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Abstract

Using a chick embryo model I have investigated three related problems in patterning of 

cutaneous nerves in the developing wing.

First, I have investigated the influence of diffusible cues in guiding cutaneous axons 

towards dorsal wing skin using an in vitro three dimensional collagen gel system. At 

embryonic day (E) 4 and E5, the stages that guidance decisions are made in vivo, dorsal 

root ganglia (DRG) outgrowth is biased towards ectoderm, but not mesenchyme. 

Further, when DRGs are cultured equidistant between ectoderm and mesenchyme, such 

that they are presented with a choice, outgrowth is almost exclusively ectoderm 

directed. In contrast, motor axon outgrowth is inhibited by ectoderm and encouraged by 

mesenchyme. These data suggest that diffusible signals emanating from wing tissues 

might selectively guide cutaneous axons away from the main mixed nerve trunk 

towards the ectoderm in vivo.

Second, I have investigated the influences of excisional cutaneous wounds, made to the 

dorsum of the chick wing, on the developing pattern o f innervation. Wounds made at a 

stage prior to nerves invading the limb, at E4, occasionally result in the absence of 

whole nerve trunks, but do not otherwise affect the subsequent pattern of branching, or 

the eventual density of innervation, as assessed at E10. In contrast, wounds made soon 

after cutaneous innervation, at E7, disrupt the pattern o f branching, but not the number 

of nerve trunks or the density of innervation. These results indicate that the adult and
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neonatal phenomenon of hyperinnervation, activated by the healing process, does not 

occur in the embryo.

Third, I have tested the role o f nerves in embryonic wound healing, since nerves have 

long been known to have trophic effects on their target in adults. These studies reveal 

that at E7, chick wings deprived of innervation by UV ablation of neural progenitors, 

heal excisional cutaneous wounds significantly slower than normally innervated 

controls.

3



Acknowledgements

Thanks go to Paul Martin and Jonathan Clarke for enthusing me with science, always 

being prepared to help, and for having immeasurable patience. I also thank my lab 

colleagues for friendship and assistance, and the scientists and non-scientists that have 

helped me over the years - far too many to name. Thanks also goes to the Thom Trust 

for providing funding for this project, and University College School of Medicine for 

giving me the time out. Lastly, I thank my wife and family without whom none of this 

would have been possible.

Dedicated to Percy



Table of Contents

ABSTRACT..............................................................................................................................2

ACKNOWLEDGEMENTS.................................................................................................. 4

TABLE OF CONTENTS...................................................................................................... 5

CHAPTER 1........................................................................................................................... 11

CHAPTER 2 ...........................................................................................................................61

CHAPTER 3 .........................................................................................................................I l l

CHAPTER 4 .........................................................................................................................143

CHAPTER 5 .........................................................................................................................160

REFERENCES.....................................................................................................................170

5



ABSTRACT 2

ACKNOWLEDGEMENTS....................................................................................................................4

TABLE OF CONTENTS........................................................................................................................5

CHAPTER 1

GENERAL INTRODUCTION............................................................................................................ 11

AXON GUIDANCE DURING DEVELOPMENT.................................................................................................................12

Axons can be guided by chemoattraction......................................................................................13

Chemorepulsion is a common mechanism by which axons can be directed............................... 15

Neural cell adhesion molecules guide by contact attraction....................................................... 19

Segmentation o f spinal nerves is generated by contact repulsion...............................................23

C o n t r o l  o f  in n e r v a t io n ............................................................................................................................................ 29

After target contact 50% o f neurones die..................................................................................... 29

The neurotrophins regulate nerve branching............................................................................... 33

Neurotrophin expression by target tissues is coincident with the arrival o f the earliest axons 34

TGF-fi’s may control the levels o f  neurotrophins produced by embryonic mouse skin ............ 36

In the adult neurotrophic factors are important for things other than survival.........................36

WOUND HEALING IN THE EMBRYO AND ADULT......................................................................................................39

Adult wound healing results in inflammation............................................................................... 40

Adult wound defects become filled with granulation tissue......................................................... 42

Remodelling ofgranulation tissue results in scar formation....................................................... 45

Embryonic wounds heal by reepithelialisation and connective tissue contraction....................45

Inflammation is not a feature o f embryonic wounds healing....................................................... 49

E ffect  o f  w o u n d  h e a l in g  o n  in n e r v a t io n ......................................................................................................51

E ffect  o f  in n e r v a t io n  o n  w o u n d  h e a l in g ......................................................................................................53

Clinically poor innervation is correlated with poor healing....................................................... 53

Sensory innervation is required for a rapid inflammatory response - neurogenic inflammation 

.........................................................................................................................................................54

6



CHAPTER 2

GUIDANCE OF CUTANEOUS NERVES IN THE DEVELOPING CHICK WING BUD 61

INTRODUCTION..................................................................................................................................................................... 61

Timetable o f  innervation in the chick wing bud............................................................................ 61

Early axons are directed towards the limb by chemorepulsion................................................... 62

General and specific cues delineate pathways through the limb.................................................63

Motor axons organise the brachial plexus................................................................................... 64

Muscle sensory axons are guided by fasciculation with motor axons.........................................65

Skin sensory axons are guided by target-derived diffusible cues................................................66

Chemotropism versus trophism within collagen gels ...................................................................67

Cultures using combinations o f tissues may reveal tissue interactions.......................................69

M e t h o d s ................................................................................................................................................................................71

Tissue dissection............................................................................................................................. 71

Preparation o f collagen..................................................................................................................73

Collagen gel co-cultures.................................................................................................................73

Antibody staining to reveal nerves................................................................................................ 74

Quantification o f neurite outgrowth.............................................................................................. 75

Dil labelling.....................................................................................................................................76

Re s u l t s .................................................................................................................................................................................. 78

Cutaneous nerves reach the skin on embryonic day 6 (E6)..........................................................78

Ectoderm causes target-directed outgrowth from E5 DRGs....................................................... 80

The ectodermal signal does not appear to be a simple chemotactic factor................................ 83

Given the Choice E5 DRGs grow towards ectoderm but not mesenchyme................................86

E5 ectoderm-enhances the inhibitory /  repulsive nature o f  the mesenchyme.............................87

E4 DRGs can also choose between mesenchyme and ectoderm..................................................90

E7 DRGs have a markedly reduced ability to choose between tissues....................................... 93

Mesenchymal repulsion at E5 may be a generalised cue ............................................................ 97

E5 Motor axons are attracted toward mesenchyme but not ectoderm ..................................... 100

D is c u s s i o n ......................................................................................................................................................................... 103

Ectoderm is attractive to sensory axons but repulsive to motor axons..................................... 103

Mesenchyme is attractive to motor axons but repulsive to sensory axons................................ 104

After reaching their targets E7 neurones can no longer choose between ectoderm and

mesenchyme.................................................................................................................................. 107

How generalised are these attractive and repulsive cues?........................................................ 108

Possible in vivo roles....................................................................................................................109

7



CHAPTER 3

EFFECT OF WOUND HEALING ON THE DEVELOPING PATTERN OF CUTANEOUS 

INNERVATION.................................................................................................................................. I l l

In t r o d u c t io n ................................................................................................................................................................... I l l

Adult wound healing causes a temporary hyperinnervation..................................................... I l l

Neonatal wound healing results in permanent hyperinnervation..............................................112

Nociceptive C fibres hyperinnervate adult wounds.................................................................... 113

A and C fibres hyperinnervate neonatal wounds........................................................................ 114

TGFfi and NGF are upregulated after wounding and can alter innervation density.............. 115

METHODS..............................................................................................................................................................................118

Wounding.......................................................................................................................................118

Silver staining to reveal nerves................................................................................................... 118

Quantifying level o f  innervation..................................................................................................119

Labelling o f  wounds............................................           120

Scanning electron microscopy and resin histology....................................................................121

RESULTS................................................................................................................................................................................ 122

Dorsal cutaneous nerves reach the skin at E6............................................................................ 122

Wounds were made at E4 and E7................................................................................................124

The effects o f wounds on the pattern o f innervation was examined at 3 levels........................126

Wounds made at E4 result in missing nerve branches...............................................................127

Wounds made at E7 disrupt the local pattern but not the level o f  ramification.......................128

Cutaneous nerves reach up to but never beyond the epidermal wound edge...........................131

Wounds made at E7 and left to heal for one week are still not hyperinnervated.....................132

DISCUSSION........................................................................................................................................136

Epidermis provides survival and branching cues for cutaneous nerves................................... 136

Why are large cutaneous nerve branches missing after early but not late wounds?............... 137

E7 wounds disrupt the local pattern but not the level o f  branching..........................................137

Wounding the embryonic chick does not cause hyperinnervation.............................................139

NGF may promote survival first and branching later................................................................140

Nerve growth factor may not be responsible for hyperinnervation...........................................141

8



CHAPTER 4

EFFECT OF INNERVATION ON EMBRYONIC WOUND HEALING.................................. 143

INTRODUCTION...................................................................................................................................................................143

Innervation is beneficial to adult wound repair......................................................................... 143

Nerves are essential for amphibian limb regeneration..............................................................144

M e t h o d s ............................................................................................................................................................................. 146

Ultra Violet ablation o f  neural tube............................................................................................146

Excisional wounds........................................................................................................................146

Measurements o f  wound size.......................................................................................................147

Nerve staining...............................................................................................................................147

Histology and scanning electron microscopy............................................................................. 148

RESULTS................................................................................................................................................................................149

Nerves first enter the wingbud at embryonic day 5 ....................................................................149

Local UV irradiation kills the neural tube and creates aneural limbs..............................   149

Up until E4, repair o f excisional wounds is normal in irradiated embryos............................. 151

After the stage o f  normal innervation (E7), healing is significantly delayed by the absence o f

nerves.............................................................................................................................................151

D is c u s s io n .........................................................................................................................................................................154

Sensory nerves release several factors that could enhance wound repair...............................155

The beneficial effects o f innervation do not require priming ....................................................157

CHAPTER 5

GENERAL DISCUSSION................................................................................................................. 160

How do nerves get to skin targets?..............................................................................................161

How is chemoattraction affected by wounding?.........................................................................163

How is innervation affected by wounding?................................................................................ 165

Is hyperinnervation functional or an unnecessary by-product o f  repair?................................166

Clinical application..................................................................................................................... 167

REFERENCES.................................................................................................................................... 170

9



Chapter 1



cnapter i

General Introduction

This thesis is about the interrelationship between cutaneous nerves and skin during 

development. I have asked three related questions using the developing chick wing as 

the model system. First, in order to address whether diffusible guidance cues might play 

a key role in directing cutaneous nerves towards the skin in vivo, I have used an in vitro 

system to co-culture cutaneous neurones with tissues normally encountered on route to 

the skin. Second, to further understand the role o f skin in patterning cutaneous 

innervation, I have looked at the effect of removing patches of target skin on the 

developing pattern and density of innervation. Lastly, in an attempt to clarify the role of 

cutaneous nerves in wound healing, I have examined the rate of excisional wound 

healing in wings deprived of innervation.

In this Introduction, I will review what is currently known about axonal patterning 

within the developing nervous system, and also, review the limited literature on how 

nerves and tissue repair signals interact at wound sites. Throughout this introduction, 

emphasis will be placed on the basic mechanisms involved in each of these processes, 

and in subsequent chapters, I will further elaborate on literature more relevant to the 

system being used.
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Axon guidance during development

During development, each neurone sends out an axon that has a growth cone at the tip, 

and it is the job of this growth cone to guide the axon to its correct target utilising cues 

found in the environment. However, given that there are an estimated 10 neurones in 

humans, all trying to find their correct target, how is this done? Surprisingly, this is 

probably achieved using just 4 mechanisms of axon guidance - long range attraction and 

repulsion, and contact attraction and repulsion. Specificity is attained by having large 

numbers of guidance molecules (some families of which are illustrated in Figure 1.1) 

expressed in a spatially and temporally restricted fashion (Tessier-Lavigne and 

Goodman, 1996).

Chemoattraction Chemorepulsion Contact Attraction Contact Repulsion
N euronal Cell Body «

A x o n ^ ^  

Growth C one

r
+  +  +  + +

+  +  +  + +

+ +  +  +

t  + t  t  t  t

LL_

•Netrins

•Scatter tactor 

•Semaphorins

•Semaphorins

•Netrins

•IgCAMs

•Cadherins

•ECM e.g. Laminins

•Ephrins 

•Semaphorins 

•ECM e.g. Tenascin

Figure 1.1 - Four mechanisms o f  axon guidance. Axons may be guided by diffusible 

cues, which can be either attractive or repulsive, or contract mediated cues, which can 

also be attractive or repulsive. Some families o f  molecules that have been implicated in 

each are shown. Abbreviations: ECM Extracellular matrix.
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Axons can be guided by chemoattraction

The suggestion that axons could be guided by long range chemoattraction was first 

proposed over a century ago by Ramon y Cajal whilst looking at commissural axon 

outgrowth in the developing neural tube (Cajal, 1991). Evidence for this theory was 

lacking until Lumsden and Davies (1983; 1986) demonstrated the ability of maxillary 

epithelium, but not any other tissue such as limb or mandibular tissue, to attract 

trigeminal axons at a distance in vitro. Inspired by this work chemotactic factors were 

later demonstrated convincingly using the same system as that which led Cajal to 

propose his theory o f chemotropism, that of commissural axon outgrowth (Tessier- 

Lavigne et al., 1988). Commissural axons form next to the roof plate of the neural tube 

and send out axons ventrally towards the floor plate, where they cross the midline, 

(Figure 1.2) before they turn rostrally to innervate structures in the midbrain and 

hindbrain. Extensive work on the first leg of this journey, towards the floor plate, has 

resulted in the purification and cloning o f the first family of neuronal chemotactic 

factors, which are known as Netrins*. Netrins are proteins that are related to laminins, 

and as such are thought to interact with cell surfaces and with the extracellular matrix 

(ECM). This interaction is thought to help stabilise concentration gradients (Serafini et 

al., 1994). The two vertebrate netrins are known as netrin 1 and netrin 2. In the rat and 

chick, netrin 2 is secreted by the ventral two thirds of the neural tube and netrin 1 

exclusively by the floorplate. It is thought that the concentration gradient o f netrin 2 

initially draws commissural axons ventrally, until they can detect the netrin 1 gradient, 

which guides them directly towards the floor plate (Figure 1.2). More recently, netrin 

receptors have been identified. The netrin 1 receptor is a putative tumour suppresser

* Netrin is Sanskrit for ‘one who guides’

13



Chapter 1

gene of the Immunoglobulin superfamily called Deleted in Colorectal Cancer (DCC) 

(Keino-Masu et al., 1996).

Figure 1.2 -  Transverse section o f a typical neural tube showing 

how commissural neurones (C), which form next to the roof plate 

(R), send axons towards the floor plate (F), ignoring the routes 

taken by accessory (A) and motor (M) axons. In the chick, netrin- 

2 is expressed in the ventral two thirds o f  the cord (grey) and 

netrin-1 is expressed in the floor plate (blue). Adapted from  

Tessier-Lavigne et al. (1988).

Confirmation that the netrins are indeed attracting commissural axons in vivo has come 

from experiments in mice that are null for either netrin 1 or its receptor DCC. In these 

genetically null mice, several brain commissures are severely reduced or completely 

missing (Serafini et al., 1996; Fazeli et al., 1997).

More recently Tessier-Lavigne's group have identified a second neuronal chemotactic 

factor called hepatocyte growth factor or scatter factor (HGF/SF) (Ebens et al., 1996). 

In vitro HGF/SF is a potent motor axon attractant, and its in vivo timing and pattern of 

expression are consistent with its role as a chemotactic factor. HGF/SF is first expressed 

by mesenchymal cells at the base of the limb bud. Soon after motor neurones have 

grown out from the ventral neural tube they express the HGF/SF receptor, c-met. 

HGF/SF expression then moves distally into the limb, with the dorsal and ventral 

muscle groups, closely followed by motor axons. HGF/SF and c-met both continue to 

be expressed whilst motor axons are ramifying around muscles. In the HGF/SF and c-

R

F
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met null mice, although motor axons are still able to navigate into the limb and to 

correctly innervate the limb musculature, a few small branches are absent (Bladt et al., 

1995; Ebens et al., 1996). This is presumably an illustration o f genetic redundancy, 

whereby axons are guided by multiple cues, and removal of just one cue does not 

always reveal a phenotype.

Chemorepulsion is a common mechanism by which axons can be directed

One of the remarkable findings in the field of axon guidance over the last few years has 

been the phylogenetically conserved nature of guidance cues, in particular the netrins 

and their receptors. In the nematode worm Caenorhabditis elegans for example there is 

a netrin homologue known as UNC-6 present in an increasing dorsal to ventral gradient 

(Kennedy and Tessier-Lavigne, 1995; Wadsworth et al., 1996) that attracts dorsal 

neurones expressing the DCC homologue, UNC-40 (Keino-Masu et a l, 1996). An 

observation in C. elegans, however, was that mutation of the netrin homologue, unc-6, 

disrupted both the dorsal and ventral migration of neurones (Hedgecock et al., 1990). 

Parallels with the vertebrate nervous system likewise suggested that the netrins might be 

able to act as chemorepulsive as well as chemoattractive signals, and that the receptor 

for the repulsive signal might be a homologue of the unc-5 gene (Culotti, 1994). This 

was subsequently confirmed with the identification o f two UNC-5 homologues (UNC-5 

homologues 1 and 2) that bound vertebrate netrin-1 and were capable of repelling 

dorsally projecting motor neurones in vitro (Colamarino and Tessier-Lavigne, 1995; 

Varela Echavarria et al., 1997). For example, trochlear motor neurones, which develop 

close to the ventral floorplate, are repelled dorsally by netrin-1 in vitro (Colamarino and 

Tessier-Lavigne, 1995). The similar nature o f midline axon guidance in the nematode 

worm and vertebrate spinal cord are illustrated in Figure 1.3. In the fruit fly, Drosophila
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melanogaster, netrin-i homologues are known as netrin-A and -B, and the attractive 

receptor (UNC-40 homologue) is called frazzled (Harris et al., 1996; Kolodziej et al.,

1996).

C. elegans Chick I Rat neural tub

UNC-40

UNC-5

UNC-6

DC
Neogenin,

netrin-2
UNC-5H
UNC-5H

netrin-1

Figure 1.3 -  Trajectories o f  selected midline neurones in annelid bodies and vertebrate 

neural tubes compared. The expression patterns o f  netrins and their known receptors 

are also illustrated.

Another family of molecules whose members guide by chemorepulsion are the 

semaphorins* (Serna). The semaphorins are a relatively new family of proteins that are 

characterised by having a highly conserved domain of approximately 500 amino acids, 

known as the semaphorin domain (Kolodkin et al., 1993). Since their discovery in 1992 

(Kolodkin et al., 1992) this family has now grown to more than 30 members (Chen et 

al., 1997). Comparison of the semaphorin domains reveals that there are at least 7 

distinct classes of semaphorins (I through VII; Figure 1.4). Whilst the majority of the 

semaphorins are membrane bound, class II and III semaphorins are secreted and can 

therefore act at a distance. Chick semaphorins are known as collapsins (Coll) because

* from semaphores m eaning signals
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they were originally found to cause the rapid coilapse and retraction of DRG growth 

cones in vitro (Luo et al., 1993).

Class Structure Semaphorin
I Transmembrane Serna la (Originally fasciclin IV) 

Serna lb
II Diffusible Serna Ha 

Serna lib
III Diffusible Serna A / Serna V

Coll-1 / Serna D / Serna III
Coll-2
Coll-3 / Serna E 
Coll-5 
Serna H
Serna IV / Serna 3F

IV Transmembrane Coll-4 
Serna B 
Serna C

V Transmembrane Serna F 
Serna G

VI Transmembrane Serna VIA
VII Membrane bound - GPI Link Serna K1

Figure 1.4 -  Table illustrating the seven major classes o f  semaphorins in insects

(roman numerals), chick and mice (letters) (Puschel, 1996; Sekido et al., 1996; Xiang et 

al., 1996: Zhou et al., 1997; Xu et al., 1998) .

A  well-known example of semaphorin patterning in the developing nervous system is 

seen in the early neural tube. Here, a ventral to dorsal gradient of Coll-l/Sema D/III 

selectively prevents nociceptive sensory axons from extending ventrally (Fitzgerald et 

al., 1993; Messersmith et al., 1995; Shepherd et al., 1997). This in vivo role is 

supported by the finding that transgenic mice null for Serna D have nociceptive axons 

that extend abnormally into the ventral neural tube (Behar et al., 1996).

* A unified nomenclature has very recently been published (Goodman et al., 1999).
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Two receptors for the class III semaphorins have very recently been identified and are 

known as neuropilin* 1 and 2 (Chen et al., 1997; He and Tessier-Lavigne, 1997; 

Kolodkin et al., 1997). Their expression is restricted largely to the axons of either 

growing or regenerating neurones, although they are also expressed on non-neuronal 

cells. Neuropilin 1 (npnl) binds all members of the class III semaphorins and is 

expressed on motor, sympathetic, and sensory axons. In contrast, neuropilin 2 does not 

bind Serna III/D, but binds Serna IV weakly and Serna E strongly. Neuropilin 2 is 

expressed on motor and sympathetic axons, but not sensory axons (except the very 

earliest branches). However, it is currently thought that the neuropilins form part of a 

receptor complex, and are not themselves solely responsible for collapse. There are 

several reasons for this, not least that sensory axons, which express neuropilin 1, can 

bind but are not collapsed by Coll-3/Sema E. Likewise, sympathetic neurones, which 

express npn 1 and 2, are not collapsed by Serna 111/D.

Very recently the plexin/SEX family of receptors have been identified as semaphorin 

class I and VII receptors (Comeau et al., 1998; Winberg et al., 1998). They contain a 

semaphorin domain, in common with semaphorins and MET related receptors such as 

the HGF/SF receptor c-met. Interestingly, plexins are also calcium-dependent 

homophilic binding molecules, raising the possibility that maybe some of the 

semaphorins can bind homophilically also (Ohta et al., 1995).

Just as the netrins were discovered to be bifunctional guidance cues, there is now 

evidence emerging that semaphorins could also be bifunctional, and act as

* because expression was seen predominately in neuropils (meshwork of neuroglia, axons and dendrites of 

the CNS)
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chemoattractants. Cortical axons, which express the neuropilin receptors 1 and 2, are 

attracted up a concentration gradient of Sema E and are repelled by Sema D in vitro 

(Bagnard et al., 1998). Studies involving the first identified semaphorin, Sema la 

(previously called fasciclin IV), also suggests that semaphorins can be attractive. Sema 

la is a transmembrane semaphorin that is expressed as a band running transversely 

across the grasshopper limb bud. When Til sensory axons, on route to the central 

nervous system (CNS), contact this band they make an abrupt turn and follow the band 

to the posterior margin of the limb. However, application of Sema la function blocking 

antibodies resulted in the Til axons bypassing the band completely, and taking a 

different route to the limb exit point (Kolodkin et al., 1992; Wong et al., 1997).

Neural cell adhesion molecules guide by contact attraction

Apart from long range guidance, which uses diffusible cues, the other mechanism of 

guidance is contact mediated. The main mechanisms of contact guidance are selective 

adhesion to other axons (fasciculation) and ECM pathways, or alternatively, selective 

repulsion. The two main effectors of contact guidance are neural cell adhesion 

molecules (CAMs), and components of the extracellular matrix (ECM).

Neural CAMs can be further subdivided into several diverse gene families, the largest of 

which are the immunoglobulins, cadherins, and integrins (Figurel.5) (reviewed in 

Keynes and Cook, 1995; Chiba and Keshishian, 1996).
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Integrins Cadherins immunoglobulins
I--------- 1!--------- !!---------------------------------------------------

I
N -cad h erin  NCAM 

F a s  II

Ig CAMs

L1/NgCAM  TAG-1 
NrCAM Axonin-1 

F3/F11

Integrin

Netrin Receptor RPTPs RPTKs
 II--------------------------------- II---------------------------------II---------------------------------
MAG DCC U N C -5 DLAR D P T P 6 9 D  F G F -R  E ph  A, B 

F ra zz le d  
U N C -40

E x trace llu la r

In trace llu la r

l~1 1 (In teg rin ) |  c a d h e r in ["1  ty ro s in e  p h o s p h a ta s e

I~1 c y s te in e  rich 1~1 fib ro n ectin  III |  ty ro s in e  k in a s e

□  E F -h a n d |  th ro m b o sp o n d in  ty p e C  im m unoglobu lin

Figure 1,5 — Examples o f the 3 largest families o f  membrane bound neural cell 

adhesion molecules (CAMs).

The most extensively studied immunoglobulins are NCAM, LI, and N-Cadherin. The 

patterns of expression of these immunoglobulins, as well as their outgrowth promoting 

effects in vitro, have often implicated them in axon guidance. Interestingly, recent 

reports have suggested that the way in which these factors promote outgrowth is by 

interaction with the fibroblast growth factor receptor (FGR-R). It appears that the 

extracellular portion of both CAMs and FGF-Rs contain a CAM homology domain 

(CFID) which allows them to interact, and it is this activation of the FGF-R that 

enhances axon outgrowth, rather than binding of the CAM. Blocking FGF-R binding to
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the CAMs, with antibodies directed against the CHD, or preventing FGF-R activation 

with dominant negative FGF receptors, effectively abolishes the CAM induced 

outgrowth. In contrast, outgrowth due to integrin binding or binding o f other growth 

factors such as nerve growth factor, are not abrogated by these treatments (Williams et 

a l , 1994; Saffell et a l, 1997).

NCAM was the first adhesion molecule to be fully characterised and is considered the 

prototypical CAM. NCAM is widely expressed in both neural and non-neural tissues, 

and like many of the immunoglobulin CAMs, is known to bind in a homophilic manner. 

In Drosophila, loss and gain of function mutants of the homologue of NCAM, fasciclin 

II, reveal either reduced or increased levels of fasciculation respectively in axon 

pathways that normally express fasciclin II (Lin et a l , 1994). Vertebrate studies have 

further shown that the functional properties of NCAM can be significantly modified by 

post-translational processing, which adds varying amounts of polysialic acid (PSA) to 

the extracellular domain of NCAM. High levels of PSA are thought to reduce 

adhesivity, and to allow more dynamic interaction, whereas low levels enhance 

adhesiveness. Hence, PSA removal by enzymatic digestion results in reduced motor and 

sensory axon mixing within the plexus regions and consequently axonal projection 

errors (Tang et a l, 1992; Honig and Rutishauser, 1996). Surprisingly, despite its 

widespread expression, mice with a targeted deletion o f NCAM have few guidance 

defects. For example, granule cells fail to migrate into the olfactory bulb and instead can 

be seen scattered along their normal migratory route (Tomasiewicz et a l, 1993; Cremer 

et a l, 1994; Ono etal., 1994).
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Human LI is closely related to rat NILE, chick NrCAM, NgCAM, and neurofascin, and 

Drosophila neuroglian. The LI family can promote growth via homophilic as well as 

heterophilic interactions. They have been shown to bind the TAG-1 family of CAMs 

(Kuhn et al., 1991) as well as the integrin, a vP3 (Montgomery et al., 1996). Just like 

NCAM, LI itself has been implicated in many neural processes and is expressed widely 

in the embryonic and adult nervous systems. Studies have shown that LI/NrCAM is 

expressed on floor plate cells, and that commissural axons express the corresponding 

receptor TAG-l/axonin 1. Antibodies towards either of these CAMs consequently 

results in axons being unable to cross the floorplate (Stoeckli and Landmesser, 1995; 

Stoeckli et al., 1997). This is supported by human and mouse mutations in the LI gene, 

where corticospinal axons fail to cross the midline at the medulla and instead try to 

grow ipsilaterally. This results in axons failing to progress beyond the cervical cord and 

severely reduced corticospinal tracts (Wong et al., 1995; Cohen et al., 1998).

