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CHAPTER 1 

GENERAL INTRODUCTION 

Injury to the nervous system leaves in its wake 

severe disability for many patients, and places a huge 

burden on families and communities responsible for the 

care and rehabilitation of patients with brain, spinal 

cord or peripheral nerve damage. When nervous system 

function returns after a severe injury, it is largely due 

to the regeneration of injured axons. A major long-term 

goal of much neuroscientific research is to devise ways of 

improving recovery after nervous system damage, but before 

this can be attempted, some of the mysteries of nerve 

regeneration have to be unraveled in order to discover 

processes that can be manipulated to improve axonal 

growth. Despite the vast literature on the subject, many 

fundamental questions concerning axonal regeneration 

remain unanswered: 

1. Why can peripheral nerve axons regenerate successfully, 

whereas attempts at regeneration in the central nervous 

system are almost always abortive? 

For many years most neuroscientists supported Ramon y 

Cajal (1928) when he said of the central nervous system 

that " ••• nerve paths are fixed, ended, immutable. 

Everything may die, nothing may be regenerated •.• ". In 

recent years, however, it has been demonstrated that some 

central axons can regenerate (Bjorklund and StevenJ_ 1979), 

and that the failure of axonal regeneration in the central 

nervous system lies more in the environment,. rather than 

in the neuron itself (Aguayo 1985). These findings have 

led to increased interest in peripheral nerve regener

ation, since the intrinsic mechanisms of growth seem to be 

similar in both central and peripheral axons. 

2. What is the stimulus for nerve growth? 

It has been known for many years that axons of 



peripheral nerves will regrow if the nerve is cut or 

crushed, or if the muscle supplied by the nerve is 

paralysed. The precise mechanisms for the regrowth of 

these axons, however, are unknown. Of importance to the 

success of axonal regeneration is the extracellular 

matrix, formed by Schwann cells and fibroblasts, which 

acts as a substrate for neurite outgrowth (Fallon 1985) 
and contains proteins such as laminin that enhance axonal 

growth (Madison et al. 1985). Also of importance are 

diffusible growth factors, produced by denervated end

organs, glial cells, fibroblasts, or degenerating nerves 

(Dekker et al. 1987, Unsicker et al. 1987). The best 

studied of these is the protein known as nerve growth 

factor, which enhances regeneration of sympathetic and 

sensory axons (Levi-Montalcini 1982). A motor nerve 

growth factor, however, has not yet been positively 

identified (Slack et al. 1983>, although a 56 kD protein 

released� denervated rat muscles has been suggested as 

a contender (Gurney 1984). 

3. Where does the stimulus for nerve growth act?

The site of action of a growth factor must be 

determined before attempts can be made to unravel the 

molecular mechanisms underlying the stimulus. Growth 

factors could act at the level of the distal axon, at the 
nerve cell body, or at both regions. There is evidence 
that nerve growth factor acts on the neurite, not the cell 
body, of sympathetic neurons in culture (Campei(not 1977). 

With lower motor neurons, however, the site ofVaction of 
growth factors has to be sought indirectly, since no motor 
nerve growth factor is available for direct testing in 
cell culture or 1n v1vo. 

4. Can axons grow independently of their cell bodies?

This relates to th� previous question, since if axons 

do grow independently, it can be assumed that the growth 

factors are acting locally, not at the level of the cell 

body. 

Neurons are the only cells in the body that extend 



3 

over great distances. In man, the cell body of a lumbar 

motor neuron in the spinal cord can be separated from its 

axon terminal in the foot by a distance of up to one 

metre, while in the giraffe a similar axon can measure 4 

metres in length. Despite this tyranny of distance, 

neurons with long axons perform their metabolic functions 

just as well as their short and squat neighbours. What is 

more, if the axon terminal of a peripheral nerve is 

damaged it can respond promptly by regrowing, even though 

its parent cell body may be more than a metre away. 

