duration and factors affecting the severity and outcome (Ranson, 1906, 1909; 

Cavanaugh, 1951; Lieberman, 1971, Wells and Vaidya, 1989; see Aldskogius et al^

1992). The first changes in sensory ganglia, such as nuclear eccentricity, begin to occur 

around 24-48 hrs after axotomy depending upon the distance o f the trauma from the cell 

body (see Lieberman, 1974) and these progress, with loss o f basophilia, for several days. 

This appearance persists for 2-3 months after permanent axotomy, after which these 

features become less prominent. On an ultrastructural level, the perikaryal changes involve 

a disruption o f the cytoskeletal network o f filaments and microtubules leading to a 

dispersion o f cell organelles such as rough endoplasmic reticulum, and alteration o f cell 

shape (Meller, 1989). The nucleus can also show changes: indentations on one side o f the 

eccentric nucleus, changes in nucleolar size and changes in nuclear size following 

unilateral transection o f the sciatic nerve, which incidentally were also observed in the 

contralateral control DRG neurons after sciatic nerve crush (Wells and Vaidya, 1989).

There are occasional reports in the literature o f “atypical” chromatolytic neurons 

following axotomy (Carmel and Stein, 1969), with the formation o f vacuolated or “signet 

ring” neurons (Nittono, 1923; Cavanaugh, 1951; Carmel and Stein, 1969; Aldskogius and 

Arvidsson, 1978; Kerezoudi et al., 1995). These appear to have a low occurrence, but 

persist for long periods o f time (Cavanaugh, 1951; Kerezoudi et a l ,  1995) and were 

apparently ignored by most later authors o f work on axotomy; the question of whether 

they might represent a specific response by a neuronal subpopulation has not been 

explored. These vacuolated (or “cavitated”: LaMotte and Kapadia, 1987) neurons are also 

seen after acrylamide intoxication (Jones and Cavanagh, 1984), intraneural pronase 

injection (LaMotte and Kapadia, 1987), neonatal capsaicin exposure (Hiura and Ishizuka,
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1989) or acute radiation injury (Powers et a l ,  1994), all o f which may cause a de facto  

axotomy by disrupting axonal transport.

1.6.2: Axotomy-induced neuronal death and neural counting methods.

The phenomenon o f neuronal death has long been recognised as a potential 

outcome o f axotomy (Ranson, 1909; Cavanaugh, 1951; Humbertson, 1963; Aldskogius 

and Arvidsson, 1978; Ygge and Aldskogius, 1984; Arvidsson, 1986; Ygge, 1989b; see 

Aldskogius et al.  ̂ 1992; Suzuki et a l ,  1993; Baranowski et a l ,  1993). Very few o f these 

studies have used direct observations or counts o f degenerating or dying neurons (c.f. 

Aldskogius and Arvidsson, 1978), but have relied instead upon left versus right (“side-to- 

side” comparisons) comparisons o f neuronal numbers at various times following unilateral 

axotomy of a peripheral nerve, or retrograde labelling studies that compared average 

numbers o f neurons before axotomy with average numbers after (Baranowski et a l ,  1993; 

Swett ^/ûr/., 1995).

The methods used to calculate neuronal numbers in these studies have invariably 

been variants o f the serial reconstruction technique in which either nuclei (Himes and 

Tessler, 1989) or nucleoli (e.g. Cavanaugh, 1951; Ygge e ta l ,  1981; Devor e ta l ,  1985; 

Arvidsson e ta l ,  1986; Ygge, 1989b) o f neurons were counted in selected serial sections 

o f ganglia. The total numbers o f sensory neurons were obtained by multiplying the total 

number o f particles (nuclei or nucleoli) counted by the total number o f serial sections and 

applying a correction factor (Abercrombie, 1946) for the size and/or number o f nucleoli or 

nuclei. This method is biased as it makes various assumptions about the size, shape and 

distribution o f the particles counted, and the similarity o f injured to uninjured neurons 

which may not be true (see Coggeshall, 1992), and can result in disparate estimates o f  

cells loss. For example, using side-to-side comparisons. Rich e ta l  (1989) report a 13.2 % 

loss o f L4 and L5 lumbar DRG neurons after 26 weeks following transection o f the sciatic
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nerve at mid-thigh level, whereas Arvidsson et a l  (1986) found a 25-30% loss in L4, L5 

and L6 after 60 days after a similar surgical procedure. However Rich et a l  (1989) used 

serial reconstructions from 8pm sectioned paraffin embedded ganglia, counting the 

neuronal nucleoli in every 10th section whereas Arvidsson et a l  (1986) used serial 

reconstructions from 10pm sections o f frozen ganglia, counting nucleoli in every 5th 

section. In both papers a section o f the distal stump was removed to prevent any 

regeneration from taking place, but Rich et a l  (1989) capped the proximal stump with a 

silicone rubber tube as well, and this also may have affected the extent o f any cell loss. 

Another possible cause o f the variation seen may be the loss o f the particles being counted 

(here the nucleoli) from the sections during staining; an effect that may have been greater 

in frozen sections. Other research using retrograde tracing to estimate neuronal losses, 

and comparing the average number o f labelled neurons in control animals with that in 

axotomised animals estimated a loss o f 39% of axotomised adult rat saphenous nerve 

afferents (Baranowski e ta l ,  1993)

Variations in the estimates o f numbers of neurons according to the methods used 

are well documented (Smolen e ta l ,  1983; Schmalbruch, 1987a; Coggeshall e ta l ,  1990, 

1994; see Coggeshall, 1992; Swett e ta l ,  1995). This demonstrates the problems o f using 

biased counting techniques and the problem of using side-to-side comparisons, in which 

ganglia from operated sides are compared with the contralateral “control” ganglia after 

unilateral axotomy. This may be the reason behind the disparate estimates o f neuronal loss 

following axotomy: it does not mean that individual studies utilising the same protocol 

throughout the study do not give useful information, but that meaningful comparisons 

between papers utilising different protocols cannot be made.

The recently developed technique o f three dimensional (stereological) counting 

(Sterio, 1984; Williams and Rakic, 1988; Gundersen et a l ,  1988) seeks to avoid the
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biases inherent in serial reconstructions by making no assumptions about the size, shape or 

distribution o f particles (in this case neurons). By counting particles in a three dimensional 

counting frame on thick tissue sections (the optical disector method), or those in one o f  

two adjacent thin serial sections (the physical disector method) it is possible to avoid the 

complications o f multiple or split nucleoli or nuclei, whereas in sampled single thin serial 

sections (used in the serial reconstruction method o f counting) it is much more difficult to 

do so. Theoretically, the optical disector method should be superior to the physical 

disector in estimating absolute numbers o f neurons as here one is examining a volume 

within a thick section, so that potentially distorting effects from section cutting are 

minimised.

That the stereological method is superior is demonstrated by comparison, as has 

been performed by Coggeshall and co-workers (1994) who compared the disector method 

with absolute profile counts on the same tissue. The disector method was found to 

produce accurate estimates of rat DRG neuron numbers, whereas the serial reconstruction 

method (with Abercrombie correction factor) did not. Subsequent work has addressed the 

issue o f whether DRG neurons each send one process to the spinal cord. Serial 

reconstructions produce a 1:1.4 ratio o f DRG neurons to dorsal root axons in the cat 

(Chung and Coggeshall, 1984) whereas a stereological study demonstrated a 1:1 ratio in 

the rat (Tandrup, 1995). Up to this point no estimates o f axotomy-induced neuronal death 

appear to have been conducted using the stereological approach, which is strange 

considering the amount o f literature on the subject, and that such research could be the 

final word on the subject.

However, in studies on axotomy-induced neuron death (Peyronnard etal.^ 1988; 

Ygge, 1989b; Rich et a l ,  1989; Himes and Tessler, 1989), one o f the major assumptions 

made is that there are equal numbers o f neurons on either side o f an animal at the L4, L5
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and L6 level. There does appear to be a great deal o f variation in numbers between 

individual ganglia (Ygge e ta l ,  1981; Chung and Coggeshall, 1984; Schmalbruch, 1987b; 

Peyronnard et a l ,  1988) and for this reason most researchers pool counts for groups o f  

ganglia contributing to the nerve studied which tends to reduce the variation (e.g., Otto et 

a l ,  1987; Ygge, 1989b). Another assumption is that DRG neurons are not increasing in 

number over time. Devor et a l  (1985) reported that the apparent neuronal loss was due to 

a cessation o f proliferation in the ganglia on the axotomised side rather than a loss o f  

neurons per se. It has recently been shown that the number o f sensory and sympathetic 

neurons in amphibians increases with body size (St. Wecker and Farel, 1994; St. Wecker 

et a l ,  1995), and the question o f whether this occurs in mammals is an intriguing one, and 

very germane to the issue of neuronal loss following axotomy.

On the basis o f the above considerations, the “true” extent o f neuronal loss would 

be the number o f neurons that die after being axotomised, rather than the number o f  

neurons missing in a ganglion after axotomy when compared to the contralateral one. 

Transection o f the sciatic nerve at mid-thigh level does not axotomise all o f the neurons in 

L4 and L5 ganglia as neurons from these DRGs also contribute axons to more proximal 

areas in addition to the sciatic (see Schmalbruch, 1987b; Swett et a l ,  1991).

Consequently it is also not at all clear whether all the neurons that die are indeed neurons 

that have been axotomised, or whether something released from the injury site is 

neurotoxic to undamaged neurons.

The relative individual contribution o f L4 and L5 to the sciatic nerve is arguable 

due to the inherent unreliability of neuronal tracing methods: Himes and Tessler (1989) 

and Devor et a l  (1985) report that 70% and 62.7% respectively o f adult rat L5 lumbar 

DRG neurons project axons to the mid-thigh region o f the sciatic nerve, whereas Swett et 

a l  (1991) found that L4 contributed the most axons. Swett et a l  (1991) also reported
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that, using an optimal WGA-HRP/HRP labelling protocol, around 98% o f sciatic sensory 

afferents are contributed by L4 and L5 DRGs in the rat, with the remainder being 

contributed by L3 (0.3%) and L6 (1.2%). It is entirely likely that strain differences, biased 

counting methods and intraspecies variation contribute to the variation seen between L4 

and L5 contributions. For this reason most authors again pool neuronal counts from L4, 

L5 and sometimes L6 together when looking at the effect o f sciatic injury on neuronal 

numbers (Arvidsson, 1986; Rich e ta l ,  1989; Ygge, 1989b; Baranowski eta l., 1993), 

although some chose to look at just one ganglion (Himes and Tessler, 1989). Little 

somatotopic organisation o f the perikarya o f neurons contributing axons to the sciatic 

nerve and its branches has been found within L4 and L5 DRGs o f the rat (Swett et a l ,

1991), in contrast to the termination areas o f the central processes (Swett and Woolf, 

1985).

Many workers researching permanent (transection) axotomy-induced changes to 

ganglion neurons also ligate the nerve in addition to removing a portion o f the distal 

stump, so that no regeneration is possible (e.g. Tessler et a l ,  1985; Peyronnard et a l ,  

1986; Himes and Tessler, 1989; McLachlan e ta l ,  1993), which may help to reduce 

variation in figures for cell loss. The distance from the lesion to the DRG may also be a 

factor in degree o f neuron loss, and this may be related to the amount o f axoplasm lost, or 

to the amount o f trophic support derived from what was the proximal portion (Lieberman, 

1974; Ygge, 1989b).

It appears to be generally accepted that crushing o f the peripheral axons produces 

less neuronal death in the affected ganglia than transecting them without allowing 

regeneration (Rich e ta l ,  1989; Baranowski e ta l ,  1993; Sw etfe/a/., 1995). Following 

crush injuries in the rat sciatic nerve, functional regeneration is complete by 2 months 

(Bridge et a l ,  1994) and it is likely that the distal stump can provide trophic support to
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regenerating axons thereby reducing the incidence o f neuronal death (Politis et al., 1982; 

Heumann e ta l ,  1987; Funakoshi e ta l ,  1993; Liu e ta l ,  1995a). To summarise, 

considering the effect o f location of injury, it seems that the factors that determine the 

severity and duration of the axon reaction in adult mammals also affect the extent o f 

neuronal death (see Lieberman, 1974; Aldskogius e ta l ,  1992), although stereological 

studies in this area are needed.

Despite the dubious nature o f the commonly used serial reconstruction method to 

count neurons, there seems little doubt that axotomy in the neonate produces a much 

greater incidence of neuronal death than in the adult and this death occurs more rapidly 

than in the adult (Aldskogius and Risling, 1981; Risling et a l ,  1983; Bondok and 

Sansone, 1984, Schmalbruch, 1987b; Himes and Tessler, 1989). This may be due to the 

greater dependence o f neurons upon target-derived trophic factors in the neonate, a 

dependence that in mature neurons seems less critical (Snider and Johnson, 1989; see 

Lindsay, 1992: see section 1.8). Curiously, no chromatolysis was observed in the L4-L6 

DRGs following sciatic nerve crush in new bom rats, the neurons instead becoming 

smaller and more intensely stained (Bondok and Sansone, 1984), indicating that as well as 

a quantitative difference in the extent o f degeneration, there is also a qualitative difference 

in the neonatal response to axotomy.

Morphological evidence for a selective effect o f axotomy upon SD or L neurons is 

contradictory. Some authors have found a selective loss of small diameter neurons 

(Ranson, 1909; Cavanaugh, 1951; Arvidsson and Aldskogius, 1977; Aldskogius and 

Arvidsson, 1978; Rich et a l ,  1989), some have found a preferential loss o f large neurons 

(Bondok and Sansone, 1984) and others have found no selective effects on any neuron 

type (Ygge and Aldskogius, 1984; Arvidsson et a l ,  1986). In most o f these studies, 

conclusions were based on neuronal size spectra, and considering the neuronal volume
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changes that occur after axotomy (Wells and Vaidya, 1989; Rich et a l ,  1989) it is 

probably not surprising that different results were obtained. Stereology may not even be 

of use here, if one considers that the main distinction between SD and L neurons in 

stereological studies is the number o f nucleoli per nucleus and distribution o f Nissl 

substance (Tandrup, 1993, 1995), and that these may change as a result o f axotomy.

Theoretically, one o f the best ways to calculate the extent o f neuronal death 

following axotomy would be to base a study upon direct observations o f degenerating and 

dying neurons. This would give an unambiguous indication of the time course of neuronal 

death and, if the kinetics o f the formation and removal o f the degenerating/dying neurons 

were known, could give an accurate figure for the number o f neurons killed by axotomy. 

There have been reports o f degenerate neurons in adult rat spinal sensory ganglia 

following axotomy (Ranson, 1906; Cavanaugh, 1951), based on various cytological 

criteria such as pyknosis, vacuolation and destruction of cellular organelles. To date very 

few studies have tried to utilise this approach: Aldskogius and Arvidsson (1978) reported 

degenerating neurons in the trigeminal ganglion following transection of the infraorbital 

nerve and in the central nervous system (CNS) Berkelaar et al. (1994) found that 

transection of the optic nerve resulted in apoptosis (programmed cell death) o f retinal 

ganglion neurons. No attempt was made to quantify this phenomenon.

Apoptosis, as a distinct pathological entity, was first described around 25 years 

ago (Kerr et a l ,  1972) and is considered a different process from that o f necrosis due to 

major differences in the morphology of cells undergoing the two processes of destruction 

(see Portera-Cailliau et al, 1997a). It also appears to be a vital process in the regulation of 

cell number during development (e.g. Oppenheim, 1991; Spreafico e ta l ,  1995).

Apoptosis is an active process that requires macromolecular synthesis, and inhibitors o f 

this may prevent apoptosis from occurring (Martin et a l ,  1988) whereas necrosis
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seems to occur when the cell is overwhelmed by an insult, leading to loss o f cell volume 

regulation and cessation of synthetic functions (see Majno and Joris, 1995). Apoptosis is 

also characterised by a “ladder” pattern on DNA gels which is caused by activation o f a 

calcium activated endonuclease that digests DNA into 200 base pair fragments (Wyllie, 

1980). Morphologically, apoptosis has a very distinctive appearance as nuclear DNA 

becomes condensed into “caps” or nucleosomes: spherical, highly condensed DNA that 

stains intensely with DNA stains. The cell affected also shrinks in size and may show 

cytoplasmic vacuolation and membrane “blebbing” (small protrusions: Wyllie et al.,

1984). The ultimate fate of cells undergoing apoptosis is to be phagocytosed: this may 

occur as quickly as 3 hrs after initiation of the process (Wyllie et a l ,  1980). More 

recently, in addition to the traditional morphological methods, histochemical techniques 

have been developed that stain apoptotic cells by in situ detection of damaged DNA 

produced during apoptosis (Gavrieli et a l,  1992; Wijsman et a l ,  1993).

The degenerating trigeminal neurons described by Aldskogius and Arvidsson 

(1978) exhibit many of the features of apoptosis such as DNA condensation, but there are 

no recent reports of degenerating neurons in rat dorsal root ganglia following axotomy. 

Ekstrom (1995) describes apoptosis in mouse dorsal root ganglia following sciatic 

axotomy at the hip level, both in vitro and in vivo. Numbers of apoptotic neurons seen in 

vivo were low (3-5 per pair o f ganglia) and were seen from 7-10 days after axotomy, but 

this study did not progress beyond 3 weeks, at which time the numbers o f apoptotic 

neurons had diminished greatly. Early researchers described degenerating neurons 

(although the descriptions are fairly disparate) following peripheral axotomy (Ranson, 

1909; see Lieberman, 1971). Aldskogius and Arvidsson (1978) also report that these 

degenerating neurons were not seen after 30 days post-trauma and that none were seen in 

the control, contralateral ganglia. They found that the number o f degenerating neurons
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was small compared to the estimated neuronal loss (using serial reconstructions) and 

speculated that this may be due to a rapid removal process. Berkelaar et al. (1994) found 

that in the CNS approximately 90% of retinal ganglion neurons died by 14 days after 

transection o f the infraorbital nerve and that this death occurred by apoptosis, abruptly 

commencing 5 days after axotomy. Indeed different neuronal populations appear to have 

different susceptibilities to axotomy-induced neuron death (see Lieberman, 1971) and may 

reflect biochemical differences between placode-derived and neural crest-derived neuron 

populations. Relatively little work appears to have been directed at the duration o f the 

period o f axotomy-induced cell death in dorsal root ganglia, most authors finding that it 

was essentially complete by 2 months (Schmalbruch, 1987b; Rich et a l ,  1989; Himes and 

Tessler, 1989) and that virtually no change occurred after this up to 6 months (Rich et a l,

1989) or 1 year later (Himes and Tessler, 1989).

To conclude, the extent and time course of axotomy induced neuronal death 

appears to vary between different classes of sensory neuron (i.e. retinal ganglion neurons 

vs. DRG neurons) and different types of trauma. The time course, extent and nature of 

neuronal death in adult rat L4 and L5 DRGs following axotomy of the sciatic nerve has 

not been investigated by direct observation or by stereological techniques in any detail.

For this reason the question of whether neuronal loss occurs at all in the adult rat is open. 

1.6.2: Morphological changes in the central termination zones o f sensory neurons 

following axotomy

Cassirer first described degeneration of centrally projecting axons of sensory 

neurons following transection of rabbit sciatic nerve at the end of the 19^ century (see 

Aldskogius et a l,  1992), using the Marchi stain for degenerating myelin. This is a silver 

impregnation method that stains degenerating myelin a black colour. This phenomenon 

was later termed transganglionic degeneration (TGD: Grant and Arvidsson., 1975) and
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was shown to be a common response to peripheral axotomy (e.g. Grant and Ygge, 1981; 

Arvidsson e ta l ,  1986; Arvidsson, 1986). In the spinal cord itself, degeneration 

argyrophilia demonstrated using the Fink-Heimer silver impregnation technique was seen 

predominantly in Lamina III-IV, with a few scattered degenerating fibres in laminae V and 

VI as well as in the contralateral dorsal horn of the rat following sciatic transection 

(Arvidsson et a l,  1986). This appearance appeared to continue past 180 days. Relatively 

few argyrophilic profiles were seen in lamina II (Grant and Arvidsson, 1975; Arvidsson et 

a l,  1986). However ultrastructural studies have shown electron dense terminals appearing 

with loss o f synaptic vesicles and contacts, and a gradual loss o f afferent terminals with 

replacement by glial elements (Knyihâr and Csillik, 1976; Castro-Lopes et a l ,  1990) in 

lamina II. This slightly different pattern of degeneration may explain the lack o f  

argyrophilia, as glial processes are not argyrophilic with these techniques. Furthermore 

Ygge (1989a) found that cutaneous afferents (which contain more c-fibres from SD 

neurons) were more prone to react with TGD than muscular afferents. Aldskogius et a l  

(1985) conducted a Marchi study in the spinal cord following sciatic nerve transection in 

the rat and concluded that few myelinated afferents underwent degeneration following 

axotomy. However, they do appear to undergo degenerative atrophy (Knyihâr and Csillik, 

1976).

The relationship between axotomy-induced neuronal death and TGD remains 

unclear: the first signs appear 1-2 weeks after axotomy and lasts for at least 180 days 

(Arvidsson et a l, 1986), which is intriguing when one considers the possible relationship 

between TGD and ganglion neuron death, which is supposed to be complete by 2-3 

months (Rich e ta l ,  1989; Himes and Tessler, 1989). It is difficult to categorically link 

degenerating terminals with dying neurons, as the terminals o f axotomised neurons may 

degenerate without the parent neuron dying (see Aldskogius et a l ,  1992). Sugimoto and
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Gobel (1982) found a normal density and distribution of horseradish peroxidase (HRP) 

reactive terminals after it was injected into previously transected nerves o f the cat, and 

took this to mean that neurons survive axotomy. However, this may be due to the 

sprouting and reorganising o f surviving unmyelinated afferents (Knyihar-Csillik et a l ,

1990). Myelinated afferents also undergo reorganisation following axotomy (Shortland 

and Woolf, 1993): using the B subunit o f cholera toxin conjugated to HRP (CB-HRP) 

which is transported anterogradely by large myelinated afferents only (Robertson and 

Grant, 1985), Woolf et a l  (1992) found that peripheral axotomy of the rat sural nerve 

produced sprouting of myelinated afferents into the lamina II. This was put forward as a 

possible cause of neuropathic pain. There seemed to be little apparent difference between 

sciatic crush or transection in respect o f myelinated afferent sprouting (Woolf et a l ,

1992).

The morphological changes that take place in the central processes and terminals 

of primary afferents following peripheral axotomy appear to show distinct differences 

between lamina II (little argyrophilia, loss of synaptic vesicles and synapses) and LI, LIII, 

LIV and LV (more argyrophilia which continues for longer, sprouting into LII). Quite 

how these changes relate to neuron death or degeneration remains unclear.

1.7: BIOCHEMICAL CHANGES IN NEURONS FOLLOWING AXOTOMY

1.7.1: Structural proteins

Axotomy of the peripheral axons o f sensory neurons produces a decrease in the 

amount of neurofilament protein transported to the peripheral axons, but not in tubulin, 14 

days after injury, and this decrease is more severe after transection than after crush 

(Oblinger and Lasek, 1988). This appeared to be due to a decrease in mRNA and
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synthesis (Wong and Oblinger, 1990). No change was seen in the central branches o f the 

axotomised neurons and crushing o f the dorsal roots produced no changes in 

tubulin/neurofilament transport by 14 days (Oblinger and Lasek, 1988), but did produce 

changes in tubulin mRNA expression which initially increased (Wong and Oblinger,

1990). Actin synthesis and transport is also up-regulated (TetzlafF and Bisby, 1990). 

Peripherin synthesis is up-regulated as well, but only in the larger diameter neurons 

(Wong and Oblinger, 1990). The down-regulation in neurofilament synthesis has been put 

forward as the cause o f the reduction o f axonal and perikaryal diameters following 

axotomy (Carlson et a l ,  1979, Hoffman et a l ,  1987) and may be the cause o f the 

withdrawal/destruction o f some of the central terminals (see Aldskogius et a l ,  1992). 

These changes in neurofilament, actin and tubulin mRNA expression probably reflect a 

shift towards a regeneration mode (Teztlaff and Bisby, 1990; see Aldskogius e ta l ,  1992).

1.7.2: Neurotransmitters and neuropeptides

The expression o f neuropeptides in rat sensory neurons following axotomy shows 

a dichotomous pattern: the amount of substance P in lumbar DRGs begins to be decreased 

within 7 days o f sciatic axotomy (Jessell e ta l ,  1979; Tessler e ta l ,  1985; Villar e ta l ,

1989) as is CGRP in rats (Noguchi et a l ,  1990; Inaishi et a l ,  1992; Zhang et a l ,  1993a) 

and seems to be due to decreased synthesis (Noguchi e ta l ,  1990). Interestingly, there is 

an increase in the content and synthesis o f CGRP in DRGs after dorsal rhizotomy, which 

is prevented by previous transection o f the sciatic nerve (Inaishi et a l ,  1992). However, 

following peripheral axotomy there is a concomitant increase in the expression and 

synthesis o f vasoactive intestinal polypeptide (VIP) and galanin (Hokfelt et a l ,  1987; 

Villar et a l ,  1989; Zhang et a l ,  1993a): VIP is up-regulated in SD neurons (Kashiba et 

a l,  1992) and galanin is up-regulated in all neuron types (Zhang et a l ,  1993a). Moreover,
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with substance P, galanin and VIP return to normal levels after nerve crush and 

subsequent regeneration. The long term effects o f axotomy upon neuropeptide expression 

in DRGs has been examined to a very limited extent (see Aldskogius et a l ,  1992).

The effect o f axotomy upon glutamate, catecholamine, serotonin or other classical 

neurotransmitters in sensory neurons has not been extensively studied in situ probably due 

to the paucity o f data on the normal occurrence o f these transmitters in lumbar sensory 

ganglia (excluding glutamate). Peripheral axotomy of sensory neurons has been shown to 

affect gamma amino butyric acid (GABA) sensitivity, possibly by the up-regulation o f  

receptor expression (Oyelese et a l ,  1995) in them. Peripheral nerve injury does cause 

neuronal sprouting from perivascular noradrenergic axons within rat dorsal root ganglia 

which form basket-like structures around large-diameter sensory neurons, and this was 

suggested as a possible cause of neuropathic pain by the authors (McLachlan et a l ,  1993).

The recent discovery of nitric oxide (NO) as a putative 

neurotransmitter/neuromodulator, and its possible role in pathogenesis o f neuronal death 

and degeneration, has stimulated interest in the localisation in the nervous system of its 

synthesising enzyme, nitric oxide synthase (NOS: see Vincent and Hope, 1992): NO is 

highly unstable and visualisation of it is probably unfeasible. In the rat, levels o f this 

enzyme and its mRNA increase following sciatic nerve transection, mainly in small to 

medium sized neurons (Verge et a l ,  1992; Zhang et a l ,  1993b) where NO may be acting 

as a “lesion factor”. However this increase is not seen in the guinea pig or monkey (Zhang 

et a l ,  1993b; Rydh-Rinder et a l ,  1996) which is further evidence for species-dependent 

responses to axotomy. The cytotoxic nature o f NO, particularly in the presence o f  

superoxide radicals also suggests a possible pathological role for this molecule (Estevez et 

a l ,  1995; Gunasekar et a l, 1995).
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1.7.3: Enzymes

In contrast to NOS, the FRAP content o f DRG neurons decreases after rat sciatic 

nerve transection but by 21 days returns to near normal levels (Tenser, 1985). There are 

little other data on the long term effects o f either transient (crush) or permanent 

(transection) axotomy upon FRAPATMPase in ganglia, in contrast to the effects o f either 

type o f axotomy upon spinal cord content (see section 1.7.7).

In contrast to FRAP reactivity, transection o f the sciatic nerve at mid-thigh level 

produces no change in carbonic anhydrase reactivity (a large diameter sensory neuron 

marker) in dorsal root ganglia, whereas section o f the spinal nerve near to the ganglia did 

produce a transient decrease (Peyronnard etal., 1988), suggesting resistance to the effects 

of axotomy. One interesting effect o f peripheral axotomy is the rapid and transient 

elevation o f ornithine decarboxylase in rat DRGs (Wells, 1987). This enzyme is a vital 

part o f the polyamine synthetic pathway and polyamines have been shown to promote 

survival o f sympathetic neurons following axotomy in neonates (Gilad and Gilad, 1988), 

possibly due to antioxidant actions. Blocking this enzyme also appears to increase 

neuronal death following axotomy in neonates (Gilad and Gilad, 1983).

1.7.4: Oligosaccharide and lectin reactivity

To date, few studies have examined the effect o f peripheral axotomy upon lectin 

reactivity in dorsal root ganglia, and none on the extended oligosaccharide 

immunoreactivity. Transection and ligation o f the sciatic nerve in adult rats produced a 

transient decrease in Glycine max agglutinin reactivity (soybean agglutinin: SB A): this 

lectin recognises N-acetyl-D-galactosamine and D-galactose residues that are found in SD 

neurons (Streit et a l ,  1985; Peyronnard et a l ,  1989).

Although axotomy in neonatal animals is slightly outside the scope o f this thesis, 

one study o f note involved transection of the infraorbital nerve in rats on the day of birth
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(White et al., 1990). These authors found a selective loss o f the GS-IB4 lectin reactive 

neurons (corresponding to the FRAP/LA4-IR containing non-peptidergic neurons) in the 

trigeminal ganglion, and a relative sparing o f the SP-IR neurons, and concluded that SP- 

IR neurons were more likely to survive axotomy, at least in the neonate.

1.7.5: Neurotrophin receptor expression

After sciatic nerve crush, the levels o f trk A mRNA in adult rat lumbar DRGs does 

not change, whilst those o f the truncated and full length trk B mRNA and trk C mRNA 

increased to varying degrees (Emfors et a l ,  1993). The low affinity p75 neurotrophin 

receptor mRNA was also increased (Emfors et al., 1993) but it is unclear whether the 

increases in p75 seen were due to elevated synthesis in the neurons that normally express 

these receptors or due to a more widespread expression o f these neurotrophin receptors.

The expression o f neurotrophin receptor mRNA in the axons o f the transected 

adult rat sciatic nerve shows a similar response: trk A mRNA could not be detected in the 

proximal stump, neither could p75 mRNA except in Schwann cells near the lesion site 

(Funakoshi et al., 1993). Increased trk B and C mRNA was detected in the proximal 

stump at varying times after axotomy.

1.7.6: Other markers

There are apparently no published data on the effect o f axotomy upon cholera 

toxin binding in DRGs. The growth associated protein GAP43 is up-regulated in small 

diameter sensory neurons around 3 days after peripheral axotomy, followed by an up- 

regulation in the large diameter, RT97-IR sensory neurons (Sommervaille e ta l ,  1991) at 

1 week. As GAP43 is involved in growth cone morphology and axonal elongation (De 

Graan et a l ,  1985; Verhaagen et a l ,  1986; Burry et a l ,  1992), its up-regulation with 

actin may represent an attempt by the injured neurons to regenerate. This up-regulation in 

the content, and numbers o f neurons expressing GAP43, subsides after regeneration after
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nerve crush (after 9 weeks), and later (after 12 weeks) after nerve transection (Woolf et 

a l ,  1990). Although injury to the dorsal root axons does not elicit any up-regulation 

(Schreyer and Skene, 1993), and blockade o f axonal transport does (Woolf et a l ,  1990) 

the signal for GAP43 up-regulation remains obscure (see section 1.8). A similar time 

course for GAP43 up-regulation following adult rat sciatic nerve transection or crush was 

also seen in Schwann cells o f the distal stump, but not in the proximal stump (Plantinga et 

a l ,  1993). This suggests that axonal contact may be the controlling factor for GAP43 

expression in Schwann cells.

1.7.7: Effect o f  axotomy on the distribution ofprimary afferent markers in the spinal 

cord

The effect o f axotomy upon the content o f primary afferent markers in the dorsal 

horn o f the spinal cord initially reflects events in the dorsal root ganglia. SP-IR and 

CGRP-IR decreases within 1-2 weeks (Jessell e ta l ,  1979; Shehab and Atkinson, 1986; 

Villar et a l ,  1989; Zhang et a l ,  1993a) whereas VIP-IR and galanin-IR increases (Hokfelt 

et a l ,  1987; Villar et a l ,  1989). SP-IR and CGRP-IR return to normal levels following 

regeneration o f the peripheral axons by around 45 days after injury (Villar et al, 1989; 

Knyihar-Csillik et a l ,  1990), as does galanin-IR (Villar et a l ,  1989). However SP-IR did 

not return to control levels after sciatic transection (Shehab and Atkinson, 1986), 

although Himes and Tessler report a partial recovery (1989).

FRAP/TMPase activity initially decreases very quickly, in 3-5 days after axotomy 

of the sciatic nerve at mid-thigh level, in ganglia and spinal cord (Tenser, 1985; Shehab 

and Atkinson, 1986; Knyihâr and Csillik, 1976; Knyihar-Csillik e ta l ,  1990) following 

sciatic transection and returns to near normal levels in the ganglia (Tenser, 1985), but not 

in the spinal cord (Shehab and Atkinson, 1986). Following sciatic nerve crush, levels o f  

TMPase had not returned to normal levels in lamina II o f the spinal cord one year later
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(Knyihar-Csillik et a l ,  1990), suggesting that neurons expressing this marker may be 

particularly vulnerable to axotomy-induced changes.

The effect o f sciatic transection upon lectin binding in the spinal cord has been 

examined with SBA and GS-IB4 in the rat: in both cases depletion o f the lectin reactive 

sugars was slow, only becoming noticeable by 90 days with SBA (Plenderleith and Snow,

1990). With the GS-IB4 and Ricinus communis I lectins, depletion was noted at 2 weeks, 

becoming maximal at around 3 months (Tajti et a l ,  1988). This is o f interest as the GS- 

IB4 lectin is now used to stain the FRAP/TMPase sensory neuron population, and the 

depletion o f this enzyme is much quicker (Tajti et a l ,  1988), demonstrating a possible 

differential depletion o f neuronal constituents following axotomy.

The effect o f axotomy upon the extended oligosaccharide epitopes such as SSEA4 

and the LA4-IR, LD2-IR, TC6-IR moieties has not been investigated at all.

The effect of axotomy upon GAP43-IR is rapid: elevated immunoreactivity is seen 

in the dorsal horn o f the spinal cord within 4 days after sciatic nerve transection or crush 

in the adult rat (Woolf et a l ,  1990). The increase in GAP43-IR is seen in Lamina I/II: it is 

not seen in deeper laminae but this may be due to the lower density o f afferent terminals 

here. Ultrastructural immunolocalisation has shown that this increase takes place in 

structures resembling growth cones (Knyihar-Csillik et a l ,  1992), and may be connected 

with the sprouting o f myelinated afferents discussed earlier (see Woolf et a l ,  1992). 

GAP43-IR decreases to normal levels by 9 weeks after sciatic crush and after 12 weeks 

post-sciatic transection (Woolf et a l ,  1990).

The extent to which decreases in neuropeptide immunoreactivity or lectin binding 

in the dorsal horn of the spinal cord can be ascribed to the death o f DRG neurons is 

debatable: decreased neuropeptide synthesis is certainly one cause o f the depletion in 

neuropeptides seen (Henken et a l ,  1990; Zhang et a l ,  1993a). However, as the cause of
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the depletion o f  lectin reactivity seen after axotomy has not been investigated, whether the 

disappearance o f  lectin reactivity in the dorsal horn is due to  DRG neuron death, 

decreased synthesis/transport or increased breakdown is, to  date, unknown.

1.7.8: Evidence fo r  a selective effect o f  axotomy upon sensory neuron subsets.

The notion that axotomy may exert selective effects on particular subsets o f  

sensory neurons has often been put forward, although authors differ on which sensory 

neurons are being affected (see section 1.6.2). Ranson (1906) found that after axotomy 

mainly small neurons were lost in the C2 ganglion, and other authors have reported similar 

observations or suspicions (trigeminal ganglia: Arvidsson and Aldskogius, 1977; 

Aldskogius and Arvidsson, 1978; dorsal root ganglia: Cavanaugh, 1951; Humbertson, 

1963; Rich et a l ,  1989). On the other hand, Bondok and Sansone (1984) found that 

following section o f  the sciatic nerve o f  new-born rats, a preferential loss o f large ganglion 

neurons occurred. However their results were based on measurements o f  size distributions 

o f  neurons and counts o f  myelinated axons. Loss o f  myelinated (or unmyelinated) axons 

does not necessarily mean death o f  neurons, and axotomy induced atrophy (after 

transection) o f  neurons will produce shifts to  smaller sizes in the size spectrum without 

neuronal death necessarily occurring. Indeed crush injuries o f  peripheral nerves will 

produce hypertrophy, with consequent shifts towards larger sizes, o f  sensory neurons 

(Wells and Vaidya, 1989; Rich et a l ,  1989). Further reports have not detected any 

preferential loss o f  a particular size o f neuron after intercostal or sciatic nerve section in 

the rat (Ygge and Aldskogius, 1984; Schmalbruch, 1987b) or after sciatic nerve crush or 

transection in kittens (Aldskogius and Risling, 1981; Risling e t a l ,  1983). As mentioned, 

Ygge (1989a) found that small cutaneous afferent neurons (which have a smaller mean 

diameter) were more likely to undergo TGD than larger ones innervating muscle.
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Evidence for a preferential loss o f neurons from a biochemically defined subset is 

completely lacking in adults, but there are reports o f a preferential loss o f GS-IB4 lectin 

reactive sensory neurons following infraorbital nerve section in the neonatal rat (White et 

a l,  1990), with a sparing o f the SP-IR neurons. In addition, neonatal forelimb removal 

(but not embryonic) produced a depletion in GS-IB4 reactivity, but not CGRP-IR, in the 

cervical horn which suggests that these GS-IB4 reactive neurons may be particularly 

vulnerable to  neonatal nerve injury (Rhoades et a l ,  1995).

7 .7.9: Summary

Many o f the biochemical changes that occur in sensory neurons following axotomy 

appear to involve decreased synthesis o f substances involved in synaptic transmission and 

increased synthesis o f those involved in growth and regeneration. To date, little or no 

investigations have been carried out upon the question o f whether biochemically defined 

subsets o f adult (rat) sensory neurons react in differing ways to axotomy. This is in 

contrast to the situation in neonates where a certain subset does appear more vulnerable 

to axotomy-induced changes (White e ta l ,  1990; Rhoades e ta l ,  1995).

1.8: POSSIBLE CAUSES OF THE AXON REACTION, AXOTOMY-INDUCED 

NEURONAL DEATH AND ASSOCIATED EVENTS.