Cadherins, are calcium-dependant glycoproteins that only bind homophilically. Further, 

they are so fastidious with their binding that two populations of cells expressing 

different levels o f the same cadherin even tend to segregate from each other in vitro 

(Steinberg and Takeichi, 1994). Given that cadherins are upregulated prior to neurite 

outgrowth, and have spatially restricted patterns of expression, they are thought to play 

an important role in axon guidance (Hatta et al., 1987; Inuzuka et al., 1991). This is 

supported by chick experiments which demonstrate that antibodies directed against N- 

cadherin result in defective sensory axon sorting within the chick hindlimb plexus 

(Honig and Rutishauser, 1996).
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Integrins are widely expressed in neuronal and non-neuronal cells and are the major 

receptors for attachment to the extracellular matrix (ECM). They are a large family of 

heterodimers, being composed of an a  and p subunit (Figure 1.5). Since most integrins 

can bind multiple ligands, and likewise, most ligands can be bound by multiple 

integrins, it is difficult to determine the function of each heterodimer in guiding axons. 

Even though 75% of vertebrate integrin genes have been genetically knocked out, the 

role of integrins in guidance remains obscure (Hynes, 1996). In vitro, integrin binding 

of ECM components, such as laminin, fibronectin, and collagens, is known to induce 

axon outgrowth. Although there are many ECM components, including some that are 

expressed in areas that could potentially influence axon guidance, their guidance roles 

in vivo are thought to be permissive rather than instructive (reviewed in Reichardt and 

Tomaselli, 1991; Venstrom and Reichardt, 1993). For example, laminin is outgrowth 

promoting in vitro and has an in vivo pattern of expression that is consistent with it 

having a role in axon guidance. However, in vitro gradients of laminin have so far been 

ineffective in guiding axons (Hammarback and Letoumeau, 1986; Rogers et al., 1986; 

McKenna and Raper, 1988). This has been confirmed in vivo by mutations of 

Drosophila laminin A (Garcia-Alonso et al., 1996). It is also supported by recent 

integrin under- and over-expression studies in Drosophila, which reveal that integrins 

are required for correct navigation, but misexpression does not lead to path finding 

errors in vivo (Hoang and Chiba, 1998).

Segmentation of spinal nerves is generated by contact repulsion

Contact repulsion has been described in many families of neural CAMs, including 

cadherins, integrins (ECM), semaphorins, immunoglobulin CAMs, and the receptor 

tyrosine kinases (RTKs) (reviewed in Schwab et al., 1993). Remarkably, representatives
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from most o f these families have been implicated in the contact repulsion that generates 

the segmental pattern of spinal nerves (reviewed in Tannahill et al., 1997). It has been 

known for some time that neural crest cells, motor axons, and sensory axons all grow 

exclusively through the rostral half of the somitic sclerotome due to contact repulsion 

from the caudal sclerotome (Figure 1.6).

Neural Crest

Neural Tube

Dorsal Root 
Ganglion (Sensory)Dermamyotome

Spinal Nerve 
(Motor)Notochord

Sclerotome

Figure 1.6 - Transverse section o f the developing spinal cord illustrating how spinal 

nerves and dorsal root ganglia only grow through and form within the rostral half o f 

each sclerotome (taken from Tannahill et al., 1997).

One of the factors thought to be involved in this repulsion is T-cadherin (truncated- 

cadherin). T-cadherin is a glycosyl phosphatidyl inositol (GPI) linked cadherin that is 

expressed on developing motor neurones and in areas avoided by motor neurones 

during development, such as the caudal sclerotome. Further, T-cadherin coated 

substrata, as well as soluble T-cadherin, are capable o f inhibiting motor axon extension 

in vitro (Ranscht and Bronner-Fraser, 1991; Fredette et al., 1996).
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ECM components thought to repel axons include chondroitin sulphate proteoglycans 

(CSPGs). Two CSPGs in particular, that are expressed selectively in the caudal half 

sclerotome, and have proven inhibitory effects in vitro, are versican and collagen IX 

(Landolt et al., 1995; Ring et al., 1996). When chick DRG neurones are grown on 

substrata composed of alternating stripes of laminin and chondroitin sulphate 

proteoglycan, for example, their axons avoid the CSPG stripes (Snow et al., 1990). The 

cell surface bound peanut agglutinin (PNA) binding glycoproteins are also known to be 

associated with areas that are inhibitory to axon growth (Stem et al., 1986; Keynes et 

al., 1991; Oakley and Tosney, 1991). The factors responsible for this have yet to be 

identified, although it is known that the activity predominately resides with two 

glycoproteins, of 48 and 55 kDa. Antibodies directed against these glycoprotein 

fractions, as well as PNA binding, can eliminate the posterior sclerotome collapse 

activity in vitro (Davies et ah, 1990; Krull et al., 1995).

Another diverse family of receptors and ligands, widely expressed throughout the 

embryo, are the Eph* receptors and their ephrin ligands. The Eph receptors are receptor 

tyrosine kinases, which are related to the receptors for EGF, PDGF, NGF, and FGF. 

They characteristically dimerise and autophosphorylate in order to signal. Currently 

there are 14 Eph (pronounced “e ff’) receptors that are classified as either A, or B, 

depending on their relatedness. Of the 8 known ligands 5 are GPI anchored (Al to A5) 

and 3 are transmembrane (B1 to B3) (Lemke, 1997). In general, EphA receptors can 

bind any of the GPI linked ephrin-A ligands, and EphB receptors can bind any of the 

transmembrane ephrin-B ligands, in a fairly non-specific manner (Gale et al., 1996). So

* From erythropoietin producing hepatocellular carcinoma (Hirai et al., 1987).
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far, almost all of the known interactions of ephrins are inhibitory or repulsive in nature 

(Gale and Yancopoulos, 1997). Indeed, during chick embryogenesis it is known that 

caudal somite halves express ephrin-Bl whereas neural crest cells and motor axons 

express the corresponding EphB receptor (Krull et al., 1997; Wang and Anderson, 

1997). Furthermore, neural crest and motor axons avoid ephrin-B ligand coated 

substrata in vitro, and interference of EphB-ephrin-B interaction in explants, by 

flooding the explants with ligand, allows neural crest cells to migrate through both 

rostral and caudal somite halves (Krull et al., 1997; Wang and Anderson, 1997).

The clearest role yet for ephrins in axon guidance has come from studies of the 

retinotectal system. Here, axons from the retina project to the tectum in such a manner 

that the tectum receives a precise inverted mirror image o f the retina (Figure 1.7a). One 

of the ways that this is achieved is by having an naso-temporal gradient of EphA 

receptor expression on retinal ganglion cells (RGCs), and a matching A-P gradient of 

the corresponding ephrin-A ligand in the tectum (Figure 1.7b). In this way RGC axons 

expressing very low levels of ephrin receptor will be insensitive to the repulsive ephrin 

ligand and will consequently grow happily toward the posterior tectum. In contrast, 

axons expressing high levels of receptor are inhibited by even low concentrations of 

receptor and stall at the anterior margin of the tectum. This is confirmed in vivo by 

experiments that demonstrate that temporal retinal axons avoid ectopic patches of 

ephrin-A2 artificially overexpressed in the anterior tectum (Nakamoto et al., 1996). The 

dorsal-ventral axis is also thought to be patterned in a very similar manner (Figure 

1.7c). EphB2 is expressed in the retina in an increasing dorsal to ventral gradient, and 

ephrin-Bl is expressed in a dorsal to ventral gradient in the tectum (Braisted et al.,

1997).
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Retina

Figure 1.7 — Control o f  chick retinotectal innervation, (a) Light falling on the retina 

(dashed line) is inverted and reversed compared to the original image. However, the 

original orientation is subsequently restored in the tectum by the precise wiring o f  

retinal ganglion cells (RGCs). (b) This precise mapping is achieved by having a naso- 

temporal gradient o f  an ephrin receptor in the retina and an anterior to posterior (a-p) 

gradient o f  ephrin ligand in the tectum. In this way nasal retinal axons project to the 

posterior tectum and temporal axons project to the anterior tectum, (c) EphB receptors 

and their ligands pattern the dorsal ventral axis in the same manner. Abbreviations: A 

anterior, P posterior, N nasal, T temporal, D dorsal, V ventral. Idea taken from Tessier- 

Lavigne, 1995.
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A newly emerging feature of the Eph family is that some ligands can also act as 

receptors. For example, the receptor EphB2 is expressed as a stripe in the developing 

forebrain and acts as a repulsive guide for commissural axons expressing the 

corresponding ephrin-Bl ligand. In the absence of the EphB2 receptor boundary, these 

cortical axons project ventrally and fail to form a commissure (Henkemeyer et al., 1996; 

Holland et al., 1996).

Given the weight of evidence suggesting that ephrins are involved in axon path finding, 

it is of great interest that ephrins have been reported in limb tissues at the time of 

innervation (Gale et al., 1996; Wang and Anderson, 1997; Araujo et al., 1998). Further, 

the expression pattern of EphA7, for example, matches precisely several major route 

ways in the developing chick wing, suggesting that ephrins may be important in 

peripheral axon guidance (Araujo et al., 1998).
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Control of innervation

Once sensory axons have been correctly guided to their cutaneous targets, they begin to 

branch and ramify until they eventually innervate the entire surface o f the limb. The 

factors that control the level of this innervation are poorly understood. Recent 

experiments looking at reinnervation of newly healed skin, after making excisional 

wounds, suggest that the final level of innervation might actually be determined within 

one critical week of birth in rodents. This was because wounds made before this period 

became permanently hyperinnervated, whereas, wounds made after this time were only 

temporarily hyperinnervated and subsequently restored the normal level of innervation 

(Reynolds and Fitzgerald, 1995). In order to further investigate this hyperinnervation 

response, I decided to determine if embryonic wounds hyperinnervate, and if so, 

whether this response is temporally regulated. I shall therefore review briefly what is 

currently known about the normal patterning of cutaneous innervation.

After target contact 50% of neurones die

During normal development, the number o f neurones innervating a particular target 

must be closely matched to the target size. This matching is achieved in a number of 

ways. Prior to innervation it is known that more neurones are bom adjacent to territories 

that will require more innervation. For example, dorsal root ganglia (DRG) and neural 

tube at levels adjacent the developing limb contain many more neurones than at non

limb levels (Hamburger and Levi-Montalcini, 1949; Oppenheim et al., 1989; Goldstein,

1993). Another mechanism of matching target size and neuronal number is to 

overproduce neurones and then selectively eliminate any that are excess to
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requirements. The mechanism by which neurones are eliminated is explained by the 

'neurotrophic hypothesis' (Davies, 1996). This states that upon reaching their target 

axons rapidly become dependent on survival factors (known as neurotrophins) released 

by the target (Davies and Lumsden, 1984; Davies, 1994). Falling levels of these 

neurotrophins then force axons to compete with one another, consequently resulting in 

the death o f incorrectly wired or superfluous neurones. Thus, the final innervation 

density of any target is proportional to the level of neurotrophin being produced (Harper 

and Davies, 1990). This ‘wave of naturally occurring cell death’ results in about 50% of 

neurones dying on average (ranges from 10% to 90% depending on the tissues - Rogers 

and Cowan, 1973; Ard and Morest, 1984). One of the advantages o f this competition is 

that it enables natural variations in target size to be accommodated. This is clearly 

illustrated by the classical experiments of Hamburger and colleagues (1949), who show 

that if an extra limb bud is grafted onto the flank of a chick embryo many more 

neurones than normal survive. Conversely, if  a chick limb bud is removed then many 

more neurones than normal die. Following on from these experiments, the prototypical 

neurotrophin, nerve growth factor (NGF) was identified (Levi-Montalcini and 

Hamburger, 1951; reviewed in Levi-Montalcini, 1987). NGF is now known to belong to 

a family o f molecules known as neurotrophins, which have very similar functions, but 

act on different populations o f neurones during development. The other members are 

brain derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 

(NT-4). In the shark (Xiphophorus) a further neurotrophin called neurotrophin 6 has 

been identified, but so far no mammalian homologue has been found. Each 

neurotrophin interacts with a specific high affinity receptor, known as a trk receptor, 

which is the main effector of neurotrophin action, and a low affinity receptor called p75 

which binds all neurotrophins equally (Sutter et al., 1979). Trk receptors are tyrosine
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kinase receptors, and as such dimerise on binding in order to signal. There are 3 known 

trk receptors, trkA, which binds NGF, trkB which binds BDNF and NT-4, and trk C 

which binds NT-3 only (Figure 1.8). Whilst these are the preferred ligands, NT-3 is 

somewhat promiscuous and is additionally known to be able to bind both trkA and trkB 

in 'vitro (Ip et al., 1993; Davies et al., 1995; Belliveau et al., 1997). There is also good 

evidence that NT-3 supports the survival o f a population of trkB positive DRG neurones 

for a short time during normal development, and a population o f trkA neurones in the 

absence of trkC in vivo (White et al., 1996; Farinas et al., 1998). Consistent with their 

roles as survival factors, mice made genetically null for any o f these neurotrophins or 

their receptors lack precisely the population of neurones that normally express the 

receptor. For example, mice lacking the gene encoding NGF or trkA have a profound 

loss o f both nociceptive and sympathetic innervation at birth (Crowley et al., 1994; 

Smeyne et al., 1994). Mice lacking trkB alone, or both BDNF and NT-4, have no 

cranial ganglia and about one third fewer spinal motor neurones (Klein et al., 1993; Liu 

et al., 1995). The only significant discrepancy between neurotrophin and the 

corresponding trk null is for NT-3. Mice lacking the gene encoding trkC have no 

proprioceptive fibres (Klein et al., 1994) whereas mice lacking the gene encoding NT-3 

in addition have lost fibres that serve fine tactile discrimination (Emfors et al., 1994; 

Airaksinen et al., 1996). As mentioned above, this is thought to reflect the ability of 

NT-3 to support the survival of some trkA and trkB neurones during development.
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NGF NT-3 BDNF NT-4

A <I>«4
* .  I

TrkA TrkC TrkB

Figure 1.8 -  Diagram illustrating the preferred specificity o f  the trk receptors fo r each 

o f the neurotrophins (hold arrows). Dotted arrows indicate other interactions that can 

occur in vivo. Abbreviations, NGF nerve growth factor, BDNF brain derived 

neurotrophic factor, NT-4 neurotrophin-4, NT-3 neurotrophin-3.

The role of the low affinity neurotrophin receptor, p75, is poorly understood. It is 

generally thought that p75 enhances the specificity of trk binding (Benedetti et al., 

1993; Clary and Reichardt, 1994) and that this binding in turn influences trk signal 

transduction (Verdi et al., 1994; Ryden et al., 1995). In particular, trkA signalling is 

enhanced by p75 (Davies et al., 1993; Ryden et al., 1997), and this is reinforced by the 

similar phenotype of the p75 mutant and the trkA or NGF mutants (Lee et al., 1992; 

Crowley et al., 1994; Smeyne et al., 1994). However, it is now clear that apart from 

promoting neurotrophin dependent survival of developing neurones, p75 signalling can 

also actively kill cells (reviewed in Davies, 1997). p75 has been shown to contain a 

“death domain’' and to be related to the tumour necrosis factor receptor and Fas family 

of proteins, which can also signal apoptosis (Feinstein et al., 1995). As previously
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reported, binding of NGF to trkA results in survival o f sympathetic neurones, however, 

a high ratio o f p75 to trkA binding (for example, by binding of predominately BDNF or 

NT-3) effectively signals that the neurone is superfluous, or incorrectly wired, and the 

neurone dies by apoptosis. This death can be blocked by antibodies to p75 (Bamji et al., 

1998). The reduced ability of sympathetic neurones to die in the absence of p75 may 

also explain why in p75 mutant mice sympathetic neurones do not undergo a wave of 

naturally occurring cell death, and are consequently elevated in number (Lee et al., 

1992; Lee et al., 1994; Bamji et al., 1998).

Unlike sensory neurones, the survival requirements o f motor neurones are much more 

complex. No growth factor, or combination o f growth factors has yet been shown to 

support the long term survival of motor neurones in vitro or in vivo (reviewed in 

Greensmith and Vrbova, 1996). Further, mice null for any one neurotrophin, or its 

corresponding trk receptor, do not show increased motor neurone cell death in vivo 

(Sendtner et al., 1996). In addition, mice null for other putative motor neurone survival 

factors, such as LIF and CNTF, have normal numbers o f motor neurones. One 

explanation o f this may be that motor neurone survival depends on an interplay between 

survival factors and activity of the neurone (reviewed in Greensmith and Vrbova, 1996).

The neurotrophins regulate nerve branching

In addition to controlling the numbers o f neurones innervating a target, neurotrophins 

also influence the level of branching / ramification, and consequently the level of 

innervation. This is well illustrated by the classical experiments o f Campenot (1977; 

1982) where he divided a petri dish into 3 wells using paraffin grease (Figure 1.9). This 

allowed axons to grow between the wells, but prevented mixing o f the aqueous solution,
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allowing different parts of neurones to be exposed to differing levels of NGF. 

Sympathetic cell bodies were placed in the central well and the growth of neurites into 

the side wells was monitored in the presence of varying concentrations of NGF. Only 

when NGF was added to a side well did neurones grow into it. Further, the density of 

innervation was directly proportional to the local concentration of NGF at the nerve 

termini. When NGF was removed from a side well the axons retracted back to the 

border of the central well (Campenot, 1977; 1982) In vitro and in vivo injections of 

various neurotrophins, or antibodies directed against them, has likewise demonstrated 

the control they exert over axonal branching and morphology (Heumann et al., 1984; 

Shelton and Reichardt, 1984; Snider, 1988; Ruit et al., 1990; Yasuda et al., 1990; 

Cohen-Cory et al., 1991; Scott and Davies, 1993; Studer et al., 1994; Cohen-Cory and 

Fraser, 1995)

culture dish Figure 1.9 - Diagram illustrating how Campenot
Teflon divider

(1977) divided a culture dish into three wells using a 

Teflon divider sealed to the floor with silicon grease. 

Neurones were placed in the central chamber (a) 

and were guided into the side chambers (b & c) by 

parallel scratches on the floor o f  the dish.

Neurotrophin expression by target tissues is coincident with the arrival of the 

earliest axons

Since the discovery that neurotrophins were diffusible target derived factors, researchers 

speculated that the neurotrophins may also function as chemotactic factors, guiding 

axons towards the target (Menesini Chen et al., 1978; Gundersen and Barrett, 1979).
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However, it was later elegantly demonstrated in the trigeminal system that NGF 

synthesis only began at the time sensory nerves first reached target skin. Further, NGF 

receptors were not actually detected on axons until axons had made target contact 

(Davies and Lumsden, 1984; Davies et al., 1987). This was convincing evidence that 

NGF could not be the endogenous chemotactic factor. Further experiments 

demonstrated that the timing o f neurotrophin production was intrinsic, since it occurred 

at precisely the same time in normally innervated limbs, and in limbs deprived of 

innervation by prior ablation of neural primordia (Rohrer et al., 1988). Likewise, the 

length of time that neurones could survive without neurotrophins was also intrinsic, 

being pre-programmed according to the distance that the axon had to travel towards the 

target in vivo, rather than relying on target contact. For example, vestibular neurones 

that only have to travel a short distance to their target in vivo do not survive for long 

without neurotrophins in vitro. In contrast, nodose axons that have to travel much 

further to reach their target in vivo, are neurotrophin independent for longer in vitro 

(Vogel and Davies, 1991). It has also emerged that, at least for NGF dependant sensory 

and sympathetic neurones, when neurones first reach the target they are BDNF/NT- 

3/NT-4 dependant for a short period before switching to NGF dependence (Birren et al., 

1993; Buchman and Davies, 1993; Buj-Bello et al., 1994). This is thought to ensure that 

large numbers of neurones get to the target before the onset o f competition for NGF 

(Davies, 1994). Unlike the period o f neurotrophin independence, however, the switch 

from BDNF/NT-3/NT-4 to NGF dependence is not intrinsic, but is determined by 

exposure of the sensory neurones to BDNF and NT-3 (Paul and Davies, 1995; Pinon et 

al., 1996).
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TGF-p’s may control the levels of neurotrophins produced by embryonic mouse 

skin

It is thought that the level of NGF and NT-3 in developing skin may be controlled, at 

least in part, by the transforming growth factor beta (TGFp) family. In vivo, throughout 

the period when axons are arriving at the skin, the levels of NGF mRNA increase. In 

contrast, the levels of NT-3 mRNA rise during the early stages o f innervation, and later 

fall, reflecting the in vivo switch in neurotrophin dependence that occurs in NGF 

dependant sensory neurones (Buj-Bello et al., 1994). In vitro studies using appropriately 

staged mouse skin have shown that exogenous addition of any o f the TGFps can 

reproduce both aspects o f the in vivo profile (Buchman et al., 1994). The effect of TGFp 

on early mouse skin is to increase NGF mRNA, whereas the effect on older skin is to 

increase NGF mRNA and decrease NT-3 mRNA (Buchman et al., 1994). In situ studies 

further show that TGFps are present at the right time and place in vivo and rise 

throughout the period that sensory axons reach the skin (Buchman et al., 1994). This 

strongly suggests that the TGFps normally control the levels of both NGF and NT-3 in 

vivo.

In the adult neurotrophic factors are important for things other than survival

Soon after target innervation sensory neurones become NGF dependant and, as a result, 

NGF is increasingly taken up by the nerve terminals and retrogradely transported to the 

cell bodies (Stockel et al., 1975). This uptake depletes the target derived NGF and NGF 

levels subsequently begin to fall (Davies et al., 1987). This is thought to precipitate the 

wave of cell death which peaks soon after target contact and characteristically occurs 

over a period of between 3 and 6 days (Davies, 1987). As sensory neurones mature, 

their dependence on NGF for survival decreases until adulthood (Davies and Lumsden,
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1984; Johnson et al., 1989), when neurotrophins cease to be required for survival 

(Lindsay, 1988; Lindsay and Harmar, 1989; Scott and Davies, 1993). Anti-NGF 

treatment fails to kill any sensory neurones after postnatal day 2 in the rat (Lewin et al., 

1992). In contrast, sympathetic neurones remain dependent on NGF for survival 

throughout life (Gorin and Johnson, 1980).

The function o f neurotrophins in adult animals, however, is wide ranging. In adult 

tissues the level of NGF correlates with the density o f sympathetic (Korsching and 

Thoenen, 1983; Heumann et al., 1984; Shelton and Reichardt, 1984) and sensory 

innervation (Diamond et al., 1992c). Additionally, increasing or decreasing the levels of 

NGF can cause or prevent sprouting of sensory and sympathetic neurones in vivo and in 

vitro (Diamond et al., 1987; Ruit et al., 1990; Diamond et al., 1992a; Diamond et al., 

1992c; Scott and Davies, 1993). In the adult, neurotrophins are additionally important 

for maintaining the phenotype of neurones, for example, in the absence o f NGF, A-fibre 

mechanonociceptors are converted to low threshold D-hair afferents (Ritter et al., 1991; 

Lewin et al., 1992). The production of NGF in adults is also important in regulating 

neurotransmitters, for example, noradrenaline synthesis in sympathetic neurones 

(Thoenen et al., 1971; Stockel et al., 1975) and substance P and CGRP in sensory 

neurones (Schwartz et al., 1982; Lindsay and Harmar, 1989). These neurotransmitters 

are in turn important in regulating sensitivity of adult neurones to various signals. For 

example, tissue damage or inflammation results in the upregulation of the 

neurotransmitters, substance P and CGRP (Lindsay and Harmar, 1989; Donnerer et al., 

1992; McMahon et al., 1995), which in turn induce a heat and mechanical hyperalgesia 

(a low pain threshold) in neonatal and adult rats (Lewin and Mendell, 1993; McMahon, 

1996; Woolf, 1996). Blockade of NGF activity with antibodies prevents both heat and
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mechanical hyperalgesia which normally follows tissue inflammation (Lewin ei al., 

1994; Woolf et al., 1994).

Another important role for neurotrophins in adult animals is thought to be in 

regeneration of damaged or transected nerves. This idea has stemmed from observations 

that after cutting or crushing of a peripheral nerve many DRG neurones die (Johnson 

and Yip, 1985), but these cells can be rescued from death by exogenous application of 

NGF to the nerve stump (Rich et al., 1987). In support o f this theory, NGF and BDNF 

have both been shown to be upregulated at the distal nerve stump following nerve 

transection (Heumann et al., 1987a; Heumann et al., 1987b; Meyer et al., 1992), 

effectively replacing the target derived trophic support. In contrast to the above studies, 

NGF deprivation in combination with axotomy has been shown not to kill more 

neurones than axotomy alone (Rich et al., 1984). Further, in vitro studies have shown 

that single adult neurones are quite capable of surviving for several weeks without NGF 

or BDNF (Lindsay, 1988). Despite this, NGF and BDNF both enhance the rate of 

neurite outgrowth indicating responsiveness without apparent obligatory requirements.
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Wound healing in the embryo and adult

In previous pages I have described something o f the development o f innervation in the 

embryo and it’s maintenance in the adult. However, I am also interested in the interplay 

between nerves and wound healing, i.e. the effect that wounds have on the developing 

pattern of innervation and conversely the involvement o f innervation in the process of 

wound healing. For this reason I shall briefly review wound healing in the embryo and 

the adult and then go on to discuss known interactions between nerves and wounds.

Skin is a complex tissue that must be reconstructed after injury. In both the embryo and 

the adult this healing process, with few exceptions, results in repair o f the tissue rather 

than regeneration. Thus, neither are able to regenerate missing structures such as hair 

follicles and sweat glands. An important difference between adult and embryonic 

wound repair, however, is that embryonic wounds repair perfectly, whereas adult 

wounds repair with a scar. One of the key characteristics of scar tissue, that 

distinguishes it from normal unwounded tissue, is the organisation o f collagen fibrils 

within the dermis. In normal unwounded skin collagen is arranged in a loose basket 

weave-like pattern, whereas, in scar tissue collagen is bundled into thick parallel fibrils.

Wound repair process can be divided up into 3 overlapping phases. Immediately after 

wounding there is inflammation, followed by new tissue formation, and ultimately, 

tissue remodelling.
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Adult wound healing results in inflammation

Skin wounding and the resultant damage to blood vessels leads to release o f plasma 

proteins, including thromboplastin, which on exposure to collagen initiates a clotting 

cascade that converts prothrombin to thrombin, which in turn acts on fibrinogen to 

convert it into fibrin threads. These threads enmesh platelets, blood cells and plasma, 

forming a clot. This clot is not only protective, but also covers the wound bed in a 

provisional matrix consisting of largely fibrin, fibronectin, vitronectin and 

thrombospondin (Clark, 1996). Apart from haemostasis and matrix deposition, 

components o f the clotting cascade also result in the dilatation o f blood vessels, an 

increase in vascular permeability, and the recruitment o f leukocytes to the wound site, 

collectively known as inflammation (Clark, 1996). Once inflammation has begun, a 

cycle of amplification begins whereby inflammatory cells themselves secrete a plethora 

of chemoattractant cytokines and chemokines for other inflammatory cells. This 

cocktail of cytokines, most notably IL-1 and TNFa, in turn induce surrounding cells, 

such as fibroblasts and endothelial cells, to manufacture more chemoattractants (Luster, 

1998).

One such family of chemoattractants are the chemokines. These are a large family of 

over 40 proteins that can be divided into 4 subfamilies based on the position of their 

cysteine residues. The two largest families are the a - and P- chemokines. The oc- 

chemokines, have two cysteine residues separated by a single amino acid (CXC) 

whereas the P-chemokines have two cysteine residues adjacent to each other (CC). 

There is also a C chemokine known as lymphotactin and a CXXXC chemokine called 

ffactalkine (Luster, 1998). Chemokine receptors are differentially expressed on the 

various inflammatory cells, allowing the possibility o f selective leukocyte recruitment
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to various inflammatory conditions (Baggiolini, 1998). For example, eotaxin and IL-5 

are known to cause an eosinophilia in vivo (Collins et al., 1995). Once released 

chemokines are concentrated locally by binding to negatively charged proteoglycans, 

such as heparan sulphate, found in the extracellular matrix (ECM) and on cell surfaces. 

These gradients are thought to guide inflammatory cells towards the source o f injury by 

activating leukocyte integrins leading to their firm adherence to vessel walls and 

consequent diapedesis (Springer, 1994). The Duffy antigen receptor for chemokines 

(DARC), is a non-signalling chemokine receptor found on erythrocytes, that effectively 

mops up stray chemokines, helping to maintain a localised concentration gradient 

(Luster, 1998). This inflammatory cycle is illustrated in Figure 1.10 below.

