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Abstract
Primary sensory neurons are a heterogeneous population of cells, 

designed to inform the central nervous system about distinct stimuli in the 

periphery. The ability of these neurons to transduce information is a 

product of their specific phenotypes. The dissociation of sensory neurons 

from their targets following nerve injury leads to dramatic changes in their 

chemical phenotype. The regeneration of sensory neurons back to their 

original targets, while restoring many facets of normal afferent function, is 

often functionally incomplete and can be associated with many unwanted 

consequences, such as the generation of neuropathic pain.

One consequence of primary sensory neuron injury considered to 

be maladaptive is the sprouting of low threshold mechanoreceptive Ap- 

fibres into lamina II of the spinal cord dorsal horn, a region that under 

normal circumstances only receives input from nociceptive C-fibres. If 

dorsal horn neurons that normally receive nociceptive input from C-fibres 

begin to receive non-nociceptive A-fibre input after nerve injury, it is 

possible that this novel input concerning innocuous stimuli is 

misinterpreted as noxious and may represent a substrate for the 

mechanical allodynia that commonly occurs after nerve injury. The first 

half of my thesis has focussed on determining the possible mechanisms 

by which A-fibres can sprout into lamina II, showing that injury to the 

peripheral axons of A-fibres is not necessary - uninjured sciatic nerve A- 

fibres demonstrate central sprouting, after both selective sciatic C-fibre 

injury using the C-fibre specific neurotoxin capsaicin, or following the 

complete section of an adjacent hindlimb nerve, the posterior cutaneous 

nerve. A-fibre sprouting is therefore a robust and long lasting example of 

intact sensory neuron axonal growth in the central nervous system.

Many examples of phenotypic changes occurring in sensory 

neurons after peripheral nerve injury have been documented, but it is 

likely that some of the key events that occur, such as axonal regeneration.



cell survival or death, are mediated by molecules that have not yet been 

studied in primary afferents. The recent development of molecular 

biological techniques, such as differential display and subtractive 

hybridisation, have greatly facilitated the discovery of such molecules. We 

have developed a subtraction approach aimed at finding molecules 

upregulated in the DRG after nerve injury. One of the first discoveries was 

the heat small shock protein HSP27. While this molecule has been well 

characterised in many other cell populations, its role has never been 

examined in primary sensory neurons. It is now shown that the expression 

of HSP27 after nerve injury in vivo and neurotrophic factor withdrawal in 

vitro, is associated with neuronal survival. Furthermore, the 

overexpression of human HSP27 in dissociated neonatal sensory neurons 

dramatically reduces cell death in the absence of neurotrophins, 

suggesting that HSP27 is an intrinsic sensory neuron survival factor.

The final part of my PhD has been to characterise the expression 

of a novel sodium channel a subunit, SNS2, that was cloned from a DRG 

cDNA library using a PCR generated pan-specific sodium channel probe. 

Small diameter sensory neurons, the majority of which are nociceptors, 

display two types of voltage gated sodium channel (VGSC), those 

responsible for a very fast current involved in action potential initiation and 

propagation and sensitive to the puffer fish poison tetrodotoxin (TTX-s), 

and those that mediate a much slower, TTX resistant (TTX-r) current that 

is implicated in chronic pain states. The TTX-s current is mediated by a 

host of VGSCs whereas the TTX-r current has previously been thought to 

be the product of only one type of channel, SNS/PN3. We now show that 

another TTX-r sodium channel, SNS2 is co-expressed with SNS in small 

sensory neurons, and is likely to contribute to the endogenous TTX-r 

current and may play a role in certain pathological pain states.
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Introduction
Primary sensory neurons are the interface between the periphery 

and the central nervous system, informing the brain about the 

outside world. To cope with the vast range of sensory stimuli that 

they encounter, they are a morphologically and functionally 

heterogeneous population of highly specialised neurons, with 

functionally specialised peripheral endings and activation thresholds, 

different cell body sizes, axon diameters and conduction velocities, 

degrees of myelination, phenotypes and terminations within the 

spinal cord.

Sensory neurons are classified as either A or C fibres, the 

‘large light’ and ‘small dark’ neurons respectively (Lawson, 1979) 

(see Table 1). Approximately two thirds of somatic sensory afferents 

are the small unmyelinated C-fibre neurons (10-25|Lim cell body 

diameter) which are predominantly nociceptive (Willis & Coggeshall, 

1991). These neurons are excited by thermal, mechanical and 

chemical stimuli and many are polymodal. In addition, approximately 

half of the C-fibre population constitutes a population of neurons 

known as the silent nociceptors, not responsive under normal 

conditions but which have a chemical sensitivity and have been 

implicated in persistent pain states, for example, during inflammation 

(McMahon & Koltzenburg, 1990).

The other third of primary sensory neurons are the A-fibre 

population, which are generally larger neurons that can be identified 

from C-fibres by their expression of phosphorylated heavy chain 

neurofilament and their myelinated axons (Lawson et al., 1984). A- 

fibres are classified into three groups; the thinly myelinated Aô-fibres, 

which are predominantly nociceptive, the myelinated Ap-fibres, many 

of which are cutaneous mechanoreceptors that can be slowly or 

rapidly adapting, and the large myelinated Aa-fibres which innervate
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muscle spindles and golgi-tendon organs, and are responsible for 

proprioceptive function.

Axon
diam eter

Conduction
velocity

Degree of 
m yelination

Cell body 
size

Function

A a 15-20 pm fast (20-70 m/s) myelinated 40-80 pm proprioception

AP 10-15 pm fast (15-55 m/s) myelinated 30-60 pm low threshold 
mechanoreception

A5 1-5 pm medium (2-15 
m/s)

thinly
myelinated

15-50 pm
high threshold 

mechanoreception 
thermoreception

C < 1 pm slow (< 2 m/s) unmyelinated 10-25 pm
high & low threshold 
mechanoreception 

chemoreception 
thermoreception 

polymodal 
silent

While no morphological organisation or segregation of specific 

types of primary afferent is apparent within the ganglion, the central 

terminal projections afferents are extremely organised. In the spinal 

cord, primary afferent central projections are highly ordered in three 

dimensions. Rostrocaudally and mediolaterally, projections are 

arranged somatotopically, that is, specific nerves project centrally to 

respect the same boundaries as they do in the periphery, forming a 

two dimensional body map with little or no overlap between nerves 

(Molander and Grant, 1985; Molander and Grant, 1986; Swett and 

Woolf, 1985). Dorsoventrally, specific types of neuron project to 

cytoarchitectonically distinct laminae. Aô-fibres project to laminae I 

and V, Ap-fibres to the deeper dorsal horn laminae (lll-V, with some 

input to lamina II inner (11,}), while C-fibres project to lamina II. 

Lamina II outer (11̂ ), therefore, receives C-fibre input exclusively 

(Light & Perl, 1979; Rivero-Melian & Grant, 1990; Figure 1).
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DRG
Spinal Cord

Brainstem Nuclei

Q
To ventral horn 
motor neurons

Figure 1 : Schematic diagram of primary afferent projections to the spinal cord. The photmicrograph shows 
neurobiotin labelling in the dorsal horn after injection directly into the DRG. The majority of DRG neurons, 
the C-fibres and AS project superificially (small arrow), with some Ap-fibres can be seen projecting to 
deeper laminae.



Although primary afferent input to the dorsal horn is highly 

structurally ordered, the post-synaptic organisation of dorsal horn 

intrinsic and projection neurons is less clearly organised. Afferent 

input is lamina-specific, but dorsal horn neurons may receive input 

from many different laminae due to the fact that their dendrites can 

span hundreds of microns in the dorsoventral plane within the dorsal 

horn (Willis & Coggeshall. 1991). For example, dorsal horn 

projection neurons with cell bodies located in lamina V can receive 

monosynaptic input from lamina I and 11̂ (Mantyh et al., 1995). 

Likewise, lamina II neurons, many of which are local interneurons, 

extend dendrites ventrally into deep dorsal horn layers where they 

may receive monosynaptic or polysynaptic input from low threshold 

mechanoreceptive Ap-fibres (Figure 2).

Primary afferents are also classified on the basis of chemical 

phenotype. Around twenty years ago, substance P was described in 

the cell bodies of small sensory neurons and their central terminals 

in the dorsal horn (Hokfelt et al., 1975). Since then, primary afferents 

have been classified as peptidergic or non-peptidergic. Of 

unmyelinated C-fibres, around half are neurons that express 

neuropeptides and half are non-peptidergic neurons. The latter are 

the population that bind the isolectin IB4 (Alvarez et al., 1991) and 

these afferents terminate in lamina 11, of the dorsal horn (Molliver et 

al., 1995). The majority of peptidergic afferents express the high 

affinity NGF receptor, TrkA, as well as the neuropeptide CGRP 

(Alvarez et al., 1991; Averill et al., 1995). In addition, half of these
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Figure 2: Photomicrograph showing neurons with cell bodies situated in lamina II of the dorsal horn. 
Neurons were filled with neurobiotin during a whole cell recording in an in vitro adult rat 
spinal cord slice preparation. Note that a dendrite can be seen extending down into laminae III 
and IV (arrow). Scale bar = 200pm. Courtesy of Dr. Hiroshi Baba and Dr. Tim Doubell.



neurons also express substance P. The neuropeptides, which are 

transported anterogradely in dense core synaptic vesicles, are 

thought to play crucial roles in the modulation of synaptic 

transmission between primary afferents and dorsal horn neurons 

(Hokfelt et al., 1997). Many more neuropeptides, such as galanin, 

CCK, VIP and NPY, are expressed by primary afferents (Verge et 

al., 1995), including the neurotrophic factors BDNF (Michael et al.,

1997) and GDNF (Holstege et al., 1998) that are also transported 

anterogradely to the superficial dorsal horn where they may play a 

role in sensory processing.

Primary sensory neurons can also be grouped based upon 

their responses to different neurotrophins. As already discussed, 

around 40% of adult sensory neurons express the high affinity NGF 

receptor TrkA, predominantly unmyelinated C-nociceptors (Averill et 

al., 1995). The remaining unmyelinated neurons express the GDNF 

receptor complex, the binding domain GFRal and the kinase 

domain c-ret (Bennett et al., 1998; Molliver et al., 1997). Around 35% 

of large myelinated DRG neurons express TrkC, the high affinity 

receptor for NTS (McMahon et al., 1994), and many medium sized 

neurons express TrkB, the receptor for BDNF and NT4 (McMahon et 

al., 1994), although the extent to which TrkB is expressed by DRG 

neurons varies between studies from 5-40%. Very few sensory 

neurons are thought to co-express TrkA and TrkC while some 

neurons have been shown to express TrkB with both TrkA and TrkC 

(McMahon et al., 1994; Carroll et al., 1998; Stucky et al., 1998).

In adult animals, NGF and GDNF, expressed in peripheral 

targets, actively maintain specific features of sensory neurons that 

express the appropriate cognate receptors (Lindsay & Harmar, 1989; 

Bennett et al., 1998). Similarly, NT3 expressed within muscle
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maintains the phenotype of many Aa muscle afferents (Lindsay, 

1996). A subpopulation of adult TrkB-expressing sensory neurons, 

the slowly adapting (SA) myelinated mechanoreceptive A-fibre 

neurons, require BDNF in the targets (Merkel cells) to determine 

mechanical sensitivity. Neurotrophins are not, however, thought to 

be required for survival of adult sensory neurons like they are during 

development (Lindsay, 1988, see Chapter 5). Recently, however, 

another subpopulation, the D-hair afferents that innervate hair 

follicles, were shown to require NT4 from their targets for survival 

postnatally (Stucky et al., 1998). This is particularly interesting in 

light of the theory that embryonic and neonatal but not adult sensory 

neurons require neurotrophins for survival (Lindsay, 1988). While 

this seems true for those neurons that are dependent on NGF for 

survival during development (e.g., Eichler & Rich, 1989), it may 

prove to be specific to NGF and not a general feature of sensory 

neurons. , ^

Peripheral nerve injury alters gene expression in primary 

sensory neurons. This includes the up-regulation of developmentally 

regulated growth-associated genes, such as GAP-43, that lead to 

the capacity to initiate and sustain n eu rite outgrowth (Chong et al. 

1992; Aigner & Caroni, 1995) and of some cytoskeletal proteins 

including p tubulins and actin (Miller et al. 1989; Moskowitz & 

Oblinger, 1995), which may modify the cytoskeleton, facilitating 

axonal growth. There are, in addition, atrophic changes due to loss 

of contact between the neuron and its peripheral target such as the 

down-regulation of neurofilament expression (Wong & Oblinger, 

1991). This results in a reduction of axon calibre and cell volume 

(Aldskogius et al. 1985; Gold et al. 1991) as well as synaptic terminal 

degeneration in the spinal cord (Castro-Lopes et al. 1990). There are 

a number of diverse phenotypic changes in axotomised neurons that
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alter their function and signalling capacity, including the down- 

regulation of some neuropeptide neuromodulators, the up-regulation 

of others, and modified expression of receptors and ion channels 

(Hokfelt et al. 1994).

While peripheral nerves can regenerate, nerve injury is not 

always followed by complete functional recovery. Instead, it may 

feature many maladaptive events such as neuronal death, 

inappropriate target finding and hyperexcitable neuronal membrane 

properties that result in impaired motor function, reduced or impaired 

sensibility and neuropathic pain. The mechanisms responsible for 

painful neuropathies are diverse, yet our understanding of these 

pathophysiological processes is limited, culminating in the currently 

inadequate clinical management of this condition (Woolf et al.,

1998). A possible contributor to touch-evoked pain after nerve injury, 

a common feature of neuropathic pain, is the sprouting of A-fibres 

that occurs in the spinal cord after peripheral nerve section or crush 

(Woolf et al., 1992). The first half of my Ph.D. research programme 

has focussed on A-fibre central terminal growth into lamina II, a 

region that normally only receives input from nociceptive C-fibres. 

These low threshold mechanoreceptive neurons are thought to make 

novel synapses onto neurons in this region after peripheral axotomy. 

It is a possibility that dorsal horn neurons receiving lamina II input 

misinterpret low threshold innocuous input as noxious, meaning that 

A-fibre sprouting may be anatomical substrate for mechanical 

allodynia. Chapter 2 describes work that I have done concerning A- 

fibre structural reorganisation in the spinal cord. Originally, this type 

of growth was classified as regenerative collateral sprouting (Woolf 

et al., 1995), regenerative because it occurred after injury to the 

peripheral axons, and collateral because uninjured axons were 

growing in the spinal cord, possibly as a result of transganglionic C-
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fibre terminal atrophy and the creation of synaptic space within 

lamina II. These two types of growth are distinguished because they 

are both associated with specific often distinct features and are 

thought to occur through different mechanisms (Table 2). I have 

been involved in working out whether A-fibre injury is necessary for 

growth into lamina II, or whether C-fibre injury alone is sufficient. 

Capsaicin, the active ingredient in chilli peppers, is widely used in 

sensory neurobiology because of its actions as a C-fibre specific 

neurotoxin (Fitzgerald, 1983). Here, capsaicin applied topically to the 

sciatic nerve has been used to selectively injure C-fibres and 

observe whether this is sufficient to trigger A-fibre growth.

Another hindlimb nerve, the posterior cutaneous nerve, has C- 

fibre central terminals that innervate a lateral region of lamina II, 

directly adjacent to that region innervated by sciatic nerve C-fibre 

terminals. By injuring the posterior cutaneous nerve but not the 

sciatic nerve, I have assessed whether uninjured sciatic A-fibres will 

sprout into regions of lamina II that contain terminals of injured 

posterior cutaneous nerve C-fibres.

The sprouting of uninjured A-fibres into lamina II is reminiscent 

of collateral growth, that is, the sprouting of uninjured axons into a 

denervated region (Diamond et al., 1987). Therefore, I have studied 

whether deafferentation alone, produced by dorsal rhizotomy and in 

the absence of any C-fibre injury, is sufficient to induce A-fibre 

sprouting into lamina II (Chapter 2).
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Table 2: Differences and similarities between collateral and regenerative 
sprouting by sensory neurons.

Collateral Sprouting Regenerative Sprouting

uninjured neurons injured neurons

triggered by denervation of adjacent 
tissue

triggered by axonal injury

NGF dependent * NGF independent

rate of growth increased by rate of growth not increased by
activity activity

growth associated proteins growth associated proteins
are upregulated are upregulated

*  The majority of work on sensory neuron collateral sprouting has focussed on that In the 
skin; this has been shown to be NGF-dependent (Diamond et al., 1987).

Some of the most significant recent advances in our 

understanding of nerve injury and axonal growth have been made at 

the molecular level. The widespread application of molecular 

techniques to this subject has led to the characterisation of single 

molecules responsible for axon growth, axon guidance and cell 

survival after nerve injury. A common approach has been to identify 

potential candidate molecules involved in processes such as those 

just mentioned, for example, the growth factors during regeneration 

or the semaphorins during axon guidance, and measure their 

expression at both the protein and messenger RNA levels during 

specific events. It is also quite likely that many molecules that play 

fundamental roles in these nerve injury related phenomena are 

either not yet known or have not yet been studied in sensory 

neurons. The advent of new techniques such as subtractive
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hybridisation and differential display have facilitated the cloning 

novel genes with significant regulation under certain conditions, such 

as peripheral nerve injury. The second part of my Ph.D. thesis has 

aimed at finding and characterising genes in sensory neurons with 

expression that is regulated by nerve injury. Chapter 3 is a general 

introduction to some of the commonly employed techniques used to 

identify genes with differential expression either in different types of 

tissue or in the same tissue after a particular treatment. Chapters 4 

and 5 describe the characterisation of one of the genes to come out 

of the subtractive hybridisation project in our laboratory, HSP27. 

HSP27 is a small heat shock protein known to protect cells from a 

variety of physiological stressors, such as ischaemia, heat shock, 

oxidative stress and various chemical insults. It also functions as a 

molecular chaperone and is involved in the control of actin dynamics. 

However, very little is known about its role in the nervous system. 

Chapter 4 describes the developmental expression and upregulation 

of HSP27 but not other heat shock proteins after nerve injury. In 

Chapter 5, the role of HSP27 in sensory neuron survival after 

neonatal nerve injury has been investigated.

Chapter 6 describes the characterisation of a recently cloned 

TTX resistant sodium channel a subunit, SNS2, its expression on a 

subpopulation of DRG neurons and its colocalisation with another 

TTX resistant sodium channel a subunit, SNS/PN3.
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Chapter 2

A-fibre sprouting into lamina II after peripheral

nerve injury
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Introduction

Collateral sprouting is defined as the growth of intact axons into 

neighbouring denervated territory. Partial denervation, as a result of 

nerve lesions, results in the collateral sprouting of both small 

(Diamond et al. 1992) and large (Doubleday, Robinson, 1994) intact 

primary sensory axons in the skin (Kinnman, 1987). However, 

collateral sprouting of primary afferent central terminals has been long 

disputed. In 1958, Liu & Chambers presented data from Golgi studies 

suggesting that central axons of intact sensory neurons sprouted into 

regions of dorsal horn denervated by section of adjacent dorsal roots 

(spared root preparation). Since then, the notion that denervation 

alone is sufficient to induce sprouting of the central axons of uninjured 

primary sensory neurons has been both supported (Murray & 

Goldberger, 1986; Polistina et al. 1987; Wang et al. 1987; La Motte et 

al. 1989; McNeill et al. 1990; McNeill et al. 1991; La Motte & Kapadia, 

1993) and disputed (Rodin & Kruger, 1984; Seltzer & Devor, 1984; 

Pubols & Bowen, 1988; Molander et al. 1988; McMahon & Kett-White,

1991).

It is clear, that central axons of primary sensory neurons 

conditioned by a cut or crush lesion of their peripheral axons do 

undergo significant central growth, both into peripheral nerve grafts 

(Richardson, Issa, 1984; Richardson, Verge, 1986) and into partially 

denervated neighbouring territories outside their normal projection 

fields (Molander et al. 1988; McMahon, Kett-White, 1991). Peripheral 

nerve injury also results in a rearrangement of the highly ordered 

laminar termination of primary afferents within somatotopically 

appropriate regions of the dorsal horn (Woolf et al. 1992). Normally, 

large myelinated mechanoreceptive Ap-fibres terminate in lamina III - 

VI, small myelinated nociceptive Aô-fibres in laminae I and V and 

small unmyelinated nociceptive C-fibres in lamina II (substantia
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gelatinosa) (Brown, 1981; Molander et al. 1984; Molander & Grant, 

1985; Willis & Coggeshall, 1991). Using the B-f rag ment of cholera 

toxin conjugated to horseradish peroxidase (B-HRP) to selectively 

retrograde label myelinated fibres (Robertson & Grant, 1985; 

Robertson et al. 1991; Rivero-Melian & Grant, 1990), peripheral nerve 

injury has been shown to cause long lasting sprouting of A-fibres into 

lamina II outer (IIJ, an area in which they do not normally terminate 

(Woolf et al. 1992; Koerber et al. 1994; Woolf et al. 1995). Intracellular 

injections with MRP have shown that at least some of these fibres are 

Ap-afferents growing from lamina III (Woolf et al. 1992; Shortland & 

Woolf, 1993; Koerber et al. 1994).

The A-fibre sprouting into lamina II after peripheral nerve injury is 

thought to result from a combination of two phenomena (Woolf et al. 

1995). The first is the presence of vacant synaptic sites within the 

superficial dorsal horn as a consequence of transganglionic 

degeneration (Arvidsson et al. 1986; Kapadia & LaMotte, 1987; Himes 

& Tessler, 1989) or atrophy (Knyihar-Csillik et al. 1987; Castro-Lopes 

et al. 1990) of unmyelinated C-fibre terminals. The second is the 

induction of a regenerative capacity in the injured neurons (Skene,

1989), presumably because of upregulation of developmentally 

regulated growth related proteins, such as growth associated protein 

(GAP) -43 (Chong et al. 1992). GAP-43 is transported to central 

terminals of injured sensory neurons in lamina II (Woolf et al. 1990), 

which is precisely the region that contains novel transganglionic B- 

HRP labelling after such a lesion (Woolf et al. 1995). Therefore, 

peripheral nerve injury may induce both the molecular machinery 

necessary for growth and provide a denervated area for the sprouts to 

grow into. This type of growth has been termed conditioned collateral 

sprouting (Woolf et al. 1995), to distinguish it from the growth of 

uninjured neurons.
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Considering the mechanisms of A-fibre sprouting, a number of 

questions arise. Firstly, is A-fibre conditioning with peripheral injury a 

necessary requisite for sprouting of A-fibre central axons in the dorsal 

horn? If so, this type of growth would be a type of regenerative 

sprouting. Secondly, is denervation within lamina II necessary and/or 

sufficient to induce A-fibre sprouting into this region? If deafferentation 

in lamina II alone was sufficient for A-fibre sprouting, the sprouting 

would be collateral rather than regenerative growth, similar to that 

observed in the periphery and in the hippocampus (Van der Zee et al.,

1992) in adult animals and the spinal cord in neonates (Fitzgerald et 

al., 1990; Shortland et al., 1994).