Although the factors affecting the severity o f the axon reaction and associated 

events (excluding the phenomenon o f vacuolation) are well described, the actual causes of 

these events are less clear. This section will attempt to highlight current ideas in an area 

that is changing fast.
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1.8.1 General observations

The transition from a transmission mode to a growth mode (see W atson, 1974; 

TetzlafF and Bisby, 1990; Aldskogius et a l ,  1992) can be stimulated by events other than 

axotomy. Blockade o f axonal transport in unlesioned rat sciatic nerves using vinblastine or 

colchicine produces a depletion in FRAP in a similar fashion to axotomy, but not generally 

SP, in the dorsal horn o f the spinal cord (Csillik etal., 1977; Fitzgerald et a l ,  1984) and 

will produce degenerating terminals in the dorsal horn (Csillik et a l ,  1977). Interestingly 

this produced a reduction in chemical sensitivity but not thermal responsiveness. This 

would suggest that in these experiments, a trophic signal derived from the periphery 

(either originating there, or being produced in the neuron and altered in the periphery', 

then transported back) is being prevented from exerting its protective effect in the 

perikarya o f neurons.

Moreover, blockade o f axonal transport proximal to a lesion o f peripheral nerves 

will delay the axotomy-induced increase in ornithine decarboxylase activity in DRGs 

(Soiefer et a l ,  1988). Singer et al. (1982) found that axonal transport blockade o f the 

hypoglossal nerve using colchicine did not produce chromatolysis, but did prevent it from 

occurring after nerve transection. Furthermore, intraneural injections o f extract o f injured 

nerve produced an increase in the uptake o f  2-deoxyglucose, a change associated with 

chromatolysis (Singer e ta l ,  1988). Baranowski etal. (1993) found that connection o f a 

transected nerve with an isolated stump o f nerve that was not connected to a target 

produced a greater cell loss and depletion o f SP that nerve crush, transection/ligation or 

anastomosis with the distal stump.
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Injury to the dorsal roots does not produce a decrease in SP or FRAP in the 

corresponding DRGs (Tenser, 1985; Henken et a l ,  1990) arguing against a role for a 

single generalised “lesion factor” in the depletion or up-regulation o f substances seen after 

peripheral nerve lesion. On the other hand, the synthesis and transport o f microtubules and 

actin are decreased after dorsal root axon injury (Wong and Oblinger, 1990), and there is 

evidence that trophic support from the spinal cord may be important in some 

circumstances (Johnson and Yip, 1985; Inaishi et a l,  1992; Averill et a l ,  1995).

These conflicting results suggest that multiple signals are involved in signalling 

axon injury to the sensory neuron perikaryon, and the list o f candidate molecules for these 

signals is growing all the time: cytokines, neurotrophins, free radicals, intracellular calcium 

and neurotrophic factors are all implicated. Evidence for each will now be examined.

1.8.2: Neurotrophins

The discovery o f nerve grov/th factor (NGF: see Levi-Montai ci ni, 1968) and its 

subsequent sequencing preceded the discovery of other structurally related peptides, now 

known as the neurotrophin family o f  molecules. The finding that administration o f NGF to 

the proximal stump o f transected adult rat peripheral nerves could reduce the atrophy and 

neuronal death seen after axotomy (Otto et a l ,  1987; Rich et a l,  1987, 1989), and could 

prevent the depletion in SP (Fitzgerald e ta l ,  1985; Wong and Oblinger, 1991), led to the 

idea that interruption o f the supply o f NGF could be the mechanism underlying the axon 

reaction, even though NGF administration could not stop neurofilament depletion or 

tubulin up-regulation (Wong and Oblinger, 1991). NGF administration does not reverse 

the appearance o f chromatolysis such as eccentric nuclei and dispersion o f the Nissl 

substance (Rich et a l,  1987), nor does it reduce the up-regulation o f GAP43 in vitro 

(W oolf e ta l ,  1990). NGF is found in abundance in the periphery in skin and some viscera
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(Bandtlow et a l  ̂ 1987) and both the peripheral and central processes o f some adult rat 

sensory neurons express NGF receptors and can internalise and transport NGF 

(Richardson and Riopelle, 1984; DiStefano e ta l ,  1992; Averill e ta l ,  1995). In 

developing animals, it has been shown that the number o f sensory neurons is determined 

by a competition for the limited amounts o f NGF in the periphery; neurons that do not 

obtain enough o f it undergo programmed cell death (see Barde, 1989). However, whereas 

administration o f antibodies against NGF in utero and to neonates does result in the loss 

o f  sensory neurons (Johnson et a l,  1980; Aloe et a l ,  1981; Goedert et a l ,  1984; Yip et 

a l,  1984; see Barde, 1989), in adults it does not (rats: Gorin and Johnson, 1980; rats and 

guinea pigs: Schwartz e ta l ,  1982; guinea pigs: Rich et a l ,  1984). Interestingly, in the 

context o f  selective vulnerabilities, the neurons that did die after in utero exposure to anti- 

NGF antibodies were found to be exclusively small diameter sensory neurons projecting to 

lamina II o f the spinal cord (Goedert et a l,  1984; Ruit et a l,  1992).

The second member o f the neurotrophin family, BDNF, was discovered in 1982 by 

Barde et a l  (1982), and its sequence elucidated in 1989 by Leibrock et a l  The related 

neurotrophins NT3, NT4/5 and NT6, discovered by virtue o f their highly conserved 

structures, enabled researchers using polymerase chain reaction to search for sequences in 

a genome similar to certain NGF sequences (Maisonpierre et a l,  1990a; Hallbôôk et a l,

1991). NGF and BDNF share approximately 50% homology, with NT3 showing a 

homology roughly between the two, reflected by its ability to interact with all o f the 3 

known neurotrophin receptors (Cordon-Cardo et a l ,  1991; Glass et a l,  1991).

To date, much work has been done on the roles o f these newer members during 

development (e.g. H oler and Barde, 1988; Van et a l ,  1992; Kucera et a l,  1995), a period 

during which certain populations o f central and peripheral neurons appear to require them 

in much the same way as some SD sensory neurons appear to require NGF. BDNF and
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NT3 can rescue sensory neurons after axotomy o f the sciatic nerve in neonatal rats 

(Eriksson et a l ,  1994), BDNF administration reduced the amount o f naturally occurring 

neuron death in quail embryo DRGs (Hofer and Barde, 1988) and NT3 prom oted the 

survival o f  developing chicken limb (i.e. muscle) afferents in culture (Hory-Lee et a l,  

1993).

M uch recent w ork has been carried out using transgenic “knockout” mice where 

the genes for various neurotrophins and their receptors have been removed (NGF: 

Crowley et a l ,  1994; BDNF: Liu et a l ,  1995b; Conover e ta l ,  1995; NT3: Ernfors e ta l ,  

1994; Airaksinen et a l ,  1996), and these tend to show deficits in various sensory 

modalities and neuronal populations. However these models give no information as to the 

role o f  these molecules in the adult animals, and relatively few studies have been carried 

out on adults.

Adult DRG  neurons can be grown in culture in the absence o f any neurotrophic 

factor (Lindsay, 1988), although the extraction procedure used in this work may have 

selected sensory neurons that are able to survive under these conditions. Taken together, 

this data suggests that adult sensory neurons are not dependent upon NGF supply for 

survival as they are in neonates, but that NGF administration can enable adult neurons to 

withstand insults, such as axotomy or neurotoxin exposure (Miller et a l ,  1982; Rich et 

a l,  1989; Schmidt et a l ,  1995), and can stimulate neurite outgrowth (Lindsay, 1988).

M ore recent w ork using a hybrid antibody-trk A molecule administered via an 

osmotic pump to remove NGF from a localised area in adult rats has shown that NGF 

removal produces hypoalgesia in the field supplied by neurons so exposed, possibly by 

down-regulating CGRP (McMahon e ta l ,  1995). This treatment also blocks the 

hyperalgesia produced by subcutaneous administration o f carrageenan (which causes 

inflammation and hyperalgesia). This mirrors earlier work, where levels o f  CGRP were
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found to be increased in sciatic nerve after inflammation o f the paw, and this increase 

could be blocked by administration o f anti-NGF antisera (Donnerer et al., 1992). At 

present, one o f the major roles o f NGF in adult sensory neurons appears to be regulation 

o f the phenotype o f  sensory neurons, rather than survival.

When applied to the transected sciatic nerve, BDNF, NT3 and NGF show distinct 

patterns o f  retrograde axonal transport in sensory neurons o f adult rats (DiStefano et a l,

1992) and BDNF has been shown to reduce retinal ganglion cell loss following optic 

nerve transection in adult rats (Mansour-Robaey et a l ,  1994). Moreover, whilst 

administration o f BDNF and NT3 singly to the proximal stump o f adult rat transected 

sciatic nerve produced no rescue o f SP levels in the ganglia, co-administration did, 

suggesting a possible synergistic role for these neurotrophins (Zhang et a l ,  1995). 

Administration o f NT3 to the proximal stump o f transected sciatic nerve o f adult rats 

prevented the reduction in conduction velocity in sensory neurons seen after 5 weeks. 

NT4/5 administration was ineffective; however the sequestration o f the trk B ligands 

BDNF and NT4/5 for two weeks caused motor, but not sensory, conduction velocities to 

be significantly slowed. Sequestration o f NT3, the trk  C ligand, for 2 weeks produced a 

modest reduction in conduction velocities in sensory and motor nerves (Munson et a l,  

1997). The role o f BDNF in adult rat sensory neurons is unclear, as BDNF does not 

appear to be expressed in the periphery apart from in heart and lung (Maisonpierre et a l, 

1990b), so a target derived role for it in sensory neurons was not likely. Recent work 

suggests that it functions as an autocrine trophic factor: cultured adult rat neurons express 

both BDNF mRNA and mRNA o f its high-affinity receptor trk B, and administration of 

BDNF antisense mRNA resulted in the death o f 35% o f the neurons (Acheson et a l,  

1995). The likely mixture o f paracrine and autocrine modes o f action o f the neurotrophins
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and related molecules is going to make the understanding o f how they work in vivo 

extremely difficult (see Verge et a l,  1995b).

The role o f neurotrophin receptors in neuronal death is beginning to be elucidated. 

Evidence is emerging that the low affinity neurotrophin receptor p75 may be responsible 

for transducing pro-apoptotic signals (Frade e ta l ,  1996; see Dechant and Barde, 1997), 

probably by interaction with certain other, undefined mechanisms (as some cells do not 

show increased levels o f  apoptosis with increased p75 activation). Trk A activation 

appears to act as an anti-apoptotic signal via various mechanisms, some known, some not 

(see Tolkovsky, 1997). These findings suggest that some neurons may be in a state o f 

permanent dynamic equilibrium, poised between apoptosis and survival. They also beg the 

question as to why only around half o f adult sensory neurons seem to express 

neurotrophin receptors (McMahon et a l,  1994; Wright and Snider, 1995).

In summary, it is fast becoming apparent that neurotrophins have very different 

roles during embryonic, neonatal and adult development. The extent to which 

neurotrophins and other neurotrophic factors work in concert is particularly unclear. This 

is one reason why the theory that loss o f target derived neurotrophins is the trigger for 

chromatolysis remains contentious: other potential factors to consider are possible 

autocrine mechanisms o f action (o f neurotrophins) and the existence o f other sources o f 

neurotrophins apart from the target (inflammatory cells or Schwann cells for example). 

1.8.3: Neurotrophic factors/cytokines

This is a potentially vast class o f molecules that are involved in cell-cell 

communication, and could technically include the neurotrophins (see section 1.8.2). 

Neurotrophins are thought o f as a separate group o f molecules due to their structural 

homology, but the cytokines are quite heterogeneous in structure. They include neuronal 

growth factors such as ciliary neurotrophic factor (CNTF) and leukaemia inhibitory factor
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(LIF) as well as pro-inflammatory and potentially cytotoxic molecules as interleukin-1 and 

tum our necrosis factor (T N F ). The role o f macrophage and particularly mast cell-secreted 

factors in peripheral nerve injury has been, until recently, a relatively poorly investigated 

avenue o f research, but these agents may in fact be responsible for axotomy-induced 

neuron degeneration and death. T N F-a may have cytotoxic effects and is up-regulated in 

Schwann cells following peripheral nerve injury (Wagner and Myers, 1996). IL-1 is 

produced by cells o f the monocyte lineage during inflammation and promotes expression 

o f  NGF in fibroblasts (Lindholm et a l ,  1988). The trigger for the up-regulation o f NGF 

synthesis in Schwann cells is unclear (see M atsuoka et a l,  1991) Inflammation near to the 

ganglion or injection o f isogenous macrophages into the ganglion has indeed been shown 

to stimulate regeneration in the dorsal root but the factors responsible were unknown at 

this time (Lu and Richardson, 1991). LIF has recently been shown to be at least partly 

responsible for the up-regulation o f galanin following peripheral nerve injury (Sun and 

Zigmond, 1996) and the retrograde transport o f LIF is increased following axotomy 

{CurXxs e ta l ,  1994).

CNTF is a neurotrophic cytokine that has been shown to prevent axotomy-induced 

sensory and m otor neuron death in neonatal rats (Sendtner et a l,  1990; Lo et a l ,  1995), 

but its role in adult sensory neurons is unclear. Sahenk et a l  (1994) found that CNTF 

administration increased axon regeneration and myelination after axotomy. When 

administered with BDNF to nerve muscle cultures, a synergistic effect on synaptic 

function has been noted (Stoop and Poo, 1996). The highest levels o f CNTF are found in 

the sciatic nerve, within Schwann cells (Stockli et a l,  1989; Friedman et a l,  1992), and 

sciatic nerve injury, whilst causing CNTF levels to fall, also causes increased retrograde 

transport o f CNTF (Curtis et a/., 1993 a). This has lead to the theory that it is a lesion 

factor (Friedman et a l ,  1992) as it lacks a conventional secretion sequence (Masiakowski
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e ta l ,  1991) but is released from Schwann cells by an unknown mechanism (Friedman et 

a l,  1992) after transection injury. The receptor for CNTF is widely distributed in both the 

CNS and PNS, where it is found in virtually all DRG neurons (MacLennan et a l ,  1996); It 

is likely that other substances act as ligands for this receptor as CNTF gene “knockout” 

mice do not have a noticeably affected development (Masu et a l ,  1993), merely showing 

a progressive atrophy and loss o f motor neurons, whereas CNTF receptor “knockout” 

mice die after birth with many abnormalities (Stahl and Yancopoulos, 1994).

LIF is another neurotrophic cytokine, and acts through a common receptor 

complex with CNTF (Ip et a l ,  1992). Other growth factors that stimulate regeneration 

after nerve injury and may act as lesion factors include insulin-like growth factor which 

stimulates regeneration after sciatic nerve crush (Kanje et a l, 1989) and fibroblast growth 

factor which can reduce axotomy-induced neuronal death in adult rat DRG (Otto et al., 

1987). Transforming growth factor a , but not epidermal growth factor will promote the 

survival o f  neonatal sensory neurons in vitro (Chalazonitis et a l ,  1992).

This field o f cytokines and neuropathogenesis is rapidly evolving, and it is evident 

that a dynamic interplay between the pro-inflammatory and the 

neuroprotective/neurotrophic functions o f these molecules probably occurs after nerve 

injury.

1.8.4: Free radicals and intracellular calcUmi

The mechanism by which neurotrophins exert their neuroprotective effect after 

axotomy or intoxication is incompletely understood but may involve regulation o f either 

cellular antioxidant status or intracellular calcium homeostasis, or both. Research into the 

precise mechanism o f neuronal death is hampered by ignorance o f the “point o f no return” 

event that commits a neuron to die.
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Derangement o f intracellular calcium homeostasis by capsaicin results in the 

activation o f calcium activated proteases that cause neuronal death, at least in vitro 

(Chard e ta l ,  1995). Indeed, calcium channel blockers such as diphenylpiperazines will 

prevent dorsal root ganglion neuron death caused by NGF deprivation or axotomy 

(Eichler et a l ,  1994). Antioxidants such as N-acetyl cysteine will also prevent death o f 

neuronal cells after trophic factor withdrawal in vitro (Ferrari et a l ,  1995), as will 

gangliosides (Ferrari et a l ,  1993), suggesting that induction o f  free radicals and 

subsequent lipid peroxidation may be causing neuron loss. NGF has been shown to 

regulate catalase levels in neurons (Podratz and Windebank, 1995), and as catalase is one 

o f the most important antioxidants enzymes in cells, this finding has raised the possibility 

that NGF may exert its protective effect by up-regulating catalase levels.

1.9: SUMMARY

The work described in this thesis builds on the previous observations o f retrograde 

sensory neuron degeneration and death following axotomy o f the peripheral processes. 

The possibility that certain sensory neuron subtypes are more vulnerable to  these 

axotomy-induced changes than others has often been raised during the course o f  these 

experiments, but which ones might be vulnerable has been the subject o f debate. A 

selective vulnerability has been demonstrated in neonatal but not in adult rats. 

Furthermore, the occurrence o f grossly distorting intracytoplasmic vacuoles has 

occasionally arisen in the literature, but again the issue o f whether this may represent a 

specific response to axotomy by a subset o f neurons has not been addressed. Furthermore, 

the effect o f  administration o f the neurotrophic factors NGF, NT3, BDNF and CNTF on 

neuron death and neuronal vacuolation has not yet been examined in detail in vivo. This is 

in contrast to  the well described effects o f NGF administration upon neuronal atrophy and 

loss after axotomy when the contralateral ganglia are used as controls.
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In this thesis, the hypothesis to be tested is that is that different subsets o f 

biochemically defined sensory neurons react in different ways to axotomy, or put another 

way, the phenotype o f  a neuron (such as its trophic requirements, neuropeptide 

expression, oligosaccharide expression and neurofilament content) may determine its 

response to  axotomy.

Any data obtained on these questions may have relevance to  the treatment o f 

peripheral nerve injury, as well as providing insights into the possible causes o f  neuronal 

death after axotomy, both in the peripheral and central nervous system.
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C H A PT E R  TW O : M A TER IA LS AND M ETH O D S
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2.1: ANIM ALS

A total o f 120 adult Sprague-Dawley rats o f mixed sex, between 2 and 6 months 

old w ere used. They were housed in small groups in plastic cages with solid floors and 

soft bedding; food and water were available ad libitum. The animals were divided into 5 

experimental groups as shown in table 1 :

Procedure No. o f animals

Sciatic nerve transection and ligation 65
Sciatic crush 19
Sciatic transection and ligation with intraneural or intravenous injection 
ofHLRP conjugates.

8

Sciatic nerve transection with reservoir containing neurotrophic 
factors/saline.

24

Unoperated control rats 4

T able 1: Numbers o f animals used and the surgical procedures carried out.

2.1.1: Surgical procedures : anaesthesia, analgesia and post-operative care.

Animals were anaesthetised either with halothane administered via an inhalational 

apparatus (the apoptosis, vacuolation and neurotrophic factor studies) or with a 

fentanyl/midazolam combination for the immunohistochemical study. This variation was 

due to changing veterinary requirements between sets o f experiments (rather than for any 

methodological reason). Post-operative analgesia was provided by an intramuscular 

injection o f  Temgesic (buprenorphine hydrochloride: Reckitt and Colman), 10 |ig/kg.

After all procedures the animals were monitored daily for autotomy and if any 

were found to be missing more than two toes they were humanely destroyed, and more 

animals operated on to maintain the experimental numbers. The numbers quoted above 

therefore refer to the rats that were actually examined in the experiments. No infection 

was observed in any animals.
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EXPERIMENTAL PROCEDURES:
2.2. AXOTOMY-INDUCED APOPTOSIS IN ADULT RAT DORSAL ROOT

GANGLIA

2.2.1: Surgical procedures: sciatic transection/ligation.

Thirty-two adult rats were used in this study: twenty-eight were axotomised by 

transection and ligation o f the sciatic nerve, and four were used as unoperated controls. 

Under halothane anaesthesia and aseptic conditions the right sciatic nerve was exposed at 

the mid-thigh level by blunt dissection through the skin and underlying biceps femoris, 

ligated with silk suture tied in a double knot and then transected with surgical scissors 

1mm distal to the knot. A 5mm portion o f the distal stump was removed to prevent any 

regeneration. Antibiotic powder was then dusted over the wound (Cicatrin), the muscle 

was closed with silk sutures, and the skin incision closed with surgical staples. Antiseptic 

“Sprilon” spray was then applied to the wound and the animals allowed to recover.

2.2.2: Histological preparation

At 1, 2, 3 and 4 weeks and at 2, 3 and 6 months, 4 o f these animals (and the 4 

unoperated control rats) at each time point were terminally anaesthetised with 

pentobarbitone and perfijsed transcardially with 50 ml o f saline as a vascular rinse, 

followed by approximately 600 ml o f 4% depolymerised paraformaldehyde in O.IM 

phosphate buffer, pH 7.4 over a period o f 15 minutes at room temperature. The solutions 

were pumped into the aorta at a pressure o f approximately 13 lb/inch^ by means o f a 

catheter connected to a peristaltic pump. Through lumbar laminectomy, the left and right 

L4 and L5 DRGs were identified by dissection o f the spinal nerves as far as the point 

where they fuse to form the sciatic. They were carefully removed and fixed for a further 

24 hrs in the same fixative before being processed for paraffin histology. The ganglia were 

trimmed by severing the roots and nerve approximately 2-3mm from the beginning o f  the

64



yellowish swelling that indicates the location o f the neuronal perikarya. This was sufficient 

to incorporate any perikarya located at the extremities o f the ganglion.

The protocol used for paraffin embedding the tissue was as follows;

1) Formol alcohol: Ihr. 15 mins.

2) 70% alcohol: 1 hr.

3) 90% alcohol: 1 hr.

4) Absolute alcohol 1: 1 hr.

5) Absolute alcohol 2: Ihr 30 mins.

6) Absolute alcohol 3: Ihr. 30 mins.

7) Chloroform 1: 1 hr. 30 mins.

8) Chloroform 2: 2hrs.

9) M olten paraffin wax 1: 1 hr.

10) Molten paraffin wax 2: 1 hr.

11) M olten paraffin wax 3: 1 hr. 30 mins.

This protocol was performed automatically by a Shandon Citadel automated tissue 

processor. The tissue was embedded in paraffin wax in “Tissue-tec” cassettes with biopsy 

sponges to prevent loss o f tissue during processing.

Serial 4pm sections o f each ganglion were cut on a sledge microtome, floated out 

first onto 30% alcohol (to prevent creases), then on warm (40°C) distilled water to 

flatten, and finally mounted onto Vectabond (Vector Laboratories) treated glass slides and 

dried overnight at 37°C. Sections were kept for study from the point where neuronal cell 

bodies became visible (identified with the aid o f a microscope). The left and right ganglia 

o f three animals each from the 1 , 2 , 3  and 4 week time points were stained with the in situ

end-labelling method, and the sections o f the left and right DRGs from one rat from each

o f these groups were stained with haematoxylin and eosin (H and E), so that the
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appearance o f any apoptotic neurons could be correlated with their appearance in H and E 

stained sections.

Ganglia from later time points were not stained with the ISEL method as we found 

morphological criteria a more reliable and less expensive means to  identify apoptotic 

neurons, assuming optimal perfusion and fixation conditions were maintained. A positive 

control was included with every batch o f slides stained: in this w ork rat testis was used as 

it consistently contained ISEL positive apoptotic cells (this is probably due to the high 

rate o f cell turnover) and was also a sensitive indicator o f over-digestion with proteinase 

K  which may cause normal cells (that are not apoptotic or necrotic) to become ISEL 

positive and thus produces false positive results. The conditions for the proteinase K 

treatment were determined at the start o f the experiment, using sections o f paraffin- 

embedded rat testis that had been perfused with paraformaldehyde and processed using 

the same protocol as for the DRGs.

2.2.3: In situ end-labelling (ISEL)

For in situ end-labelling the sections were de-paraffinised in xylene, rehydrated 

through graded alcohols to water, rinsed in tris-buffered saline (TBS: pH 7.4) and 

digested with 20 pg/ml proteinase K in TBS for 9 minutes at room temperature. The 

slides were then rinsed in TBS several times. For the labelling reaction approximately 

lOOpl o f labelling mixture was used on each slide which contained around 20 tissue 

sections: the labelling mixture was applied and covered with a coverslip ensuring that no 

air bubbles were present. The labelling mixture contained 5mM MgC12, lOmM 2- 

mercaptoethanol, 0.1 mM each o f dATP, dCTP, and dGTP, 0.1 mM digoxigenin-11-dUTP 

(Boehringer-Mannheim), 0.005% bovine serum albumin and 20 units/ml o f the Klenow 

fragment o f D NA  polymerase I (Boehringer-Mannheim) in 50mM tris-HCl (pH 7.5). The 

slides were incubated for 1 hr at 37°C. The coverslips were then carefully washed off and
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the slides rinsed several times in TBS. The incorporated digoxigenin-11-dUTP was 

detected immunohistochemically by incubating the sections in peroxidase-conjugated Fab 

fragments o f polyclonal sheep anti-digoxigenin antibody (Boehringer-Mannheim) diluted 

1:200 in TBS for 1 hr. They were then washed several times in TBS and once in PBS 

before being incubated in 0.05% diaminobenzidine with 0.01% hydrogen peroxide and 

0.04% nickel chloride in PBS at room temperature for 10 minutes to detect the bound 

peroxidase activity, which appeared as a black reaction product. The sections were 

counterstained with neutral red, dehydrated, cleared and mounted in Ralmount and. 

examined for the presence o f ISEL positive (black) and ISEL negative apoptotic neurons. 

Omission o f the Klenow fragment o f DNA polymerase or o f digoxigenin-11-dUTP 

abolished staining in control sections o f testis.

2.2.4: Morphological identification o f  apoptotic neurons

The remaining animals whose ganglia were not stained with the ISEL technique 

(2, 3 and 6 months after axotomy) were perfused as described above, the L4 and L5 

ganglia removed and fixed for a further 24 hrs in the same fixative and then processed and 

embedded in paraffin wax. Serial 4pm sections o f the entire ganglion were cut: great care 

was taken to collect every section from each ganglion in the correct sequential order. The 

sections were mounted onto glass slides and stained with acidified 0.01% cresyl fast violet 

for 20 minutes at 60^C after removal o f paraffin wax and rehydration. The sections were 

briefly differentiated in 96% ethanol, cleared in xylene and mounted in Ralmount (BDH). 

Each section was then examined at 300x magnification for the presence o f apoptotic 

neurons.

The primary criterion used for identifying a neuron as apoptotic was the following: 

condensation o f neuronal DNA into “nucleosomes” : spherical, densely staining bodies. 

This appearance is often known in the literature as pyknosis (see Fig. 4 d-o). Secondary

67



criteria include a shrunken appearance o f the neuron with condensed Nissl substance 

(resulting in the neuron being much darker than surrounding neurons) and membrane 

“blebbing” which can result in a bizarre shape, and an indistinct or incomplete nuclear 

membrane. Secondary criteria were not considered by themselves to be an indication o f 

apoptosis (as this can be produced by poor fixation) without the appearance o f 

“nucleosomes”, but were usually features seen in conjunction with this phenomenon. 

Similarly structures resembling “ghost cells” (Edwards and Tolkovsky, 1994), in which 

the cellular contents have apparently completely broken down leaving only “nucleosomes” 

w ere not counted (see Fig. 4c). ISEL positive satellite cells were observed, particularly in 

ganglia ipsilateral to sciatic transection, but these could be distinguished from apoptotic 

neurons with ease due to the much smaller size o f the satellite cells, and to the lack of 

Nissl substance (see Fig. 4a). The identity o f certain structures, seen at the longer post

operative survival times, is not known, but they resembled calcified nodules and were very 

rarely seen.

2.2.5: Cell counting

Cell counts using a stereological (physical disector) technique were carried out on 

the ganglia from the groups o f rats at 1, 2, 3 and 6 months after axotomy to determine 

w hether the amount o f apoptosis seen bore any relation to the observed cell loss using 

morphometry. Neuronal counts using the physical disector technique on the 1, 2 or 3 

w eek rat ganglia was not attempted as the sections had been stained with methyl red in 

order to highlight the black reaction product, and this made the nuclei too indistinct. 

Furtherm ore it was felt that little information o f interest would be gained. However, serial 

reconstruction counts (with Abercrombie correction factor) were performed on these 

ganglia, as well as on the 1, 2, 3 and 6 month ganglia.
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In order to express the incidence o f apoptosis accurately and in a representative 

fashion, an estimate o f the total number o f neurons within a ganglion is required. To 

obtain this a physical disector method was used (see Sterio, 1984; Coggeshall, 1992). This 

involved examining pairs o f the 4p.m cresyl fast violet or methyl red stained sections at ten 

levels through a ganglion. To determine which sections should be examined, the total 

number o f sections containing neuronal cell bodies were divided by 10 (=x) to find the 

number o f sections in an interval between levels. The starting pair were chosen by 

choosing a number randomly between 1 and x. The first section in each pair o f sections is 

called the “reference section” : the other (adjacent) section is called the “look-up” section 

(see Fig. 1 a,b). Particles (nuclei in this case) that appeared in the reference section but 

not in the look-up section (called “tops”) were counted; particles that appeared in both 

sections were not. Between 100 and 200 “tops” should be counted to obtain an accurate 

estimate o f particle density in a structure, more than 200 “tops” counted will not result in 

any greater accuracy (Sterio, 1984; Gundersen et a l,  1988). Nuclei were chosen as the 

particles to be counted as, unlike nucleoli, the vast majority o f neurons have only one (see 

Lieberman, 1976) and they are not likely to be “lost” from the section during staining. 

Nuclei are relatively easy to identify in sections where the Nissl substance has been 

stained, but care must be taken not to confuse axon hillocks or vacuoles with nuclei. Four 

micrometer was found to be the best thickness o f section for this technique on in dorsal 

root ganglia as it gives optimum image resolution, structures do not “disappear” too 

quickly between the reference and “look up” section, enabling ease o f identification of 

blood vessels or clumps o f perikarya for orientation purposes.

I f  the thickness o f the section and the area o f the counting frame (called a disector) 

are known, and sufficient particles are counted, then an estimate o f the density o f tops in 

the reference sections can be made:
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numerical density = ZO
Z  V diseclors

where Q = number o f tops in each disector

Vdisecton. = volume o f each disector 

and Z indicates the sum o f a set o f  values

I f  enough tops are sampled in an unbiased fashion, the numerical density will be 

very similar to the density o f neurons in the entire ganglion. The volume o f the ganglion 

was estimated using the Cavalieri principle (see Gundersen et al, 1988) whereby the mean 

ganglion area (the area o f the part o f the section sampled: i.e. the part containing the DRG 

neuron cell bodies) was calculated and multiplied by the mean thickness o f the sections 

and the number o f sections:

volume o f ganglion (Vref ) = mean ganglion area x section thickness x number o f sections

The volume o f ganglia obtained from serial paraffin sections using this method will

be smaller than the actual volume o f the ganglia, due to shrinkage during processing. This 

means that these sections are not suitable for measuring the volumes o f ganglion neurons 

(as different types o f DRG neuron may shrink by different amounts) but are suitable for 

total D RG neuron number estimations.

Section pairs were examined at a magnification o f 300x on a Zeiss microscope 

with planapochromat objectives, connected to a Leica Quantimet 500 image analyser. This 

consists o f a JVC 3CCD video camera (giving real colour images) connected to  an IBM- 

PC Pentium with associated video processing hardware and Leica image analysis 

software. The magnification obtained with the image on the monitor is around xlOOO with 

the x25 objective, and this was found to be the ideal magnification with which to sample 

sections with the disector.

70



The image analyser superimposed a counting frame (the border o f  the disector) of 

150 X 156pm onto a video image o f  the area being examined in the reference section (Fig. 

la). In order to keep this area constant, the principle o f  “forbidden lines” was applied: this 

means that any nuclei bisected by the right or bottom perimeter o f  the counting frame 

were not counted, whereas those bisected by the top or right perimeter were. This was 

done to maintain the same dimensions of  the counting frame. The physical disector 

method was possible as this equipment allows storage o f  an image o f  the area being 

examined so that the corresponding area in the look-up section could be examined for the 

particles being counted (Fig. lb).

a ’ ' . I  b
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Fig. 1 a, b: Example o f  a reference section (a) and an adjacent “look up” section (b). 
Arrowheads indicate neuronal nuclei that appear in the reference section but not in the 
look-up section, and are therefore counted. A vacuolated neuron is visible in the upper 
part o f  the image (arrow). Scale bar = 10pm.

This approach has the advantage o f  allowing one to flick backwards and forwards 

between the two images to verify any difficult or doubtful “tops” , (i.e. it is possible to
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examine other adjacent sections if one is unsure whether a nucleus is in fact an axon 

hillock or vacuole). Section orientation was relatively easy in rat ganglia, using blood 

vessels and clumps o f  neurons as landmarks to 1) find the right area in the look-up section 

and 2) return to the exact area on the reference section. Every reference section was 

systematically examined using an ocular grid in a microscope eyepiece to divide up the 

area to be examined, and in order to move a constant distance between disectors. This 

distance could vary between ganglia depending upon the number o f neurons present (to 

allow the right number o f tops to be counted) but was usually approximately 400pm. A 

random area at the very top o f the ganglion (where the cellular area began) would be 

chosen as the starting point and fields every 400pm systematically examined until the 

bottom o f the ganglion was reached. The volume o f partial disectors (on the edges o f 

sections) was calculated by using the area measurement function o f the image analyser 

(volume = area x height). Data were written by hand onto paper: each entry would have 

the area o f  the disector and the number o f tops within it. The area o f the reference 

sections was measured using the area measurement function in conjunction with a 1.25x 

objective. The thickness o f each reference section was determined using a microcator 

(Heidenhain MT 12) attached to the stage o f a microscope in conjunction with a x63 oil 

immersion objective with a numerical aperture o f 1.4, giving a depth o f field o f around 

0.5 pm. The thickness o f the section was determined by establishing the top or bottom of 

the section (by finding the point where the first particles in a field come into focus), 

setting the microcator to zero at this point and focusing up (or down) through the plane o f 

section until the last particles are just about to go out o f focus. The thickness in microns 

could then be read from the microcator. Three non-adjacent points in each section were 

measured in this way, and the mean thickness calculated. This was the height o f the 

disectors in that reference section.
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At least 100 tops were counted in every ganglion, and overall an average o f 122.6 

were counted in an average o f 91.27 disectors, which represents an average volume o f 

8,597,634 sampled per ganglion.

A  serial reconstruction cell counting technique was also performed on the same 

sectioned ganglia to enable comparisons to be made with earlier literature on cell loss 

following axotomy. This was performed by counting all the neurons showing a nucleus 

containing a nucleolus in every fifth section o f a ganglion. The total number o f neurons 

was then estimated by summing the counts and multiplying this figure by 5 (as the nucleoli 

in every fifth section were counted) and a correction factor:

Abercrombie correction factor = section thickness
(section thickness x mean nucleolar diameter)

The correction factor was introduced to correct for nucleoli that had been split by 

sectioning o f the tissue (Abercrombie, 1946). It does not correct for multiple nucleoli. The 

mean diameter o f nucleoli was estimated by randomly sampling 100-200 nucleoli in each 

ganglion and measuring their diameter using an eyepiece micrometer gauge.

2.2.6: Statistical methods.

The amount o f neuronal loss calculated from the two methods were compared 

using the test described by Bland and Altman (1986) for comparing techniques, to 

investigate whether a) the 2 techniques produced similar data for neuronal loss or b) a 

systematic bias was present in the serial reconstruction (with correction factor) data, 

assuming the physical disector technique is more accurate. This technique analyses the 

difference between the results o f 2 techniques performed on the same subjects or 

specimens rather than their linear relationship (as in regression analysis). The analysis 

involved calculating the ratio o f the number o f neurons in the ipsilateral ganglion : the 

number o f neurons in the contralateral ganglion (L4 or L5) obtained with each technique
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(i.e. the number o f neurons in the ipsilateral ganglia divided by the number o f neurons in 

the contralateral ganglia). The ratio obtained with the physical disector technique is then 

subtracted from the ratio obtained with the serial reconstruction technique, and this 

number (the difference) is plotted against the mean o f the 2 ratios to obtain a scatter plot. 

The mean difference can then be calculated and which is essentially an overall measure o f 

bias.

The cell losses (expressed as ratios) and incidences o f apoptosis at one month and 

six months after axotomy were compared using the students t-test assuming equal 

variance (checked using the Levene test). This was performed using SPSS for Windows 

on an IBM-PC.

2.3: IMMUNOHTSTOCHEMICAL STUDY OF OLTGOSACCHARTDE. CGRP 

AND GAP43 EXPRESSION FOLLOWING TWO TYPES OF TRAUMA

Following the results obtained in section 2.1, an investigation into the effect o f 

permanent and transitory axotomy upon the expression o f  sensory neuron subset markers 

was conducted. It was felt that examining the effect o f transitory axotomy might indicate 

w hether any subsets were particularly vulnerable to peripheral nerve trauma.

2.3 J  : Surgical procedures

For the investigation into the effects o f axotomy upon the expression o f neuronal 

subset markers 17 rats had their right sciatic nerves transected and ligated and in 17 the 

nerve was crushed. The sciatic nerve transections were carried out as described above 

under fentanyl/fluanisone/midazolam anaesthesia (0.2, 8.33 and 4 mg/kg respectively). 

This anaesthetic combination was also used for the sciatic crush procedure. In the latter 

group the sciatic nerve was exposed as described above, and crushed with a pair o f
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watchmakers forceps for 15 seconds, care being taken to avoid rupturing the perineurium 

The wound was then dusted with antibiotic powder, sutured in layers and the skin incision 

closed with surgical staples (which were removed after one week). The wound area was 

then sprayed with antiseptic spray (Sprilon) as further protection against sepsis, and the 

animals allowed to recover.

One sciatic crush (SC) and one sciatic transection/ligation (STL) animal was killed 

at 24 hrs., 2, 3, 4, 5, 6, 7, 14 days and at 1, 2, 4, 12, and 18 months post-operation, with 

an additional 4 STL and 4 SC animals killed at 2 months post operation for morphometric 

analysis (a time at which functional recovery is complete after sciatic crush injury at mid

thigh level in the adult rat; Bridge et a l,  1994). The animals were perfused transcardially 

with cold 4% depolymerised paraformaldehyde in O.IM phosphate buffer (pH 7.4) under 

terminal pentobarbitone anaesthesia, in same manner as described in section 2.2. A 

successful perfusion was particularly crucial for the oligosaccharide antigen 

immunostaining and was indicated by complete rigidity o f the animal and absence o f 

observable blood in the spinal cord and ganglia.

2.3.2: Free-floating immnnocytochemistry

Following perfusion the right and left L4 and L5 DRGs and the L4/L5 region of 

the spinal cord were removed (tissue from the STL and SC animals were processed and 

immunostained together for each time point) and a small pin inserted through the left 

anterior part o f the spinal cord for orientation purposes (this is visible as a hole in the 

ventral horn in most micrographs o f spinal cord). The tissue was allowed to fix for 2- 

4hrs. at 4°C in the same fixative, and subsequently transferred to 15% sucrose at 4"C for 

48 hrs for cryoprotection. The left and right L4 and L5 DRGs and the L4/L5 spinal cord 

w ere then separated, mounted onto cryostat chucks in OCT embedding medium and 

frozen in solidifying isopentane cooled with liquid nitrogen. The tissue was allowed to
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warm up to the temperature o f the cryostat (-18°C) for 20 minutes before being 

cryosectioned into 40pm free-floating sections (for LA4, LD2 and SSEA4 

immunostaining) and 20pm slide-mounted (on poIy-L-lysine coated slides) sections (for 

CGRP and GAP43 immunostaining): each ganglion was serially sectioned into 5 groups o f 

sections (one for each antibody), each o f which contained sections from different levels o f 

the ganglion. Sections o f spinal cord were taken from the L4-L5 region in the same way. 