The fastest recruited inflammatory cell to a wound site is the neutrophil (Clark, 1996). It 

is thought that the neutrophils presence in the wound is predominantly to destroy 

contaminating bacteria. In sterile wounds, this is a transient response and neutrophils 

die after a couple o f days. Therefore, selective destruction of neutrophils using 

antiserum does not significantly influence the wound healing response (Simpson and 

Ross, 1971; Simpson and Ross, 1972). Unlike neutrophils, monocytes slowly 

accumulate in the tissue where they transform into tissue macrophages. Macrophages 

are the predominant phagocytes and are responsible for engulfing dead neutrophils, 

pathogenic organisms and debris. Central to their role is the production o f a plethora o f 

cytokines that influence many cellular processes important in healing, such as cell 

migration, proliferation, angiogenesis, and matrix synthesis. These cytokines include 

TGFp, PDGF, IGF-I, FGF, and TGFa, amongst others (Clark, 1996). Macrophages also 

produce enzymes such as proteases and glycosidases that are important in the process of 

tissue remodelling. Consequently, destruction o f macrophages by a combination of
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antisera and steroids results in reduced tissue debridement, poor fibroblast proliferation 

and poor wound fibrosis, confirming the essential role o f macrophages in tissue 

remodelling (Leibovich and Ross, 1975).
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Figure 1.10 -  Taken from Luster (1998). See text fo r  details.

Adult wound defects become filled with granulation tissue

In adults skin wounds are restored by a process of reepithelialisation and granulation 

tissue formation (Figure 1.11). Reepithelialisation in vivo does not begin for several
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hours after injury. This delay is thought to be due to the time required for wound edge 

cells to loosen their contacts with the basement membrane and neighbouring cells and to 

upregulate the necessary integrins to crawl across the provisional matrix. Once this is 

done cells begin to extend lamellipodia and pull themselves across the provisional 

matrix (Grinnell, 1992; Cavani et al., 1993; Breuss et al., 1995). The main growth 

factors thought to enhance the motility of epithelium include the epidermal growth 

factor (EGF) family, fibroblast growth factor (FGF) 7 and transforming growth factor 

(TGF) p i (Martin, 1997). Many of these factors also encourage epithelial cell 

proliferation, which occurs after one to two days in vivo, although proliferation has been 

demonstrated not to be absolutely required for efficient wound healing. In order for 

epithelial cells to migrate over the wound they must dissect a path between the clot and 

underlying dermis. To do this they produce plasminogen activators, which release 

plasmin from the clot, and other proteases, such as collagenases and matrix 

metalloproteinases (Grondahl-Hansen et al., 1988; Clark, 1996). The importance of 

these proteases is highlighted in transgenic mice null for plasminogen where wound 

reepithelialisation is almost completely blocked (Romer et al., 1996).

Approximately four days after injury fibroblast migration and proliferation into the 

wound space begins. This delay is thought to be due to the requirement o f fibroblasts 

for continual cytokine stimulation in order to become activated (McClain et al., 1996). 

The signals responsible for this fibroplasia initially come from platelets and 

macrophages, although fibroblasts themselves also produce factors that work in an 

autocrine fashion. Both PDGF and TGFp stimulate fibroblasts to migrate and upregulate 

the necessary integrin receptors required to bind the provisional matrix (Xu and Clark, 

1996). These and other growth factors further encourage fibroblasts to lay down a
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profuse matrix of collagen, fibronectin, glycosaminoglycans, and proteoglycans, all of 

which encourage further invasion (Kurkinen et al., 1980; Welch et al., 1990). Occurring 

simultaneously with this fibroplasia is capillary bud ingrowth from surrounding tissue. 

This angiogenesis is thought to be encouraged by a combination of hypoxia, proteolytic 

degradation of endothelial cell basement membranes, and release o f endothelial 

chemoattractants and mitogens by wound macrophages and fibroblasts. FGF2 and 

vascular endothelial derived growth factor (VEGF) have both been implicated in this 

angiogenic response (Martin, 1997). For example, depletion of FGF2 with polyclonal 

antibodies severely impairs angiogenesis (Broadley et al., 1989). Within about one 

week of injury the original defect is filled by this ‘granulation tissue’.

Reconstituting 
epidermal .
cells S .

Figure 1.11 - Figure illustrating two key mechanisms o f  adult wound repair - 

reepithelialisation and granulation tissue formation (Taken from  Martin, 1997).
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Remodelling of granulation tissue results in scar formation

The remodelling of granulation tissue is principally the role of fibroblasts and 

macrophages, which move throughout the tissue, degrading, synthesising, depositing 

and reorganising the extracellular matrix. This results in the original fibronectin and 

hyaluronan matrix stroma, that was so conducive to cell movement and proliferation, 

becoming gradually replaced by a matrix that provides more tensile strength. Thus, 

hyaluronic acid (HA) and fibronectin are gradually replaced by sulphated 

proteoglycans, collagen III and then collagen I (Clark, 1996).

Over time, granulation tissue fibroblasts transform into myofibroblasts, which closely 

resemble smooth muscle cells, containing large quantities o f a-smooth muscle actin. 

The transformation of fibroblast to myofibroblast is thought to be brought about by a 

combination of mechanical stress and growth factors, in particular TGFp (Desmouliere 

et al., 1993; Grinnell, 1994). These myofibroblasts play a significant role in wound 

closure, contracting the wound to about 50% of its original size (Abercrombie et al., 

1954; Ihara and Motobayashi, 1992). Later, about 10 days after the initial wound, 

fibroblasts decrease their production of extracellular matrix, and undergo apoptosis, 

resulting in a relatively acellular scar (Desmouliere et al., 1995).

Embryonic wounds heal by reepithelialisation and connective tissue contraction

In contrast to adult wound healing, embryonic wounds have been known for many years 

to heal rapidly and perfectly, without leaving a scar. There have been many reasons put 

forward for this -  a sterile and fluid wound environment, tissue simplicity, the rapid 

proliferation o f embryonic epithelial and mesenchymal cells, a different extracellular 

matrix, the lack o f an inflammatory response, and a more transient growth factor profile
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(Smedley and Stanisstreet, 1984; Longaker et al., 1989; Whitby and Ferguson, 1991a; 

Whitby and Ferguson, 1991b).

One of the most obvious differences between wound healing in embryos and adults is 

the moist, warm, and sterile environment that bathes embryonic wounds. However, 

studies using an opossum (Monodelphis domesticus), which is bom at a stage equivalent 

to a 6 week gestation human foetus, reveal that early neonatal wounds heal without a 

scar whereas later wounds scar (Armstrong and Ferguson, 1995). This suggests that the 

ability to heal scarlessly is intrinsic to the skin and not determined by the environment. 

In support of this, adult sheep skin grafted onto a sheep foetus in utero still results in 

adult-like scarring (Longaker et al., 1994). Conversely, foetal skin taken out o f its 

normal environment, and placed subcutaneously in an adult nude mouse, still heals 

scarlessly (Lorenz et al., 1992). This raises the possibility that tissue simplicity itself 

may be a critical factor in scarring. Indeed, the mechanisms used to heal wounds in 

embryos are very different, and much simpler, than those used in adults. Embryos also 

close wounds using the same two tissue movements - reepithelialisation and connective 

tissue contraction (Martin and Lewis, 1992; McCluskey and Martin, 1995). However, 

the mechanisms underlying these movements are entirely different from those used 

during adult repair. Re-epithelialisation of the adult wound, as mentioned earlier, 

involves lamellipodial crawling o f wound edge cells across the provisional matrix and 

takes many days. In embryos, however, wound edge epithelial cells form an 

intracellular actin and myosin cable that inserts into neighbouring cells via adherens 

junctions (Brock et al., 1996). This contractile actin “purse string” assembles around the 

entire circumference of the wound and draws the epithelium closed (Figure 1.12). 

Importantly, reepithelialisation is usually complete within 24 hours (Thevenet, 1981).
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Scanning and transmission electron microscopy show the leading epithelial wound edge 

to be rounded and without any lamellipodia (McCluskey et al., 1993). Connective tissue 

contraction is also quite different in embryos and adults. In the adult it is driven by 

contraction of specialised myofibroblasts (Grinnell, 1994). However, these cells are 

absent at all stages during closure o f embryonic wounds (McCluskey and Martin, 1995).

Figure 1.12 - Diagram illustrating how an 

actin cable (red) forms in the leading edge

o f wound front cells. Its contraction

(indicated by arrows) sweeps the 

epithelium over the underlying 

mesenchyme.

Other differences thought to account for scarless wound repair are differences in the 

composition of the surrounding matrix during healing. Whilst some factors, such as 

fibronectin and tenascin, that are substrates for cell migration, are replenished quickly 

and deposited at the same level after both adult and embryo wounding (Whitby and 

Ferguson, 1991a). Other factors, such as glycosaminoglycans, proteoglycans, and 

collagens, are very different. Hyaluronic acid (HA) is very abundant in normal 

embryonic skin and is rapidly restored after wounding. In contrast, adult skin is low in 

HA and undergoes only a transient upregulation after wounding (Dunphy and Upuda, 

1955; Whitby and Ferguson, 1991a; Estes et al., 1993). This is thought to be important 

for two reasons: Firstly, HA is believed to stimulate cell proliferation and migration by

creating a low resistance hydrated matrix (Brecht et al., 1986; DePalma et al., 1989),

and by acting as a ligand for CD44, an abundantly expressed receptor in wounds
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(Aruffo et al., 1990). Secondly, it has been suggested that the diameter of collagen 

fibrils is directly related to the levels o f HA, with low levels resulting in the laying 

down o f larger diameter fibres (Scott and Hughes, 1986; Whitby and Ferguson, 1991a). 

This is supported by studies that show that experimental degradation o f HA at foetal 

wound sites results in a more adult-like healing response, with increased fibroblast 

infiltration, collagen deposition, and capillary formation (Mast et al., 1992).

Collagens are another factor implicated in the scarring process. It is known that different 

collagens can be present in the same fibril and that the proportions of each can 

determine fibril properties, such as diameter and length, in vitro (Keene et al., 1987; 

Birk et al., 1988; Birk et al., 1990). In this regard, it is known that foetal tissues contain 

a higher ratio of type III to type I collagen (Epstein, 1974; Merkel et al., 1988). 

However, it is also known that foetal wounds begin to scar before the transition from 

foetal to adult ratios of collagen. Other studies have revealed that in the embryo 

collagens I, III, IV, V, and VI are laid down sooner than in adults although the 

significance of this is poorly understood (Nath et al., 1994). It may simply be that foetal 

fibroblasts are able to proliferate and synthesise collagen simultaneously, whilst adult 

fibroblasts can only maximally produce collagen when they are not dividing (Graham et 

al., 1984). The main difference it seems between foetal and adult collagen deposition is 

the pattern in which it is deposited. In embryos collagen fibrils are deposited in a 

reticular fashion, whereas in adults, fibrils are deposited in dense parallel bundles 

typical o f a scar (Longaker et al., 1990; Whitby and Ferguson, 1991a).
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Inflammation is not a feature of embryonic wounds healing

Considered to be one o f the most important differences between embryonic and adult 

wound healing is the lack o f an inflammatory response to wounding in the embryo. As 

mentioned before, the adult wound site rapidly becomes infiltrated with neutrophils and 

then macrophages. In the embryo, however, neutrophils are never seen at the wound site 

and macrophages are not recruited until after the wound has healed, even then only in 

very small numbers (Dixon, 1960; Adzick et al., 1985; Hopkinson-Woolley et al.,

1994). Why is this? It is not that macrophages are unresponsive to wound signals, 

because they often are attracted to the wound site after wound closure. In addition, 

significant numbers can be attracted if a strong enough stimulus is provided such as 

after a bum wound (Hopkinson-Woolley et al., 1994). Rather, it appears that the early 

signals that trigger the inflammatory cascade are missing in the embryo. In the adult, the 

inflammatory cascade is initiated largely by release of cytokines from degranulating 

platelets. In the embryo there are no platelets. In fact, megakaryocytes, the progenitors 

o f platelets, do not even begin to differentiate until a later stage after scarring has begun 

(Rugh, 1990; Hopkinson-Woolley et al., 1994). There appears to be a fairly tight 

correlation between the onset of a macrophage inflammatory response and the first stage 

o f foetal wounding that leads to the formation of a scar. A similar correlation between 

the onset of inflammation and scar development is seen in Monodelphis (Armstrong and 

Ferguson, 1995). Since degranulating platelets and macrophages are the major sources 

of growth factors at the adult wound site, and both are absent in embryos, the whole 

profile of growth factors is likely to be very different at embryonic wound sites. 

However, one particular growth factor has been strongly implicated in the pathogenesis 

of scar formation -  TG Fpl. In the embryo TGFpi is upregulated within both the 

epithelium and mesenchyme very rapidly and transiently so that it is cleared within 18

49



simpler i

hours (Martin et al., 1993). In contrast, adult wounds exhibit high levels of TGF(31 

protein throughout healing and beyond (Kane et al., 1991; Sullivan et al., 1995). 

Manipulation o f the levels of the various TGFp isoforms have convincingly been shown 

to alter the degree o f scarring. If  embryonic wounds are provided with an excess of 

exogenous TG Fpi, to mimic the adult wound situation, they can be made to develop a 

marked inflammatory response and subsequently heal with an adult like fibrotic reaction 

(Krummel et al., 1988). Conversely, antibodies directed against TGFp 1 and 2, or 

injection of TGFp 3 protein, have been demonstrated to reduce scarring (Shah et al., 

1995). Another potent monocyte chemoattractant and activator is PDGF. Just like 

TGFp, PDGF is present in adult wounds for a much longer period than embryonic 

wounds (Whitby and Ferguson, 1991b). In addition, subcutaneous implants containing 

PDGF also result in embryonic inflammation and fibrosis (Haynes et al., 1994).
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Effect of wound healing on innervation

One tissue often overlooked in the process o f cutaneous wound healing is the 

subsequent healing and regeneration of the surrounding innervation. Essentially this is 

known to occur by two separate processes -  regeneration and collateral sprouting.

In a series of classic experiments, where sensory nerves were isolated by denervation o f 

their surrounding skin in vivo, researchers were able to dissect out and separate the 

processes o f collateral sprouting and regeneration. They showed that A a  fibres, 

responsible for light touch, were capable of regenerating and innervating their original 

territory only but were not able to extend beyond this into the surrounding denervated 

territory (Horch, 1981; Jackson and Diamond, 1983; 1984; Yasargil et al., 1988). In 

contrast, AS and C fibres, responsible for nociception, were able to regenerate as well as 

branch into surrounding denervated territories. Surprisingly, the collateral sprouting of 

fibres, but not their regeneration, could be completely blocked by anti-NGF antibodies. 

Using this same model, researchers were further able to show that the long delay before 

the onset of collateral sprouting could be dramatically reduced by the pre-stimulation of 

nerves. For example, stimulation of all nociceptive fibres, by pinching or using large 

electrical currents, prior to denervation reduced the onset of both A8 and C fibre 

sprouting from 9 to 4 days, without affecting the rate o f collateral sprouting (Nixon et 

al., 1984; Doucette and Diamond, 1987; Diamond et al., 1992b; Diamond et al., 1992c). 

Remarkably, the collateral sprouting o f different subtypes could be separated by 

selective stimulation. For example, selective stimulation of C fibres with heat, or o f A8 

fibres with small electrical currents, could reduce the onset o f collateral sprouting in just
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the subtype stimulated. By using TTX, which blocks impulse conduction, it was shown 

that this ‘precocious sprouting’ was a result o f impulse activity rather than a target 

related phenomenon. In addition, the effect of these impulses could be blocked by anti- 

NGF treatment (Diamond et al., 1992b).

Clearly, at a healing wound site there is a plethora o f cytokines that potentially could 

regulate the ingrowth and subsequent innervation density o f cutaneous nerves. Indeed, 

studies o f adult wound healing have revealed that as part o f the normal healing process 

wounds become re-innervated by greater than normal numbers o f sensory nerve fibres. 

This hyperinnervation appears within a few days, is double the normal level after 2-3 

weeks, and gradually returns to its normal level within the subsequent month 

(Kishimoto, 1984; Aldskogius et al., 1987; Reynolds and Fitzgerald, 1995). However, 

the situation is very different in the new-born rats, where wounds result in a dramatic 

hyperinnervation that appears to last well into adult life (Reynolds and Fitzgerald,

1995). The reason for this massive and permanent hyperinnervation is not yet 

understood although neonatal nerves are known to be more sensitive to trophic factors 

than adult nerves (Davies and Lumsden, 1984). Given that embryonic nerves are even 

more sensitive to trophic factors, than their new-born counterparts, this begs an obvious 

question. What effect does wound healing have on the pattern o f innervation in the 

developing embryo? I have tried to answer this question by wounding chicken embryos 

at different stages during development and have examined the effect this has on the 

developing pattern of innervation. By using such an approach I hope to understand more 

of the interactions between wounds and nerves, and possibly, also o f the cues which 

normally pattern nerves during development.
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Effect of innervation on wound healing

Up until now I have described how wound healing cues may cause a rapid reinnervation 

of surrounding tissues by both collateral sprouting as well as regenerative sprouting. 

The seemingly excessive nature o f this sprouting response and it’s widespread 

occurrence in mammalian animals throughout postnatal life poses an obvious question - 

is this hyperinnervation an incidental by-product o f wound healing, or is the extra 

innervation actively involved in the process o f wound repair?

Clinically poor innervation is correlated with poor healing

Clinically it is well known that areas o f the body that lack sensory innervation heal 

poorly. This is especially evident in people with peripheral neuropathies as a result of 

nerve injury or disease such as diabetes, leprosy, and herpes zoster (Jancso et al., 1985; 

Anand, 1996). In support of these clinical observations, the importance o f innervation in 

wound healing has been shown using various animal models. Dry ice blisters raised on 

the footpad of rats for example heal significantly slower if  the innervation is cut 

beforehand. Likewise, chemical bums to the comeal epithelium take much longer to 

heal, and often remain as persistent epithelial defects, if  the trigeminal nerve is 

transected (Carr et al., 1993). An intact innervation has also been shown to be important 

for healing o f several other tissue types, for example, gastric mucosa (Eysselein et al., 

1992; Peskar et al., 1995), tooth pulp (Byers and Taylor, 1993), bone (Aro et al., 1985; 

Nordsletten et al., 1994), and ligament (Wyland and Dahners, 1994).
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The ability o f nerves to influence targets is not a new phenomenon. Nerves have long 

been known to supply trophic cues to epithelium, for example, the rat tongue undergoes 

generalised epithelial atrophy and complete disappearance o f taste buds within one 

week of nerve transection (Guth, 1957). Perhaps most dramatically the urodele 

amphibians (salamanders and newts), that are capable of regenerating many o f their 

body parts, can only do so if the amputation stump is innervated. In the absence of 

nerves, amputation of the limb will result simply in epithelial healing, whilst an intact 

nervous supply will allow a perfectly formed limb to regenerate (reviewed in Singer, 

1952). Interestingly, if  salamanders are reared so that their limbs develop without 

nerves (aneural limbs) then limbs subsequently do not depend on nerves for 

regeneration in adulthood (Yntema, 1959). The type o f innervation, whether sensory, 

sympathetic or motor, does not seen to be important for this response, merely the 

quantity of nervous tissue. This response appears to be an all or nothing response based 

on a particular threshold of stump nerves. This beneficial effect o f innervation is not just 

restricted to urodeles. Indeed, frogs, which do not normally regenerate their limbs, will 

do so if extra innervation is supplied to the limb stump (Singer, 1951).

Sensory innervation is required for a rapid inflammatory response - neurogenic 

inflammation

Whilst the cues responsible for the beneficial effects of innervation on wound healing 

and regeneration are unknown, factors released from sensory nerves are known to have 

dramatic effects on the tissues they innervate. When cutaneous nerves are sufficiently 

stimulated they release substances that cause a ‘triple response’ - local reddening, 

oedema (wheal), and vasodilatation (flare) known as neurogenic inflammation. The 

nerves responsible for this are the same nociceptive A8 and C fibres that are known to
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hyperinnervate wounded tissue (reviewed in Holzer, 1988). These fibres principally 

contain the neuropeptides substance P and CGRP, but also contain other neuropeptides 

such as opioids, galanin, somatostatin, vasoactive intestinal peptide (VIP) and 

secretoneurin (Brain, 1997). Upon stimulation, for example, by mechanical, thermal or 

chemical irritation, substance P is released peripherally from nerve terminals and this 

acts directly on blood vessels, causing vasodilatation and an increase in vascular 

permeability. It may also prime or stimulate mast cells to release substance P (Foreman 

et al., 1983; Janiszewski et al., 1994). Other neuropeptides, such as CGRP, that are 

released along with substance P principally cause vasodilatation, but act synergistically 

with SP, prolonging and enhancing its effects (Brain and Williams, 1985). The key role 

o f substance P in neurogenic inflammation has been demonstrated recently with the 

generation of mice lacking substance P or its receptor neurokinin-1. These mice have a 

normal complement of sensory neurones, and have normal pain thresholds, but virtually 

no neurogenic inflammation (Cao et al., 1998; De Felipe et al., 1998; Zimmer et al., 

1998).

A further component o f neurogenic inflammation is peripheral as well as central 

sensitisation. This sensitisation results in hypersensitivity to normally innocuous stimuli 

(hyperalgesia). An essential mediator of this inflammatory pain is nerve growth factor 

(NGF). NGF production, it seems, is a ubiquitous response to inflammation and 

wounding (reviewed in McMahon, 1996). A single subcutaneous injection of NGF into 

humans results in pain and hyperalgesia developing within minutes (peripheral 

sensitisation), followed by a longer lasting hyperalgesia lasting hours to days (central 

sensitisation) (Petty et al., 1994). Conversely, sequestration on NGF using NGF 

antibodies or receptor-bodies (trkA-IgG fusion proteins) blocks all hyperalgesia in
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response to inflammation (Woolf et al., 1994; McMahon et al., 1995). The cascade of 

events leading to peripheral hyperalgesia are shown in Figure 1.13. It is known that 

substance P can directly regulate the production o f some inflammatory mediators by 

keratinocytes (Ansel et al., 1996), mast cells (Ansel et al., 1993) and monocytes (Ho et 

al., 1996). O f these mediators IL-1 and TNFa are potent inducers of NGF production 

(Hattori et al., 1993; McMahon, 1996; Woolf, 1996). Other inflammatory cytokines that 

are capable o f stimulating NGF production are TGFp (Buchman et al., 1994), FGF2 

(Hattori et al., 1993), PDGF (Matsuoka et al., 1991), and EGF (Hattori et al., 1993). 

The NGF produced at a site o f inflammation may come from a number o f immune cells, 

such as lymphocytes (Santambrogio et al., 1994), macrophages (Elkabes et al., 1996), 

and mast cells (Leon et al., 1994). It may also be produced by schwann cells (Heumann, 

1987), keratinocytes (Thoenen et al., 1988), and fibroblasts (Matsuoka et al., 1991). 

There is evidence that three trkA expressing cells respond to this NGF and in turn 

contribute to the hyperalgesia -  mast cells, postganglionic sympathetic fibres, and 

sensory nerves (Thoenen, 1991; Horigome et al., 1993). Sympathectomised animals 

(Andreev et al., 1995) or animals treated with mast cell degranulator (Lewin et al.,

1994) have reduced hyperalgesia (Woolf et al., 1996). In addition, mast cell products 

such as histamine and serotonin, and sympathetic fibre products, are capable of 

sensitising nociceptors (Koltzenburg and McMahon, 1991; Reeh and Kress, 1995).

What are the effects of neurogenic inflammation, especially considering the high levels 

o f NGF and neuropeptides, on the wound healing process? Firstly, evidence suggests 

that Substance P and CGRP encourage further inflammation by enhancing neutrophil 

adherence to endothelial cells (Zimmerman et al., 1992) allowing their accumulation in 

vivo (Richter et al., 1992; Baluk et al., 1995). Sub P also enhances macrophage
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engulfment (Bar-Shavit et al., 1980; Hartung et al., 1986). Secondly, ceils involved in 

the wound healing process have receptors for NGF and the neuropeptides, and the 

action o f these factors would seem to enhance wound healing. Keratinocytes, for 

example, have receptors for SP (Kemeny et al., 1994), CGRP (Takahashi et al., 1993) 

as well as NGF (Pincelli et al., 1994). Substance P is a motogen for these cells (Tanaka 

et al., 1988; Parenti et al., 1996), whereas CGRP and NGF stimulate proliferation. 

Indeed, NGF is thought to be a more potent inducer o f keratinocyte proliferation than 

EGF (Pincelli et al., 1994; Wilkinson et al., 1994). Dermal fibroblasts have SP 

receptors (Ziche et al., 1990a), and substance P stimulates fibroblast proliferation 

(Nilsson et al., 1985). Substance P also stimulates endothelial cell proliferation in vitro 

(Nilsson et al., 1985; Parenti et al., 1996) and is angiogenic in vivo and in vitro (Ziche 

et al., 1990b; Wiedermann et al., 1996).

With all o f this evidence suggesting that nerves could be supplying trophic signals to 

tissues and wounds I have tested the involvement of nerves during the embryonic 

wound healing response. This was done by comparing the ability o f chick excisional 

wounds to heal in the presence or absence o f innervation.
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Figure 1.13 -  Mechanism o f  NGF induced hyperalgesia. A noxious stimulus causes 

nociceptive sensory nerves to release substance P, which acts directly on a variety o f  

cells, causing the secretion o f  IL-1 and TNFa. These factors are potent inducers o f  

NGF production and release. NGF in turn acts on sensory neurones to further increase 

the production o f  substance P. It is also a potent degranulator o f  mast cells, and an 

activator o f  sympathetic neurones, whose products sensitise sensory terminals resulting 

in hyperalgesia.
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In summary, this thesis attempts to ask three questions relating to the initial patterning 

of chick wing cutaneous nerves and their interaction with healing wounds.

Firstly, I want to address whether long-range guidance cues play any role in directing 

sensory axons towards dorsal wing skin. I have attempted to test this by co-culturing 

wing-level dorsal root ganglia with various tissues, or combinations o f tissues, that 

sensory nerves would normally encounter en route to the limb.

Secondly, I want to test whether wound healing has any effect on the developing pattern 

o f cutaneous innervation. In particular, do embryonic wounds hyperinnervate in 

response to healing. To address this I have made excisional wounds, at two key stages 

in the development of cutaneous innervation, and examined the effect this had on 

innervation three to seven days later.

Lastly, I have investigated whether nerves have any effect on the rate o f embryonic 

wound healing. I have tried to address this by comparing wound healing in chick wings 

that are normally innervated, with that from chick wings deprived o f their normal 

innervation from the outset.
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Chapter 2
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Guidance of Cutaneous Nerves in the Developing 

Chick Wing Bud 

Introduction

During embryonic development, nerves are guided towards their targets by multiple 

cues, which may be either attractive or repulsive in nature (reviewed in Tessier-Lavigne 

and Goodman, 1996). Many o f the cues critical for guiding nerves in vertebrate systems 

have been identified in vitro by co-culturing known neuronal populations with their 

eventual targets, or their intermediate targets, within a three dimensional (3D) collagen 

gel (Lumsden and Davies, 1983; Serafini et al., 1996). Although our understanding of 

the molecular nature of some o f these cues is advancing rapidly, the number o f systems 

analysed is still small. I have therefore undertaken a similar in vitro approach to try to 

identify some o f the signals which may help guide sensory nerves towards their targets 

in the developing chick wing. First, I will review the normal development and timing of 

chick wing innervation, and subsequently, what is currently known about the various 

axon guidance cues implicated at each stage of the journey. I will then move on to talk 

more specifically about the in vitro system that I have used to look for further limb 

guidance cues.