The neuron appears to have solved the problem of 

distance, but controversy remains as to how the cell 

maintains and regenerates its far-flung processes. The 

most widely accepted model is one in which the nerve cell 

body manufactures all the substances that the axon needs 

for its resting metabolism and for growth, since the nerve 

cell body, and not the axon, contains the organelles 

required to produce proteins and lipids in abundance 

(Peters et al. 1976, Grafstein and McQuarrie 1978). These 

substances are then thought to pass down the axon via a 

variety of slow and fast axonal transport mechanisms 

(Grafstein and Forman 1980). The synthetic processes in 

the cell body and the axonal transport systems appear to 

be capable of supplying the axon with the material it 

requires for normal maintenance. What is less certain is 

the role the cell body and the axonal transport systems 

play during axonal regeneration, since during axonal 

regrowth only minor changes in the cell body and in axonal 

transport are found (Hall et al. 1978, Perry and Wilson 

1981). Some experiments have suggested that after nerve 

injury, axons sprout before any metabolic changes are 

found in the nerve cell body, implying that the cell body 

changes are not essential for axonal elongation (Watson 

1969a, Lanners and Grafstein 1980). A further problem 

with this model is that some cytoskeletal proteins move 

down the axon at rates of only a few millimetres a day 

(Black and Lasek 1979), so by the time these proteins 

travelled from the cell body to the distal axon, axonal 

regeneration would already be well under way. 



Other experiments show that the axon may be indepen

dent of its cell body in controlling its own regrowth. An 

axon physically separated form its cell body can continue 

to grow, either in culture (Shaw and Bray 1977) or 1n v1vo 

(Rotshenker 1981), and the axons of nerve cells in culture 

continue to grow after protein synthesis in the cell body 

has been blocked (Wessells et al. 1971). Individual 

terminals of the same motor neuron can sprout independ

ently of one another, suggesting a local growth response 

to a local stimulus (Betz et al. 1980, Slack and Pockett 

1981). There is evidence that the growth cone of an 

elongating axon contains all the machinery necessary for 

membrane and protein assembly and breakdown, and that the 

growth cone moves independently of its cell body (Lasek 

and Katz 1987, Lockerbie 1987). 

,, 
On the basis of the above evidence is appears 

A. 
possible that the prevailing opinion that the nerve cell 

body directs axonal regrowth may be incorrect, and that 

the axon may control its own growth locally. In order to 

test this hypothesis, three experiments were performed to 

determine whether an axon can grow independently of its 

nerve cell body. 
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CHAPTER 2 

REVIEW OF'THE LITERATURE 

A. NORMAL MOTOR NEURONS AND ENDPLATES 

a. Structure 

Alpha motor neurons are large cells with fast 

conducting axons that innervate skeletal muscle exclus

ively. In the spinal cord these neurons are situated in 

the lateral part of the anterior horn, where they are 

arranged as longitudinal columns of cells (Parry et al. 

1982). Motor neurons supplying the hindlimb muscles of 

the mouse lie within the lumbosacral spinal cord, and on 

transverse section 8 well-defined nuclei for different 

muscle groups can be identified (McHanwell and Biscoe 

1981). The position of spinal cord motor neurons for 

individual muscles can be mapped using horseradish perox

idase, which shows that the soleus muscle of mouse is 

innervated by neurons in the posterolateral anterior horn 

extending longitudinally over lumbar spinal segments 4 and 

5 (Parry et al. 1982). 

The ce.11' body 

A large, round, vesicular nucleus with a prominent 

nucleolus is usually positioned in the centre of the 

neuronal cell body. The surrounding cytoplasm contains a 

number of organelles, including Nissl bodies, Golgi 

apparatus, mitochondria, microtubules and neurofilaments 

(Peters et al. 1976). Nissl bodies are made up of anasto

mosing, irregularly parallel cisternae of the endoplasmic 

reticulum, on the outer surface of which are attached 

rosettes of 6 to 8 ribosomes; between these cisternae are 

free polyribosomes and scattered single ribosomes (Palay 

and Palade 1955). 



!.!'he axon 

The axon arises from a conical hillock which 

protrudes from the cell body and contains scattered free 

polyribosomes, but no large Niss! bodies (Peters et al. 

1976). At the apex of this hillock the axon emerges as 

the initial segment, the specialised site at which the 

axon potential is generated. Distal to the initial 

segment the axon is ensheathed by myelin, except at each 

node of Ranvier. In the axoplasm of the axon are 

longitudinally arranged neurofilaments and microtubules, 

smooth endoplasmic reticulum, mitochondria, and multi-

vesicular bodies, but no 

segment and at the first 

Zelena 1970, Stewart~nd 

ribosomes, except in the initial 
,r u It <( CitrN 

node of Ranvier (PetersA1967, 

Ribak 1986). 

The axon at the node of Ranvier has a number of 

features different from the internodal axon. The inner 

surface of the nodal axolemma is lined with an electron

dense undercoating (Peters 1966). Within the nodal 

axoplasm are increased numbers of mitochondria, vesicles, 

smooth endoplasmic reticulum, lamellated autophagic 

vesicles and dense lysosome-like granules (Landon and Hall 

1976). In the nodal region the axolemma is often barrel

shaped, with gently outwardly convex bulges (Landon and 

Hall 1976). Circumferential microtubules running at ri,ght 

angles to the long axis of the fibre have been described 

within the axoplasm underlying the maximum outward con

vexity of the nodal axon in both rat (Gray and Westrum 

1979> and frog (Mohammed et al. 1983> nodes. 