The free-floating sections were washed in two changes o f phosphate buffered saline pH 

7.4 (PBS) and then transferred to, and incubated at 4°C for 72 hrs in the following 

primary antisera dilutions: LA4 (mouse ascites monoclonal IgM) diluted 1:50 in 10% fetal 

calf serum in PBS (FCS/PBS), LD2 (mouse ascites monoclonal IgM) diluted 1:100 in 

FCS/PBS, anti-SSEA4 (mouse tissue culture supernatant monoclonal IgG) diluted 1:10 in 

FCS/PBS. All o f these primary antisera contained 0.04% Triton-X to reduce non-specific 

staining and to assist penetration o f the antibody into the tissue. The sections were 

transferred between solutions by means o f a paintbrush.

The LA4 and LD2 antisera were kindly provided by Dr J. Wood o f University 

College London. The anti-SSEA4 antiserum was obtained from the Developmental 

Studies Hybridoma Bank maintained by the Department o f Pharmacology and Molecular 

Sciences at Johns Hopkins University School o f Medicine, Baltimore, USA and the 

Department o f Biology at the University o f Iowa, Iowa City, USA under contract number 

NO 1-H D -2-3144 from the NICHD. Omission o f the primary antisera abolished staining.

Following incubation in the primary antisera, the sections were rinsed 3 times in 

PBS, then incubated overnight at 4°C in either goat anti-mouse IgM  (for LA4 and LD2: 

Sigma) or goat anti-mouse IgG  (for SSEA4: Sigma) coupled to horseradish peroxidase, 

diluted 1:50 in PBS. The sections were then washed 3 times (10 minutes each) in PBS
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before being reacted for 10 minutes at room temperature with 0.05% diaminobenzidine 

hydrochloride (DAB) with 0.01% hydrogen peroxide in PBS. The sections were then 

washed 2 times in PBS before being transferred to distilled water from which they were 

mounted onto slides, dried for 1 hour at room temperature, dehydrated, cleared and 

mounted in Ralmount.

2.3.3: Immvnocytochemistry on mounted sections

The 20pim mounted sections were dried at room temperature for one hour, before 

being incubated initially for 20 minutes at room temperature in normal swine serum (1:20 

in PBS); this was tipped off and the slides incubated overnight at 4°C either in anti-CGRP 

(rabbit polyclonal IgG) diluted with 0.1% bovine serum albumin in PBS (PBS/BSA), or 

anti GAP43 (rabbit polyclonal IgG) diluted 1:20000 in PBS/BSA, in a humid chamber. 

Both o f these primary antisera contained Triton-x, a surfactant, at concentrations o f 0.2% 

to reduce non-specific background immunostaining.

The anti-CGRP antiserum was kindly provided by Dr. P. Facer o f the Royal 

Postgraduate Medical School, Hammersmith Hospital, London, and the anti-GAP43 

antisera by Dr. G. P. Wilkin, Dept, o f Biochemistry, Imperial College o f  Science, 

Technology and Medicine, London. These antibodies have been previously characterised 

(CGRP: Gibson a/., 1984; GAP43: see Curtis e /a /., 1993b).

The mounted sections were washed 3 times in PBS (5 minutes each wash) before 

being incubated for 1.5 hr. at room temperature in biotinylated swine anti-rabbit 

secondary antibody (Dako) diluted 1:500 in PBS. All sections were then rinsed 3 times in 

PBS. The mounted sections were further incubated in peroxidase-coupled avidin (Dako) 

diluted 1:500 in PBS for 1.5 hrs. at room temperature. All sections were then immersed in 

0.05% diaminobenzidine hydrochloride (DAB) in PBS containing 0.04% nickel chloride 

(to intensify the chromogen reaction) and 0.01% hydrogen peroxide for 10 minutes to
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visualise antibody binding. The sections were then washed in PBS twice, rinsed in distilled 

water, dehydrated through graded alcohols, cleared and mounted in Ralmount.

Omission o f primary antisera abolished immunostaining. The intensity o f 

immunostaining, particularly with the LA4 and LD2 antisera, was found to be very 

variable and for this reason tissue at each time point (for both STL and SC animals) was 

processed together with the same antisera solutions. The reasons for this variation are 

unclear but are probably related to the large size o f the IgM  molecules which may hinder 

penetration into the tissue.

2.3.4: Morphometry o f  inmmnostained sections

The proportions o f immunostained DRG neurons was evaluated at 2 months after 

SC or STL. This time point was chosen as neuronal loss was reported to be complete 

following nerve transection (Rich et a l,  1989), and functional recovery complete after 

nerve crush (Bridge et a l,  1994). Thus the relative susceptibility o f the antigens examined 

to permanent or transient axotomy could be evaluated. Four STL and 4 SC rats were 

terminally anaesthetised and perfused 2 months after axotomy (see section 2.3.1). Ten 

micrometer cryostat sections o f the left and right L4 and L5 DRGs were cut and mounted 

on poly-L-lysine coated slides as described in section 2.3.2, and incubated overnight at 

4°C in the relevant antisera (LA4, LD2, anti-SSEA4, anti-CGRP and anti-GAP43) diluted 

as described above. Immunostaining in these thinner sections produced more consistent 

results than in the 40pm free-floating sections. The following day the slides were washed 

and incubated in the relevant secondary antibody (see above) for 1 hr: the anti-CGRP and 

GAP43 slides, after washing in PBS, were further incubated in avidin (Dako) diluted 

1:500 in PBS for 1.5 hours at room temperature. All slides were then washed 3 times in 

PBS and then treated with the DAB/nickel chloride chromogen reagent for 10 minutes as
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described above. The slides were then counterstained in M ayer’s haematoxylin or 

toluidine blue, dehydrated through graded alcohols, cleared and mounted in Ralmount.

The estimation o f the proportions o f immunostained neurons for each antigen was 

carried out by counting immunostained and non-immunostained neurons showing a 

nucleus at three levels through each ganglion. Counts o f L4 and L5 DRGs were pooled 

for either side and the proportion o f immunostained profiles calculated. The sample size 

for each set o f immunostained DRG sections varied between 500 and 1000 neurons. 

2.3.5: Statistical methods

A two-sample Mest assuming equal variance (checked using the Levene test for 

equality o f variance) was performed (using SPSS for Windows) on each set o f data to 

check whether the proportion o f immunoreactive DRG neurons differed significantly 

between the sides ipsilateral and contralateral to the trauma.

2.4: MORPHOLOGICAL, MORPHOMETRTC AND 

IMMUNOHISTOCHEMTCAL CHARACTERISATION OF VACUOLATED

NEURONS

2.4.1: Animals and surgical procedures

Fifty-two adult Sprague-Dawley rats were used in this part o f the study (32 were 

the same rats used and prepared in section 2.2 and provided the data for the time course 

o f  vacuolation). Forty-five rats had their sciatic nerve transected and ligated as described 

in section 2.2.1. Two rats were used as unoperated controls. Together with 2 rats with 

sciatic nerve crush (as described in section 2.3.1) 2 months previously, they were 

terminally anaesthetised, perfused transcardially with fixative, and their left and right L4

79



and L5 DRGs removed and processed into paraffin wax as described in section 2.2.2. The 

techniques used in this study are summarised in table 2:

No. o f  animals undergoing surgical 
)rocedure

48: transection/ligation o f right sciatic 
nerve

2: crush right sciatic nerve 
unonerated controls

«SVWSW '̂.VSl'.S'

Number o f  rats undergoing experimental
procedure___________________________ ___
28: morphometry after 1, 2, 3 weeks and 2, 
3, 6 months
8: neuronal tracing with CB-HRP 
conjugates or I.V. ERP 
3: RT97 immunohistochemistry

4: LA4, SSEA4, CGRP nad GAP43 
immunohistochemistry.
3: ISEL histochemistry 
2: Electron microscopy 
morphometry after 2 months 
morphometry

Table 2: Number o f animals used in the experimental procedures in section 2.4 

O f the 48 rats with right sciatic nerve transection and ligation, 28 were used to 

investigate the time course o f vacuolation (the same rats as used in section 2.2.2) at 1, 2 

and 3 weeks, and at 1, 2, 3 and 6 months after axotomy (section 2.4.2). At each time 

point 4 rats were terminally anaesthetised, perfused with fixative and the left and right L4 

and L5 DRGs removed for paraffin processing (see section 2.2.2).

Eight rats were used for neuronal tracing, with cholera toxin-horseradish 

peroxidase (CB-HRP: 4 rats) conjugate and the injected peroxidase technique (4 rats) 2 

months after axotomy (see section 2.4.5).

Three rats were terminally anaesthetised, perfused with 4% depolymerised 

paraformaldehyde in phosphate buffer, and their left and right L4 and L5 ganglia removed 

for paraffin wax processing (see section 2.2.2) and RT97 immunohistochemistry (see 

section 2.4.3) 2 months after right sciatic transection and ligation.
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The immunostained right L4 and L5 ganglia o f 4 rats that had undergone sciatic 

transection and ligation 2 months prior to sacrifice (see section 2.3.4) were examined to 

estimate the expression o f LA4, SSEA4, CGRP and GAP43-IR in vacuolated neurons.

Three rats were killed and perfused, 2 months after undergoing transection and 

ligation o f the right sciatic nerve, and the ipsilateral L4 and L5 DRGs processed for ISEL 

staining (as described in section 2.2.2).

Two rats were terminally anaesthetised, perfused transcardially with Karnovskys 

fixative and their right L4 and L5 DRGs removed for electron microscopy processing (see 

section 2.4.7).

2.4.2: Morphometry: time course o f  vacuolation

The 2 animals which had a crush lesion to the nerve were perfused after 2 months, 

as at this time functional recovery is complete (Bridge et a l ,  1994). The degree o f 

vacuolation was assessed in the same way for the sciatic crush animals and the 32 sciatic 

transection and ligation animals from section 2.2.1 and 2.2.2. Nucleolar counts were 

performed on every fifth section, and the incidence o f vacuolated neurons was calculated 

as a simple proportion o f the neurons counted that showed a nucleus with a nucleolus. 

These neurons are unambiguous in appearance, generally being grossly distorted by one or 

more (up to 4 or 5) large vacuoles which often appear to squash the nucleus into an ovoid 

shape (Fig. 2). The figures obtained for L4 and L5 DRGs o f each animal were pooled and 

the result expressed as a percentage o f the neurons counted that were vacuolated.

2.4.3: RT97 Immimocytochemistry

After perfusion, the left and right L4 and L5 DRGs o f 3 rats whose right sciatic 

nerve had been transected 2 months previously, (a time at which we found the greatest 

incidence o f vacuolation) were allowed to fix for a further 24 hours before being
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Fig. 2: Photomicrograph o f  a vacuolated neuron containing three vacuoles, stained with
cresyl fast violet. Scale bar = lO^m.

processed and embedded in paraffin wax. Serial 6 |,im sections were cut and mounted onto 

poly-L-lysine coated slides. The slides were then de-paraffinised, rehydrated and rinsed in 

O.IM tris buffered saline, pH 7.4 (TBS), before being incubated in 0.05% trypsin 

containing 0.05% calcium chloride for 10 minutes at 37°C. The slides were then rinsed in 

several changes of  TBS prior to incubation in RT97 monoclonal antibody (Cymbus) 

diluted 1:10 in TBS overnight at 4°C. The following day the slides were rinsed in TBS 

and incubated for 1 hour at room temperature in biotinylated rabbit anti-mouse secondary 

antibody (diluted 1:200 in TBS: Dako), rinsed in TBS and then incubated in peroxidase- 

conjugated avidin (1:500 in TBS: Dako) for 1 hour. After rinsing in TBS the slides were 

incubated in 0.05% DAB in PBS containing 0.04% nickel chloride with 0.01% hydrogen 

peroxide. The slides were then dehydrated and mounted.

2.4.4: LA4, SSEA4, CGRP and GAP43 ininnnioreacHvity in vacuolated neurons 

Four animals were perfused transcardially with cold 4% depolymerised 

paraformaldehyde in 0. IM phosphate buffer (pH7.4) under terminal pentobarbitone
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anaesthesia; they had their right sciatic nerve transected and ligated at mid-thigh level 2 

months previously (as described in sections 2.2.1 and 2.3.4). Following cryosectioning 

and immunostaining, slides with sections from levels approximately 40|um apart w ere 

examined from each animal: one slide for each o f the antigens to  be studied. In this way it 

was hoped to obtain an estimate o f the proportion o f vacuolated neurons expressing a 

particular antigen at several levels through each DRG, as the numbers o f neurons o f  a 

particular sub-type do often demonstrate local variation in distribution (personal 

observations).

Proportions o f immunostained vacuolated neurons were estimated by counting all 

immunoreactive and non-immunoreactive vacuolated neurons showing a nucleus on each 

immunostained slide and calculating the proportion o f antigen positive vacuolated 

neurons.

2.4.5: Intraneuronal and extraneuronal tracing o f  axotomised sciatic afférents and 

vacuolated neurons.

For intraneuronal tracing by intraneural injection o f CB-HRP, 4 rats had their right 

sciatic nerve transected and ligated as described in section 2.2.1, and were allowed to 

recover after repair o f the wound. Two months later they were re-anaesthetised with 

halothane, the proximal stump o f the sciatic nerve exposed (as described above) and lOpl 

o f  a 5% solution in saline o f the B subunit o f  cholera toxin conjugated to horseradish 

peroxidase (CB-HRP: Sigma) injected intraneurally into a length o f the stump with a 

Hamilton syringe. The wound was dusted with antibiotic powder, sutured in layers and 

the animals allowed to recover. Forty-eight hours later they were perfused transcardially 

with fixative under terminal anaesthesia.

The 4 rats were perfused transcardially with 4% glutaraldehyde in O.IM 

cacodylate buffer (pH 7.4). The ipsilateral L4 and L5 ganglia and the L4/L5 region of



spinal cord (identified from the root entry zone) were removed and fixed in the same 

fixative for 1 hour. The ganglia and cord were then infiltrated with 15% sucrose in 

phosphate buffer overnight as a cryoprotectant, frozen in isopentane cooled with liquid 

nitrogen (-170°C) and 10 or 20pm cryostat sections cut on a cryostat and mounted onto 

poly-L-lysine coated slides. Ganglia were sectioned at 10pm; 20pm  sections o f spinal cord 

were cut and mounted at 100pm intervals through the entire spinal cord segment. The 

sections were allowed to dry onto the poly-L-lysine coated slides for one hour. These 

were then reacted with the chromogen tetramethylbenzidine as described by Mesulam 

(1978): thus the slides were washed in phosphate buffer twice and in distilled water three 

times; they were then placed in 0.005% tetramethyl benzidine (TMB), 0.1% sodium 

nitroferricyanide and 2.5% ethanol in O.OIM acetate buffer pH 3.3 for 20 minutes in the 

dark at room temperature. After this time 0.3% hydrogen peroxide in water was added, 

250pl per 10ml o f  TMB solution, and reacted for a further 20 minutes. The slides were 

then washed in three changes o f 5% acetate buffer pH 3.3 for 15 minutes before being 

transferred to a stabiliser solution containing 0.009% sodium nitroprusside in a 50% 

ethanol/50% 0.02M acetate buffer pH 3.3 for 20 minutes. The slides were then washed 

three times in distilled water, air dried at room temperature, counterstained with neutral 

red and mounted in Ralmount from xylene. The reaction product is dark blue in colour 

and glows orange/yellow under dark field illumination.

Extraneuronal tracing was applied to determine whether the vacuoles were indeed 

intraneuronal. Four rats, whose right sciatic nerve had been transected and ligated 2 

months previously, were deeply anaesthetised and injected with 0.3mg/g o f horseradish 

peroxidase (HRP) through the femoral vein according to the method o f Jacobs et a l 

(1976). After 15 minutes, a time at which the HRP has been distributed into the
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extracellular spaces in DRGs (Jacobs et a l,  1976), the rats were perfused transcardially 

with 700 ml o f 4% glutaraldehyde in O.IM sodium cacodylate buffer (pH 7.4). The 

ipsilateral L4 and L5 DRGs were removed and fixed for 1 hour in the same fixative. The 

ganglia were then cut into several thin slices, washed in PBS and infiltrated with 0.15% 

DAB in PBS for 1 hour at room temperature. Hydrogen peroxide (0.01%) was then 

added and allowed to  react for 1 hour: the tissue was then washed in several changes o f 

PBS and post-fixed overnight in 4% glutaraldehyde in O.IM cacodylate buffer (pH 7.4) 

before being processed into araldite CY 212 for electron microscopy (see section 2.4.8). 

The tissue was then embedded flat, polymerised and ultrathin 70nm silver-grey sections 

cut and mounted onto copper grids. The tissue was not stained with lead or uranium, and 

was examined at 40-60 kV in a Jeol 100 electron microscope.

2.4.6: In situ end-lahelling

Three rats which had their right sciatic nerve transected and ligated 1-2 months 

previously were anaesthetised, perfused, their left and right L4 and L5 DRGs removed 

and allowed to fix in the same fixative. Sections o f 4pm thickness were then cut and 

mounted onto Vectabond™ (Vector Labs) treated slides; a section o f rat testes was 

included with every batch o f slides to be stained as a positive control. The slides were de- 

paraffinised, rehydrated, rinsed in TBS and treated with 20pg/ml proteinase K in O.IM tris 

hydrochloride (tris-HCl) containing 0.05M EDTA (pH 8.0) at room temperature for 8 

minutes. The slides were then stained with the />? situ end-labelling technique as described 

in section 2.2.3.

2.4.7: Electron microscopy

Two rats, which had had their right sciatic nerve transected and ligated 1-2 months 

previously were terminally anaesthetised and transcardially perfused with approximately 

700ml o f  Karnovsky’s fixative at room temperature. A litre was prepared by preparing
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200ml o f  10% paraformaldehyde in water (dissolved by heating to 60°C and adding a few 

drops o f IM  sodium hydroxide solution until the solution cleared), adding 120ml o f 25% 

glutaraldehyde, 400 ml o f 0.2M sodium cacodylate buffer pH 7.2-7.4, 280 ml o f  distilled 

w ater and 500 mg o f anhydrous calcium chloride. The ipsilateral L4 and L5 DRGs were 

removed and allowed to fix in the same fixative for a further 24 hours.

The ganglia were then:

1) Rinsed in 0. IM  sodium cacodylate buffer pH 7.4.

2) Transferred to 1% aqueous osmium tetroxide for 2-4 hrs. at 4°C.

3) Rinsed in 0. IM  sodium cacodylate buffer.

4) Dehydrated in grades o f alcohol:

70% ethanol - 10 mins.

90% ethanol - 10 mins.

Absolute ethanol I - 10 mins.

Absolute ethanol 11-10 mins.

Absolute ethanol III - 10 mins.

5) Transferred to propylene oxide (1,2 epoxy propane) - 15 mins.

6) Transferred to fresh propylene oxide - 15 mins.

7) Transferred to a 1:1 mixture o f propylene oxide and resin for 30 mins: the resin 

consisted o f 20 ml o f Araldite CY212, 25 ml o f dodecenyl succinic anhydride and 0.8 ml 

o f  DM P 30 mixed for 20 mins. at room temperature.

8) Transferred to pure resin mixture and rotated slowly overnight.

9) Embedded in fresh resin from the same batch made previously, and polymerised at 

60°C for 24-48 hrs.
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The embedded ganglia were trimmed with a razor blade under a dissecting 

microscope, and semithin 1 pm sections cut with glass knives, mounted onto glass slides 

and stained with toluidine blue. Areas o f interest were trimmed down to a suitable size 

and 70 nm ultrathin sections o f a silver grey/light gold interference colour were cut from 

the surface o f the tissue and dried onto 200 mesh copper grids. They were then stained 

with a saturated ethanolic solution o f  uranyl acetate for 3 minutes, rinsed in two changes 

o f pure ethanol and stained with Reynolds’ lead citrate. They were then washed in two 

changes o f distilled water, dried and examined and photographed at 80 KV in a Jeol 100 

electron microscope.

2.5: E FFE C T  O F A D M IN ISTERED  N E U R O T R O PH IN S UPON TH E 
IN C ID E N C E O F AXOTOM Y-TNDUCED V A C U O LA TIO N  AND A PO PTO SIS IN

D O RSA L R O O T  G A NG LIA

2.5.1:Surgical procedures

Twenty-four adult Sprague-Dawley rats were anaesthetised with Halothane and 

their right sciatic nerve exposed at mid-thigh level as described in section 2.2.1. The nerve 

was then transected using surgical scissors and a 1 cm portion o f the distal stump 

removed. A sterile silicone tube (Silastic), sealed at one end with silastic silicone adhesive 

and containing approximately 50pl o f either NGF (lOOpg/ml), BDNT, NT3, CNTF (all 

1 mg/ml), BDNF/NT3 and CNTF together (1 mg/ml each) or sterile saline (in the control 

group) was then placed over the proximal stump such that 2-3 mm o f the nerve was 

enclosed within the reservoir (see Fig. 3). These reservoirs were o f an internal diameter o f 

1.6mm, external diameter 1.8mm and were approximately 1 cm long. The BDNF, NT3 

and CNTF were human recombinant versions produced in E. coli and were kindly 

provided by Dr. R. Lindsay o f  Regeneron Pharmaceuticals Inc., Tarrytown, New York. 

The NGF was the 7S mouse version obtained from Promega. All neurotrophic factors
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were diluted to the required concentration with sterile saline, except for the CNTF which 

was reconstituted with sterile water (it precipitates in saline at the concentrations used). 

The neurotrophin solutions were stored as aliquots at -70°C until required.

The reservoir was held in place by suturing the muscle together; care was taken to 

avoid damaging the nerve at any other location. The area was dusted with antibiotic 

powder and the wound closed with surgical staples. The reservoirs were refilled at weekly 

intervals by exposing them, removing the solution within by means o f a sterile hypodermic 

needle and syringe, and replacing it with fresh solution by the same means. After 1-2

Fig. 3: A diagrammatic representation o f the position o f the silicone reservoir when 
implanted. The proximal stump fitted easily into the tube and the adjoining muscles held it 
in place when sutured.

weeks a host-produced capsule would form around the silicone tube with the proximal 

stump o f the nerve being incorporated into this capsule and was invariably in close 

proximity to the open mouth o f the reservoir. The animals were sacrificed after 4 weeks 

by transcardiac perfusion.
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These reservoirs were refilled weekly, as in a pilot study single or double 

administrations did not produce any noticeable effect (data not shown). This part o f the 

research was initially conducted with the mixture to investigate whether any effect could 

be observed at all using this mode o f  administration and dosing regimen.

The wound was then dusted with antibiotic powder (Cicatrin) sutured in layers and 

the skin was closed using surgical staples. A post-operative analgesic (Vetergesic, Reckitt 

and Colman) was administered intramuscularly (10 pg/kg) to minimise post-operative 

pain.

2.5.2: Examination o f tissue

One month after implantation o f the reservoirs, the rats were perfused 

transcardially with 4% depolymerised paraformaldehyde in O.IM phosphate buffer under 

terminal pentobarbitone anaesthesia as described previously. The final refill o f the 

reservoirs took place 1 week before sacrifice. The proximal stump o f the transected nerve 

was examined to determine whether its tip was within or close to (within l-2mm) the 

mouth o f the reservoir. The nerve was generally not removed for examination due to 

inherent difficulties in interpreting fibre counts/densities in terms o f neuron loss. The left 

and right L4 and L5 DRGs were removed and processed into paraffin wax as described in 

section 2.2.2. Serial 4pm sections were cut and mounted onto glass slides in a sequential 

fashion, dried overnight at 37°C, de-paraffinised and stained with acidified 0.01% cresyl 

fast violet at 60°C for 20 minutes. The slides were then dehydrated through graded 

alcohols, cleared and mounted in Ralmount.

2.5.3: Morphometry fo r  assessment o f  efficacy o f neurotrophic factor administration.

Three parameters were used to assess the neuroprotective effects o f the 

neurotrophic factors studied:

89



a) Incidence o f vacuolation. This was assessed by counting all neurons showing a nucleus 

with a nucleolus in every fifth section and expressing the proportion o f them that were 

vacuolated as a percentage (as described in section 2.4.2). Neurons were deemed to be 

vacuolated if the cytoplasm contained clear circular or ovoid spaces in excess o f 10pm in 

diameter that were not nuclei.

b) Incidence o f apoptotic neurons. The criteria used to assess whether a neuron was 

apoptotic or not was identical to that described previously (section 2.2.4) i.e. primarily the 

condensation o f nuclear DNA into spherical “nucleosomes” , an indistinct or wrinkled 

nuclear membrane, and shrinkage o f the neuron into an irregularly shaped dark body. 

Abnormalities o f Nissl distribution, membrane “blebbing” and shrinkage o f the neuron 

were not enough to classify a neuron as apoptotic without the nuclear abnormalities.

Every section from a ganglion was examined for apoptotic neurons, both for the left and 

right sides, and the figure obtained was expressed as a percentage o f the estimated total 

number o f neurons in the L4 and L5 ganglia in each animal (i.e. figures for the L4 and L5 

ganglia were pooled for each animal). In order to obtain relatively unbiased estimates o f 

neuronal numbers in ganglia, a physical disector analysis (as described in section 2.2.5) 

was performed on the serial sections o f DRGs.

c) The difference in numbers o f neurons between the left (contralateral) and right L4 and 

L5 DRGs. This was assessed using the physical disector method (see above and section 

2.2.5) and the serial reconstruction method with Abercrombie correction factor (see latter 

part o f  section 2.2.5). This was performed to enable comparison with previous work done 

with NGF (e.g. Hendry and Campbell, 1976; Otto et al., 1987; Rich et al., 1987, 1989), 

although it is making many assumptions (in the size, shape and number o f nucleoli) in 

comparing injured ganglia with uninjured.
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2.5.4: Statistical methods

The incidence o f apoptosis, vacuolation and neuronal loss were compared between 

the groups o f animals treated with neurotrophic factors was compared to the incidence in 

the saline treated group, using the one-way ANOVA test to check whether the groups o f 

rats came from a population with the same mean. Equality o f variance was checked using 

the Levene test. A post-hoc Newman-Keuls range test was then performed on the data if 

the null hypothesis was rejected. The software used for statistical analyses was SPSS for 

Windows.

An overall comparison between the physical disector method and the serial 

reconstruction (with Abercrombie correction factor method) that were used to estimate 

neuronal loss in the ipsilateral ganglia was performed according to the method o f Bland 

and Altman (1986). This was done to confirm or deny the veracity o f the results (from 

serial reconstructions) o f neuronal loss for the BDNF and CNTF treatment groups, as due 

to insufficient time no physical disector counts have yet been performed on these groups.
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C H A PTE R  3: RESU LTS
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3.1: A XO TO M Y-IN DU CED  A PO PTO SIS IN  A DU LT R A T  D O R SA L R O O T
GAN GLIA

Neuron apoptosis has been described in sensory neurons in the central nervous 

system, such as retinal ganglion neurons (Berkelaar et a l ,  1994), and trigeminal ganglion 

neurons (Aldskogius and Arvidsson, 1978), but has not been previously reported in spinal 

ganglia following trauma.

This section reports the incidence o f apoptotic neurons assessed by two different 

methods: a histochemical technique (ISEL) which was abandoned as it did not detect very 

many o f the morphologically apoptotic neurons, and a morphological approach which was 

found to be a more reliable guide to the real incidence o f apoptosis.

3.1.1: ISEL staining o f dorsal root ganglia

In contralateral control ganglia, no ISEL positive neurons were observed. ISEL 

positive apoptotic satellite cells were seen in ipsi- and contralateral ganglia (Fig. 4a). 

These could easily be differentiated from apoptotic neurons on the basis o f size, position 

and lack o f Nissl substance. These were also seen occasionally in control contralateral 

ganglia from the operated rats, and in the ganglia from unoperated rats.

The numbers o f ISEL positive (Fig. 4b) and the total number o f apoptotic neurons 

(ISEL positive + morphologically apoptotic) seen at 1 ,2 ,3  and 4 weeks are summarised 

in tab le  3. At 1 week and continuing up to 1 month after axotomy, ISEL positive neurons 

w ere seen in ipsilateral ganglia from all groups o f animals, although substantial variation in 

the extent was observed between animals. The incidence o f  apoptotic neurons appears to 

reach peak levels at 3 weeks following axotomy.
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Weeks after axotomy Mean number o f ISEL 
positive neurons in ipsilateral 
L4/L5

Total number o f apoptotic 
neurons in ipsilateral L4/L5 
(including ISEL positive)

I week 1 3
0 0
0 1

1 ( H & E  stain)
2 weeks 3 6

0 7
3 8

4 (H & E stain)
3 weeks 2 10

4 8
1 9

11 (H & E stain)
4 weeks 2 10

0 10
3 7

6 (H & E stain)

Table 3: Total numbers o f observed ISEL positive and ISEL negative apoptotic neurons 
in L4 and L5 DRGs, ipsilateral to sciatic transection, up to 4 weeks after axotomy.

During the first month o f the study it was consistently found that looking for 

apoptotic neurons on the basis o f morphological criteria revealed far more o f them than 

using the ISEL technique. Whereas ISEL showed only one apoptotic neuron in the 

ipsilateral DRGs from 3 rats at 1 week (after sciatic transection), morphological 

examination revealed 4. ISEL only labelled approximately 25% o f apoptotic neurons in 

our study (see table 3) and for this reason the technique was discontinued for the rest o f 

the study. Indeed, recently developed silver techniques that detect condensed chromatin 

may be more suitable than the ISEL technique (Moser, 1995) for facilitating the 

identification o f pyknotic/apoptotic cells. The ISEL positive neurons appeared to be in an 

advanced state o f breakdown with no nuclear membrane being visible (Fig. 4b) and only 

small particles o f condensed chromatin remaining. A major drawback o f using the ISEL 

technique was that when apoptotic neurons/cells were stained by it, the density o f  the
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reaction product obscured the cytoplasmic (Nissl substance) features that distinguish cell 

as neurons. It may also obscure nuclear features (condensed chromatin) that are more 

indicative o f apoptosis, and could in fact lead to mis-identification o f an apoptotic body as 

being o f  neuronal origin.

5.1.2: Incidence o f  apoptosis based on morphological criteria

Apoptotic neurons show a subtle variation in morphology (fig. 4d-o), such as the 

position o f  the condensed chromatin within the cell, the number and size o f the condensed 

chromatin bodies and the distribution o f the Nissl substance. These different appearances 

might reflect different stages in the apoptotic pathway, or may depend on which particular 

neuronal subset the neuron originally belonged to.

The results o f counts o f morphologically defined apoptotic neurons at 1 ,2 , 3, and 

6 months afler axotomy are expressed as percentages o f the disector counts o f ipsilateral 

ganglia summarised in table 4 and g raph  1. Significant numbers o f pyknotic neurons are 

present at three months after sciatic transection (Fig. 4g-i) and at 6 months there are still 

neurons undergoing pyknosis (and therefore apoptosis), albeit at a much reduced 

incidence (Fig. 4d-f).

Time after transection and 
ligation

Percentage difference 
between ipsi- and 
contralateral DRGs

percentage o f apoptotic 
neurons in ipsilateral L4 and 
L5 DRGs

1 month
2 months
3 months 
6 months

-13.1 ± 5 .4  
-14.7 ± 5 .2  
-7.2 ± 17.0 
-7.7 ± 13.9

0.033 ±0.005 
0.033 ±0.011 
0.030 ±0.015 
0.0065 ± 0 .004

Table 4: Neuronal losses and incidences o f neuronal apoptosis obtained with the physical 
disector method (see appendix  A).
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Fig. 4 a,b,c. Photomicrographs o f  a ISEL positive satellite cell (arrowhead) 4 weeks after
sciatic axotomy in the ipsilateral L5 DRG (a) and an ISEL positive DRG neuron from the
same ganglion (b). Photomicrograph (c) shows a “ghost cell” . Scale bar = 10pm.
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Fig. 4 d,e,f. Photomicrographs o f  apoptotic neurons in ipsilateral L4 and L5 DRGs 6
months after sciatic transection and ligation. Condensed chromatin is indicated with
arrowheads. Scale bar = 10pm.
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Fig. 4 g,h,i. Photomicrographs o f  apoptotic DRG neurons in ipsilateral L4 and L5 DRGs
3 months after sciatic transection and ligation. Condensed chromatin is indicated with
arrowheads. Scale bar = 10pm.
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Fig. 4 j,k,I. Photomicrographs o f  apoptotic neurons in ipsilateral L4 and L5 DRGs 2
months after sciatic transection and ligation. Condensed chromatin is indicated with
arrowheads. Scale bar = 10pm.
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Fig. 4 m,n,o. Photomicrographs o f  apoptotic neurons in ipsilateral L4 and L5 DRGs 1
month after sciatic nerve transection and ligation. Condensed chromatin is indicated with
arrowheads. Scale bar = 10pm.
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0.045 IT
S 0.04 +
S 0.035 -
( j  0.03 --
P 0.025 -

Z 0.015 -
0.01 - -

« 0.005 -

1 2  3 4
Time after transection and ligation (months)

G rap h  1: Incidence o f apoptosis with time in the ipsilateral DRGs after sciatic transection 
and ligation.

To enable comparison with other methods and approaches to neuron counting, the 

mean numbers o f neurons (with standard deviation) in the contralateral L4 and L5 DRGs 

were calculated;

The mean number o f neurons in the left L5 DRGs was 15638 ± 1532 (n=16).

The mean number o f neurons in the left L4 DRGs was 13271 ± 1475 (n=16).

The results from the physical disector analysis o f 4 unoperated control rats are 

shown below in tab le 5:

Animal Total number of 
neurons in left L4 
and L5 ganglia

Total number o f 
neurons in right L4 
and L5 ganglia

% difference 
between left and 
right___________

XP 3489 
XP 3486 
XP 3535 
XP 3534

24724
29062
25048
25913

23365
29669
25877
28399

- 5  5%o 
+ 2 . 1% 
+3.3% 
+9.6%

mean ± S.D. +2.4 ± 5 .4%

T able 5: Estimated neuronal numbers (using a physical disector technique) in left and 
right L4 and L5 DRGs from unoperated control rats.
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The results demonstrate that there are similar numbers o f neurons in the left and 

right L4 and L5 DRGs when groups o f animals are examined, but there is occasional 

substantial individual variation. This has been observed in thoracic ganglia using serial 

reconstructions (Ygge et a l,  1981).

3.1.3: Neuronal counts based on serial reconstructions with Abercrombie correction 
factor

The results from corrected nucleolar counts at 1 ,2  and 3 weeks and 1 ,2 ,3  and 6 

months following axotomy are summarised in tab le 6, along with the difference between 

ipsi- and contralateral ganglion neuron counts (see g raph  2).

.s

&
§
ai

25§20
Q
3
1«  15
3

cd
10

i
1
’é 5

0
0 1 2  3 4 8 12 24

Time after axotomy (weeks)

G rap h  2: Neuronal loss in the ipsilateral L4 and L5 DRGs when compared with the 
contralateral DRGs using the serial reconstruction (with correction factor) technique.

One should allow for the overall 6.8% bias towards showing greater neuronal loss

(see g raph  3) when this method was used. Furthermore, substantial variation in loss is

seen in individual rats using side-to-side comparisons, as is also seen in the physical

disector counts (appendix  A).
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Time after transection and ligation Percentage difference between ipsi- and 
contralateral ganglia._________________

1 week
2 weeks
3 weeks
1 month
2 months
3 months 
6 months

-0.7 ± 0 .4  
-9.7 ±0 .3  
1 1 .4 ± 2 .4
13.2 ± 6 .9
12.2 ± 6.6
17.2 ± 3 .2
14.3 ± 7 .8

T able 6; Difference in neuron counts o f (pooled) left and right L4 and L5 DRGs after 
axotomy, based on serial reconstructions with Abercrombie correction factor (see 
append ix  B).

The mean nucleolar diameter obtained for each ganglion did not vary very much 

between left and right ganglia, nor between animals very much, invariably being between 

3.1 and 3.4 pm, giving correction factors between 0.563 and 0.541.

3.1.4: Statistics

When the neuron deficits (expressed as a ratio; i.e. the number o f neurons in the 

ipsilateral L4/L5 divided by the number in the contralateral L4/L5 DRGs) at 1 and 6 

months after axotomy (for each method) were compared by performing a 2-tail t-test 

assuming equal variance (checked using the Levene test), no significant difference was 

found at the p<0.05 level o f significance. In other words the neuronal loss at 1 month was 

not significantly different from that at 6 months.

In order to examine whether serial reconstruction counts (with correction factor) 

give estimates o f  neuronal loss that are comparable with those obtained by the physical 

disector technique, a statistical test was used on the 2 sets o f results (Bland and Altman, 

1986) to check the degree o f agreement (see g raph  3). This revealed that a slight bias 

exists in the serial reconstruction technique (with correction factor), which produces a
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greater apparent loss in ipsilateral ganglia by a mean overall factor o f  6.8 ± 14.2% (i.e. 

0.068 ± 0 .142, shown on graph 3 as a dashed line). However this data showed a large 

degree o f  variation (limits o f  agreement being ± 28.4%) so that individual rats can show a 

large discrepancy between neuronal losses measured using the two counting techniques. 

This may be due to intraspecies variation in nucleolus expression.
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-0.05 0 0.7

3
-0.15

CL

-0.25

-0.35 -

-0.45

mean o f  the two measurements (of neuronal loss)

G raph 3: The difference plotted against the mean of  the results for neuronal loss for pairs 
o f  ganglia (L4 or L5) at 1 , 2 , 3  and 6 month survival times, as measured by the serial 
reconstruction technique and the physical disector technique. The mean difference 
between the results generated by the 2 counting methods is indicated by a dashed line.
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3.2: E FFE C T  O F AX O TO M Y  ON OLTGOSACCHARTDE, C G R P AND GAP43 
IM M U N O R E A C T IV ITY  IN  TH E  A DU LT RAT.

3.2.1: LA4 immiworeactivity

In control ganglia the LA4 antibody stained 30-31% o f the neurons examined, 

exclusively those in the 15-25 |im  diameter size range (Fig. 5a). Immunoreactivity 

appeared as intense but sparsely distributed perinuclear punctate deposits, and membrane 

staining (Fig. 5b). After both sciatic nerve crush (SC) and sciatic nerve transection and 

ligation (STL), a decrease in the number o f LA4-IR neurons was observed in the 

corresponding DRGs . This decrease became apparent 3 days after trauma (Fig. 5c) and 

persisted up to 2 months after nerve crush, after which time a partial recovery occurred 

(Fig. 5d). However, in the STL group no recovery in the numbers o f immunoreactive 

DRG  neurons was observed up to 18 months after trauma (Fig. 5e) when compared with 

contralateral ganglia.