Timetable of innervation in the chick wing bud

The chick wing is innervated by five spinal nerves (SN 13 to 17). The motor component 

of these nerves can be seen emerging from the ventral neural tube as early as E2.5 (St
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17-18) and growing towards the developing limb bud. Just prior to entering the limb, for 

unknown reasons, they are seen to pause until E3 (St 20). In contrast, sensory axon 

outgrowth from DRGs occurs slightly later, at E3 (St 19-20), but these nerves catch up 

with their motor axon counterparts at this 'waiting zone'. From this point onwards it is 

not known whether motor or sensory axons lead. Axons from each o f the spinal nerves 

reach the base o f the wing at E4 (St 22-23) and merge to form a huge sheet where axons 

intermingle, known as the brachial plexus. At this point the sheet occupies 30-50% of 

the width of the limb bud. After emerging from the plexus at E4.5 (St 24) axons remain 

as a sheet but separate around the condensing cartilage of the humerus into a dorsal and 

ventral branch known as brachialis superior and brachialis inferior respectively. After 

E5 (St 25) these 2 sheets will gradually fasciculate and form tighter associations so that 

by E6 (St 28) the same points will have condensed 60 to 80% in absolute terms. Over 

this same period the majority of muscle and sensory nerve branches in the forearm will 

have formed and contacted their targets (reviewed in Holly day, 1995).

Early axons are directed towards the limb by chemorepulsion

In vitro axon outgrowth from a DRG is radial. However, when axons first emerge from 

a DRG in vivo, their outgrowth is characteristically bipolar, with one branch growing 

dorsally and the other ventrally. It has recently emerged that the reason for this is that 

many of the tissues surrounding the DRG, such as anterior-half-sclerotome, 

dermomyotome, notochord, floorplate, and surface ectoderm, emit a sensory axon 

chemorepellant. This “surround repulsion” is thought to effectively channel DRG 

outgrowth towards areas of least repulsion, i.e. either dorsally towards the spinal cord or 

ventrally towards the developing limb bud (Figure 2.1). This characteristic bipolar 

trajectory can be mimicked in vitro by placing a DRG in between any o f these repulsive
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tissues (Keynes et al., 1997). Ventrally directed axons subsequently meet and 

fasciculate with limb directed motor axons and together these axons grow into the limb 

as a mixed spinal nerve.

Neural Tube

Dermomyotome

DRG

Sensory Axons 

Motor Axons

Mixed Spinal Nerve
Floorplate

Notochord

Figure 2.1 -  Diagram illustrating the repulsive forces (arrows) thought to direct DRG 

axons on their initial trajectory.

General and specific cues delineate pathways through the limb

On route to the various limb targets this spinal nerve must first sort out within the 

brachial plexus and then navigate through the limb to find their various targets. The 

pathways that axons take to their targets are not random but are reproducible from limb 

to limb. Further, several studies based on electrophysiology and horseradish peroxidase 

(HRP) labelling suggest that axons manage to do this without making any projection 

errors (Landmesser and Morris, 1975; Landmesser, 1978; Lance-Jones and Landmesser, 

1981; Tosney and Landmesser, 1985). This precision is thought to be achieved by both 

general and specific pathway defining cues. General guidance cues are apparent when 

limb buds are grafted to inappropriate sites of the body, such as the face. In these 

experiments, limbs become innervated by nerves that never normally encounter limbs; 

nevertheless, these limbs develop a pattern of innervation indistinguishable to that of 

normally positioned limbs (Hamburger, 1939; Swanson and Lewis, 1982). These
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general guidance cues are also sometimes referred to as "public highways" since they 

are capable of guiding axons from any source (Lewis, 1980). In contrast, specific 

guidance cues are cues that selectively guide axons from different origins. An example 

o f this is seen with lumbosacral (LS) motor axons. Normally, specific muscles are 

innervated by motor neurones from different rostrocaudal levels o f the spinal cord, e.g. 

motor neurones projecting to the sartorius are located predominantly in LSI and motor 

neurones projecting to femorotibialis are located predominantly at the LS2-LS3 border. 

If  LS1-LS3 are surgically removed and replaced in the reverse order, then LSI still 

innervates femorotibialis and LS2-LS3 still innervates the sartorius (Lance-Jones and 

Landmesser, 1980; Matise and Lance-Jones, 1996). This suggests that the chick motor 

neurones are specified early in chick embryogenesis to innervate particular targets, and 

that if their position is altered motor neurones still project to their originally appropriate 

target muscles. However, whilst motor neurones seem to be specified with relation to 

their target this is not the case with sensory neurones. Similar rotations o f neural crest 

suggest that sensory neurones wire according to their new site and not their original 

location (Honig et al., 1986; Wang and Scott, 1997).

M otor axons organise the brachial plexus

One o f the first choice points that axons encounter on route to the limb is the brachial 

plexus. Here axons do not simply organise according to their rostrocaudal position but 

mix thoroughly, with axons frequently seen crossing over one another. If motor 

neurones are selectively ablated then sensory neurones are still able to correctly 

navigate to their final limb targets, however, their navigation through the brachial 

plexus is completely disorganised (Landmesser and Honig, 1986; Swanson and Lewis, 

1986). On the other hand, motor neurones navigate the plexus normally in the absence
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of sensory neurones (Lewis, 1980). These experiments suggest that navigation of the 

brachial plexus is chiefly co-ordinated by motor neurones, and that sensory neurones 

simply ride piggyback for this part o f their journey. Whilst the signals that regulate this 

sorting are not fully understood, it is known that the levels o f polysialic acid (PSA) 

attached to motor neurone neural cell adhesion molecule (NCAM) plays a significant 

role. In the chick hind limb, as motor axons leave the neural tube their level of NCAM- 

bound PSA increases. This is thought to allow sufficient defasciculation for sorting of 

neurones within the crural plexus (Tang et al., 1994). Subsequently, the more medially 

located spinal motor neurones develop higher levels of PSA than their laterally located 

counterparts. Within the brachial plexus axons o f similar adhesivity are selectively 

sorted, with medially located motor neurones forming a ventral nerve trunk, and more 

laterally located motor neurones forming a dorsal nerve trunk. PSA removal from 

NCAM by enzymatic digestion at the time of brachial plexus formation in vivo results 

in the majority of motor neurone pools having projection errors (Tang et al., 1992).

Muscle sensory axons are guided by fasciculation with motor axons

After emerging from the brachial plexus, the nature and location o f guidance cues that 

pattern motor and sensory nerves are unknown, except however, for the very last stage 

o f sensory axon guidance. From the experiments outlined above, where motor axons are 

selectively ablated, it was found that muscle sensory neurones were unable to project to 

muscle. Instead, many o f these muscle sensory axons projected incorrectly towards the 

skin (Landmesser and Honig, 1986; Swanson and Lewis, 1986; Tosney and Hageman,

1989). This suggests that muscle sensory axons are guided on the very last leg o f their 

journey by selective fasciculation with motor axons (Baier and Bonhoeffer, 1994).
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Skin sensory axons are guided by target-derived diffusible cues

Unlike muscle sensory axons, which selectively fasciculate with motor axons to find 

their target, cutaneous sensory axons seem to be guided by target-derived diffusible 

cues. In support of this, a paper by Martin et al., (1989) is suggestive of a chemotactic 

factor guiding cutaneous nerves towards dorsal wing skin in the chick embryo. UV 

removal of a patch of wing skin normally innervated by DC Interosseous (DC Int.), just 

prior to the time these nerves normally break away from the mixed nerve trunk towards 

skin, caused DC Int. to fail to sprout free from its main mixed nerve trunk. One 

interpretation of this experiment is that a chemotactic factor is normally emitted by skin 

and draws cutaneous nerves to their targets (illustrated schematically in Figure 2.2).

Dorsal ectoderm

cc .
C hem otac tic  Signal

A  Sensory Nerve 
Interosseous

T
_ _  M ix e d N e iv ^ ru n

Figure 2.2 -  Diagram showing how DC Int. may be attracted away from the main 

mixed nerve trunk, towards the dorsal wing ectoderm, by a diffusible chemotactic 

factor.

Alternative interpretations of this experiment could be that the wounding process 

removes cell or matrix associated cues, which determine where the nerve branches,
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resulting in axons bypassing their normal turning point. It could also be that the absence 

of ectoderm renders the underlying mesenchyme less favourable for nerve growth.

In this chapter I report on in vitro experiments that I have conducted in order to decipher 

between the above alternatives and to further understand how limb nerves are patterned. 

The established way to look for potential guidance cues in vitro is to culture neurones 

and their potential target tissues adjacent to one another in a 3D collagen gel (Lumsden 

and Davies, 1983; Serafini et al., 1996). The 3D nature of this gel is thought to 

effectively slow diffusion of molecules, thereby creating a stable concentration gradient, 

and is thought to closely mimic the in vivo environment (Ebendal and Jacobson, 1977; 

Ebendal et al., 1978; Harris et al., 1985; Lumsden, 1988).

Chemotropism versus trophism within collagen gels

When neurones are placed next to a tissue in vitro, the pattern o f axon growth is very 

much determined by the type of cue emanating from the target tissue. Baier & 

Bonhoeffer (1994) recently described the various patterns o f axon growth that could be 

expected in response to known signals (Figure 2.3). Gradients o f permissive and 

inhibitory signals are thought to determine whether the environment is favourable for 

growth, and it is the combination of these cues that leads to biased growth either 

towards or away from the target (Figure 2.3 a & b). Examples o f such cues include the 

neural cell adhesion molecules and ephrins respectively. Subtly different are outgrowth 

promoting (c) and suppressing (d) signals, which in addition to being permissive, also 

regulate the rate of growth. A classic example of an outgrowth-promoting factor would 

be a trophic factor such as NGF. Lastly, attractive (e) and repulsive (f) cues, which are
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also outgrowth promoting, are in addition able to control the direction of growth. 

Netrins and diffusible semaphorins are obvious examples.

(a) Permissive

n
c i

(b) Inhibitory

(c) Outgrowth-promoting

m

m
(d) Outgrowth-suppressing

(e) Attractive

(f) Repulsive

Figure 2.3 -  Patterns o f  DRG (circle) outgrowth in response to six possible target 

(rectangle) -derived gradients. Adapted from Baier & Bonhoeffer (1994).

However, whilst this is the ideal scenario, it is widely known that axon turning within 

collagen gels is, at best, very poor (Placzek et al., 1990; Guthrie and Pini, 1995). This 

has partly been put down to the poor adhesion of axons to type I collagen (a tendon 

specific collagen) which is commonly used as the 3D matrix. Additionally, axon 

fasciculation in cultures is unavoidable and is thought to further reduce the extent of 

turning. Thus, such 3D assays do not always allow one to distinguish between 

outgrowth promotion and chemotropism. This problem can be overcome by explanting 

tissues, and watching axon turning within their normal environment (Placzek et al.,

1990), or by devising a culture system that obviates the need for axon turning. One way 

this can be done is by culturing two neuronal populations in tandem with the target 

tissue as illustrated in Figure 2.4. This is an established way of discriminating between 

trophic and chemotactic signals, (Lumsden, 1988; Ebens et al., 1996).
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Trophic

F ar
D R G a

N ear
DRG, T a rg e t

Chemotactic

Figure 2,4 -  Theoretical response o f tandem DRG co-cultures to target tissue emitting 

either trophic (upper panel) or chemotactic (lower panel) signals. I f  the signal is 

trophic then length b>a. I f  the signal is chemotactic then length a>b.

If the signal is trophic then axons close to the signal emitting tissue will thrive, but 

axons located further away will become progressively shorter as the concentration of the 

signal diminishes, i.e. b>a in Figure 2.4. However, if  the signal is chemotactic then 

axons growing towards the target from both the near and far population will be longer 

than axons growing away from the target signal, i.e. a>b in Figure 2.4. To determine if 

dorsal ectoderm is chemotactic for limb sensory neurones I have looked at the signals 

being emitted by tissues using both the tandem DRG assay and also by looking at axon 

turning directly within the responding DRG.

Cultures using combinations of tissues may reveal tissue interactions

The effects of various limb tissues on both sensory and motor axon outgrowth into the 

limb have not been previously reported. Therefore, in addition to looking for a dorsal 

skin chemoattractant, as described above, I have cultured wing-level DRGs with various 

targets that they may encounter on route to the skin in order to investigate whether these

69



^napier z

tissues might also be guiding axonal growth into the limb. I have compared these DRG 

outgrowth responses with those o f wing-level ventral spinal cord, containing motor 

neurones, to look for any specificity of the target-derived signals.

In order not to miss important temporally regulated cues I have used neurones and 

target tissues o f the developmental stages when the initial events o f innervation are 

taking place. In addition, I have cultured neurones with combinations of target tissues so 

that important tissue interactions are not overlooked.

My data show that at stages prior to innervation (E4 and E5), ectoderm is outgrowth 

promoting and causes target-directed outgrowth from DRGs. Mesenchyme has none of 

these properties. In a classic tandem co-culture the ectodermal signal had characteristics 

that were intermediate between that of a chemotactic factor and that of a trophic factor. 

However, when axons were given the choice between ectoderm and mesenchyme DRG 

outgrowth was even more biased towards ectoderm than ectoderm only cultures. This 

was subsequently found to be due to a greatly increased repulsive or inhibitory signal 

emanating from the mesenchyme when in the presence o f ectoderm. Additionally, these 

axon guidance cues could be replicated with non-limb tissues, indicating that the signals 

may be general ectoderm and mesenchyme signals rather than limb specific signals. 

Tissues from E7 embryos, a stage when axons would normally have contacted their 

targets in vivo, no longer had the ability to bias axonal outgrowth towards the ectoderm. 

Lastly, these cues were found to be selective for sensory axons, since motor axons were 

repelled by ectoderm and attracted towards mesenchyme. These experiments suggest a 

role for these long-range cues in selectively guiding sensory axons towards skin.
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Methods

Tissue dissection

Using sterile techniques E4, E5, and E7 embryos were removed from the egg and placed 

in Leibovitz’s L I5 medium (Gibco BRL). They were then decapitated and eviscerated 

before being placed in a Sylgard dish containing fresh L 15 for all subsequent dissection.

DRG explants. The embryo was divided in two by a sagittal incision running down the 

midline and splitting the neural tube in half. The hemi-neural tube was then peeled away 

to reveal the underlying dorsal root ganglia. For the majority o f cultures, ganglia 

supplying the wing were then dissected out at 50x magnification under a dissecting 

microscope using a fine scalpel. Dil studies (see below) reveal that whilst 5 ganglia 

innervate the limb, it is generally the three most caudal o f these ganglia that supply the 

majority o f axons to DC Interosseous, and so in all cultures only these three ganglia 

were used. For a few experiments flank DRGs were required and these were taken from 

two to six somites more caudally than the limb ganglia. All ganglia were explanted 

whole.

Motor neurone explants\ A segment of spinal cord extending from the rostral to the 

caudal margin o f the developing wing was excised. The dorsal root ganglia, notochord 

and meninges were then cleaned away from the underlying neural tube. The roof plate 

of the neural tube was then divided down the middle so that the neural tube opened out 

like a book. The dorsal half of each hemi-neural tube was then cut away to leave two 

columns of ventral neural tube (containing the motor neurones) joined in the middle by
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a floor plate. This long piece of neural tube was then divided into several similar 

segments each composed of ventral neural tube with intervening floor plate.

Target explants. Wings were removed from the embryo in L I5 medium and 

subsequently divided into dorsal and ventral halves. Dorsal half limbs were then 

dissected further by having their shoulder and hand plate removed. The ventral halves 

were discarded and the majority of dorsal halves (largely the territory of DC 

Interosseous) were placed in 1% Dispase (a fibronectinase + type IV collagenase, Gibco 

BRL) in L15 for 30 minutes at room temperature to separate the ectoderm from the 

mesenchyme. Tissues were then rinsed thoroughly in fresh L I5 and either further 

dissected or stored in L I5 until required. Due to the small size of E4 limbs the whole 

dorsal half limb mesenchyme and dorsal ectoderm were utilised for experiments. E5 and 

E7 limbs on the other hand were further trimmed anteriorly, posteriorly, and then 

subsequently divided longitudinally in two. This produced two equally sized tissue 

masses, superficial dorsal mesenchyme, and a central piece of core limb mesenchyme, 

as illustrated in Figure 2.5 below.

Dorsal Mesenchyme

Ventral Limb

Core mesenchym e

Figure 2.5 -  Dissection o f  E5 and E7 chick wings into dorsal (blue) and core (yellow) 

mesenchyme.
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Preparation of collagen

The Collagen used to make 3D gels is made from adult rat tail tendons using the 

dialysis method o f Elsdale and Bard (1972) (modified by Lumsden and Davies, 1983). 

First, about 8 rat tails are cleaned in 95% ethanol and then striped o f skin. Starting at the 

distal end o f the tail 1cm portions of bone are progressively snapped and then pulled 

away from the rest of the tail with attached tendons. These tendons are cut free from the 

bone and collected in sterile water. This procedure is repeated down to the base of the 

tail. The collected tendons are then cleaned of any blood vessels, or other contaminants, 

and rinsed three times in sterile water. The tendons are then transferred to a conical 

flask containing 150ml o f 3% glacial acetic acid and left to dissolve overnight at 4°C 

with gentle agitation. Non-dissolved matter is subsequently removed by centrifuging at 

20,000g for at least one hour at 4°C. The collagen is then transferred to dialysis tubing 

and dialysed for 3 days in 3 litres of filter sterile 0.1 times Dulbecco’s modified Eagle 

medium (DME) (without bicarbonate) changing the water once daily. The collagen can 

then be stored in 15-50ml aliquots at 4°C for 9-12 months.

Collagen gel co-cultures

At the time of culturing this collagen is further prepared by vortexing 9 part collagen 

with 1 part filter sterile 10X DME in an eppendorf. The collagen is then set by addition 

of approximately 0.17% of 0.8M sodium bicarbonate and vortexing (the bicarbonate 

was titred for each batch of collagen so that the collagen would set within 10-15 

minutes at room temperature). A collagen bed is then prepared by spreading a lOpl drop 

of collagen over an area of approximately 7mm diameter in each well o f a 35mm 4 well 

plate (Nunc) and allowed to set for at least 30 minutes. Various combinations o f explant 

are then pipetted onto this bed and excess medium is removed using a 200pl
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micropipette. The explants are then overlain with 20pl of fresh collagen and positioned 

between 200-800pm apart with fine forceps. After allowing 30 minutes for the collagen 

to set each chamber is flooded with 0.4ml of F12 (Gibco BRL) containing 10% foetal 

calf serum (Gibco BRL). All cultures are kept at 37°C in a humidified incubator gassed 

with 5% CO2. At the embryonic stages that I have analysed DRGs took 24 hours to 

sprout neurites in vitro, and so my cultures were incubated for 48 hours, by which time 

the majority o f neurites were close to, or in contact with, target.

Antibody staining to reveal nerves

Nerves were revealed by whole mount immunohistochemistry using either the 3A10 

(kind gift from Kate Storey, Oxford) or SCI (kind gift from Sarah Guthrie, Guy’s, 

London) antibodies. 3A10 labels all embryonic chick neurones and is a mouse 

monoclonal antibody directed against a neurofilament-related protein - the 3A10 antigen 

(Yamada et al., 1991; Storey et al., 1992). SCI is a mouse monoclonal antibody that 

labels a cell surface glycoprotein found only on motor neurones (Tanaka and Obata, 

1984). The same protocol was used for both antibodies, as outlined below.

Tissues were fixed in 4% paraformaldehyde at 4°C overnight followed by thorough 

washing in PBS and subsequent overnight blocking with 0.5% H2O2. Tissues were 

washed again and then incubated in the fridge with either 3A10 (1:1000) or SCI (1:100) 

in 1% Triton and 10% Foetal Bovine Serum (FBS, Gibco BRL) in PBS for 48 hours 

with agitation. After rinsing in PBS, specimens were incubated in peroxidase 

conjugated goat anti mouse IgG and IgM (1:500 Jackson ImmunoResearch Laboratories 

Inc., Pennsylvania) at 4°C for 48 hours. Specimens were further washed in PBS and the 

immunostain was revealed with 0.05% diaminobenzadine (DAB), 0.064% Imadazole,
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0.002% H2O2. Alternatively, a Vector peroxidase substrate kit (Vector Laboratories Inc. 

CA) was used as per manufacturers instructions.

Quantification of neurite outgrowth

Antibody stained specimens were cleared in glycerol, mounted on a slide, and carefully 

covered under a coverslip. Images o f these cultures were then captured digitally onto a 

7500 Power Macintosh computer using its built-in video input and a Panasonic F I5 

video camera attached to a microscope at 40X magnification. One o f two methods of 

quantification were then employed to determine direction and amount o f neurite 

outgrowth. In the tandem DRG assay cultures were quantified using an Image analysis 

program called ‘NIH Image v l.6 1 ’ and a macro called "Neurite Labelling Macro v l.l"  

(both downloadable from http://rsb.info.gov/nih-image/). This macro enabled 

measurement of axon length and number in the "toward" and "away" quadrant, as 

illustrated in Figure 2.8e. Neurite length was measured from the centre o f the DRG to 

the tip of each visible axon. Data are expressed as either average length, average 

number, or total outgrowth (number and length). The percentage o f target-directed 

outgrowth is calculated as:

% Target-Directed Outgrowth= (O ^grow th Towards -  Outgrowth Away) x m
Outgrowth Away

Thus, a negative figure represents net growth away, and a positive figure represents net 

growth towards the target.
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All other cultures had their targets masked, to avoid observer bias, and outgrowth 

scored by a neutral observer using a scale between 0 and 3, as follows:

0 = radial outgrowth with no visible directionality;

1 = outgrowth with a detectable bias;

2 = outgrowth which is predominately unidirectional;

3 = outgrowth which is exclusively in one direction.

Outgrowth was subsequently given a plus or minus sign to indicate whether the 

outgrowth was directed towards or away from the target i.e. attractive or repulsive 

respectively. In the case of DRGs that had a choice of tissues, for example, the choice of 

'ectoderm or mesenchyme', then positive values represented bias towards the ectoderm 

and negative values bias away from the ectoderm. The observer was guided by the 

diagram shown in Figure 2.8g.

D il labelling

Dil (Molecular Probes, Cat. No. D-282) is a lipophilic fluorescent dye that diffuses 

within cell membranes. It can be viewed using an UV light source and a rhodamine 

filter block. It was made up as a 1% solution dissolved in Dimethylformamide (DMF), 

and applied using a glass micropipette attached to a picospritzer.

Anterograde labelling’. To identify the DRGs responsible for supplying the early 

cutaneous nerve branches o f dorsal wing skin, E6 embryos (the stage when cutaneous 

axons are first seen innervating dorsal wing skin) were fixed in 4% PFA, and Dil was 

picospritzed onto the dorsal root o f each o f the limb level DRGs. The Dil was
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subsequently allowed time to track into the limb (approximately two days) where it 

could be visualised with fluorescence microscopy to reveal precisely the axon 

routeways derived from each DRG.

Retrograde labelling: In order to look for axon turning within the DRG explant itself, 

cultures were fixed in 4% PFA, and axons projecting directly toward or away from the 

target were labelled with Dil. The Dil was then allowed sufficient time to travel back 

into the explant (one day), before a 3D reconstruction o f the DRG was compiled by 

confocal microscopy. Initial axon trajectory and final axon trajectory were then 

compared to see if axons had turned towards the target as they travelled through the 

DRG.

77



C hap ter 2

Results

Cutaneous nerves reach the skin on embryonic day 6 (E6)

In the chick embryo, sensory and motor axons can be seen migrating towards the 

developing wing bud at about E4 (Figure 2.7). One day later, at E5, these axons extend 

into the central core of the limb bud. Over the subsequent 48 hours they send out nerve 

branches to various targets, so that by E7 all of the limb cutaneous and muscle nerves 

have made target contact, and will simply develop wider ramifications with age (Lewis 

et a i ,  1981; Swanson and Lewis, 1982; Martin et al., 1989). I have illustrated this 

reproducible time course of development with my own antibody stained specimens in 

Figure 2.7.

In order to look for possible limb derived guidance cues for these cutaneous nerves I 

have cultured pre-innervation, E4 and E5, wing-level dorsal root ganglia with various 

combinations of pre-innervation limb tissues. All co-cultures were incubated for a 

period of 48 hours, spanning the key period when axons normally branch towards the 

skin in vivo (Figure 2.6). To serve as a comparison, I have also cultured post

innervation, E7, limb level DRGs with post-innervation limb tissues.

E4 E5 E6 E7
Cutaneous axons branch towards skin in

vivo
•  ►

•  ►

Figure 2.6 -  Diagram showing how 48-hour cultures o f  E4 (upper line) and E5 (lower 

line) neurones span the period when nerves branch o ff towards their targets in vivo.
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Figure 2.7 - Series o f  3A 10 labelled chick wings illustrating the development o f  the 

dorsal cutaneous innervation, (a) At 4.5 days o f  development 5 DRGs can be seen 

extending axons into the developing wing. My Dil studies revealed that DRGs 1 and 2 

largely supply the shoulder o f  the limb, whereas DRGs 3 to 5 supply the rest o f  the wing. 

For this reason, in the majority o f  cultures, only DRGs 3 to 5 were used, (b) One day later, 

at E5.5, the 4 major cutaneous nerve branches that will eventually innervate the dorsal 

fore-wing are clearly visible extending towards the skin: Dorsal Cutaneous (DC) Alar 

(DC A/.), DC Interosseous (DC Int.), DC Ulnar (DC Uln.) and DC Elbow (DC Elb.). 

(c) At E6.5, nerves that have recently contacted target skin begin to ramify and extend 

dis tally, (d) At E8 a dense pattern o f  cutaneous innervation is established (DC Elb. is 

out o f  the plane o f  focus). All images are to the same scale as (a).
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Lastly, since motor neurones do not grow towards skin in vivo I have also looked at the 

specificity o f any limb derived guidance cues by culturing ventral neural tube with the 

same limb targets.

Ectoderm causes target-directed outgrowth from E5 DRGs

At E5, axonal outgrowth from DRGs cultured without target (Figure 2.8a) was 

compared to outgrowth from DRGs cultured adjacent to either dorsal wing ectoderm 

(Figure 2.8b), or dorsal wing mesenchyme (Figure 2.8c), or core wing mesenchyme 

(Figure 2.8d). Quantification o f this outgrowth using NIH Image, by totalling the 

lengths o f axons in both the towards and away quadrants (Figure 2.8e), revealed that 

when cultured alone axons grow out poorly but radially from E5 DRGs (6,700 ±2,000 

pixels SEM). When cultured in the presence o f ectoderm outgrowth is much more 

robust (12,900 ±3,200, p<0.01 % test). In contrast, dorsal wing mesenchyme has no 

effect on DRG outgrowth (7,900 ±1,900, p=0.4), and core wing mesenchyme reduces 

outgrowth by 40%, compared to outgrowth from DRGs cultured alone (4,000 ±1,000, 

p<0.05).

In addition to quantifying the amount of outgrowth, the direction o f axonal outgrowth 

was also scored. It was scored ‘blind’ on a scale of 0 to 3 (illustrated in Figure 2.8g), 

with positive values indicating outgrowth towards the target and negative values away. 

The results are shown graphically in Figure 2.8h and reveal that outgrowth promoting 

ectoderm produced the most target-directed bias (+1.0 ±0.3 SEM, p<0.001 Students T- 

test). Dorsal mesenchyme, which was barely outgrowth promoting, produced outgrowth 

directed away from the target (-0.4 ±0.2, p<0.05). Core mesenchyme, consistent with 

it’s outgrowth-inhibition, also resulted in outgrowth directed away from the target (-1.0
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±0.24, p<0.001). Individual results for each of these tissues are represented in Figure 

2.8i to k arranged according to the distance between the edge o f the DRG and the target.

Figure 2 .8 -  Outgrowth from E5 DRGs with various targets o f the same stage, (a) After 

48 hours in culture E5 axons have grown out radially from DRGs cultured alone. I f  

cultured with ectoderm (b) neurite outgrowth seems to be increased and is target- 

directed. I f  cultured with dorsal mesenchyme (c) the quantity o f  neurite outgrowth is 

unaltered although the direction o f neurite outgrowth is significantly biased away from  

the target. Core mesenchyme (d) is inhibitory to outgrowth when compared to 

outgrowth from DRGs alone. In addition, outgrowth is directed away from core 

mesenchyme. Comparison o f  the amount o f  neurite outgrowth using NIH Image, which 

takes into account both number and length o f axons in the towards and away quadrants 

(e), is shown in (f). Comparison o f the direction o f  this outgrowth, on a scale o f  0 to 3 

(g), is shown in (h). The individual variability o f  outgrowth responses towards 

ectoderm, dorsal mesenchyme, and core mesenchyme, are shown graphically in i, j  and 

k respectively. This data is arranged according to the distance o f  the DRG from the 

target tissue (blue dots). Values in brackets indicate the number o f  experiments 

analysed for each data point. Error bars represent standard errors o f  the mean. 