Two experiments have been done to address whether uninjured 

A-fibres can display central sprouting. Topical nerve treatment with 

capsaicin, a C-fibre specific neurotoxin, has been shown to cause 

transganglionic degeneration exclusively within the C-fibre population 

of primary afferents (Jancso & Lawson, 1990; Jancso, 1992; Pini et al.

1990) without injuring A-fibres (Wall & Fitzgerald, 1981; Fitzgerald, 

1983). Consistent with these findings, the recent cloning of the 

capsaicin receptor VR-1 has allowed visualisation of this receptor with 

in situ hybridisation only on small DRG neurons (Caterina et al., 1997). 

VR-1 protein has also been colocalised on both substance P- 

expressing and IB4 binding neurons, the majority of which are thought 

to be C-fibre nociceptors (Tominaga et al., 1998; Alvarez et al., 1991; 

McMahon & Snider, 1998). In the present study, the distribution of 

sciatic A-fibres in the dorsal horn has been mapped with B-HRP two 

weeks after topical capsaicin treatment of the sciatic nerve, to assess 

whether uninjured A-fibre central terminals sprout into lamina II after 

selective C-fibre injury.

An opportunity to address the same issue, whether C-fibre injury 

alone is sufficient to trigger A-fibre sprouting, arises from the
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organisation of primary afferent input to the lumbar dorsal horn. 

Another hindlimb nerve, the posterior cutaneous nerve of the thigh, 

contains C-fibres that terminate in lateral lamina II within the L6 and L5 

segments of the lumbar cord, directly adjacent to sciatic C-fibre 

terminals (Swett & Woolf, 1985). By selective lesioning of the posterior 

cutaneous nerve, it is possible to observe whether uninjured sciatic A- 

fibres can sprout into regions of lamina II containing peripherally 

injured C-fibre central terminals.

Dorsal rhizotomy has been used to determine whether 

deafferentation alone is sufficient to induce A-fibre sprouting. Primary 

afferent cell bodies of the rat sciatic nerve are situated predominantly 

in the L4 and L5 lumbar dorsal root ganglia (DRG), and the central 

termination fields of myelinated cutaneous A-fibres from these two 

DRGs overlap extensively in the dorsal horn, in a rostrocaudal 

direction (Rivero-Melian and Grant, 1990). Dorsal rhizotomy results in 

total degeneration of the central terminals of dorsal root axons, 

creating zones of denervation in the dorsal horn. However, because of 

the overlap in the deep dorsal horn between the central fields of the 

L4 and L5 ganglia, some regions of dorsal horn that will be 

deafferented by L5 rhizotomy will remain partially innervated by intact 

L4 primary afferent central terminals. Dorsal L5 rhizotomy has 

therefore been used to create denervated regions of superficial dorsal 

horn to test whether vacant synaptic sites alone are sufficient to 

induce sprouting of intact A-fibres from the adjacent DRG.
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Materials & Methods
Adult male Sprague-Dawley rats were anaesthetised with halothane 

(induction 4% and maintenance 2.0%). All reagents were purchased 

from Sigma chemicals (St. Louis, Missouri) unless otherwise stated. 

Surgical Procedures

Sciatic nerve capsaicin treatment - The left sciatic nerve was exposed 

at mid-thigh level under sterile conditions, and plastic film placed 

underneath the nerve to isolate it from surrounding tissues (n=24). 

Cotton wool pledgets soaked in either 1.5% capsaicin in olive oil 

(n=12) or olive oil alone (sham-operated animals; n=10) were applied 

to a 1 cm length of nerve for 20 minutes before being removed.

Sciatic and posterior cutaneous nerve axotomy - Nerves were 

exposed under halothane anaesthesia (as above), ligated with 6.0 

suture cotton and axotomised. Overlying muscle and skin were then 

sutured in two layers and the animals left to recover.

L5 Dorsal Rhizotomy - Under halothane anaesthesia a left lumbar 

hemilaminectomy was performed and the dura was cut to reveal the 

lumbar dorsal roots. The L5 dorsal root was identified and sectioned. 

Overlying muscle and skin were sutured in two layers and the 

animals left to recover.

Thiamine Monophosphatase Histochemistry

Animals were terminally anaesthetised with 1.6g/kg sodium 

pentobarbitone and perfused with 200ml saline followed by 1 litre of 

ice cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). L6- 

L3 segment boundaries were identified during dissection from their 

dorsal roots and marked with vertical midline insect pins. The lumbar 

cord was removed and 50pm transverse sections were cut on a 

freezing microtome and placed free floating in individual wells in 0.1 M 

phosphate buffer before being mounted on gelatin-coated slides and
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air dried for 1 hour. The dried sections were then incubated for 90 

minutes at 37°C in 0.25% thiamine monophosphate chloride and 

0.08% lead nitrite in 0.04M tris-maleate buffer (pH 5.6), rinsed in 

0.04M tris-maleate buffer and developed in 1% aqueous ammonium 

sulfide. Sections were rinsed in water and coverslipped using 

glycerine jelly.

B-HRP and WGA-HRP Histochemistry

Animals were anaesthetised with halothane and the nerve was re

exposed and injected with Ipl B-HRP (List, 1.5% dissolved in distilled 

water) or 1pl WGA-HRP (List, 2.5% dissolved in distilled water) 

proximal to any previous injury. Three days later the animals were 

terminally anaesthetised (as above) and perfused with 200 ml saline 

followed by 1 litre of 1% paraformaldehyde and 1.25% glutaraldehyde 

in 0.1 M phosphate buffer (pH 7.4). L6-L3 segmental boundaries were 

identified, and the lumbar cord was removed. HRP reaction product 

was visualised using the tetramethylbenzidine (TMB) technique 

outlined by Mesulam (1978). Sections were mounted on gelatin- 

coated slides and air dried overnight before being cleared in Histoclear 

and coverslipped using DPX (BDH).

Electron Microscopy

Two weeks after capsaicin or sham treatment, animals were terminally 

anaesthetised (as above) and perfused with 3% glutaraldehyde, 3% 

paraformaldehyde and 0.1% picric acid in 0.1 M phosphate buffer. The 

sciatic nerves distal to previous treatment were removed and stored in 

the same fixative overnight. After several rinses in 0.1 M phosphate 

buffer, the nerve segments were incubated in 2% osmium tetroxide for 

1 hour, rinsed in 0.1 M phosphate buffer and dehydrated in a series of 

graded alcohol solutions before being embedded in an Epon-Araldite 

mixture. Ultra-thin sections were cut with a diamond knife (Diotome) 

and mounted on formvar covered single hole grids. Photomicrographs
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were taken on a Phillips transmission electron microscope. The 

electron microscopy and axon counting were done in collaboration 

with Professor Richard Coggeshall.

Somatotopic Maps

The pattern of labelling in consecutive sections was examined using 

light microscopy and the extent of mediolateral labelling in lamina II 

was drawn on graph paper using a flat field camera lucida. Since the 

lateral part of the superficial dorsal horn curves ventrally, a horizontal 

line would significantly underestimate the true width of lamina II. For 

this reason, measurements were made along a curved line that 

followed the contour of lamina II. The mediolateral width of staining in 

lamina II along with the distance between the medial border of the 

dorsal horn and the midline were plotted as a percentage of the total 

width of lamina II to standardise the measurements between animals. 

Measurements from consecutive sections of spinal cord were plotted 

on graph paper to form a somatotopic map of labelling in the dorsal 

horn.
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Results
Part 1 - Uninjured A-fibres can sprout into lamina II

Sciatic nerve injury induces sprouting of A-fibres into lamina II

In naive animals, the labelling pattern of transganglionically 

transported B-HRP in the dorsal horn of lumbar cord after injection 

into the sciatic nerve was identical to that seen previously (e.g. Woolf 

et al., 1995). All laminae of the dorsal horn were stained other than 

lamina 11̂, a region innervated exclusively by C-fibres (Fig.lA). The 

only labelling that could be seen in this region was that of A-fibre 

collaterals passing from the heavily labelled dorsal columns into the 

deep dorsal horn (e.g. Fig.IB). Sciatic motorneuron pools in the 

ventral horn were also densely labelled (Fig.SA). The central 

termination field of sciatic primary afferents is highly organised 

somatotopically at the laminae III level (Rivero-Melian & Grant, 

1990). The rostrocaudal and mediolateral extent of A-fibre labelling 

at this level is represented in Figure IE. Sciatic A-fibres, labelled in 

bulk, can be seen to innervate lamina III at the L6/S1 segment 

boundary, although a number of A-fibre collaterals, observed with 

single axon labelling, innervate dorsal horn territory a number of 

segments more caudal than this (Shortland & Wall, 1992; Wilson & 

Kitchener, 1996). In the L5 segment, A-fibres innervate the medial 

80% of lamina III (Figure 1A). Around the L4/L3 segment boundary, 

a gap in the B-HRP labelling appears in the centre of the dorsal horn 

that enlarges rostrally (Fig.IB, IE). This represents territory 

innervated by A-fibres of the saphenous nerve (e.g. Swett & Woolf, 

1985; LaMotte et al. 1991). The overall somatotopic shape of sciatic 

A-fibre central terminals in the dorsal horn therefore resembles a ‘Y’ 

shape (Fig.IE).

Two weeks after sciatic nerve section, transganglionic B-HRP 

labelling in the dorsal horn is changed. In addition to the staining
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Figure 1: Sciatic nerve B-HRP labelling in the spinal cord 

dorsal horn after nerve injury. (A) In naive animals within the L5 

spinal segment, B-HRP labelling is observed in all laminae of the 

dorsal horn other than lamina Ho (arrow). The dorsal columns are 

also heavily stained. (B) Further rostrally in the L3 spinal segment, 

sciatic B-HRP labelling is observed medially and laterally in the 

dorsal horn, but not in the centre (arrowheads). This region 

without labelling represents territory innervated by central 

terminals of saphenous nerve afferents. Note the A-fibre collateral 

entering the dorsal horn from the dorsal columns to terminate in 

lamina III (arrow). (C) 2 weeks after sciatic nerve injury, B-HRP 

labelling is observed in all laminae of the dorsal horn, including 

lamina Ho (arrow). Note, however, that lamina II is^ltelled as far 

laterally as lamina HI. This represents territory occupied by C- 

fibres of the posterior cutaneous nerve. (D) In the L3 spinal 

segment, staining is still observed within lamina II, but not into the 

saphenous region (arrowheads). (E) Somatotopic maps of B-HRP 

staining in the dorsal horn of naïve animals shows that staining 

extends from the L6/S1 boundary up into the L2 segment. (F) 2 

weeks after nerve injury, staining is also observed in lamina II. 

Note, however, that the somatotopic area containing B-HRP 

labelling in lamina II is not as large as that in lamina HI, 

suggesting that sciatic C-fibres innervate a smaller region of 

lamina II than sciatic A-fibres in lamina HI. Scale bars = 200pm.
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observed in all the laminae seen in naive animals, lamina II now 

contains robust labelling that cannot be distinguished in density from 

that observed in lamina III (Fig.1C). This lamina II labelling covers 

the dorsoventral extent of lamina Ho, merging into the labelling 

observed in lamina I. A-fibre sprouting does not occur into deep or 

superficial layers of the dorsal horn neuropil innervated by 

saphenous afferents (Figure 1D,E,F). The only sprouting observed is 

into lamina II of the sciatic territory.

The dorsal horn areas occupied by sciatic C - and A-fibres are 

not equivalent in size

The rostrocaudal and mediolateral extent of sprouting can be 

mapped somatotopically, and the extent of sprouting into lamina II is 

smaller than that observed in lamina III (Fig.1E,F). This is believed to 

be because A-fibre-sprouting only occurs into areas occupied by 

injured C-fibre central terminals (Woolf et al., 1995). Using 

transganglionic WGA-HRP, which selectively labels C-fibre central 

terminals in the superficial dorsal horn (Maslany et al., 1992), it has 

previously been shown that the region occupied by A-fibre sprouts 

after sciatic nerve injury is the same as that normally innervated by 

sciatic C-fibres (Woolf et al., 1995).

That the rostrocaudal and mediolateral area of dorsal horn 

neuropil innervated by sciatic A-fibres in lamina III is larger than that 

of sciatic C-fibres within lamina II highlights an interesting yet so far 

unexplained feature of primary afferent central terminal organisation 

with regards to somatotopy. For example, in the mid-L5 segment, 

sciatic A-fibre occupy a larger mediolateral region of lamina III than 

sciatic C-fibres in lamina III. Thus, after nerve injury, the region 

occupied by A-fibre sprouts in lamina II is not as wide as the labelling 

in lamina III (Fig.1C, arrowhead).
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Figure 2: Montage of EM photomicrographs of transverse 

sections through the sciatic nerve after topical capsaicin 

treatment. (A) There is no evidence whatsoever of Wallerian 

degeneration within the myelinated fibre population, suggesting 

that capsaicin does not affect these axons. (B) High power 

photomicrograph of (A).
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Topical capsaicin treatment has no detectabie effect on A~fibre 

number or morphology

A central tenet of the use of capsaicin to selectively injure C-fibres is 

that A-fibres remain unaffected. For this reason, we looked at A-fibre 

axon morphology before and after capsaicin treatment and counted 

total numbers.

The number of myelinated axonal profiles in the sciatic nerve distal 

to the site of capsaicin treatment was comparable to that of sham- 

treated sciatic nerves (7628 and 8239 respectively). Furthermore, 

ultrastructural analysis could find no evidence whatsoever of 

Wallerian degeneration of myelinated fibres (Fig.2).

Capsaicin treatment results in the loss of IM P  staining in the 

dorsal horn

Thiamine monophosphatase (TMP), like fluoride resistant acid 

phosphatase (FRAP; Kniyhar-Csillik et al., 1986), is expressed in a 

subpopulation of small DRG neurons with unmyelinated axons that 

contain cell surface glycoconjugates recognised by the monoclonal 

antibody LA4 and the isolectin IB4 (Silverman & Kruger, 1990). The 

majority of this sub-population of C-fibre neurons are non- 

peptidergic, express the capsaicin receptor VR1 (Tominaga et al., 

1998) and have central terminals which innervate lamina II inner (Hi; 

Alvarez et al. 1991).

In naive animals, TMP labelling was present throughout the full 

mediolateral extent of lamina II inner in the lumbar spinal cord 

(Fig.3). Following capsaicin treatment of the sciatic nerve, TMP 

activity was totally depleted in the central field of sciatic C-fibres, 

which is the medial 70% of the lumbar dorsal horn (Fig.3). Thus, 

topical capsaicin treatment has profound effects on C-fibre 

phenotype.
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Capsaicin treatment induces sprouting of uninjured A-fibres 

into lamina II

In the sham-operated animals, B-HRP labelling was

indistinguishable from that seen in naïve animals, both 

somatotopically and in the laminar distribution (Fig. 4A). The B-HRP 

labelling in the capsaicin treated animals extended across all of 

lamina II as well as the other dorsal horn laminae (Fig.4C,D), and 

was indistinguishable from the B-HRP labelling observed 2 weeks 

after sciatic nerve transection.

For the capsaicin-treated animals, the somatotopic distribution of the 

sprouted B-HRP terminals in lamina II overlapped almost exactly 

with the zone of TMP depletion, and no difference was found 

between the extent and distribution of B-HRP staining in lamina II 

after axotomy or capsaicin treatment of the sciatic nerve (Fig.5).

Posterior cutaneous nerve C-fibres occupy a region of lamina II 

contiguous with sciatic nerve C-fibres

TMP labelling is depleted from C-fibre central terminals in lamina II 

following peripheral axotomy (Knyihar-Csillik et al. 1986); the C-fibre 

terminal fields for the sciatic and posterior cutaneous nerves were 

therefore identified by depletion of this enzyme. For the sciatic nerve, 

the TMP depletion spanned the medial 70% of the dorsal horn within 

the L5 and L4 segments, and for the posterior cutaneous nerve, a 

much narrower gap immediately adjacent, but not overlapping with 

the lateral edge of the sciatic depletion site, was observed (Fig.6).

The somatotopic distribution of the posterior cutaneous nerve 

terminal field in lamina II, as determined by TMP depletion, is 

illustrated in Figure 7B and consists of a narrow rostrocaudally
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Figure 3: TMP staining in the spinal cord 1 week after topical capsaicin treatment to the sciatic 
nerve. Ipsilaterally, TMP staining is dramatically depleted from the sciatic innervation territory 
within lamina II inner (arrows). Scale bar = 200pm.
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Figure 4: Sciatic nerve B-HRP labelling in the dorsal horn. (A,B) In sham operated animals, B-HRP 
labelling 2 weeks later looks identical to that seen in naive animals, with labelling in all laminae other 
than lamina II (arrow). (C,D) 2 weeks after capsaicin treatment to the sciatic nerve, B-HRP staining 
resembles that observed 2 weeks after nerve section. All laminae, including lamina II, contain dense 
labelling. Scale bars = 200pm.
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Figure 5: Somatotopic maps of B-HRP or TMP staining in the dorsal horn at the lamina II level. 
(A) 2 weeks after sciatic nerve section, B-HRP staining is found in a region of lamina II between 
spinal segments L5-L3. This region is exactly that which is depleted of TMP staining 1 week after 
capsaicin treatment to the sciatic nerve (B), as well as that containing B-HRP labelling 2 weeks after 
capsaicin treatment (C). This region is normally occupied by sciatic C-fibre central terminals. Therefore, 
both sciatic nerve injury and capsaicin treatment induce the sprouting of A-fibres into sciatic C-fibre 
territory within lamina II.



running band found laterally of the dorsal horn between the L6 and 

L4 segments. The mediolateral extent of posterior cutaneous nerve 

C-fibre innervation within these spinal segments overlaps 

dorsoventrally with the lateral extent of the sciatic nerve A-fibre 

central terminals in lamina III (Fig.7A), but not with the sciatic C-fibre 

terminal field in lamina II (Fig.7B).

Posterior cutaneous nerve section induces sprouting of 

uninjured sciatic A-fibres into iamina il

When both the sciatic and posterior cutaneous nerves were 

sectioned and B-HRP injected only into the sciatic nerve, B-HRP 

labelled sciatic afferents sprouted to fill in the lateral part of lamina II 

in the L4/5 segments, where sprouting does not occur after a sciatic 

cut alone (see Fig. 1C, arrowhead), as well as the medial zone of 

lamina II. The region occupied by sciatic A-fibre sprouts within 

lamina II of the lumbar enlargement after sciatic and posterior 

cutaneous nerve section is represented in Figure 7C. It is clear that 

sectioning the posterior cutaneous nerve at the same time as the 

sciatic nerve results in sciatic myelinated afferents sprouting into the 

posterior cutaneous C-fibre terminal zone in lamina II as well as 

sciatic C-fibre termination zones.

When B-HRP was injected into an intact sciatic nerve in the 

presence of a chronic (2 week) sectioned posterior cutaneous nerve, 

the intact sciatic myelinated afferents sprouted into lamina II on the 

lateral edge of the dorsal horn (Fig.8), to form a narrow band of label 

in lamina II, in a distribution superimposable on the C-fibre terminal 

zone of the posterior cutaneous nerve (Fig.7). The medial 70% of 

lamina II, which receive intact sciatic C-fibres, were unlabelled 

(Fig.8A,C), indicating that B-HRP-labelled sciatic A-fibres had only
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Figure 6; TMP staining in the spinal cord 1 week after posterior cutaneous (P C.) nerve or sciatic 
nerve axotomy. TMP staining is depleted from the region of lamina II inner that is normally 
innervated by C-fibres with axons in the injured nerve. Note that P.C. C-fibres innervate a region 
of lamina II that is lateral to that innervated by sciatic nerve C-fibres. Scale bar = 200pm.
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Figure 7; Som atotopic  m aps of B -H R P  or T M P  labelling within the  dorsal horn, (A) Sciatic B -H R P  
labelling at the lam ina III level, representing territory occupied by sciatic A-fibres. (B) Regions occupied  
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stain ing, 1 w e e k  after e ither sciatic or P .C . nerve axotom y. T h e s e  reg ions are superim posed  over 
territory occupied by sciatic A -fib res  (from  (A )). (C ) B -H R P  labelling  at the  lam ina II level 2 w eeks  
after com bined sciatic and P .C  nerve axotom y on the sam e side. Note that the region now containing  
B -H R P  labelling is indistinguishable from  that which norm ally contains sciatic and P C. nerve C -fibre  
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sprouted into that part of lamina II innervated by injured C-fibre 

afferents.

Saphenous nerve section also Induces sprouting of uninjured 

sciatic A-flbres Into lamina II

The saphenous nerve projection to the dorsal horn is split into two 

components; a major rostral termination site which borders but does 

not overlap with the sciatic nerve territory at the L3 segmental level, 

and another more caudal zone at the L5/L6 border which overlaps 

completely with the sciatic nerve. The more caudal region is far 

smaller in its mediolateral as well as rostrocaudal extent, occupying 

approximately 10% of medial lamina II, seen with WGA-HRP 

injection into the saphenous nerve (Fig.9).

Two weeks after a saphenous nerve section, B-HRP labelling in the 

uninjured sciatic nerve showed that myelinated afferents only 

sprouted into lamina II in the L5/L6 segments, in an area coincident 

with the caudal saphenous C-fibre terminal zone. The sciatic B-HRP 

label at the L3 segment did not invade the mediolaterally adjacent 

saphenous nerve central termination area and there was no 

sprouting at all into lamina II at this segmental level.

Part 2 - Deafferentation in lamina II is insufficient to induce 

uninjured A-fibre sprouting

Adjacent lumbar DRG A-ftbres have central termination fields 

that overlap rostrocaudally In the dorsal horn

Rhizotomy results in total degeneration of the distal segments of 

injured central axons, subsequently producing deafferentation in the 

region of dorsal horn normally innervated by the injured fibres. We 

therefore decided to use dorsal rhizotomy to ask whether 

deafferentation is sufficient to cause A-fibre sprouting.
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Figure 8: Sciatic nerve B-HRP labelling in the dorsal horn 2 

weeks after sciatic or posterior cutaneous nerve axotomy. (A)

After left sciatic nerve section and right posterior cutaneous (P.C.) 

nerve section, bilateral B-HRP labelling shows that on the left, 

lamina II contains labelling in all laminae, including lamina II. Note 

that labelling is not observed in lateral lamina II, an area occupied 

by P.C. C-fibre terminals (arrows). On the right, however, B-HRP 

labelling is observed in all laminae other than medial lamina II, an 

are occupied by uninjured sciatic C-fibre terminals. However, the 

area normally occupied by P.C. nerve C-fibre terminals now 

contains sciatic B-HRP labelling (arrows). Also note the dense 

staining in motorneurons within the ventral horn. (B) High power 

brightfield photomicrograph showing sciatic nerve B-HRP labelling 

after sciatic axotomy and (C) after P.C. nerve axotomy. Scale bars 

= 200pm.
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A-fibre sprouting is a phenomenon which has only been observed 

dorsoventrally: Ap-terminals will sprout into lamina 11̂ within the 

same dorsoventral plane that contains damaged C-fibre central 

terminals, but no tangenital sprouting is ever observed. Likewise, 

sciatic central terminals do not sprout into saphenous territory after 

saphenous nerve section (e.g. Molander et al., 1988). Therefore, for 

^  dorsal rhizotomy to be an appropriate manipulation with which to 

assess whether deafferentation could stimulate A-fibre sprouting, it 

had first to be shown that rhizotomy produced a region of dorsal horn 

neuropil that was deafferented superficially yet still contained A-fibre 

terminals in lamina III.