The distribution of LA4-IR in the dorsal horn o f control spinal cord was seen 

predominantly in the inner part o f lamina II under normal conditions (L Hi: Fig. 5f). 

Depletion o f LA4-IR was observed in Llli, excluding the most lateral portion, on the side 

ipsilateral to the trauma in both groups 4 days after trauma (Fig. 5g). Depletion o f LA4- 

IR  in this area, which became virtually complete at around 1-2 weeks (Fig. 5h), was 

followed by a mild recovery in the SC group at 1-2 months after trauma (Fig. 5i). By 4 

months recovery in IR had become more obvious although it remained patchy and was 

limited to a narrower band than in the contralateral dorsal horn, an appearance that 

persisted to the end o f the study (fig. 5j). In the STL group virtually no recovery in LA4-
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Fig. 5 a,b. Photomicrographs o f  LA4-IR neurons: (a) shows a collection o f  LA4-IR 
neurons which are o f  relatively homogenous size (40|.im thick free-floating immunostained 
section, no counterstain), (b) is a higher magnification image o f  an LA4-1R neuron (10 pm 
thick mounted section, toluidine blue counterstain) showing immunostaining of  neuron 
membrane (arrow) and presumptive Golgi complex (arrowhead). Scale bar = 10pm
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Fig. 5 c,d,e. Photomicrographs o f  LA4-IR neurons at 3 days after STL (c), 2 
months after SC (d) showing a partial recovery and 18 months after STL showing no 
recovery in LA4 expression (e). Forty pm free-floating immunostained sections. Scale bar 
= 10|am
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Fig. 5 f,g,h. Photomicrographs o f  spinal cord immunostained for LA4: normal cord (f), 
spinal cord 4 days after STL showing initial depletion in the ipsilateral dorsal horn
(g) and spinal cord 2 weeks after SC showing complete depletion (h). Forty |um
free-floating immunostained sections. Scale bar = 100|.uti
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Fig. 5 i,j,k. Photomicrographs o f  spinal cord immunostained for LA4; 2 months after SC 
showing a mild recovery (i) o f  expression, which after 4 months is more pronounced but 
still less than in the contralateral dorsal horn (j). No recovery in LA4 expression was seen 
after STL upto 18 months later (k). Forty pm free-floating immunostained sections. Scale 
bar = 100pm.
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IR was seen for the whole duration o f the study (fig. 5k).

3.2.2: LD2 immunoreactivity

In control ganglia LD2-IR was observed predominantly in small to medium sized 

(up to 40 |im  in diameter) D RG neurons comprising 45-50% o f the total DRG neurons 

observed (Fig. 6a). Immunostained neurons showed punctate reactivity distributed 

homogeneously throughout the cytoplasm (Fig. 6b). Following both SC and STL, severe 

depletion o f LD 2-IR  was observed 6-7 days post-operatively (PO) in the ipsilateral 

ganglia (Fig. 6c).This depletion occurred as a reduction in the number and in the intensity 

o f  immunostaining in the LD2-IR neurons. In the SC group, recovery both in the numbers 

and intensity o f  immunostained neurons had occurred by 2 months PO (Fig. 6d). However 

in the STL group no significant recovery o f LD2-IR in the affected ganglia was seen up to 

18 months PO (Fig. 6e)

In the normal dorsal horn o f the spinal cord, LD2-IR is predominantly distributed 

in lamina I and the outer layer of lamina II (LIIo: Fig. 6f). In the dorsal horn a mild 

depletion o f LD 2-IR in the medial portion o f LII, appeared at 7-8 days PO (Fig. 6g), and 

became obvious in both groups at between 2 weeks and 1 month (Fig. 6h). By 2 months a 

substantial recovery in LD2-IR in the ipsilateral dorsal horn was seen in the SC group, 

although it was still noticeably less than that observed in the contralateral horn (Fig. 6 i ) , 

and remained so after 12 and 18 months (Fig. 6j). No recovery o f LD2-IR was observed 

in the ipsilateral dorsal horn o f the spinal cord in the STL group up to 18 months PO (fig 

6k).
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Fig. 6 a,b. Photomicrographs o f  LD2-1R neurons: (a) shows a collection o f  LD2-IR 
neurons which are o f  relatively heterogeneous size (40|,im thick free-floating 
immunostained section, no counterstain), (b) is a higher magnification image o f  LD2-1R 
neurons (10 pm thick mounted section, toluidine blue counterstain) showing punctate 
immunostaining. Scale bar = 10pm

1 1



9 ^ .

m -

Fig. 6 c,d,e. Photomicrographs o f  LD2-IR neurons at ] week after STL showing
depletion o f  immunoreactivity (c), 2 months after SC (d) showing a partial recovery and 
18 months after STL showing no recovery in LD2 expression (e). Forty |.im free-floating 
immunostained sections. Scale bar = 10pm
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Fig. 6 f,g,h. Photomicrographs of spinal cord immunostained for LD2: normal cord (f), 
spinal cord 7 days after STL showing initial depletion in the ipsilateral dorsal horn
(g) and spinal cord 2 weeks after SC showing complete depletion (h). Forty pm
free-floating immunostained sections. Scale bar = 100pm
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Fig. 6 i,j,k. Photomicrographs o f  spinal cord immunostained for LD2; 2 months after SC 
showing a mild recovery (i) of  expression, which after 4 months is more pronounced but 
still less than in the contralateral dorsal horn (j). Little recovery in LD2 expression was 
seen after STL up to 18 months later (k). Forty |.im free-ftoating immunostained sections. 
Scale bar = 100pm.
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3.2.3: SSEA4 inmmnostaining

In control ganglia from unoperated animals, SSEA4-IR was observed in DRG 

neurons o f large diameter (>40 pm) which represent 10-13% o f the total lumbar DRG 

neurons examined. Immunostained D RG neurons showed homogeneously distributed and 

dense immunoreactivity throughout the cytoplasm (Fig. 7a, b).

Following SC or STL, no apparent changes in the number o f SSEA4-IR neurons 

or the intensity o f  immunostaining were observed (in the corresponding DRGs) in either 

group at any stage. However, beginning at 1-2 weeks and increasing in number up to 

around 2 months, SSEA4-IR DRG neurons containing large intracytoplasmic vacuoles 

were observed (Fig. 7c). They appeared most numerous at between 1 and 2 months after 

STL and were also seen in the SC animals, in which they had decreased to normal levels 

by 2-3 months. The fact that a disproportionate number o f them appeared to express 

SSEA4-IR raised the possibility that vacuolation may be a specific reaction to axotomy by 

the large DRG neuron population, and this provided the stimulus for the separate study 

into this phenomenon (see sections 2.4 and 3.3). SSEA4-ÏR vacuolated DRG neurons 

were observed up to 18 months after STL (Fig. 7d).
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Fig. 7 a,b,c. Photomicrographs of  SSEA4-IR neurons: (a) is a higher magnification image 
o f  SSEA4-IR neurons (10 pm thick mounted section, toluidine blue counterstain), (b) 
shows a collection o f  SSEA4-IR neurons from control ganglia which are o f  relatively 
homogenous size and (c) shows vacuolated SSEA4-IR neurons (arrows) 2 months after 
STL (40pm thick free-floating immunostained sections, no counterstain). Scale bar = 
10pm
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Fig. 7 d,e,f. Photomicrographs o f  SSEA4-IR vacuolated neurons (arrows) 18 months 
after STL (d: scale bar = 10pm), normal spinal cord immunostained for SSEA4 (e) and 
spinal cord immunostained for SSEA4 1 week after SC showing little or no
depletion (f). Forty pm free-floating immunostained sections. Scale bar = 100pm.
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Fig. 7 g,h,i. Photomicrographs o f  spinal cord immunostained for SSEA4; 2 weeks after 
STL showing a mild depletion (g) o f  expression, 4 months after SC showing almost 
complete recovery (h). Little recovery in SSEA4 expression was seen after STL up to 18 
months later (i). Forty |am free-floating immunostained sections. Scale bar = 100|.im.
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In the dorsal horn o f normal lumbar spinal cord, SSEA4-IR appears as a sparse^ 

punctate pattern in the lateral 1/3 o f LIII and a similar but denser pattern in the portion! o f 

L III and LIV adjacent to the dorsal columns (Fig. 7e), whereas the median part o f  the^e 

laminae shows only sparse granules. One week following either trauma, a slight decreaise 

in SSEA4-IR was observed particularly in the medial 1/3 o f  LIII and LIV (Fig. It). By/ 2 

weeks PC  depletion o f SSEA4-IR in the dorsal horn was noticeably more marked in thie 

STL animal, involving the part o f LIII and LIV adjacent to the dorsal columns and partt o f 

the lateral region o f LIII, with the exception o f the most lateral 1/5 o f LIII which 

appeared unaffected (Fig. 7g). At 4 months an almost complete recovery o f SSEA4-IRI 

was seen in the SC animal (Fig. 7h). The STL animals showed a depletion o f SSEA4-IIR 

in the area o f LIII/LIV adjacent to the dorsal columns and the more lateral part o f  LIII.. 

The progressive depletion o f SSEA4-IR in the affected area continued throughout the 

study in the STL group, becoming completely depleted in the medial portion adjacent tto 

the dorsal columns by 12 months (Fig. 7i).

3.2.4: CGRP imnnmostaining

In control ganglia from unoperated animals CGRP-IR was observed predom inantly 

in small diameter and some large diameter neurons, altogether comprising about 50% o^f 

the total D RG neurons observed: CGRP-IR appeared either homogeneously distributedd 

(in smaller neurons) or as punctate deposits throughout the cytoplasm in larger neuronss 

(Fig. 8a). Following SC or STL, little alteration was from the normal pattern (Fig. 8b)) o f 

CGRP-IR was seen until 1-2 weeks PO. At 2 weeks and I month (in both groups), 

decreased numbers o f CGRP-IR DRG neurons were obvious (Fig. 8c). At 2 months no3
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significant difference in the number o f CGRP-IR neurons was observed between control 

and lesioned sides in the SC animal (Fig. 8d). In the STL animals depletion o f CGRP-IR 

in neurons in the ipsilateral DRGs remained evident up to 18 months after injury (Fig. Be).

In the spinal cord CGRP-IR was distributed predominantly in L I and LIIo (Fig.

8f) and consisted o f a fine varicose network o f fibres, some o f which extended ventrally 

into LIII, LIV and LV (Fig. 8g); CGRP-IR was also seen in motor neurons (Fig. 8h) and 

within LX around the central canal (Fig. 8i). Little significant change in the normal 

pattern o f CGRP-IR in the dorsal horn was seen until 1-2 weeks PO, whereupon a slight 

rarefaction was observed in the medial portion o f LI and LIIo (Fig. 8j). After 1 month, 

virtually no difference in CGRP-IR was observed in the dorsal horn o f the SC animal (Fig. 

8k), whereas in the STL animal the depletion in the medial 2/3 o f LI/LIIo was seen but it 

was not striking (Fig. 81). At 2 months after SC, CGRP-IR had returned to normal levels 

in the dorsal horn (Fig. 8m), whereas depletion had become severe following STL (Fig. 

8n). Four months after STL some recovery appeared to have occurred in the affected 

portion o f the dorsal horn but staining was still significantly less than in the control side 

(Fig. 8o). By 12 months this slight recovery in CGRP-IR in the medial part o f LI/LIIo had 

continued, and by 18 months the intensity o f IR was similar to the control horn, although 

this horn was smaller than the contralateral (Fig. 8p).
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Fig. 8 a,b. Photomicrographs o f  CGRP-IR DRG neurons showing: (a) a relatively 
homogeneously immunostained neuron (arrow) and neurons with the punctate pattern of 
immunoreactivity (arrowheads), and (b) section o f  normal ganglion immunostained for 
CGRP. Twenty pm mounted section counterstained with toluidine blue. Scale bar = 
10pm.
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Fig. 8 c,d,e. Photomicrographs o f  CGRP-IR neurons 2 weeks after STL showing 
initial depletion (c), recovery 2 months after SC (d) and no recovery 18 months after STL 
(e). Twenty |um mounted sections with toluidine blue counterstain. Scale bar = lOjum
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Fig. 8 f,g,h. Photomicrographs o f  spinal cord immunostained for CGRP; normal spinal 
cord (f), detail o f  immunoreactive fibres extending into lamina III, IV and V (g) and detail 
o f  immunoreactive motor neurons (h). Twenty pm mounted section, no counterstain. 
Scale bar = 100pm
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Fig. 8 Twenty ).im mounted sections o f  L4/L5 spinal cord immunostained for CGRP: 
detail o f  immunoreactive fibres in lamina X around the central canal (i), 2 weeks after 

STL showing initial depletion (j) and 1 month after SC showing recovery o f  CGRP-IR 
(k). Scale bar = 100),im.
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Fig. 8 I,m,ii. Twenty mounted sections o f  L4/L5 spinal cord immunostained for 
CGRP: 1 month after STL showing moderate depletion (1), restoration o f  CGRP-IR 2 
months after SC (m) and increased depletion 2 months after STL (n). Scale bar = 100pm.
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Fig. 8 o,p. Twenty mounted sections of L4/L5 spinal cord immunostained for CGRP 
showing a slight recovery in CGRP-IR 4 months after STL (o) and 18 months after STL 
CGRP-IR has recovered to near normal intensity (p). Scale bar = 100|,im.
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5.2.5: GAP43 inimunostaining

In control ganglia from unoperated animals GAP43-IR was predominantly seen in 

small diameter D RG  neurons which comprised approximately 60% o f the total number o f 

neurons observed (Fig 9a); immunoreactivity was distributed in the region o f  the cell 

membrane and throughout the cytoplasm in a punctate pattern (Fig. 9b). Following either 

type o f trauma o f the sciatic nerve, an increase in the number o f GAP43-IR neurons was 

seen in the corresponding DRGs 3 days later. This increase was first observed in small 

diameter neurons (Fig. 9c) whereas those o f a larger diameter demonstrated increased IR 

only 1-2 weeks following injury (Fig. 9d). At 1 month following injury, the appearance o f 

D RG  neurons was similar to that at 2 weeks in both groups, with most neurons showing 

GAP43-IR. At 2 months GAP43-IR in the affected ganglia o f the SC animal had largely 

reverted to control levels (Fig. 9e) whereas the STL animal still showed higher numbers 

o f  GAP43-IR neurons in the affected ganglia when compared with the contralateral 

ganglia (Fig. 9f) At 4 months GAP43-IR had reached control levels in the DRGs o f both 

groups, and at 12 and 18 months after STL a similar pattern was also seen.

In normal lumbar spinal cord from unoperated rats diffuse IR was observed 

predominantly in LI and LII (inner and outer), the corticospinal tracts and LX (Fig. 9g), 

as has been reported elsewhere (Curtis et al, 1993b). Increased GAP43-IR was seen in the 

ipsilateral dorsal horn at 6-8 days PO (Fig. 9h), predominantly in the medial portion o f 

Llli. At 2 weeks after injury elevated GAP43-IR was evident in the medial 4/5 o f LI/II o f 

the dorsal horn, in both animals (Fig. 9i). By 1 month, elevated GAP43-IR was still 

evident in the medial portion o f LI, Llli and LIIo, and by 2 months had decreased to 

control levels in the SC animals (Fig. 9j). Sparse patches if increased GAP43-IR were 

observed in LI/LII following nerve transection for up to 12 months PO (Fig. 9k).
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fig. 9 a,b. Photomicrographs o f  lO^m mounted sections o f  lumbar DRG immunostained 
for GAP43: normal appearance o f  ganglia (a). Immunoreactivity is seen associated with 
the neuronal membrane and distributed homogeneously throughout the cytoplasm (b). 
Scale bar - lOfam.
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Fig. 9 c,d,e. Following peripheral axotomy, GAP43-IR is up-regulated first in small 
neurons (arrows) 3-4 days after STL (c), then larger neurons at around 1 week 
after STL (arrowheads: d). Two months after SC, GAP43-1R has returned to the 
normal appearance (e). Twenty pm mounted sections counterstained with toluidine blue. 
Scale bar = lOp
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Fig. 9 f,g,h. Photomicrograph of a mounted 10pm section o f  ipsilateral L4 and L5 DRGs 
immunostained for GAP43, 2 months after STL showing continued elevated expression 
and GAP43-IR vacuolated neurons (f: scale bar = 10pm). Twenty pm mounted sections 
o f  L4/L5 spinal cord immunostained for GAP43: unoperated control (g) and 1 week after 

SC showing elevated GAP43-IR (h; arrowheads). Scale bar = 100pm.
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Fig. 9 Twenty |am mounted sections o f  L4/L5 spinal cord immunostained for 
GAP43; 2 weeks after STL increased GAP43-IR is evident in the ipsilateral dorsal 
horn (i), 2 months after SC levels have returned to contralateral levels (j) and 12 months 
after STL increased GAP43-IR can be seen in some areas (arrows, k). Scale bar = lOOfa
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3.2.6: Morphometry and statistics o f  immunostained neurons

Two months following STL, the expression o f LA4, LD2 and CGRP 

(predominantly small neuron markers) was severely depressed when compared with the 

contralateral ganglia (p<0.05: see tab le  7 and graph  4), with the lactoseries 

oligosaccharide immunoreactive DRG neurons being particularly affected. The proportion 

o f  DRG neurons expressing SSEA4 did not differ significantly from control values 

(p>0.05). The proportion o f DRG neurons expressing GAP43-IR remained elevated as 

reported elsewhere (W oolf et a l ,  1990). However following nerve crush injury and 

subsequent functional regeneration (see table 8 and graph  5) which is complete by 2 

months (Bridge et a l ,  1994), only the proportion o f DRG neurons expressing the LA4 

oligosaccharide immunoreactivity showed a significant decrease (p<0.05) when compared 

to the contralateral side. The proportion o f DRG neurons demonstrating LD2, SSEA4, 

CGRP and GAP43 immunoreactivity was not significantly altered (p>0.05).

M arker contralateral L4 
and L5 DRGs

ipsilateral L4 
and L5 DRGs

p value

LA4 30.3 ± 6 .4% 6.4 ± 1.7% 0.008

LD2 47.0 ± 1.7% 15.4 ± 12.3% 0.022

SSEA4 10.9 ± 1.3% 13.1 ±2 .0% 0.176

CGRP 55.5 ± 2 .4% 30.8 ± 5 ^ % 0.002

GAP43 62.2 ± 2 .8% 87.2 ±2 .1% 0.00002

Table 7: Mean proportions o f immunoreactive L4/L5 DRG neurons from four rats, 2 
months after right sciatic nerve transection and ligation, (see appendix  C)
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G raph 4: Proportions of ipsi- (open) and contralateral (hatched) L4/L5 DRG neurons 
expressing neuronal subset markers following sciatic transection.

Marker contralateral L4 ipsilateral L4 p value 
and L5 DRGs and L5 DRGs

LA4 30.8 ± 1.8% 22.8 ±3.7% 0.027

LD2 49.8 ±3.3% 39.6 ±6.2% 0.053

SSEA4 12.3 ±2.6% 13.0± 1.2% 0.704

CGRP 48.4 ±3.4% 49.7 ±3.5% 0.643

GAP43 59.4 ±3.9% 54.8 ±4.3% 0.213

Table 8. Mean proportions of  immunoreactive L4/L5 DRG neurons from four rats, 2 
months after sciatic nerve crush, (see appendix D)

133



SSEA4

M arker

G raph 5; Proportions o f  ipsi- (open) and contralateral (hatched) L4/L5 DRG neurons 
expressing neuronal subset markers following sciatic crush.
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3.3: A X O TO M Y -IN D U CED  V A C U O LA TIO N  O F D R G  N EU RONS

The morphology o f vacuolated neurons is relatively homogenous and did not 

present any ambiguities in identification. Neurons containing 1 or more large spherical 

spaces larger than 15pm were considered to be vacuolated. In fact the vacuoles observed 

were usually much larger, and could be up to 70-80pm in diameter (see Fig. 2). Usually 

vacuoles occurred singly but often multiple ones were observed in neurons.

5.3.1: Morphometry

The results o f the investigation o f the time course o f vacuolation are summarised 

in tab le  9 and graph  6. Vacuolation became apparent at 1 week after axotomy and 

increased to a peak incidence o f vacuolation at 1-2 months, gradually decreasing with time 

so that, by 6 months, levels were still noticeably higher than in the contralateral ganglia. In 

section 3.2.3 the presence o f vacuolation in the ipsilateral ganglia up to 18 months after 

transection and ligation o f the sciatic nerve was noted. The effect o f age-related changes 

(see Kerezoudi et al, 1995) may become relevant at this time, and for this reason this part 

o f the study did not examine longer time points. Conversely, when regeneration o f the 

peripheral axons was allowed to occur (after crushing o f the nerve) in 2 rats, the amount 

o f vacuolation seen was much reduced at 2 months after trauma (0.13 and 0.09% of 

neurons counted respectively). In the 2 unoperated rats an incidence o f 1-5 vacuolated 

neurons per ganglion (approximately 0.006 - 0.03 %) was recorded, which is the level that 

was observed in contralateral control ganglia in operated rats. The incidence o f 

vacuolation in control ganglia is very low (typically 1-5 per ganglion), but does appear to 

increase in aged rats.
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Incidence o f  vacuo lated  neurons a fte r axotom y
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Graph 6: Incidence o f vacuolation with time in the ipsilateral L4 and L5 DRGs following 
sciatic transection and ligation.

Time after transection % vacuolated neurons
1 week 0.3 ± 0.2%
2 weeks 1.1 ± 0 .3%
3 weeks 1.2 ± 0 .2%
1 month 1.2 ± 0 .7%
2 months 1.2 ± 0 .3%
3 months 0.9 ± 0 .3%
6 months 0.25 ± 0 .1%
n=4 rats for each time point

Table 9: Proportion o f vacuolated neurons in ipsilateral L4 and L5 DRGs after 
transection and ligation o f the right sciatic nerve (see appendix E).

3.3.2: Electron microscopy

The ultrastructure o f the vacuolated neurons appeared to be relatively 

homogenous: all o f those examined contained abundant microtubules and lipofuscin in the 

cytoplasm (Fig. 10a), showed peripherally displaced nuclei (Fig. 10b) and loss o f satellite 

cell paraphytes (Fig. 10c). The vacuoles appeared to contain membranous structures and
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flocculent material (probably proteinaceous), but not lipid. Occasional villous-type 

protrusions, which appeared to be extensions o f the cytoplasm, extended into the vacuole 

(Fig. lOd). Structures resembling coated pits and vesicles could sometimes be seen on the 

membrane o f  the vacuole (Fig. lOe), as has been reported for the vacuolation produced by 

acrylamide intoxication (Jones and Cavanagh, 1984). No horseradish peroxidase reaction 

product could be seen in any o f  the vacuoles examined in rats that been injected 

intravenously with this tracer, suggesting that they are intracellular.

3.3.3: RT97, LA4, SSEA4, CGRP and GAP43 immimocytochemistry o f vacuolated 
neurons.

The figures for ipsi- and contralateral DRG neuron subset proportions for LA4, 

SSEA4, CGRP and GAP43 are obtained from section 3.2.6.

The percentage o f normal adult rat lumbar DRG neurons that can be 

immunostained with the RT97 antibody has been reported to be 33-43% (Lawson et a l, 

1984; Robertson et a l ,  1991) with the immunoreactivity showing an uniform distribution 

inside the neurons. In 6 pm sections o f paraffin embedded contralateral control ganglia 

from the 3 rats, 28.1 ± 2.2% o f neurons counted demonstrated RT97 immunoreactivity.
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Fig. 10a. Electron micrograph o f  the cytoplasm of  a vacuolated neuron. Abundant 
endoplasmic reticulum is visible, as are microtubules (arrowheads) and lipofuscin 
(arrows). V indicates the vacuole, N the nucleus, x 25,000.
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Fig. 10 b,c. Electron micrographs of the nucleus o f  a vacuolated neuron, showing the 
indented nucleus characteristic of chroinatolytic neurons (b: magnification x 7500), Loss 
o f  paraphytes is also seen on the periphery of the neuron (c; magnification x 19000).
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Fig. 10 d,e. Electron micrographs of a villus-like structure protruding into an 
intracytoplasmic vacuole (d: x 29000), and a coated pit-like structure on the internal 
surface o f  a vacuole (e: x 137500).
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However in the ipsilateral ganglia, 35.7 ± 0.9% o f neurons counted were RT97 

immunoreactive. This difference was significant (p<0.05) when the results were compared 

using a 2-tailed t-test assuming equal variance (see appendix C).

All vacuolated neurons examined in RT97 immunostained sections o f ipsilateral 

ganglia w ere found to be immunoreactive in some portion o f their cytoplasm (see table 

10). The intensity o f immunostaining was usually high (Fig 11a). Using serial sections o f 

DRG stained with the RT97 antibody it was found that, possibly due to the distortion 

caused by vacuoles, immunoreactivity may be restricted to certain portions o f the 

vacuolated neuron.

The overall percentage o f SSEA4-IR neurons in the ipsilateral DRGs was 13.1 ± 

2.0% as opposed to 10.9 ± 1.3% in the contralateral L4 and L5 DRGs. Normal 

immunostained neurons demonstrated homogeneously distributed punctate 

immunoreactivity within the cytoplasm, as did the vacuolated ones. In tissue sections 

immunostained for SSEA4, over half o f the vacuolated neurons were immunoreactive for 

SSEA4 (54.8 ± 0.8%: see table 10 and Fig. lib ).

In contrast to the high percentage o f vacuolated neurons expressing the 

globoseries oligosaccharide SSEA4, none were observed that demonstrated LA4 

immunoreactivity. In the contralateral DRGs the percentage o f LA4 immunostained 

neurons was 30.3 ± 6.4%. The overall proportion o f LA4-IR neurons for the ipsilateral 

DRGs was 6.4 ± 1.7%.

In the sections immunostained for CGRP, 5.0 ± 7.7% o f vacuolated neurons 

counted were CGRP-immunoreactive; virtually all o f them were observed in the ganglia of 

one single animal (Fig. 11c) The overall percentage o f immunoreactive neurons for the
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Fig. 11 a,b,c. Photomicrographs of vacuolated neurons in the ipsilateral L4/L5 DRGs 2 
months after transection of  the right sciatic nerve, immunostained with RT97 (a), SSEA4 
(b) and CGRP (c) antisera. Scale bar = 10pm
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Fig. 11 d,e. Photomicrographs o f  vacuolated neurons in the ipsilateral L4/L5 DRGs 2 
months after transection o f  the right sciatic nerve, demonstrating GAP43-IR (d) and CB- 
HRP labelling 48 hrs after intraneural injection o f  CB-HRP into the proximal stump (e). 
Scale bar = lOjum
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Fig. 11 f  ,g. Photomicrograph of L4/L5 spinal cord, 2 months after sciatic nerve 
transection and ligation, and 48 hrs after injection o f  CB-HRP into the proximal stump. 
Sprouting o f  the myelinated afferents into lamina II is evident (f). Normal spinal cord is 
shown for comparison (g). Scale bar = 10pm.
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ipsilateral ganglia was 30.8 ± 5.9%. In the contralateral control DRGs, the percentage o f 

neurons expressing CGRP was found to be 55.5 ± 2.4%.

All vacuolated neurons demonstrated GAP43 immunostaining in the sections o f 

ipsilateral D RG (Fig. l i d )  immunostained for this. The overall proportion o f  GAP43-IR 

neurons in the ipsilateral ganglia was 87.2 ± 2.1% whereas in the sections o f  contralateral 

control D RG  the proportion was 62.2 ± 2.8%.

Antibody % o f IR vacuolated % o f IR ipsilateral DRG % o f IR contralateral
 __________n ^ ro n s  neurons D RG  neurons ____
RT97 100% 28.1 ± 0.9%
LA4 0% 6.4 ± 1.7% 30.3 ± 6.4%
SSEA4 54.8 + 0.8% 13.1 ± 2 .0%  10.9 ± 1 .3%
CGRP 5.0 ± 7 .7%  30.8 ± 5 .9%  55.5 ± 2 .4%
GAP43 100% 87.2 ± 2 .1%  62.2 ± 2 .8%
n=4 rats for each marker except RT97 where n=3 rats.

Table 10. Proportions o f neurons expressing subset markers in ipsilateral L4 and L5 
DRGs 2 months after transection and ligation o f the right sciatic nerve.

3.5.4: Neuronal tracing

Two months after transection and ligation o f the right sciatic nerve and 40 hours

after the intraneural injection o f CB-HRP, all vacuolated neurons examined demonstrated

the presence o f the transported HRP (Fig. l ie ) ,  most showing intense labelling. Large

numbers o f  other non-vacuolated neurons also demonstrated labelling. The spinal cords

from these animals showed profuse sprouting o f the myelinated afferents into lamina II

from lamina III and IV along the entire sciatic termination zone (Fig. I lf) and which has

been described by other authors (W oolf et a/., 1992 ).

3.3.5: In situ end-labelling

N o ISEL staining was observed in vacuolated neurons 1 month after axotomy,

w hereas occasional ISEL  positive apoptotic neurons and satellite cells w ere observed (see

section 3.1).
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3.4: EFFECT OF ADMTNTSTEREP NEUROTROPHTC FACTORS ON 

AXOTOMY-INDUCED CHANGES IN DORSAL ROOT GANGLIA

The effect o f administered neurotrophic factors upon the incidence o f neuronal 

loss with the two counting methods (serial reconstruction with correction factor, or the 

physical disector), and their effect upon apoptosis and vacuolation is described below. 

3.4.1: Morphometry o f  neuronal loss: serial reconstruction with correction factor

Results o f the cell counting using the serial reconstruction technique (with 

Abercrombie correction factor) o f the L4 and L5 DRGs from all 6 treatment groups o f 

animals are summarised in Table 11.

Treatment mean percentage difference between ipsi- and contralateral ganglia
Saline (control) -12.6 ± 2.2%
NGF -3..8 ±2.1%
BDNF -10.3 ±4.5%
NT3 -3.2 ±5.3%
CNTF -11.7 ±2.7%
BDNF/NT3/CNTF +7.1 ±1.8%

Table 11; Effect o f administration of neurotrophic factors on neuronal loss as measured 
by comparison of serial reconstructions (with correction factor) o f ipsi and contralateral 
ganglia, (see appendix  F)

Following analysis using a one-way ANOVA and a subsequent post-hoc Newman- 

Keuls range test, NGF and NT3 administration were found to have significantly reduced 

the incidence o f neuronal (nucleolar) loss (p<0.05) when compared to the contralateral 

ganglia. However, the most intriguing result was produced by administering NT3, BDNF 

and CNTF together, the nucleolar counts showed a consistent increase in neuronal 

numbers on the treated, axotomised side when compared to the contralateral side. It was 

also apparent that in the NT3 and NT3/BDNF/CNTF treatment groups, DRG neurons in 

the affected ganglia looked less chromatolytic than in the other treatment groups.
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substantial number o f  animals from the NGF treatment group exhibited self-mutilation o f 

the toes on the foot ipsilateral to axotomy, and a number had to  be humanely destroyed. 

This behaviour was not as prevalent in the remaining treatment groups.

3.4.2: Morphometry o f neuronal loss and apoptosis: the physical disector neuron counts 

The available results o f the disector analysis for the treatment groups are shown in 

tab le  12. For the reason that the equipment used for performing this analysis has only 

been in the department a short time, it was only possible to do the NT3, 

NT3/BDNF/CNTF and saline groups:

Treatment/
animal

Number o f 
neurons in 
contralateral 
L4/L5 DRGs

Number o f  
neurons in 
ipsilateral 
L4/L5 DRGs

Percentage 
difference 
between ipsi- 
and
contralateral
ganglia

Percentage o f 
apoptotic 
neurons in 
ipsilateral 
L4/L5 DRGs

Saline XP3189 29338 28681 -2.2 0.077
XP3188 29690 26457 -10.9 0.110
XP3187 30443 29220 -4.0 0.055
XP3121 23351 18619 -20.3 0.048

Mean ± S.D. 9.4 ± 7 .1 0.073 ± 0.024
NT3 XP3155 24929 27592 +10.7 0.033

XP3247 26915 29300 +8.9 0.014
XP3157 33250 31693 -4.7 0.041
XP3158 27203 28844 +6.0 0.017

Mean ± S.D. +5.2 ± 6 .0 0.026 ±0.011
N T3/ XP3313 30846 28709 -6.9 0.042
BD NF/XP3111 26928 33640 +24.9 0.039
CNTF XP3112 28160 28509 +1.2 0.007

XP3122 28443 27417 -3.6 0.091
M ean ± S.D. +3.9 ± 12.5 0.045 ±0 .030

Table 12: Effect o f administration o f neurotrophic factors on neuronal loss and apoptosis 
(neuronal loss was measured by comparison o f  physical disector neuronal counts o f  ipsi- 
and contralateral L4/L5 ganglia).

The data appears to show a slight increase in the number o f  DRG  neurons in the 

ipsilateral, treated ganglia both in the NT3 and the NT3/BDNF/CNTF treatment groups. 

However the ratio o f  numbers o f neurons in the ipsilateral L4 and L5 DRGs to those in
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the contralateral DRGs in these 2 groups is not significantly different from unoperated 

control animals or animals with a saline reservoir when compared using a one way 

ANOVA with a Newman-Keuls range test (p>0.05). However, the observed incidence o f 

neuronal apoptosis was significantly lower in the N T3-treated rats than in the saline 

control. The animals that were treated with the NT3/BDNF/CNTF mixture did not show a 

significant (p>0.05) decrease in the incidence o f apoptosis when compared with the saline- 

treated animals.

The incidence o f neuronal loss in the control animals which had saline filled 

reservoirs was not significantly different from animals that had undergone sciatic 

transection and ligation (see section 3.1.2) when compared using a 2-tailed t-test 

assuming unequal variance (p>0.05). However the incidence o f  apoptosis was significantly 

higher in the saline-treated animals than in the sciatic transection and ligation animals, 

when compared using a 2-tailed t-test assuming equal variance (checked using the Levene 

test).

Treatment mean absolute number o f apoptotic neurons
__________________________________________ in ipsilateral L4and L5 DRGs______________
Saline 19.3 ± 7 .7
NGF 17.5 ± 5 .3
BDNF 13.5 ± 7 .2
NT3 7.8 ± 3 .6
CNTF 23.8 ± 1 9
NT3/BDNF/CNTF 12.8 ± 8.5

T able 13: Mean numbers o f apoptotic neurons in ipsilateral L4 and L5 DRGs one month 
after sciatic transection and implantation o f a silicone reservoir (see appendix  G)

Absolute numbers o f observed apoptotic neurons in the ipsilateral ganglia are 

given in tab le 13. Statistical analysis has not been carried out on these figures (apart from 

the saline, NT3 and BDNF/NT3/CNTF groups: see above) as total neuron counts for the
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ganglia are required so that the precise ratio o f  apoptotic neurons; viable neurons can be 

established.

3.4.3: Morphometry: Vacuolation

Results o f  the morphometric analysis for incidence o f  vacuolation are summarised 

in tab le  14. Statistical analysis with the one-way ANOVA and subsequent Newman-Keuls 

range test showed that rats with a saline reservoir did not show a significantly higher 

incidence o f vacuolation than rats which had their sciatic nerves transected and ligated 

(p>0.05). NT3 was the only effective singly administered neurotrophic factor in 

significantly reducing vacuolation at 1 month compared to  saline (p<0.05) and BDNF, 

CNTF or NGF did not significantly affect any o f these parameters at all (p>0.05). Co

administration o f NT3 with BDNF and CNTF produced no significant (p>0.05) difference 

in reducing vacuolation when compared with NT3 administered on its own (but did 

significantly reduce vacuolation when compared with saline filled reservoirs). The rats 

with a saline reservoir did not have a significantly raised (p>0.05) incidence o f  vacuolation 

when compared with the rats which had only undergone sciatic transection and ligation 

one month previously (section 3.3). The appearance o f  the vacuolated neurons did not 

visibly differ from those seen after sciatic transection and ligation.

Neurotrophic factor______________________% vacuolated_______
saline 1.7 ± 0 .5%
NGF 2.4 ± 0.2%
NT3 0.8 ± 0.2%
BDNF 1.5 ± 0 .4%
CNTF 1.6 ± 0 .2%
BDNF/NT3/ CNTF 0.7 ± 0.4%

T able 14: Effect o f administration o f neurotrophic factors on vacuolation in the ipsilateral 
L4 and L5 DRGs (see appendix  H).
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3.4.4: Statistics

The results of an analysis of the differences in results between the two counting 

methods in measuring neuronal loss after saline, NT3 or BDNF/NT3/CNTF 

administration are shown in graph 7. The mean difference between the two methods in 

the measurement o f neuronal loss is -0.027 ± 0.137, i.e. -2.7% ± 13.7%. This indicates 

that, overall, the serial reconstruction (with correction factor) method o f counting neurons 

is slightly over-estimating the incidence of neuronal loss in ipsilateral ganglia, but again 

the variation is high between individual rats.
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Graph 7: Difference versus mean of the measurements o f neuronal loss from two 
methods of cell counting
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C H A PTE R  4: D ISCU SSIO N
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This discussion will examine the extent to which the four sets o f experimental 

results prove or disprove the hypothesis that different biochemical subsets react differently 

to  axotomy. These results will be compared and contrasted with the relevant w ork o f 

other researchers, and methodological considerations that may affect the interpretation 

will also be taken into account.

4.1: AXOTOMY-INDUCED APOPTOSIS IN DORSAL ROOT GANGLIA.

4.1.1: General observations

The data from this study show that at least part o f  the neuronal loss in adult rat L4 

and L5 DRGs, seen after sciatic axotomy at mid-thigh level, is brought about via 

apoptosis and that this process continues for at least 6 months. These findings agree with 

most previous investigations (rat dorsal root ganglia; Cavanaugh, 1951; see Lieberman, 

1971; rat trigeminal ganglia: Aldskogius and Arvidsson, 1978; cat: Tessler e ta l ,  1985; rat 

dorsal root ganglia: Himes and Tessler, 1989; Rich e ta l ,  1989; mouse DRG: Ekstrom, 

1995) which appear to show that the bulk o f sensory neuronal death occurs in the first 5- 

10 weeks after axotomy, although it is likely that different neuron populations have 

different rates and susceptibilities to axotomy-induced apoptosis. However, my results are 

at variance with this work with respect to the occurrence o f  apoptotic neurons in that they 

show that this process is continuing robustly at 3 months after axotomy and is still 

ongoing at 6 months after axotomy. There are occasional reports o f neuron death 

occurring at much later survival times (see Lieberman, 1971). These and my findings may 

explain why Arvidsson e ta l  (1986) observed “degeneration argyrophilia” (degenerating 

axons stained with a silver technique) in the dorsal horn o f  the adult rat spinal cord up to 

180 days following sciatic transection, which suggests that axotomy-induced degeneration 

does indeed continue for long periods. However it is impossible to say whether this was
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due to  sensory neurons dying, or to their central afferents degenerating, or to  spinal cord 

neurons and glia degenerating. Previous studies have apparently found that little neuron 

death occurred until around 16 days after axotomy (see Eriksson et a l ,  1997). The results 

obtained in my study show that apoptotic neurons are apparent at 1 week after, and are 

relatively abundant at 2 weeks after permanent sciatic transection in the adult rat. These 

results are similar to  those obtained in a morphological study in the mouse, which found 

that apoptotic neurons appeared after 7-10 days after axotomy at hip level.