Significance values are shown as asterisks: * = p<0.05, ** = p<0.01. Abbreviations:

DM dorsal mesenchyme, E ectoderm, CM core mesenchyme.
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The ectodermal signal does not appear to be a simple chemotactic factor

The target-directed nature o f outgrowth towards ectoderm, as well as its outgrowth 

promoting ability, raised the possibility that the ectoderm may be releasing an axonal 

chemoattractant. However, since trophic factors also produce target-directed outgrowth 

it was necessary to distinguish between these two possibilities. For this, two DRGs were 

co-cultured in tandem and outgrowth towards the target from the far DRG (distance ‘a’ 

in figure 2.9a) was compared to outgrowth away (distance ‘b ’ in figure 2.9a) from the 

target o f the close DRG (see Introduction for explanation). Analysis o f outgrowth from 

these DRGs using NIH Image reveals that whilst some cultures display typical 

chemotactic responses (i.e. a>b) other responses appeared trophic (i.e. b>a). On average 

outgrowth was slightly chemotactic by +6.5% (±9%) but not significantly so (p=0.5). 

This assay thus pointed neither towards a pure chemotactic, nor to a pure trophic factor 

being responsible for the apparent ectoderm-directed outgrowth.

Because o f the ambiguous nature o f the tandem DRG assay, I also looked for axon 

turning responses directly, within the DRG, by retrograde labelling o f axons projecting 

either towards or away from target epithelium. One would expect that if  the signal is 

chemotactic then there would be more axons turning towards the target than there would 

be axons turning away. If  the signal from the ectoderm is trophic then one would expect 

no difference in the turning response o f axons growing in the “toward” or “away” 

direction.
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Chemotactic a>b

150%

H - 100%

Trophic b > a

Figure 2.9 - Evaluation o f  the chemotactic nature o f  the cues emanating from  the 

ectoderm. To look fo r  chemotropism two DRGs are placed in tandem with a patch o f  

target ectoderm (a). Outgrowth in the "towards” quadrant o f  the fa r  DRG 'a' can then 

be compared to outgrowth from  the close DRG in the "away" quadrant 'b'. In theory, 

i f  the signal is chemotactic 'a' should be longer than 'b'. I f 'b ' is longer than 'a ' then 

the signal is considered trophic. The outcome o f such an assay was inconclusive, and 

is shown in (b), with some specimens demonstrating a chemotactic response (a>b) 

and others a trophic response (b>a). Another technique, that o f  D il labelling axons 

projecting directly towards or away from  the target to see i f  they have turned within 

the explant, was equally inconclusive. For example, (c) shows 5 Dil labelled neuronal 

cell bodies (asterisks) whose axons exit the DRG (arrow) after having grown fairly  

directly towards the ectoderm (see inset). In contrast, (d) shows the axon o f  a neurone 

(asterisk) that was initially close to the ectoderm (see inset) taking a very tortuous 

course through the DRG to exit it on the side furthest from  the ectoderm (arrow). 

Abbreviations: E ectoderm.
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These experiments reveal that the majority of axons grow fairly straight, turning less 

than 45 degrees, irrespective of whether they are growing towards or away from the 

target. Likewise, on the few occasions that axons are seen to make quite dramatic turns, 

these turns are just as frequently towards the target as away from it (Figure 2.10). On 

average, axons projecting directly towards the target turned 28 degrees (±8 degrees, 

SEM) whereas axons projecting directly away from the target turned 24 degrees (±9 

degrees). The lack of a significant difference between these results partially supports the 

hypothesis that the target-derived signal is trophic rather than chemotactic. However, 

since this is a theoretical argument, without a positive control this result can not be 

definitive.

Degree of axon turning within an E5 DRG for axons 
growing towards or away from target ectoderm

100%

S 80%

5 60%

§ 40%

I  20%
0%

0-44 45-89 90-134 135-180

Angie turned (degrees)

Figure 2.10 - Graph illustrating the degree o f  axon turning within a DRG. Note how the 

majority o f  axons turn very little (less than 45 degrees) irrespective o f  whether they 

grow towards (red) or away (blue) from  the target epithelium.

■  Towards (n=22) 
□  Away (n=20)
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Given the Choice E5 DRGs grow towards ectoderm  bu t not mesenchyme

I have demonstrated that ectoderm is outgrowth promoting to sensory axons. However, 

in vivo, axons are probably not guided by a single tissue but rather by a complex 

interaction between tissues. In an attempt to mimic this in vitro, I gave E5 DRGs the 

choice between ectoderm and dorsal mesenchyme. Since dorsal mesenchyme is very 

slightly repulsive it was expected that outgrowth would be biased towards the ectoderm. 

However, the size of the resulting bias was unexpectedly large. Given the choice 

(Figure 2.11a) sensory axons grew towards the ectoderm with even more bias than 

when cultured with ectoderm alone, +1.8 (±0.5 SEM, p<0.001 Students T-test) 

compared to +1 (±0.3, p<0.001). This ability to choose ectoderm over and above 

mesenchyme was very consistent (Figure 2.1 lg  & h). This would seem an appropriate 

response in vivo since DRG axons grow through mesenchyme as a tightly bundled 

fascicle as they head towards their final target, ectoderm.

The axons ability to discriminate between ectoderm and mesenchyme is also reflected in 

their behaviour once they have reached the target. Sensory axons that have reached their 

correct target, ectoderm, develop grape like clusters at their tips (Figure 2.11b arrows), 

typical of free nerve endings. Conversely sensory axons that have contacted the wrong 

target, mesenchyme, do not elaborate terminal arbours at all, but instead seem to turn 

away from the mesenchyme and remain as smooth unbranched axon shafts (Figure 

2.1 lb  arrowheads).
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E5 ectoderm-enhances the inhibitory / repulsive nature of the mesenchyme

The target-directed nature o f the above experiment suggested that either the ectoderm 

had become more attractive than before, or that the mesenchyme had now become more 

repulsive. To clarify this tissue synergism, a DRG was placed next to a piece of 

mesenchyme and ectoderm, arranged ‘one-behind-the-other’ such that the mesenchyme 

was closest to the DRG, as shown in Figure 2.11c. Thus, if  the signal were enhanced 

chemotropism then outgrowth may be able to overcome the slight mesenchymal 

repulsion, whereas if the signal were enhanced repulsion then neurites would be even 

more biased away from the mesenchyme and ectoderm than mesenchyme alone. This 

experiment revealed that mesenchyme, in the presence o f ectoderm, had an increased 

repulsion (-1.1 ±0.2, p<0.0001) compared to the weak repulsion by dorsal mesenchyme 

alone (-0.4 ±0.2, p<0.05, Figure 2.1 lg).

Interestingly, when ectoderm and mesenchyme are combined together ‘one on top o f the 

other’ rather than ‘one-behind-the-other’, these tissue recombinants are on average 

slightly attractive to DRG axons (Figure 2.1 Id & e). This is the case not only for 

Dispased and recombined tissues (mean score 0.2 ±0.3, Figure 2.1 le) but also for non

separated ectoderm / mesenchyme explants (mean attraction 0.5 ±0.3, Figure 2.1 Id). 

This result suggests that when ectoderm and mesenchyme are presented at equal 

distance, the attractive signal from ectoderm is able to overcome the repulsive 

mesenchyme signal.
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Figure 2.11 -  The responses o f E5 DRGs given choices and combinations o f  targets. 

When E5 DRGs are given the choice between ectoderm and mesenchyme (a) outgrowth 

is clearly directed towards the ectoderm, (b) Axons contacting the ectoderm seem to 

develop bud like projections (arrows), whereas axons that contact mesenchyme seem to 

remain as smooth axonal shafts (arrowheads). When DRGs are cultured adjacent to 

mesenchyme, with ectoderm beyond that, axons are inhibited (c). However, when axons 

are an equal distance from mesenchyme and ectoderm, which has either been separated 

using Dispase (e) or not (d) outgrowth is biased towards the target. This indicates that 

when axons are close to ectoderm they can overcome the repulsion o f  the mesenchyme 

(f). These results are summarised as a bar chart in (g) and the individual results are 

shown in (h) to (k). Additionally the individual results are plotted in order o f  distance 

from the target (blue dots), with distance being shown as a second axis. Abbreviations: 

DM dorsal mesenchyme, E ectoderm. Numbers in brackets indicate sample size. Error 

bars represent standard errors o f  the mean. Significance values (students t-test) are 

shown as asterisks: *=p<0.05, **=p<0.01, ***=p<0.001.
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In summary, these experiments suggest that E5 ectoderm releases a signal that enhances 

DRG axon outgrowth, and is capable of directing outgrowth towards itself. This signal 

could be either chemotactic or trophic. E5 mesenchyme produces a signal that is slightly 

repulsive to DRG axons and this repulsion is enhanced in the presence o f ectoderm. 

When ectoderm and mesenchyme are presented together, however, DRG axons are able 

to overcome the mesenchymal repulsion and grow towards the ectoderm.

E4 DRGs can also choose between mesenchyme and ectoderm

In order to look for temporal variations in DRG outgrowth responses I also performed 

the above experiments with E4 DRGs and target tissues. Axons sprout radially from E4 

DRGs when cultured alone (Figure 2.12a), and just like their E5 counterparts, 

outgrowth is more profuse when cultured with ectoderm (Figure 2.12b). However, 

unlike E5 DRGs, E4 DRG outgrowth is not biased towards the target ectoderm (0.1 

±0.2, p=0.7). When looking at the effect o f mesenchyme on E4 DRG outgrowth it was 

necessary to use the whole dorsal half of the limb mesenchyme because E4 limbs were 

too small to further dissect into core and dorsal components. Under these conditions E4 

mesenchyme clearly inhibited axon outgrowth, and the overall direction of outgrowth 

was biased away from the mesenchyme (-0.5 ±0.3, Figure 2.12c), suggesting that the 

mesenchyme was releasing an inhibitory signal. This inhibition could either be due to 

the presence o f core mesenchyme (which I have shown is inhibitory at E5) or because 

the growth-promoting signal found in E5 dorsal mesenchyme has not yet developed. 

When given the choice between E4 ectoderm and mesenchyme (Figure 2.12d) E4 DRGs 

had an even more pronounced swing towards the ectoderm than E5 DRGs, +2.3 (±0.8, 

p<0.05, Figure 2.12e). Individual results are shown in Figure 2.12f (ordered according 

to distance from target). In an attempt to look for the potential involvement of
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chemotactic factors emanating from E4 ectoderm, to attract E4 axons, I once again 

cultured DRGs in tandem with ectoderm. The outcome was the same as that at E5, with 

some cultures showing chemotactic (a>b) and others a trophic-like (b>a) pattern of 

outgrowth (Figure 2.12g-h). On average the response was slightly chemotactic 14% 

(±13%), but not significantly so (p=0.3). Dil labelling o f axons growing directly 

towards and away from the target again showed very little turning within the DRGs 

(Figure 2.12i). The small number o f axons that made more dramatic turns were again 

seen to turn equally towards (not shown) and away (Figure 2.12j) from the target 

epithelium.

Figure 2,12 -  Outgrowth response o f E4 DRGs to various target tissues. When E4 

DRGs are cultured alone axon outgrowth is radial (a). When cultured with ectoderm (b) 

outgrowth is much more robust. In contrast, outgrowth with dorsal half wing 

mesenchyme (c) is very poor. Given the choice between ectoderm and mesenchyme (d) 

axons grow exclusively towards the ectoderm. These results are summarised in (e) and 

the variability o f  the responses can be seen in (f). When two DRGs are cultured in 

tandem with a piece o f  ectoderm outgrowth is neither clearly chemotactic (a>b) nor 

clearly trophic (b>a) in nature (g). Individual results are illustrated graphically in (h). 

D il labelling o f  axons projecting either directly towards (i) or away (j) from ectoderm 

reveals the haphazard nature o f  axon growth within the explant. Abbreviations: M  

mesenchyme (dorsal half o f  wing), E ectoderm. Values in brackets indicate the number 

o f  specimens analysed. Error bars represent standard errors o f  the mean. Significance 

values (students t-test) are shown as asterisks: *= p<0.05.
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E7 DRGs have a m arkedly reduced ability to choose between tissues

The ability o f E4 and E5 axons to discriminate between targets in vitro seems 

appropriate since, in vivo, these axons would still be trying to find their correct target. 

However, I wanted to know what happened to this ability after axons had reached their 

target in vivo. I therefore performed similar experiments using post-innervation E7 

DRGs in combination with various other E7 targets. In the absence o f target tissue, 

post-innervation DRGs grow out radially (Figure 2.13a). As with younger tissues, 

ectoderm or dorsal mesenchyme encourage additional outgrowth (Figure 2.13b & c). In 

contrast to younger tissues, this increased outgrowth does not have any significant 

directionality. On average outgrowth towards ectoderm is biased by +0.6 (±0.4, p=0.15) 

and towards dorsal mesenchyme by +0.2 (±0.6, p=0.7). Further experiments reveal that 

one important difference between E7 DRG axons and their earlier counterparts is in 

their ability to make choices. When E7 DRGs are given the choice between ectoderm 

and mesenchyme, axon outgrowth is not significantly different from outgrowth towards 

ectoderm alone (+0.7 ±0.4, p=0.08, Figure 2.13d). One possible explanation for this is 

that the mesenchyme is no longer repulsive in the presence o f ectoderm. Indeed, when 

an E7 DRG is placed next to mesenchyme, and further away ectoderm, outgrowth is 

radial (+0.3 ±0.5, p=0.6), i.e. there is no sign o f repulsion (Figure 2.13e). These results 

are summarised graphically in Figure 2.13f, and individual responses are shown in 

Figure 2.13g-j in target-distance order.
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Figure 2,13 -  E7 DRGs cultured alone and with various choices and combinations o f  

target. DRGs cultured alone grow out radially (a). However, when cultured with either 

ectoderm (b) or dorsal mesenchyme (c) outgrowth is much more robust, although not 

significantly target-directed. Given the choice between ectoderm and mesenchyme (d) 

outgrowth is likewise radial. The ectoderm-enhanced mesenchymal repulsion that was 

present at E5 is no longer visible at E7 (e). These results are graphically summarised in 

(f) and individual specimen results are shown in (g) to (j) with their distance from the 

target plotted (blue dots) as a second axis. Abbreviations: DM dorsal mesenchyme, E 

ectoderm. Numbers in brackets indicate sample size. Error bars represent standard 

errors o f  the mean.
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There are at least two plausible explanations for this loss of mesenchymal repulsiveness 

at E7. Firstly, it may be the case that the mesenchyme is no longer producing repulsive 

signals, although axons would still be capable o f responding to such cues. Secondly, it 

is possible that these post-innervation axons have lost their responsiveness to the 

repulsive cue, although such cues may still be produced by the mesenchyme. In order to 

determine which o f these scenarios might be true, I cultured E7 DRGs with E5 tissues 

and E5 DRGs with E7 tissues. As illustrated in Figure 2.14a, if  the E7 axons are still 

responsive to the repulsive signal from mesenchyme then, given the choice between 

mesenchyme and ectoderm they would grow selectively towards the E5 ectoderm. In 

addition, E5 axons (which are capable o f choosing ectoderm over mesenchyme) 

cultured with E7 tissues would exhibit radial outgrowth. If, on the other hand, it was the 

axons that had lost their responsiveness to the signal, even though the signal was still 

being produced, then one would expect E7 axons to grow out radially when given the 

choice between E5 tissues. In addition, E5 axons would be repelled by E7 tissues 

(Figure 2.14b). The results of such heterochronic experiments were surprising. E7 DRG 

outgrowth was clearly biased towards E5 ectoderm (+1.2 ±0.4, p<0.01, Figure 2.14c), 

suggesting that E7 axons are still able to respond to inhibitory signals and that E7 

mesenchyme is no longer inhibitory. Confirming this, E5 DRGs were not repelled by E7 

mesenchyme, rather they were attracted towards it (-1.6 ±0.5, p<0.01, Figure 2.14d). 

This indicated that the mesenchyme had not simply stopped producing repulsive factors, 

but might now be releasing attractive factors. These results are summarised graphically 

in Figure 2.14e.

Although E5 axons prefer to grow towards E7 dorsal wing mesenchyme rather than 

ectoderm, upon target contact axons can still distinguish between the two, just as they
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could with E5 tissues. Axons that contact ectoderm develop terminal varicosity's 

whereas axons that contact mesenchyme do not (Figure 2.14f & g). This suggests that 

although the guidance cues have changed over time, the cell identity or differentiation 

cues may have stayed the same.

Mesenchymal repulsion at E5 may be a generalised cue

For consistency, in all o f the experiments mentioned up until now, I have utilised wing- 

level DRGs and dorsal wing mesenchyme and ectoderm only. In order to determine 

whether the guidance cues that I found were specific for limb tissues, or whether they 

were general mesenchymal and epithelial cues, I performed similar experiments using 

entirely different tissues at E5. The results o f these experiments show that flank DRG 

axons are attracted towards flank ectoderm (+1.2 ±0.4, p<0.01) and are repelled by 

ventral limb mesenchyme adjacent to ectoderm (-1.6 ±0.5, p<0.01). These results are 

indistinguishable from results obtained in identical experiments using dorsal wing 

tissues and reveal that the limb signals are not unique to limbs (summarised in Figures 

2.14 h & i ) .
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Figure 2,14 -  E5-E7 Heterochronic (a to g) and E5 non-limb (h to i) culture 

experiments, (a) and (b) illustrate the outcome o f heterochronic experiments based on 

two hypotheses which attempt to explain why E7 axons grow out radially when given 

the choice between E7 ectoderm and dorsal mesenchyme. Hypothesis ‘a ’ is that E7 

dorsal mesenchyme no longer produces inhibitory molecules but E7 axons would still 

be able to detect the repulsion from E5 mesenchyme. Hypothesis ‘b ’ is that E7 axons 

can no longer respond to inhibitory molecules, but E5 axons should still be able to 

detect E7 dorsal mesenchymal repulsion. When E7 axons are cultured with E5 tissues 

axons clearly seem to be repelled by E5 dorsal mesenchyme (c), and therefore grow 

towards ectoderm, suggesting that at E7 mesenchyme is no longer inhibitory 

(hypothesis ‘a).  This is confirmed in experiments that show that E5 axons actually 

grow towards E7 mesenchyme (d). This further suggests that mesenchymal tissue is now 

emitting factors that are more outgrowth promoting than ectoderm. These results are 

summarised graphically in (e). Despite outgrowth towards mesenchyme, rather than 

ectoderm, E5 axons still recognise E7 tissues appropriately and only develop terminal 

varicosity’s when they contact ectoderm (f) but not mesenchyme (g).

To demonstrate the widespread and non-specific nature o f the identified guidance cues 

the outgrowth o f  flank DRGs towards flank epithelium and ventral wing mesenchyme 

was assessed at E5. Flank DRGs grew towards flank ectoderm and away from ventral 

mesenchyme (h). These results are indistinguishable to those o f  E5 dorsal wing axons 

and tissues, and are summarised graphically in (i). Abbreviations: DM dorsal 

mesenchyme, VM ventral mesenchyme, E dorsal wing ectoderm, FE flank ectoderm. 

Error bars show standard errors o f the mean. Significance values (students t-test) are 

shown as asterisks: *=p<0.05, **=p<0.01.
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E5 Motor axons are attracted toward mesenchyme but not ectoderm

As mentioned in the Introduction, sensory axons in vivo are selectively drawn away 

from motor axons o f the main mixed nerve trunk towards the ectoderm. I therefore 

tested whether the limb guidance cues were specific for DRG axons as opposed to 

motor axons. The normal target of motor axons is developing muscle, which 

differentiates within the mesenchyme. When E4 ventral spinal cord (containing motor 

neurones) is cultured alone, outgrowth is quite poor. However, when E4 ventral spinal 

cord is cultured with mesenchyme, there is increased outgrowth, which is slightly 

target-directed (+0.3 ±0.5, p=0.5, Figure 2.15a). This result is consistent with previous 

studies that show that mesenchyme produces a motor neurone chemoattractant called 

scatter factor (SF/HGF) (Ebens et al., 1996). In contrast, when E4 ectoderm is placed 

next to E4 ventral cord, outgrowth is dramatically reduced from the ventral cord on the 

side o f the ectoderm (-1.4 ±0.5, p<0.05, Figure 2.15c), suggesting that ectoderm emits a 

factor that is inhibitory or chemorepulsive to motor neurones. These results are 

summarised in Figure 2.15e. In contrast, the outgrowth from E5 ventral cord seems 

unaffected by either dorsal mesenchyme (Figure 2.15b) or ectoderm (Figures 2.15d). In 

addition, when E5 ventral cord is given the choice between ectoderm and mesenchyme 

outgrowth is directed towards the mesenchyme rather than the ectoderm (-0.45 ±0.3, 

p=0.15). These results are summarised in Figure 2.15f. Since ventral spinal cord may 

contain neurones other than motor neurones, and 3A10 labels all neurones, some 

explants (n=28) were antibody labelled with SCI, a motor neurone specific antibody 

(Tanaka and Obata, 1984). The characteristics o f neurite outgrowth stained with SCI 

were similar to those revealed by 3A10, confirming that many o f the axons seen were 

motor axons (data not shown).
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Figure 2.15 - The effect o f  wing tissues on motor neurone outgrowth. At E4 (a) as well 

as E5 (b) dorsal limb mesenchyme is slightly attractive fo r  motor neurones. Ectoderm, 

on the other hand, appears strongly repulsive /  inhibitory at E4 (c) but this has 

disappeared by E5 (d). The E4 data is summarised graphically in (e) and the E5 data 

in (I). Abbreviations: DM dorsal mesenchyme, E ectoderm, M  mesenchyme (dorsal and 

core). Numbers in brackets indicate sample size. Error bars represent standard errors 

o f  the mean. Significance values (students t-test) are shown as asterisks: *= p<0.05.
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In summary, my experiments describe how prior to innervation o f the skin (E4 and E5) 

dorsal wing ectoderm produces target-directed outgrowth from limb DRGs. Dorsal wing 

mesenchymal tissue on the other hand is slightly repulsive. When given the choice 

between ectoderm and mesenchyme, pre-innervation axons grow toward the ectoderm 

exclusively. Further experiments clearly demonstrate that this response is partially due 

to an increased repulsion by the mesenchyme in the presence o f nearby ectoderm. These 

studies also indicate that epithelial attractive forces can still attract axons in the presence 

o f mesenchyme. These guidance cues are not just restricted to the limb level tissues, but 

may be general cues, since ventral wing mesenchyme and flank epithelium are equally 

effective at guiding flank level axons. Developmental stage is very critical to this 

phenomenon since post-innervation (E7) DRGs, whilst retaining their ability to navigate 

between E5 tissues, are unable to choose between E7 mesenchyme and ectoderm. At 

least partly responsible for this is a loss of repulsion in response to E7 mesenchyme. 

The effects which target tissues have on sensory axons seem to be reversed when it 

comes to motor axons. This is especially evident at E4, when dorsal limb ectoderm is 

strongly outgrowth-suppressing or repulsive to motor neurone outgrowth.
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Discussion

Using established in vitro culturing techniques I have attempted to identify some o f the 

signals that may help guide nerves towards their targets in the developing chick wing. 

My data indicate that at stages prior to innervation, limb ectoderm releases an 

outgrowth promoting factor(s) specific for the sensory axons that normally innervate it, 

but repulsive for motor axons that do not. The mesenchyme, on the other hand, which 

becomes innervated by both sensory and motor axons, can be divided into two 

components that have complex signalling properties. Superficial mesenchyme is slightly 

repulsive for sensory axons and slightly attractive for motor axons. In contrast, core 

mesenchyme is very inhibitory to sensory but not motor axons.

Ectoderm is attractive to sensory axons but repulsive to motor axons

My data argue that the ectoderm releases a sensory neurone-specific outgrowth 

promoting factor which operates in vitro at distances over 800pm. This is a greater 

distance than required in vivo, where the limb is only about 800pm in diameter at E5. 

The same, or additional signals, are also inhibitory to motor axons, and could therefore 

selectively attract sensory axons away from motor axons of the mixed nerve trunk, 

towards the ectoderm. Occasionally, axons can be seen turning towards ectoderm within 

the collagen, and only rarely in the opposite direction (Figure 2.8b), suggesting the 

possibility o f a chemotactic signal. However, I have been unable to convincingly 

determine whether the signal is chemotactic or trophic for sensory axons, either by 

culturing DRGs in series or by looking at axon turning within explants. A possible 

explanation is that both chemotactic as well as trophic signals are being emitted by the
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target, or alternatively, that different subpopulations o f neurones within the DRG, for 

example, cutaneous and motor sensories respond differently to the signal. This later 

possibility is less likely given that cutaneous and motor sensory axons, labelled 

selectively after reaching their targets, show no difference in their outgrowth response 

towards ectoderm (Honig and Zou, 1995). Furthermore, both populations express the 

same cell adhesion molecules (Honig and Kueter, 1995). Although these reports need to 

be treated with caution, because they use post-innervation neurones, they suggest that 

the two populations within a DRG may respond with similar outgrowth responses 

towards ectoderm.

Mesenchyme is attractive to motor axons but repulsive to sensory axons

At E5, core mesenchyme reduces the amount of sensory axon outgrowth from DRGs 

suggesting that the signal is inhibitory, or outgrowth-suppressing, rather than repulsive. 

In vivo this inhibition may serve to keep sensory axons tightly fasciculated with motor 

neurones, which are not inhibited by mesenchyme, thereby preventing sensory axons 

from drifting off and ramifying within the mesenchyme. This inhibition could also 

explain the finding that sensory nerves do not grow into and innervate muscle in the 

absence o f motor neurones (Landmesser and Honig, 1986). Taken together, these data 

support the idea that motor axons are able to grow through mesenchyme searching for 

their target, whereas sensory axons that innervate muscle can only enter this tissue by 

riding piggyback on the motor axons.

In contrast to core mesenchyme, dorsal mesenchyme is not inhibitory to outgrowth from 

DRGs, suggesting that the signal is repulsive rather than outgrowth-suppressing or 

inhibitory. This slight repulsiveness may be due to the presence o f an inhibitory
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component (perhaps from adjacent core cells) within the normally outgrowth promoting 

dorsal mesenchyme, or alternatively, the signal emanating from the dorsal mesenchyme 

may be a true chemorepellant.

My data indicate that, given the choice between slightly repulsive dorsal mesenchyme 

and attractive ectoderm, DRG axons are more ectoderm-oriented than with ectoderm 

alone. This enhanced directionality of sensory neurones appears to be partially due to 

the dorsal mesenchyme becoming more repulsive in the presence o f ectoderm. Indeed, 

this hypothesis is supported by experiments in which a DRG is placed next to the dorsal 

mesenchyme which is in turn adjacent to ectoderm -  in this situation DRGs are strongly 

repelled. What might be the mechanism of this enhanced repulsion? Four distinctive 

possibilities seem plausible:

• The ectoderm may support the survival of mesenchymal cells, or alternatively, may 

maintain the expression of repulsive signals in these cells, such that in the presence 

o f ectoderm, mesenchyme is more repulsive. A good example o f this is found in the 

developing chick wing bud, where, removal o f the ectoderm down-regulates a 

potential guidance molecule, EphA7, in the mesenchyme (Araujo et al., 1998).

•  The ectoderm might be releasing a proteolytic enzyme that cleaves and activates a 

mesenchymally-derived inhibitory molecule. A precedent for this is semaphorin D, 

which can be released as an inactive precursor and subsequently, activated by 

extracellular furin-like proteases (Adams et al., 1997). Various proteases are 

expressed by intact and wounded skin (reviewed in Mignatti et al., 1996), although 

no furin-like protease has yet been reported for skin.

•  The ectoderm might be emitting a long-range chemoattractant and the mesenchyme 

a shorter-range inhibitory molecule. My results suggest that this is possible, since
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sensory axons are not repelled by mesenchyme if  placed more than about 450 pm 

away, whereas ectoderm is still outgrowth promoting at distances o f over 800pm. 

Such a scenario would lead to axons being repelled when they are closest to the 

mesenchyme but when they are close to the ectoderm, they are attracted because the 

mesenchymal signal can not operate over such distances. When axons are the same 

distance from both tissues, my results suggest that the epithelial attraction 

predominates.