TMP histochemistry and B-HRP labelling after rhizotomy were 

used to determine the precise rostrocaudal regions innervated by 

lumbar DRG 0- and A-fibres respectively. One week after 15 

rhizotomy, alternate sections of the same spinal cord were 

processed for either TMP or B-HRP histochemistry. TMP staining 

was dramatically depleted from the medial three quarters of lamina II 

ipsilateral to the root section, as seen previously (e.g. Kniyhar-Csillik 

et al., 1986). This depletion occurred throughout the L5 spinal 

segment (Fig.10).

From B-HRP histochemistry on alternate sections it could be seen 

that in the rostral L5 spinal segment, while TMP staining was 

depleted from the medial three quarters of lamina II, extensive B- 

HRP staining from intact fibres was still present in this region within 

lamina III (Fig.10A,B). Therefore, depletion of B-HRP staining after 

L5 rhizotomy is less than that of TMP staining, probably because the 

L4 DRG A-fibre central field occupies a significant region of the L5 

spinal segment (Rivero-Melian and Grant, 1990), whereas, based on 

the above data with TMP depletion, the C-fibre central field of 

individual dorsal root ganglia occupies a smaller region that respects
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Figure 9: (A) WGA-HRP labelling in the superficial dorsal horn after injection into the 
saphenous nerve. The saphenous nerve projects predominantly to the L3 and L2 spinal 
segments (see text). However,a small projection can be observed to the L5 spinal segment (arrows). 
This therefore represents a region of lamina II where the central innervation territories of two 
nerves (sciatic and saphenous) overlap. (B) Sciatic nerve B-HRP labelling in the L5 segment 
2 weeks after saphenous nerve axotomy.Sciatic A-fibres have sprouted into lamina II territory 
that is normally occupied by saphenous C-fibres (arrows). Scale bar = 200pm.
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Figure 10: (A) TMP labelling in the spinal cord 1 week after L5 dorsal rhizotomy.Note that 
TMP is depleted from lamina II inner in a region that corresponds with that normally 
innervated by the sectioned dorsal root (dotted line). (B) Scia tic nerve B-HRP 
labelling 1 week after L5 dorsal rhizotomy in a section adjacent to that seen in (A). While the 
intensity of B-HRP staining is reduced both in the dorsal horn and dorsal columns, note that 
significant staining can still be seen within lamina III. Therefore, L5 dorsal rhizotomy produces a 
region of dorsal horn neuropil that has been deafferented within lamina II (dotted line) while 
leaving lamina III partially innervated by A-fibres from adjacent dorsal roots. (C) Somatotopic 
maps showing that the extent of this region stretches for a few hundred microns within the 
rostral L5 spinal segment. Scale bars = 200pm.



more closely the segment boundaries. This is not surprising in view 

of the fact that sciatic A-fibres occupy a much larger rostrocaudal 

and mediolateral area of the lumbar cord than sciatic C-fibres. Dorsal 

view maps of both TMP staining at the lamina II level and B-HRP 

staining at the lamina I I/I 11 border were constructed, each showing 

that the extent of overlap between B-HRP staining within lamina III 

and TMP depletion in lamina II was present for a distance of several 

hundred micrometers in a rostrocaudal direction in the rostral L5 

spinal segment (Fig.lOC).This area represents, therefore, a region 

where, after L5 section, there are no C-fibre terminals in lamina II but 

some intact L4 A-fibre terminals in lamina III.

L5 dorsal rhizotomy fails to induce sprouting of A-fibres into 

lamina ii

After L5 dorsal rhizotomy, transganglionic B-HRP can only reach the 

dorsal horn of the spinal cord through the remaining intact sciatic 

nerve central axons, predominantly in the L4 dorsal root, and to a 

lesser extent through the L3 and L6 dorsal roots (Swett et al., 1997). 

Transverse sections of spinal cord at the L4 segment level two 

weeks after L5 rhizotomy show B-HRP staining resembling that seen 

in naive animals, with labelling present in all laminae of the dorsal 

horn other than lamina II (Fig.11 A). Transverse sections of the spinal 

cord at the L5 segment level show that B-HRP staining is extensively 

depleted from the dorsal horn and dorsal columns (Fig.11B).

In the rostral L5 spinal segment, considerably less B-HRP staining is 

visible within the dorsal horn and dorsal columns than that observed 

in the L4 segment. What staining there is, however, is observed in all 

laminae of the spinal cord other than lamina II (Fig.11B). The 

staining is much more patchy than that observed within the L4 

segment or in the L5 segment of control animals, and represents a
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region of dorsal horn where A-fibre terminals from the L4 and L5 

DRGs overlap. Despite the fact that L4 A-fibre central terminals lie in 

a zone of dorsal horn that has been partially deafferented by an L5 

dorsal rhizotomy, there is a complete absence of staining within 

lamina II after 2 weeks (Fig.11C). In other words, deafferentation in 

lamina II has not induced sprouting of uninjured A-fibre central 

terminals into this region.
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rostral L5

Figure 11: Sciatic nerve B-HRP labelling in the dorsal horn 2 weeks after L5 dorsal rhizotomy. 
(A) Within the mid-L4 spinal segment, dense B-HRP labelling is observed in all laminae other 
than lamina II. (C) In the the mid-L5 segment, B-HRP labelling is almost totally depleted from 
the dorsal horn and the dorsal columns. (C) In the rostral L5 segment, significant B-HRP 
staining is observed in the deep dorsal horn. However, no labelling is ever observed within lamina II. 
Scale bar = 200pm.



Discussion
The purpose of the studies in this Chapter has been to discover, firstly, 

whether uninjured A-fibres can sprout within the spinal cord. C-fibre 

injury, either with topical capsaicin treatment to the sciatic nerve, or 

following injury to an adjacent hindlimb nerve, results in novel 

transganglionic B-HRP sciatic nerve staining within lamina IIq, in a 

region that maps identically with that containing injured C-fibre central 

terminals. This is interpreted as representing the sprouting of intact A- 

fibres into lamina II. In addition, deafferentation alone within lamina II, 

as a result dorsal rhizotomy, has been shown to be insufficient to 

induce A-fibre sprouting into this region.

In these studies, conclusions as to the ability of A-fibres to sprout 

into lamina II are drawn from the presence or absence of B-HRP 

labelling across lamina II. A major criticism of this approach is that 

lamina II labelling may simply represent the nerve-injury induced 

transganglionic transport of B-HRP by unmyelinated fibres that 

terminate within this region. Indeed, the synthesis of gangliosides, 

one of which mediates specific A-fibre uptake of this tracer (through 

binding of the B-fragment of cholera toxin to the GIVI-1 ganglioside), 

has been shown to change after nerve injury (Yates et al., 1989; 

Guzman-Harty et al., 1988). However, a number of controls addressed 

at whether B-HRP labels more C-fibres after nerve injury have never 

indicated that this is the case. Firstly, one would expect a dramatic 

increase in unmyelinated fibre B-HRP content, yet changes are not 

significant (Woolf et al. 1995). Secondly, the size/frequency histogram 

for B-HRP DRG cell labelling would shift significantly to the left; this 

does not occur (Woolf et al. 1995; Bennett et al. 1996). Thirdly, 

individual electrophysiologically characterised A-fibre central axons 

have been intracellularly labelled and shown to project into lamina II 

only after nerve injury (Woolf et al. 1992; Shortland & Woolf, 1993;
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Koerberet al. 1994). Finally, GAP-43, which is upregulated by sensory 

neurons after axotomy and transported both peripherally and centrally 

by C-fibres (Verkade et al., 1995; Woolf et al. 1994) was never 

colocalised with B-HRP in primary afferent central terminals within 

lamina II (Doubell & Woolf, 1997) despite the fact that thousands of B- 

HRP labelled terminals exist in this region after nerve injury (Woolf et 

al. 1995). It is therefore unlikely that B-HRP labelling in lamina II after 

nerve injury is simply the product of transganglionic transport by C- 

fibres.

Capsaicin - a C-fibre-seiective neurotoxin?

The capsaicin experiment assumes that topical treatment causes 

toxicity exclusively within the C-fibre population and has no effect on 

A-fibres. It is therefore important to examine the extent to which 

capsaicin affects unmyelinated fibres, and whether myelinated A-fibres 

are affected in any way. As a ‘specific’ toxin for nociceptive C-fibres, 

capsaicin has been used extensively in pain research, and a 

“capsaicin induced analgesia” has been described after various 

modes of administration (Palermo et al. 1981; Fitzgerald, 1983; 

Szallasi, 1994). Local application of capsaicin to the sciatic nerve 

causes an immediate conduction block in C-fibres (Baranowski et al. 

1986) and a reduction in the C- but not the A-fibre component of the 

compound action potential (Wall & Fitzgerald, 1981; Pini et al. 1990). 

There is inhibition of axonal transport of substance P and 

somatostatin, but not nor-adrenaline (Gamse et al. 1982) indicating 

that capsaicin’s action is not on unmyelinated axons per so but on 

unmyelinated sensory axons. This data is supported by 

transganglionic degenerative changes described in lamina II after 

topical capsaicin treatment (Jancso, 1992) and the reduced 

neuropeptide content within the superficial dorsal horn (Ainsworth et 

al. 1981; Fitzgerald, 1983). In the present study local nerve capsaicin
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treatment induced a total depletion of TMP in lamina Hi, as found 

previously (Ainsworth et al. 1981; Gamse et al. 1982). Long term loss 

of unmyelinated axons has been detected in capsaicin-treated nerves, 

without any evidence of myelinated fibre loss or degeneration (Jancso 

& Lawson, 1990; Pini et al. 1990) In this study, no Wallerian 

degeneration or reduction in myelinated fibre numbers were seen. 

Thus, it seems that the effects of capsaicin are selective to small 

afferent fibres (Szallasi, 1994, Winter et al. 1995). The definitive proof 

of capsaicin's selectivity for C-fibres has come closer through the 

recent cloning of the capsaicin receptor, known as vanilloid receptor-1 

(VR1; Caterina et al. 1997). In situ hybridisation for VR1 messenger 

RNA in adult dorsal root ganglia has demonstrated expression in the 

small cell population of sensory neurons. The small sensory neuron 

subpopulation is divided into two groups based on distinct phenotypes 

(see McMahon & Snider, 1998 for review) - those expressing the TrkA 

receptor, and those that bind the lectin IB4 which are the same 

population that respond to GDNF in adults (Molliver et al. 1997; 

Bennett et al. 1998). Since NGF can regulate the capsaicin sensitivity 

of sensory neurons (Winter et al., 1988) and capsaicin causes an 

almost total depletion of TMP from IB4 binding sensory neurons, one 

would anticipate that capsaicin receptors are colocalised with both 

TrkA and IB4. This has recently be shown to be the case - 85% of 

TrkA-expressing neurons and 60-80% IB4-positive neurons also 

express VR1 (Tominaga et al., 1998). Whether VR1 is expressed by 

any A-fibres, which is not indicated from the studies outlined above, 

and also whether other vanilloid receptor homologues are expressed 

by primary sensory neurons remains to be seen.

Dorsal rhizotomy - deafferentation and central sprouting 

Whether deafferentation is sufficient to induce primary afferent 

sprouting within the spinal cord has been a topic of debate for 40

56



years. Rhizotomy initially results in a partial or total removal of 

primary afferent synaptic input to many dorsal horn cells. Initially, 

there is a loss CGRP from the superficial dorsal horn, a peptide 

found only in primary afferent terminals within this region, as distal 

segments of severed afferent central axons undergo Wallerian 

degeneration (McNeill et al. 1990; McNeill et al. 1991; Murray and 

Goldberger, 1986). A number of changes then occur over a period of 

days after rhizotomy suggestive of structural reorganisation of 

spared afferents. CGRP levels are replenished, along with an up- 

regulation of GAP-43 (LaMotte et al. 1995) and a return to normal 

synaptic densities in the deafferented zone (Zhang et al. 1995; 

Zhang et al. 1993; McNeill and Hulsebosch, 1987; Tessler et al. 

1980; Wang et al. 1991; Goldberger and Murray, 1982). Studies 

using anatomical tracers to assess the expansion of spared afferents 

into deafferented regions remain, however, controversial. LaMotte 

and colleagues have reported a significant increase in the central 

projection field of saphenous afferents after injection of a lethal 

proteolytic enzyme cocktail into the sciatic nerve (LaMotte and 

Kapadia, 1987; LaMotte and Kapadia, 1993; LaMotte et al. 1989). 

However, other studies have concluded that the only increase in the 

termination field of spared afferents occurs if these fibres are injured 

peripherally (Molander et al. 1988; LaMotte et al. 1989; McMahon 

and Kett-White, 1991; Florence et al. 1993). Whilst dorsal horn 

neurons can, after rhizotomy, become excited by novel inputs, it is 

not clear whether this is the result of sprouting or simply a response 

to previously sub-threshold input (Wall et al., 1988; Wilson & 

Kitchener, 1996).

Possible mechanisms of A-fibre sprouting

A-fibre sprouting into lamina II is different from all the examples 

described above, in that it represents a reorganisation of primary
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afferent terminals detected in the dorsoventrai plane of the spinal 

cord and is never observed into regions outside normal somatotopic 

termination sites (Woolf et al. 1995). In fact, of all the different 

paradigms that produce this type of growth, there are two common 

features - the presence of peripherally injured C-fibres with cell 

bodies situated in the same ganglion as the sprouting A-fibres, and 

the fact that the A-fibres will only sprout in the dorsoventrai axis. 

These features suggest that the major determinant for A-fibre 

sprouting is the production of an area of C-fibre atrophy/injury which 

overlaps in the dorsoventrai plane with A-fibre terminals in deeper 

laminae. In addition, they do not rule out some communication 

between injured C- and A-fibres within the DRG. C-fibre injury is 

unable to induce A-fibres to grow tangentially, so that the somatotopic 

reorganisation is strictly limited to situations where the A-fibre 

terminals of one nerve overlap with C-fibre terminals of an adjacent 

nerve. This raises two issues; why is the somatotopic extent of the A- 

and C-fibre terminals from a given nerve not coincident and what 

factor resulting from C-fibre injury induces sprouting? It would appear 

that the C-fibre terminal fields of the hindlimb nerve are distinct and 

non-overlapping (Swett and Woolf, 1985), but the wider mediolateral 

rostrocaudal extent of the A-fibre terminal zone in laminae I and III 

means that there is likely to be considerable overlap between adjacent 

nerves in these laminae. For instance, in the lateral dorsal horn in the 

L5/6 segments, where we have shown a distinct posterior cutaneous 

nerve C-fibre terminal zone, A-fibres from both the sciatic and 

posterior cutaneous nerve coexist in lamina III (observations from B- 

HRP labelling of the PC nerve). It remains to be seen if the overlap 

between the sciatic A-fibres and C-fibres from adjacent hindlimb 

nerves is a special case or if it is general to most cutaneous nerves
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and if so, what is its functional significance for the accurate localisation 

of peripheral stimuli?

Like collateral sprouting in the skin, it is possible that A-fibre 

sprouting is due to an increase in the production and release of a 

growth factor within lamina II. That C-fibre peripheral injury is sufficient 

yet deafferentation alone is not, suggests that, unlike peripheral 

collateral sprouting, the increase in growth factor availability is not 

triggered by denervation alone. Instead it is plausible that injured C- 

fibres upregulate a factor that they transport centrally and release into 

lamina II. A-fibres, expressing receptors for this molecule, could 

respond to it by growing up into lamina II. What are likely candidates 

for the sprouting factor? BDNF is expressed constitutively by TrkA- 

expressing DRG neurons and is upregulated after peripheral axotomy 

(Sebert & Shooter, 1993; Michael et al., 1997b). BDNF is 

anterogradely transported to the spinal cord where it is found in dense 

core vesicles in primary afferent terminals within the superficial dorsal 

horn (Michael et al. 1997a). Primary afferent terminal atrophy in 

lamina II after nerve injury is associated with the extra-synaptic 

release of terminal contents (Valtschanoff et al. 1992; Valtschanoff et 

al. 1995). TrkB is expressed on an intermediate sized population of 

DRG cells (Wright & Snider, 1995), possibly those with 

mechanoreceptive Ap fibres (Schecterson & Bothwell, 1992; Mu et al. 

1993). Indeed, BDNF in the periphery determines threshold properties 

of many of the hair follicle afferents (HFAs; Carroll et al., 1998) that 

have been shown to sprout in the spinal cord (Shortland & Woolf,

1993). TrkA expressing C-fibre cells could release BDNF after nerve 

injury which acts on TrkB expressing A-fibre cells to initiate a growth 

response in the TrkB cells leading to sprouting of A-fibres in the dorsal 

horn. However, we have only observed the growth of A-fibres in the 

dorsoventrai direction, which is difficult to reconcile with diffusable
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growth factors released from a particular site in lamina II which might 

be expected to recruit growth in a radial fashion. The presence of 

truncated TrkB receptors might act to stop the spread of BDNF, 

localising its action to certain planes in the superficial dorsal horn 

(Beck et al. 1993). However, the directionality of A-fibre growth 

suggest additional factors control axon sprouting in lamina II. Once, 

triggered into a growth mode A-fibres might be restricted to 

dorsoventrai growth by extracellular surface adhesion molecules cues, 

or by markers on dorsoventrally organised dendrites of lamina II 

neurons that spread ventrally into lamina III. In addition, numerous 

attempts in our laboratory to induce A-fibre sprouting with chronic 

intrathecal BDNF either with or without rhizotomy, or to prevent 

sprouting after nerve injury with a chronic intrathecal infusion of 

TrkB-IgG fusion protein that will sequester endogenous BDNF, have 

proved unsuccessful.

In keeping with the suggestion that a change in injured C-fibres 

is a central component to the mechanism of A-fibre sprouting are 

recent findings that A-fibre sprouting after sciatic nerve injury is not 

seen in substantia gelatinosa after two weeks if exogenous NGF is 

supplied to the proximal stump of the nerve (Eriksson et al. 1997) 

and chronically through an intrathecal catheter (Bennett et al. 1996). 

It has previously been shown that NGF supplied to proximal stump 

prevents the depletion of peptides in the DRG (Fitzgerald et al. 

1985), and taking into account the fact that most TrkA positive cells 

are C-fibres (Averill et al. 1995), it seems that exogenous NGF can 

substitute for target-derived NGF and prevent, for a short while at 

least, those changes that induce A-fibre sprouting. Similarly, 

intrathecal GDNF can also prevent B-HRP labelling within lamina II 

at two weeks (Bennett et al. 1998). GDNF has recently been shown 

to be a target derived growth factor for the IB4 population of sensory
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neurons, maintaining certain features of their phenotype (Bennett et 

ai. 1998); during post-natal development, neurons that at birth 

expressed the TrkA receptor and were dependent on NGF for 

survival down regulate the receptor and begin to express 

components of the GDNF receptor, the ligand binding domain 

GFRal and the kinase domain c-ret (Molliver et al. 1997). That both 

intrathecal GDNF and NGF can totally prevent A-fibre sprouting is 

both unexpected and interesting. The fact that the IB4- and the TrkA- 

expressing populations are almost totally distinct (Alvarez et al., 

1991) would suggest that one or the other growth factor may act on 

half the C-fibre population, but would not affect the neurons without 

the relevant receptor. That this is not the case indicates some sort of 

threshold for sprouting, triggered by injury to a critical number of 0- 

fibres.

Nerve injury induced reorganisation of primary afferent central 

terminals is not the only time that A-fibre innervate lamina II. Early 

post-natal studies have described A-fibres initially projecting to the 

superficial dorsal horn (Fitzgerald et al. 1994). After two to three 

weeks of post-natal life, during which substantia gelatinosa cells are 

thought to mature (Altman and Bayer, 1984; Bicknell and Beal, 

1984) and C-fibres begin to excite dorsal horn cells (Fitzgerald, 

1991), A-fibre terminals withdraw and the specific dorsoventrai 

pattern of primary afferent terminals witnessed in the adult dorsal 

horn is achieved. If C-fibres are prevented from entering the spinal 

cord by neonatal capsaicin treatment, A-fibres maintain their projection 

to the laminae I & II (Shortland et al. 1990).

The mechanism of A-fibre retraction from lamina II in early 

post-natal life is not known; do C-fibres secrete a factor that is 

repulsive to A-fibre terminals, a phenomenon observed for ventral 

horn cells during development (Fitzgerald et al. 1993a; Messersmith

61



et al. 1995), or does retraction involve activity-dependent changes 

caused by maturation of synapses between C-fibre terminals and 

dorsal horn cells (Fitzgerald et al. 1994)? Does peripheral nerve 

injury, and more specifically peripheral C-fibre injury, induce activity- 

dependent changes in dorsal horn cells that in turn trigger A-fibre 

sprouting?

Alternatively, C-fibre injury may trigger responses within the 

superficial dorsal horn that initiate A-fibre sprouting and are not the 

consequence of deafferentation alone. Gliosis and an increase in glial 

fibrillary acidic protein (GFAP) immunoreactivity in the superficial 

dorsal horn occur after peripheral nerve injury (Hajos et al. 1990), 

involving astroglial cell hypertrophy (Gilmore et al. 1990) in a time 

frame consistent with a role in morphological reorganisation of A- 

afferent terminals (Svensson et al. 1993; Eriksson, 1997). Similarly, 

nerve injury results in a rise in the number of microglia in the dorsal 

horn (Svensson et al. 1993), and their function may involve activities 

other than phagocytosis of degenerating terminals (Knyihar-Csillik et 

al. 1990). Interestingly, peripheral nerve transection induces an 

increase in tyrosine phosphorylation in astroglial cells and to a lesser 

extent microglia that is most prominent in the superficial dorsal horn 

(Eckert et al. 1994). This reflection of tyrosine kinase activation may 

represent a signalling mechanism involving both C-fibres and glial 

cells whereby C-fibres release neurotrophic factor(s) which act on cells 

expressing the appropriate Irk  receptors (Valtschanoff et al. 1995) 

and growth factors may directly or indirectly promote A-fibres to grow 

into lamina II.
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Chapter 3

Molecular Approaches to the Study of Nerve Injury 

Differential Gene Expression
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Introduction
A key feature of the nervous system is plasticity. During normal 

function there are fluctuations in gene expression that reflect 

changes in the functional demands on individual neurons, that in 

some systems, such as the control of circadian rhythms within the 

hypothalamus (Foulkes et al., 1997), can be dramatic. After nerve 

injury, profound changes in gene expression occur as neurons are 

disconnected from their targets. Furthermore, the actively maintained 

relationship between neurons and local cells along the axon as well 

as in the targets is disrupted, with subsequent changes in non

neuronal cell phenotype. Working with the hypothesis that changes 

in the expression of individual genes are responsible for many of the 

functional sequelae of nerve injury, a challenge is to define the 

nature of the changes that occur in known genes as well as to 

identify and investigate unknown genes whose regulation may 

contribute to the pathophysiological processes that occur, such as 

cell death, inefficient regeneration and the generation of neuropathic 

pain. Such alterations can be investigated by looking at changes in 

the levels of individual mRNAs, reflecting altered rates of gene 

transcription or post-transcriptional changes in the stability or editing 

of the mRNA transcript. An alternative strategy is to look at all the 

proteins expressed by a tissue at a particular time, known as 

proteinomics, which is possible using 2D western blotting and 

microsequencing or mass spectrometry. The second half of my 

Ph.D. research program has aimed at finding and characterising 

nerve injury-regulated molecules in primary sensory neurons. This 

chapter will discuss strategies designed to investigate alterations in, 

or the presence of, particular species of mRNA.
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Searching for new differentially regulated genes

Choosing candidate molecules such as the neuropeptides substance 

P or calcitonin gene related peptide, receptors such as the p opiate 

receptor or GABA receptors, sodium ion channels or growth- 

associated genes, and monitoring their expression in different of 

models of clinical pain with techniques such as Northern blotting, in 

situ hybridisation, RNase protection and quantitative PGR has 

dramatically furthered our understanding of how primary sensory 

neurons adapt to injury. Additionally, advances in molecular 

technology have led to the development of a number of techniques 

that can be used to isolate and clone new molecules involved in 

particular aspects of nerve injury. Essentially, these techniques can 

be split into two categories - non-library based, or ‘open’ systems, 

and library based, or ‘closed’ systems, where differentially regulated 

genes are cloned from cDNA and more recently oligonucleotide 

libraries. Regardless of the method used to identify potentially 

regulated clones, verification of their differential regulation by a 

method independent of the original screening protocol is essential 

(such as with Northern blotting or in situ hybridization), as all of these 

techniques tend to identify some false positives.