Interestingly, data obtained from the serial reconstruction (with correction factor) 

cell counting technique agree relatively well with the previous w ork cited, and any 

variation could be attributed to  methodological differences in surgical procedures, tissue 

processing and cell counting. Analysis o f  the difference in measured neuronal loss for each 

pair o f ganglia between two neuronal counting techniques showed wide variation between 

individual animals, but an overall small bias towards larger losses with the serial 

reconstruction technique. The origin o f this bias probably lies in the effect o f axotomy 

upon nucleolus expression, either in the contra-, or ipsilateral ganglia. Such effects on 

nuclear and nucleolar size have been observed in rats following a cut (Cavanaugh, 1951) 

or a crush injury to a peripheral nerve (Wells and Vaidya, 1989).

Overall estimates o f neuronal loss for groups o f animals obtained with the serial 

reconstruction (with correction factor) technique agreed well with those obtained with the 

physical disector method in the present study (although the latter showed a larger 

variation, particularly at later time points). This indicates that the earlier w ork examining 

neuronal loss by side-to-side comparisons o f  serial reconstructions o f ganglia is still useftil 

and comparable, even though the counting methods used were biased (see section 4.1.3).

The fact that apoptosis continues for such a long time after axotomy would lead 

one to  expect a cumulative neuronal loss with time, which was not seen in this study. This
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is most likely due to the inability o f  the small group sizes used in this study to reveal the 

relatively small amounts o f  neuronal loss when numbers o f neurons in ipsilateral ganglia 

are com pared with numbers in the contralateral; so-called side-to-side comparisons. That 

there is an inherent variability in neuronal numbers in the left L4 and L5 DRGs when 

compared w ith the right is demonstrated by the examination o f  unoperated controls. A 

variation in the numbers o f  neurons between left and right L4 and L5 DRGs (when 

pooled) differed between +9.6% and -5.5%, but overall a rough parity prevailed. The 

occasional finding o f more neurons in the right L4 and L5 DRGs than in the left (XP 

3534) or vice versa is therefore probably due to an idiosyncratic, and hopefully rare, DRG 

neuron distribution. It is hoped that larger sample sizes, with 10 animals per group would 

provide more stable data with smaller deviations for each time point. It is easy to imagine 

how a few “rogue” rats could distort the figures for neuronal loss in side-to side 

comparisons, particularly when the group size (here 4 animals) is small.

This variation in neuronal loss between animals in the same group has also been 

found by other authors using the serial reconstruction technique in side-to-side 

comparisons (cat: Tessler 1985; rat: Arvidsson e/ûr/., 1986; Schmalbruch, 1987b). 

W hether the absence o f an increasing neuronal loss with time might also be due to slight 

differences in the severity o f trauma, an inherent biological variation or to sex differences 

in reaction to  axotomy is difficult to say without more work.

Another potential explanation for the lack o f  a steadily increasing neuronal loss is 

that the dead neurons in the ipsilateral ganglia are being replaced in some way. Previous 

authors have claimed that the neuronal loss seen after axotomy in the adult rat is, in fact, a 

cessation o f  proliferation in the ipsilateral ganglia (Devor et a/., 1985). This theory now 

seems unlikely, although it cannot be excluded that sensory neuron stem cells exist in 

adult mammals, and they may be capable o f forming new sensory neurons under certain
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conditions (see Stemple and Mahanthappa, 1997). This certainly appears to be the case in 

amphibians, where the number o f sensory neurons increases with body size (St W ecker 

and Fare!, 1994).

Another alternative explanation for the apparent decrease in the number o f 

neurons in the L4 and L5 ganglia ipsilateral to  axotomy is that the number o f  neurons in 

the contralateral L4 and L5 ganglia has increased as a response to axotomy, giving the 

appearance o f  a loss in the ipsilateral ganglia. I regard this as very unlikely as apoptotic 

neurons were seen in the ipsilateral ganglia, and the average number o f  neurons in the 

contralateral L4 and L5 ganglia at six months after axotomy did not differ significantly 

fi*om the one month group, or the unoperated animals (2 tail t-test assuming equal 

variance, p>0.05). It is difficult to see how the question o f whether new neurons are 

formed, say from precursor cells, might be addressed in the adult. Immunostaining serial 

sections o f ganglia for specific neuronal differentiation markers such as nestin (see 

Stemple and Mahanthappa, 1997) may reveal candidate entities.

The question o f whether sciatic nerve (or branches o f the sciatic) crush in the adult 

rat causes neuronal death has been examined in some studies (Rich et a l ,  1989; 

Baranowski et a l ,  1993: Swett et a l,  1995) and it would appear from these studies that 

some neuron loss occurs, although at an incidence lower than that seen after transection. 

The neuronal counting methods used in these studies were o f the serial reconstruction 

variety (Rich e ta l ,  1989), or involved neuronal tracing (Baranowski e ta l ,  1993; Swett 

et a l ,  1995), and will be discussed more fully in section 4.2. Suffice to say here that it will 

be interesting to examine the incidence o f any apoptosis with time after sciatic crush in 

adult rats. Studies counting apoptotic neurons in adult mice DRGs after crushing o f the 

sciatic nerve at hip level have shown that the incidence is declining at 3 weeks after crush.
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but as the study ended at this time point (Ekstrom, 1995), the question o f  when or if  

apoptosis ends after nerve crush is still open.

To conclude, direct observations o f  dying neurons is likely to  give more 

information upon the dynamics o f  this process, than inferring the absence o f  neurons in 

side-to-side comparisons. This is particularly true when the numbers o f  dying or missing 

neurons are small (as is the case in adult rats that have undergone sciatic transection at 

mid-thigh level). The most information is obtained when the time course o f  neuronal 

apoptosis is followed from initiation to completion 

4.1.2: Possible causes o f  apoptosis

Generally, apoptosis in adult neurons is thought to  occur as a delayed effect o f 

ischaemia (Nitatori et a l ,  1995), or oxidative stress (Ratan et a l ,  1994; Estevez et a l ,

1995), deprivation o f  essential trophic factors (e.g. Edwards e ta l ,  1991; Edwards and 

Tolkovsky, 1994). The molecular events that underlie these processes are currently being 

unravelled, and it would appear that different pathways may exist in different tissues with 

different susceptibilities to  these various insults (e.g. Bredesen and Rabizadeh, 1997). The 

end result o f  initiation o f  apoptosis appears to  be the breakdown o f  DNA into 200 base 

pair fragments that give a “ladder” when the degraded DNA is run on an electrophoretic 

gel (e.g. Wyllie, 1980; Nitatori et a l ,  1995), and the condensation o f  nuclear DNA and 

cell shrinkage (e.g. Wyllie et a l ,  1984; Nitatori et a l ,  1995). W hatever the causes o f 

apoptosis, the morphological and biochemical features remain constant and therefore have 

the potential for quantitation.

The prolonged period o f  neuronal death following axotomy is similar to  the time 

course o f  neuronal vacuolation seen after axotomy (see section 4.3) which also peaks at 

1-3 months and then gradually diminishes, over a period o f  six months in a similar manner. 

It is unclear why this apoptotic neuron loss should continue for such a long time after
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axotomy or take a week to begin, particularly if deprivation o f  target-derived neurotrophic 

factors was the cause. As substances such as tum our necrosis factor have been shown to 

cause apoptosis under certain conditions (Clement and Stamenkovic, 1994), it is entirely 

possible that indirect effects o f axotomy such as inflammation and neuroma formation at 

the site o f  transection might trigger apoptosis through an excitotoxic mechanism (see 

Eichler et a l ,  1994; Amir and Devor, 1996; Portera Cailliau et a l ,  1997a) or through 

neurotoxic cytokine release (see Clement and Stamenkovic, 1994; W agner and Myers,

1996). This idea is given further support by the finding that leukaemia inhibitory factor 

(LIF), a cytokine, may be involved in the up-regulation o f  galanin seen after sciatic 

transection (Sun and Zigmond, 1996). Such a mechanism might explain the delay between 

axotomy and apoptosis and the prolonged time course o f neuronal death. Neuromas start 

to form 2-3 days after transection and ligation o f a nerve and can persist for long periods 

o f time (personal observations; see Weller and Cervos-Navarro, 1977), as might cytokine 

production within the neuroma. M ore recent work has found that certain 

immunosuppressants and their analogues have potent neurotrophic actions in nerve injury 

(Steiner et a l ,  1997), suggesting that the immune system response to axotomy may be a 

major factor in axotomy-induced degeneration in the adult. This is a very exciting 

possibility as it is amenable to experimentation, and offers potential therapeutic 

approaches.

The finding that calcium channel blockers can prevent the neuronal loss seen after 

axotomy, or after nerve growth factor withdrawal from cultured neurons (Eichler et a l,

1994), and that intracellular calcium levels can influence the apoptotic process in mature 

sensory neurons (Tong et a l ,  1996) argues for a crucial role for calcium. However these 

data do not indicate whether the role o f calcium is the cause, or an effect o f  apoptosis as 

the original insult may be far removed from the calcium dependent phase o f neuron
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degeneration/death. This w ork also offers possible therapeutic strategies: administration 

o f  calcium channel blockers to neonatal rats which had had their sciatic nerves transected 

significantly reduced the neuronal loss (Eichler et a l ,  1994). Similar results were obtained 

when these compounds were administered to neonatal hamsters with transected facial 

nerves: the loss o f  motor neurons was also significantly decreased (Tong and Rich, 1997). 

It remains to be seen whether the neuroprotective effects o f  calcium channel blockers also 

applies to  axotomised adult peripheral sensory neurons.

The time delay seen before maximum levels o f apoptosis are reached agrees with 

some previous w ork on neuronal loss (Rich e ta l ,  1989) calculated with side-to side 

comparisons o f  serial reconstructions o f DRGs; however why this time lag should exist is 

not clear. It coincides with occurrence o f the observed decrease in CGRP in the spinal 

cord (see section 3.2) and mirrors the development o f intraneuronal vacuoles, but not the 

elevation o f GAP43 activity or the depletion in LA4-IR, or FRAP in the spinal cord 

(Knyihâr and Csillik, 1976). This issue is part o f a wider question involving the nature o f  

the signal, or signals, for chromatolysis. Does CGRP disappear from axotomised neurons 

later than FRAP due to a slower utilisation and hence slower disappearance following the 

arrival o f a single signal at the perikaryon, or due to a different signal arriving at the 

perikaryon at a later time? M ore to the point, how does this relate to  neuronal apoptosis?

In recent years much attention has been focussed on the role o f neurotrophins and 

neurotrophic factors in the maintenance and survival o f sensory neurons (e.g. Lindsay, 

1992; Persson and Ibanez, 1993; e.g. M ansour-Robaey et a l ,  1994; Tong e ta l ,  1996). 

Administration o f  nerve growth factor (NGF) to adult rat axotomised sciatic nerves can 

prevent neuronal loss (Otto et a l ,  1987; Rich et a l ,  1989), reduce atrophy (Rich et a l ,  

1987) and prevent depletion o f FRAP and substance P (Fitzgerald e ta l ,  1985), but did 

not reduce the appearance o f  chromatolysis (Rich et a l ,  1987). However removal o f NGF
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in vivo using antibodies in adult rats does not cause neuronal loss (Gorin and Johnson, 

1980; Schwartz et a l ,  1982), suggesting that interruption o f the supply o f NGF, at least 

from the periphery, is not the cause o f  neuronal loss following axotomy. NGF here may be 

acting as a neuroprotective agent (i.e. something that is not required for normal survival 

but will protect neurons against insult) when administered in this situation, rather than as a 

neurotrophic one.

One study found that stopping axonal transport after sciatic transection reduced 

the axotomy-induced up-regulation o f ornithine decarboxylase activity, suggesting that 

this effect at least is produced by a transported substance (Soiefer et a l ,  1988). Blockade 

o f  axonal transport could also delay the onset o f  the axon reaction in motor neurons 

following nerve injury, but did not produce any axon reaction when applied to the intact 

nerve (Singer et a l ,  1982). Blockade o f axonal transport also produced an increase in 

GAP43-IR in the spinal cord similar to that seen after peripheral nerve trauma (W oolf et 

a l ,  1990). Furthermore, extracts o f injured nerve were found to produce metabolic 

changes in perikarya, when injected into intact hypoglossal nerve, that are associated with 

nerve injury (Singer et a l,  1988).

Evidence for the idea that different signals are responsible for the “regenerative” 

reaction (such as GAP43 and tubulin up-regulation) and the axon reaction (such as 

nuclear eccentricity and neurofilament down-regulation) is strong (see Aldskogius et a l,  

1992). It may be that interruption o f the supply o f target-derived neurotrophic factors 

from the periphery causes the down-regulation o f neurotransmitters, enzymes and 

neurofilaments, whilst the production o f substances at the injury site and their subsequent 

transport back to  the perikaryon causes the up-regulation o f GAP-43, galanin (Hokfelt et 

a l ,  1987), nitric oxide synthase (Verge e ta l ,  1992) and ornithine decarboxylase. It is also 

entirely possible that neuronal apoptosis is not related to either o f  these phenomena
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directly, but might result from, say, increased nitric oxide production in the dorsal root 

gangha.

The loss o f axoplasm has been thought o f as a possible cause o f axotomy-induced 

degeneration (see Lieberman, 1971), but this would appear to be very unlikely to be a 

direct cause o f neuron death if neurons are continuing to die 6 months after the axoplasm 

loss. It is possible that axoplasm loss may sensitise neurons to other factors, or may 

trigger the regenerative response.

An interesting finding from an in vitro study o f axotomy, was that under serum- 

free (and presumably neurotrophic factor-free) conditions, neuron death could be 

observed from 6 hours after axotomy (Ekstrom, 1995). This strongly suggests that 

mechanical trauma itself is the cause o f neuronal apoptosis (at least under these 

conditions). However this would not really explain why my in vivo results show apoptosis 

continuing for such a long time after axotomy.

4.1.3: Methodological considerations: The ISEL technique, the identification o f  

apoptotic neurons and the morphometric techniques used.

ISEL and the related terminal deoxytransferase (TUNEL: Gavrieh et a l ,  1992) 

end labelling technique have become increasingly popular as tools to identify apoptotic 

cells in situ. They are histochemical techniques that utilise a DNA repair enzyme to 

incorporate a labelled DNA base into stretches o f damaged DNA.

The failure o f the ISEL technique to label all o f the morphologically defined 

apoptotic neurons has been described by other authors (Ansari et a l ,  1993, W^sman et 

a l ,  1993) and has been thought to relate to poor penetration o f the Klenow enzyme 

(Wijsman et a l ,  1993). A possible alternative explanation is that the DNA (in the ISEL 

negative apoptotic neurons) has been broken down into very small fragments that have 

been washed out o f the tissue by processing or by the staining reaction. More likely in my
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view is that the period o f DNA fragmentation is very short and follows the condensation 

o f DNA into nucleosomes (Wyllie et al.  ̂ 1981); therefore the technique might only be 

detecting a fraction o f the neurons undergoing apoptosis. Some woriters report staining o f 

cells that do not show the morphological features o f apoptosis (Ansari et a l ,  1993; 

Wijsman et a l ,  1993), but may be undergoing another form o f DNA degradation or reveal 

areas where transcription is taking place. It should be remembered that ISEL is not a 

technique that specifically labels apoptotic cells but one that detects damaged (or single

strand) DNA, as demonstrated by its ability to also label necrotic cells (Ansari et a l ,

1993; Wijsman et a l ,  1993). I have found that with this technique, over-digestion o f 

sections with proteinase k can produce profuse positivity in otherwise normal cells, and 

that the process o f formaldehyde fixation itself can affect its sensitivity (Davison et a l ,  

1995). Another drawback o f the ISEL technique is that in positive, optimally fixed 

cells/neurons, the reaction product tends to obscure the morphological features o f 

apoptosis that define this process. This drawback is likely to apply to the TUNEL 

technique as well, although in post-mortem material where fixation is less than ideal the 

advantages o f these techniques are more apparent. As a consequence o f these 

observations, I do not think that this technique should be used for quantitative assessment 

o f the incidence o f apoptosis. The technique was originally developed to assist in 

differentiating cells undergoing certain stages o f mitosis from those undergoing apoptosis 

(Wijsman et a l ,  1993). This is a problem that should not arise in DRG neurons, as they 

are post-mitotic. If one were studying satellite cell apoptosis, using ISEL or TUNEL 

would make more sense.

The use o f morphological criteria to evaluate whether a cell or neuron is apoptotic 

or not is now well established (e.g. Wyllie et a l ,  1984, Tong et a l ,  1996, Portera-Cailliau 

e ta l ,  1997a,b) and rarely presented any ambiguity in well-perfused tissue. The slightly
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different staining properties, and condensed chromatin create an unambiguous appearance 

in cresyl fast violet stained sections. The greatest technical challenge with this method is 

collecting and mounting every single section from a DRG (usually 100-210 sections) 

Indeed the incidence o f apoptosis was probably slightly undercounted by not counting 

“ghost cells”, which on the basis o f their size and position are very probably remains o f 

neurons.

The use o f the physical disector to estimate the number o f neurons in DRG does 

offer the best compromise between ease o f identification o f apoptotic neurons (which can 

appear very similar to mast cells in thick sections for the optical disector), either 

morphologically or histochemically, and relatively unbiased estimates o f numbers o f 

neurons. The plane o f section (and as such the reference space, V^r) should be randomised 

by cutting the ganglia in half longitudinally and rotating the two halves randomly to avoid 

any counting bias from tissue orientation, if one is measuring dimensional parameters 

(Gundersen et al, 1988; Tandrup, 1993). This is not necessary for the estimation o f 

numbers o f neurons as numbers are dimensionless (orientation will not affect the value if  

all neurons have an equal chance o f being sampled), which is fortunate as this procedure 

may have led to unacceptable tissue distortion and damage which may have obscured 

some apoptotic neurons.

Recently it was claimed that significant errors could be introduced by this 

technique when gangha have been sectioned parallel to the longitudinal axis o f the 

ganglion, and that significant samphng errors could be introduced by counting less than 7- 

27% o f the total number o f neurons present (Popken and Farel, 1996). However this work 

was done on frog DRG sectioned at 10 pm and stained with cresyl fast violet, which in my 

hands made counting nuclei extremely difficult due to tissue opacity. Even material 

sectioned at 7 pm and stained with cresyl fast violet made distinguishing the edges o f
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nuclei very difficult. It also became difficult to orientate oneself on the look-up section at 

this thickness due to neurons disappearing from view in the look-up section more rapidly 

(and consequently more frequently) than in thinner sections. Furthermore the height o f the 

disector (in this case the section) should be less than the height o f the counted particles 

(Sterio, 1984) which, at 10|im, is probably not the case for all neuron nuclei in frog 

ganglia. There is a possibility that a systematic bias was introduced into this study by the 

choice o f using 10p.m sections, as smaller nuclei (from smaller neurons) would have a 

greater chance o f being “missed” ,or not sampled, than larger nuclei (from larger 

neurons). Other authors examining rat DRG neurons sectioned at 4pm using a physical 

disector method without randomising the plane o f section found that this approach 

provided accurate estimates o f neuronal numbers when compared to a serial 

reconstruction method that counted all neurons (Coggeshall et a l ,  1994).

The mean number o f neurons in the control L5 DRG o f adult Sprague-Dawley rats 

estimated with our technique is 15638 ± 1532 (n=16) neurons. The number estimated 

using the optical disector technique with randomised planes o f sectioning is either 16043 ± 

1925 (Tandrup, 1995) or 17900 (Tandrup, 1993). The data shown do not differ 

significantly from the data available in the former reference (2-tail t-test assuming equal 

variance, p>0.05) which suggests that my physical disector technique is producing data 

that are statistically indistinguishable in control ganglia from those produced by the optical 

disector. This in turn suggests that there is no systematic error in groups o f data, i.e. that 

my technique is not continuously over- or under-estimating the number o f neurons 

present. A systematic error is incurred if this physical disector method is employed using 

nucleoh as the counted particles; numbers o f neurons are over-estimated by a factor o f 

around 20% (personal observations). This is probably due to a bias being introduced by
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the fact that SD neurons in rats have more than one nucleolus (Tandrup, 1993), and hence 

a higher chance o f being sampled. The issue o f observer bias in counting is more difficult 

to avoid: it is perfectly obvious to even the most casual observer which are ipsilateral 

(experimental) ganglion neurons and which are contralateral, due to the presence o f 

defining features, in my case vacuolated and chromatolytic neurons in the former. I have 

found the physical disector technique to be potentially a more objective technique, as a 

number o f variables determine the total number o f neurons calculated (such as areas o f 

reference sections, numbers o f tops counted, the number o f sections in a ganglion and the 

number o f disectors examined), whereas in the serial reconstruction technique all one is 

doing is counting nucleoli in a series o f sections, making this technique more prone to 

unconscious bias.

The differing results obtained for the total numbers o f neurons using the physical 

disector and serial reconstructions could be ascribed to the biased nature o f serial 

reconstruction counts based on nucleoli, and interanimal (intraspecies) variation in the 

average size and number o f nucleoli per nucleus. Correction factors would appear to be 

the source o f a lot o f the error (see Smolen et al, 1983, Schmalbruch, 1987a; Coggeshall, 

1992). O f all the work done previously on numbers o f rat lumber DRG neurons using 

serial reconstructions, the data most similar to that obtained using stereological techniques 

(e.g. Tandrup, 1993, 1995) are those reported by Schmalbruch (1987a) who used an 

empirical method (counting every neuron), rather than one using a standardised correction 

factor, on 3 pm resin sections o f Wistar rat lumbar DRGs for the most similar estimates.

Analysis o f both techniques in assessing neuronal loss (rather than neuronal 

numbers) using the method o f Bland and Altman (1986) showed a shght bias towards 

greater cell losses when the serial reconstruction technique is used, and means that this
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previous work probably demonstrated slightly greater neuronal losses than if a 

stereological approach had been used.

My results do not definitively show whether the neurons undergoing apoptosis 

were neurons that have been axotomised. It may be possible to resolve this question if a 

passive tracer such as Dil were injected into the proximal stump o f the sciatic at the time 

o f perfiision o f the animal at varying times afi;er axotomy. After the removal o f the nerve 

and the attached ganglia by careful dissection, the D il would difihise up the nerve to the 

DRGs where occasional stained apoptotic neurons might (or might not) be seen. However 

one could not be sure if no staining o f apoptotic neurons meant that they did not 

contribute axons to the sciatic, or that their peripheral axons had already degenerated!

The question o f whether it is a particular type o f neuron that is undergoing this 

process or whether all neuron types are equally vulnerable is not readily evident from this 

study, and will be addressed in section 4.2. By definition, apoptosis involves shrinkage o f 

the affected cell; therefore trying to identify whether an apoptotic neuron once belonged 

to the large or small neuron population on the basis o f size is probably futile.

As discussed above, it is impossible to extrapolate from the incidence o f apoptosis 

results the total numbers o f neurons lost, due to a lack o f data regarding the rate o f 

formation and removal o f apoptotic neurons in vivo. If one assumes that the time between 

the first appearance o f nuclear changes and the formation o f a “ghost cell” is relatively 

constant, then a mathematical analysis o f the kinetics o f neuronal loss to calculate the 

number o f neurons lost would be possible. Unfortunately this method does not take into 

account the additional complication o f phagocytosis by macrophages/satellite cells, which 

might not occur at a constant rate. In vitro studies have indicated that the time between 

the first morphological abnormalities and complete destruction o f the cell (Edwards and
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Tolkovsky, 1994) is very fast, a matter o f hours, but these data may not be applicable in 

vivo and in adults.

I conclude that neurons do die after permanent transection o f the sciatic nerve, and 

that this occurs predominantly via a process o f apoptosis. Indeed, direct observation o f 

apoptotic neurons can give valuable information regarding the progress o f degenerative 

changes seen after axotomy, as long as the morphological criteria for identification o f  

apoptotic bodies are rigidly adhered to. One advantage o f this approach is that it does not 

seem to require comparisons to be made with the contralateral ganglia, which when 

counting neurons may introduce large variation. Comparing ganglia in this way assumes 

that no loss is occurring in the contralateral ganglia, and that there were similar numbers 

o f neurons in left and right DRGs before trauma. It will be particularly interesting to 

determine whether apoptosis stops after connection with the periphery is restored, either 

after crush injuries to the nerve or transection with reconnection to the distal stump, and 

whether connection to a distal stump (without connection to the target) affects the 

observed incidence o f apoptosis. Overall, the incidence o f apoptosis seen appears to be a 

more consistent and reliable guide to axotomy-induced neuron loss than comparing 

numbers o f neurons ipsilateral and contralateral to the injury.

4.2: IMMTJNOfflSTOCHEMICAL AND MORPHOMETRIC ANALYSIS OF L4 

AND L5 DRGS FOLLOWING TWO TYPES OF TRAUMA TO THE SCIATIC

NERVE

The results discussed in section 4.1 confirm that neurons do die after permanent 

axotomy, but do not give any information as to whether any neuron subset is particularly 

vulnerable to this type o f trauma. The following discussion will deal with the effect o f 2 types 

o f trauma, unilateral sciatic crush and sciatic transection/ligation upon the expression o f five
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antigens in L4 and L5 dorsal root ganglion neurons and their central processes. The purpose of 

this study was to investigate whether or not any DRG neuron subset, as defined by a panel of 

antibodies, was particularly vulnerable to axotomy-induced changes, particularly following 

regeneration. This was determined by examining the expression o f the panel o f markers 2 

months after sciatic transection and ligation or sciatic crush. At this time functional 

regeneration is complete following sciatic nerve crush (Bridge et a l ,  1994). The remaining 

time points examined consisted o f only 2 animals (one sciatic transection and ligation and one 

sciatic crush) and so are o f qualitative value only, but do show reproducible and consistent 

effects. However there is no doubt that examining larger groups o f animals (for both 

transection/ligation and crush models) at fewer time points would have given more valuable 

information about long-term neuronal responses to axotomy, allowing for the fact that the LA4 

and LD2 antibodies used produced highly variable staining intensities.

4.2.1:LA4 andLD2-IR sensory neurons

The results of the LA4 and LD2 immunohistochemistry showed a tendency for the 

neurons expressing these lactoseries oligosaccharides to be more affected by axotomy than those 

expressing the gjoboseiies oligosaccharide SSEA4. Moreover, when regeneration was allowed 

(after nerve crush), the LA4-IR neuron population alone showed a significant decrease in the 

proportion of neurons expressing this marker 2 months after sciatic crush, a time at which 

functional recovery is complete in the adult rat (Bridge et a l, 1994).

This incomplete recovery of immunoreactivity after sciatic crush, and its total abolition 

after sciatic transection and ligation was reflected in the superficial laminae o f the dorsal horn of 

the spinal cord, where the centrally projecting axons o f the LA4 and LD2-IR DRG neurons 

terminate (see Alvarez et a l,  1989b, 1991). This appearance persisted for up to 18 months. The 

almost identical behaviour of the two populations might be explained by the fact that the 

oligosaccharide recognised by both antibodies is very similar (Chou et a l, 1989); however it is not
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clear to what degree the two populations overlap as LA4 labels exclusively small neurons (15- 

25|im diameter) whilst LD2 labels small as well as medium and some large diameter. Indeed it is 

likely that the LD2 antibody labels both peptidergic and non-peptida-gic sensory neurons, and for 

this reason the bulk of the discussion will involve LA4 and its more restricted distribution.

The initial events taking place in the ganglia after either trauma are also mirrored by the 

changes in the spinal cord, in which LD2 and particularly LA4-IR is depleted at an early stage. 

Again only partial recovery o f LA4/LD2-IR was seen in the dorsal horn up to 18 months, even 

after nerve crush.

It has been claimed that, in rat trigeminal ganglia, LA4-IR neurons represent non-peptide 

containing small diameter neurons which generally do not overlap with the CGRP-IR population 

(Alvarez et a l, 1991; Averill et a l,  1995). This would also seem to be the situation in lumbar 

DRGs where the Griffonia simplicifolia I-B4 (GS-IB4) lectin has been used to identify the 

FRAP/LA4-IR non-peptidergic small DRG neuron population (Silverman and Kruger, 1990; 

Averill et a l, 1995). It is known that FRAP disappears from LI/LII at the L4/S1 level o f the 

spinal cord within 4 days after sciatic nerve transection (Knyihar and Csillik, 1976). Since a very 

large proportion o f FRAP positive DRG neurons also contain lactoseries glycoconjugates, 

particularly LA4 (Jessell and Dodd, 1985; see Lawson, 1992), it is not altogether surprising to 

find our results comparable with those o f Knyihar and Csillik (1976). Some authors have reported 

a substantial overlap between the GS-IB4 binding and the CGRP-IR DRG neuron population 

(Wang et a l, 1994): this discrepancy may be due to the presence of a-D-galactose on other 

molecules in a subpopulation o f DRG neurons. This might explain why a greater population bind 

GS-IB4 (51%: Wang et a l, 1994) than LA4 (30-31%); interestingly Wang et a l  report that 32% 

o f DRG neurons demonstrate strong GS-IB4 binding; a figure that compares well with my figures 

for LA4-IR in DRG neurons. Some authors have also found that CGRP co-exists with FRAP 

(Carr et a l, 1990), which it should not if FRAP is a true marker o f the non-peptidergic, GS-
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IB4/LA4 reactive population. The reason for this conflict is unclear, but FRAP does appear to be 

one o f the more heterogeneous neuron markers (see Lawson, 1992).

However, unlike FRAP, which re-appears in the spinal cord 42 days after permanent 

trauma (Knyihar and Csillik, 1976; c.f. TMPase: Knyihar-Csillik et a l ,  1990), LA4-IR did not do 

so for the whole period o f observation (up to 18 months) after nerve transection. Other groups, 

using lectins directed against various sugars contained within the LA4 and LD2-IR antigens, 

found diflferent time courses o f depletion o f the single sugars (Tajti et a l,  1988; Peyronnard et a l, 

1989; Plenderleith and Snow, 1990). Glycine max agglutinin (which recognises N-acetyl-D- 

galactosamine) binding in ipsilateral adult rat DRGs returned to normal 180 days after spinal nerve 

transection (Peyronnard et a l,  1989), and was slow to disappear fi'om the cord (after 43 days: 

Plenderleith and Snow, 1990). More interesting is the fact that GS-IB4 lectin binding (to a-D- 

galactose, a component o f the LA4 antigen. Dodd and Jessell, 1985) was not depleted fully in the 

spinal cord until 3 months after axotomy (Tajti et a l,  1988). The reasons for these differences are 

unclear but may reflect different rates o f utilisation/breakdown or transport, that o f the LA4 

oligosaccharide being particularly fast. In this respect the depletion o f LA4-IR following axotomy 

is more similar to that o f FRAP and TMPase than any other antigen or marker studied.

The lack o f restoration to control levels o f LA4-IR neurons after regeneration following 

sciatic nerve crush (unlike SSEA4 and CGRP) might indicate that these antigens, or the neurons 

synthesising them, may be particularly susceptible to trauma. A similar susceptibility to trauma by 

the subset o f sensory neurons expressing GS-I B4 lectin reactivity was observed by White et a l 

(1990) after infi'aorbital nerve section in neonatal rats in which substance P-IR cells were spared. 

Another study showed that in rats, neonatal forelimb removal decreased GS-IB4 reactivity in the 

cervical dorsal horn of the spinal cord, without apparently affecting CGRP-IR (Rhoades et a l,

1995). Moreover, TMPase activity never returned to normal levels in the dorsal horn o f the adult 

rat spinal cord after sciatic nerve crush, even upto 1 year later (Knyihar-Csillik et a l,  1990).
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Preferential losses o f small diameter neurons following peripheral axotomy have been 

reported previously (Cavanaugh, 1951; Humbertson, 1963; Rich et al., 1989). Moreover, Ygge 

(1989a) found that cutaneous sensory nerves (with a smaller mean diameter of axons, and 

therefore neurons) were more prone to undergo transganglionic degeneration in response to 

axotomy than larger ones innervating muscle. Some groups have found larger neurons to be more 

susceptible in neonates (Bondok and Sansone, 1984) whilst others have found no evidence for a 

selective loss o f either large or small neurons (Aldskoghis and Risling, 1981; Risling et al., 1983; 

Ygge and Aldskogius, 1984; Schmalbruch, 1987b; Baranowski et al., 1993).

A lot o f this contradiction has its origin in an over-reliance upon measurements o f neuron 

diameter following axotomy: the reduction in size o f neurons generally following permanent 

axotomy (e.g. Rich et al, 1989) would tend to suggest that large neurons had dis^peared. This 

illustrates a disadvantage of examining permanent transection as a model o f axotomy: the 

expression o f most neuron subset markers is depressed, and profound changes in the morphology 

and dimensions o f the affected neurons make interpretation o f subtle changes diflScuh. If one is 

interested in neurons that are vulnerable, it is probably more instructive to examine nerve crush 

paradigms where regeneration is allowed and the less vulnerable neurons can return to a state that 

is close to normality. This approach using a nerve crush injury paradigm will be even more 

informative when combined with data on apoptosis following nerve crush: observed reductions in 

proportions o f immunoreactive neurons could then be matched with observed neuronal losses.

The possibility o f a switch in the phenotype o f injured DRG neurons following nerve 

crush may be an alternative explanation o f the results obtained in this experiment: surviving LA4- 

IR DRG neurons may have started to express CGRP or another subset marker. To prove 

conclusively that some o f the LA4/LD2-IR neuron population had died whilst other populations 

are spared would involve double labelling with neuronal tracers and the LA4/LD2 antibodies. 

Unfortunately it is by no means certain whether all o f the axotomised neurons would transport
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tracers at 2 months post trauma or whether the tracer would be released by dying neurons and 

subsequently taken up by others. In addition, LA4 disappears very quickly after axotomy and cell 

death is not seen in ganglia until at least 1 week after axotomy (see section 4.1) making it 

potentially very difficult to identify them as LA4-IR neurons. This issue o f whether LA4-IR 

neurons are dying probably requires some form o f high resolution in vivo imaging to resolve. My 

results show that, whaieas the proportion o f both LA4 and LD2-IR cell profiles are reduced 

following nerve crush or transection, the proportion o f SSEA4-IR or RT97-IR neurons did not 

appear to have decreased. These findings appear therefore in keqjing with those o f groups who 

found a preferential loss o f small cells.

It has been demonstrated that virtually all o f the CGRP-IR DRG neuron population 

express the high affinity NGF receptor, trk A (Verge et a l,  1989; Averill et al., 1995), and that 

there is very little expression o f trk A in the LA4/GS-IB4 population in the adult rat (Averill et 

a l,  1995; Silos-Santiago et al., 1995). Furthermore it has recently been confirmed that this 

population does e^qjress trk A at birth, but ceases to express it (in detectable quantities) during 

adulthood (Bennett et a l,  1996a; MoUiver and Snider, 1997). In the light o f our observations on 

the susceptibility o f LA4 expression to axotomy and previous work on the effect o f administration 

of NGF in preventing neuronal loss after axotomy (Rich et a l,  1989), the question of whether 

these non-trk A expressing neurons are the neurons that undergo apoptosis after axotomy arises. 

Were this to be the case, then the neuronal survival conferred by NGF administration after 

axotomy may be mediated by undiscovered NGF receptors or mechanisms. Alternatively, LA4 

expression may be susceptible rather than the neurons originally expressing this oligosaccharide, 

or LA4-IR may take longer to recover than other neuronal markers. This latter possibility is 

unlikely in view of the diminished LA4-IR in the spinal cord 18 months after sciatic nerve crush. 

One potentially interesting Hne o f enquiry would be to examine the effect o f NGF administration 

upon LA4-IR in DRG neurons and their central terminations in the spinal cord. Other work
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perfonned with transgenic animals also suggests that this population o f DRG nairons may be 

especially vulnerable to insult: the non-trk A expressing, GS-IB4 reactive DRG neuron population 

appears to be eliminated in transgenic mice in which the gene for trk A has been deleted (Silos- 

Santiago e/a /., 1995).

The identity (i.e. which receptors in the periphery they connect to) and function o f the 

GS-IB4/LA4 reactive population remains to be elucidated. A recent photograph demonstrates co

expression of the P2Xs purine receptor with GS-IB4 reactivity, but not substance P-IR, in rat 

DRG neurons (Elde and North, front cover of Neuropharmacology 36(7), 1997). As the P2Xs 

receptor is thought to be involved in nociception by detecting ATP following tissue damage and 

inflammation (Cook et a l, 1997), my results suggest that after nerve crush injuries this form of 

nociception may be reduced or impaired once regeneration is complete.

4.2.2 SSEA4-IR sensory neurons.

The antibody directed against SSEA4 visualises approximately 10-15% of lumbar DRG 

neurons, totally in the large diameter size range (i.e. nearly half o f the RT97-IR neuron 

population). The lack of effect o f axotomy upon the proportion of SSEA4-IR cells 2 months after 

both nerve crush and transection suggests a different type o f response to peripheral axotomy than 

previously described for LA4 and LD2-IR neurons. An identical finding was reported for carbonic 

anhydrase activity following sciatic transection (Peyronnard et a l ,  1988), and no change in the 

proportion o f neurons expressing carbonic anhydrase activity was seen up to 6 months later. 

Carbonic anhydrase is one o f the few enzymes or markers associated with large (L) DRG neurons 

with myelinated axons (Szabolcs et a l,  1989), and the finding that sciatic transection does not 

affect either carbonic anhydrase (Peyronnard et a l, 1988) or SSEA4 expression suggests that L 

neurons may be more resistant to axotomy-induced degeneration than small diameter (SD) 

neurons. Circumstantial evidence for this theory is that cutaneous sensory neurons are more prone
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to react with transgangliomc degeneration than muscular ones after peripheral nerve transection 

(Ygge, 1989a).

Although no depletion in the proportion o f neurons expressing carbonic anhydrase- 

containing neurons was observed, atrophy o f the cell bodies and axons was noted (Peyronnard et 

a l, 1988). I have also observed this in SSEA4-IR neurons from DRGs ipsilateral to sciatic 

transection (data not shown). Furthermore another marker o f the L DRG neuron population, 

RT97-IR, also did not demonstrate any depletion following axotomy (see section 3.3.3), in fact 

showing an increase in the proportion o f neurons expressing it. This may represent fiirther 

evidence that the SD neuron population has been depleted in number, rather than the L neurons 

that demonstrate RT97-IR Sciatic transection has been shown to cause a decrease in the amount 

of neurofilament mRNA (NF-L, the low molecular weight neurofilament protein) synthesised in 

DRGs (Hoflfinan et a l, 1987), but it seems from my results that this decrease was not reflected in 

a decrease in the proportion of DRG neurons expressing the RT97-IR neurofilament proteins (the 

medium and heavy molecular weight proteins).