•  There is growing evidence that some proteoglycans can bind, and therefore anchor, 

signalling molecules. Syndecan 3 for example can function as an extracellular 

matrix binding protein for the FGF family o f signalling molecules (Gould et al., 

1995), and is present in precartilage condensations of the chick limb (E4). The way 

in which signalling molecules are presented to axons is increasingly thought to be 

critical in modulating an axons response to a particular signal. For example, in a 

recent meeting Christine Holt (University o f Cambridge) reported that a 

combination o f both substrate bound and soluble laminin could turn a normally 

attractive netrin 1 signal into a repulsive one. It is therefore possible that an 

attractive signal being produced by the ectoderm binds or interacts with a matrix 

molecule in the mesenchyme, transforming it into a repulsive signal. This molecule 

could be a mesenchyme specific proteoglycan such as syndecan 3, aggrecan, or 

versican, or a substrate such as collagen II or tenascin-C (Gould et al., 1995).

At E4, due to the small size o f the developing limb bud, it was not possible to dissect 

tissues into core and dorsal mesenchymal components, and so, mesenchymal explants 

were composed of both. For this reason, the mesenchymal inhibition of sensory axons at 

E4 may simply be due to the core mesenchyme component, which I have shown to be
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inhibitory at E5. Alternatively, the dorsal-most mesenchyme may also be inhibitory at 

this stage, perhaps serving to prevent axons from growing too superficially at this 

premature stage.

After reaching their targets £7  neurones can no longer choose between ectoderm 

and mesenchyme

My cultures show that E7 ectoderm and mesenchyme are outgrowth promoting for E7 

DRG axons. However, the direction of outgrowth is barely target-directed. Further, 

when given the choice between ectoderm and mesenchyme E7 sensory axon outgrowth 

is radial. This suggests that post innervation, E7, tissues have switched from a guidance 

to a trophic role. Indeed, heterochronic cultures using E5 DRGs and E7 tissues confirm 

that mesenchyme has lost its repulsiveness. E7 DRGs, however, are still very able to 

respond to the repulsive cue coming from E5 mesenchyme. The in vivo relevance of this 

may be that by E7, route-ways have already been pioneered by the earliest growth cones 

and, later arriving axons are able to navigate to their target by selective fasciculation. 

Curiously, E5 but not E7 axons are able to detect an attractive cue in E7 mesenchyme 

and respond to it with directed outgrowth.

I observed that in E7 cultures, sensory axons grew right up to and innervated both the 

ectoderm and mesenchyme. Somewhat contrasting with my data are reports that show 

sensory axons and blood vessels in vivo both appearing to avoid the epidermis and grow 

in a plane approximately 70pm below it (Verna, 1985; Verna et al., 1986; Martin and 

Lewis, 1989). In addition it has been previously reported that E7 chick DRG axons 

avoid ectoderm but not mesenchyme in vitro (Verna, 1985; Verna et al., 1986). Why 

this apparent discrepancy? The ‘avoidance reaction’ o f axons towards epidermis is
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thought to be due to epithelial synthesis of chondroitin sulphate proteoglycans (CSPG), 

which are known to be inhibitory to axon growth (Verna et al., 1989). This in vitro 

inhibition can be overcome with antibodies directed against CSPG, or by adding P-D- 

xyloside, a CSPG synthesis inhibitor, to the media (Fichard et al., 1991). However, the 

action o f CSPG is known to be substratum specific and very dependent on whether 

CSPG is soluble or substratum bound. For example, axons grown on laminin are 

inhibited by bound, but not by soluble CSPG, whereas axons grown on fibronectin are 

inhibited by soluble but not by bound CSPG (Snow et al., 1996). In support of my 

findings, Verna and colleagues (1985) found that axons grown on a collagen coated 

coverslip do not show the ‘avoidance reaction’ to epidermis. It would be reasonable to 

extrapolate, therefore, that axons growing within my 3D collagen gels respond in the 

same way as axons growing on 2D collagen coated coverslips and do not avoid 

epidermis.

How generalised are these attractive and repulsive cues?

The outgrowth o f flank DRGs cultured with non-limb (flank) ectoderm or ventral limb 

mesenchyme and ectoderm is indistinguishable to that o f limb DRGs cultured with 

dorsal wing ectoderm and mesenchyme. This suggests that these ectodermal and 

mesenchymal guidance cues are not DC Interosseous specific, nor even limb specific, 

but appear to be common guidance cues used by all DRGs axons as they navigate 

through their environment. They may simply ensure that sensory nerves get to the skin 

and that motor nerves are restricted to the mesenchyme. Sensory axons destined to 

innervate muscle, however, seem to depend on fasciculation with motor axons as their 

navigational guidance cue to muscle.
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Possible in vivo roles

In trying to unify my data and extrapolate it into a likely in vivo scenario, I suggest that 

sensory nerve patterning is achieved by a combination o f both contact mediated and 

long-range guidance cues. The precise route-way taken by nerves through the core and 

dorsal mesenchyme is almost certainly determined by local contact-mediated pathway 

defining cues. However, my experiments suggest that co-ordinately, long-range 

diffusible cues emitted by the mesenchyme may act to keep axons tightly fasciculated, 

and prevent them from straying from the path, thereby creating well defined nerves. 

Fasciculation with motor axons, although not essential, may further stabilise sensory 

nerve branches in this region. In addition, my data suggest a sensory-specific long range 

outgrowth promotion by the ectoderm, and a sensory-specific long range inhibition by 

the core mesenchyme, together may assist in directing responsive sensory nerve 

branches towards the skin. Sensory axons in cutaneous nerve branches are kept tightly 

fasciculated by surround repulsion from dorsal mesenchyme. As these sensory sprouts 

draw nearer to the skin they are repelled less by the surrounding mesenchyme and 

attracted more by the ectoderm. After target contact, my experiments suggest that these 

long-range repulsive cues are down regulated, thereby allowing axons to defasciculate 

and ramify beneath the ectoderm.

In summary, my in vitro studies have revealed a variety o f tissue interactions in vitro 

that have allowed me to speculate more fully on how nerves are guided into, and then 

patterned within, the developing limb. The next steps will be to uncover the molecular 

basis for each o f these cues that guide sensory nerves to target skin. Hopefully some of 

my in vitro models may provide opportunities for assaying candidate signalling 

molecules.
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Chapter 3
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Effect of Wound Healing on the Developing Pattern of 

Cutaneous Innervation 

Introduction

During embryonic development cutaneous nerves are first guided towards their skin 

target along stereotypic pathways and form discreet bundles. Once they have reached 

their target they branch and ramify until the entire territory is innervated. The whole 

process, as previously reported, takes about 4 days in the chick embryo. During this 

critical period, as the pattern o f innervation is being established, I have wounded the 

dorsum of the limb bud, and looked at the effect this has on the developing pattern o f 

innervation. It is hoped that such experiments will provide clues as to the signals which 

pattern remodelling nerves after wounding and possibly something about the cues that 

normally pattern nerves during development.

Adult wound healing causes a temporary hyperinnervation

Adult wounds that result in the loss of innervation to a patch of skin subsequently 

become reinnervated by two mechanisms - collateral sprouting o f surrounding uninjured 

nerves and regeneration of damaged nerves. As reinnervation proceeds the wounded 

area undergoes a period where it is hyperinnervated, both anatomically and 

physiologically, before normal levels of innervation are re-established (Reynolds and 

Fitzgerald, 1995). This hyperinnervation is rapid and transient; it appears within 3 days, 

is double the normal level after 2-3 weeks, and is gone after a further one to three
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weeks. Such injury-induced ‘temporary hyperinnervation’ is seen after superficial as 

well as full thickness skin wounds and bums (Kishimoto, 1984; Aldskogius et al., 1987; 

Hermanson et al., 1987; Reynolds and Fitzgerald, 1995). Hyperinnervation has also 

been described around other tissues in response to injury, for example, tooth pulp 

becomes hyperinnervated following exposure injury (Byers et al., 1992), and bone 

becomes hyperinnervated following fracture (Hukkanen et al., 1993; Aoki et al., 1994).

Neonatal wound healing results in permanent hyperinnervation

In contrast to the adult rat where cutaneous nerve territories are established and 

dormant, neonatal skin innervation is still undergoing considerable development and 

remodelling (Payne et al., 1991). It is not surprising then that neonatal nerves remodel 

more rapidly and hyperinnervate more extensively than their adult counterparts. For 

example, in the rat, full thickness skin wounds made within one week of birth show a 

three-fold increase in innervation density as early as one week later, and are still two

fold higher after 6 weeks. What is surprising, however, is that wounds made within this 

first week o f birth are still visibly hyperinnervated in the adult at 12 weeks (rat life span 

is approximately 3 years), suggesting that this hyperinnervation is long term and may 

even be permanent (Reynolds and Fitzgerald, 1995). Wounds made after this first 

postnatal week, on the other hand, are no longer hyperinnervated at 12 weeks. Thus, 

although the level of innervation is being constantly adjusted throughout development, 

the final life-long level o f innervation of rat skin may be set within one critical week 

after birth.
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Nociceptive C fibres hyperinnervate adult wounds

Before discussing the type o f fibres that hyperinnervate skin I shall briefly review the 

immunoreactivity o f the basic fibre types that normally innervate skin. Microscopically 

there are two populations o f neurones found within DRGs. First, there are the 'large 

light' cell population, that label with the anti-neurofilament antibody, RT-97. They have 

fast conducting myelinated axons (A fibres), and innervate structures such as muscle 

spindles, golgi tendon organs, hair follicles, Pacinian corpuscles etc, and are responsible 

for proprioception and fine tactile discrimination. They represent about 40% of 

neurones (Lawson et al., 1984; Averill et al., 1995; Sann et al., 1995). Second, there are 

the 'small dark' population, which have axons that are either thinly myelinated (A8 

fibres) or unmyelinated (C fibres), and are considered to be responsible for nociception 

and thermoception (Lawson, 1992). They can be further subdivided into those that 

contain neuropeptides and those that do not. The neuropeptide containing neurones are 

principally immunoreactive for CGRP, although about two fifths o f these also contain 

the neuropeptide substance P (Lawson, 1992). The non-neuropeptide containing 

neurones can be distinguished by their cell surface glycoconjugates, and can be 

selectively labelled by the monoclonal antibody LA4 and the lectin Griffonia 

simplicifolia IB4 (Averill et al., 1995). The neurotrophin dependence of each o f these 

populations is not fully known, although it is accepted that proprioceptive neurones are 

NT-3-trkC dependant, and that thermoceptive and nociceptive neurones are NGF-trkA 

dependant (Klein et al., 1994; Smeyne et al., 1994). It has recently been shown that 

almost all trkA expressing cells are also immunoreactive to CGRP (Averill et al., 1995). 

The trk dependence o f mechanoreceptive neurones during development is unknown, 

although after birth they become dependant on NT-3 (Lewin and Mendell, 1993). These 

data, and some o f the known overlaps, are summarised in Figure 3.1.
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Figure 3.1 - Pie chart showing the immunoreactivity o f  neurones within a typical 

mammalian DRG.

The temporary hyperinnervation seen after adult wounding has been shown to be due to 

thinly myelinated and unmyelinated axons which are SP and CGRP immunoreactive, 

i.e. nociceptive axons (Kishimoto, 1984; Taylor and Byers, 1990; Byers et al., 1992; 

Aoki et al., 1994; Reynolds and Fitzgerald, 1995). There is no RT-97 positive A fibre or 

autonomic contribution to this hyperinnervation (Reynolds and Fitzgerald, 1995; 

Sarram et al., 1997).

A and C fibres hyperinnervate neonatal wounds

In the new-born neonate, just as in the adult, many of the fibres that hyperinnervate the 

healing site are nociceptive. Flowever, ablation of nociceptive nerves, by neonatal 

administration of capsaicin (Fitzgerald, 1983; Caterina et al., 1997) prior to wounding,

114



only reduces the hyperinnervation by one third at two weeks, suggesting that a 

significant proportion o f other fibre types are also involved (Reynolds and Fitzgerald, 

1995). Indeed a significant amount o f the remaining hyperinnervation has been shown 

to be RT-97 positive A fibres, which do not hyperinnervate in the adult. Since C fibres 

appear to sprout in neonatal and adult wounds, whereas A fibres only sprout in the 

neonate, it is likely that A-fibre sprouting is only possible within this critical first 

postnatal week (Reynolds and Fitzgerald, 1995). These observations are further 

supported by studies which show that A fibres, that can not normally sprout into 

adjacent denervated skin or spinal cord, are able to do so within this same first postnatal 

week, but not later (Fitzgerald et al., 1990; Diamond et al., 1992b). As in the adult, 

sympathetic fibre density does not change significantly during healing (Reynolds and 

Fitzgerald, 1995).

TGFp and NGF are upregulated after wounding and can alter innervation density

Tissue damage in both the neonate and adult activates a complex inflammatory response 

and the upregulation o f many cytokines and growth factors. One o f these, NGF 

(Heumann et al., 1987a; Byers et ah, 1992; Constantinou et al., 1994) has long been 

known to influence sensory neuronal survival, branching and differentiation in vitro 

(Campenot, 1982). There is also good evidence that NGF is a branching factor in vivo, 

for example, sympathectomy, which results in decreased NGF uptake by sympathetic 

nerves and hence an increased amount of NGF being available to sensory nerves, results 

in sensory neuronal sprouting (Hill et al., 1988). Similarly, NGF upregulation following 

peripheral axotomy is thought to be responsible for the local sprouting response seen at 

the regenerating stumps (Kinnman and Aldskogius, 1986). More direct evidence for the 

involvement o f NGF in branching has come from transgenic mice overexpressing NGF
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under an epidermal specific keratin 14 gene-promoter. This mouse was found to have 

dramatic skin hyperinnervation by both sensory A and C fibres 3-5 weeks after birth 

(Albers et al., 1994). This clearly supports the idea that levels of NGF in the developing 

skin are capable o f regulating the level of cutaneous innervation.

The TGFp family o f growth factors have also been demonstrated to be upregulated after 

adult, neonatal and embryonic wounding (Whitby and Ferguson, 1991b; Martin et al., 

1993), and are thought to have wide ranging effects on the developing pattern o f 

innervation. TGFp 1, 2 and 3 mRNAs are all detected in embryonic skin before the 

arrival of the earliest axons and their levels rise along with NGF throughout the period 

in which sensory axons arrive. Tissue culture studies further show that exogenous 

application of TGFps to sensory neurone target skin will lead to upregulation o f NGF. 

Together these studies suggest that TGFPs may play a similar role in vivo (Buchman et 

al., 1994). Additionally there is evidence that TGFps can work synergistically with the 

neurotrophins to promote the survival and arborisation of cutaneous afferents directly 

(Krieglstein and Unsicker, 1996).

Hyperinnervation is a phenomenon of adult as well as neonatal wound healing, 

however, its presence in embryonic wound healing has not yet been addressed. I have 

therefore looked at nerve branching from stages prior to cutaneous nerves reaching the 

skin, embryonic day (E) 4, up until stages when there is a dense plexus o f nerves 

beneath the epidermis, E7. Since it is not possible to make wounds and harvest them 

over a large range o f developmental stages using a rodent model, I have used the chick 

in which surgical access is not a problem.
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Square excisional wounds were made removing both epidermis and underlying 

mesenchyme, to the dorsal forearm o f chick wings, at various stages o f development. 

These wounds were allowed to heal before being silver stained to reveal the resulting 

pattern o f innervation. The pattern of innervation was assessed at three levels: -

• the effect that wound healing has on the presence and position of the 4 main 

cutaneous nerve branches that normally innervate dorsal wing skin,

• the effect it has on the level o f secondary branching within the healed territory 

(i.e. the extent o f ramification),

• the effect o f healing on the numbers o f nerve termini (i.e. the density o f 

innervation)

I find that wounds made at E4 (before nerves have even reached the skin) and harvested 

at E10, often resulted in the complete absence o f main nerve branches, but the extent o f 

branching and innervation density was not significantly different to that o f control 

unwounded skin. Wounds made after nerves had reached the skin, at E7, and examined 

either 3 or 7 days later again showed no alteration in extent o f ramification or 

innervation density at the wound margin, and in contrast to earlier wounds, showed no 

loss or abherent pathways of the usual complement o f cutaneous nerve branches.
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Methods

Wounding

The right wing buds o f E4 (Hamburger and Hamilton, 1951, stage 22-23) and E7 

(Hamburger and Hamilton, 1951, stage 30-31) chicken embryos were exposed by 

tearing the overlying amniotic and vitelline membranes with fine forceps. Four linear 

incisions forming a square were made by gentle repetitive stroking o f the dorsal limb 

skin with an electrolytically sharpened tungsten needle. This square piece o f skin was 

then removed by freeing it from its underlying attachments with a tungsten needle as 

described previously (Martin and Lewis, 1992).

Silver staining to reveal nerves

Silver staining o f neural tissue has a long history (Peters, 1959) and although the precise 

mechanism o f action is unclear it is widely recognised to be a pan-neuronal marker, 

binding microtubules and neurofilaments (Zagon and Haring, 1982).

After harvesting and rinsing in PBS embryos were eviscerated. Their torsos, consisting 

o f both wounded right and the control left wings were then whole-mount stained 

according to Bodian's method (1936; 1937) as modified by Lewis (1978), which is 

described here briefly. Agitation is required at all stages. After overnight fixation in 

Bodian's fixative (Bodian, 1937) specimens were subsequently washed four times in 

70% alcohol over two days. They were then rinsed in water for one hour and incubated 

in a solution o f 1% Protargol (Roques-Raymond-Lamb) with clean copper wire (0.4g 

per 20ml) for 36 hours at 37°C. Specimens were then reduced for 1 hour at 4°C in an
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aqueous solution o f 1% hydroquinone (quinol) and 7.5% anhydrous sodium sulphite. 

After rinsing in 4 changes o f distilled water for 2 hours they were toned for 60 minutes 

at 4°C in 1% gold chloride solution (acidified with 3 drops o f acetic acid per 100 ml). 

Embryos were washed again with distilled water, bleached for 1 hour in fresh 5% 

potassium ferricyanide solution at room temperature, and washed for a further hour in 4 

changes o f distilled water. After soaking for 30 minutes in fresh 5% sodium 

thiosulphate and 2% potassium hydroxide, embryos were rinsed in distilled water, then 

dehydrated through graded alcohol’s and cleared in methyl salicylate.

Skin preparations consisting only o f dorsal wing skin, wound territory, and the 

accompanying cutaneous innervation were made o f the majority o f specimens by 

dissecting away ventral tissues using iridectomy scissors. These preparations were 

subsequently mounted beneath a coverslip in DPX neutral mounting medium (Sigma).

Quantifying level of innervation

A common method used to look at the complexity o f neuronal arborizations, which is 

well suited to this system, is to count nerve branch points (Scott and Davies, 1993; 

Cohen-Cory and Fraser, 1995). Silver stained skin preps were examined at low power 

(x62), allowing resolution only o f axon bundles, in order to assess the level of 

branching. They were subsequently assessed at high power, (x312) revealing single 

axons and nerve termini, to accurately determine the density o f terminal innervation.

Due to the three dimensional nature o f cutaneous innervation the pattern of innervation 

was drawn with a camera lucida attached to a Nikon Optiphot Microscope by focussing 

up and down through the specimen. One low power field o f view and three high power
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fields of view distal to the elbow were drawn for the wounded wings. Equivalent sites 

were chosen for the control wings in each case. All branch points and nerve termini in 

each field o f view were counted. Where a nerve entered or left the field o f view it was 

counted as having branched so that its contribution to complexity o f innervation could 

be recorded (Figure 3.2)

field o f view

Figure 3.2 -  A diagram to illustrate how the pattern o f  innervation was assessed. The 

circle represents one field  o f  view and the lines represent a nerve with its associated 

branches. Branches and termini are counted, as are nerves that enter or leave the field  

o f view. At (a) and (d) there is 1 branch point, at (b) there is 2 branches and 2 termini, 

and at (c) 1 branch point and 1 termini.

Labelling of wounds

At E4 and E5 chick limbs are bud shaped and my wounds covered much of their dorsal 

surface. Since embryonic wounds heal perfectly without leaving a scar it was therefore 

necessary to know where the wound territory had been subsequent to healing and prior 

to analysis of innervation. For this reason, I marked the mesenchyme o f several wounds 

with 6 to 8 dots o f Dil applied at regular intervals around the wound margin using a 

picospritzer and a fine bore glass micropipette. The Dil was a 3mg/ml solution 

dissolved in DMF.
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Occasionally, instead o f Dil, I dabbed carbon powder (kind gift from Maria Fitzgerald, 

UCL) onto the wound immediately after wounding so that the wound could be localised 

after healing. Carbon powder applied in this same way to rat wounds was shown to be 

non toxic and did not alter the inflammatory response or the subsequent level o f 

innervation (Reynolds and Fitzgerald, 1995).

At E7 wounds could be very precisely placed in the middle o f the dorsal forearm, and 

could be easily localised using anatomical landmarks.

Scanning electron microscopy and resin histology

A small number of irradiated wounded embryos were prepared for resin histology or 

scanning electron microscopy (SEM) by fixation overnight in ice-cold 1/2 strength 

Kamovsky fixative (Kamovsky, 1965). They were then post fixed in 1% osmium 

tetroxide in 0.1 M cacodylate buffer and dehydrated through graded alcohols. Specimens 

were then either embedded in Araldite resin for semi-thin sectioning (counterstained 

with Toluidine Blue), or rinsed in acetone prior to critical point drying in C 0 2, sputter 

coating with gold, and viewing with a Jeol 5410 scanning electron microscope.
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Results

D orsal cutaneous nerves reach the skin at E6

The developing chick wing is known to have a reproducible pattern o f innervation that 

is established with a consistent time course (Swanson and Lewis, 1982; Martin and 

Lewis, 1989). The development of this pattern is illustrated with a series o f my own 

silver stained specimens in Figure 3.3, with special emphasis placed on the 4 cutaneous 

nerves which will innervate the dorsal forearm; Dorsal Cutaneous (DC) Alar, DC 

Interosseous, DC Ulnar and DC Elbow.

Motor and sensory nerves begin migrating toward the developing wing at E4 when the 

wing is just a bud. The first branches can be seen penetrating the base o f this wing bud 

at E5 (Figure 3.3a). Within the next 24 hours the 4 sensory nerves that will innervate the 

dorsal forearm segregate from the mixed nerve trunk and contact their target patches of 

skin as discreet bundles (Figure 3.3b, arrows). These branches rapidly begin ramifying 

and extending distally (Figure 3.3c), and by E10 the basic pattern o f innervation is 

considered to be a miniature version o f the adult pattern (Figure 3.3d).
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Figure 3.3 - Timetable o f  cutaneous innervation. A t E5 (a) the m ixed nerve trunk 

(MNT) can be seen entering the base o f  the limb. One day later, at E6 (b), 3 o f  the 4 main 

cutaneous nerve branches that innervate the dorsal surface o f  the fore-wing are visable; 

DC Alar (DC Al.), DC Interosseous (DC Int.), and DC Ulnar (DC Uln.). These cutaneous 

nerves then begin branching profusely and extend distally (c). At E10 (d) much o f  the 

surface o f  the limb is covered, and the pattern o f  innervation is considered to be a 

miniature version o f  the adult pattern, with adjacent territories now interconnecting 

(arrowhead).
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W ounds were m ade at E4 and E7

At either E4 (prior to innervation) or E7 (subsequent to innervation o f dorsal skin) 

excisional wounds were made to the dorsal forearm using an electrolytically sharpened 

tungsten needle. Wounds made at E4 measured approximately 500 X 500pm and 

covered much o f the dorsal surface o f the limb (Figure 3.4a). E7 wounds were 

positioned just distal to the elbow, but due to the curvature o f the limb it was easiest to 

make rectangular wounds o f approximately 800 X 400pm (Figure 3.4b). Scanning 

electron micrographs of wounds part way through the healing process revealed smooth 

wound edges, suggesting that these wounds heal with the aid o f an actin purse string 

rather than by lamellipodial crawling (Figure 3.4d; Martin and Lewis, 1992 as 

previously described). The majority o f wounds were harvested at E10, when the wing 

resembles a miniature model of the adult wing (Figure 3.4e). A few E7 wounds were 

allowed to heal for a further 4 days, and were harvested at E l4. All o f the healed 

wounds showed no superficial trace o f where the wound had been (Figure 3.4e).

E4 wounds generally take 24 hours to heal, whilst E7 wounds can take anywhere 

between 1 and 4 days to completely heal. Consequently, when wounds were harvested 

at E10, all but one of the E4 wounds had healed (n=34), whereas only two thirds o f the 

E7 wounds had healed (n=59).
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DC Interosseous

Figure 3.4 - E4 and E7 wounds. Scanning electron micrographs o f  a Ohr E4 wound

(a), and a Ohr E7 wound (b) at low power, and (c) at high power. A scanning electron 

m icrograph o f  a w ound p a rt way through the healing process reveals a smooth  

rounded wound front, suggestive o f  an actin purse string mode o f  re-epithelialisation 

(d). A t E10 (e), when the majority o f  wounds are harvested, chick wings show no 

visible signs o f  the healed wound. When these wings are silver stained and the dorsal 

wing skin is dissected away, the pattern o f  cutaneous innervation can be clearly seen 

(f). The 4 main nerve branches that supply the dorsal forearm skin, and the territories 

that they innervate, are illustrated in (g) (m odifiedfrom  M artin et al„ 1989). DC  

elbow is often lost in the process o f  making skin preparations. Scale bars: (a) 200\±m

(b) 1mm (c & d) 20yun (e & f i  1mm.
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The effects of wounds on the pattern of innervation was examined at 3 levels

Due to the dramatic morphological changes that take place between E4 and E10, and 

since embryonic wounds heal perfectly without leaving trace o f where they had been 

(Martin and Lewis, 1992), it was necessary to fate map E4 wound territory. For this 

reason several embryos had the perimeter o f their zero hour wounds labelled with spots 

o f Dil (Figure 3.5a). At the time of harvest (E10), these spots were visualised with 

fluorescence microscopy to reveal the fate of the originally wounded patch of skin 

(Figure 3.5b). These studies consistently demonstrated that the wound territory later 

localised to the dorsal forearm, immediately distal to the elbow (Figure 3.5b). 

Additionally, the only E4 wound that had failed to heal (Figure 3.5c), as well as wounds 

labelled at E4 with carbon (Figure 3.5d), further confirmed that the original wound 

territory localised to the same region -  the Ulnar aspect o f the wing, distal to the elbow

At E7, whilst the positioning o f wounds could be very accurate, chick wings had still 

not attained their adult like phenotype and were growing very rapidly. In order to 

confirm the subsequent location of the wound some specimens were marked by fine 

carbon powder that was brushed onto the wound bed at the time of wounding. 

Additionally, since many wounds failed to fully heal, the open wounds clearly revealed 

wound territory (Figure 3.5e to g). All such specimens confirmed that the wound 

territory was distal to the elbow on the Ulnar side o f the dorsal forearm (Shaded region 

in Figure 3.5h). Since the final location o f E4 and E7 wounds is so similar then this 

same area was analysed for all specimens. The level o f branching was estimated from 

one low power field of view (X4 objective), and the innervation density was estimated 

from three high power fields o f view (X20 objective). Due to the three dimensional 

nature o f cutaneous innervation photographs were inadequate for this analysis, and so
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each area was drawn with the aid o f a camera lucida prior to analysis. A skin 

preparation showing the typical areas sampled for analysis and their corresponding 

camera lucida drawings is shown in Figure 3.5 (i to m).

Wounds made at E4 result in missing nerve branches

Wounds made at E4 have usually closed by 24 hours, just as nerves are entering the 

limb bud. Clearly, the disruption o f target tissue when nerves are migrating into the 

limb interferes with nerve patterning because the gross pattern o f cutaneous innervation 

at E10 is often unusual. For example, 35% o f chicks wounded at E4 have 1 or 2 major 

nerve branches missing, with DC Interosseous alone being absent most frequently. The 

skin territory normally occupied by absent nerve branches is occupied by collateral 

sprouts from one or more o f the remaining branches that innervate the dorsal surface of 

the limb. For example Figure 3.6a to c show specimens that were wounded at E4 and 

harvested at E10. In Figure 3.6a, the normal innervation has been restored. However, in 

Figure 3.6b the territory normally occupied by DC Interosseous (arrowheads) is now 

occupied by DC Alar. In Figure 3.6c the territory o f DC Ulnar (arrowheads) is now 

occupied jointly by DC Interosseous and DC elbow. Note how DC Interosseous and DC 

Elbow grow along the exact pathway that DC Ulnar would have grown along; likewise 

the collateral sprouts o f DC Alar in Figure 3.6b mimic the sprouts o f DC Interosseous. 