Library based techniques 

Differential screening o f cDNA libraries

The conventional method used to isolate genes differentially 

expressed in different or in the same tissue after a particular 

treatment, is the differential screening of a cDNA library. A library, 

preferably generated from the tissue of interest, is plated out and 

duplicate filter lifts are taken and hybridised with two cDNA probes 

(Ausubel et al., 1991). Each probe is a radiolabelled reverse 

transcription product generated from poly-A or total RNA taken from
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normal and treated tissue, and therefore each probe represents a 

'complex' mixture of cDNAs complementary to all the transcripts 

present within that RNA type. Differentially expressed clones are 

identified as plaques that display altered levels of hybridisation 

between the two cDNA probes. They are picked from the plates, the 

cDNAs are isolated and their differential expression is subsequently 

confirmed.

One disadvantage of conventional differential screening is that 

relatively large amounts of poly-A or total RNA is needed to produce 

the cDNA probes (1-5pg of poly-A RNA for some paradigms) and in 

many models, generating these quantities of RNA is not feasible. 

mPCR is a method that attempts to overcome this problem (Kendall 

et al., 1996). Rather than using a complex cDNA probe generated 

from reverse transcribing RNA to screen a library, mPCR generates 

a complex probe by PCR-amplifying mRNA-derived double-stranded 

cDNA thus producing a PCR product representative of the original 

mRNA population (Fig.1; Kendall et al., 1996). PCR amplification 

allows large amounts of mPCR product to be produced from small 

quantities of RNA (lOOng total RNA), which are then radiolabelled 

and used as probes for cDNA library differential screening.

One advantage of the 'closed' screening techniques is that both 

up and down regulated cDNAs can be targeted in the same screen. 

The drawback of differential library based screening is that of limited 

sensitivity, resulting in the identification of predominantly abundant 

clones with large changes in expression. Also, if a clone is not 

present in the library used then, whatever the extent of its expression 

change, it cannot be isolated using these techniques, hence the term 

'closed system'.

An adaptation of conventional differential cDNA library 

screening is to enrich the library with up- or down-regulated clones
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by making a subtracted cDNA library before carrying out the 

screening process (Tedder et a!., 1988; Dulac & Axel, 1995). A well 

constructed subtracted library will contain a greater proportion of 

regulated clones, increasing the likelihood of a successful differential 

screen (Akopian et al., 1995; Klar et al., 1992; see later in this 

Chapter for details on cDNA subtraction). A further improvement is to 

normalise the cDNA library, that is, make it equally representative of 

all the different species that it contains rather than biased towards 

molecules with very high expression levels such as cytoskeletal 

proteins (Soares et al., 1994; Kopczynski et al., 1998). Unfortunately, 

however, this is currently an extremely complex step that limits 

routine application.

If searching for genes that code for molecules performing a particular 

function, for example, a previously characterised ion channels or a 

new growth cone collapse molecule, functional screening of 

expression libraries can be a useful strategy. A cDNA library is made 

in an expression vector and pools of the library, normally around 10- 

20,000 clones per pool, are systematically transfected into a cell line. 

Clones are expressed by the transfected cells that can then be 

screened for a particular function. The vector can be isolated and the 

clone identified from those cells that display the ability to perform the 

function associated with the coveted gene. An expression cloning 

strategy was recently used with great success to clone the capsaicin 

receptor, VR1 (Caterina et al., 1997). Based on the fact that 

capsaicin causes a large influx of calcium into cells that express its 

receptor, a DRG cDNA library was expressed in HEK293 cells which 

were subsequently screened for calcium influx after capsaicin 

treatment using the fluorescent calcium sensitive dye Fura-2. 

Positive cells were taken and re-screened before the vector was 

isolated and its 3 kilobase insert identified as VR1.
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Figure 1: Schematic diagram showing the mPCR differential 

screening procedure. Poly A" mRNA is made from control and 

treated tissue, reverse transcribed with an oligo d(T) primer and 

second strand synthesis is performed using random hexamers 

tagged with a PCR primer. cDNA is then PCR amplified to 

produce an unlimited amount of PCR product that is 

representative of the original mRNA pool. Control and treated 

cDNA pools can then be used to differentially screen a cDNA 

library.
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Many pharmaceutical and biotechnology companies are currently 

using large scale differential screening and library sequencing 

strategies to uncover genes that are regulated in different disease 

states with the aim of identifying novel targets for diagnostics and 

treatment. One approach adopted by the company Affymetrix, is to 

differentially screen oligonucleotide ‘libraries’. High density arrays of 

oligonucleotides are generated on silica micro chips (Schena, 1996). 

The sequence of each oligonucleotide is specific to an individual 

gene, and multiple oligonucleotides are produced for each gene. In 

the first protocol described (Schena, 1996), total RNA was reverse 

transcribed in the presence of fluorescently labelled nucleotides to 

produce a complex labelled cDNA probe. The probe was then 

hybridised with the oligonucleotide microarrays, the silica chips were 

washed at high stringency, automatically scanned by confocal laser 

and signals quantified. This novel method has a number of potential 

advantages, most importantly, that there is no initial cloning step as 

there is in making a cDNA library. Only the gene sequence is 

required, and as a number of total genome sequencing projects near 

completion, in theory at least, the expression levels of every gene 

within a particular organism or tissue may be assayed by this 

method. Other advantages include the facilitated investigation of 

gene families, splice variants and polymorphic allele analysis of 

genetic traits.

A number of biotechnology companies are involved in 

enormous cDNA library sequencing projects. This type of project 

produces millions of sequences known as expressed sequence tags 

(ESTs). ESTs are generally short sequences that represent the 5’ or 

3’ ends of novel sequences within a library. ESTs can be analysed to 

look for domains homologous to already known genes, used to 

screen for longer sequences of the same gene (which facilitates
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identification), or act as primary data in complex bioinformatics and 

functional genomics. For example, sequencing two or more cDNA 

libraries allows electronic subtraction of the libraries to find 

sequences specific to a particular tissue/treatment, e.g., PC12 cells 

before and after nerve growth factor treatment (Lee et al., 1995). 

Briefly, thousands of randomly selected clones from a cDNA library 

are partially sequenced from the 3' and 5' ends using a high 

throughput automated sequencer to produce a collection of ESTs 

which are then compared with ESTs from another library using 

sophisticated bioinformatic software packages. Differentially 

regulated genes can be identified by comparing the number of times 

a particular gene sequence appears in one library relative to the 

other, and the differential regulation of these sequences can then be 

confirmed by Northern blots.

The serial analysis of gene expression (SAGE) technique 

(Velculescu et al., 1995; Adams, 1996) is a method that uses similar 

electronic subtraction technology. Libraries are created containing 

concatenated 9-11 base pair sequence tags isolated from the 3' end 

of each gene in a population of reverse-transcribed cDNA. In order 

to assemble sequence tag concatemers, total RNA is reverse 

transcribed with a biotinylated oligo dT primer. Second strand cDNA 

is synthesised and each preparation is cut with a frequent-cutting 

(four base pair recognition sequence) restriction endonuclease. The 

three prime fragment of each gene is then isolated using streptavidin 

beads that bind to biotin. This preparation is then split in to two 

fractions and separate linkers are ligated on to each cDNA sample 

using the frequent-cutter restriction site. Each linker contains a 

distinct PCR primer site and a common type IIS restriction site (type 

IIS restriction enzymes cleave DNA at a defined position up to 20bp 

away from their restriction site. Digestion with this enzyme releases
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the linker sequence and a short piece of the cDNA - it is this 

sequence which makes up the SAGE ‘tag’. The two pools of SAGE 

tags with differing linkers are then ligated to one and other. PCR with 

primers targeted against sequences in either linker then ensures 

representative amplification of all the SAGE tags (Velculescu et al., 

1995). Once amplified, the SAGE tags are digested with the 

frequent-cutting enzyme used originally in order remove the linkers 

(PCR primer sites). The tags are then ligated to one and other to 

produce concatemers of fifty or more SAGE sequences, each of the 

concatemers is then cloned and sequenced. A sequence of nine 

bases is theoretically enough to distinguish between every cDNA in 

the gene pool, offering an unparalleled ability to perform high 

throughput screening of short ESTs, because each concatenated 

clone represents at least fifty different genes as opposed to just the 

one in standard EST analysis (Adams, 1996). Using this technology 

hundreds of thousands of individual sequences can be rapidly 

analysed, representing many thousand genes. This technique has 

recently been used very successfully to isolate 14 genes from over 

7000 transcripts analysed that are up-regulated in a colorectal 

carcinoma cell line in response to p53 induced apoptosis (Polyak et 

al., 1997).

Non-library based approaches 

Differential display and related techniques

The ‘open’ approaches are a more diverse group of techniques, the 

main advantage being that any source of RNA, either tissue or a cell 

line, can be studied without being restricted by the identity of clones 

in a particular library. Differential display is a PCR-based 

transcriptional assay’ devised by Liang and Pardee (Liang & 

Pardee, 1992; Liang & Pardee 1995; Liang et al., 1995). Messenger
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RNA is purified from total RNA and reverse transcribed with poly d(T) 

primers anchored at their 3’ end. First strand cDNA is then amplified 

with PCR using arbitrary 5' primers and anchored 3' oligo d(T) 

primers with radiolabelled nucleotides and more recently at 

low annealing temperatures. PCR products, which are a mixture of 

sequences of different lengths, are run out on a 6% polyacrylamide 

denaturing gel and visualised by autoradiography. Using RNA from 

two (or more) different sources to generate the PCR products, for 

example, rat lumbar DRG neurons before and after treatment with 

NGF (Kendall et al., 1996) the two ladders of different lengths of 

DNA can be compared. Most of the bands should be common to 

both display ladders, representing mRNA sequences present in both 

cell populations. Any differences are potentially genes whose 

expression is regulated by the treatment of interest. This technique, 

therefore, critically relies upon reproducibility of ladders for the same 

pools of cDNA. The band of interest is eluted from the dried 

polyacrylamide and PCR-amplified with the original primers before 

being subcloned, sequenced and its differential expression 

validated.

An adaptation of differential display is RNA fingerprinting 

(McClelland et al., 1993; McClelland & Welsh, 1994). Here, 

messenger RNA is purified from total RNA, reverse transcribed and 

PCR amplified using arbitrary primers alone instead of the oligo d(T) 

and arbitrary primer used by Liang and Pardee in the original 

protocol. In the Liang and Pardee procedure, the length of products 

is limited to -500 base pairs of their 3' end because the PCR 

products are electrophoresed on a sequencing gel, which may not 

be of sufficient length to reach coding region (mRNAs have on 

average 500 bases of 3' untranslated region between coding region 

and their polyadenylated tail). With RNA fingerprinting, the limit on
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product size is still 500 base pairs, but because reverse transcription 

is achieved with arbitrary primers, they can bind anywhere along the 

mRNA transcript, greatly increasing the chance of amplifying 

sequence corresponding to coding region and therefore increasing 

the likelihood of being able to identify the product from a database. 

Much effort has been put into working out the number of primer 

combinations and therefore PCR reactions necessary to sample 

greater than 95% of the mRNA population under study (over 300 

PCR reactions for each set of RNA from some calculations, e.g., 

Bauer et al., 1993). However, these calculations are purely 

theoretical and can only be applied to techniques that use oligo d(T) 

primers to reverse transcribe. It is likely that they both overestimate 

the number of different primer combinations required to sample 

abundant mRNAs, and underestimate the number required for rare 

mRNAs (McClelland et al., 1995).

Many adaptations of the original differential display and RNA 

fingerprinting protocols have since been published, aimed 

predominantly at reducing the number of false positives that have 

plagued this technique. Sokolov and Prockop (1994) published an 

alternative technique where poly A mRNA is prepared from total 

RNA and reverse transcribed with fully degenerate random 

hexamers. PCR amplification of resultant first strand cDNA is 

achieved using arbitrary 10-28mers, and no radioactive label is used. 

Rather, the PCR products are electrophoresed on a 2% low melting 

point agarose gel and stained with ethidium bromide (Fig.2). Bands 

representing candidate ‘differentially expressed molecules' are then 

excised from the gel and subcloned directly into a TA cloning vector - 

further PCR amplification of individual bands using the original 

primers is not necessary (a step required in traditional differential
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display and RNA fingerprinting, where some workers have reported 

up to 70% failure of bands to reamplify). This technique is therefore 

much less laborious, using far fewer combinations of primers, and 

avoids the use of radioactivity during PCR. However, it produces 

only 15-30 bands per lane on the agarose gel compared to the 50- 

100 on sequencing gel, meaning that a much lower number of 

potentially regulated genes are observed. In addition, fewer PCR 

amplification primer combinations are used - this results in reduced 

sampling of the mRNA population and therefore less likelihood of 

finding differentially expressed genes, particularly those with a low 

copy number per cell, which is a criticism of all differential display 

and RNA fingerprinting protocols (Bertioli et al., 1991). In practice, 

however, studies that have employed these techniques have 

identified a number of differentially regulated genes that they have 

been unable to detect using Northern blots, an indicator of relative 

abundance, and have subsequently had to use semi-quantitative 

PCR (a more sensitive technique) to validate differential expression 

(ZoidI et al., 1997; Livesey et al., 1997). A major advantage of this 

approach is that many different RNA types can be analysed 

simultaneously. i . /  '

Subtractive Hybridisation

Subtractive hybridisation (SH) is an alternative technique employed 

to reveal regulated mRNAs. SH was developed in the 1980s in order 

to produce subtracted cDNA libraries, but was inapplicable as a tool 

in studying many biological events because of the vast amount of 

polyA mRNA required (around 5-1 Opg). Taking advantage of PCR as 

a tool for amplification has meant that SH can now be applied to 

biological events where mRNA is a limited resource. A PCR-based 

SH protocol developed from the original Brady protocol (Brady et al..
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Differential Display: Sokolov & Prockop (1994)

Naive Axotomy

Naive ̂ lAxotom y

potential
differentially

regulated
gene

Figure 2: An example of a differential display reaction using the technique of Sokolov & Prockop 
(1994). PCR using arbitrary primers with dorsal horn cDNA from normal animals and 48 hours 
after sciatic nerve axotomy. The PCR products are electrophoresed on a 2% agarose gel and 
stained with ethidium bromide. The majority of bands are observed in PCR reactions using both 
sources of cDNA. Any differences in the observed ladders (arrow) are potentially differentially 
regulated genes. The band must be excised from the gel, subcloned and its differential expression 
validated before or after sequencing.



1995) has been used in our laboratory to identify genes differentially 

regulated in neuropathic and inflammatory models of pain. This 

method (outlined in Figure 3) is powerful, capable of dissecting out 

molecular differences in gene expression between single cells 

(Dulac & Axel, 1995; Brady et al., 1995). Others have used SH 

protocols to identify genes specific to DRG neurons (Akopian & 

Wood, 1995) and within the distal nerve stump following axotomy 

(De Leon et al., 1991 ; Gillen et al., 1995).

Subtractive hybridisation aims to isolate sequences present in 

an experimental (tracer) mRNA sample but not in the control (driver) 

mRNA sample. Two pools of mRNA corresponding to the tracer and 

driver are extracted from, for example, rat dorsal root ganglia before 

and after peripheral nerve injury, and reverse transcribed under 

controlled conditions with poly-d(T) primers to produce short lengths 

of first strand cDNA, largely representative of the 3' untranslated 

region of the mRNA transcript. A polyA tail is added to the 3' end of 

the single stranded cDNA using terminal transferase and dATP, and 

each tailed cDNA population is then amplified by PCR using a single 

'tagged' primer to generate pools of double stranded DNA (Brady et 

al., 1990). The driver pool is photobiotinylated and hybridised with 

the tracer pool at a ratio of 20:1. Under these conditions tracer 

sequences common to the driver pool will hybridise with the excess 

biotinylated driver cDNA. The biotinylated DNA hybrids are removed 

by adding streptavidin followed by extraction with phenol. Up- 

regulated genes whose sequences are present in the tracer but 

poorly represented in the driver will not be extracted and can be 

recovered by PCR. This pool of cDNAs (HI), the product of the first 

subtraction, is now re-used as tracer and rehybridised with a 20x 

excess of the driver pool to obtain the H2 pool, which is subtracted 

once more to obtain the H3 pool (Figure 3).
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Figure 3: Schematic diagram showing the subtractive 

hybridisation procedure. mRNA is made from control and 

treated tissue, reverse transcribed with a poly dT primer and first 

strand cDNA is end labelled with terminal transferase. First strand 

cDNA is then PCR amplified with a tagged poly d(T) primer. 

Control cDNA PCR products are then photobiotinylated and 20x 

control cDNA is hybridised with 1x treated cDNA (approximately 

200ng) for 48 hours at 68°C, allowing complementary sequences 

within and between each pool to hybridise. DNA containing 1 or 2 

biotinylated strands are removed with streptavidin followed by 

phenol/chloroform extraction. The subtraction is then repeated to 

eliminate any common sequences that have escaped removal.
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The effectiveness of this approach is illustrated in Figure 4. We have 

used this technique to look for genes up-regulated after peripheral 

axotomy and intraplantar Complete Freund's adjuvant (CFA) 

injection, a model of peripheral inflammation. We have cloned 

multiple genes regulated in the DRG by peripheral axotomy and 

inflammation, ranging from 2 -10 fold up- or down-regulated 

(confirmed by Northern blotting), one of which, the small heat shock 

protein HSP27, is the subject of Chapters 4 and 5.

One of the major disadvantages of SH of cDNA is that the 

subtraction product often contains a proportion of clones that are not 

regulated but remain in the pool. This is thought to be due to some 

unhybridised single stranded tracer cDNAs remaining in the reaction 

and escaping subtraction. Modifying the hybridisation conditions, 

such as the length of time or temperature, can help to reduce highly 

abundant sequences from the subtracted pool (Wang & Brown, 

1991).

Degenerate PCR

Novel members of particular families of molecules such as 

transcription factors and neurotrophic factors can be cloned using 

PCR with degenerate primers. We have used degenerate PCR with 

the aim of cloning novel zinc finger proteins in the DRG that are 

regulated in inflammatory and neuropathic models. Zinc finger 

proteins are molecules that contain one or more 'zinc finger' DNA 

binding domain, occurring in repeated tandem arrays. The proteins 

that contain these arrays can act as transcription factors or RNA 

binding proteins. Degenerate primers were designed against highly 

conserved regions of the zinc finger domain, and PCR was 

performed on cDNA prepared from DRG at low annealing 

temperatures to produce a ladder of DNA sequences, representing
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ladder H1 H2 H3 control axotomy

A.

B. Probed 
with control

C. Probed 
with H3

Figure 4: Southern blots showing the results of a typical subtraction. (A) Equal amounts of cDNA 
from control and axotomised DRGs along with cDNA from the first, second and third rounds of 

subtraction are elctrophoresed. cDNA is then blotted onto nitrocellulose membrane and probed 
either with control cDNA or with cDNA generated from three rounds of subtraction. (B) Note that 
when the blot is probed with control cDNA, a strong signal is observed from control and 
axotomised cDNA, indicative of many common sequences in both pools. After one round of 
subtraction, there is also a strong signal. However, after the second and third rounds, the signal 
is dramatically reduced. When the blots are probed with cDNA generated from the third subtraction, 
a strong signal is observed from the axotomised cDNA as well as all the subtracted cDNA pools. 
However, almost no signal is observed in the control cDNA, indicating that the majority of sequences 
in the third subtraction cDNA pool are not found in the control cDNA.



Degenerate PCR looking for novel zinc finger proteins

DNA 
ladder 

(100bp)

^  À
PCR

products

i

Figure 5: Using degenerate primers against highly conserved regions of zinc finger proteins 
a PCR reaction was carried out at a low annealing temperature. A ladder of PCR products 
was generated, representing sequences within the original cDNA pool with one or more zinc finger 
domain.



multiple zinc finger domains (Fig.5). We have then used mPCR 

screening to quickly identify whether any of these molecules are 

regulated by inflammation in the hindpaw or sciatic nerve injury. This 

approach is extremely similar to that adopted by Anderson and 

colleagues to clone novel basic helix-loop-helix proteins (bHLH) in 

sensory neurons during development. With RT-PCR on early 

embryonic DRG tissue and using degenerate primers against highly 

conserved bHLH domains, they have cloned a number of molecules 

that are preferentially expressed in the DRG during embryogenesis 

such as DRG11, a transcription factor expressed by a subpopulation 

of DRG neurons (Saito et al., 1995). This approach has also been 

adopted to look for novel bHLH proteins in developing Schwann cells 

(ZoidI et al., 1997; Stewart et al., 1997). Similarly, a newly 

discovered neurotrophic factor, Perseiphin, by Milbrandt and 

colleagues was cloned from an RT-PCR reaction using degenerate 

primers against a region of homology between GDNF and neurturin 

(Milbrandt et al., 1998).