Moreover, a normal appearance o f SSEA4 immunoreactivity in the DRGs associated with 

markedly depleted immunoreactivity in the dorsal horn in the late stages o f this study suggests that 

other factors, in addition to cell loss and/or depletion o f IR, may be involved in this process. One 

is reminded o f the “degeneration argyrophilia” seen up to 180 days after axotomy in laminae V  

and VI of the spinal cord (Arvidsson et a l,  1986) which may represent the chronic degeneration 

of myelinated afterents. Alternatively it is possible that the trauma produced an inability o f the cells 

afifected to transport otherwise normally produced SSEA4 to their central processes. Interestingly, 

the sprouting into other laminae shown by myelinated fibres (W oolf et a l,  1992; Shortland and 

Woolf, 1993; Bennett et a l, 1996b; Eriksson et a l, 1997,) after axotomy, is not seen with SSEA4 

immunoreactivity. This may be for the reasons discussed above; however another possibility is 

that another subset o f large myelinated aflferents are responsible for this sprouting into
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inappropriate laminae. For example, about 30% of the L neuron population express CGRP (see 

Lawson, 1992) and terminate in laminae IH-V (Gibson et a/., 1984). If these afferents were 

responsible for sprouting, then it would not be obvious in CGRP immunostained spinal cord due 

to the residual immunoreactivity in the superficial dorsal laminae (lamina Ho) after axotomy. 

Double labelling studies combining CB-HRP neuronal tracing with CGRP immunoreactivity 

would probably go some way to providing an answer to this intriguing problem. It would be 

particularly interesting to the question o f referred pain following nerve injury if the sprouting 

afferents were found to be CGRP immunoreactive, and CGRP-IR afferents have been observed to 

sprout into neighbouring termination zones following de-afferentation in the rat (McNeill et a l,  

1991).

4.23: CGRP-IR sensory neurons

CGRP is considered to be a marker for peptide containing, trk A expressing, mainly small 

diameter unmyelinated afferents, a subtype distinct from the non-peptide containing LA4-IR/GS- 

IB4 reactive neurons (Silverman and Kruger, 1990; Alvarez et a l,  1991; Averill et a l,  1995).

Depletion of CGRP- IR was seen in DRGs from about 8 days PO and continued during 

the next 2 months. These results are in broad agreement with those by Inaishi et a l (1992) and 

Zhang et a l (1993a) as well as those by Jessell et a l  (1979) on substance P (CGRP is also 

expressed by SP-IR neurons). However Villar et a l  (1989) obtained inconclusive results 

regarding CGRP expression following sciatic transection or crush in the spinal cord, with 

occasional sections showing a depletion in the density o f immunostaining in the ipsilateral dorsal 

horn, but overall no clear difference was observed. They also found no change in the number of 

CGRP-IR DRG neurons (this may reflect a greater sensitivity o f their technique, as they used 

immunofluorescence to detect CGRP) and they claim to have found no difference in the content 

o f CGRP in ipsilateral DRGs 14 days after axotomy when this was measured using 

radioimmunoassay. However the data shown do appear to indicate a decrease in the CGRP
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content. The reasons for this apparent discrepancy are unclear. Axotomy may have depressed 

CGRP synthesis and content to below the limits o f detection with my immunohistochemical 

technique in some neurons. The point o f interest in my results is that following regeneration the 

proportion of CGRP-IR DRG neurons, unlike those expressing LA4-IR, appeared to return to 

control levels, suggesting that the two populations o f SD neurons (peptide-containing and non 

peptide-contaimng) have a different susceptibility to axotomy-induced changes.

Depletion o f IR in LI/LII o f the dorsal horn was relatively moderate, even following nerve 

transection/ligation (with a large reduction in CGRP-IR in DRG neurons). In this respect it is 

possible that local production o f CGRP, as reported by Jeftinija and Jeftinija (1990) and Kar et al. 

(in a mutant rat: 1989) could have contributed to the relative preservation o f CGRP in the cord, 

although no CGRP-IR spinal cord neurons were observed in our material. Alternatively it is 

possible that axotomised DRG neurons continued actively transporting CGRP (unlike SSEA4, 

possibly) to terminals which underwent collateral sprouting. Indeed, as described above, sprouting 

and/or remodelling has been demonstrated for myelinated afferents (W oolf et a l,  1992) in 

response to peripheral axotomy (some o f which express CGRP), but whether this happens in 

unmyelinated fibres is unclear. Sprouting o f substance P-IR afferents (which also contain CGRP) 

following regeneration after sciatic crush has been reported (Knyihar-Csillik et a l ,  1990). As 

mentioned above, sprouting o f CGRP-IR fibres into termination zones where de-afferentation has 

removed sensory afferent terminals has been observed (McNeill et al., 1991).

Circumstantial evidence exists that large diameter myelinated CGRP-IR afferents may 

undergo axotomy-induced sprouting into LI/II fî om deeper laminae in the spinal cord. As 

discussed in 4.2.1, CGRP-IR DRG neurons co-express the high affinity NGF receptor, trk A. 

Following peripheral axotomy, sprouting o f myelinated afferents into lamina II fi*om deeper 

laminae occurs (Woolf et a l ,  1992), and the finding that exogenously administered NGF (but not 

BDNF or NT3) can suppress this at least temporarily (Bennett et al., 1996b; Eriksson et a l,
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1997) all suggests that sprouting may be associated with CGRP-IR myelinated afferents. The 

administered NGF may be acting through the trie A receptor to stop what may be a mis-directed 

regmerative response.

The question o f what triggers the depletion in CGRP following axotomy is related to the 

previously discussed issue o f what the signal for the axon reaction/chromatolysis might be. 

Administration of NGF to the proximal stump o f the transected adult rat sciatic nerve can reduce 

the axotomy-induced depletion o f CGRP (Verge et a l ,  1995a) and sequestration o f NGF in vivo 

will cause a down-regulation o f CGRP (McMahon et a l, 1995). This is strong evidence that 

deprivation o f target-derived NGF produces the axotomy-induced depletion in CGRP-IR, 

although other factors released after nerve injury such as LIF and CNTF may also play a role 

(Mulderty, 1994).

4.2.4: GAP43-IR sensory neurons

In control L4 and L5 ganglia, GAP43-IR was observed in 62% of DRG neurons. The 

degree o f GAP43-IR in adult rat L4 and L5 DRG neurons has been directly correlated with the 

density of high affinity NGF binding sites within the same neurons; 50-60% o f neurons were 

reported to show some degree o f NGF binding/GAP43-IR (Verge et a l ,  1990). This population 

o f DRG neurons is also reported to express CGRP-IR (Verge et a l, 1989), and indeed the 

proportions o f DRG neurons that I found to express GAP43 and CGRP-IR were similar.

The correlation between GAP43 expression and axonal growth and regeneration is well 

documented, both in the CNS (De Graan et al., 1985; Kalil and Skene, 1986; Gorgels et a l, 

1989; Curtis et a l,  1993c) and the PNS (W oolf et a l ,  1990; Sommervaille et a l,  1991). A  

temporal difference in this response between small and large diameter DRG neurons that I 

observed has also been observed by others (Sommervaille et a l, 1991) and is fiirther evidence for 

variation in response to trauma between subsets o f DRG neurons. The up-regulation in LI/H 

following axotomy may be a result o f the axonal sprouting discussed above, or may be part o f a
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more generalised regenerative response to injury by axotomised neurons (see McMahon, 1992). 

The lack o f specificity o f GAP43 for any particular neuron subtype following injury does not help 

in the interpretation o f this phenomena.

The nature of the signal for the up-regulation o f GAP43 in sensory neurons remains 

unknown; axotomy o f the central branches o f DRG neurons (rhizotomy) does not produce any 

up-regulation (Schreyer and Pate Skene, 1993). Administration o f NGF to the proximal stump of 

transected sciatic nerve can prevent the elevation of expression o f GAP43 in the spinal cord, at 

least initially (Ohara et a l,  1995), and blockade o f axonal transport will produce increased 

GAP43-IR in the dorsal horn o f the spinal cord (Woolf et a l,  1990). This would suggest that 

again, the deprivation of neurotrophic factors (NGF in particular) fi*om the periphery is producing 

the up-regulation o f GAP43 seen after axotomy.

4.2.5 : Summary

The results presented indicate that différent subsets o f biochemically defined DRG 

neurons in adult rats have variable rates o f axotomy-induced depletion and recovery of 

antigens. In particular, expression of the lactoseries oligosaccharide conjugate LA4 is more 

susceptible to trauma-induced depletion than the expression o f LD2, CGRP and SSEA4. It is 

unclear whether this is due to the death o f neurons expressing this oligosaccharide or to down 

regulation/increased breakdown. With the majority o f the antigens examined (CGRP, GAP43 

and the lactoseries oligosaccharides) the axotomy-induced changes in nerve cells are virtually 

mirrored by those within the dorsal horn o f the spinal cord.

The finding that adult rat LA4-IR DRG neurons may be more vulnerable to axotomy is 

comparable to the observation that GS-IB4 reactive retinal ganglion neurons in neonatal rats 

are more likely to die following infi'aorbital nerve transection (White et a l,  1990). My findings 

suggest that, unless a receptor system exists for NGF that has not been discovered, deprivation 

of NGF supplied fi*om the periphery may not be the cause o f all o f the axotomy-induced
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changes that are seen, as the neurons that express the high affinity NGF receptor trk A (and 

CGRP) appear more resistant to these changes than the ones that do not. It is also entirely 

possible that other sources o f NGF may be activated following axotomy, such as inflammation 

(Donnerer et a l,  1992), that replace the normal sources. The possibility o f a phenotype switch 

cannot be ruled out either: for example CGRP-IR neurons might die after axotomy and be 

replaced by LA4-IR neurons that have become CGRP-IR.

The possibility o f unilateral axotomy having effects upon the contralateral ganglia is 

now recognised and changes have been described for neurofilament and tubulin expression 

(Wong and Oblinger, 1990). I have not observed any such effects on the markers used in this 

study but such effects cannot be completely discounted.

4.3:THE MORPHOLOGICAL, MORPHOMETRIC AND 

IMMUNOHISTOCHEMICAL CHARACTERISATION OF VACUOLATED

NEURONS

The results discussed in this section provide further evidence o f a differential 

response to axotomy by some sensory neurons subsets. Furthermore, similar to the effects 

of permanent axotomy upon immunohistochemical markers and the incidence o f neuronal 

apoptosis, vacuolation o f neurons occurs for long periods after axotomy if regeneration is 

not allowed.

4.3.1: Morphometry, morphology and ultrastructure o f  vacuolation

These results demonstrate that this phenomenon persists for a relatively long 

period o f time if regeneration is not allowed, a finding noted by Cavanaugh (1951) who 

called these neurons “signet ring” cells with reference to the way vacuoles can sometimes 

compress the nucleus into a thin band o f cytoplasm. Kerezoudi et a l  (1995) also noted
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the persistence o f vacuolated neurons for up to 15 months after sciatic transection. The 

most intriguing aspect o f graph 6 (incidence o f vacuolation with time) is the way it 

resembles the graph o f apoptosis with time (graphl), indicating that vacuolation is likely 

to be part o f the same process, or even an effect o f the same agent, that causes apoptosis. 

Examining other causes may give clues to the nature o f this phenomenon.

Ultrastructurally, the vacuoles seen after axotomy are identical to those seen after 

acrylamide intoxication in rats (Jones and Cavanagh, 1984). Acrylamide is thought to be 

an inhibitor o f retrograde axonal transport and to produce a similar appearance 

(chromatolytic) in dorsal root ganglia to axotomy within 1 week o f administration o f a 

high dose o f 30 mg/kg, which is the same dose that produced vacuolation (see 

Schaumberg and Berger, 1993). High doses o f radiation produce vacuolated neurons in 

dogs for up to 1-2 years after exposure (Powers et a l ,  1992): these authors speculate that 

they could be due to ischaemia from vascular damage. Ischaemia would have the effect o f 

inhibiting retrograde transport through the interruption o f energy production in the 

neurons affected, but a direct effect o f radiation upon protein synthesis could also be 

responsible for the vacuolation seen. Other agents that cause vacuolation or “cavitation” 

of sensory neurons include pronase (a mixture o f proteolytic enzymes), which appears to 

produce more degenerative changes than axotomy when injected into the rat sciatic nerve 

(Lamotte and Kapadia, 1987). Again, proteolytic enzymes could also disrupt axonal 

transport, possibly by digesting neurofilaments and microtubules.

Vacuolation is seen in other pathological states: it has been reported to occur 

during the process o f apoptosis (Nitatori et a l ,  1995; Portera-Cailliau et a l ,  1997a) and 

intoxication by a variety o f agents produces hydropic degeneration (cloudy swelling). This 

consists o f many small cytoplasmic vesicles containing an aqueous phase (see Timbrell,
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1991). Hydropic degeneration is thought to result from a derangement o f cell ionic 

homeostasis, leading to an accumulation o f water within the cell.

It is difficult to conclude anything about the mechanism o f vacuolation from my 

results, apart from its similarity in progression to axotomy-induced apoptosis. 

Circumstantial evidence points to a role in retrograde transport in axons, and it will be 

interesting to investigate whether an axonal transport inhibitor, such as colchicine, 

produces a similar effect.

All authors who have reported similar distorting intracytoplasmic vacuoles have 

assumed that they are indeed vacuoles and not large invaginations (or “insudation”: see 

Jones and Cavanagh, 1984) o f the plasma membrane. The fact that no systemically 

administered horseradish peroxidase was seen within them suggests strongly that they are 

intracellular, but does not conclusively demonstrate this. I would also expect them to be 

intracellular as they are probably derived from grossly dilated endoplasmic reticulum or 

Golgi apparatus. This question, although o f academic interest, can only be properly 

resolved by serially sectioning several o f these vacuolated neurons for electron 

microscopy and examining the limiting membrane.

The question arises o f why only 1-2% o f DRG neurons should undergo 

vacuolation, as many more neurons will have been axotomised than the relatively few 

undergoing this change. Virtually all o f the sciatic afferents are provided by the L4 and L5 

DRGs (Swett et a l ,  1991) but the relative contribution o f L4 or L5 is debatable. For this 

reason the results for L4 and L5 were pooled for each rat. Interanimal variation in the 

proportion o f neurons in L4/L5 projecting to the sciatic nerve may therefore be 

responsible for the variation seen in the incidence o f vacuolation, as discussed for the 

findings on neuronal loss and apoptosis (section 4.1). It may be the case that all or most o f 

the axotomised large diameter neurons are vacuolating and de-vacuolating such that only
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1-2% appear vacuolated at any one moment (at 1-2 months). This possibility would be 

difficult to address without some form o f high resolution in vivo imaging.

It should be pointed out that the method used to estimate the proportion o f 

vacuolated neurons does not correct for the size or shape o f nucleoli; however as side to 

side comparisons with contralateral ganglia were not used for that part o f the study, any 

error or bias is likely to be constant. In the same way our estimations o f proportions o f 

immunostained profiles (see section 3.2.6) are likely to be biased towards larger profiles 

(see Coggeshall, 1992). Another potential source o f bias is the assumption that unilateral 

peripheral axotomy does not have an effect upon the contralateral ganglia as has been 

found for structural proteins (Wong and Oblinger, 1990). The fact that the incidence o f 

vacuolation in unoperated animals did not appear to differ from that seen in the 

contralateral control ganglia in the operated animals would suggest that, in the case o f 

vacuolation, contralateral effects produced by unilateral transection are negligible.

If regeneration is allowed (following nerve crush), the incidence o f vacuolation 

returns to levels similar to that seen in unoperated controls 2 months after axotomy. This 

finding does not indicate whether contact with the distal stump or with the target organ 

has caused this reduction in vacuolation. More data on the progress o f vacuolation after 

nerve crush is therefore required before any more insight is gained on the causes o f 

vacuolation.

4.3.2 : Immunohistochemistry and ISEL o f  vacuolated neurons

The fact that the vacuolated neurons examined did not express any LA4-IR in 

sections immunostained with this antibody could be explained by a cessation o f production 

o f that oligosaccharide antigen. However, as it was found that 54% o f vacuolated neurons 

expressed SSEA4-IR (compared to 11-12% o f DRG neurons generally), and that all 

expressed some RT97-IR, it became apparent that vacuolation occurred in neurons that
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express L DRG neuron markers. As discussed in section 4.2, the expression o f L neuron 

markers such as SSEA4, RT97 and carbonic anhydrase (Peyronnard et a l ,  1988) appears 

to be resistant to sciatic transection. This probably reflects an overall tendency o f L 

neurons to be resistant to axotomy-induced degeneration; it is unlikely that these 

vacuolated neurons have become RT97 or SSEA4 immunoreactive as a result o f axotomy. 

Certain neuropeptides such as galanin (Zhang et al, 1993a) and some structural proteins 

such as tubulin and actin are up-regulated as result o f injury, but neurofilament proteins 

undergo an opposite trend as they tend to be down-regulated after axotomy (Hofi&nan et 

a/., 1987; Oblinger and Lasek, 1988).

The general assumption o f the authors who do mention vacuolated neurons 

(Ranson, 1909; Cavanaugh, 1951; Carmel and Stein, 1969; Kapadia and Lamotte, 1987, 

Lamotte and Kapadia, 1987) is that these neurons are degenerating, or are in some way 

non-viable neurons. This view is not supported by the finding that there was no evidence 

o f DNA degradation in vacuolated neurons using the ISEL technique at the time o f peak 

incidence, suggesting that this phenomenon was not a bizarre form o f apoptosis or 

necrosis. If these neurons had gone on to die by whichever pathway, evidence of 

phagocytosis (after apoptosis) or inflammation (after necrosis) would presumably have 

been seen. Structures as large as most vacuolated neurons are would leave a substantial 

amount o f debris, at least in the initial stages, o f which nothing was seen. No evidence o f 

phagocytosed DNA was seen with the ISEL technique. Moreover, these vacuolated 

neurons appear to be synthesising SSEA4, GAP 43 and neurofilament protein, as 

demonstrated by robust immunoreactivity using antibodies directed against these proteins 

and glycolipids. They are also capable o f retrograde active transport o f CB-HRP from the 

lesion site to the ganglion within 48 hrs. Furthermore if these neurons had been dying one 

would have expected to have seen a decreased proportion o f SSEA4-IR or RT97-IR
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neurons in the affected ganglia at 2 months after sciatic transection, which was not. In fact 

an increase in the proportion o f neurons expressing RT97-IR was seen at this time.

4.3.3: Summary

The results obtained show that vacuolation appears to be specific to the large 

diameter sensory neuron population. Vacuolated neurons persist for long periods o f time 

and do not appear to progress to the loss o f the neurons affected. This phenomenon could 

potentially be used as an index o f damage to this population, particularly when assessing 

possible therapeutic agents to be used in peripheral nerve injury, such as neurotrophic 

factors. I conclude that vacuolation is probably another manifestation o f the different ways 

that sensory neuron subpopulations react to axotomy.

4.4: THE EFFECT OF ADMINISTERED NEUROTROPHIC FACTORS UPON 

THE INCIDENCE OF APOPTOSIS. NEURONAL LOSS AND VACUOLATION

FOLLOWING AXOTOMY.

This section will discuss the factors affecting the efficacy o f neurotrophic factor 

administration, the implications for the pathogenesis o f axotomy-induced neuronal 

degeneration and whether this has any implications for potential therapies for nerve 

injuries. Whenever possible, the main emphasis will be on the roles o f neurotrophic factors 

in adult rats rather than the roles in development.

4.4.1: Mode o f administration

The implantation o f a silicone tube or reservoir containing neurotrophic factors 

(NF), closed at one end and refilled every week, results in a pulsed administration o f the 

NF. The length o f time for which these pulses last will depend on how long the NF 

remains in the body, which in turn will depend on its rate o f removal and its inherent
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stability at body temperature within the silicone tube. The initial plasma half-life o f human 

CNTF in rats o f 2.3 minutes indicates that CNTF is rapidly removed from the circulation 

when administered systemically (Dittrich et a l ,  1994): contained within a silicone chamber 

it may survive for longer times. Pharmacokinetic data for human NGF in rats indicates 

that NGF has an elimination half-hfe o f 2.3 hours when given systemically (i.v.), and 4.3 

hours when administered subcutaneously (Tria et a l ,  1994). Interestingly, the decay 

kinetics o f NGF after a period o f constant infusion from micro-osmotic pumps 

demonstrate a rapid decay (half-life 1.5 hrs) followed by a slow elimination phase (half life 

approximately 150 hrs: Tria et a l ,  1994), demonstrating that NGF does remain in the 

systemic circulation for a substantial period o f time when administered constantly. There 

is little data on the pharmacokinetics o f systemically administered BDNF or NT3.

Other factors such as the formation o f a capsule around the reservoir may have 

conceivably affected the rate o f diffusion o f the NF as this capsule probably prevented the 

neurotrophic factor from diffusing away into the intercellular medium. I found the most 

important factor in producing an effect was the frequency o f dosing. NT3 had no 

observable effect when administered twice during the 1 month post-operative period (data 

not shown). Other authors using a similar mode o f administration have reported that one 

administration (at the time o f transection) is sufficient to protect neurons (Otto et a l ,

1987; Rich et a l ,  1987, 1989); however these authors fixed their chambers with glue or 

by means o f a suture which may have reduced any leakage from the reservoir. Otto et a l  

(1987) found no neurotrophic activity in the fluid from the silicone chambers after 4 

weeks, but Rich et a l  (1987) found activity remaining in the majority o f chambers at 6 

weeks after implantation, and in the minority (1 out o f 4 chambers) after 9 weeks. 

However this group did administer a dose that was 66% greater than that given by Otto et 

a l  (1987). Fitzgerald e ta l  (1985) used a micro-osmotic pump, connected to a silicone
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cuff around the proximal stump to administer a constant supply o f NGF to it, which is 

probably the ideal mode o f administration as it avoids the peaks and troughs o f repeated 

dosing. Repeated dosing may result in the rescue o f neurons over a period o f time, with an 

apparently normal incidence o f apoptosis 1 week after the last dose when levels o f NF 

have declined (as was the case in my study).

NGF administration posed problems with autotomy: rats showed a greater 

inclination to mutilate their paws, and would subsequently have to be destroyed. This may 

have been due to the hyperalgesic effect o f NGF (Lewin et al, 1994; McMahon et a l ,  

1995); NT3 is not supposed to have this effect (personal communication, R M Lindsay), 

and no rats had to be destroyed because o f self-mutilation after NT3, BDNF or CNTF 

administration.

4.4.2: Effect o f administered neurotrophins upon apoptosis and neuronal loss

The results on the incidence o f neuronal apoptosis following axotomy are 

complete for the NT3, BDNF/NT3/CNTF and saline administration, but lack physical 

disector data on the number o f neurons in the DRGs o f rats treated with NGF, CNTF and 

BDNF. This work is in progress at present. However the absolute number o f apoptotic 

neurons in each set o f ipsilateral ganglia, and data available from the comparison o f 

neuron loss estimates (see section 3.4.4) using serial reconstructions (with correction 

factor) and the physical disector technique, indicates that administration o f BDNF and 

CNTF probably had little or no effect upon the incidence o f neuronal apoptosis or loss. 

NGF administration at the doses described probably prevented significant neuron loss but 

not the incidence o f apoptosis at the time o f sacrifice.

An interesting effect o f implanting a saline reservoir was that the incidence o f 

neuronal apoptosis and vacuolation was significantly higher than in animals that had had 

the sciatic nerve transected and ligated, whilst neuronal loss (measured with both counting
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methods) was similar. This finding suggests that the increased amount o f inflammation and 

the formation o f a capsule around the nerve and the reservoir may be potentiating these 

degenerative changes. Inflammation near to the nerve cell body will stimulate axonal 

regeneration (Lu and Richardson, 1991), but the eflfect o f inflammation on neuronal death 

is not reported. Similarly, so-called neurite-promoting factors accumulate within silicone 

chambers in vivo (Longo et a l ,  1984), but it may be that this stimulation o f regeneration 

is also lethal to certain neurons.

The effect o f NGF upon the incidence o f apoptosis and neuronal loss would, at 

first sight, appear contradictory. Whilst neuronal counts demonstrate a much reduced 

neuron loss in keeping with previous work (Rich et a l ,  1987, 1989; Otto et a l ,  1987), 

levels o f apoptosis are not significantly different fi“om the saline controls. This may be due 

to the lOx smaller amounts o f NGF administered (approximately 5pg applied each week), 

leading to a more rapid clearance o f the protein and apoptosis then starting, so that at the 

time o f sacrifice (1 week after the last refill) normal levels o f apoptosis had been attained. 

Other authors used larger quantities o f NGF administered in one dose and observed 

neurotrophic or neuroprotective effects: Rich et a l  (1987,1989) used one dose o f 

approximately 70|rg, sacrificing the animals 1-26 weeks later; Eriksson et a l  (1997) used 

either one dose o f 24 jig or o f 6 tig, sacrificing 6-30 days later; Otto et a l  (1987) used a 

single dose o f 6jig which was no longer active at 4 weeks but still rescued DRG neurons. 

In all cases some effect was seen, although a dose o f 6jig produced a lesser effect (on 

sprouting in the spinal cord: Eriksson et a l ,  1997) than the dose o f 24 jig; but whether 

this was due to the NGF disappearing more rapidly, or to a lower dose equating with a 

smaller effect is impossible to say. Another explanation o f the normal levels o f apoptosis 

observed in this study at the time o f sacrifice would have more profound implications for
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the potential therapeutic use o f neurotrophic factors, that being the potential down- 

regulation o f neurotrophic factor receptors upon repeated exposure to NFs (see Knusel et 

a l ,  1997). This might happen at different rates for different NFs and their receptors, and 

could conceivably make the deficits in neuronal function worse than the original trauma.

The effects o f NGF upon neurotransmitter expression and neurofilament synthesis 

are thought to be mediated via the trk A receptor (McMahon et a l ,  1995; Verge et a l ,

1990), and/or the p75 low affinity neurotrophin receptor. The function o f the p75 receptor 

is less investigated than that o f the trk receptors, but it is becoming apparent that far fi-om 

being a humble helper molecule that assists transport or signalling through the trk 

receptors (Barker and Shooter, 1994; Hantzopoulos et al, 1994; Curtis et a l ,  1995), it 

has a major role in apoptosis (Dechant and Barde, 1997). Recent work has shown that 

NGF can induce cell death o f superior cervical ganglion neurons when present in low 

amounts, in the presence o f high amounts o f BDNF (see Tolkovsky, 1997), probably by 

activation o f the p75 receptor (see Frade et a l ,  1996). Recent research has suggested that 

NGF is involved in both pro- and anti-apoptotic signalling: in neonatal DRG neurons the 

low affinity NGF receptor p75 mediates a pro-apoptotic signal that is blocked by NGF. In 

other neurons (such as isthmo-optic nucleus neurons) NGF is pro-apoptotic (see Bredesen 

and Rabizadeh, 1997). From this work it is apparent that the effect o f NGF varies between 

populations o f neurons, but in my study the likely reduction in observed neuronal loss in 

side-to-side comparisons after axotomy indicates that here, the action o f NGF is anti- 

apoptotic. The other, in my view unlikely, explanation is that NGF is somehow stimulating 

the replacement o f dying DRG neurons (as discussed in section 4.1).

In conclusion, a large question arises as to how NGF is protecting neurons from 

axotomy-induced apoptosis: if  the neurons that are dying are neurons that do not express 

the trk A receptor and, by inference, also the low affinity p75 receptor (see Wright and

187



Snider, 1995), then is NGF acting directly upon these neurons via an undiscovered 

receptor system, or is it acting indirectly via a paracrine neurotrophic factor release 

mechanism (see Eriksson et a l ,  1993; Eriksson et a l ,  1997)? Or are these neurons 

expressing trk A at very low levels that are beyond the limits o f detection o f 

immunohistochemistry or in situ hybridisation? These are questions that need to be 

answered from fiirther work.

The abihty o f administered BDNF to prevent neuronal death in vivo has been 

observed in several different paradigms. For example during the period o f naturally 

occurring cell death in quail (Holer and Barde, 1988), its action was similar to that o f 

NGF. In vitro studies demonstrated that BDNF could act on a wide variety o f both 

placode- and neural crest derived sensory neurons (Lindsay et a l ,  1985; Davies et a l ,  

1986; Hohn et a l ,  1990). BDNF applied to the transected sciatic nerve in neonatal rats 

(which were examined 1 week later) prevents the massive loss o f motor neurons that 

normally follows axotomy at this stage o f development (Yan et a l ,  1992), but studies in 

similar animals at longer time periods (3 weeks) showed that few motor neurons were 

ultimately rescued whereas almost all sensory neurons were (Eriksson et a l ,  1994). Optic 

nerve transection in adult rats results in approximately 50% o f the retinal ganglion 

neurons dying after 1 week, and 90% dying by 2 weeks; this neuronal loss can be 

postponed by intraocular injections o f BDNF (Mansour-Robaey et a l ,  1994).

The possible role o f BDNF in adult sensory neurons is less clear: a subset o f adult 

rat sensory neurons selectively transports BDNF in a retrograde direction (DiStefano et 

a l ,  1992). It is becoming clear that BDNF may function as an autocrine neurotrophic 

survival factor in approximately 35% o f adult DRG neurons (Acheson et a l ,  1995; 

Acheson and Lindsay, 1995), and this may explain why at least some adult neurons were 

thought to survive without neurotrophins or neurotrophic factors in vitro (Lindsay, 1988).
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This may also explain why administration o f BDNF in my experiment did not have any 

apparent effect upon neuronal survival. If a factor is not target-derived and is provided by 

the neuron itself then administering it after axotomy is essentially redundant. Trk B is the 

high affinity receptor for BDNF and is generally found in 27% o f adult rat lumbar DRG 

neurons o f all sizes and that generally co-express trk A and C (McMahon et a l ,  1994). If 

the neurons that are vulnerable to axotomy are the ones that do not express any trk, then 

one might not expect any neuronal rescue by BDNF. My lack o f results with BDNF 

administration essentially support the findings o f Munson e ta l  (1997) who found that, 

using a trk B-immunoglobin fusion molecule to selectively sequester trk B ligands, 

removal o f extracellular sources o f BDNF did not affect sensory conduction velocities, 

whereas motor conduction velocities were significantly reduced.

The most interesting result o f the studies into neurotrophin receptor expression 

was the finding that trk B is generally co-expressed by neurons that also contain mRNA 

for either trk C or trk A (McMahon et a l ,  1994; Wright and Snider, 1995), leading to 

speculation that these neurons may respond to NGF or NT3 provided by their targets (e.g. 

skin) and to BDNF provided in an autocrine or paracrine fashion by other neurons within 

the ganghon (Acheson and Lindsay, 1995). This idea in turn suggests that synergism may 

occur when neurotrophins and neurotrophic factors are administered together. Indeed one 

study found that, whereas NT3 or BDNF administered singly to transected sciatic nerve in 

adult rats had no effect on the depletion o f substance P seen, when administered together 

a distinct reversal o f the depletion was observed (Zhang et a l ,  1995). This will be 

discussed further at the end o f this section.

The neurotrophin NT3 produced both a decrease in the amount o f observed 

apoptosis and abolished the neuronal loss when neuronal numbers were compared in the 

ipsilateral DRGs with the contralateral DRGs. In fact, as with the BDNF/NT3/CNTF
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treatment group, the ipsilateral ganglia showed a slightly increased number o f neurons 

(whilst some apoptosis o f neurons was occurring) with respect to the contralateral 

ganglia, but this was within the natural variation o f control non-lesioned animals (i.e. the 

difference was not significant), and so cannot be called a “real” increase. This absence o f 

neuronal loss in the ipsilateral ganglia indicates that either 1) apoptosis has just begun 

after a down-regulation o f the receptor responsible for anti-apoptotic signalling (as 

discussed previously : Knusel et a l ,  1997) or 2) apoptosis has recently begun after NT3 

activity has been dissipated due to breakdown and transport by axons, or 3) apoptosis has 

been ongoing during the course o f the experiment and more neurons are being formed 

from precursor cells, or 4) the number o f neurons in the contralateral ganglia has 

decreased by a larger amount than in the ipsilateral ganglia. The first and second options 

are the most likely, but proving this is, again, not possible from my present results, whilst 

the last option is very unlikely as no apoptosis was seen in the contralateral ganglia.

Future work will examine apoptosis at shorter time intervals after axotomy and treatment.

The neuroprotective action o f NT3 demonstrated by my results is in agreement 

with its effects on other aspects o f axotomy-induced degeneration: NT3 administration 

can reduce the axotomy-induced depletion in neurofilament M, p75 and trk C (see Verge 

et a l ,  1995b), and can prevent the decrease in conduction velocity in sensory afferents 

(Munson et a l ,  1997). NT3 administration did prevent the axotomy-induced up- 

regulation o f neuropeptide Y, but had no effect upon the decrease in CGRP content 

(Ohara et a l ,  1995). It also had no effect upon the sprouting o f myelinated afferents into 

lamina II after axotomy (Bennett et a l ,  1996b; Eriksson et a l ,  1997), indicating that these 

latter two effects may be occurring in NT3-unresponsive neurons. The effect on substance 

P expression when co-administered with BDNF has been mentioned above (Zhang et a l ,  

1995). This is important for any potential therapeutic evaluation as NT3 administered
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alone is unlikely to cause hyperalgesia, as NGF does (Lewin et a l ,  1994; McMahon 

1995), but imphes that when administered with BDNF it may cause hyperalgesia.

Again the question to be asked is how NT3 exerts its efifects. Conflicting reports 

have been published regarding the precise proportion o f rat DRG neurons that express trk 

C, the high aflfinity NT3 receptor: McMahon et a l  (1994) report that 17% o f L4/L5 

neurons contributing axons to the sciatic contained mRNA for trk C (which would mean a 

lower proportion o f the total L4 and L5 DRG neuron population), whereas Verge et a l  

(1995b) report that 30-35% of lumbar DRG neurons strongly display a hybridisation 

signal for trk C with another 10% displaying low levels. Whatever the true level, it is 

apparent that trk C is largely found in larger DRG neurons (McMahon et a l ,  1994;

Wright and Snider, 1995) that do not appear to be very vulnerable to axotomy-induced 

loss (see section 4.2 and 4.3). Most evidence in this thesis and elsewhere points towards 

small diameter sensory neurons being vulnerable to axotomy-induced neuronal loss. It 

may well be that NT3 administration is causing the up-regulation o f other neurotrophic 

factors that are producing the neuroprotective effect, as demonstrated for NGF (see 

Verge et a l ,  1995b).

NT3 itself is expressed in muscle (Griesbeck et a l ,  1995) and appears to be the 

specific neurotrophin for proprioceptive afferents (Hory-Lee et a l ,  1993; MacMahon et 

a l ,  1994). However it can interact with trk A and B with varying degrees o f efficacy 

(Soppet et a l ,  1991; Davies et a l ,  1995), and at the doses that I used, it is entirely likely 

that sufficient amounts were present to activate these other receptors; this may be 

responsible for the effect upon apoptosis. Another interesting possibility is that NT3 could 

be acting via the p75 receptor as a weak pro-apoptotic agonist, and blocking more 

powerful pro-apoptotic signals that are present in smaller quantities (see Frade et a l ,

1996; Tolkovsky, 1997). However the same problem applies for NT3 as for NGF- the
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neurons that are vulnerable to axotomy-induced neuronal apoptosis and loss and that are 

rescued by NT3 or NGF appear to be the neurons that do not possess any known 

neurotrophic receptor.

The results I have obtained with CNTF administration are somewhat difficult to 

interpret due the unstable nature o f the CNTF molecule, and its rapid removal by blood- 

borne receptors and the liver (Dittrich et a l ,  1994). Using the dosing regimen that I used 

for the other neurotrophic factors investigated, no effect upon counts o f apoptotic 

neurons or neuronal loss (as measured by the serial reconstruction method) was seen with 

the singly applied factor. The effects o f co-administration o f CNTF with BDNF and NT3 

will be discussed at the end o f this section.

The CNTF receptor, CNTFRa, is found in varying amounts in all adult rat DRG 

neurons (MacLennan et a l ,  1996). Disruption o f the CNTF gene however does not seem 

to produce very profound deficits (Masu et a l ,  1993) in comparison to the severe deficits 

produced by disruption of the CNTFRa gene (Stahl and Yancopoulos, 1994), suggesting 

that other cytokines may be acting through this receptor during development, rather than 

CNTF.

Previous work indicates that CNTF administration can prevent loss o f motor 

neurons afl;er axotomy in neonatal rats (Sendtner et a l ,  1990) but was found to have a 

minimal effect on the ultrastructure o f axotomised motor neurons in adult rats (Demetriou 

et a l ,  1996). CNTF administration did prevent the axotomy-induced sensory neuron loss 

in neonatal mice (Lo et a l ,  1995), but its role in adult animals is not clear. CNTF 

expression is induced in Schwann cells by axonal contact, independent o f myelination; if  

no contact occurs, synthesis remains low (Lee et a l ,  1995). The retrograde axonal 

transport o f CNTF is increased by peripheral nerve injury (Curtis et a l ,  1993a), and this 

observation combined with the fact that CNTF lacks a signal sequence for secretion out o f
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a (Schwann) cell (Masiakowski et a l ,  1991) has lead to the hypothesis that it is a lesion 

factor, only released by damage or an unknown mechanism after injury (Friedman et a l ,

1992). The theory that CNTF is a ‘lesion factof ’ is further supported by evidence that 

CNTF potentiates the regenerative response and re-myelination o f axotomised sensory 

neurons (Sahenk et a l ,  1994) when administered systemically (intraperitoneal: 1 mg/kg on 

every other day for 12 after transection o f the sciatic nerve). Other in vitro work has 

suggested that increased CNTF or leukaemia inhibitoiy factor (LIF) levels in conjunction 

with lowered NGF may be responsible for the increased expression o f vasoactive intestinal 

peptide (VIP) seen after axotomy (Mulderry, 1994). None o f these results conclusively 

show that CNTF administration has any effect upon neuron survival following axotomy, 

and my results also do not suggest this either. Indeed CNTF administration may have 

increased the amount o f observed neuronal apoptosis at the time o f examination, if  the 

amount o f observed apoptotic neurons (table 13) is indicative. It would be very exciting if 

the physical disector counts (in progress) o f the ipsi- and contralateral ganglia o f the 

CNTF-treated rats show a larger loss than the saline-treated rats.