In each case wound healing was judged to be perfect. When the level o f branching is 

analysed from low magnification camera lucida drawings there appears to be no 

difference between wounded right limbs and their contralateral controls (10.7% ±7.4% 

p=0.19; Figure 3.8b). Moreover, higher magnification camera lucida analysis reveals 

that the innervation density in the prospective wound region is not significantly altered
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from controls, either by counting fine nerve twigs and termini (-7% ±5% p=0.23; Figure 

3.8c), or by counting termini alone (-17% ±10% p0.13; Figure 3.8d).

Wounds made at E7 disrupt the local pattern but not the level of ramification

Wounds made at E7 undoubtedly cause significant damage to the cutaneous nerves 

already present at the wound site, but surprisingly, when examined at E10 all o f the 

branches are present. Branches can be short or deviated around wounds but are rarely 

missing. In total, only 6% of wounds had missing nerve branches. However, unlike E4 

wounds the majority (72%, n=32) o f E7 healed wounds show local disruption o f 

branching at the healed wound site. The wound centre is often uninnervated and the 

surrounding innervation appears to be oriented towards the centre o f the wound (Figure 

3.6d & e, asterisks). Unlike the collateral sprouts seen following E4 wounds, the 

collateral sprouts following E7 wounds no longer adhere to any recognisable pattern. 

This is best illustrated in Figure 3.6f, which shows the only specimen (n=53) that is 

missing DC Alar. Branches from DC Interosseous and DC Ulnar (arrowheads) are 

growing straight towards the wound centre (asterisk). In addition, cutaneous branches 

that normally innervate the hand are surprisingly growing in the opposite direction, 

straight towards the wound (large arrow). I also find that cutaneous nerves from the 

ventral side o f the limb, which is very close at the Alar border, have crossed to the 

dorsal side of the limb to innervate the wound (small arrow). Despite the wound centre 

lacking innervation the level of branching surrounding the wound is not significantly 

altered compared to the contralateral control wing (-0.2% ±10.9%; Figure 3.8b). 

Likewise, high magnification analysis of fine nerve branches and termini, or termini 

alone, reveal no change in the innervation density (-1% ±6% and -1% ±7% respectively; 

Figures 3.8c & d).
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Figure 3.5 - (a) An E5 Ohr wound with 6 dots o fD il labelling the edges (arrows), (b) Double 
exposure o f  the same limb as (a) clearly showing the location o f  the healed wound at E9 
(outlined), (c) A skin preparation o f  an E4 wound that fa iled  to heal reveals that the wound 
eventually localises ju s t distal to the elbow at Eli), (d) is an E4 wound that was carbon 
labelled at the time o f  wounding, again demonstrating the wound territory’ (arrowheads). ( e , f  
and g) show three typical silver stained preparations that fa iled  to heal their E7 wounds. The 
area covered by these three wounds is represented as a shaded region o f  an otherwise normal 
limb in (h). (i) is a skin preparation showing an example o f  one low power and three high 
power fields o f  view used fo r  analysis in a typical specimen, (j) and (I) are photographs o f  the 
areas shown in (i) whilst (k) and (m) are the camera lucida drawings I made o f  these areas. 
Note that because not all nerves are in the same focal plane many o f  the branches present in 
the camera lucida drawing are not present in the photograph (arrows).
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Figure 3.6 - Silver stained dorsal skin preparations o f  wings wounded at E4 and E7 

and left to heal until E10. The majority o f  wounds made at E4 heal perfectly and 

establish the normal pattern o f  innervation by E10 (a). However, a few  specimens 

subsequently have one or more nerve branches com pletely missing, such as DC 

Interosseous (b, arrowheads) and DC Ulnar (c, arrowheads). In contrast, wounds 

made at E7 and examined at E 10 retain all o f  the major nerve branches (d) and largely 

only reveal a local disruption o f  wound innervation (e). The wound territory can also 

be identified by the absence o f  innervation (asterisks), and the presence o f  carbon 

particles (arrowheads). On the rare occasion that E7 wounds resulted in missing nerve 

branches (f), the denervated territory was subsequently innervated by collateral sprouts 

from surrounding branches (arrowheads). These collateral sprouts were often 'wound 

oriented' and followed paths not seen in the normal situation (arrows).
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Cutaneous nerves reach up to but never beyond the epidermal wound edge

In wounds examined before the normal harvest time, or whenever wounds failed to fully 

heal, it was clear that cutaneous nerve branching was restricted to zones with an 

overlying epidermal layer. The main cutaneous nerve branches grew around wounds 

(Figure 3.7a) and the smaller branches grew right up to, but never beyond, the wound 

edge (Figure 3.7b). If the open, wound was sufficiently large then a whole nerve branch 

could even be prevented from re-innervating its previous territory. For example, 

proximal transection o f DC Interosseous by wounding at E7 results in the distal portion 

degenerating. If  the wound does not heal sufficiently quickly then DC Interosseous is 

unable to return to its previous territory, which instead becomes innervated by collateral 

sprouts from DC Alar and DC Ulnar. The resulting pattern o f these collateral sprouts 

bears no resemblance to the former pattern o f innervation but is rather consistent with 

‘wound oriented' growth (Figure 3.7c).

The reluctance o f nerves to venture beyond the wound margin was investigated using 

scanning electron microscopy and resin histology. These studies revealed that 

structurally there was no barrier preventing nerves from extending beyond the wound 

edge. The deep mesenchymal defect that was created by the wounding process was 

always found to be completely restored within 24 hours (Figure 3.7d & e). However, in 

the absence of epidermis the normal architecture o f skin was not restored. As previously 

reported, beneath intact epidermis there is normally an aneural and avascular zone o f 

approximately 70pm called the dermis, beneath which is a neurovascular plexus (Martin 

et al., 1989). In the absence o f epidermis the underlying dermis is missing although a 

vascular plexus is still present, albeit much closer to the surface (Figure 3.7e). The 

presence o f blood vessels beneath the wound suggests that the tissue through which

131



nerves normally grow is present and is adequately oxygenated. However, whilst blood 

vessels can extend beyond the wound margin nerves are unable to do so. These findings 

suggest that the epidermis must provide axon survival and branching cues, without 

which nerves can not progress.

Wounds made at E7 and left to heal for one week are still not hyperinnervated

To eliminate the possibility that even though 3 days was sufficient for wounds to have 

healed it was insufficient to see a sprouting response, I left some wounds for a further 4 

days. These E14 specimens normally had large feather buds and a much more complex 

pattern o f innervation (Figure 3.7f to h), with nerves diving deep into the mesenchyme 

to innervate the developing feathers. Silver staining o f these E l4 wings reveals a very 

similar picture to E7 wounds harvested at E10. The main nerve branches are always 

present, but innervation surrounding the open or healed wound is disrupted, with wound 

centres often remaining without innervation (Figure 3.7f). If  the wounding process 

happens to completely transect a main nerve trunk then the open wound can 

subsequently prevent the regenerating nerve from reaching its original target. For 

example, Figure 3.7g shows an E l4 skin preparation revealing how DC Interosseous, 

which prior to wounding would have extended up to the wrist, has been prevented from 

regenerating into its original territory by an open wound (asterisk). Consequently, the 

normal territory o f DC Interosseous is occupied by collateral sprouts belonging to DC 

Alar and DC Ulnar (arrowheads). The difficulty neurites have in crossing beneath 

denuded territories is illustrated in Figure 3.7h. Even at stages as advanced as E l4 

axons can grow right up to the wound edge, but not beyond.
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Even after allowing this further period o f healing post-wounding, which was sufficient 

to reveal hyperinnervation in wounds made to the hind paw o f neonatal rats (Reynolds 

and Fitzgerald, 1995), chick wounds showed that there was no significant effect on 

nerve branching (-15.5% ±10.1%, p=0.22; Figure 3.8b). Assessment of innervation 

density, by counting fine nerve branches and termini, or termini alone, further revealed 

a lack o f hyperinnervation (-5% ±7%, p=0.8 and 2% ±12% p=0.19; Figures 3.8c & d).
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Figure 3.7 - The pattern o f innervation around E7 wounds harvested at E l 0 or E l 4. When E7 
wounds failed to fully heal by E l 0, nerves were seen to have taken an abherent path, growing 
around the wound (asterisk), to reach their normal territory (a). Closer inspection revealed 
that axons never grew beyond the wound edge (b). Further, open wounds could prevent 
major nerves from  regenerating back into their normal territory (c), instead allowing 
collateral sprouts o f  other nerves to innervate it (arrows). Scanning electron microscopy 24 
hours post wounding revealed how this was not because o f  an obvious mesenchymal defect 
(d). Resin Histology (e) further showed how the wound bed had a rich vascular supply (arrows). 
However, in the absence o f  epidermis there was no underlying dermis, which may explain 
why blood vessels previously restricted beneath the dermis (arrowheads), could now form  
closer to the surface (arrows). When E7 wounds were allowed one fu ll week to heal, their 
response was no different to those only allowed 3 days to heal (j). The centre o f  healed 
wounds lacked innervation (asterisk) and surrounding neurites were wound oriented. When 
wounds fa iled  to fu lly  heal nerves were still prevented from re-innervating their previous 
territory, which then becomes innervated by collateral sprouts (g, arrows). Again, nerves 
could reach right up to but never beyond the wound edge (h, arrow). Abbreviations: Int. 
Interosseous; Uln. Ulnar; Ep. epidermis; D. dermis; W. Mes. wound mesenchyme.
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Figure 3.8 -  Analysis o f  patterning defects at three levels, (a) Table detailing the 

number o f  major nerve branches missing after wounding at E4 and E7. (b) Bar chart 

illustrating the effect o f  wounds on the overall extent o f  branching, (c & d) Bar Charts 

showing the effect o f  wounds on the innervation density o f  the healed area taking into 

account the branch points as well as termini (c), or just the nerve termini (d). Wounds 

made at E4 and analysed at E10 are shown in red, wounds made at E7 and analysed at 

E10 are blue, and wounds made at E7 and analysed at E l4 are yellow. Numbers in 

brackets indicate number o f  specimens analysed. Each specimen consisted o f  a 

wounded and control wing. Each wing had one X4 field o f  view and three X20 fields o f  

view drawn and analysed. Error bars are standard errors o f  the mean.
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Discussion

In summary, my results show that wounds made at E4, which repair during the period 

when nerves are growing into the wing bud, often result in the absence o f major 

cutaneous nerve branches at E10, but do not perturb the level o f branching or 

innervation density. In contrast, wounds made at E7 and examined 3 or 7 days later alter 

the local pattern o f innervation, with local ‘wound oriented’ axon growth, but do not 

alter the number o f major nerve branches, the degree o f branching, or the final density 

of cutaneous innervation. These studies also indicate that an overlying epidermis is an 

essential requirement for cutaneous nerve growth up until at least E l4.

Epidermis provides survival and branching cues for cutaneous nerves

Sensory nerves o f the chick embryo normally grow and ramify within the dermis where 

the majority will eventually innervate cutaneous mechanoreceptors (Herbst corpuscles). 

These are located largely beneath erector muscles o f the feathers and around the base o f 

feather follicles. Free nerve endings (thermoreceptors) are also found in chick, 

terminating in either the dermis or the epidermis, although they are more scarce (Saxod, 

1978). Despite this I have observed that nerves can not grow through mesenchyme 

which is not covered by epidermis, suggesting that the epidermis is instrumental in 

providing cues for nerve growth, branching, and possibly survival. A likely candidate 

for this epidermal derived molecule is NGF, although NGF has been shown to be 

expressed by the epidermis as well as the underlying mesenchyme (Bandtlow et al., 

1987; Davies et al., 1987). Another alternative is that the epidermis induces the 

underlying mesenchyme to produce neurotrophins or other such factors, and hence, in
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the absence of epidermis nerves can not grow through the mesenchyme (Araujo et al., 

1998; O'Connor and Tessier-Lavigne, 1998).

Why are large cutaneous nerve branches missing after early but not late wounds?

In contrast to wounds made at E7, wounds made at E4 often resulted in one or more of 

the four cutaneous nerve branches being completely missing. Since E4 wounds would 

have completely healed before the arrival of the first axons, why are they missing? One 

possible explanation for this is that axonal pathways, that steer main sensory axonal 

branches towards the epidermis, could have been removed by the excisional wound and 

either not restored or not restored soon enough to guide pioneering axons along the 

specified pathway. Alternatively, it has also been suggested that the skin could be 

emitting a chemotactic factor which draws nerve branches towards it (Martin et al., 

1989), and removal of this patch of skin may prevent some cutaneous nerve branches 

from forming at all. In contrast, at E7, all o f the nerve branches are already formed and 

are branching profusely. Wounding at this stage consequently cuts some o f the nerves 

that are already present. Since exposed wound mesenchyme does not permit growth / 

regrowth, nerves may have a deviant course but are seldom missing. The few cases 

where nerve branches are completely missing after wounding at E7 can be explained by 

wounds cutting the very root of a nerve, destroying it’s entire distal projection and also 

preventing that nerve from regenerating.

E7 wounds disrupt the local pattern but not the level of branching

One of my observations was that after wounding at E4 the gross pattern o f innervation 

was indistinguishable from controls. Even when a main nerve branch was completely 

absent (35% of specimens), the collateral sprouts of the remaining axons grew along
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pathways that the missing branch would have extended along (Figure 3.6b and c). 

Following E7 wounds, on the other hand, collateral sprouts did not seem to adhere to 

any recognisable pathway. Axons were simply ‘wound oriented’ and were even seen 

growing in a distal to proximal direction (Figure 3.6f). These findings are in agreement 

with those o f Swanson (1985) who grafted E7 DRGs into chick limbs at various stages 

o f development. He concluded that “the older the host at the time o f grafting the less 

tightly fasciculated and the less normal in appearance will be the resultant pattern o f 

neurites. If  grafted later than about stage 25-26 (E5) the neurites tend not to follow the 

limb’s normal nerve highways.” (Swanson, 1985). There are two alternative 

explanations for this; either the dermal guidance cues are no longer present at late 

stages, or the nerves are no longer responsive to these cues. The Swanson (1985) 

experiments, which used E7 DRGs, would seem to argue for the former since he found 

these old axons could be guided correctly when grafted into embryo limbs before E4. 

My in vitro experiments, reported in the previous chapter, further support this. They 

show, that E7 axons are still able to respond to E5 guidance cues but, that E7 tissues are 

no longer able to provide these cues.

Despite the altered routes that nerves took subsequent to wounding at E7, low and high 

magnification analysis revealed that the amount o f branching and the terminal 

innervation density were statistically unaltered when compared to contralateral control 

wings (Figure 3.8). Somewhat surprisingly, all o f the changes in branching and 

innervation density were very small, typically less than 20%. This is in stark contrast to 

the change in innervation density following neonatal rat wounds, which after one week 

o f healing showed a 300% increase in cutaneous innervation density (Reynolds and 

Fitzgerald, 1995).
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Wounding the embryonic chick does not cause hyperinnervation

During the very earliest stages o f cutaneous nerve patterning, in vitro studies have 

shown nerves to be exquisitely sensitive to growth factor signals such as the TGFps 

(Flanders et al., 1991; Krieglstein and Unsicker, 1996) and the neurotrophins (Davies 

and Lumsden, 1984; Buchman and Davies, 1993; Maina et al., 1997). These same 

growth factors are thought to be altered by the process o f wound healing. For this 

reason I anticipated that wound healing in the chick embryo might perturb the 

developing pattern of innervation, much like it does in neonatal rats. However, rather 

surprisingly, I find no effect on the level o f branching or the density of innervation 

resulting from wounding at the stages I have chosen. Why is this?

It must be remembered that the stages that I have examined are the very earliest stages 

o f cutaneous axon patterning, just before and just after skin innervation. It is quite 

possible that hyperinnervation is a phenomenon that occurs later in development as it 

clearly does in rodents (Aldskogius et al., 1987; Reynolds and Fitzgerald, 1995). Even 

if  chick cutaneous nerves do hyperinnervate at a later stage o f development why do they 

not hyperinnervate at these early stages? One feasible explanation is that during early 

development nerves may already be ramifying at maximum capacity in order to initially 

cover the limb. Thus, although TGFpi and possibly other branching cues are 

upregulated after embryonic wounding (Martin et al., 1993), axons may be already 

maximally stimulated. For example, developing axons express the growth associated 

protein (GAP) 43, which is known to correlate with intrinsic plasticity (Pfenninger et 

al., 1991). Further, in the embryo, the composition o f extracellular matrix, and the 

growth factor profile, is conducive to growth. In contrast, neonatal nerves are likely to
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be under-stimulated. They have lower levels of GAP 43 (Reynolds et al., 1991), there 

are limited quantities of NGF due to competition, and the environment is perhaps better 

adapted for function and maintenance of phenotype rather than for rapid growth. So 

possibly, after wounding, neonatal nerves have the potential to ramify dramatically. 

GAP 43 is expressed once again (Van der Zee et al., 1989), NGF and other growth 

factors are upregulated (Constantinou et al., 1994), and the extracellular matrix 

transiently acquires a more embryonic profile, with increased hyaluronate and collagen 

III levels (Martin, 1996).

Another alternative is that hyperinnervation may be a phenomenon o f mammalian skin 

only. Chick skin for example is structurally very different from rodent skin in a number 

o f ways. Firstly, during development, chick skin maintains an avascular and aneural 

zone of approximately 70 pm beneath the epidermis (Verna, 1985; Verna et al., 1986; 

Martin and Lewis, 1989). It has been suggested that this inhibition is the result of 

inhibitory proteoglycan production by the epidermis (Verna et al., 1989). However, 

there is no such zone in rodent skin (Reynolds et al., 1991). Secondly, as is obvious 

from my skin preparations, chick nerves grow in a proximo-distal plane immediately 

beneath the skin and terminate only in the mesenchyme. Rodent nerves, however, grow 

towards the skin at right angles and terminate in the mesenchyme as well as in the 

epidermis (Reynolds et al., 1991).

NGF may promote survival first and branching later

I had originally speculated that NGF may be upregulated in response to wounding and 

that this in turn may result in hyperinnervation. Evidence in chick suggests this may 

indeed be possible, but only after E l4, the latest stage that I have looked. Scott and
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Davies (1993) cultured chick sensory neurones from the trigeminal ganglia at various 

ages o f development in different quantities of NGF. They found that very early 

neurones, prior to E l4, needed NGF for survival and grew equally well in many 

concentrations o f NGF. Later, when neurones were less dependant on NGF for survival, 

increasing concentrations o f NGF resulted in increased sprouting. This suggests that 

early on in development each neurone that receives enough neurotrophic factor to 

survive elaborates approximately the same size arbour, and it is only later that they 

acquire the ability to respond to neurotrophic factors with increased neurite growth and 

branching.

Nerve growth factor may not be responsible for hyperinnervation

A recent in vitro study has cast further doubt on NGF being the factor that is responsible 

for hyperinnervation. Reynolds and colleagues (1997b) observed profuse outgrowth 

from rat as well as chick DRGs in response to rat skin wounded at birth and harvested 3 

days later, even in the presence of a function blocking NGF antibody. In contrast, 

outgrowth towards skin wounded at birth and harvested at 10 days was blocked by the 

NGF antibody. This suggests that some factor(s), other than NGF, is upregulated 

following early but not late wounds. This factor is responsible for enhancing neurite 

outgrowth in culture and may possibly cause the hyperinnervation observed in vivo.

In conclusion, this chapter has described in detail the effects o f wounding on the 

developing pattern of cutaneous nerves. Whilst I did not find hyperinnervation these 

studies have thrown light onto some of the developmental cues that normally pattern 

nerves.
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Effect of Innervation on Embryonic Wound Healing 

Introduction

Both clinical and experimental studies suggest an intriguing dependency o f adult tissue 

repair and regeneration on signals emanating from sensory nerves. In an attempt to 

further understand the mechanisms that underlie this beneficial effect I have used a very 

simple system, that o f the developing embryo. By creating chicks with nerveless wings 

and comparing their wound healing capacity with that o f control innervated wings I 

have been able to show that innervation enhances embryonic wound healing. By 

wounding such simple tissues, which lack the complication o f an inflammatory 

response (Hopkinson-Woolley et al., 1994), it may be possible to more precisely dissect 

the nature o f these nerve-derived signals.

Innervation is beneficial to adult wound repair

Clinically it is known that areas that are poorly innervated, for example, in patients with 

peripheral neuropathies following nerve trauma, diabetes, leprosy, or herpes zoster 

(Jancso et al., 1985; Anand, 1996), wound healing is significantly impaired. Various 

animal studies have confirmed these observations, for example, blisters raised on the 

footpad of rats using dry ice heal considerably slower if  the nerves supplying these 

tissues have been previously cut (Carr et al., 1993; Westerman et al., 1993). An intact 

innervation has been further reported to be important for skin ulcer healing (Lundeberg 

et al., 1992), repair o f UV damaged skin (Benrath et al., 1995) and also healing o f skin
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excisional wounds (Lundeberg et al., 1988; Richards et al., 1997). These beneficial 

effects o f innervation are not just restricted to skin repair, but have been reported in 

many other systems also. For example, healing o f corneal epithelium (Gallar et al., 

1990; Araki et al., 1994), gastric and intestinal mucosae (Eysselein et al., 1992; 

Takeuchi et al., 1994a; Takeuchi et al., 1994b; Peskar et al., 1995), tooth pulp (Byers 

and Taylor, 1993), bone (Dyck et al., 1983; Hukkanen et al., 1993; Nordsletten et al., 

1994) and ligament (Wyland and Dahners, 1994) have all been shown to be 

significantly impaired in the absence of innervation. Conversely, increasing sensory 

neuronal (nociceptor) function, by nicotine treatment which leads to enhanced axon 

reflexes, or by electrical nerve stimulation, is associated with improved wound healing 

(Kaada and Emru, 1988; Lundeberg et al., 1988; Lundeberg et al., 1992; Westerman et 

al., 1993). Together this evidence suggests that nerves are indeed supplying some 

signals that enhance tissue repair processes. Unfortunately, the majority o f these studies 

might also be explained in a more trivial way. By their very nature, areas that are 

denervated have no sensation, and will obviously be less protected and more prone to 

injury than control innervated areas. By looking at embryonic wound healing we can get 

around this. Chicken embryos are suspended in a fluid environment and are at a 

developmental stage where they are unable to interact with the wound in any way.

Nerves are essential for amphibian limb regeneration

For many years there has been clear evidence for nerve dependency in other 

regenerative processes. Urodele amphibians (newts and salamanders) are famous for 

regenerating perfect replicas o f their limbs following amputation. However, if  nerves 

are diverted from the amputation site, then the open wound will heal, but no limb will 

regenerate. In contrast to this early ‘nerve dependant’ phase o f limb regeneration,

144



sim pler h

denervation subsequent to formation of the regeneration biastema does not halt 

regeneration although it does result in reduced mitosis and subsequently a smaller limb 

(Singer, 1952). Some urodeles can actually regenerate other body parts, including their 

tail, jaw, eye tissues, and heart, all of which are nerve dependant (reviewed in Dinsmore 

and Mescher, 1998). Although the beneficial nature o f the nerve derived signal is 

unknown, it would appear to be common to all neural tissues, since either sensory or 

motor neurones alone will permit regeneration, as can peripheral nerve or brain extracts 

(Singer, 1974; Jabaily and Singer, 1977; Geraudie and Singer, 1978). Moreover, the 

beneficial effect o f innervation seems to be quantitative, since anuran amphibians (frogs 

and toads), which do not normally regenerate their limbs, will do so if additional 

innervation is supplied to the amputated stump (Singer, 1950; Singer, 1951).

This dependency on nerves for limb regeneration appears to be a primed response, 

acquired by limb tissues during development, since if  salamander limbs develop without 

innervation, then limb regeneration is no longer nerve dependent in adulthood (Yntema, 

1959).

In order to dissect out whether healing of embryonic amniote skin is nerve dependent, 

and whether the requirement o f skin healing on nerves is primed or inherent, I have 

analysed the tissue repair process in chick wing buds just before and just after the 

developmental stage when cutaneous nerve branches first reach and ramify beneath the 

skin. By ablation of the neural tube adjacent to the wing bud prior to limb outgrowth I 

can make entirely nerveless limbs and I show that by E7 (shortly after the skin would 

normally be innervated) nerveless limbs heal wounds significantly less well than control 

innervated limbs.
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Methods

U ltra Violet ablation of neural tube

Fertilised White Leghorn chicken eggs (from Poyndon Farm, Herts, UK) were 

incubated at 37°C and windowed at Stage 11-13 (Hamburger and Hamilton, 1951) in 

preparation for ultraviolet irradiation o f the neural tube. H alf o f the embryos 

subsequently had a beam of ultraviolet light focused on their neural tube between 

somites 12-20 as previously described by Swanson and Lewis (1986), and briefly 

reviewed here.

Immediately prior to irradiation the vitelline and amniotic membranes were tom with a 

tungsten needle to expose somites and neural tube at the level of the prospective wing 

bud. Subsequently, a thin rectangular strip corresponding to the neural tube adjacent to 

somites 12-20 was irradiated using a focused beam o f UV light (Figure 4.1a) from a 

high pressure mercury lamp (Osram 200W). The beam was projected through a slit 

aperture and directed onto the embryo using a system of mirrors mounted beneath a 

dissecting microscope. After irradiation the egg was resealed before returning to the 

incubator. A pilot series of irradiations revealed the optimal time o f irradiation required 

to ablate the neural tube and neural crest was 10 mins and all subsequent irradiations 

were for this duration.

Excisional wounds

Irradiated embryos were subsequently wounded at either E4 (Stages 22-23) or E7 

(Stages 30-31). Their right wing bud was exposed, by tearing the vitelline and amniotic
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membranes, and an electrolytically sharpened tungsten needle was used to dissect away 

a square patch o f epithelium and underlying mesenchyme measuring 303 pm ±22 pm 

at E4 (about 550 x 550pm) or 317 pm2 ±11 pm2 (about 800 x 400pm) at E7 (Figs. 2a 

and b). Embryos were then returned to the incubator for a further 10 or 24 hours 

respectively, a time point when wounds were only partially healed, rather than fully 

closed, in order to best quantify the effects o f nerve absence. The majority o f embryos 

were then harvested and fixed in ice-cold 4% paraformaldehyde in PBS overnight.

Measurements o f wound size

Video images o f the wounds were captured digitally, both immediately after wounding 

and at the time o f harvest, onto a Power Macintosh computer using a Panasonic F I5 

video camera attached to a Leica dissecting microscope. Before and after wound areas 

were measured from these digital images using the image analysis program 'NIH 

Image’ (see Chapter 3 for details o f this program).

Nerve staining

Nerves were revealed by whole mount immunohistochemistry using an antibody to a 

neurofilament-related protein (the 3A10 antigen, kind gift from Kate Storey, Oxford). 

Fixed embryos were washed in PBS, blocked overnight with 0.5% H2O2, washed and 

incubated with 3A10 (1:1000) in 1% Triton for 48 hours with agitation at 4°C. After 

rinsing in PBS specimens were incubated in peroxidase conjugated goat anti mouse IgG 

and IgM (1:500 Jackson ImmunoResearch Laboratories Inc., Pennsylvania) at 4°C for 

48 hours. Specimens were further washed in PBS and the immunostain was revealed 

using 0.05% DAB, 0.064% Imadazole, 0.002% H202.
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Histology and scanning electron microscopy

A small number o f irradiated, wounded embryos were prepared for resin histology or 

scanning electron microscopy (SEM) by fixation overnight in ice-cold 1/2 strength 

Kamovsky fixative (Kamovsky, 1965) followed by a post fixation in 1% osmium 

tetroxide in 0.1M cacodylate buffer. Specimens were then dehydrated through graded 

alcohols and either embedded in Araldite resin for semi-thin sectioning (counterstained 

with Toluidine Blue), or rinsed in acetone prior to critical point drying in C 0 2, sputter 

coating with gold and then viewing with a Jeol 5410 scanning electron microscope.
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Results

Nerves first enter the wingbud at embryonic day 5

Wholemount immunohistochemistry of chick embryos shows nerves just beginning to 

enter the developing wing bud at embryonic day (E) 4.5 (Figure 4.1e). By E6 the four 

cutaneous nerve branches that will innervate the dorsal surface o f the limb (Dorsal 

Cutaneous (DC) Elbow, DC Alar, DC Interosseous and DC Ulnar - nomenclature as in 

Martin and colleagues (1989)) have sprouted from the main mixed nerve trunk and have 

reached their target patches o f skin. Over the subsequent days these early branches 

ramify profusely beneath the skin, so that by E8 the dorsal surface is covered by a 

network o f fine nerve fibres (Figure 4. If).