Conclusions
Molecular biological techniques offer a powerful approach for 

dissecting out the mechanisms that operate after nerve injury as a 

function of alterations in gene expression. Their full potential, 

however, can only be realised if combined with non-molecular 

techniques where the function of identified genes can be studied. It 

must also be noted that post-translational modifications to proteins 

are also key points of functional modulation, for example, acylation, 

glycosylation and phosphorylation are all capable of dramatically 

altering protein function in the absence of any change in gene 

transcription. The capacity to transfect cells with a gene or with 

antisense to the gene integrates cell biology with molecular biology
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and transgenic mutations provide the means to combine systems 

neurobiology with molecular biology. Some of the knockouts, for 

example, those for the neurotrophins and their receptors, have 

provided enormous insight into neurotrophin function during 

development (Snider, 1994). More recently, however, it is becoming 

apparent that many aspects of the knockouts are enormously difficult 

to interpret, for example, the full consequences of gene targeting on 

developmental processes, how much genetic redundancy there is for 

certain cellular functions, and how the genetic background 

contributes to overall phenotype (Mogil, 1998). Understandably, 

there are great expectations for the time when conditional knockout 

technology can be used routinely. Measuring changes in the level of 

a particular species of mRNA in sensory neurons or indeed cloning a 

novel gene expressed in these cells is therefore just the beginning. 

The formidable task ahead is to devise a strategy for identifying the 

functional or pathophysiological role of these genes.
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Chapter 4

HSP27 - Developmental expression and 

upregulation after nerve injury
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Introduction
A major challenge is to determine at the molecular level which 

signals initiate changes in neuronal gene expression after peripheral 

nerve injury, what the changes are and how they alter the properties 

of the cell and the function of the somatosensory system. We have 

used a PCR-based subtractive hybridisation technique (Brady et al. 

1995) to look for those genes up-regulated in adult rat primary 

sensory neurons after peripheral nerve injury. Amongst the first set 

of identified regulated clones was the heat shock protein HSP27 

(Uoshima et al. 1993).

Constitutive expression of HSP27 has been recently described 

in a subset of adult sensory and motor neurons (Plumier et al. 1997). 

HSP27, like other heat shock proteins, is upregulated following 

ischaemic damage to the brain (Higashi et al. 1997; Kato et al.

1994). However, little else is known about the expression or function 

of HSP27 in the nervous system. HSP27 in non-neuronal cells has a 

number of functions in cellular repair, acting as a molecular 

chaperone (Jakob et al. 1993) and altering cell motility by modulating 

actin dynamics (Benndorf et al. 1994; Mairesse et al. 1996; Lavoie et 

al. 1995; Lavoie et al. 1993). In addition, HSP27 promotes cell 

survival by preventing oxidative stress (Mehlen et al. 1996), resisting 

heat shock (Lavoie et al. 1993a) and the toxic effects of anticancer 

chemicals (Huot et al. 1991) metabolic poisons (Wu & Welsh, 1996) 

and cytokines (Mehlen et al. 1995). HSP27 expression has been 

shown, moreover, to suppress apoptosis after TNFa or 

staurosporine treatment in mouse fibrosarcoma cells (Samali & 

Cotter, 1996; Mehlen et al. 1996). Given these diverse but important 

actions of HSP27, we have now examined its regulation in primary 

sensory neurons during development and after injury in detail.



Materials and Methods
Surgical Procedures

Adult male Sprague-Dawley rats (200-300g) were anaesthetised with 

halothane (induction 4%, maintenance 2.0%). Sciatic nerves section 

and dorsal rhizotomies were performed as described in Chapter 2. 

Animals were sacrificed under terminal pentobarbital anesthesia 

(200mg/kg i.p.) after 2 days. Inflammation was produced by 

intraplantar injection of 100pl Complete Freund’s adjuvant (CFA, 

Sigma) into the left hind paw under halothane anaesthesia.

Tissue Preparation

Animals were terminally anaesthetised with 200mg/kg sodium 

pentobarbitone (Duphar) and exsanguinated. The sciatic nerve was 

exposed and followed up to the L4 and L5 DRGs. The dorsal roots 

were then traced up to the dorsal root entry zones of the spinal cord 

and the L4 and L5 spinal segments identified. The L4 and L5 DRGs 

and the L4/L5 lumbar spinal cord were then rapidly removed and 

RNA extracted for northern analysis or the tissue frozen for in situ 

hybridisation (see below). Experimental tissue was taken from the 

side ipsilateral to the injury only, whilst material from naive animals 

was removed from both sides.

For immunohistochemistry, animals were terminally anaesthetised 

and perfused transcardially with 200ml saline followed by 750ml 4% 

paraformaldehyde in 0.1 M phosphate buffer pH 7.4. Dissected tissue 

(DRGs, spinal cord and sciatic nerve proximal to the lesion) was post 

fixed for 6 hours and immersed in 20-30% sucrose in 0.1M 

phosphate buffer (pH 7.4, 4°C) overnight.

For a developmental analysis, time-mated pregnant Sprague-Dawley 

rats were terminally anaesthetised (as above) and litters aged 

embryonic day 15 (n=12), 17 (n=10) and 20 (n=10) removed and all 

L4 and L5 DRGs dissected and used for immediate RNA extraction.
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Postnatal rats aged 0 (n=6), 7 (n=5), 14 (n=5) and 21 (n=4) days 

were terminally anaesthetised, DRGs and dorsal horns dissected 

and RNA extracted.

Subtractive Hybridisation

Genes induced or markedly up-regulated at the mRNA level in the 

rat dorsal root ganglion after sciatic nerve transection were isolated 

by a PCR-based subtractive hybridisation protocol (Brady et al., 

1995). In brief, first strand cDNAs ranging in size from 100-600 

bases representing the distal 3' ends of the original transcripts were 

produced by a limited reverse transcription step with a poly dT 

primer (Brady et al., 1990) using 250ng total rat dorsal root ganglion 

RNA, 80 ng/ml pd(T) 19-24 (Pharmacia) and 12.5 mM of each dNTP 

in reverse transcription buffer (50mM Tris-HCI [pH8.5], 75mM KOI, 

3mM MgCl2 ). After 3 min at 65°C, 200U of Moloney murine 

leukaemia virus reverse transcriptase and 40U ribonuclease inhibitor 

(Promega) were added and the reactions incubated for 15 min at 

37°C. A poly(A) tail was added to the single stranded cDNA using 

terminal transferase and dATP. Each tailed cDNA population was 

amplified by PCR using a single primer, either the NotldT primer 

(naive cDNA) or the Kvd primer (axotomy cDNA) (NotldT, 5'- 

CATCTCGAGCGGCCGC(T)24-3'; Kvd, 5'-GGTAACTAAT 

ACGACTC(T)24-3'). PCR reactions were performed in a total volume

of lOOpI containing; 1|il poly(A) tailed cDNA, lOpI lOx Mg2+ free Tag 

polymerase buffer (Promega), 6pl 25mM MgCl2 , 25mM of each 

dNTP, Ipg primer and 4U Tag polymerase (Promega). PCR 

amplification conditions were; 30 cycles of 30 sec 94°C, 30 sec 

45°C, 30 sec 72°C. A 20 fold excess of naive cDNA (2pg) was 

photobiotinylated (Barr, Emanuel, 1990) and mixed with lOOng of 

unlabelled axotomy cDNA. This mixture was denatured and
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hybridised at 68°C for 72 hours. The cDNA hybrid molecules 

incorporating biotinylated naive cDNA were removed with the 

addition of streptavidin and phenol chloroform extraction. The 

unlabelled cDNA remaining in the aqueous phase was precipitated, 

resuspended in H2 O, and reamplified with the Kvd primer producing

a first round subtraction product (S1). A 100ng sample of S1 cDNA 

was used in a second round of subtractive hybridisation against 2\ig 

of original biotinylated naive cDNA to produce a second round 

subtraction product (S2). A third round of subtraction was performed 

in an identical fashion yielding the final subtraction cDNA product 

(S3).

cDNA library screening

To isolate cDNA clones represented in the third subtraction product 

5x10^ clones from a X Zap II rat DRG cDNA library were plated on 

four 20 X 20cm dishes. The plaques were blotted onto Hybond N+ 

nylon filters (Amersham) and the filters hybridised with the third 

subtraction product. A lOOng sample of S3 cDNA was radiolabelled 

by incorporation of SOpiCi 32P-dCTP using standard cDNA labelling 

conditions, ftadiolabelled cDNA was separated from unincorporated 

nucleotides on Sephadex G50 columns. Filters were prehybridised 

and hybridised in a solution containing 6x SSC, 10% dextran 

sulphate, 0.5% SDS, 5x Denhardt's (lOOx Denhardt's; 0.2% BSA, 

0.2% ficoll, 0.2% PVP) and 100 |ig/ml sheared herring sperm DNA at 

65°C. Filters were washed to a final stringency of 0.2x SSC, 0.1% 

SDS at 65°C. Subtractive Hybridisation and cDNA library screening 

was carried out by Dr. Michael Costigan and Dr. Giles Kendall. 

Northern Blot Analysis

Total cellular RNA was extracted from homogenised tissue samples 

by acid/phenol extraction according to Chomczynski and Sacchi
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(1987). RNA (10|Lig/sample) was separated on 1.5% formaldehyde- 

agarose gels and blotted onto Hybond-N+ nylon membranes using 

standard conditions. Filters were prehybridised and hybridised in a 

solution containing 50% formamide, 5x SSC, 5x Denhardt's, 1% 

SDS and 100 pg/ml sheared herring sperm DNA at 42°C then 

washed in O.lx SSC, 0.1% SDS at 42°C. The HSP27 cDNA probe 

was derived from a BOObp insert in pBluescript KS+ and isolated as 

described above. The HSP56 probe was obtained from a 2kb rabbit 

cDNA (kindly donated by David Latchman). Other probes used were 

derived by PCR from rat cDNA sequences (obtained from Genbank) 

and subsequently cloned into the pGEM-T cloning vector (Promega). 

A 240 bp rat cyclophilin PCR product was produced using primers 

Cycl; 5-TTGGGTCGCGTCTGCTTCGA-3' and Cyc2; 5'- 

GCCAGGACCTGTATGCTTCA-3'. A 295bp rat HSP60 PCR product 

was produced with primers HSP60A; 5- 

GAACTGTGGCAGGAAGCTCAA-3’ and HSP60B; 5'- 

GCGCTACAGTCCTG ATGCTAA-3'. A rat HSP70 PCR product of 

443bp was produced using primers HSP70A; 5’- 

CTAACACGCTGGCTGAGAAA-3' and HSP70B; 5-GGGTGGC 

AGTGCTGAGGTGTT-3'. A 348bp rat HSP90 PCR product was 

produced using primers HSP90A; 5'-

GTCTTCTCTCGCTTCTCACTT-3’ HSP90B; 5'-CTATCTGT 

GGGGGGGATCTT-3’. A 50ng sample of each probe was 

radiolabelled as above.

At least two independent northern blots obtained from RNA extracted 

from a different pool of animals were used for each observation.
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In Situ Hybridisation

All in situ hybridisation was carried out using digoxygenin-labelled 

riboprobes. Plasmid containing an 867bp HSP27 cDNA insert was 

amplified and linearised with Xho I or Xba I restriction enzymes, in 

vitro transcription was performed at 37°C for 2 hours using 1pg 

linearised template, 2|il transcription buffer (Boehringer Mannheim), 

2\i\ digoxygenin labelling mix (Boehringer Mannheim), 2pl RNA 

polymerase (T7 for Xba I (antisense), T3 for Xho I (sense) linearised 

templates; Boehringer Mannheim), made up to 20|il with RNase free 

HgO. The reaction was stopped with 1.5^1 0.2M EDTA and 2.5|il 4M 

LiCI and 75^1 100% ethanol was added. RNA was precipitated and 

redissolved in lOOpil RNase-free HgO.

Fresh frozen 30^im DRG sections were mounted onto slides and air 

dried. Slides were placed in 4% paraformaldehyde in 0.1 M PBS for 

10 minutes, washed in 0.1 M PBS three times, acetylated for 10 

minutes and permeabilised in 1% Triton X-100 (Sigma) for 30 

minutes. They were washed again in 0.1 M PBS three times and 1ml 

pre-hybridisation buffer was put on each slide for 6 hours in a 

humidified chamber. Sections were then incubated in hybridisation 

buffer (probe concentration 250ng/ml) overnight at 60°C and washed 

in decreasing concentrations of SSC (5x-0.1x) for 1 hour in total. 

Sections were washed in 0.1M Tris pH 7.5, 0.15M NaCI for 5 

minutes then prehybridised in blocking buffer for one hour before 

being incubated overnight at 4°C in blocking buffer with anti-DIG 

antibody (Boehringer Mannheim;1:500). They were then washed 

again, before staining was visualised in 75pg/ml NBT, 50^g/ml BCIP, 

0.24mg/ml levamisole (Sigma) in Tris buffer pH 9.5. Reaction was
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stopped with TE, sections were washed in de-ionised HgO and air- 

dried. Slides were coverslipped using Kaiser's mountant.

To estimate in vivo cell numbers and construct histograms free 

of size and shape biases, HSP27 mRNA positive cells were 

identified in a physical disector paradigm (Rover et al., 1993). To do 

this, pairs of sections (look-up and reference) at standard (k) 

intervals through the ganglion beginning at a random number (R) 

between 1 and k were obtained. Those cells seen in each reference 

but not in the look-up sections were identified. The cells were then 

drawn and their areas calculated (pm^). Cell counts were done in 

collaboration with Professor Richard Coggeshall.

The numbers of DRG cells in vitro showing HSP27 

immunoreactivity were estimated in adult (n=3) 2 hours after plating 

the cells by counting every cell in 10 randomly selected areas 

comprising of 30% of each coverslip. Numbers are expressed as 

mean percentage of positively stained cells.

Western Blots

Pooled L4 and L5 DRG from naive and axotomised animals were 

boiled for 10 minutes in 3% SDS then equal volumes of 0.3M 

sucrose added. Ganglia were homogenised in the presence of 

lOOmM phenylmethylsulfonylfluoride (Sigma) using a hand held 

pellet pestle (Fisher) and spun at 14,000 rpm for 10 minutes. Protein 

quantification was performed by the bicinchoninic acid method using 

the BOA Assay kit (Pierce). Protein samples (20pg) were 

electrophoresed on SDS/acrylamide gels and transferred to 

Immobilon-P membrane (0.45pm, Millipore). Membranes were 

blocked with 5% non-fat dried milk, 0.05% Tween 20 in phosphate 

buffered saline (TPBS) for 1 hour at room temperature. Primary 

incubation was performed with anti-HSP27 (goat polyclonal IgG,
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Santa Cruz Biolabs) diluted 1:500 in 3% dried milk, 0.05% TPBS for 

1 hour at room temperature. After washing with 3% dried milk, 0.05% 

TBPS membranes were incubated with peroxidase labeled anti-goat 

IgG (Vector Labs) in 3% dried milk, 0.05% TPBS for 1 hour at room 

temperature. Membranes were washed with 0.05% TPBS and 1x 

PBS and visualized on Hyper-Film ECL (Amersham) using the 

Renaissance Chemiluminescent Detection Assay (New England 

Nuclear). The Western blot was done with Dr. Jason Campagna.

Immunocytochemistry

50pm sections were washed in 0.1 M PBS and then in 0.8% bovine 

serum albumin (BSA), 0.25% Triton X-100 (Sigma) and 5% normal 

goat serum (NGS) in 0.1 M PBS for one hour. After three 0.1 M PBS 

washes, sections were incubated in goat anti-HSP27 antibody 

(1:500-1:2000; Santa Cruz Biolabs) in 0.8% BSA, 0.25% Triton X- 

100 and 1% NGS in 0.1 M PBS at 4°C for 48 hours. After further 

washes in 0.1 M PBS, sections were left in 2° antibody (rabbit anti

goat, 1:200 dilution) for 2 hours at room temperature, then washed 3 

times with PBS and visualised with the indirect HRP-DAB reaction 

using a standard Vectastain kit (Vector, Burlingame, CA). Sections 

were then washed in HgO, mounted and coverslipped using DPX. 

DRG neuron culture

Animals were terminally anaesthetised and exsanguinated as 

described above. Lumbar DRGs were removed aseptically and 

digested in 0.125% collagenase (Boehringer Manheim) for 3h. Cells 

were then mechanically dissociated using a flame polished Pasteur 

pipette. The cell suspension was spun at 1000 rpm through 15% 

BSA cushion (Sigma), the cell pellet was resuspended in FI 2 growth 

medium (Hu-Tsai et al., 1994) with 4% Ultroser-G (Gibco). Cells 

were plated onto polyornithine-laminin coated 22mm glass
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coverslips, 10"̂  cells per coverslip, and grown in 35mm dishes at 

36.5°C and 5% carbon dioxide.
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Results
Characterisation of HSP27 as a nerve injury-reguiated gene

A clone isolated by subtractive hybridisation of axotomised minus 

naive DRG cDNA and subsequent DRG cDNA library screening, was 

identified by sequencing as rat HSP27 (Uoshima et al., 1993). To 

confirm that HSP27 mRNA levels respond to peripheral axotomy, 

experiments were performed which showed that sciatic nerve section 

substantially elevated HSP27 mRNA in L4 and L5 dorsal root ganglia 

ipsilateral to the injury. The elevation was marked at 24 hours, with a 

9 fold increase at 48 hours post-lesion and this was maintained 1 

week post-injury (Fig.lA). In contrast to nerve section, inflammation 

induced by intraplantar injection of complete Freund’s adjuvant 

(CFA) into the hind paw (Woolf et al., 1996), produced a much 

smaller increase in HSP27 mRNA levels at 1 day (<2 fold) (Fig.lA) 

that returned to basal levels by 5 days post inflammation. HSP27 

mRNA levels in the dorsal horn remained unchanged 2 days and 1 

week after sciatic nerve section (Fig.lA) and following CFA injection. 

An up-regulation of HSP27 mRNA was also detected by Northern 

blotting in the ipsilateral ventral quadrant of the spinal cord, 2 days 

post sciatic nerve injury that remained up-regulated at 7 days 

(Fig.lA).

Other Heat Shock Proteins are not upregulated after nerve 

injury

The major body of work studying the role of Heat Shock Proteins 

(HSPs) relates to their protective effects that manifest as a result of 

preconditioning heat or ischaemic insults to the brain and 

myocardium. Moreover, many HSPs are protective in these 

paradigms, ranging from the low molecular weight members such as 

HSP27 up to high molecular weight HSP70 and 90. In particular, 

HSP27 and HSP70 are often shown to act together, in part related to
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their similar mechanisms of transcriptional regulation through the 

Heat Shock Response Element (HRE; Wagstaff et al., 1998). For 

this reason, we were interested in determining whether HSP27 is 

one of many HSPs upregulated in the DRG after nerve injury. 

Expression of mRNAs for HSP56, HSP60, HSP70 and HSP90 were 

also analyzed, but none were regulated within the DRG or dorsal 

horn at 1, 2 or 7 days post sciatic cut or 1 day following CFA 

injection (Fig.IB).

Dorsal Rhizotomy does not upregulate HSP27 mRNA

Primary sensory neurons possess a peripheral and a central axon. 

Injury to the central axon generally fails to induce the same pattern 

of changes in the phenotype of sensory neurons that a peripheral 

axotomy does (Chong et al., 1994) nor does it elicit as vigorous a 

regenerative response (Chong et al., 1996). Section of the L4 and 5 

dorsal roots did not result in an upregulation of HSP27 mRNA levels 

in the respective ganglia 2 days after injury, in contrast to the 

substantial increase seen at the same period following peripheral 

axotomy (Fig. 1C).

HSP27 expression is developmentally regulated

Many nerve injury induced events are a recapitulation of events that 

occur during development, for example, the increased expression of 

GAP-43 (Skene, 1989) or the growth of A-fibres into lamina II of the 

spinal cord (Fitzgerald et al. 1994). At embryonic day El 5 HSP27 

mRNA expression was not detectable within the DRG. At birth, 

HSP27 mRNA expression was just detectable but by postnatal day 

(P) 21, levels rose to an amount approaching that seen in the adult 

DRG (Fig.lC).
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Figure 1- Northern blots for HSP27 in sensory neurons after 

nerve injury and during development. (A) L5 dorsal root ganglia 

(DRG), ventral horn (VH) and dorsal horn (DH). The DRG lanes 

contain mRNA (pooled from four animals) from naive unoperated 

animals (N), animals 1 day following CFA injection (1d CFA) and 

animals 1, 2 and 7 days post sciatic axotomy (Ax). Ventral horn 

(VH) lanes contain mRNA from L4 and L5 ventral horn segments of 

the spinal cord (pooled from three animals) from naive unoperated 

animals (N), and animals 2 and 7 days post sciatic cut sciatic 

axotomy (Ax). Dorsal horn (DH) lanes contain mRNA from L4 and 

L5 dorsal horn segments of the spinal cord (pooled from four 

animals) from naive unoperated animals (N), and animals 2 days 

post sciatic axotomy (2d Ax). Note the absence of HSP27 mRNA 

upregulation within the DH two days post sciatic nerve axotomy. (B) 

Northern blots for HSP56, HSP60, HSP70, HSP90 and cyclophilin 

mRNA in the L4 and L5 dorsal root ganglia (pooled from four 

animals). Note that, in contrast to HSP27 regulation, none of these 

HSP mRNAs are upregulated within the DRG two days after sciatic 

nerve axotomy. (C) Northern blots during development show that at 

embryonic day (E) 15, HSP27 is undetectable in the DRG. HSP27 

mRNA is upregulated over the next 3 post-natal weeks to reach 

adult levels. In adult animals, combined L4 and L5 dorsal rhizotomy 

(Rh) did not result in the upregulation of HSP27 mRNA in the DRG.
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HSP27 mRNA is constitutively expressed by medium-sized DRG 

neurons and upregulated by the majority of injured DRG 

neurons after axotomy

In situ hybridisation for HSP27 mRNA in L4 and L5 DRGs from naive 

animals showed low levels of constitutive expression, predominantly 

in medium and large neurons (Fig.2A). Sense controls revealed no 

staining (Fig.2B). HSP27 mRNA expression in the DRG 48 hours 

after sciatic nerve section increased both in terms of the number of 

cells stained and the intensity of stain within each positive cell 

(Fig.2C). This pattern of staining was maintained at 7 days (Fig.2D). 

At 48 hours, not only was the staining much darker in the 

medium/large-sized cells, but a population of small cells that in naive 

animals showed undetectable levels of HSP27 mRNA (Fig.2E) were 

positive after axotomy (Fig.2F).

Quantitative stereological analysis found 2867 ±691 HSP27 

mRNA positive neurons in the L4 DRG in naive animal (n=3, SE), the 

majority of which ranged between 400-2500pm^ in profile area. Two 

days after sciatic nerve section, approximately two and a half times 

the number of cells stained for HSP27 mRNA compared to normal 

(7012 ± 725 (n=3, SE), p<0.05), the majority of these having profile 

areas ranging between 400 and ISOOpm .̂ The size frequency 

histogram in Figure 3 shows that a new subpopulation of HSP27 

mRNA positive cells with smaller profile areas appeared after nerve 

injury and that the proportion of large DRG cells positive for HSP27 

mRNA increased. The size frequency distribution of the labelled cells 

after axotomy in Figure 3 is very similar to that produced after 

labelling DRG cells with axons in the sciatic nerve (Woolf et al.,

1995), indicating that axotomised DRG cells representative of the 

entire population of sciatic DRG neurons, based on size, up-regulate 

HSP27. Since the sciatic nerve only represents approximately 60-
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Figure 2- HSP27 in situ hybridisation in the DRG after nerve injury.