The effect o f administering BDNF, NT3 and CNTF together initially showed a 

much greater effect on reducing neuronal loss that any o f the NFs administered singly 

when the serial reconstruction method o f neuronal counting was used. However physical 

disector counts show similar losses as NT3 administered singly, indicating that the 

cocktail is probably having a larger effect on nucleolus expression than NT3 alone. The 

slightly increased amount o f apoptosis in the cocktail animals could be due to the natural 

variation in the incidence o f apoptosis, or could be due to stimulation o f pro-apoptotic 

activity (fi’om CNTF, or via the p75 receptor as discussed earlier in this section); more 

work is needed to elucidate whether this difference is real.
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Possible synergistic effects o f neurotrophic factors when administered together 

have not been extensively investigated, but have been noted with neurotransmitter release 

mXenopus nerve/muscle preparations after co-administration o f BDNF and CNTF (Stoop 

and Poo, 1996); however it is not clear whether the two neurotrophic factors are co

released in vivo. Trk B and trk C, but not trk A, are expressed in the proximal stump o f 

transected rat sciatic nerves (Sebert and Shooter, 1993; Funakoshi et a l ,  1993). 

Interestingly trk A mRNA was expressed in the DRG (Sebert and Shooter, 1993) 

throughout the post-injury time course. This suggests that target-derived NGF may not be 

as important in trk A-expressing neurons as during development, and instead NGF may 

come from other sources via a paracrine mechanism triggered by other neurotrophic 

factors (or vice versa). It is not known whether trk B and trk C are being co-expressed in 

the same cells in the work o f Funakoshi et a l  (1993), and conflicting results exist 

regarding this in DRG neurons: MacMahon et a l  (1994) deduced that almost all trk B- 

containing neurons in rat L4 and L5 DRGs contained either trk A or trk C, but Wright and 

Snider (1995) found a sizeable population in rat thoracic DRG neurons that contained 

only trk B These differences may be due to the different ganglia examined (i.e. that trk 

co-expression may depend on the type o f target innervated), or to different methodologies 

used. If neurons do co-express trk B and trk C, this might explain the finding that NT3 

and BDNF administered together (but not singly) prevented the axotomy-induced down- 

regulation o f substance P mRNA in adult rats (as did a high dose o f LIF).

4.4.3: Effect o f  administered neurotrophins upon vacuolation.

The possibility that vacuolation is a specific response to axotomy by large 

myelinated sensory neurons is the most intriguing aspect o f vacuolation. This idea is 

supported by my finding that administration o f NT3, a neurotrophin that is considered 

specific for proprioceptive (and hence large diameter myelinated L neurons: DiStefano et
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a l ,  1992; McMahon et a l ,  1994), significantly reduced the incidence o f vacuolation. As 

described previously, the high-affinity receptor that NT3 acts through, Trk C, is thought 

to be present in 30-45% o f intact adult rat DRG neurons (Verge et a l ,  1995b) and 

approximately 17% o f adult rat lumbar ganglion neurons projecting to the sciatic nerve 

most o f which are large diameter (McMahon et a l ,  1994). This might explain the means 

by which NT3 reduces vacuolation, with NT3 acting through the trk C receptor to restore 

normal neuron morphology. However NT3 can activate to varying degrees all o f the 

known neurotrophin receptors (Cordon-Cardo et a l ,  1991; Glass et a l ,  1991; Davies et 

al, 1995), and the extent to which interactions with more than one o f them may have 

reduced vacuolation is not clear.

The possibility that vacuolation may occur due to a deficiency o f a particular 

neurotrophin (see section 4.3) is an exciting one, as grossly distorting intraneuronal 

vacuoles are also seen in some other pathological states, (apart fi-om intoxications and 

irradiation) such as olivary hypertrophy, some cortical dysplasias and a mouse model o f 

motor neuron disease (Duchen, 1992). An alternative possibility to an axotomy-induced 

depletion o f a trophic factor is that a substance released at the injury site and subsequently 

transported back to the DRG is causing some neurons to vacuolate, with NT3 having a 

neuroprotective role (i.e. a substance that is not normally required but has the ability to 

protect neurons fi'om deleterious effects) instead o f a neurotrophic one. Obvious 

candidate molecules for this process would be cytokines such as tumour necrosis factor 

and the interleukins (see Griffin et a l ,  1993; Sun and Zigmond, 1996). Interleukin-6 (IL- 

6) is up-regulated in the distal stump following axotomy (Bolin et al, 1995), and, as 

discussed, CNTF and LIF are transported form the injury site to the ganglia (Curtis et a l ,  

1993a, 1994). NT3 does appear to have neuroprotective effects in large diameter neurons 

in pyridoxine intoxication (Helgren et a l ,  1997), and may help axotomised neurons resist
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the pathological effects o f axotomy (e.g. Munson et a l ,  1997) without the lack o f it being 

the cause o f these effects.

My finding that NGF administration increased the incidence o f vacuolation is more 

problematic; the exogenous NGF may have been competing for neurotrophin receptors 

(such as p75) with endogenously produced neurotrophins (which might protect L neurons 

from vacuolation), thereby increasing the incidence o f vacuolation. This scenario would be 

analogous to the postulated roles o f the trk’s and p75 in apoptosis (see section 4.4.2). The 

dose o f NGF administered was lower than that o f NT3, and may have led to a more rapid 

removal, but it is difficult to imagine how this may have caused the effect seen. The fact 

that very few vacuolated neurons contained CGRP would tend to argue against them 

containing trk A, although this may have been due to the deleterious effects o f axotomy. 

The possibility remains that NGF administration has caused the production o f a substance 

in the DRG or proximal stump o f the sciatic nerve that is causing vacuolation in certain L 

neurons. Studies into which trk (if any) is expressed in vacuolated neurons are needed to 

advance understanding o f this phenomenon.

The failure o f BDNF to affect vacuolation may, as discussed, be related to recent 

findings that BDNF in dorsal root ganglion neurons is probably not provided by target 

organs but is produced in an autocrine manner by those neurons that require it (Acheson 

et a l ,  1995), so that depriving these neurons o f their target may not affect the supply o f 

BDNF to them.

Although CNTF has been shown to have neuroprotective effects in neonatal rat 

motor neurons in vivo (Sendtner et a l ,  1990) and hippocampal neurons in vitro (Ip et a l ,

1991), CNTF did not appear to have any such effect on adult rat DRG neurons following 

axotomy. However, as mentioned above, this result should be treated with caution as 

CNTF has a much reduced stability compared to the neurotrophins at body temperature,
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and has a plasma half life measured in minutes rather than hours. The finding that the 

CNTF receptor is widely distributed in rat dorsal root ganglia (MacLennan et a l ,  1996) 

suggests a role for CNTF: recently discovered synergistic effects o f CNTF with BDNF in 

synaptic function (Stoop and Poo, 1996) may occur in other areas o f neuronal 

metabolism. The results o f administration o f a mixture o f BDNF, NT3 and CNTF did not 

produce a significantly reduced or increased incidence o f vacuolation when compared with 

NT3 administered alone. When considered with the fact that disruption o f retrograde 

transport appears to play a role in vacuolation (see section 4.3), an interruption in the 

supply o f NT3 fi-om the periphery is likely to be a root cause o f this phenomenon.

4.4.4: Conclusions and implications fo r neurotrophic factor therapy.

My results indicate that NT3 administration to the proximal stump can 

significantly reduce the incidence o f neuronal apoptosis and vacuolation following 

permanent axotomy. Furthermore, NT3 and NGF can significantly reduce axotomy- 

induced neuronal loss measured with the serial reconstructions o f ipsilateral vs 

contralateral ganglia are used (but not when the physical disector counting method is 

used!). This suggests that NT3 is the most promising therapeutic agent for the prevention 

o f neuron death following nerve injury in sensory neurons, NGF having the unacceptable 

side effect o f hyperalgesia. It is not clear at the moment whether vacuolation is merely o f 

academic interest or whether it has any clinical implications.

The issue o f whether neurotrophic factors generally, and neurotrophins in 

particular, have a use in therapy is more contentious. As mentioned, the issue o f whether 

prolonged treatment leads to a down-regulation o f the trk receptors (Knusel et a l ,  1997) 

needs to be addressed. Furthermore Verge et a l  (1995b) make the point that 

administering NGF or NT3 to injured neurons alters the phenotype o f responsive neurons 

so that they approximate the intact state rather than the regenerating, and this may not be
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what is required following nerve injury. One may convince neurons that they do not need 

to grow. Furthermore, there is a risk that administration o f a neurotrophic factor might 

cause antibodies to be formed to that neurotrophic factor which could be potentially 

disastrous for the patient.

The area in which neurotrophin/neurotrophic factor therapy may be o f use is in 

preventing neuron death or degeneration, following toxic insult (e.g. Helgren et a l ,  1997) 

or peripheral nerve injury. CNTF administration could be used in the short term to 

improve regeneration and myelination o f axons, although the side effects o f weight loss 

associated with CNTF administration would be a problem.
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The results of this study show that some neurons do die after transection of their 

peripheral axons. This had not been conclusively shown in spinal ganglia to date, and the 

finding that this death continues for a considerable period o f time may have implications 

for the treatment o f nerve injury. Furthermore, at least some, and probably all o f this 

neuronal death occurs via an apoptotic pathway as defined by morphological 

abnormalities and ISEL staining. I also conclude that direct observation of neuronal death 

allows a truer picture o f the extent of this process than inferring neuronal loss from side- 

to-side comparisons.

Another finding is that one subset o f sensory neuron is particularly vulnerable to 

axotomy-induced changes, as defined by proportions o f neurons expressing neuron subset 

markers after a transient axotomy and regeneration. This is the non-peptide expressing, 

LA4/GS-IB4 reactive small neuron population, which appears to express the purinergic 

receptor, P2X3. Conversely the neuron population expressing large (L) neuron markers 

appears to be invulnerable to axotomy-induced changes.

A subsequent study showed that some sensory neurons vacuolate in response to 

axotomy, and these vacuolated neurons express L neuron markers and are viable. I 

conclude that vacuolation persists for a long time and is a specific response to axotomy by 

the L neuron population which is otherwise resistant to axotomy-induced degeneration. 

The time course o f vacuolation is very similar to the time course o f apoptosis, suggesting 

that the two phenomena are related.

NT3 and NGF administration to the proximal stump of transected sciatic nerve 

reduce or abolish the neuronal loss seen after axotomy. The neurons lost probably come 

from the SD neuron population, and so probably do not express the NT3 receptor. 

However NT3 also reduced the incidence of apoptosis and vacuolation, demonstrating a 

broader spectrum of action than NGF. Whether this is due to a direct effect upon
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responsive neurons via the trk A and B receptor, or whether it is due to indirect, paracrine 

actions is not evident. BDNF and CNTF administration did not affect any of the 

parameters examined.

The question o f most interest to me was what actually caused adult sensory 

neurons to die after axotomy. The evidence that axotomy-induced neuronal loss is due to 

deprivation o f target-derived growth factors is not convincing: in utero administration of 

antibodies directed against NGF causes a loss of sensory neurons (Ruit et a l ,  1992), as 

does neonatal administration of the same (Yip et a l ,  1984). However in adult rats, long

term administration of anti-NGF antibodies did not result in any neuron loss (Gorin and 

Johnson, 1980; Schwartz et a l, 1982; Rich et a l ,  1984), and adult sensory neurons are 

reputed to be able to grow in vitro without the presence o f any neurotrophic factors 

(Lindsay, 1988). However, this latter work assumed that adult rat L5 DRGs contained 

around 7000 neurons, which is a considerable underestimate (see Tandrup, 1995), and so 

well over half o f neurons extracted had actually died by the time they were counted (i.e. 1 

only the most trauma resistant neurons had survived). Furthermore, blockade o f axonal 

transport in intact nerves did not produce chromatolysis, but delayed the onset of 

chromatolysis after axotomy (Singer et a l ,  1982). It would be very interesting to see if 

any neurons die or vacuolate after administration of antisera directed against all of the 

neurotrophins/neurotrophic factors.

The finding that extracts o f injured nerve can induce chromatolytic changes when 

injected into intact nerve argues for a factor released in the injured nerve triggering the 

chromatolytic/regenerative response (Singer et a l ,  1988). Future work necessary to 

determine the exact cause o f neuronal death following axotomy will involve examining
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dorsal root ganglia for apoptotic neurons following similar injections o f injured nerve 

extracts into undamaged nerves.

The finding that CNTF and LIF administration to adult rat DRG neurons grown in 

vitro inhibited an NGF-stimulated up-regulation of CGRP (Mulderry, 1994) is suggestive, 

as is the role of LIF in the up-regulation o f galanin after nerve injury (Sun and Zigmond, 

1996). The origin o f the neurite-promoting activity in silicone chambers (Longo et a l ,  

1984) and the stimulation of regeneration produced by conditioning lesions to the sciatic 

nerve (Richardson and Issa, 1984; see Sahenk et a l ,  1994) may also lie in the release of  

these and related molecules. It may be that, ironically, responses designed to improve 

regeneration also kill certain neurons.
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Appendix A: Estimated numbers of neurons in the ipsi- and contralateral L4 and
L5 DRGs after transection and ligation of the right sciatic nerve, using a physical

disector technique.

Time after
transection/
animal

Neurons in 
contralateral 
L4/L5 ganglia

Neurons in 
ipsilateral 
L4/L5 ganglia

percentage 
difference 
between ipsi- 
and
contralateral
ganglia

percentage of 
apoptotic 
neurons in ipsi
lateral L4/L5

1 month 
XP3142 28744 23742 -17.4 0.030

XP3141 27961 26669 -4.6 0.038

XP3184 27448 24040 -12.4 0.025

XP3172 33080 27112 -18.0 0.037
mean ± S.D. 29308 ±2226 25391 ± 1512 -13.1 ± 5 .4 0.033 ± 0.005
2 month 
XP3165 29967 24991 -16.6 0.036

XP3166 30514 23943 -21.5 0.042 '

XP3291 33917 29331 -13.5 0.041

XP3290 30111 27946 -7 .2 0.014
mean ± S.D. 31127± 1623 26553 ±2174 -14.7 ± 5 .2 0.033 ±0.011
3 month 
XP3133 29094 20983 -27.9 0.029

XP3130 28696 23831 -17.0 0.055

XP3131 27370 32111 ±17.3 0.012

XP3132 26299 26005 - 1.1 0.023
mean ± S.D. 27865 ±1107 25733 ±4091 - 7.2 ± 17.0 0.030 ±0.015
6 month 
XP3150 28915 31517 ± 9 .0 0.006

XP3149 32182 22675 -29.5 0.013

XP3147 30718 28662 -6 .7 0.003

XP3148 27098 26132 -3 .6 0.004
mean ± S.D. 29728 ± 1909 27247 ± 3255 -7.7 ± 13.9 0.0065 ± 0.004

204



Appendix B: Estimated numbers of neurons in the ipsi- and contralateral L4 and
L5 DRGs after transection and ligation of the right sciatic nerve, using a serial

reconstruction with Abercrombie correction factor technique.

Time after Total number of Total number of Percentage difference
transection/animal neurons in neurons in ipsilateral between ipsi- and

contralateral ganglia ganglia contralateral ganglia
1 week XP3174 17862 17655 -1.2

XP3176 21271 21087 -0.9
XP3175 19524 19491 -0.2
XP3143 20138 19524 -0.3

mean ± S.D. -0.7 ± 0.4%
2 weeks XP3181 18961 17108 -9.8

XP3179 18944 17047 -10.0
XP3180 17638 15964 -9.5
XP3151 19809 17973 -9.3

mean ± S.D -9.7 ±0.3%
3 weeks XP3164 22532 19100 -15.2

XP3163 22091 20222 -8.5
XP3183 20590 18431 -10.5
XP3182 20306 17998 -11.4

mean ± S.D. -11.4 ±2.4%
1 month XP3142 22669 18099 -20.2

XP3141 18891 18394 -2.3
XP3184 19145 16768 -12.4
XP3172 23073 18911 -18.0

mean ± S.D. 13.2 ±6.9%
2 months XP3165 18386 17359 -5.6

XP3166 21380 16601 -22.4
XP3291 22711 19640 -13.5
XP3290 20162 18713 -7.2

mean ± S.D. 12.2 ± 6 .6  1
3 months XP3133 21330 16734 -21.5

XP3130 18565 15206 -18.1
XP3131 22119 18422 -16.7
XP3I32 17382 15200 -12.6

mean ± S.D. 17.2 ±3 .2
6 months XP3150 20370 18952 -7.0

XP3149 23071 16723 -27.5
XP3147 21762 19399 -10.9
XP3148 20816 18392 -11.6

mean ± S.D. 14.3 ±7.8
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Appendix C: Proportion of L4/L5 (pooled) DRG neurons expressing the neuronal
markers LA4, LD2, SSEA4, CGRP and GAP43 2 months after right sciatic

transection and ligation.
LA4:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion o f  
immunostained neurons in 
contralateral L4/L5 DRGs

XP3074 7.1% 32.0%
XP3075 5.1% 23.4%
XP3076 4.6% 25.8%
XP3077 8.9% 40.0%
No. of neurons examined between 436 and 592 between 405 and 669
Mean ± S.D. 6.4 ±1.7% 30.3 ± 6.4%

LD2:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion o f  
immunostained neurons in 
contralateral L4/L5 DRGs

XP 3074 6.5% 40.4%
XP 3075 11.2% 30.3%
XP 3076 36.5% 64.9%
XP 3077 7.5% 52.2%
No. of neurons examined between 456 and 760 between 416 and 586
Mean ± S.D. 15.4 ± 12.3% 47.0 ± 12.9%

SSEA4;
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3074 10.1% 9.8%
XP3075 12.9% 13.0%
XP3076 15.7% 11.2%
XP3077 13.8% 9.7%
No. o f neurons examined between 429 and 516 between 468 and 607
Mean ± S.D. 13.1 ±2.0% 10.9 ± 1.3%

CGRP:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion o f  
immunostained neurons in 
contralateral L4/L5 DRGs

XP3074 24.5% 56.7%
XP3075 37.5% 57.0%
XP3076 35.9% 57.0%
XP3077 25.4% 51.4% '
No. of neurons examined between 441 and 514 between 526 and 642
Mean ± S.D. 30.8 ±5.9% 55.5 ±2.4%
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GAP43:
Animal Proportion o f  

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3074 88.8% 60.0%
XP3075 83.7% 59.0%
XP3076 87.4% 63.6%
XP3077 88.9% 66.1%
No. o f neurons examined between 457 and 555 between 530 and 582
Mean ± S.D. 87.2 ±2.1% 62.2 ±2.8%

RT97:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3266 34.6% 25.2%
XP3075 36.9% 30.5%
XP3076 35.7% 28.6%
No. o f neurons examined between 674 and 1036 between 510 and 995
Mean ± S.D. 35.7 ±0.9% 28.1 ±2.2%
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Appendix D: Proportion of L4/L5 (pooled) DRG neurons expressing the neuronal
markers LA4, LD2, SSEA4, CGRP and GAP43 2 months after right sciatic crush.

LA4:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3083 17.3% 28.3%
XP3084 21.4% 30.0%
XP3167 25.9% 32.7%
XP3168 26.4% 32.2%
No. of neurons examined between 584 and 837 between 681 and 993
Mean ± S.D. 22.8 ±3.7% 30.8 ±1.8%

LD2:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3083 31.5% 49.7%
XP 3084 36.3% 45.7%
XP3167 47.7% 54.9%
XP3168 42.8% 48.7%
No. of neurons examined between 582 and 843 between 780 and 971
Mean ± S.D. 39.6 ± 6.2% 49.8 ±3.3%

SSEA4:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3083 11.9% 9.7%
XP3084 12.3% 11.0%
XP3167 15.0% 12.0%
XP3168 12.8% 16.6%
No. o f neurons examined between 643 and 830 between 670 and 1070
Mean ± S.D. 13.0 ± 1.2% 12.3 ±2.6%

CGRP:
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3083 44.9% 46.3%
XP3084 54.7% 52.7%
XP3167 50.3% 44.0%
XP3168 49.0% 50.4%
No. o f neurons examined between 648 and 747 between 769 and 911
Mean ± S.D. 49.7 ±3.5% 48.4 ±3.4%
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GAP43;
Animal Proportion of 

immunostained neurons in 
ipsilateral L4/L5 DRGs

Proportion of 
immunostained neurons in 
contralateral L4/L5 DRGs

XP3083 55.5% 46.3%
XP3084 61.5% 52.7%
XP3167 50.6% 44.0%
XP3168 51.4% 50.4%
No. o f neurons examined between 503 and 862 between 762 and 969
Mean ± S.D. 54.8 ±4.3% 59.4 ±3.9%
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Appendix E: Proportion of neurons with intracytoplasmic vacuoles in the ipsilateral

Time after Sciatic nerve transection/animal Percentage o f counted neurons with 
intracytoplasmic vacuoles.

1 week XP3174 0.1%
XP3176 0.0%
XP3175 0.5%
XP3143 0.4%

Mean ± S.D 0.3 ± 0.2%
2 weeks XP3181 0.6%

XP3179 1.1%
XP3180 1.5%
XP3151 1.2%

Mean ± S.D. 1.1 ±0.3%
3 weeks XP3164 1.2%

XP3163 1.2%
XP3183 1.0%
XP3182 1.5%

Mean ± S.D. 1.2 ±0.2%
4 weeks XP3142 0.3%

XP3141 1.4%
XP3184 2.1%
XP3172 1.0%

Mean ± S.D. 1.2 ±0.7%
8 weeks XP 3079 1.7%

XP 3080 1.2%
XP3166 0.7%
XP3165 1.2%

Mean ± S.D. 1.2 ±0.3%
12 weeks XP3130 1.0%

XP3132 0.4%
XP3133 1.3%
XP3131 0.9%

Mean ± S.D. 0.9 ± 0.3%
24 weeks XP3150 0.2%

XP 3148 0.2%
XP 3147 0.2%
XP 3149 0.4%

Mean ± S.D. 0.25 ±0.1%
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Appendix F: Estimated numbers of neurons in ipsi- and contralateral L4 and L5
DRGs 1 month after sciatic transection, and implantation of a silicone reservoir
containing neurotrophic factors or saline, using a serial reconstruction with

T reatment/animal Total number of 
neurons in 
contralateral ganglia

Total number of 
neurons in ipsilateral 
ganglia

Percentage 
difference between 
ipsi- and
contralateral ganglia

Saline XP3189 23615 20615 -12.7
XP3188 21729 18710 -13.9
XP3187 23603 21475 -9.0
XP3121 14592 12446 -14.7

Mean ± S.D. -12.6 ±2 .2
NGF XP3258 21528 20080 -6.7

XP3255 22878 22275 -2.6
XP3254 22167 21126 -4.7
XP3259 18517 18286 -1.2

Mean ± S.D. -3.8 ±2.1
BDNF XP3153 23474 20767 -11.5

XP3154 21604 20948 -3.0
XP3186 20469 17374 -15.1
XP3185 22114 19536 -11.7

-10.3 ±4.5
NT3 XP3155 20120 19796 -1.6

XP3156 24478 21752 -11.1
XP3157 23851 23034 -3.4
XP3158 21800 22587 +3.6

-3.2 ±5.3
CNTF XP3225 17443 15733 -9.8

XP3224 20312 17043 -16.1
XP3227 16071 14564 -9.4
XP3226 16785 14881 -11.3

Mean ± S.D. -11 .7± 2 .7
NT3 XP3313 19700 20711 +5.1
/BDNF XP3111 16873 17910 +6.1
/NT3 XP3112 14245 15657 +9.9

XP3122 13902 14889 +7.1
Mean ± S.D. +7.1 ± 1.8

211



Appendix G: Observed numbers of apoptotic neurons in ipsilateral L4 and L5 
DRGs 1 month after sciatic transection and implantation of a silicone reservoir

Treatment number o f observed apoptotic neurons in 
ipsilateral L4 and L5 DRGs

Saline XP3189 22
XP3188 30
XP3187 16
XP3121 9

Mean ± S.D. 19.3 ± 7 .7
NGF XP3258 20

XP3255 12
XP3254 13
XP 3259 25

Mean ± S.D. 17.5 ±5.3
BDNF XP3153 5

XP3154 8
XP3186 22
XP3185 19

Mean ± S.D. 13.5 ± 7 .2
NT3 XP3155 9

XP3247 4
XP3157 13
XP3158 4

M ean± S.D. 7.5 ±3 .8
CNTF XP3225 56

XP3224 9
XP3227 19
XP3226 11

Mean ± S.D. 23.8 ± 19.0
BDNF/NT3/CNTF XP3313 13

XP3111 1
XP3112 25
XP3122 12

Mean ± S.D. 12.8 ±8 .5
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Appendix H: Proportion of neurons with intracytoplasmic vacuoles 1 month after
sciatic transection and implantation of silicone reservoir containing neurotrophic

factors.
T reatment/animal % vacuolated
Saline XP3189 1.5

XP3188 2.4
XP3187 1.8
XP3121 1.0

Mean ± S.D. 1.7 ±0.5%
NGF XP 3258 2.7

XP 3255 2.1
XP 3254 2.2
XP 3259 2.5

M ean i S.D. 2.4 ± 0.2%
BDNF XP3153 1.1

XP3154 1.2
XP3186 2.0
XP3185 1.7

Mean ± S.D. 1.5 ±0.4%
NT3 XP3155 1.2

XP3247 0.7
XP3157 0.8
XP3158 0.6

Mean ± S.D. 0.8 ± 0.2%
CNTF XP3225 1.2

XP3224 1.6
XP3227 1.8
XP3226 1.8

Mean± S.D. 1.6 ±0.2%
BDNF/NT3/CNTF XP3313 1.3

XP3111 0.5
XP3112 0.5
XP3122 0.4

Mean ± S.D. 0.7 ± 0.4%
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S u m m ary

Using immunocytochemical and morphoinetric techniques, the localisation of three neuronal oligosaccharide antigens (two 
lactoseries and one globoseries oligosaccharide) were studied in the spinal cord and dorsal root ganglia of adult rats following 
unilateral crushing or transection of the sciatic nerve. The expression of CGRP and CAP43 was also studied for comparison. 
We found that following transection of the nerve the expression of lactoseries oligosaccharides and CGRP was permanently 
depressed, whilst that of the globoseries antigen (SSEA4) was unaffected. However following crush trauma and subsequent 
regeneration after 2 months, only the expression of one lactoseries antigen, LA4 remained significantly depressed. Our results 
suggest that different subsets of sensory neurons vary in the rate of reaction to in jury and that one subset of neurons expressing 
a lactoseries oligosaccharide antigen is particularly susceptible to axotomy-induced changes. Furthermore neurons expressing 
the globoseries oligosaccharide antigen SSEA4 appear to be relatively unaffected by peripheral axotomy.

In tro d u c tio n

D orsal roo t gang lion  (DRG) n eu ro n s can  be d iv id ed  
in to  subse ts  on the basis of m orpho log ical (see 
L ieberm an, 1976), functional (M atsuda et a!., 1978) 
and  biochem ical (H okfelt et a i,  1976; D odd et a i,  1984; 
Jessell & D odd , 1985; S ilverm an & K ruger, 1990; 
A lvarez  et a i, 1991) criteria. The la tte r inc lude  neuro- 
tran sm itte r  con ten t (e.g. substance P-SP, calcitonin 
gene re la ted  pep tide-C G R P : Jessell et a!., 1979; A lvarez 
et a i ,  1991), enzym e h istochem istry  (e.g. fluoride 
resis tan t acid phospha tase -F R A P ; K nyihar, 1971) and  
n eu ro filam en t expression  (e.g. RT-97: L aw son ef a l, 
1984). G enerally , tw o classes of DRG n eu ro n s are 
recognised : Targe ligh t' and  'sm all d a rk ' neurons. 
L arge ligh t n eu ro n s  have  m ye lina ted  axons, contain  
a b u n d a n t neu ro filam en ts  in the ir cell bod ies and  their 
size d is tr ib u tio n  spans the en tire  DRG n eu ro n  size 
spec trum . Sm all d a rk  n eu ro n s  are neu ro filam en t poor, 
have  u n m y e lin a ted  c-fibre axons and  the ir size 
d is tr ib u tio n  is concen tra ted  a t the sm all end  of the 
DRG n eu ro n  size d is trib u tio n  (Law son, 1992). A n ti
bod ies d irec ted  aga in st cell surface o ligosaccharide  
an tig en s  have  m ad e  possib le fu rth e r d iv is ions of these

n eu ro n  subse ts an d  the iden tification  and  m ore 
accurate  localisation  of the ir pro jections w ith in  the 
dorsal ho rn  of the sp ina l cord. N -acetyl-D -galactos- 
am ine  and  a-ga lac tose  con jugated  o ligosaccharides 
have been p articu la rly  s tu d ied  (Jessell & D odd , 1985; 
Tajti et al., 1988; A lvarez  et a i,  1989; P ey ro n n ard  et al., 
1989), e ither w ith  v ario u s  lectins o r w ith  an tibod ies 
d irec ted  aga in st the ex tended  o ligosaccharide  ep i
topes such  as LD2 and  LA4. These p a rticu la r lectins 
and  an tib o d ies  sta in  p red o m in an tly  sm all d iam ete r 
DRG cells in the 20-40 pm  d ia m e te r  size range, w ith  
cen tra l pro jections te rm in a tin g  in lam ina (L) 1 an d  11 
(Rexed, 1952) of the  do rsa l h o rn  of the sp ina l cord.

A n o th er class of o ligosaccharide  an tig en s are 
kn o w n  as g loboseries s tru c tu re s  (such as stage specific 
em bryon ic  an tigen  4-SSEA4) and  are  found  on subse ts  
of large d ia m e te r  DRG n eu ro n s  w hose cen tra l sp ina l 
pro jections te rm in a te  in lam ina 111-IV of the do rsa l 
ho rn  of the sp in a l cord  (Jessell & D odd , 1985). This 
subd iv is ion  of DRG cells based  on o ligosaccharide  
expression  has as yet u n k n o w n  significance, b u t is 
p ro b ab ly  re la ted  to functional an d  n eu ro tran sm itte r

* To whom correspondence should be addressed.  
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su b d iv is io n s of these  cells. LA4 im m u n o reac tiv e  
DRG n eu ro n s  co rresp o n d  to the FRA P con tain ing  
p o p u la tio n , also recogn ised  by  the Griffoitia simpAicifo- 
lia-l lectin, a re  of sm all d iam ete r an d  d o  n o t contain  
n e u ro p e p tid e s  (A lvarez et a l,  1989, 1991; S ilverm an & 
K ruger, 1990). CG R P is colocalized  w ith  SP an d  is a 
m ark e r for th e  n e u ro p e p tid e  con ta in ing  DRG n eu ron  
p o p u la tio n  w hich  is o f p red o m in an tly  sm all d iam ete r 
(A lvarez et al., 1991), w h ils t the  LD2 an tib o d y  ap p ears  
to recognise e lem en ts of bo th  p o p u la tio n s. D orsal roo t 
gang lion  n eu ro n s  also express variab le  a m o u n ts  of a 
g ro w th  associa ted  p ro te in , GAP-43, w h ich  is im p li
ca ted  in  axon e longation  an d  synap tic  p lastic ity  (Skene 
& W illard , 1981; Kalil & Skene, 1986; W oolf cf a l,  1990; 
S chreyer & Skene, 1991; S om m ervaille  et a l ,  1991; 
B urry  et a l,  1992; C u rtis  et a l,  1993). A fter p e rip h e ra l 
nerv e  in jury , its levels are  u p -re g u la ted , first in sm all 
to in te rm ed ia te  sized  DRG cell p erik a ry a , la ter in those 
of la rg e  d ia m e te r  (Som m ervaille et a l ,  1991), from  
w hich  it is tran sp o rte d  to bo th  p e rip h e ra l an d  cen tral 
processes.

A fter trau m a  to the  p erip h e ra l senso ry  p rocesses in 
a d u lt  an im als, cells u n d e rg o  m orpho log ical a lte ra tions 
w h ich  h av e  been  referred  to as 'ch ro m ato ly sis ' 
(R anson, 1909; C av an au g h , 1951; L ieberm an , 1976; 
M eller, 1989). This is fo llow ed by the d e a th  of 15-30% 
of the  DRG neu rons: these changes, w h ich  are  m ore 
severe  afte r cu t than  afte r crush  (Rich et a l ,  1989), have 
been ex tensively  s tu d ie d  (A rv idsson  et al., 1986; H im es 
& T essler, 1989; Ygge, 1989a; A ldskog ius et a l,  1992). 
Som e a u th o rs  have  rep o rted  a loss of sm all d ia m e te r  
DRG n eu ro n s  (A ldskog ius & A rv idsson , 1978; Rich 
et a l,  1989) w h ils t o th e rs  have found  no  selective 
decrease  in e ither la rge  o r sm all cells (R isling et a l, 
1983; S chm alb ruch , 1987).

It is k n o w n  th a t p e rip h e ra l nerve  trau m a affects the 
co n ten t of SP, CG R P an d  FRAP (Jessell et a l,  1979; 
H im es & Tessler, 1989; K nyihar-C sillik  et a l,  1990) and  
u p -re g u la te s  GAP43 exp ression  (W oolf et a l ,  1990); 
h o w ev er the long -te rm  effects of trau m a  on the 
expression of the various o ligosaccharides and  g row th  
p ro te in s  in su b se ts  of DRG cells has n o t been 
ex am ined  in detail. In fo rm ation  on th e  long-te rm  
effect of axo tom y on  these  m arkers , p a rticu la rly  w h en  
reg en era tio n  is a llo w ed  to occur, m ay  g ive an  insigh t 
in to  w h e th e r  any  p a rticu la r  subse t of DRG n eu ro n s  
is m o re  o r less su scep tib le  to ax o to m y -in d u ced  
changes.

This p a p e r  d escribes the resu lts  of a s tu d y  of the 
changes in  the exp ression  of these an tig en s o ccu rring  
in L4 an d  L5 DRG n eu ro n s  an d  the ir cen tra l p ro jec
tions in the  ra t from  24 h to 18 m o n th s fo llow ing  e ither 
sciatic n e rv e  crush  or tran se c tio n /  ligation . W e rep o rt 
the re la tiv e  p ro p o rtio n s  of DRG n eu ro n s  im m u n o 
reactive  for the an tig en s s tu d ied  a t 2 m o n th s  post 
traum a: a tim e a t w h ich  regenera tion  is com plete  
fo llow ing  nerv e  cru sh  in ju ry  (Bridge et a l,  1994).

G R O V E S ,  N G ,  C l A R D I  and S C A R A V I L L I  

Materials and methods

Thirty-four adult Sprague-Dawley rats were used in this 
study. Twenty-six were used for immunohistochemistry 
follow ing sciatic nerve crush and transection/ ligation 
experiments (13 in each group). Eight rats were used for 
the estimation of the relative proportions of immunoreactive 
DRG neurons 2 months after nerve crush and nerve 
transection/ligation.

S U R G I C AL  P R E P A R A T I O N  OF EXPERI MEN TAL  

A N I M A L S

Rats were anaesthetized w ith a Hypnorm (Janssen) and 
Hypnovel (Roche) combination and under aseptic conditions 
the right sciatic nerve was exposed at the level of the sciatic 
notch. In the crush group the nerve was subjected to 
compression at the level of the sciatic notch w ith a pair of 
watchmakers forceps for three periods of 10 s each. The 
degree of trauma was examined under a dissecting micro
scope. In the transection/ ligation group the nerve was 
tightly ligated w ith  a silk suture at the same level and a 1 cm 
portion of the nerve trunk was removed distal to the ligature. 
After either procedure the incision was sutured in layers and 
the animals allowed to recover. Animals were killed at 24 h, 
2, 3, 4, 5, 6, 7, 14 days and at 1, 2, 4, 12 and 18 months post
operation.

Immunocytochcmistry
Rats were anaesthetized and perfused transcardially w ith 
cold 4% depolymerised paraformaldehyde in 0.1 m  phos
phate buffer (pH 7.4). The L4 and L5 dorsal root ganglia and 
associated spinal cord were dissected out and allowed to fix 
for 4 h. The tissue was then frozen in iso-pentane cooled w ith 
liquid nitrogen. Forty pm free-floating sections were cut for 
oligosaccharide antibody immunostaining whilst 20 pm 
sections mounted onto fixed-gel slides were collected to 
GAP43 and CGRP immunostaining. Similarly spinal cord 
sections from the level of L4/L5 were taken for immuno
cytochemistry.

The free-floating sections were washed in phosphate- 
buffered saline (PBS), and incubated for 72 h at 4°C in 
primary monoclonal antisera at the following dilutions; LA4 
(IgM, ascites), 1:50; LD2 (IgM, ascites), 1:100; MC-813-70 
(anti-SSEA4, IgG, supernatant), 1 :10. Dilutions were made 
in 10% foetal calf serum in PBS w ith 0.04% Triton-X (TX). The 
LA4 and LD2 antisera were a gift from Dr J. Wood, Sandoz 
Institute for Medical Research, London; the MC-813-70 
antibody was obtained from the Developmental Studies 
Hybridoma Bank maintained by the Department of Pharma
cology and Molecular Sciences at John Hopkins University 
School of Medicine, Baltimore, USA and the Department of 
Biology at the University of Iowa, Iowa City, USA under 
contract number NOl-HD-2-3144 from the NICHD. The 
sections were subsequently rinsed in PBS and incubated 
overnight in either peroxidase conjugated goat anti mouse 
IgM (for LA4 and LD2 immunostaining: Sigma) or peroxi
dase conjugated goat anti mouse IgG (for the SSEA4 
immunostaining: Sigma) diluted 1:50 in PBS w ith  0.04% 
TX. The sections were rinsed in PBS and immersed in 0.05% 
diaminobenzidine (DAB) solution w ith  0.01% hydrogen 
peroxide for lO m in to visualise antibody staining. The 
sections were then dehydrated, cleared and mounted in
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(almount (BDH). The 20 pm mounted sections were incu
bated overnight at 4°C in either anti-GAP43 (polyclonal, a 
gift from Dr G. P. W ilkin, Department ot Biochemistry, 
Im perial College ot Science, Technology and Medicine, 
t,ondon), d iluted 1:20 000 or anti-CGRP (polyclonal, a gift 
from Professor J. M. Polak, Royal Postgraduate Medical 
(School, Hammersmith Hospital, London) diluted 1:1000. 
D ilutions were made in PBS w ith 0.2% bovine serum 
albumin and 0.2% Triton-X. The slides were rinsed in PBS, 
and incubated in biotinylated swine anti rabbit secondary 
antibody (Dako, diluted 1:500 in PBS) tor 1.5 h, rinsed in PBS 
and incubated tor 1.5 h in peroxidase conjugated avidin 
(Dako, d iluted 1:500 in PBS). After further rinsing in PBS the 
slides were immersed in 0.05% DAB w ith 0.01% hydrogen 
peroxide tor 10 min to visualise antibody staining. The slides 
were dehydrated, cleared and mounted. Omission ot primary 
antisera abolished staining. We found that the intensity ot 
immunostaining, particularly w ith the LA4 and LD2 anti
sera, is very variable and tor this reason tissue at each time 
point (tor transection and crush animals) was processed 
together w ith  the same antisera solutions (tor example: the 
2 month transection and 2 month crush tissue would be 
processed and stained together). The reasons tor this are 
unclear but are probably related to the large size ot the IgM 
molecules which may hinder penetration into the tissue. The 
numbers ot neurons demonstrating immunoreactivity in 
control contralateral ganglia did not vary greatly, but this 
meant that we could only compare intensities ot immuno
staining w ith in  individual animals.