!.!'he 010-t:or endp.la-t:e 

The neuromuscular junction, or motor endplate, is the 

term used for that localised region at which a motor nerve 

innervates a muscle fibre (Bowden and Duchen 1976). The 

term includes all the elements, neural and muscular, as 

well as the supporting Schwann cell. It is essential to 

use more than one histological technique to obtain a 

complete picture of the innervation of muscle. A full 

survey would include paraffin sections for gold or silver 

impregnation of axons (Hoffman 1950), frozen sections for 
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cholinesterase histochemistry (Koelle and Friedenwald 

1949), and electron microscopy (Duchen 1971b). The zinc 

iodide and osmium stain is useful for showing terminal 

sprouts (Akert and Sandri 1968). A number of workers have 

used a combined cholinesterase and axon stain so that the 

relationship of the terminal axon to the postsynaptic 

membrane can be appreciated (Namba et al. 1967, Pestronk 

and Drachman 1978b). 

Mammalian extrafusal muscle fibres supplied by spinal 

nerves each have a single endplate situated at the mid

point of the muscle fibre (Coers and Woolf 1959). In a 

typical mammalian skeletal muscle, intramuscular nerve 

bundles break up into a spray of single myelinated 

preterminal axons. Myelinated preterminal axons rarely 

branch after they leave intramuscular nerve bundles, and 

each preterminal axon innervates a single endplate on a 

single muscle fibre (Coers 1967). Distal to the last 

heminode of the myelin sheath the unmyelinated axon 

extends for a variable distance before dividing into its 

terminal branchlets (C6ers and Woolf 1959). The appear

ance of the axon terminal differs according to the histo

logical technique used. Silver impregnations, which 

probably stain neurofilaments, usually show fine tapering 

terminals, while zinc iodide-osmium which stains synaptic 

vesicles produces a swollen terminal expansion (Akert and 

Sandri 1968, Bowden and Duchen 1976). 

Steady improvements in electron microscopy have 

established the basic structural similarity of endplates 

in all vertebrate species studied (Reger 1958,1959, 

Andersson-Cedergren 1959). The terminal axon branchlets 

lie in gutters in the sarcolemma of the muscle fibre. 

Each branchlet is confined to its gutter, and only rarely 

extends beyond the margin of the gutter (Duchen 1970a). 

The axon terminal lacks the abundance of neurofilaments 

and tubules seen in the preterminal axon, but contains 

numerous mitochondria and synaptic vesicles about 50 nm in 

diameter (Heuser and Reese 1973). Vesicles tend to lie 

close to the presynaptic axolemmal membrane and have been 



8 

observed in clusters, near to thickenings of the axolemma 

known as "active zones" (Birks et al. 1960, Heuser et al. 

1974). The gap between the axolemmal membrane of the 

nerve terminal and the sarcolemmal membrane is about 60 run 

wide and is largely occupied by basal lamina (Andersson

Cedergren 1959). The basal lamina of the synaptic gap 

fuses at the edge of the synaptic gutter with basal lamina 

covering the muscle fibre as well as that of the Schwann 

cell processes overlying the gutter. The axon terminal in 

the gutter is therefore "sealed in" by basal lamina. The 

basal lamina in the synaptic gap is thought to act as a 

support, as well as allowing for the rapid diffusion of 

acetylcholine, and is the material in which acetylcholin

esterase is concentrated (McMahan et al. 1978). 

The synaptic gutter is further elaborated into 

junctional folds (or secondary synaptic clefts) which are 

formed by complex infoldings of the postsynaptic sarco

lemma (Andersson-Cedergren 1959). The postsynaptic 

membrane appears more electron-dense than the extra

junctional sarcolemma, but this dense staining does not 

extend into the depths of the folds (Bowden and Duchen 

1976). In mammalian muscle the junctional folds tend to be 

more numerous, deeper and more branched in histochemical 

type II (fast-twitch> fibres than in those of type I 

(slow-twitch> fibres such as soleus (Duchen 1971a, 

Padykula and Gauthier 1970). 

The muscle fibre immediately beneath the postsynaptic 

membrane is rich in sarcoplasm and contains numerous large 

mitochondria, vesicles, endoplasmic reticulum, and myo

fibrillar components (Cardasis and Padykula 1981). The 

"sole plate" nuclei that are a prominent feature of the 

muscle fibre at the endplate are larger and more vesicular 

than other muscle nuclei·and have prominent nucleoli. 