Photomicrographs showing HSP27 mRNA expression in the L4 DRG of 

naive animals (A). Note faint staining in cells across the DRG, many of 

which are medium/large sized. (B) A sense strand HSP27-probed DRG 

section (control). (C) 48 hours after sciatic nerve section, intensity of 

HSP27 mRNA staining is dramatically increased, as is the number of 

cells stained. (D) 1 week after axotomy, staining is still increased. High 

power photomicrographs of HSP27 staining in naive ganglia (E) and 48 

hours after axotomy (F) show clearly the increase in the intensity of 

stain. Along with the medium/large sized DRG neurons that constitutively 

express HSP27 (arrowheads), axotomy induces expression in small 

DRG neurons (arrows).Scale bars = lOOjum.
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70% of the L4 DRG (Himes & Tessler, 1989; Woolf et al., 1995), the 

unlabelled cells are likely to be predominantly if not exclusively non- 

axotomised neurons.

HSP27 Protein Levels are also upregulated after peripheral 

axotomy

Western blot analysis of naive and ipsilateral L4 and L5 DRG 

following axotomy showed a marked increase in HSP27 protein 

levels, with HSP27 protein increasing over a similar time scale to 

that of the mRNA (Fig.4A). Only one band could be detected, 

running at around 27kD, indicating good specificity of the polyclonal 

antibody (Santa Cruz) for HSP27.

Immunohistochemical analyses of the L4 and L5 DRGs for HSP27 

immunoreactivity (HSP27-ir) revealed a pattern of staining similar to 

that for in situ hybridisation. Cells constitutively positive for HSP27-ir 

in DRGs from naive animals were predominantly medium-sized, with 

some large cell bodies immunostained (Fig.4B). After nerve injury, 

HSP27-ir was seen in small, medium and large sized cells (Fig.4C). 

HSP27-IR could also be seen after axotomy in axons leaving the cell 

bodies of DRG neurons (Fig.4C). Cellular staining was most intense 

at 7 days following the sciatic lesion but was maintained at high 

levels at 2 weeks.

HSP27 is transported to the central and peripheral terminals of 

injured sensory neurons

The dorsal horn of the spinal cord from naive animals revealed light 

HSP27 staining of fibers terminating in laminae I, III and IV, an area 

devoted to A-fiber terminals, but not in lamina II, an area innervated 

C-fiber terminals (Fig.SA). This data correlates well with observations 

of medium but not small DRG neurons expressing HSP27 mRNA 

and protein in the DRG. One week after peripheral
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Figure 3: Size frequency histogram for HSP27 mRNA expressing 

neurons in the DRG before and after axotomy. Note that neurons that 

express HSP27 mRNA in naive animals are medium to large in size. 

After nerve injury, small DRG neurons also begin to express HSP27.
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axotomy, dense staining was observed in laminae I and II of the 

dorsal horn (Fig.5B). After 2 weeks, intensely labelled fibres could be 

seen in lamina III as well as in the superficial laminae and in addition 

many primary afferent axons that ascend in the dorsal columns were 

now more positive (Fig.5C). Two months after peripheral nerve 

section and ligation, heavy staining of HSP27 in primary afferent 

central axons in laminae I, II, III and IV and in the dorsal columns 

was observed (Fig.5D).

When the sciatic nerve was stained in naive animals, only 

faintly stained HSP27 positive fibers were observed (Fig.5E, inset). 

One week after nerve section and ligation, HSP27-IR accumulated 

proximal to the ligature (Fig. 5E), showing that it is anterogradely 

transported along peripheral as well as central axons.

In animals subjected to sciatic crush lesions, where regeneration 

with reinnervation of peripheral targets occurs between 2 and 6 

weeks, the pattern of increased HSP27 labeling in the dorsal horn 

was similar to that found in animals where the nerve was cut and 

ligated. At 8 weeks post-lesion an increased level of staining was still 

detectable on the side of the spinal cord ipsilateral to the nerve crush 

although this was less than that seen in animals with ligation injuries 

at that this time point.

The change in HSP27-ir was not restricted to sensory neurons. 

Staining within the sciatic nerve motor pool in the ventral horn of the 

L4 and 5 segments also increased 1 week after sciatic nerve section 

(Fig.5F) and this was still observable at two months.

HSP27 is expressed by all adult sensory neurons in vitro 

When freshly dissociated adult DRGs were stained 1h. after plating, 

only a subpopulation of the neurons were HSP27 immunoreactive 

(16.4 ± 1.6%, n=735, Fig.6A), a finding consistent with the levels of 

constitutive expression detected in naive animals in vivo (Fig.6Aj.
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Figure 4: HSP27 protein is upregulated in the DRG following 

axotomy. (A) A western blot for HSP27 protein shows that HSP27 is 

significantly upregulated 2 (2d Ax) and 7 (7d Ax) after axotomy in the 

DRG. Lanes contain 20(g pooled L4 and L5 DRG protein. Note the anti- 

HSP27 antibody recognises a single band of approximately 28kDa. (B) 

Immunocytochemistry in the DRG using the same antibody as for (A) 

shows that HSP27 is constitutively expressed b medium/large sized 

neurons in naive animals. (C) Consistent with changes seen at the 

mRNA level, many small cells are positive for HSP27 after axotomy 

(arrows). Note that HSP27 staining is also observed in the stem axons 

leaving DRG cell bodies (small arrow). Scale bar= 100pm.
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Figure 5: HSP27 immunoreactivity in the spinai cord after sciatic 

nerve injury. Photomicrographs showing HSP27 immunoreactivity in the 

dorsal horn of the L5 segment of spinal cord. In the naive animal (A), 

fibres are observed in laminae I, III and IV, where A-fibre central axon 

collaterals are known to terminate. Staining is also observed in the 

dorsal columns. Lamina II is devoid of staining (arrow). (B) 1 week after 

sciatic nerve section, there is increased HSP27 staining predominantly in 

the superficial laminae (I and II) of the dorsal horn (arrow). (C) 2 weeks 

after axotomy, increased staining is observed in laminae 11 I/I V as well as 

in the superficial laminae. Note that the dorsal columns are also densely 

stained. (D) 2 months later, HSP27 immunostaining remains in all 

laminae of the dorsal horn. The dorsal columns ipsilaterally remain 

heavily stained (compared to contralateral). Scale bars = 2 0 0 ^ . (E) 

Photomicrograph of 5 0 ^  section of sciatic nerve proximal to a ligature 1 

week previously. Note that HSP27 has accumulated proximal to the 

ligature, showing that the protein is anterogradely transported down 

axons to the periphery; E Inset: HSP27 staining in the normal nerve. 

Scale bar = 1mm. (F) HSP27 staining in a spinal cord section 1 week 

after sciatic nerve section. Along with increased staining in the superficial 

laminae of the dorsal horn, HSP27 is also up-regulated in motor neuron 

cell bodies of the ventral horn (arrows). Scale bar = 200|Lim.
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However, when the cells were stained after 1 day in culture, all DRG 

neurons, large, medium and small were HSP27-ir (>1000 cells 

surveyed) (Fig.OB). In those cells with neurites, HSP27 staining was 

seen along the entire length of the cell including the growth cone 

(Fig.eC & D).
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Figure 6: HSP27 immunoreactivity in adult DRG neurons in vitro. (A)

1 hour after plating the cells. Despite some cells being intensely positive 

(arrowheads) other neurons are almost completely negative (arrows). (B) 

After 24 hours, all dissociated neurons are positively stained for HSP27 

(arrow heads). Note that staining is observed down the entire length of 

the neurites (white arrows and (C)). Scale bars = 100pm. (D) HSP27 

staining was also observed in growth cones. Scale bar = 30pm.
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Discussion 

The axon response

Peripheral nerve injury initiates a cascade of early, intermediate and 

late alterations in injured sensory and motor neurons. Early changes 

are due to ion fluxes at the injured membrane, which initiate an injury 

discharge (Wall & Gutnick, 1974). Later changes are the 

consequence of retrograde signals transported to the cell body 

(DiStefano et al. 1992). These signals, which result from both the 

loss of constitutive target-derived trophic factors and the introduction 

of novel signals at the site of injury, act to alter expression of a broad 

range of genes as part of the chromatolytic reaction or axon 

response. The axon response encompasses the immediate stressor 

effect of the injury, including altered metabolic demands, the 

induction of a regenerative response, and alterations in the 

functional performance of the injured neurons consequent on 

changes in the levels of transmitters, neuromodulators, ion channels 

and receptors (Fitzgerald et al. 1985; Devor et al. 1993; Castro- 

Lopes et al. 1993; Verge et al. 1995).

HSP27

We now report that HSP27, a heat shock protein, is up-regulated by 

peripheral axotomy in the adult rat. The heat shock proteins in 

general serve to protect cells against damage induced by 

physiological stress, including heat shock, oxidative stress and 

noxious chemicals. Their expression is strongly correlated with 

increased survival to such external challenges (Lavoie et al. 1993; 

Huot et al. 1991; Wu & Welsh, 1996). Many HSPs are also 

constitutively expressed in normal cells where they may play a role 

in cell growth, maintenance and development (Marcuccilli & Miller,

1994). However, very little data is available on MSP expression in 

neurons.
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HSP27 is a low molecular weight HSR highly homologous with the a- 

crystallins (de Jong et al. 1997) and, like other HSPs, functions as a 

molecular chaperone, conserving the conformation of proteins 

(Jakob et al. 1993). It has, in addition, been shown to associate 

specifically with F-actin in a phosphorylation dependent manner 

(Lavoie et al. 1995), which is postulated to affect cell motility and 

shape (Lavoie et al. 1993; Mairesse et al. 1996). Recently HSP27 

has been shown to act as a specific cellular inhibitor of apoptosis in 

mouse fibrosarcoma (Mehlen et al. 1996) and monoblastoid cells 

(Samali & Cotter, 1996). HSP27 also confers resistance to heat 

shock by stabilising the cytoskeleton (Lavoie et al. 1995) and 

enhances survival in response to TNFa-induced cell death by 

increasing glutathione levels (Mehlen et al. 1996). Phosphorylation 

of the protein by specific kinases and dephosphorylation by 

phosphatases play a key role in its function (Lavoie et al. 1995) and 

these can be triggered by a number of factors including TNFa, IL-1, 

bradykinin and ATP (Saklatvala et al. 1991). Survival function may 

also be dependent upon the HSP27 phosphorylation state; a recent 

study has shown that it is the unphosphorylated state which is 

protective against TNFa in NIH3T3 cells (Mehlen et al. 1997).

A constitutive expression of HSP27 in the nervous system has 

been demonstrated recently, using immunohistochemistry and 

Western blots, primarily in cranial and spinal motor nuclei as well as 

in primary sensory neurons and their central processes (Plumier et 

al. 1997). Both ischaemic and kainic acid lesions induce HSP27, but 

almost entirely in glia (Kato et al. 1994; Plumier et al. 1996).

HSP27 expression in DRG neurons

HSP27 was the only member of the MSP family tested (HSP56, 

HSP60, HSP70 and HSP90) that was up-regulated in DRG neurons 

by peripheral axotomy. This indicates that this effect was not a
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simple result of an overall increase in transcription of stress-related 

proteins in response to neuronal injury. Also, the data implies that 

whatever signal transduction cascade was responsible for the 

upregulation of HSP27, it is unlikely to include activation heat shock 

elements common to the promotor region of both HSP27 and other 

heat shock proteins such as HSP70. The change in HSP27 mRNA 

levels may of course be due to changes in mRNA stability. Further 

indications of the specificity of HSP27 regulation were the failure of 

central axotomy, produced by sectioning the dorsal root, to up- 

regulate HSP27, and the minimal effects of peripheral inflammation, 

which has powerful effects on DRG gene expression (Leslie et al.

1995). Central axotomy differs from peripheral axotomy in that it 

disrupts contact with the central target while leaving growth factor 

support from the periphery intact. Inflammation, although changing 

the chemical environment of the peripheral terminal, also leaves 

contact between the peripheral axon and its target intact implying 

that there is something specific to the disruption of this contact which 

results in the up-regulation of HSP27. A selective response to injury 

of the peripheral and not the central axon also occurs for the growth 

associated gene, GAP-43 (Chong et al. 1994). HSP27 expression is, 

however, different from that of GAP-43 in two major ways. Firstly, 

constitutive expression of GAP-43 is located within small DRG 

neurons (Verge et al. 1990; Woolf et al. 1990), while it is the 

medium/large-sized DRG cells which constitutively express HSP27. 

Secondly, HSP27 levels are low during the active growth state of 

development with a progressive up-regulation of HSP27 over the 

early postnatal period, which is different from the developmental 

regulation of growth associated genes, which are present at high 

levels during the active growth state in early development and then
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down-regulated on the establishment of contact with targets (Skene, 

1989).

It is of considerable interest to establish the phosphorylation 

state of HSP27 in this situation, given the alterations in function that 

have been implicated with phosphorylation/dephosphorylation of this 

protein (Lavoie et al. 1995, Mehlen et al. 1997). We are currently 

investigating the phosphorylation state of HSP27 before and after 

nerve injury.

HSP27 and regeneration of injured neurons

Based on the actions of HSP27 in non-neuronal cells, an increased 

expression of the molecule may contribute to a number of different 

functions in injured sensory and motor neurons. One role may be an 

involvement of HSP27 in the regeneration that follows peripheral 

axotomy, consistent with its transport along axons and into growth 

cones and its postulated involvement in actin filament dynamics. 

HSP27 has been proposed to act as an actin filament capping 

protein, potentially either preventing or permitting actin filament 

synthesis depending on its phosphorylation state (Lavoie et al.

1995). Against a general role for HSP27 in neurite outgrowth, axon 

guidance or the establishment of synaptic connections, however, is 

our finding that HSP27 is not present when axons are actively 

growing in early development. There is a possibility, though, that 

regeneration in the adult and growth in development occur by distinct 

processes.

HSP27 and cell death in injured neurons

Numerous studies have linked HSP27 up-regulation with increased 

cell survival. Overexpression of HSP27, for example, correlates with 

resistance to the cytotoxicity produced by anticancer chemicals or 

metabolic poisons including cadmium chloride, mercuric chloride, or 

sodium arsenite (Huot et al. 1991; Wu & Welsh, 1996). In human
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breast cancer cell lines and neuroblastoma cells HSP27 expression 

correlates with growth and drug resistance, and interestingly, the 

presence of HSP27 in human breast cancers is associated with a 

poor prognosis (Geisler et al., 1998). Recent studies have also 

shown that overexpression of HSP27 in murine fibrosarcoma cells 

suppresses the apoptotic response to Fas/APO-1, staurosporine 

(Mehlen et al. 1996), actinomycin-D or camptothecin (Samali & 

Cotter, 1996). Heat shock sufficient to induce HSP27 and HSP70 

also protects non-neuronal cells from apoptosis (Samali & Cotter,

1996).

The majority of neonatal motor and sensory neurons die a 

week after peripheral nerve injury (Houenou et al. 1994). This may 

represent an absolute requirement of some of these neurons for 

target-derived growth factors, the failure of the upregulation of 

growth factors in the injured neurons providing autocrine or paracrine 

support, or an inability of the immature neurons to deal with the 

stress response associated with the injury, such as the generation of 

free radicals (Sendtner et al. 1990; Yip et al. 1984; Himes & Tessler, 

1989). In the adult, however, the majority of sensory and motor 

neurons survive peripheral nerve injury. Although several studies in 

the past have estimated an early small loss of sensory neurons after 

peripheral nerve injury, a recent re-examination of this issue failed to 

find evidence of cell loss until 16 weeks post axotomy (Coggeshall et 

al. 1997). One well characterised apoptosis suppressor, Bcl-2, is not 

upregulated following sciatic nerve axotomy in the adult (Gillardon et 

al. 1994). It is possible that increased HSP27 expression following 

peripheral axotomy in the adult contributes to the prevention of cell 

death. Cell death may not be prevented in the neonate because the 

levels at birth are low or are not upregulated to the same extent. 

Conclusion
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We have found that HSP27, after an appearance late in 

development, is constitutively expressed at low levels in the adult 

dorsal root ganglion in medium/large-sized primary sensory neurons. 

After damage to the peripheral but not the central axon of adult 

primary sensory neurons, HSP27 mRNA and protein is up-regulated 

in most, if not all, the axotomised neurons and HSP27 protein is 

distributed to the central terminals of the injured neurons in the 

spinal cord. Given its actions in a variety of non-neuronal cells, this 

pattern of expression is compatible with roles for HSP27 both as a 

promoter of the survival of injured neurons and as a contributor to 

axonal regeneration.
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Chapter 5

HSP27 is an intrinsic sensory neuron survival factor
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Introduction

Sensory neurons undergo substantial programmed cell death during 

early embryonic development due to competition for a limited supply 

of growth factors (Oppenheim, 1991). These neurons continue to be 

highly susceptible to cell death in the early post-natal period. 

Peripheral axotomy in neonatal rats results in the death of the majority 

of injured sensory neurons within one week (Himes & Tessler, 1989). 

In contrast, in the adult animal, while some apoptotic profiles can be 

seen in dorsal root ganglia one week after nerve injury (Groves et al.

1997), no significant changes in total sensory neuron number are 

seen for four months after nerve injury, and then only a subset of the 

unmyelinated fibre population is lost (Coggeshall et al. 1997; Swett et 

al. 1995).

Based on several lines of evidence, this differential susceptibility 

to injury has been attributed to a developmentally regulated 

dependence on target-derived growth factors for survival. In vivo, 

manipulation of the availability of growth factors can affect sensory 

neuronal survival in embryonic and neonatal animals: survival of 

injured sensory neurons in the neonatal dorsal root ganglion is 

dramatically enhanced when exogenous growth factors such as nerve 

growth factor (NGF) or Ciliary Neurotrophic factor (CNTF) are 

supplied to the proximal tip of the injured nerve (Yip et al. 1984) or 

systemically (Lo et al., 1995). Conversely, when available NGF levels 

are decreased in the developing embryo by autoimmunisation of 

mothers to NGF, there is a dramatic reduction in survival of sensory 

neurons (Johnson et al., 1980). In adult animals, similar alterations in 

NGF availability affect DRG sensory neuron phenotype (Lindsay & 

Harmar, 1989), peripheral terminal differentiation (Diamond et al., 

1992) and activation threshold (Bennett et al., 1998) but not survival
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(Fitzgerald et al., 1985, Verge et al., 1995; Gorin & Johnson, 1980). 

These findings are paralleled in vitro : cultured DRG neurons from 

embryonic and neonatal animals require exogenous growth factors for 

survival while those from adult animals do not (Schwartz et al., 1982; 

Lindsay, 1988; Eichler et al. 1989). Susceptibility of sensory neurons 

to other insults is also developmentally regulated in a similar manner; 

ionising radiation (Tong et al., 1997), capsaicin (Winter et al., 1988) 

and sindbis virus infection (Griffin et al., 1994) can all induce cell 

death in neonatal DRG neurons, while adult DRG neurons are 

resistant to similar doses. Since these stimuli probably induce cell 

death through pathways distinct from those induced by trophic factor 

withdrawal, it seems likely that there is developmental, as well as 

stimulus-induced, regulation of genes which may promote or protect 

against cell death from a number of diverse stimuli.

Following peripheral nerve injury in adult rats, injured sensory 

neurons dramatically upregulate the small heat shock protein HSP27 

(Costigan et al. 1998). HSP27 is constitutively expressed at low levels 

by a subpopulation of adult sensory neurons and is anterogradely 

transported to the periphery and to the spinal cord where it is found in 

A-fibre central terminals innervating laminae I, III and IV of the dorsal 

horn (Plumier et al. 1997; Costigan et al. 1998). After axotomy, 

virtually all injured sensory neurons express and transport high levels 

of HSP27. The expression of HSP27 is developmentally regulated; 

HSP27 mRNA is first expressed around embryonic day (E) 15, is 

somewhat higher at birth and increases gradually postnatally, 

reaching adult levels by postnatal day (P) 21 (Costigan et al., 1998). 

The function of HSP27 in sensory neurons is completely unknown.

HSP27 is a member of a family of small heat shock proteins 

induced by heat shock and other stressors. These proteins appear to 

support cell recovery from adverse conditions by mechanisms which
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are not well-defined. HSP27 can protect a variety of non-neuronal cell 

types in vitro from physiological insults such as ischemia, heat shock, 

oxidative stress and noxious chemicals (Lavoie et al. 1993; Huot et al. 

1991; Wu & Welsh, 1996, Martin et al., 1997). HSP27 expression can 

protect against apoptotic cell death as well as necrotic cell death; 

overexpression of HSP27 in murine fibrosarcoma cells dramatically 

reduces apoptosis following exposure to Fas/Apo-1, staurosporine 

(Mehlen et al. 1996), actinomycin-D or camptothecin (Samali & Cotter,

1996). In light of the role of HSP27 in preventing cell death in non

neuronal systems and its developmental and injury-induced 

regulation, we have investigated whether HSP27 functions as a 

survival factor in sensory neurons.
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Methods

Sprague Dawley rats (Charles River Labs) were used for all 

procedures. For newborn animals, the left sciatic nerve was exposed 

at the mid thigh level under cold anaesthesia, ligated with 6.0 suture 

cotton and transected. Immunocytochemistry was done as in 

chapter 4, except fresh frozen sections were cut, mounted on slides 

(Silane coated. Sigma) and fixed for 30 minutes at 4°C before pre

incubating in blocking buffer. Cell counting using the physical 

disector were all done as described in Chapter 4.

Tissue Culture

For neonatal primary cultures, animals were decapitated and ganglia 

were rapidly removed under aseptic conditions, placed in HBSS 

(Gibco), digested in 0.125% collagenase (Boehringer Mannheim) in 

DMEM for 20 minutes then 10 minutes in 0.25% trypsin (Sigma), all 

at 37°C. Ganglia were washed in DMEM, briefly centrifuged at 

lOOOrpm and resuspended in FI 2 with 0.5% FBS (Gibco), N2 

supplement (Gibco), lOOng/ml 2.5S NGF (Promega). Ganglia were 

then triturated through a flame polished pipette approximately 10 

times and the suspension was centrifuged through a 15% BSA 

cushion (fatty acid free. Sigma) in FI 2. The pellet was resuspended 

in F12 and 10% FBS and plated onto glass coverslips for 1.5 hours 

at 37°C. This step dramatically reduces the number of non-neuronal 

cells. Cells were then recovered from the coverslips by gently 

pipetting them with F I2 medium (0.5% serum), centrifuged at 

lOOOrpm, resuspended in F I2 in low serum and plated on 

polyornithine (500pg/ml, Sigma) and laminin-coated (5mg/ml, 

Sigma) glass coverslips. Cells were grown at 37°C in 5% COg and 

fed every 24 hours.
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Adenovirus constructions have been previously described (Martin et 

al., 1997). For infection, virus was added to PO DRG cultures 15 

hours after plating at an m.o.i. of 100. NGF was withdrawn 36 to 48 

hours later. Immunocytochemistry was done with a monoclonal 

antibody specific for human HSP27 (Stressgen), anti-R- 

galactosidase monoclonal (Promega) and anti-PGP9.5 polyclonal 

(Ultraclone). The viral infection experiments were done by Dr. Susan 

Lewis.