Local LTV irradiation kills the neural tube and creates aneural limbs

Ultraviolet ablation o f the neural tube between somites 12 and 20 at E2 (Figure 4.1a) 

effectively destroys the sensory neurone and spinal cord progenitors at the level o f the 

developing wing bud, thus preventing nerves from growing into the limb. Embryos 

treated in such a way have an obvious dorsal defect at the level o f the wing bud 48 

hours later (Figure 4.1b). Resin histology at this stage reveals the neural tube and 

notochord (Figure 4.1c) to be missing and somites to be fused across the midline 

(Figure 4. Id). Nerve immunohistochemistry shows an absence o f neural tissue adjacent 

to the wing bud (Figure 4.1g) and at subsequent stages wings contained no cutaneous 

innervation (Figure 4.1h). In all other regards the wing appeared to develop normally as 

previously reported (Swanson, 1985; Martin and Lewis, 1989).
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Figure 4.1

a

Control

Nerveless

Figure 4.1 - Generation o f nerveless chick wings, (a) Diagram o f an E2 chick embryo 
indicating the strip o f neural tube between somites 12 and 20 that is UV irradiated (arrow), 
(b) At E4 the site o f UV irradiation is visible as a wing level dorsal defect (arrow). 
Transverse sections through this region (dotted line) in control (c) and experimental (d) 
chicks reveal that UV irradiation ablates the neural tube and DRGs, resulting in fusion o f 
somites across the midline. Wholemount neurofilament immunohistochemistry reveals how 
the pattern o f innervation in control (e & f)  and nerveless embryos (g & h) subsequently 
develops. In control embryos at E4.5 (the normal harvest time o f E4 wounds) the brachial 
plexus is forming and nerves have started to enter the limb (e). By E8 (the time when E7 
wounds are harvested) fine cutaneous arbours cover much o f the dorsal surface of the limb 
(f). In contrast, UV irradiated embtyos have no limb level innervation at E4 (g), although 
adjacent flank nerves are still present and send out collateral sprouts towards the limb 
(arrows). At E8 these collateral branches have reached the shoulder (arrow), but the limb is 
essentially nerveless. Abbreviations: S, dermomyotome component o f somite; NT, neural 
tube; DRG, dorsal root ganglion; NC, notochord; PN, peripheral nerve.
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Up until E4, repair of excisional wounds is normal in irradiated embryos

To confirm that UV irradiation o f embryonic tissues adjacent to the presumptive limb 

bud, does not in itself directly impair the tissue repair processes, and to test whether 

wound repair signals come from cutaneous nerves rather than from the adjacent neural 

tube per se, I wounded embryos at E4 just prior to the stage when limb skin receives a 

source o f cutaneous innervation. Since embryos at this stage o f development generally 

take between 18 and 24 hrs to fully heal such a wound (Martin and Lewis, 1992), I 

harvested the wounds after 10 hours - part way through the healing process - in order to 

reveal differences in healing rate between irradiated and control embryos. By this time, 

control wounds had healed by 62% ±8% (mean ±SEM, n=9) and irradiated embryo 

wounds had healed by 77% ±7% (mean ±SEM, n=15). See Figures 2a, c, e, and g. This 

difference was not statistically significant as measured by a students t test (p=0.2). 

These data strongly suggest that irradiation o f the neural tube and o f overlying epithelial 

tissues adjacent to the limb bud do not themselves affect the healing capacity of limb 

skin.

After the stage of normal innervation (E7), healing is significantly delayed by the 

absence of nerves

At E7 when the chick wing is normally profusely innervated by cutaneous nerves I 

made rectangular excisional wounds in the presumptive elbow region o f wing buds of 

irradiated (presumed nerveless) and control, unirradiated embryos (Figure 4.2b). Such 

wounds generally take approximately 48 hours to heal and so, to best reveal differences 

in healing rate, embryos were harvested part way through the healing process, after 24 

hours. At this stage control wounds were 50% ±9% closed (mean ±SEM, n=30). After 

the same period o f healing, wounds from irradiated embryos (subsequently confirmed
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nerveless by immunohistochemistry) were on average only 5% ±20% closed (mean 

±SEM, n=23). The variability of wound healing in nerveless wings was large with 

almost half the wounds healing at a rate slower than the underlying limb tissue was 

growing, effectively causing their wounds to grow rather than shrink with time (Figure 

4.2f). At the other extreme, nerveless wounds occasionally healed at approximately the 

same rate as their normal counterparts. In contrast, 87% o f normally innervated limbs 

healed faster than the underlying limb tissue was growing. A small number (n=10) o f 

irradiated embryos were excluded from the above analysis because they were not 

completely nerveless, and showed traces o f some innervation in the wound area. These 

limbs, which had a visibly reduced cutaneous limb innervation, revealed a healing rate 

part way between that o f control innervated and nerveless limbs (24% ±18% p>0.05 - 

Figure 4.2h). These results suggest that nerves supply positive tissue repair signals from 

the earliest stages o f cutaneous innervation. These signals speed up embryonic wound 

repair but are not an absolute requirement as some embryonic wounds heal normally in 

the absence o f nerves.
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Percentage W ound Closure  
(1 Ohrs)

P e r c e n t a g e  Wound  Cl osure  
(24 hrs)

Cont rol  Nerve l e s s Cont r o l  R e d u c e d  Ner ve l e s s

Figure 4.2 - Scanning electron micrographs comparing healing in control and nerveless 

wings after wounding at E4 and E7. At E4 square excisional wounds were made (a) 
and allowed to heal for 10 hours, at which stage wound areas in control (c) and  

nerveless (e) wings were measured. The average percentage wound closure was then 
compared (g). At E7 rectangular excisional wounds were made (b) and left to heal 

fo r  24 hours before comparing closure in control (d) and nerveless (f) wings. The 
average percentage wound closure in control wings, wings with reduced innervation, 
and completely nerveless wings was compared (h). Scale bars, 100pm.

Control

Nerveless
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Discussion

The healing of a skin wound is a complex process requiring the collaborative efforts of 

many different tissues and cell lineages in an attempt to regenerate the missing 

structures (reviewed Martin, 1997). It has recently become clear that the cutaneous 

nerves at a wound site may play a contributory role in this process by supplying 

permissive wound signals, but it is by no means clear what these factors might be. In 

this study I have investigated the role that nerves may play during embryonic wound 

healing, where the tissues concerned are much less complex and the repair process is 

normally rapid and more efficient than in the adult. Importantly, I make wounds at 

stages just prior to and just after the times when the embryonic skin first becomes 

innervated and I have tested how removal of the nerve supply goes on to affect skin 

repair. My results are clear-cut. As one might expect, at stages prior to normal 

innervation, tissue repair is unaffected by absence of a nerve source. However, 

immediately after the stage when the skin would otherwise be innervated, the wound 

healing process benefits from signals supplied by the recently arrived cutaneous nerves. 

One trivial explanation o f the impaired healing in irradiated embryos -  the possibility 

that limb epidermis has been sub-lethally irradiated and thus has reduced proliferative 

capacity - can be reasonably excluded because o f the normal rate o f healing in irradiated 

E4 embryos. Equally, these E4 experiments exclude the likelihood that long range 

signals from the neural tube itself play any role in the repair process. Because E7 

experimental limbs have been denied a source o f innervation from the outset, my data 

rule out the possibility that the dependency o f skin repair on these signals is triggered by
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an early priming event from exposure to nerves, as is the case for nerve dependent limb 

regeneration in urodeles (Yntema, 1959).

Sensory nerves release several factors that could enhance wound repair

There are several likely candidates for nerve-derived factors that could play key 

signalling roles during tissue repair. Certainly, there is evidence that cut axons and axon 

terminals at the site of an adult nerve or skin lesion are capable o f releasing several 

neuropeptides including substance P (Donnerer et al., 1992), which is present in the 

majority o f chick sensory neurones at the stages that I have wounded (Scott, 1990; Due 

et al., 1991). Substance P, at least in tissue culture is chemoattractive for fibroblasts 

(Kahler et al., 1993; Parenti et al., 1996), and is also a potent mitogen for keratinocytes, 

fibroblasts and endothelial cells (Nilsson et al., 1985; Tanaka et al., 1988; Wiedermann 

et al., 1996), and is angiogenic (Wiedermann et a l, 1996) and vasodilatory (Khalil and 

Helme, 1996). Clearly any o f these qualities might be beneficial to wound repair. 

Substance P is also a candidate peptide for the neural factor that mediates amphibian 

limb regeneration (Smith et a l, 1995). CGRP, another potent mitogen and angiogenic 

factor found in sensory nerves, and often implicated in adult wound repair, is not 

present in chick neurones prior to E10 and therefore can not be playing a role in our 

system (New and Mudge, 1986; Haegerstrand et al., 1990). Likewise, any role played 

by the autonomic nervous system can be ruled out, because autonomic nerves have not 

yet invaded the developing limb (New and Mudge, 1986; Saltis and Rush, 1995).

Further evidence supporting the role of peptidergic (nociceptive) nerves in this 

enhancement o f cutaneous wound repair comes from knockout mice, which are missing 

well-defined populations o f neurones. Mice that are null for the low affinity NGF
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receptor p75 suffer a selective loss o f substance P and CGRP containing sensory fibres. 

Four months after birth their extremities develop ulcers that later become infected, 

leading to the loss o f toes (Lee et al., 1992). Similarly, mice with a mutation in the NGF 

receptor TrkA have a selective loss of these same substance P and CGRP containing 

fibres, as well as sympathetic fibres. After one month the fur o f these mice becomes 

mottled and numerous scabs appear over the entire body. Their paws also develop ulcers 

and loose digits (Smeyne et al., 1994). While this may be due to poor wound healing, in 

common with the other adult studies, it could just be due to repeated wounding due to 

reduced pain sensitivity. For this reason, wounding these knockouts as embryos might 

provide valuable insight into the mechanism of tissue repair.

Another factor which could potentially be released from nerves and have a profound 

effect on wound healing is transferrin. Transferrin is an iron-transport factor that is 

essential for the growth of most, if not all cells. It is one of the main candidates thought 

to be responsible for the nerve dependence of amphibian limb regeneration. It has been 

reported to mimic the growth promoting effect o f brain extract on regeneration 

blastemas (Mescher et al., 1997) where its selective removal from brain extract by 

immuno-absorption also removes it’s regenerative activity (Munaim and Mescher, 

1986). It is thought that since the distal areas o f the limb blastema are avascular, and can 

not receive a source of transferrin from the blood, they become dependent on transferrin 

from innervating nerves which grow right up to the blastemal epithelium (Singer, 1952; 

Dinsmore and Mescher, 1998). Neuronal transferrin is upregulated during axon 

regeneration and is secreted by growth cones of regenerating axons (Kiffmeyer et al., 

1991; Mescher et al., 1997).
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As with the neuropeptides, FGFs are also known to have potent regeneration and wound 

healing effects. FGFs applied to amputated chick wings can result in the regeneration of 

missing structures (Taylor et al., 1994; Kostakopoulou et al., 1996). Moreover, beads 

soaked in FGF-2 and grafted into the limb stump will rescue the capacity for limb 

regeneration in denervated newt limbs (Mullen et al., 1996). FGFs are also expressed by 

motor and sensory nerves innervating the site o f limb amputation (Dinsmore and 

Mescher, 1998), making them ideal candidates for a nerve derived trophic factor. There 

is also good reason to believe that FGFs could be beneficial to wound healing rather 

than just regeneration, since FGFs are angiogenic and enhance keratinocyte migration. 

Neutralising antibodies to FGF2 applied to healing adult skin wounds block wound 

angiogenesis and significantly impair wound healing (Broadley et al., 1989; reviewed 

in Martin, 1997).

Importantly, it must not be assumed that factors secreted from axons are the only 

candidates for the observed nerve enhancement of wound repair. Schwann cells are 

closely associated with nerves, even during development (Keynes, 1987), and may 

mediate the nerve dependant enhancement o f wound healing, rather than the axons 

themselves. Ependymoglial cells o f the spinal cord, for example, allow urodele tail 

regeneration, and its effects are indistinguishable from neurite dependant tail 

regeneration (Dinsmore and Mescher, 1998).

The beneficial effects of innervation do not require priming

Whilst there are clearly some parallels between nerve-dependent newt limb regeneration 

and embryonic skin healing, there are significant differences also. In the newt, it appears 

that nerve dependency for regeneration is an acquired response, requiring priming o f the
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limb tissues by prior interaction with nerves - if  limbs develop without an intact nerve 

supply (aneural) then regeneration is no longer nerve-dependent in adulthood. In the 

embryonic chick wing our results indicate that no such priming is necessary for skin 

wound healing. Limbs that are nerveless from the outset show impaired healing by 

comparison with their innervated counterparts.

Having established that chick embryonic wound healing is nerve enhanced, it is hoped 

that this relatively simple wound healing system may prove a useful model in which to 

examine the roles o f nerves in healing. If  time had allowed I would like to have looked 

at wound healing in E7 embryos after 48 hours, to see if  nerveless embryos merely lag 

behind their innervated counterparts and subsequently catch up, or whether they fail to 

heal at all. At a more molecular level it would be very interesting to compare the protein 

levels of substance P, FGF, and possibly transferrin, around normal and nerveless 

wounds. Further investigations using one o f the many substance P inhibitors that are 

available, or an FGF blocking antibody would also provide valuable insight into the 

roles played by each of these proteins.

It is hoped that an understanding of the interplay between nerves and the wound healing 

process may thus provide good opportunities for designing novel therapeutic strategies 

in the management o f various wound-healing pathologies.
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General Discussion

In this thesis, I have analysed three aspects o f early axonal patterning in the developing 

chick wing. Each o f my three experimental chapters is also related in some way to 

wound healing. First, following on from the wound healing experiments of Martin and 

colleagues (1989), which suggested that dorsal wing skin may attract sensory nerves 

towards it, I have established an in vitro model to determine whether such guidance 

cues really exist within limb tissues. This revealed a tendency for pre-innervation 

sensory nerves (E4) to grow towards ectoderm, and away from mesenchyme, especially 

when given the choice between the two. In contrast, motor axons were repelled by 

ectoderm. Second, I have analysed how the various signals released at a wound site may 

interfere with cutaneous nerve patterning, either when axons are just approaching their 

target, or, after axons have innervated their targets. These studies suggested that prior to 

innervation (E4) wound healing often resulted in the absence o f major nerve branches 

but otherwise had no effect on the pattern or density o f innervation. In contrast, after 

innervation (E7) wound healing altered the pattern o f innervation, with wound oriented 

neurites, but not the number of major branches, or the density o f innervation. Third, I 

have tested whether nerves supply any beneficial wound healing signals by creating 

wing buds without a cutaneous nerve supply. This revealed that subsequent to 

innervation (E7) nerves significantly enhanced the rate o f healing. Since these three 

chapters are so intertwined, I would like to further discuss some aspects that are 

common to all three.
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How do nerves get to skin targets?

It is clear in the chick limb that a combination of general and specific neural guidance 

cues are already laid out prior to innervation. For example, if  a young pre-innervation 

wing bud is grafted onto the face or flank, although the limb will become innervated by 

nerves that never normally encounter limbs, the final pattern o f innervation appears 

almost indistinguishable to that of a control wing (Swanson and Lewis, 1982). This 

suggests that the cues that normally draw brachial plexus derived sensory nerves to the 

wing skin are capable o f guiding all cutaneous axons non-specifically. Also, antero

posterior (A/P) rotations of neural crest, prior to DRG formation, reveal that crest is not 

specified with relation to the target that its sensory neurone derivative will innervate. 

Rather, sensory neurones wire according to their new site and not their original location 

(Honig et al., 1986; Wang and Scott, 1997). This is not the case for motor neurones, 

where following rotation of the neural tube axons still wire according to their pre

rotation A/P location, suggesting the existence o f more specific guidance cues within 

the limb for this class of neurone (Lance-Jones and Landmesser, 1980; Whitelaw and 

Holly day, 1983a; Matise and Lance-Jones, 1996). It is thought that the pathway choice 

of sensory neurones "may be determined by relative position in the fascicle, so that, for 

example, the uppermost fibres regularly take the uppermost route at a fork in the road" 

(Lewis, 1978). This is supported by grafting experiments where segments o f the limb 

are duplicated. In such limbs, the duplicated segment is innervated by neurones that 

would normally innervate the more distal part o f the limb. For example, in limbs 

consisting of thigh-calf-calf-foot, the duplicated calf was innervated by foot motor 

neurones (Whitelaw and Hollyday, 1983b). This suggests that structures are innervated 

according to their proximodistal position, irrespective of their identity (Lewis, 1978; 

Whitelaw and Hollyday, 1983b). In support o f this, Honig (1998) has shown some

161



evidence to suggest that fascicles o f axons destined to innervate skin generally derive 

from the outside of a mixed nerve. Presumably, this location makes them more able to 

detect and respond to external guidance cues. Whilst the precise nature o f these skin 

derived cues that cause axons to break away from the main nerve trunk and course 

toward the cutaneous target are unknown, recent experiments have been very revealing 

in this regard. As mentioned in the Introduction, it has long been thought that the 

maxillary epithelium releases a chemotactic factor that selectively attracts maxillary 

axons (reviewed in Lumsden, 1988). Evidence at that time demonstrated that the factor 

was not NGF, and indicated that it was probably not any o f the other trophic factors, 

since trophic factors were widely thought not to be expressed until the arrival o f axons. 

Likewise, axons were not thought to express neurotrophic factor receptors until target 

contact (Davies and Lumsden, 1984; Davies et al., 1987). However, with the 

development of more specific and sensitive techniques, it has become clear that prior to 

target contact neurotrophins are actually expressed by the target, and nerves do indeed 

express one or more of the corresponding trk receptors (Arumae et al., 1993; Buchman 

and Davies, 1993; Farinas et al., 1994; Williams and Ebendal, 1995; Lefcort et al.,

1996). Very recently, the above in vitro experiments on maxillary innervation were 

repeated, and surprisingly, it was found that antibodies specific for the neurotrophin 

NT-3 blocked the majority o f maxillary factor activity (O'Connor and Tessier-Lavigne, 

1998). Further, all o f the maxillary factor activity could be blocked by the combined use 

o f antibodies to both NT-3 and BDNF. Cultures using tissues from mice deficient in 

NT-3, BDNF, or both BDNF and NT-3, further showed that NT-3 was the main factor 

responsible for this maxillary tissue activity. Curiously, transgenic mice lacking both 

NT-3 and BDNF displayed no detectable defects o f trigeminal axon guidance 

(O'Connor and Tessier-Lavigne, 1998), suggesting once again that axons are guided by
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multiple cues and the removal o f one or two o f them is not sufficient to reveal a 

phenotype. My experiments, detailed in Chapter 2, seem to fit well with all o f the above 

experiments. Firstly, in agreement with the generality o f the proposed limb guidance 

cues, they show that a sensory neurone outgrowth-promoting cue emanates from dorsal 

wing ectoderm as well as flank and ventral limb ectoderm. Secondly, as suggested by 

the maxillary experiments, the attractive signal does not have to be a chemotactic factor 

and may in fact be a trophic factor. My results, which were unable to distinguish 

whether the outgrowth promoting effects were chemotactic or trophic, would support 

both hypotheses. It is possible that, in vivo, trophic factors might provide an increased 

stimulus to branch towards the skin. In conjunction with other guidance cues, already 

present within the limb, this may account for the paths taken by sensory axons. It would 

further explain the observation that cutaneous nerves do not even begin to form in the 

absence of their skin target (Martin et al., 1989). It would clearly be of interest to know 

whether E5 DRG neurones could still choose ectoderm over mesenchyme when bathed 

in neurotrophin function blocking antibodies. If  they could still make this choice, it 

would suggest that factors other than neurotrophins are responsible for the directed 

outgrowth, at least in vitro. Whilst such a role for neurotrophins blurs the distinction 

between chemotactic and trophic factors, this divide may be less clear cut than 

previously thought anyway. For example, HGF/SF has now been demonstrated to be 

both chemotactic and trophic for the very same motor neurones (Ebens et al., 1996).

How is chem oattraction affected by wounding?

Previous reports have suggested that following repair o f excisional wounds in neonatal, 

but not adult rodents, regenerating neurites appear oriented towards the wound site as 

though drawn to the wound by chemotactic signals (Reynolds and Fitzgerald, 1995). In
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my own experiments, the resulting pattern o f innervation after wounding the chick wing 

at E4 was indistinguishable to that o f control unoperated limbs, and neurites were not 

seen to be wound oriented. However, after E7, axons were consistently directed towards 

the centre o f the wound, suggesting that the neonatal phenomenon o f wound oriented 

outgrowth can be traced back to this time. Whilst wound oriented growth could be 

explained by alignment o f the extracellular matrix, secondary to wound bed contraction, 

the role of diffusible chemoattractants in this process can not be ruled out. Indeed, in 

vitro investigation has revealed that neonatally wounded skin, but not wounded adult 

skin, produces target directed outgrowth from DRGs that can not be quelled by the 

addition of NGF blocking antibodies (Reynolds et al., 1997a). However, just as in the 

maxillary experiments mentioned above, this does not rule out the possibility that 

trophic factors other than NGF may be responsible. For example, one o f the fibre types 

reported to be wound oriented, large myelinated axons, do not have receptors for NGF 

(Reynolds et al., 1997a). However, another possibility is that an unrelated chemotactic 

factor is upregulated after wounding. It is already known for example that leukocyte 

chemoattractants (chemokines) are upregulated after wounding (Luster, 1998). 

Intriguingly, it has recently emerged that one o f the CC chemokines, known as 

RANTES, is capable o f enhancing the migration o f mouse embryonic sensory neurones 

in a chemotaxis chamber. Since RANTES is also expressed in limb skin prior to 

innervation, it is formally possible that this class o f chemokine could act both as a 

sensory chemoattractant during the establishment o f primary nerve patterning, and 

secondarily following wounding (Bolin et al., 1998). Other candidates for this wound- 

derived chemoattractant are the TGFp family members. TGFP family members are 

known to be present in skin prior to innervation and to be upregulated subsequent to 

wounding in both the adult and embryo (Martin et al., 1993; Roberts and Spom, 1993;
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Buchman et al., 1994). Further, there is some preliminary evidence to suggest that 

TGFp family members can act as diffusible guidance cues (Christine Holt (Cambridge) 

personal communication - Culotti et al., 1997).

How is innervation affected by wounding?

Wounding of adult skin damages cutaneous nerves and results in denervation. 

Subsequently, reinnervation is established by two distinct processes - collateral 

sprouting from neighbouring undamaged nerves and regeneration by the transected 

nerves (Diamond et al., 1992b). This neural response results in the area surrounding the 

wound becoming hyperinnervated. This denser pattern o f innervation persists 

throughout the healing period, but gradually regresses to normal after the wound has 

healed (Reynolds and Fitzgerald, 1995). In contrast, wounding o f the neonate results in 

a much more dramatic hyperinnervation which subsequently persists throughout adult 

life (Reynolds and Fitzgerald, 1995). Interestingly, although I have used a chick rather 

than a mammalian system, my studies reveal that in the embryo, wound healing does 

not appear to lead to hyperinnervation o f the wound site. It is tempting to speculate 

therefore that hyperinnervation might be associated with the inflammatory process and 

the onset o f scarring. Indeed, Reynolds and Fitzgerald (1995) speculate that the wound 

hyperinnervation signals might be released by inflammatory macrophages. An obvious 

test o f this theory would be to modulate the numbers and levels o f likely inflammatory 

cells or mediators. In fact, Paul Martins lab is currently wounding a transgenic knockout 

mouse null for a transcription factor PU.l which is expressed exclusively by 

haematopoietic cell lineages (McKercher et al., 1996). This mouse lacks macrophages 

and will allow us to test whether macrophages do indeed carry the hyperinnervation 

signals. Another approach to identify the signal could be to inject likely cytokines
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subcutaneously using a fine bore needle, such that a wound is not created (Sieweke et 

al., 1990), to see if  hyperinnervation can be induced de novo. Alternatively, neonatal 

mice may be wounded after selective cytokines depletion, using systemic administration 

o f antibodies, for example towards NGF or TGFp.

One curious difference between embryonic and adult wounds is the inability of 

embryonic neurites to grow beyond the epidermal wound edge into the exposed wound 

mesenchyme (Aldskogius et al., 1987). My experiments further reveal that this is a 

property of both undamaged collateral sprouts as well as transected regenerative 

sprouts. An obvious explanation may be that in the absence o f epithelium, mesenchyme 

may no longer produce permissive or trophic factors. Indeed, studies in vitro show that 

in the absence o f epithelium, mesenchymal expression o f NT-3 and BDNF is lost within 

24 hours of culture (O’Connor and Tessier-Lavigne, 1998). Further, removal of chick 

wing ectoderm results in the rapid down regulation of a mesenchymally expressed 

ephrin receptor in vivo (Araujo et al., 1998).

Is hyperinnervation functional or an unnecessary by-product of repair?

One o f the most intriguing questions about the wound hyperinnervation response 

concerns its function. Does the excess of nerves at the wound site aid the healing 

process? Evidence from a number o f groups suggests that it is the small diameter 

nociceptive nerves that hyperinnervate adult and neonatal wounds (Reynolds and 

Fitzgerald, 1995). These nerves are known to release the neuropeptides substance P and 

CGRP, which are potent mitogens and motogens for many o f the lineages at the wound 

site. Several studies further report that sensory nerves enhance wound healing (reviewed 

in Chapter 4). My own experiments, reported in Chapter 4, show that nerves are
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important in embryonic wound healing too. They further suggest that the rate o f wound 

healing might be directly proportional to the amount o f innervation - fully innervated 

wounds healed most effectively, followed by partially innervated wounds, and lastly, 

completely denervated specimens healed wounds worst of all. With all o f these studies 

raising the possibility that sensory nerves are good for wound healing then surely more 

nerves at the wound site might be better still. Thus, the normal hyperinnervation 

response seen during healing might actually be a mechanism of enhancing repair. This 

theory is very testable using transgenic mice that overexpress different neurotrophins. 

For example, mice overexpressing NGF, under a keratin-14 promoter, are 

hyperinnervated by unmyelinated sensory nerve fibres, whereas mice overexpressing 

NT-3 are hyperinnervated by myelinated fibres (Albers et al., 1996; Goodness et al.,

1997). Therefore, analysis o f wound healing in these animals would clearly reveal any 

beneficial effect of hyperinnervation on wound healing, and would further enable the 

contribution o f each fibre type to be analysed.

Clinical application

Given that nerves may have important roles to play in the wound healing process then 

the possibility arises for therapeutic intervention. This may be especially important in 

situations of impaired wound healing such as diabetes and leprosy. Transcutaneous 

electrical nerve stimulation for example has already been shown to enhance healing of 

ulcers in such patients (Kaada and Emru, 1988; Lundeberg et al., 1992). Another 

possibility would be to augment the local levels NGF in diabetic skin, to prevent loss of 

these nerves and to increases their expression of neuropeptides (Diemel et al., 1994; 

Tomlinson et al., 1997). Lastly, some evidence suggests that application of 

neuropeptides directly may improve healing. For example, FGF-1 enhances wound
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healing in diabetics (Matuszewska et al., 1994) and substance P and CGRP enhance 

laser bum wound healing an aged rats (Khalil and Helme, 1996).

In summary, my experiments have provided new insight into the guidance o f cutaneous 

nerves and their patterning in both normal development and after wounding.
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