Satellite cells are more numerous in the vicinity of the 

endplate, and may limit the spread of the axon over the 

muscle fibre, at least in delevoping muscle (Kelly 1978>. 



P.las'l:.ic.i'l:y of 'l:he neuromuscu.lar junc'l:.ion 

A number of studies have demonstrated that the 

morphology of the neuromuscular junction in the adult 

animal is not static, but can adapt to changing circum

stances, especially advancing age (Cardasis 1983, Wernig 

et al. 1984, Oda 1984, Cardasis and Lafontaine 1987). 

Most of the changes have been of a relatively minor 

degree, with a tendency for more myelinated branches of a 

preterminal axon to enter a single endplate in the aging 

animal (Tuffery 1971) and for changes in the architecture 

of the aging endplate such as increased branching of 
-- e;f i1tl- . 

terminal axons (FahimJ1983) and increased intraterminal 

sprouting (Wernig et al. 1984). 

Of obvious interest in the study of endplate 

sprouting is the amount of ultraterminal sprouting which 

occurs in normal muscle. Although some workers have found 

no ultraterminal sprouts in normal mammalian muscle 

(Duchen and Strich 1968a, Duchen 1970a), in other studies 

a small percentage of endplates in normal muscle have had 

sprouts extending beyond the confines of the endplate. 

Barker and Ip (1966) were the first to describe this 

phenomenon when they saw ultraterminal sprouts in 3% of 

silver stained endplates in the intertransversarius muscle 

of young rat. Similar results were found in zinc iodide 

and osmium stained endplates in soleus muscle of mouse at 

3 months (4%), 6 months (12%) and 11 months (12%) of age 

(Wernig et al. 1984), in silver and cholinesterase stained 

endplates in soleus and extensor digitorum longus of mouse 

at 7 months (5%) and 29 months (10%) of age (Fahim et al. 

1983>, in up to 10% of zinc iodide and osmium stained 

endplates of young adult rat sternocostalis (Ke~play and 

Stolkin 1980) and in zinc iodide and osmium stained rat 

soleus at 3 months (6%) and 27 months (19%) of age (Fagg 

et al. 1981). It appears from these studies that ultra

terminal sprouting increases with age, but that in the 

soleus muscle of young mice very few normal endplates show 

ultraterminal sprouts. 
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b. Protein metabolism 

Pro'l:e..in me'l:abo.l..ism ..in '/:he ce.1.1 body 

Essentially all of the macromolecules of a neuron 

appear to be made in the cell body from messenger RNAs 

that are produced in the nucleus (Droz 1969). The mRNAs 

for cytoskeletal proteins and enzymes pass through the 

nuclear pores and are translated on free polyribosomes in 

the cytoplasm (Schwartz 1985). These proteins are then 

moved down the axon by slow transport (Hoffman and Lasek 

1975). mRNAs encoding proteins destined to become 

membrane constituents and secretory products become 

associated with polyribosomes which attach to flattened 

.sheets of the endoplasmic reticulum, visible on light 

microscopy as Niss! substance (Droz 1969). These 

membranous and secretory proteins pass through the 

endoplasmic reticulum and Golgi apparatus, and in their 

journey may undergo modifications sue~ as proteolytic 

cleavage or glycosylation (Schwartz 1985). The membrane 

components leave the Golgi apparatus in a variety of 

vesicles, and are transported down the axon in the fast 

transport system (Ochs 1972). 

Pro'l:e..in me'l:abo.l..ism ..in axons 

i. Protein synthesis in axons 

Although it is generally accepted that a large 

portion of the protein required by the axon is synthesised 

in the neuronal cell body and delivered to the axon by 

axonal transport mechanisms, some workers claim that a 

significant amount of protein can be synthesised within 

the axon itself. Ribosomal RNA has been extracted from 

myelin-free axons of goldfish (Koenig 1979>, and in the 

same axons local protein synthesis could be detected 

(Edstrom 1966). Acetylcholinesterase may be synthesised 

in cat axons (Koenig 1965a>, in which RNA was found 

(Koenig 1965b). In rabbit axons, radiolabelled leucine 

has been reported to be incorporated into axonal protein 

(Koenig 1967b), and there is indirect evidence that neuro

filament protein may be synthesised locally in rabbit 

axons (Frankel and Koenig 1977). In isolated giant axons 
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of the squid, radiolabelled amino acids were incorporated 

into proteins (Giudetta et al. 1968). After axotomy there 

was rapid local protein synthesis in the proximal stump of 

rat sciatic nerve (Benech et al. 1982). In rabbit hypo

glossal nerve, after axotomy there was rapid local axonal 

protein synthesis in the region of nerve injury (Tobias 

and Koenig 1975a) which was not affected by separating the 

axon stump from the cell body (Tobias and Koenig 1975b). 