Immunostaining

Immunostaining was done using a HSP27 goat polyclonal antibody 

(Santa Cruz) and a PGP9.5 antibody (Ultraclone). For tissue section 

staining, fresh frozen tissue was cut at 30-40pm, hairdried for 2 

minutes then fixed in 4% paraformaldehyde in 0.1 M PBS pH 7.4. 

Hoechst 33342 (Boehringer) staining was done by incubating the 

cells in a 1:1000 dilution in PBS for 10 minutes then washing in PBS 

before coverslipping and viewing on an epifluorescent microscope.

For Fluorogold and HSP27 double labelling experiments, 3pl 5% 

Fluorogold (Fluorochrome Inc.) was injected into the nerve. 

Immunocytochemistry and cell counting using the physical disector 

were all done as described in Chapter 4.

In Situ Hybridisation for full length trkB was carried out using a riboprobe 

corresponding to a 602bp fragment of the full-length rat TrkB cDNA 

(Middlemas et al., 1991). Almost all of this probe codes for the kinase 

region of the transcript and lacks any homology to the truncated T1 and T2 

isoforms (positions 2154 to 2756 of the full length sequence). The 

riboprobes (250ng/ml) were hybridised at 65°C and washed for 1 hour at 

O.IxSSC at the same temperature.
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Results

HSP27 is constltutively expressed by a subpopulation of sensory 

neurons throughout postnatal development

HSP27 mRNA is first detected by Northern blotting around E17 in the 

rat DRG and its levels increase over the next 4 weeks to those 

observed in adults (Costigan et al. 1998). The expression of HSP27 

protein in the DRG of rats at postnatal days 2, 7 and 21 was studied. 

At P2, HSP27 is detectable in 1005 ± 211 DRG neurons, increasing to 

1628 ± 196 at P7, 2351 ± 301 at P21 and 2867 ± 691 by adulthood 

(Fig.1). Thus, the number of cells that constltutively express HSP27 

increases postnatally from 5-10% at birth to 20% in adults (the 

postnatal L4 DRG contains around 15000 neurons - see later).

HSP27 Is upregulated after neonatal nerve Injury but only by 

those cells that express It constltutively

Peripheral nerve section at PO induces a substantial increase in 

HSP27 protein within 2 days (Fig.1 E). However, unlike nerve injury in 

adult animals when the majority if not all injured neurons upregulate 

HSP27 (Costigan et al. 1998), stereological analysis reveals that the 

total number of cells that express HSP27 is not significantly different 

from that observed in naive animals at this age (1005 ±211 in naives, 

1246 ±130 after axotomy; p>0.05).

Neurons that survive neonatal nerve Injury express HSP27

Using a stereological approach, DRG neuronal loss after PO axotomy 

was assessed, counting both total numbers of neurons and numbers 

of HSP27-positive neurons 2 and 7 days later. At P2, the L4 DRG 

contains 14703 ± 435 neurons; following nerve section at PO, there is 

a reduction to 10879 ±245 neurons at P2 and 6571 ± 598 neurons
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Figure 1: Post-natal expression of HSP27 protein in the DRG and 

expression after sciatic nerve injury. At P2 (A), HSP27 

immunoreactivity is detectable in a subpopulation of neurons. HSP27 

expression increases at P7 (B) and at P21 (C) and by adulthood, 

approximately 20% of DRG neurons express HSP27 (D). 2 days after 

nerve injury at PO, HSP27 levels increase (E), however, the number of 

cells that are positive does not increase (see text). This indicates that it 

is those cells that express HSP27 constltutively that upregulate it after 

injury, but HSP27 is not expressed by any additional injured neurons. 

Scale bars = 50^m.
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Figure 2: Neurons that survive neonatal nerve injury express HSP27.

(A) After nerve injury at PO, over 50% of neurons in the L4 DRG die by 

P7. However, the number of neurons expressing HSP27 does not 

decrease. (B,C) Fluorogold injections into the injured sciatic nerve reveal 

that 1 week after nerve injury, over 80% of surviving neurons now express 

HSP27 (arrows). Scale bar = 50pm.
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at P7. These numbers demonstrate a greater than 50% neuronal loss 

from the L4 DRG a week following axotomy. In contrast, when HSP27 

positive cells are counted after axotomy, there is no reduction at P2, 

P7 or P21 (1247±180,1405±146.1460±420 respectively; Flg.2A)

Not all L4 DRG neurons have axons in the sciatic nerve, 

therefore, neurons projecting through the sciatic nerve were identified 

by injecting Fluorogold immediately after axotomy. Co-localisation of 

Fluorogold and HSP27 immunoreactivity 7 days post-axotomy reveals 

that 81.2 ± 0.9% (n=4) of Fluorogold positive neurons express HSP27 

(Fig.2). Therefore, the majority of surviving axotomised neurons 

express HSP27.

HSP27 expression was also examined in motorneurons after 

neonatal nerve injury. HSP27 is undetectable in motorneurons at PO 

using immunocytochemistry but at P7 can be detected in a small 

number of neurons within the ventral horn. We looked specifically at 

HSP27 expression in the motorneurons which project peripherally via 

the sciatic nerve (outlined region in Figure 3). One week after PO 

axotomy, when the majority of injured motorneurons have died 

(Lowrie & Vrbova, 1992), nearly all surviving neurons in this pool 

express high levels of HSP27 (Fig.3).

Which subpopulation of neurons express HSP27 before and 

after axotomy is not known. These neurons have medium sized cell 

bodies and project to the deep dorsal horn (Fig.4). It is therefore 

possible that these neurons also express TrkB (McMahon et al., 

1994). A role for BDNF in sensory neuron survival has been 

postulated, where BDNF, synthesised by these neurons is released 

and acts in an autocrine fashion through TrkB to promote survival 

(Acheson et al., 1995). TrkB mRNA was therefore colocalised with 

HSP27 protein in the DRG 2 days after axotomy to determine whether 

they were the same population of neurons (Fig.4). While the majority
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Figure 3: HSP27 expression in motorneurons 7 days after nerve 

injury on the day of birth. (A) HSP27 immunoreactivity is seen in a 

subpopulation of motorneurons within the sciatic pool in the ventral horn 

(arrows). (B) In naive animals, HSP27 is rarely observed in the ventral 

horn. (C) NissI staining reveals that neurons positive for HSP27 

constitute the majority of remaining neurons within the sciatic nerve 

motor pool.
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of TrkB expressing neurons also expressed HSP27 (>80%, n>200), 

there were many neurons positive for HSP27 for whom TrkB mRNA 

was undetectable (approximately 60%). Thus, HSP27 is expressed by 

a larger number of neurons than TrkB, and many of the axotomised 

neurons that survive do not express TrkB.

Sensory neurons that express HSP27 preferentially survive NGF 

withdrawal

The survival of dissociated embryonic sensory neurons in vitro is 

dependent upon the supply of exogenous neurotrophic factors, in 

particular NGF (Eichler et al. 1989). By PO, a minority of dissociated 

DRG neurons will survive in culture without NGF. HSP27 expression 

was examined in dissociated PO neurons cultured in the presence or 

absence of NGF. After 48 hours in the absence of NGF, over 60% of 

neurons are lost. Of those present, approximately 20% express 

HSP27 (Fig.5). At this time point, 66.5 ± 2.3% of neurons that do not 

express HSP27 have pyknotic nuclear profiles, indicative of ongoing 

apoptosis, while only 8.7±1.6% of HSP27 expressing neurons have 

pyknotic nuclei (Fig.SE). Thus, HSP27 expression is correlated with 

neuronal survival in vitro in the absence of NGF (p<0.001) as well as 

with survival in vivo after axotomy. HSP27 expression is not 

necessary for survival in the presence of NGF, since the majority of 

sensory neurons do not express HSP27 after 48 hours of culture with 

NGF yet both survive and extend long neurites (Fig.5D).

Over-expresslon of HSP27 In neonatal sensory neurons 

significantly Increases survival after NGF withdrawal

To investigate whether the co-incidence of HSP27 expression and 

survival reflects a survival action of the protein, we tested whether 

HSP27 expression could rescue dissociated PO DRG neurons from
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Figure 5: HSP27 expression correlates with survival after NGF 

withdrawal in vitro. After 48 hours, neurons, as identified by PGP9.5 

staining (A) that expressed HSP27 (arrow) (B) had round healthy nuclei 

(C), whereas the majority of those that were negative for HSP27 had 

pyknotic nuclei (arrowheads) (C,E). In the presence of NGF, however, 

HSP27 was not necessary for either survival or neu rite outgrowth (dark 

cells are HSP27 positive) (D). Scale bars = 50)im.
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NGF withdrawal was tested. Dissociated DRG cultures were infected 

15 hours after plating with adenovirus expressing human HSP27 or 

control adenovirus expressing a nuclear localised fi-galactosidase. 

Thirty six hours after infection, NGF was withdrawn from some 

cultures while control cultures were maintained in medium containing 

NGF. Two days after NGF withdrawal, cultures were fixed and 

immunostained with anti-PGP9.5 to identify neurons and with either 

anti-human HSP27 or anti-fl galactosidase to identify infected cells. In 

the presence of NGF, only a small percentage of neurons infected 

with control or FISP27 adenovirus had pyknotic nuclei and there was 

no significant difference between the two. Flowever, 48 hours after 

NGF withdrawal, 25 ± 3.5 % of control infected neurons had pyknotic 

nuclei, while only 8.9 ± 0.75% of neurons overexpressing human 

HSP27 had pyknotic nuclei, a reduction in apoptosis of almost 70% 

(p<0.01; Fig.6). Infection with the control adenovirus had no effect on 

the percentage of neurons with pyknotic nuclei in the presence or 

absence of NGF. These data suggest that HSP27 can protect sensory 

neurons from NGF-withdrawal-induced apoptosis.
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Figure 6: Expression of HSP27 in dissociated neonatal DRG 

neurons reduces nuclear pyknosis after NGF withdrawal. PO DRG

cultures were infected with adenovirus expressing human HSP27 (a) or 

fi-galactosidase (b) as a control. 40 hours later, NGF was withdrawn by 

refeeding with medium containing anti-NGF (1:250). Cultures were fixed 

48 hours later and double immunostained with the neuron-specific 

antibody PGP9.5 and either anti- human HSP27 (a) or anti-fi- 

galactosidase (b). The antibody to human HSP27 does not recognise rat 

HSP27. Nuclear morphology was visualised with Hoechst 33342.

141



Ad-human HSP27 Ad6-galactosidase

Os'
CL
O
CL

3

CN
T j-(T.(T,Ĉ.
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Discussion

The postnatal increase in ability of sensory neurons to survive 

axotomy is well established but not well understood at a mechanistic 

level. Axotomy related survival or death may well be related to the 

postnatal development of NGF independence for survival by sensory 

neurons. It is conceivable that the survival supporting role of 

peripherally derived NGF is taken over by other growth factors 

derived from the spinal cord or locally within the DRG. This does not 

seem to be the case, since dorsal rhizotomy does not induce cell 

death in the adult DRG in vivo (R.E. Coggeshall, personal 

communication) and single cell cultures of adult DRG neurons 

survive in the absence of trophic support (Lindsay, 1988; Acheson et 

al., 1995). Many DRG neurons express BDNF (Michael et al, 1997) 

and it has been postulated that BDNF can act as an autocrine 

survival factor for adult DRG neurons, allowing them to survive in 

single cell cultures (Acheson et al., 1995). However, the observation 

that only a minority of adult DRG neurons express TrkB and most of 

these do not constltutively express BDNF (Kashiba et al., 1997) is 

inconsistent with this theory. An alternative and likely possibility is 

that adult sensory neurons become independent of extrinsic growth 

factors by increasing the expression or activation of intrinsic survival 

factors, or the converse, reducing the functional presence of 

molecules that promote cell death. A recent study has examined 

several components of the NGF survival pathway and of pro- and 

anti-apoptotic members of the bcl2 family (Vogelbaum et al., 1998), 

demonstrating that postnatally, there is a downregulation of bax and 

an upregulation of bclxL protein. This suggests that survival is 

intrinsically determined through the relative levels of pro- and anti- 

apoptotic molecules, and that during early postnatal life, sensory 

neurons are in a state of impending death. However, it is not known
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why a subpopulation of sensory neurons can survive both axotomy 

and NGF withdrawal at early postnatal ages in the presence of pro- 

apoptotic factors (Vogelbaum et al., 1998; Gillardon et al., 1996). 

Dissociated sympathetic neurons, after prolonged periods in vitro, 

lose there dependence on NGF for survival, despite the fact that bax 

levels do not decrease (Easton et al., 1998). It is suggested that bax 

may be rendered ineffective through post-translational modifications, 

rather than through transcriptional mechanisms.

The findings in this study suggest that the expression of 

HSP27 may determine whether sensory neurons survive or die after 

nerve injury. HSP27 is upregulated by DRG neurons at the same 

time that they downregulate TrkA and become independent on NGF 

for survival (Bennett et al. 1996; Molliver et al. 1997). HSP27 is 

expressed by around 10% of DRG neurons neonatally, both 

normally and after axotomy when the majority of neurons die. This is 

in contrast to the situation in adults, where despite that only a 

subpopulation of sensory neurons express HSP27 constitutively, all 

sensory neurons have the capacity to upregulate HSP27 after injury, 

and all survive (Costigan et al. 1998). Despite no increase in the 

number of HSP27 expressing neurons after axotomy, we find that 

over 80% of surviving neurons express HSP27. Furthermore, 

sensory neurons that express HSP27 preferentially survive NGF 

withdrawal, while the overexpression of HSP27 in neonatal sensory 

neurons reduces the number that undergo apoptosis by 70% in vitro. 

Finally, antisense treatment of PCI 2 cells (that also express HSP27) 

induces apoptosis in the majority of transfected neurons within 2 

days (Susan Lewis, unpublished observations).

These data demonstrate that HSP27 can protect sensory 

neurons from NGF-withdrawal induced apoptosis. HSP27 stabilises 

actin microfilaments (Lavoie et al., 1995), increases glutathione levels
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and reduces the generation of reactive oxygen species (ROS; Mehlen 

et al., 1996, 1997). It may also serve as a molecular chaperone, both 

enhancing protein folding and associating with cytoplasmic protease 

complexes (reviewed in Ciocca et al., 1993). Any of these roles may 

be important in the observed rescue of neonatal sensory neurons 

from apoptosis. Actin proteolysis appears to play a role in neuronal 

apoptosis, including that induced by NGF withdrawal in embryonic 

chick sensory neurons, and inhibition of actin proteolysis by calpain 

inhibitors blocks nuclear fragmentation and increases survival (Villa et 

al., 1998). As an actin binding protein and molecular chaperone, 

HSP27 might act by protecting microfilaments from degradation and 

depolymerisation. In murine L929 cells, HSP27 blocks apoptosis 

through the Fas pathway and after staurosporine treatment (Mehlen et 

al., 1996); Fas and its ligand have recently been implicated in 

programmed cell death during motorneuron development (Henderson 

et al., 1998). Since trophic factor withdrawal, at least in PCI2 cells 

and embryonic motor neurons, may involve the generation of ROS 

(Schulz et al., 1998; Estevez et al., 1998). HSP27's ability to elevate 

glutathione and reduce ROS production could also play a role.

HSP27 is phosphorylated by p38 MAP kinase, and its 

phosphorylation state may play a key role in the function of this 

molecule. Indeed, p38 MAP kinase induced phosphorylation alters 

HSP27’s ability to stabilise actin filaments as well as increasing 

survival in the presence of apoptotic stimuli (Guay et al., 1997; Huot 

et al., 1996). Only one study has attempted to relate the survival 

role of HSP27 to that of bcl-2, suggesting that they operate through 

largely distinct mechanisms to prevent cell death (Guenal et al.,

1997). However, this study was done in a rat fibroblast immortalised 

cell line, and its relevance if any to the situation in sensory neurons 

is also not known.
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In conclusion, we believe that the expression of HSP27 confers 

a survival advantage to sensory neurons after axotomy, and that the 

ability of adult sensory neurons to dramatically upregulate HSP27 

after nerve injury may contribute to their survival. Future 

characterisation of the transcriptional mechanisms responsible for 

this upregulation and intracellular signalling involving HSP27 may 

identify new strategies for preventing neuronal death.
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Chapter 6

Two sodium channels contribute to the TTX-R 

sodium current in primary sensory neurons
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Introduction
Voltage-gated sodium channels (VGSCs) are responsible for the 

rising phase of the action potential and play a key role in mediating 

electrical activity in excitable tissues. The channels comprise a 

multisubunit complex consisting of a large (230-270kDa) highly 

glycosylated a subunit and one or two smaller subunits (pi and p2) 

(Goldin, 1994). The a subunits are part of a multigene family with at 

least nine members discovered so far in mammals (Mandel, 1992; 

Catterall, 1992; Fish et al., 1995; Klugbauer et al., 1995; Akopian et 

al., 1996; Sangameswaran et al., 1996; Toledo-Aral et al., 1997).

A potent blocker of VGSCs is the puffer fish toxin, tetrodotoxin 

(TTX). While most VGSCs are TTX-sensitive (TTX-s) and are 

inhibited by low nanomolar concentrations of TTX, there are two 

channels which are only inhibited by micromolar concentrations of 

TTX. These are the TTX resistant (TTX-r) major cardiac channel 

h1/SKM2 and the sensory neuron specific channel SNS/PN3 

(Goldin, 1994; Akopian et al., 1996; Sangameswaran et al., 1996).

Primary sensory neurons express several distinct kinetic types 

of VGSCs. Small diameter neurons, most of which are high threshold 

nociceptors, co-express a rapidly inactivating, fast TTX sensitive 

current and a slowly activating and inactivating TTX-r sodium 

current. The larger diameter cells only express a TTX sensitive 

sodium current (Caffrey et al., 1992; Roy and Narahashi, 1992; 

Elliott and Eliott, 1993). Molecular distribution studies have 

suggested that these sodium currents are the result of the differential 

expression of different VGSCs, the TTX-s current being mediated by 

PN1, rSCP6/PN4, rBI, rBII or rBIII, which are found in large and 

small sensory neurons and the TTX-r current by SNS/PN3 which is 

found in small and medium-sized DRG neurons (Aguayo and White,
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1992; Waxman et al., 1994; Black and Waxman, 1996; Black et al., 

1996; England et al., 1996).

The TTX-r sodium current in the DRG is of interest because its 

differential expression in small neurons, predominately nociceptors 

(Akopian et al., 1996), offers the possibility of blocking activity only in 

these pain signalling afferents. The TTX-r current is, moreover, 

augmented by inflammatory mediators and may, therefore, 

contribute to the sensitisation of nociceptor terminals during 

inflammation (England et al., 1996; Gold et al., 1996). Following 

chronic constriction injury of the sciatic nerve, SNS/PN3 protein 

translocates from the cell body to the peripheral axons accumulating 

at the site of injury (Novakovic et al., 1998). Together, these data 

imply a key role for the TTX-r in the activation of nociceptors in 

inflammatory and neuropathic pain.

The TTX-r current recorded from isolated DRG neurons, 

appears to be relatively heterogeneous, displaying different kinetic 

properties in different neurons (Rizzo et al., 1994; Haper and 

Lawson, 1985; Elliott and Elliott, 1993; Rush and Elliott, 1997; 

Scholz et al., 1998). This raises the possibility of the existence of 

TTX-r molecular components other than SNS/PN3. Simon Tate and 

colleagues therefore attempted to find other TTX-r sodium channel a 

subunits expressed by primary sensory neurons. Using degenerate 

primers to domain IV of brain, skeletal muscle and glial sodium 

channels, they PCR amplified a band from rat genomic DNA that 

was used to screen a rat DRG cDNA library. A full length transcript 

was isolated that had 63% homology to SNS/PN3, 65% homology to 

h1/SKM2. Multiple tissue Northern blots indicated that expression 

was DRG specific, as observed for SNS/PN3 (Fig. 1). This putative 

sodium channel a subunit was therefore named SNS2. Deduced 

protein sequence revealed that SNS2 has a serine residue at the
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site critical for TTX sensitivity (S-355) that should confer TTX 

resistance (Sivilotti et al., 1997). The expression of SNS2 in the DRG 

and whether it colocalises with SNS/PN3 was studied using in situ 

hybridisation and immunocytochemistry.
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Figure 1; Northern blot showing the tissue distribution of SNS2 

expression. A 7.5kb band was only ever observed in the total RNA 

prepared from the DRG.
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Methods
In situ hybridisation, immunocytochemistry and Northern blots were 

carried out as described in Chapter 4. Double labelling was done as 

described in Chapter 5. Riboprobes were generated by in vitro 

transcription, as described in Chapter 4, using a 1kb fragment of 

SNS/PN3 and a 1 kb fragment of SNS2 (corresponding to the second 

intracellular loop) in the PCR2.1 TA cloning vector (Invitrogen).
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Results
SNS and SNS2 mRNA and protein are expressed by small 

sensory neurons

In situ hybridisation and immunohistochemistry showed SNS2 mRNA 

and protein labelling restricted to small diameter (10-25pm) DRG 

neurons (Fig. 2). Similar experiments performed for SNS/PN3 mRNA 

and protein in adjacent sections from the same ganglion showed 

labelling of small (10-25pm), and medium sized (25-40|am) neurons 

(Fig. 3). Neither SNS2 or SNS/PN3 staining was observed in non

neuronal cells in the DRG. A size-frequency analysis of DRG cell 

profiles labelled for SNS/PN3 and SN2 mRNA illustrates clearly the 

difference in the size distribution of SNS2 expressing cells compared 

with SNS/PN3 positive cells (Figures 2 & 3). The same size 

distribution was found for immunolabelled SNS/PN3 and SNS2 

neurons.

SNS and SNS2 are colocalised In small but not large sensory 

neurons

Double labelling for SNS/PN3 mRNA and SNS2 protein in the same 

section showed colocalisation only in small diameter neuronal cell 

bodies (Figure 4A,B). Colocalisation only in small neurons was also 

apparent when double labelling experiments were performed with 

SNS2 mRNA and SNS/PN3 protein (Figure 40,D). Large neurons 

were frequently seen with a signal for SNS/PN3 mRNA or protein 

where SNS2 protein or mRNA was absent.

Regulation of SNS2
SNS2 mRNA expression was not detectable in the DRG at 

embryonic day 15 (E l5), but was present on the day of birth (Figure
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5). SNS/PN3, however, was detectable at E15, albeit at lower levels 

than postnatal day zero (PO). Neither SNS/PN3 nor SNS2 mRNA 

levels within lumbar DRGs showed any change in expression levels 

during postnatal development (between PO and adult), as 

determined by Northern blots probed separately with SNS2 followed 

by SNS/PN3 (Figure 5).

Both SNS/PN3 and SNS2 mRNA in the L4 and L5 DRG were down- 

regulated 48h and 7 days following sciatic nerve section, with the 

relative reduction in SNS2 more marked, as determined in the same 

Northern blots probed separately with SNS2 followed by SNS/PN3 

(Figure 6). The mRNA expression for SNS2 remained unchanged in 

the L4 and L5 DRG at 24 and 48h following hind paw injection of 

complete Freund's adjuvant (CFA) to produce a local inflammation. 