To evaluate the proportions ot immunostained DRG cells 2 
months after sciatic nerve crush or transection/ligation (a 
time interval at which cell loss is reported to be complete: 
Rich et a i , 1989): 10 pm cryostat sections were mounted on 
poly-L-lysine coated slides and incubated overnight at 4° C in 
the relevant antisera diluted as above. Immunostaining in 
these thinner sections produced more consistent results than 
the 40 pm sections. The next day the slides were washed in 
PBS and then incubated at room temperature in a peroxidase 
coupled secondary antibody (Sigma) tor 1 h. After washing 
in PBS the antibodies were visualized w ith 0.05% DAB in 
PBS, with 0.01% hydrogen peroxide and 0.04% nickel chloride, 
tor 10 min. To estimate the proportions ot GAP-43 and CGRP 
immunostained DRG cells, an indirect avidin-biotin method 
was used on 10 pm cryostat sections: 0.04% nickel chloride 
was added to the DAB solution to intensity the reaction 
product. The sections were then stained in Mayer's haema- 
toxylin, dehydrated, cleared and mounted.

MorpJiometn/
The estimation ot the proportions ot immunostained cells tor 
each antigen was carried out by counting immunostained 
and non-immunostained cells showing a nucleus at three
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levels through each ganglion. Counts ot L4 and L5 were 
pooled tor either side and the proportion ot immunoreactive 
cells calculated. The sample size tor each set ot immuno
stained DRG sections varied between 450 and 1000 cells. A 
two-sample f-test assuming unequal variances was per
formed (using Borland Quattro-pro tor Windows) on each 
set ot data to check whether the proportion ot immuno
reactive DRG neurons differed significantly between the 
sides ipsilateral and contralateral to the trauma.

Results

LA4 immunostaining

In contro l gang lia , the  LA4 an tib o d y  s ta in ed  30-31%  of 
total DRG n eu ro n s, a lm ost exclusively  th o se  in  the 15- 
25 pm  d ia m e te r  size range , w h ich  sh o w ed  reactiv ity  
a ro u n d  the  p e rim e te r  of the  n eu ro n  and  occasional 
p u n c ta te  d ep o s its  in the cy toplasm . A fter bo th  crush  
and  tran se c tio n /lig a tio n , the re  w as a d ecrease  in the 
n u m b e r of LA4 im m u n o reac tiv e  (IR) n e u ro n s  in the 
co rresp o n d in g  DRGs (Fig. 1A,B). This d ecrease  w as 
a p p a re n t 3 d ay s post-in ju ry  an d  persis ted  u p  to 6 
w eeks afte r nerve crush , after w h ich  a partia l recovery  
occurred . H ow ever in the nerve tra n se c tio n /lig a tio n  
g ro u p  at 2, 4, 12 an d  18 m o n th s the n u m b e r of LA4-IR 
DRG n eu ro n s  w as still severely  d ec reased  w hen  
com pared  w ith  the con tra la te ra l ganglion .

The d is trib u tio n  of LA4-IR in the dorsal h o rn  is seen 
in the inner p a rt of lam ina 11 (Llli). D ep le tion  of LA4- 
IR w as observed  in Llli exc lud ing  the m ost lateral 
po rtion  (w hich does no t receive afferen ts from  the 
sciatic below  the level of traum a) on the side  ipsilateral 
to the trau m a in bo th  g ro u p s  4 d ay s a fte r traum a. 
D eple tion  of LA4-1R in th is area, w h ich  becam e 
v irtua lly  com plete  a t a ro u n d  1-2 w eeks (Figs 2A, 
3A), w as fo llow ed b e tw een  1 an d  2 m o n th s  post- 
opera tive ly  (PO) by  a m ild recovery  in the  nerve  crush  
g ro u p  (Fig. 3B). By 4 m o n th s recovery  h ad  becom e 
m ore obv ious a lth o u g h  it rem ain ed  pa tch y  and  w as 
lim ited  to a n a rro w e r b and  than  in the con tra la tera l 
do rsa l horn . A t 12 an d  18 m o n th s  fo llow ing  nerve 
crush , LA4-1R in the dorsal h o rn  co n tin u ed  to have a 
n a rro w e r d is tr ib u tio n  an d  ap p e a re d  less in tense  than  
in the con tra la te ra l d o rsa l h o rn  (Fig. 3C). In the  nerve 
transection  /  ligation  g ro u p  v irtu a lly  no recovery  in 
LA4-1R w as seen for the w ho le  d u ra tio n  of the 
ob serv a tio n  (Fig. 2C).

Fig. 1. Photomicrographs ot the L5 DRGs immunostained (from the same animal) w ith LA4 (A, B), LD2 (C, D), SSEA4 (E, E), 
CGRP (G, H) and GAP43 (I, J) antibodies. (A, C, E, G, I) show the contralateral (control) L5 DRG; (B, D, E, H, J) show the 
ipsilateral L5 DRG 1 week after sciatic transection. An SSEA4 immunoreactive vacuolated neuron is indicated in E (arrow). 
Appearance is identical 1 week after sciatic crush. Scale bar =  100 gm.

Fig. 2. Photomicrographs ot the dorsal horn ot the lumbar spinal cord after sciatic transection. (A-C) are immunostained tor 
LA4, (D-E) tor LD2, (G-I) tor SSEA4, (J-L) tor CGRP and (M-O) tor GAP43. In the left hand column are sections from the 1- 
week animal, in the middle column are sections from the 2-month animal and in the right hand column are sections from the 1- 
year animal. In each photomicrograph the dorsal horn on the right is ipsilateral to the trauma. Scale bar =  100 gm.
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LD2 im m unostaining

In con tro l g an g lia  LD2-1R w as observed  p re d o m i
n an tly  in  sm a ll to m e d iu m  size (up  to 40 pm  in 
d iam eter)  D R G  n e u ro n s  co m p ris in g  45-50%  of the 
to ta l DRG n e u ro n s . Im m u n o sta in e d  n eu ro n s  show ed  
p uncta te  reactiv ity  d istribu ted  hom ogeneously  th rough 
o u t th e  cy to p lasm . F o llow ing  bo th  nerv e  cru sh  and  
nerv e  tran sec tio n  /  liga tion  severe  d ep le tio n  of LD2-1R 
in DRG n e u ro n s  w as o b served  6 -7  d ay s PO  in the 
ipsilateral ganglia  (Fig. 1G,D). Few er neu rons appeared  
im m u n o s ta in e d  an d  these  sh o w ed  a red u c tio n  in 
in tensity  of IR. In the  c ru sh  g ro u p , a recovery  bo th  in 
n u m b e rs  of IR n e u ro n s  an d  in tensity  of im m u n o s ta in 
ing  had  o ccu rred  by  2 m o n th s  post-in ju ry . H ow ever, 
in the tra n se c tio n /  liga tion  g ro u p  no sign ifican t recov
ery  of LD2-1R in th e  affected  DRGs w as seen 
th ro u g h o u t th e  tim e of obse rva tion .

In the d o rsa l h o rn  of the sp ina l cord  LD2-1R is 
n o rm ally  p re d o m in a n t in  lam ina I an d  the o u te r  layer 
of lam ina 11 (Lllo). In th e  do rsa l ho rn  a m ild  d ep le tio n  
of LD2-1R in th e  m ed ia l p o rtio n  of Lll, w h ich  ap p e ared  
a t 8 d ay s PO, becam e obv ious in bo th  g ro u p s  at 
betw een  2 w eeks an d  1 m o n th  (Figs 2D, 3D). By 2 
m o n th s a su b stan tia l recovery  in LD2-1R w as seen in 
the  nerve cru sh  g ro u p , a l th o u g h  IR in the d o rsa l horn  
w as still no ticeably  less than  th a t seen in the co n tra 
lateral do rsa l ho rn  (Fig. 3E) an d  rem a in ed  so even  after 
12 (Fig. 3F) and  18 m on ths . N o  recovery  of LD2-1R w as 
seen in the nerve tra n se c tio n /lig a tio n  an im als u p  to 18 
m on ths PO (Fig. 2F).

SSEA4 immunostaining

In contro l gang lia , SSEA4-1R w as observed  in DRG 
n eu ro n s of large d ia m e te r  (>40 pm ) rep resen tin g  10- 
13% of total DRG n eu ro n s. Im m u n o sta in ed  DRG cells 
show ed  ho m o g en eo u sly  d is trib u ted  an d , in places, 
d ense  reactiv ity  th ro u g h o u t the cy top lasm  (Fig. IE).

Follow ing sciatic c ru sh  or tra n se c tio n /lig a tio n  no 
a p p a ren t changes in n u m b e rs  of SSEA4-1R neu ro n s 
w ere  observed  in the  co rre sp o n d in g  DRGs in e ither 
g ro u p  at any  stage. B eginning  at 1-2 w eeks and  
increasing  in n u m b e r  u p  to 2 -4  m on ths , DRG neu ro n s 
contain ing  large in tracy to p lasm ic  vacuoles w ere 
observed  (Fig. 1F). T hey  ap p e a re d  to be m ost n u m e ro u s  
betw een  1 and  2 m o n th s  afte r nerve  tra n se c tio n / 
ligation. They w ere  also  seen  in  the  nerv e  cru sh  an im als 
b u t had d isa p p ea re d  by 2-3  m onths. These v acuo la ted  
cells w ere observed  u p  to 18 m on ths afte r nerve 
tran se c tio n /lig a tio n  a n d  ap p ro x im ate ly  50% of them  
w ere im m unoreac tive  for SSEA4. In sections im m u n o 
sta ined  for CA P43, all w ere  GAP43-IR b u t no n e  w ere
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ob se rv ed  th a t w ere  im m u n o reac tiv e  for lactoseries 
o ligosaccharides. A full accoun t of the  m orpho log ical, 
m o rp h o m etric  an d  b iochem ical fea tu res of these 
u n u su a l cells w ill a p p e a r  in a se p ara te  report.

In the  d o rsa l h o rn  of the n o rm al sp ina l cord  SSEA4- 
IR a p p e a rs  as a sp a rse  p u n c ta te  reaction  in the lateral 
1 /3  of F ill an d  a s im ila r b u t d en se r  reaction  in the 
p o rtio n  of LIII an d  LIV ad jacen t to the  dorsal co lum ns, 
w h ereas  the  m e d ia n  p a r t of these lam inae show s on ly  
sp a rse  g ranu les. O n e  w eek  fo llow ing  e ither trau m a, a 
sligh t d ecrease  in SSEA4-1R w as observed  p articu la rly  
in the  m ed ial 1 /3  of LIII an d  IV (Fig. 2H, 3H). By 2 
w eeks PO  d ep le tio n  of SSEA4-IR in the d o rsa l ho rn  
w as no ticeab ly  m o re  m ark ed  in the nerve  tra n se c tio n / 
liga tion  rat, in v o lv in g  the p a r t of LIII and  LIV ad jacen t 
to the  d o rsa l co lu m n s and  p a rt of the lateral reg ion  of 
LIII, w ith  the  excep tion  of the m ost la teral 1 /5  of LIII 
w h ich  a p p e a red  unaffec ted . A t 4 m on ths an  a lm ost 
com plete  recovery  of SSEA4-1R w as seen in the nerve 
crush  an im al. T he nerv e  transection  /  ligation  an im al 
sh o w ed  a d ep le tio n  of SSEA4-1R in the p a rt of L l l i /  
LIV ad jacen t to the  do rsa l co lum ns and  the m ore 
la teral p a rt of L lli. The p rog ressive  d ep le tio n  of 
SSEA4-1R in the  affected  area con tinued  th ro u g h o u t 
the s tu d y  in the  nerv e  tra n se c tio n /lig a tio n  g ro u p , 
becom ing  co m p le te ly  d ep le te d  in the m edial po rtion  
ad jacen t to the  d o rsa l co lum ns by 12 m on ths (Fig. 21).

Calcitonic gene-related peptide immunostaining  

In contro l gang lia  CGRP-IR w as observed  p re d o m i
n an tly  in sm all d ia m e te r  an d  som e large d iam ete r 
n eu ro n s, a lto g e th er co m p ris in g  ab o u t 50% of the total 
DRG n eu ro n  p o p u la tio n ; CGRP-IR ap p e ared  e ither 
h o m ogeneously  d is tr ib u ted  (in sm alle r cells) o r as 
p u n c ta te  d ep o s its  th ro u g h o u t the cy top lasm  (Fig. IG). 
F o llow ing sciatic nerv e  crush  and  tra n se c tio n /lig a 
tion, little a lte ra tio n  w as seen in the pa tte rn  of CGRP- 
IR until. 1-2 w eeks PO. A t 2 w eeks and  1 m o n th  (in 
bo th  g roups), d ec reased  n u m b ers  of CGRP-IR DRG 
cells w ere  ev id en t (Fig. IH ). A t 4 m o n th s  no sign ifican t 
d ifference in the  n u m b e r  of CGRP-IR n eu ro n s  w as 
o bserved  b e tw een  contro l and  lesioned sides in the 
DRGs of the  n e rv e  cru sh  an im al. In the nerve 
tran se c tio n / liga tion  an im als d ep le tio n  of CGRP-IR in 
n eu ro n s  in the ex p e rim en ta l DRGs rem ained  ev id en t 
u p  to 18 m o n th s  a fte r injury.

In the sp ina l co rd  CGRP-IR w as d is trib u ted  p re 
d o m in a n tly  in LI an d  L llo  and  consisted  of a fine 
varicose n e tw o rk  of fibres, som e of w hich  ex tended  
v en tra lly  in to  LIII, LIV and  LV; CGRP-IR w as also  seen 
in LX an d  w ith in  m o to r neurons. Little sign ifican t

Fig. 3. Photomicrographs of the dorsal horn of the lumbar spinal cord after sciatic crush. (A-C) are immunostained for LA4, 
(D-F) for LD2, (G-I) for SSEA4, (J-L) for CGRP and (M-O) for GAP43. The left hand column represents sections from the 1- 
week animal, the middle from the 2-month animal and the right from the 1-year animal. In each photomicrograph the dorsal 
horn on the right is ipsilateral to the trauma. Scale bar =  100 gm.
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change in  the  p a tte rn  of CGRP-IR in  the  dorsal ho rn  
w as seen  un til 1-2 w eeks PO w h ereu p o n  a sligh t 
rarefaction  w as o bserved  in the m ed ial po rtion  of LI 
an d  Lllo (Figs 2J, 3J). A fter 1 m on th , v irtua lly  no 
d ifference in CGRP-IR w as observed  in the do rsa l horn  
of the nerve  cru sh  an im al, w h ereas  in the nerve 
tran sec tio n / liga tion  an im al the  d ep le tio n  in  the 
m ed ial 2 /3  of L I /L llo  w as seen b u t w as not strik ing . 
A t 2 m o n th s  afte r nerv e  crush  CGRP-IR had  re tu rn ed  
to no rm al levels in the  d o rsa l h o rn  (Fig. 3K), w hereas 
d ep le tion  rem a in ed  severe fo llow ing  nerve transec
tio n /lig a tio n  (Fig. 2K). F our m o n th s  after nerve  
tran sec tio n / liga tion  som e recovery  ap p e a red  to have 
occurred  in the  affected  p o rtio n  of the  dorsal h o rn  b u t 
s ta in ing  w as still sign ifican tly  less than  in the contro l 
side. By 12 m o n th s  th is  s ligh t recovery  in CGRP-IR in 
the m ed ial p a r t of L I/L llo  had  co n tin u ed  (Fig. 2L), and  
by 18 m o n th s  th e  in tensity  of IR w as sim ilar to the 
contro l do rsa l horn .

GAP43 immunostaining

In o u r con tro l gang lia  GAP43-1R w as p red o m in an tly  
seen in sm all d ia m e te r  DRG n eu ro n s  (Fig. 11) w hich  
com prised  ap p ro x im ate ly  60% of to tal DRG neurons; 
im m unoreac tiv ity  w as d is trib u ted  in the reg ion  of the 
cell m em b ran e  an d  th ro u g h o u t the cy top lasm  in a 
p u n c ta te  pa tte rn . F o llow ing  e ither trau m a of the  sciatic 
nerve, an  increase in the  n u m b e r of GAP43-1R n eu ro n s 
w as seen in the c o rre sp o n d in g  DRGs 3 d ay s later. This 
increase w as first obse rved  in sm all d iam ete r n eu ro n s 
w hereas those of la rger d iam ete r d em o n stra ted  
increased IR only 1-2 w eeks follow ing injury (Fig. IJ). 
A t 1 m o n th  fo llow ing  in ju ry  the ap p earan ce  of DRG 
n eu ro n s w as s im ilar to  2 w eeks in bo th  g roups, w ith  
m ost n eu ro n s  sh o w in g  GAP43-1R. A t 2 m o n th s 
GAP43-1R in the affected  gang lia  of the nerve crush  
an im al had  largely  reverted  to con tro l levels w h ereas 
the nerve tran se c tio n /lig a tio n  an im al show ed  h igher 
n u m b ers  of GAP43-1R n eu ro n s  in the affected ganglia  
w h en  co m p ared  w ith  the con tro l side. A t 4 m o n th s 
GAP43-1R had  reached  contro l levels in DRGs of bo th  
g ro u p s, an d  a t 12 an d  18 m o n th s  afte r nerve transec
tio n /lig a tio n  a s im ilar p a tte rn  w as also seen.

In no rm al lu m b a r sp ina l cord  d iffuse IR w as 
observed  p red o m in an tly  in LI, Lll (inner and  ou ter), 
the cortico-sp inal trac ts  a n d  LX. Increased  GAP43-1R 
w as seen in the ip sila tera l d o rsa l h o rn  a t 6-8  d ay s  PO 
(Figs 2M, 3M), p red o m in a n tly  in the m ed ial p o rtio n  of 
Llli. A t 2 w eeks a fte r in ju ry  eleva ted  GAP43-1R w as 
ev id en t in the m ed ia l 4 /5  of L lli of the do rsa l ho rn , in 
bo th  nerve cru sh  an d  tran sec tio n  anim als. By 1 m on th , 
eleva ted  GAP43-1R w as  ev id en t in the m ed ial p o rtio n  
of LI, L llo an d  Llli, an d  by 2 m o n th s  had  d ecreased  to 
contro l levels in the nerve cru sh  an im als (Fig. 3N). 
S parse pa tches of inc reased  GAP43-1R w ere  observed  
in  L I/II  fo llow ing  n erv e  transection  for u p to  12 
m o n th s PO (Fig. 2 0 ).

Table 1. Mean proportions of immunoreactive L4/L5 DRG 
neurons from four rats, 2 months after right sciatic nerve 
transection /  ligation.

Marker Left DRGs Right DRGs T value p value

LA4 30.3 ±  6.4% 6.4 ±1.7% 6.22 0.008
LD2 47.0 ±1.7% 15.4 ±12.3% 3.06 0.022
SSEA4 10.9 ±1.3% 13.1 ±2.0% -1.57 0.176
CGRP 55.5 ±  2.4% 30.8 ±  5.9% 6.71 0.002
GAP43 62.2 ±  2.8% 87.2 ±2.1% -12.26 0.00002

Table 2. Mean proportions of immunoreactive L4/L5 DRG
neurons
crush.

from four rats, 2 months after right sciatic nerve

Marker Left DRGs Right DRGs T value p value

LA4 30.8 ±  1.8% 22.8 ±  3.7% 3.40 0.027
LD2 49.8 ±  3.3% 39.6 ±  6.2% 2.52 0.053
SSEA4 12.3 ±2.6% 13.0 ±1.2% -0.41 0.704
CGRP 48.4 ±  3.4% 49.7 ±  3.5% -0.49 0.643
GAP43 59.4 ±  3.9% 54.8 ±  4.3% 1.39 0.213

Morphometri/: proportions of iimnunostained cells 

Follow ing nerve tra n se c tio n /lig a tio n  (see Table 1) the 
expression  of LA4, LD2 and  CG RP (p red o m in an tly  
sm all n eu ro n  m arkers) w as severely  d ep ressed , w ith  
the lactoseries o ligosaccharide  im m u n o reac tiv e  p o p u 
lation  being  p articu la rly  affected. The p ro p o rtio n  of 
DRG n eu ro n s exp ressing  SSEA4 d id  not d iffe r sign i
ficantly from  con tro l va lues  ( p > 0.05). The p ro p o rtio n  
of DRG n eu ro n s exp ressing  GAP43-1R rem ained  ele
vated  as rep o rted  e lsew here  (W oolf et a i,  1990).

H ow ever fo llow ing  nerve crush  and  su b se q u en t 
functional regenera tion  (see Table 2), w h ich  is com 
ple te  by  2 m o n th s regard less of th e  severity  of the 
c ru sh  in jury  (Bridge et a i,  1994), on ly  the p ro p o rtio n  of 
DRG n eu ro n s  exp ressing  the LA4-1R o ligosaccharide  
im m u n o reac tiv ity  sh o w ed  a sign ifican t d ecrease  ( p < 
0.05) w h en  com pared  to the con tra la te ra l side. The 
proportion  of DRG neurons dem onstra ting  LD2, CGRP, 
GAP43 and  SSEA4 im m u n o reac tiv ity  w as no t sign ifi
can tly  altered .

Discussion

In the fo llow ing  d iscussion , the  effect of the  tw o  types 
of p e rip h e ra l nerve  lesion u p o n  the  d iffe ren t su b se ts  of 
DRG n eu ro n s  an d  the ir cen tra l p rocesses, as defin ed  
by  o u r panel of an tibod ies, w ill be  exam ined .

P R O P O R T I O N S  OF I M M U N O R E A C T I V E  DRG N E U R O N S  

2 M O N T H S  AETER A X O T O M Y

LA4 and LD2

The resu lts  of th e  LA4 and  LD2 im m u n o h is to c h e m 
istry  show ed  a te n d en cy  for the n eu ro n s  ex p re ss in g
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these an tig e n s  to  be m o re  affected by axo tom y  than  
those ex p re ss in g  SSEA4 an d  to som e ex ten t CGRP. 
M oretjver, w h en  reg en era tio n  w as a llow ed , a signifi
can t d e p re ss io n  in p ro p o rtio n  w as on ly  seen  in the 
LA4-1R n e u ro n  p o p u la tio n . This incom ple te  recovery  
of im m u n o re ac tiv ity  w as  reflected in the d o rsa l horn  
of the sp in a l co rd , w h ere  the cen tra lly  p ro jec ting  axons 
of sm all u n m y e lin a te d  n eu ro n s  te rm inate . This w as 
also  seen  for LD2-IR in lam ina II of the d o rsa l horn. 
The a lm o st iden tica l b eh a v io u r of the  tw o  p o p u la tio n s  
m ay  b e  ex p la in ed  by  th e  fact th a t the o ligosaccharide  
reco g n ized  by  b o th  an tib o d ie s  is very  s im ilar (C hou et 
a i,  1989); h o w ev e r it is no t clear to w h a t d eg ree  the  tw o 
p o p u la tio n s  o v erlap  as LA4 labels a lm ost exclusively  
sm all n eu ro n s  (15-25 pm  d iam eter) w h ils t LD2 labels 
sm all as w ell as m e d iu m  and  som e la rge d ia m e te r  
neu rons. The even ts tak in g  p lace in the gang lia  are 
m irro red  by th e  changes in the sp ina l cord  in w hich  
LD2 an d  p articu la rly  LA4-IR is d ep le ted  a t an  early  
stage. A gain  on ly  partia l recovery  of L A 4/L D 2-IR  w as 
seen in the do rsa l h o rn  u p  to 18 m o n th s even  after 
n e rv e  crush.

It has been  claim ed tha t, in tr igem inal gang lia , LA4- 
IR n eu ro n s  rep rese n t n o n -p ep tid e  con ta in ing  sm all 
d iam ete r n eu ro n s  w hich  generally  d o  no t o v erlap  w ith  
the CGRP-IR p o p u la tio n  (A lvarez ct al., 1991). This 
w o u ld  also seem  to be the  s itua tion  in lu m b ar DRGs 
w h ere  the Griffonia siinplicifolia 1-B4 (GS-1B4) lectin has 
been used to iden tify  the  FRA P/LA 4-1R n o n -pep ti- 
derg ic  sm all DRG n eu ro n  p o p u la tio n  (S ilverm an & 
K ruger, 1990). It is kn o w n  tha t FRAP d isa p p ea rs  
com plete ly  from  L I/L ll w ith in  4 d ay s afte r nerve 
transection  (K nyihar & Csillik, 1976). Since a very  
large p ropo rtion  of FRAP positive  DRG n eu ro n s  also 
con tain  lactoseries g lycoconjugates, p a rticu la rly  LA4 
(Jessell & D odd , 1985; Law son, 1992), it is not 
altoge ther su rp ris in g  to find o u r resu lts  com parab le  
w ith  those of K ny ihar an d  C sillik  (1976). Som e au th o rs  
have  repo rted  a sub stan tia l ov erlap  be tw een  the  GS- 
1B4 b ind ing  and  the CG RP-IR DRG n eu ro n  p o p u la tio n  
(W ang  et a!., 1994): th is d isc rep an cy  m ay be d u e  to the 
presence of a-D -galactose on o th e r m olecu les in a 
su b p o p u la tio n  of DRG neu rons. This m ig h t explain  
w hy  a g rea ter p o p u la tio n  b in d  GS-1B4 (51%: W ang  et 
a i,  1994) than LA4 (30-31% ); in te resting ly  W ang and  
colleagues repo rt th a t 32% of DRG n eu ro n s d e m o n 
stra te  strong  GS-IB4 b in d in g , a figure th a t com pares 
w ell w ith ou r figures for LA4-IR in DRG neurons. 
Som e au thors have also  found  th a t CGRP co-exists 
w ith  FRAP (Carr et a i,  1990) b u t o the rs have  found  no 
overlap  (N agy & H u n t, 1982: they  used  su b stan ce  P 
w hich  co-localises w ith  CGRP: see Law son, 1992). The 
reasons for this conflict are unclear, b u t FRAP does 
ap p ear to be one of the  m ore hetero g en eo u s n eu ro n  
m arkers (see Law son, 1992). H ow ever, un lik e  FRAP, 
w hich  re-appears 42 d ay s  after p e rm a n en t trau m a, 
LA4-IR d id  not do  so in o u r rats u p  to 18 m o n th s  after
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nerv e  transection . O th e r  g ro u p s, u sin g  lectins d irec ted  
ag a in st v a rio u s  su g a rs  con ta ined  w ith in  the LA4 and  
LD2-1R an tigens, found  d iffe ren t tim e courses of 
d ep le tio n  of the  sing le  su g a rs  (Tajti et a i, 1988; 
P ey ro n n ard  et a i,  1989; P lenderle ith  & Snow , 1990). 
The reasons for these  d ifferences a re  unclea r b u t m ay 
reflect d iffe ren t ra tes of u til isa tio n /b re a k d o w n  or 
tran sp o rt, th a t of th e  LA4 an tig en  being  p articu la rly  
fast. F u rth e rm o re  the  lack of resto ra tion  to contro l 
levels o f LA4-IR n eu ro n s  afte r regenera tion  (un like 
SSFA4 a n d  CGRP) m ig h t ind icate  th a t these an tigens, 
o r the n e u ro n s  sy n th esis in g  them , m ay  be p a rticu la rly  
su scep tib le  to  trau m a. A p referen tia l loss of sm all 
d ia m e te r  n eu ro n s  fo llow ing  p erip h e ra l axo tom y has 
been  rep o rted  (C av an au g h , 1951; Rich et a i,  1989); 
o the r g ro u p s  have  found  la rger n eu ro n s  to be  m ore 
su scep tib le  (B ondok & Sansone, 1984) w h ilst o the rs 
have fou n d  no ev id en ce  for a selective loss of e ither 
large o r sm all n eu ro n s  (A ldskog ius & Risling, 1981; 
Risling et a i,  1983; S chm albruch , 1987). A sim ilar 
resp o n se  to trau m a by the su b se t of sensory  n eu ro n s  
exp ressing  Griffonia simpHicifolia-l B4 lectin reactiv ity  
w as observed  by  W hite  and  colleagues (1990) after 
in frao rb ita l nerv e  section in neona ta l rats in w hich  
substance  P-IR cells w ere  spared . M oreover, Ygge 
(1989b) found  th a t sm all cu tan eo u s p rim ary  sensory  
neu ro n s  w ere  m ore p ro n e  to u n d e rg o  transgang lion ic  
d eg en era tio n  than  la rger ones in n e rv a tin g  m uscle. 
O u r resu lts  show  that, w h ereas the p ro p o rtio n  of bo th  
LA4 an d  LD2-1R cell p rofiles are  reduced  fo llow ing 
nerve cru sh  o r transection , the p ro p o rtio n  of SSFA4-IR 
cells d id  no t a p p e a r  to have  decreased . T hese find ings 
a p p e a r  the re fo re  to be in keep ing  w ith  those of 
researchers w h o  found  a p referen tia l loss of sm all 
cells. F u rth e rm o re  C am eron  and  co lleagues (1991) 
found  th a t a loose liga tu re  tied a ro u n d  the sciatic 
nerve ac tu a lly  led to an  increase in lectin (soy bean  
agg lu tin in  an d  RL-29) b in d in g  in the rat superfic ial 
dorsal horn: they  d id  no t look a t b in d in g  in gang lia  so 
the possib ility  rem ain s th a t th is m ay  be d u e  to an 
increase in tra n sp o r t o r sp ro u tin g  of cen tral p rojec
tions. A loose lig a tu re  g ives rise to a p e rip h e ra l 
n e u ro p a th y  in w hich  m an y  of the p e rip h e ra l axons 
re ta in  con tac t w ith  the p e rip h e ry  an d  as it is a d iffe ren t 
form  of in ju ry  to axo tom y the resu lts  are  not 
com parab le .

To p ro v e  conclusively  th a t som e of the LA 4/LD 2-IR  
n eu ro n  p o p u la tio n  had  d ied  w h ilst o the r p o p u la tio n s  
are  sp a red  w ou ld  invo lve d o u b le  labelling  w ith  
n eu ro n a l tracers an d  the  L A 4/L D 2 an tibodies. U nfo r
tu n a te ly  it is by  no  m eans certain  w h e th e r  all of the 
axo tom ised  n eu ro n s  w o u ld  tran sp o rt tracers at 2 
m o n th s post trau m a  o r w h e th e r  the  tracer w o u ld  be 
released  by  d y in g  n eu ro n s  an d  su b seq u en tly  taken  u p  
by o thers. In ad d itio n , LA4 d isa p p ea rs  very  qu ick ly  
after axo tom y  an d  cell d ea th  is no t seen in ganglia  
un til a ro u n d  1 w eek  afte r axo tom y (u n p u b lish ed
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observations), m ak ing  it v ery  d ifficu lt to iden tify  them  
as LA4-IR n eu rons.

It has been  d e m o n s tra te d  th a t v irtu a lly  all of the 
CGRP-IR DRG n eu ro n  p o p u la tio n  ex p ress  the h igh  
affinity  N G F recep to r, trkA  (Verge et a l ,  1989). This 
suggests th a t the  LA 4/G S-IB 4 p o p u la tio n  does no t 
express trkA . In the  ligh t of o u r  o bse rva tions on  the  
su scep tib ility  of LA4 exp ression  to axo tom y  an d  the 
effect of ad m in is tra tio n  of N G F in p rev e n tin g  n eu rona l 
loss after axo tom y (Rich et al., 1989), th e  q u es tio n  of 
w h e th e r these n on -trkA  exp ressing  n eu ro n s  are 
d y in g  arises. W ere th is to be the case then  the 
n eu ro n a l su rv iv a l con fe rred  by  N G F a d m in is tra tio n  
afte r axo tom y m ay  be being  m ed ia ted  by u n d is 
covered  N G F recep to rs  o r m echan ism s. A lte rna tive ly , 
LA4 exp ression  m ay  be suscep tib le  ra th e r  than  the 
n u m b er of n eu ro n s  o rig ina lly  exp ressing  th is o ligo
saccharide.

SSEA4

The an tib o d y  d irec ted  aga in st SSEA4 visualises 
ap p ro x im ate ly  10-15%  of lu m b a r DRG n eu ro n s, p re 
d o m in an tly  in the  la rge d ia m e te r  size range. The 
absence of a decrease  in the  p ro p o rtio n  of SSEA4-1R 
cells 2 m o n th s  afte r bo th  nerve crush  o r transection  
suggests  a d iffe ren t type  of resp o n se  to p e rip h e ra l 
axo tom y than  p rev io u sly  d escribed  for LA4 and  
LD2-1R cells. M oreover a no rm al d is trib u tio n  of 
SSEA4 im m u n o reac tiv ity  in the  DRGs associa ted  w ith  
m ark ed ly  d ep le te d  im m u n o reac tiv ity  in the  dorsal 
ho rn  in the late stages of th is s tu d y  su g g est th a t o the r 
factors, in a d d itio n  to cell loss a n d /o r  d ep le tio n  of 
IR, m ay  be invo lved  in th is process. Indeed  it is 
possib le  th a t the trau m a  has p ro d u ced  an  inability  
of the  cells affected to tran sp o rt o th e rw ise  norm ally  
p ro d u ce d  an tigen  to the ir cen tral p rocesses. In te res t
ingly  the p ro life ra tion  in to  o ther lam inae sh o w n  by 
m yelina ted  fibres (W oolf et a i,  1992; S ho rtland  & 
W oolf, 1993) after axo tom y  is no t seen w ith  SSEA4 
im m unoreac tiv ity .

CGRP

CGRP is co n sid ered  to be a m ark e r for p ep tid e  
con tain ing  m ain ly  sm all d ia m e te r  u n m y e lin a ted  affe
ren ts, a su b ty p e  d is tin c t from  the n o n -p ep tid e  con ta in 
ing LA4-1R cells in the  trigem inal gang lion  (Silverm an 
& K ruger, 1990; A lvarez  et a l,  1991).

D epletion  of IR w as seen in DRGs from  ab o u t 8 d ay s 
PO an d  con tinued  d u r in g  the  nex t 2 m on ths . These 
resu lts  are  in b ro ad  ag re em e n t w ith  those  by  Inaishi 
an d  co lleagues (1992) an d  Z h an g  an d  co lleagues (1993) 
as w ell as those  by Jessell an d  colleagues (1979) on 
substance P. O u r find ing  th a t crush  in ju ry  does not 
affect IR as m uch  as tran se c tio n / ligation  is also in 
keep ing  w ith  w o rk  b y  G ibson  an d  co lleagues (1984). 
H ow ever V illar and  co lleagues (1989) o b ta in ed  incon
clusive resu lts  reg a rd in g  CGRP exp ression  fo llow ing

sciatic transection  or crush  in the  sp ina l cord and  
found  no  change  in the n u m b e r of CGRP-IR DRG 
n eu rons. This m ay  reflect a g rea ter sensitiv ity  of their 
techn ique , as they  u sed  im m unofluorescence to detect 
CGRP. H ow ever, fo llow ing regenera tion  the p ro p o r
tion  of CGRP-IR DRG n eu ro n s a p p e a red  to re tu rn  to 
contro l levels, un lik e  th a t of LA4 (see above).

D ep letion  of IR in L I/L II of the d o rsa l horn  w as 
re la tive ly  m odera te , even fo llow ing  nerve transec
tio n /lig a tio n  (w ith  a large red u c tio n  in  IR in DRG 
neurons). In th is  respect it is possib le  tha t local 
p ro d u c tio n  of CGRP, as rep o rted  by  Jeftinija an d  
Jeftinija (1990) an d  K ar an d  colleagues (1989) could 
have co n trib u ted  to the  rela tive p rese rv a tio n  of CGRP 
in the  co rd , a lth o u g h  no  CGRP-IR sp ina l cord  neurons 
w ere  observed  in  o u r  m ateria l. A lte rna tive ly  it is 
possib le  th a t axo tom ised  DRG n eu ro n s  con tinued  
actively  tran sp o rtin g  CGRP (unlike SSEA4) to te rm i
nals w h ich  u n d e rw e n t collateral sp ro u tin g . Indeed  
sp ro u tin g  a n d /o r  rem ode lling  has been  d em o n stra ted  
for m y e lin a ted  afferen ts (W oolf et al., 1992) in response 
to p erip h e ra l axo tom y (som e of w hich  do  express 
CGRP), b u t no t to o u r k n o w led g e  in unm y elin a ted  
fibres.

GAP43

T he co rre la tion  b e tw een  GAP43 exp ression  and  axonal 
g ro w th  and  reg en era tio n  is w ell d o cu m en te d , both  in 
the C N S (De G raan  et a i,  1985; Kalil & Skene, 1986; 
G orgels et a i, 1989; F itzgerald  et a i, 1991; C urtis et a i, 
1993) an d  the PNS (W oolf et a i, 1990; S om m ervaille 
et a i,  1991). A tem p o ra l d iffe rence in th is response 
b e tw een  sm all an d  large d ia m e te r  DRG n eu ro n s has 
also been observed  by o thers (Som m ervaille et a i, 
1991) an d  is fu rth e r  ev idence for varia tio n  in response 
to trau m a b e tw een  subse ts  of DRG neurons.

The possib ility  of un ila te ra l axo tom y hav in g  effects 
u p o n  the  con tra la tera l gang lia  is now  recognised  and  
changes have  been  d escribed  for n eu ro filam en t and  
tu b u lin  exp ression  (W ong & O b linger, 1990; P earson  et 
a i, 1988). W e have no t observed  any  such  effects on  the 
m ark e rs  th a t w e s tu d ie d  b u t w e can n o t d isco u n t such  
effects.

O u r resu lts  ind ica te  tha t d iffe ren t su b se ts  of b io 
chem ically  defined  DRG n eu ro n s  in a d u lt ra ts  have 
v ariab le  ra tes of axo to m y -in d u ced  d ep le tio n  and  
recovery  of an tigens. In p a rticu la r, expression  of the 
lactoseries o ligosaccharide  con jugate  LA4 is m ore  
su scep tib le  to trau m a  th an  th e  exp ression  of CGRP 
an d  SSEA4. It is u n ce rta in  w h e th e r  th is is d u e  to the 
d ea th  of n eu ro n s exp ressing  th is o ligosaccharide  o r to 
d o w n  reg u la tio n / increased  b reak d o w n . A n accurate , 
u n b ia sed  estim ation  of n eu ro n a l loss fo llow ing  sciatic 
c ru sh  o r transection  u sin g  stereo log ical tech n iq u es 
(G u n d ersen  et a i,  1988; W illiam s & Rakic, 1988) w o u ld  
be very  usefu l in th is respect. T hese resu lts  are
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co m p arab le  to  those  o b ta in ed  in n eonata l ra ts  fo llow 
ing in frao rb ita l nerv e  tran sec tio n  (W hite et a i,  1990). 
For m o st o f the  an tig en s ex am ined  (CGRP, G A P43 and  
the lacto series o ligosaccharides) the  changes in nerve 
cells are v ir tu a lly  m irro red  by those  w ith in  the  dorsal 
ho rn  of th e  sp in a l cord.
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