At 7 days, post-inflammation, however, the SNS2 mRNA increased 

two-fold (Figure 6). The same Northerns probed for SNS/PN3 mRNA 

showed a general reduction after the inflammation, particularly at 

48h.
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Figure 2: (A) In situ hybridisation and (B) immunocytochemistry for SNS2 in the DRG. Both the 
mRNA and the protein are localised in small DRG neurons (10-25|am). (C) Profile area / frequency 
histogram for SNS2 mRNA clearly shows that SNS2 expression is restricted to the very small DRG 
neurons.
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Figure 3: (A) In situ hybridisation and (B) immunocytochemistry for SNS/PN3 in the DRG. Both the 
mRNA and the protein are localised in small DRG neurons (10-25pm) as well as medium sized 
(25-40|am) neurons. (C) Profile area / frequency histogram for SNS/PN3 mRNA shows that SNS2 
expression is observed in small neurons, like SNS2, but also larger neurons, unlike SNS2.
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Figure 4: Colocalisation of SNS/PN3 and SNS2 in the DRG. (A) In situ hybridisation for SNS2 
and immunocytochemistry for SNS in the same 20|im section shows that in small neurons (<25|im) 
the two channels are coexpressed (small arrows). Larger neurons (>25|im; large arrows) were 
only ever seen to express SNS. This pattern of expression was also observed with in situ 
hybridisation for SNS (C) and immunocytochemistry for SNS2 (D).



Figure 5: Northern blots showing the developmental expression 

patterns of SNS/PN3 and SNS2. Early, yet low level, expression of 

SNS/PN3 can be seen at embryonic day 15 with no equivalent 

expression of SNS2 (first panel), and the levels of both transcripts do not 

vary through postnatal development (second panel).
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Figure 6: Northern blots showing the regulation of SNS/PN3 and 

SNS2 in the DRG following nerve injury and inflammation. There is a 

slight upregulation of SNS2 levels 7 days following inflammation of the 

hindpaw, induced using intraplantar injection of Complete Freund’s 

Adjuvant (CFA), with no equivalent change in SNS/PN3 levels. Both 

SNS2 and SNS/PN3 are down regulated 2 days after peripheral nerve 

axotomy with levels remaining decreased 7 days post cut.
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Discussion
SNS2 has an amino acid sequence almost identical to that of a 

recently cloned but non-functionally characterised DRG-specific, 

putative sodium channel NaN (Dib-Hajj et al., 1998). Not only does 

SNS2 possess the key sequence features typical of the sodium 

channel gene family (West et al., 1992), but that transfection into 

mammalian cells results in the expression of a functional sodium ion 

channel (Tate et al., 1998). Of particular interest is the presence of a 

serine residue at position 355 of SNS2 within the region between 

domains IS5 and IS6; a single non aromatic residue at this site 

confers TTX resistance to the SNS/PN3 channel (Sivilotti et al.,

1997) and an analogous cysteine residue is responsible for the TTX 

resistant phenotype of the cardiac channel rHI (Satin et al., 1992). 

SNS2, when expressed in HEK293T cells, is resistant to pM 

concentrations of TTX, compared with the nM sensitivity found in 

TTX-s sodium channels without the non aromatic residue at this site 

(Goldin, 1994). SNS2 while TTX-r, does have though, an IC50 value 

for TTX blockade which is significantly lower than SNS/PN3 (Tate et 

al., 1998). In addition, SNS2 displays a combination of TTX 

resistance (IC50 for TTX in the |iM range) and channel biophysical 

properties, more characteristic of the TTX-s channels.

SNS2 was found in Northern blots to be a single 7.5kb 

transcript with expression confined, like SNS/PN3 to the DRG 

(Akopian et al., 1996; Sangameswaran et al., 1996). Double labelling 

in the DRG reveals that SNS2 and SNS/PN3 are colocalised, but 

only in small diameter DRG neurons. SNS2 was not found in 

medium diameter DRG neurons, unlike SNS/PN3 (Sangameswaran 

et al., 1996). The functional significance of the colocalisation of the 

two channels in small sensory neurons and whether cells that only 

express SNS/PN3 have a TTX-r current are key issues. The
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colocalisation of the two channels only in small DRG cells, which are 

precisely those cells that are characterised by the presence of TTX-r 

currents, suggests that they may have functional synergy,

SNS2 encodes a functional voltage-gated sodium channel 

when expressed in HEK293T cells, which displays more rapid 

activation and inactivation kinetics and a lower threshold for 

activation than seen for SNS/PN3 expressed in the same cells (Tate 

et al., 1998). Previous electrophysiological studies of small diameter 

DRG cells have provided data compatible with heterogeneity of the 

TTX-r current (Rizzo et al., 1994; Rush and Elliott, 1997; Scholz et 

al., 1998). It has also been found that the TTX-r current profiles vary 

between cells; in some, the TTX-r current biophysical properties are 

similar to the profile expressed by SNS2 in HEK293T cells and in 

others, the kinetics were more similar to the profile expressed by 

SNS/PN3. Interestingly, TTX-r currents in DRG neurons that were 

activated at voltages as low as -60mV, as was the case for SNS2, 

were never observed. This is consistent with the distribution data 

suggesting that SNS2 is not found alone but is expressed together 

with the higher threshold SNS/PN3 channel. In most DRG cells, 

however, the current biophysical properties of TTX-r were 

intermediate between the two, suggesting that the current results 

from a combination of the activity of both SNS2 and SNS/PN3 

channels (Tate et al., 1998).

During development, SNS2 mRNA expression was not 

detectable in the DRG at embryonic day 15 (El 5), unlike SNS/PN3, 

which was present at low levels. This was the only developmental 

difference detected between the channels, which showed identical 

expression patterns from postnatal day zero to the adult. What 

function is served by low levels of SNS/PN3 at El 5 is not known.
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Similar to the down-reguiation of SNS/PN3 mRNA following a 

sciatic nerve section (Dib-Hajj et al., 1996; Okuse et al., 1997), the 

SNS2 transcript was also down-regulated, as is NaN (Dib-Hajj et al.,

1998). The reduction in both SNS2 and SNS/PN3 expression 

following axotomy is likely to represent the basis for the observed 

reduction in the TTX-r current following sciatic nerve lesions (Rizzo 

et al., 1995; Cummins and Waxman, 1997). This reduction, 

accompanied by an increase in TTX-s current in the injured neurons, 

does not necessarily exclude a role for either SNS/PN3 or SNS2 in 

neuropathic pain. Following chronic constriction injury of the sciatic 

nerve, for example, although levels of SNS/PN3 mRNA are reduced 

in the DRG, the protein translocates from the cell body to the 

peripheral axon, accumulating at the site of injury (Novakovic et al.,

1998) where it may contribute to ectopic discharge generation in the 

neuroma. The expression of SNS2 mRNA and protein after partial 

nerve injury is obviously a topic of future study.

While the mRNA expression for SNS2 remained unchanged 24 

and 48h following hind paw inflammation, it increased two fold at 7 

days post inflammation. Together, these data raise the possibility 

that SNS2, like other sodium channels (Toledo-Aral et al., 1995; Dib- 

Hajj et al., 1998), is regulated by NGF produced in the target.

Activation of protein kinase A (PKA) by PGE2 and 5HT has been 

shown to increase the TTX-r current in DRG neurons and this is 

likely to represent an important contributor to the generation of the 

increased sensitivity of peripheral nociceptor terminals that occurs 

during inflammation (England et al., 1996; Gold et al., 1996; 

Cardenas et al., 1997). Such a change may conceivably be 

mediated by SNS/PN3 or SNS2, or both together. SNS2 has, though 

a different arrangement of consensus sites for PKA. Since SNS2 has
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a lower activation threshold than SNS/PN3 it will be interesting to 

discover the differential extent to which post-translational 

modifications of both SNS2 and SNS/PN3 contribute to peripheral 

sensitisation.

Further insight into the function of each channel will be gained 

from the study of transgenic mice with the function of either 

SNS/PN3 or SNS2 genes knocked out. Moreover, given that 

SNS/PN3 and SNS2 colocalise in small diameter sensory neurons, it 

may be necessary to knock out both genes, to comprehensively 

study the behavioural consequences of removing the TTX-r sodium 

current from these neurons. Surprisingly, preliminary data describing 

the phenotype of the SNS/PN3 knockout suggests that the TTX-r 

current is totally abolished from DRG neurons from null mutant mice 

in vitro (England et al., 1998). This has been interpreted as indicating 

that all TTX-r channels are encoded by the SNS gene, but may 

actually arise for other reasons. Firstly, SNS2, while TTX-r, is 

sensitive to TTX at concentrations much lower than SNS (3pM v 

30pM), and may be affected by the TTX present in the medium 

during these recordings. Secondly, the pre-pulse used to inactivate 

TTX-s VGSCs during the recording of TTX-r currents in these 

protocols may inactivate SNS2. Thirdly, the co-expression of SNS2 

and SNS/PN3 in DRG neurons may produce functional synergy 

between the two channels. Knocking out SNS may, therefore, affect 

the function of SNS2, resulting in an undetectable or massively 

diminished TTX-r current. Obviously, the expression of SNS2 in the 

SNS/PN3 knockout animals needs to be established in order to fully 

interpret these findings.

In conclusion, it has been shown that two distinct VGSC subunits, 

SNS2 and SNS/PN3 are expressed by small DRG neurons and may
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be responsible for the TTX-r current in these cells. Given the 

selective distribution and discrete properties of SNS2, these findings 

indicate the need to target both SNS2 and SNS/PN3 in the search 

for selective analgesics directed towards the TTX-r sodium current.
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Chapter 7

General Discussion
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The functional consequences of injury to peripheral nerves have 

been under investigation for over a century. Some of the earliest 

examples were the studies initiated by Henry Head, who described 

the sensory disturbances that accompanied the surgical dissection of 

his own cutaneous nerves, and the subsequent recovery of 

sensation during nerve regeneration (Head & Sherren, 1905; Head 

et al., 1905). Not to be outdone, many other investigators followed 

suit (e.g. Trotter & Davies, 1909), finding that nerve injury, not 

surprisingly, resulted in diminished or lost sensations, but in addition 

was frequently associated with paraesthesiae, dysaesethesiae, 

referred sensation and hyperalgesia affecting all modalities (see 

Sunderland, 1978 for review). Nowadays, these complaints are all 

features of the condition known as neuropathic pain, defined as 

abnormal pain sensations occurring as a consequence to damage to 

the nervous system, afflicting millions of people around the world, 

and is, in the majority of cases, intractable. Considering that 

neuropathic pain, be it as a consequence of trauma, compression, 

infection, iatrogenic, ischaemic or metabolic disturbances, can be 

excruciating and is rated as the most intense pain experienced by a 

patient, this is a significant problem for contemporary medicine.

Two major factors lie at the heart of this problem; firstly, the 

mechanisms responsible for pain after nerve injury are diverse, yet 

poorly understood. While great efforts from basic scientists and 

clinicians have resulted in the identification of functional changes at 

every level of the somatosensory axis after peripheral nerve injury, 

the major contributors to neuropathic pain are not known, and are 

likely to vary between patients. Secondly, very few therapeutic 

agents are available with which to treat these patients. Apart from 

trigeminal neuralgia, which particularly in the early stages responds 

well to carbamazepine, most conditions are refractory to treatment
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with both the traditional analgesics, opiates and NSAIDs, as well as 

the alternatives, the tricyclic and SSRI antidepressants, 

anticonvulsants and local anaesthetics (Kingery et al., 1997). Some 

new drugs have been shown to have limited benefit, such as the 

anticonvulsant Gabapentin (Rosenberg et al., 1997), although the 

mechanism of action is unknown. It is, therefore, necessary to 

identify the mechanisms responsible for neuropathic pain resulting 

from a vast range of insults so that novel targets for treatment can be 

identified (Woolf et al., 1998). An encouraging feature is that, while 

many different clinical conditions can result in neuropathic pain, the 

types of pain, for example, spontaneous burning or touch-evoked 

allodynia, are commonly witnessed in patients with quite distinct 

histories, suggesting that some shared mechanisms are operating 

(Jensen, 1996).

A-fibre central sprouting - new pathways for pain?

The sprouting of A-fibres into lamina II after both total (Woolf et al., 

1992) and partial (Shortland et al., 1995) sciatic nerve injury has for 

many years been proposed as a possible mechanism for mechanical 

hyperalgesia associated with nerve injury. Some recent findings 

have added weight to the theory for A-fibre sprouting as a substrate 

for aspects of neuropathic pain.

The majority of neurons with cell bodies in lamina II are thought 

to be local interneurons, many of which are inhibitory (Willis & 

Coggeshall, 1991). The main contributors to the spinothalamic tract 

are dorsal horn neurons with cell bodies in laminae I and V. Which 

cells A-fibres synapse on to after nerve injury is not known, but could 

conceivably be neurons intrinsic to lamina II, or alternatively, 

neurons with cell bodies outside lamina II but with dendrites that 

enter into this region (some of which may already receive A-fibre
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A. B.

Figure 1; Normally, Ap-fibre collaterals enter the dorsal horn medially to synapse in laminae 
III and IV. Conceivably, they could make contact with dendrites of neurons located in 
the deep dorsal horn or lamina I (A) or in lamina II (B), whose dendrites extend down 
into deeper laminae.

C. D.

After peripheral nerve injury, A-fibres sprout in the dorsal horn into lamina II and possibly 
in the deeper dorsal horn layers. The target neurons for these sprouts, however are not known. 
Possibly, these spouts extend up dendrites that are already synapsed upon proximally so that 
A-fibres now innervate the dendrites distally in lamina II, as well as proximally in the deep dorsal 
horn. Alternatively, the sprouts could synapse onto lamina II neurons that were not previously 
innervated, as suggested by work from Yoshimura and colleagues (0). If A-fibres normally 
innervate lamina II neurons, after nerve injury it is possible that sprouts then begin to 
innervate these neurons proximally as well. In addition, the sprouts may synapse onto deep 
dorsal horn neurons, both onto their dorsal dendrites in lamina II and their proximal 
dendrites in the deep dorsal horn (D).lt has not been ruled out that a mixture 
of all these possibilities occur after nerve injury.



input within the deeper laminae) (Figure 1). Some recent findings 

from Yoshimura and colleagues have shed some light onto these 

processes. Data from whole cell recordings from spinal cord slices 

shows that, in adult rats, lamina II neurons normally receive very 

littlemonosynaptic and a small amount of polysynaptic A-fibre input 

(Yoshimura et al., 1996). After nerve injury, however, both categories 

of A-fibre input to lamina II increase dramatically, which particularly 

for the increase in monosynaptic input into lamina II, is suggestive of 

the growth of A-fibres into this region (Yoshimura et al., 1996). A- 

fibre input to lamina II neurons also increases after peripheral 

inflammation (Baba et al., 1999). Interestingly, however, polysynaptic 

but not monosynaptic input increases, consistent with findings in our 

laboratory that A-fibres do not sprout into lamina II after peripheral 

inflammation (unpublished observations).

A-fibre sprouting has now been observed in mice, rats and 

cats, but not yet in humans, mainly due to the necessary 

requirement of a transganglionic tracer such as cholera toxin (with or 

without HRP), that must be injected 2-3 days before sacrifice, with 

which to visualise A-fibre central terminals in the dorsal horn. The 

identification of an antibody against an antigen specific to A-fibre 

central axons would avoid a requirement for transganglionic tracers. 

That GAP-43 was observed in primary afferent central terminals after 

nerve injury in lamina II in the correct somatotopic region and with a 

time course consistent with A-fibre sprouting led to the theory that 

GAP-43 was involved in this type of growth (Woolf et al., 1995). 

However, attempts to colocalise B-HRP with GAP-43 in primary 

afferent terminals have all failed, suggesting that GAP-43 is only 

transported centrally by unmyelinated C-fibres (Doubell & Woolf,

1997), as it is peripherally (Verkade et al., 1995). In our experience, 

only two other markers for A-fibres in lamina II after peripheral nerve
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injury are known. The first is the actin-binding protein p 10-thymosin. 

In transgenic animals, where p-galactosidase is inserted in frame at 

the end of the p 10-thymosin gene, lacZ staining is observed in a 

subpopulation of DRG neurons. Furthermore, following nerve injury, 

the collateral branches of A-fibre central axons can be seen passing 

through lamina III and up into lamina II (Tim Doubell, unpublished 

observations; Figure 2). The second putative marker of A-fibre 

sprouting is a polyclonal antibody against a microtubule associated 

protein, MAP1B, which was recently reported to selectively stain A- 

fibre axons in the dorsal columns and dorsal horn (Soares et al.,

1998). In naive animals, MAP1B staining was observed only in the 

deeper laminae of the dorsal horn, whereas two weeks after nerve 

injury, staining was observed in the superficial layers. However, it 

has not yet been determined unequivocally that this staining is all of 

A-fibre origin.

The fact that A-fibre sprouting has been observed 

independently in two partial nerve injury models of neuropathic pain 

(Coggeshall et al., 1997; Shortland et al., 1995), both of which 

produce mechanical hyperalgesia in animals, is consistent with a 

role for sprouting in abnormal pain sensation. Total nerve injury, 

however, is considered to be a poor model for neuropathic pain, in 

part, due to the inability to test for stimulus-evoked sensations. 

Recently, however, it has been shown that 8  weeks after a nerve 

crush, when full regeneration of injury axons back to their targets has 

occurred, animals display a marked mechanical hyperalgesia that 

lasts for many weeks (Bester & Woolf, unpublished observations). 

The discoveries that A-fibre sprouting into lamina II can be blocked 

with the intrathecal delivery of NGF (Bennett et al., 1996) or GDNF 

(Bennett et al., 1998), or with NGF supplied to the proximal tip of the 

injured nerve (Eriksson et al., 1997), may in the
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Figure 2: p- 1 0  thymosin-lacZ staining in the DRG and dorsal horn. (A,B) A subpopulation of adult 
sensory neurons express p-10 thymosin. These neurons are predominantly those with large 
cell bodies, the A-fibres. Note that p-10 thymosin is transported both centrally and peripherally 
(A, arrows). (C) In the spinal cord, primary afferent collaterals can be seen entering the dorsal 
horn medially (arrows) to terminate in lamina III Note that 2 weeks after nerve injury, some of 
collaterals can be seen entering lamina II (small arrowhead). Note also the dense staining 
within the dorsal columns (large arrowhead). Scale bar =200pm.



future offer potential strategies with which to treat neuropathic 

patients.

Are sensory neurons dying to feel more pain?

Cell death as a consequence of nerve injury may also contribute to 

the abnormal sensibility and has been described in both the DRG 

and the dorsal horn after nerve injury. As described in chapter 5, 

nerve injury produces dramatically different amounts of sensory 

neuron death between adult and neonatal animals. While some 

apoptotic profiles can be seen in the adult DRG within a week of 

axotomy (Groves et al., 1997), there is no significant reduction in 

neuronal number for over four months (Coggeshall et al., 1997), in 

contrast to previous reports that did not employ unbiased counting 

techniques (Arvidsson et al., 1986; Rich et al., 1987). After neonatal 

nerve injury, however, the majority of injured neurons die. This 

situation holds true for motorneurons, which also show a much 

greater susceptibility to neonatal nerve injury than adults (Lowrie & 

Vrbova, 1992). DRG and motorneuron cell death can both be 

reduced if the injured neurons are supplied with exogenous growth 

factors (Oppenheim, 1991).

The amount of cell death that follows other types of sensory neuron 

insult, such as the reactivation of herpes zoster following shingles, or 

chronic ischaemia in patients with diabetic neuropathy, is not known. 

Both sensory deficits and neuropathic pain have been correlated 

with a loss of epidermal innervation in affected skin in patients with 

post-herpetic neuralgia (Rowbotham et al., 1996; Oaklander et al.,

1998), but whether this reflects the irreversible loss of neurons or 

simply a withdrawal of primary afferent peripheral terminals is not 

known. It is quite plausible, however, that the loss of sensory
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neurons, particularly following traumatic injuries such as nerve 

avulsion, where the lesions are close to the DRG, could make a 

significant contribution to abnormal sensibility in these patients.

The role of HSP27 in both sensory and motor systems during 

development and after nerve injury will require further investigation, 

particularly in determining where, within an intracellular signalling 

framework, HSP27 acts in the regulation of cell death. That HSP27 

can block the Fas/Apo-1 pathway (Mehlen et al., 1996), that Fas and 

Fas ligand have recently been implicated in programmed cell death 

within motorneurons (Henderson et al., 1998), and that these 

motorneurons upregulated HSP27 through development, suggests 

a possible mechanism through which HSP27 could regulate the 

postnatal development of motorneuron survival in the absence of 

growth factors. Whether this is the case remains to be seen.

Trans-synaptic cell death within the dorsal horn after peripheral 

nerve injury has also been described (Sugimoto et al., 1990). This 

phenomenon occurs predominantly in the superficial layers of the 

dorsal horn, where many local inhibitory interneurons are found. 

Peripheral nerve injury is thought to reduce the amount of inhibitory 

control over dorsal horn sensory processing through a number of 

mechanisms. Levels of GABA, an inhibitory transmitter in the dorsal 

horn, are reduced, and GABA receptors as well as opioid receptors, 

present both presynaptically on primary sensory neurons and 

postsynaptically on dorsal horn neurons, are down regulated. The 

expression of cholycystokinin (CCK), an endogenous inhibitor of 

opioid receptors, is upregulated in injured sensory neurons. 

Combined with the actual death of inhibitory interneurons after nerve 

injury, these phenomena will produce a disinhibition that will increase
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the likelihood that a dorsal horn neuron will fire spontaneously or in 

an exaggerated fashion in response to primary afferent input, and 

may well represent a mechanism whereby neuropathic patients 

experience spontaneous pain, as well as hyperpathia, an 

exaggerated and explosive response to noxious input (Jensen, 

1996). Whether cell death in lamina II occurs through an excitotoxic 

mechanism (Sugimoto et al., 1990), as a result of increased input to 

these neurons following A-fibre sprouting into this region is a 

intriguing possibility.

The identification of differentially expressed genes has gained much 

insight into sensory and motorneuron biology over the last few years, 

with SNS (Akopian et al., 1996), P2X3 (Chen et al., 1996), reg-2 

(Livesey et al., 1997), ninjurin (Asaka & Milbrandt, 1996) and 

persephin (Milbrandt et al., 1998) to name some of the most obvious 

successes. From the large scale sequencing of sensory neuron 

cDNA libraries, an approach adopted by some of the big 

biotechnology companies, every single expressed gene within 

sensory neurons will soon be known. Determining the function of 

these genes, as well as their regulation during different pathological 

processes will then become the key challenge. Further refinement of 

these techniques to build in steps that give some clues towards 

function, such as with the expression cloning approach used to 

identify the capsaicin receptor (Caterina et al., 1997) or the gene 

trapping approach adopted Skarnes and colleagues to identify novel 

secreted and membrane bound proteins during development 

(Skarnes et al., 1995), will further improve the success rates of these 

approaches and will no doubt unlock many more secrets of sensory 

neuron physiology and pathophysiology.
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