Amino acids may be incorporated into proteins in synap

tosomes, probably because of the ability of axonal mito

chondria to synthesise their own proteins (Barondes 

1966,1974). 

The concept of local protein synthesis in axons has 

one major obstacle: a significant number of ribosomes have 

not been found in axons, though a few ribosomes were seen 

in the initial segment and at the first node of Ranvier in 

some axons (Zelena 1970, Steward and Ribak 1986>, in 

growing axonal neurites in embryos (Tennyson 1970> and in 

tissue culture (Bunge 1973). The biochemical demon

stration of ribosomal RNA in the goldfish axon raises the 

paradox of an apparent ribosomal machinery that has not 

been seen by standard preparative techniques for electron 

microscopy, a general finding for most axons examined 

(Peters et al. 1976). There are three possible explan

ations for the widespread lack of visible ribosomes in 

axons (Koenig 1979). Firstly, axonal ribosomes are likely 

to be widely dispersed and may not be clustered in· poly

somal aggregates as is typically the case in the cell 

body. Another possibility is that axoplasmic ribosomes 

are peculiarly unstable and may not survive preparative 

methods for electron microscopy. Finally, axoplasmic 

ribosomes may be in an occult form, not recognisable as 

ribosomal particles. Overall, however, there is 

insufficient evidence to· state definitely that a 

significant degree of protein synthesis takes place within 

the axon. 

ii. Protein modification and assembly in axons 

There is compelling evidence for the presence of RNA 
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within axons, which is probably transported down the axon 

from the cell body (Casola et al. 1969, Ingoglia and 

Tuliszewski 1976, Lindquist and Ingoglia 1979). Invert

ebrate giant axons, such as the axon of the squid stellate 

nerve or the median giant axon of the sea worm, are large 

enough for axoplasm to be obtained from them without 

contamination from surrounding cells. When this axoplasm 

was analysed for nucleic acids, a significant amount of 

RNA was found, most if not all of it 4S RNA (Lasek et al. 

1973, Giuditta et al. 1980). This axoplasmic 4S RNA has 

been shown to be transfer RNA, capable of accepting a 

range of amino acids (Black and Lasek 1977). Similar 

results were obtained in rat sciatic nerve, using a 

technique designed to separate RNA in axoplasm from that 

in surrounding Schwann cells (Zanakis et al. 1984). Thus 

axons in vertebrates and invertebrates contain elements 

capable of the enzymic incorporation of amino acids into 

endogenous proteins (Ingoglia et al. 1984). This could 

explain the appearance in the axon of new forms of 

neurofilament protein not found in the cell body (Nixon et 

al. 1982). These results suggests that the axon is 

capable of a certain degree of autonomy, since proteins 

within the axon can be modified at sites distant to their 

synthetic origins, probably in response to local 

environmental cues (Droz and Koenig 1971, Ingoglia et al. 

1984). 

Recent work has challenged the concept that cyto

skeletal proteins are synthesised and assembled in the 

nerve cell body, conveyed down the axon in the slow 

transport system as a lattice (Hoffman and Lasek 1975), 

then disassembled in the axon terminals (Schlaepfer 1987). 

In a study of the fate of newly synthesised neurofilament 

protein it was concluded that most of the neurofilament 

network is stationary, and is maintained by axonally 

transported neurofilament proteins that are deposited non

uniformly along the axons (Nixon and Logvinenko 1986). A 

similar mechanism has been proposed for microtubules, 

after it was found that the sensitivity of microtubules to 

drugs which alter their stability was greatest at the 
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axonal tip (Bamburg et al. 1986>. Microtubules may 

therefore be transported in an unassembled form and most 

microtubules in the axon may be stationary. This model is 

supported by the direct observation of assembly and 

disassembly of microtubules in fibroblast processes 

(Sammak and Borisy 1988). Thus, rather than serving as a 

stationary conduit between cell body and synapse, the axon 

may be a highly specialised compartment for modifying the 

structure or activity of axonal proteins. 

iii. Glia to axon protein transfer 

In the squid giant axon there is good evidence that 

labelled proteins that are found in the axoplasm originate 

in Schwann cells surrounding the axon and these 

transferred proteins may have a regulatory role in 

neuronal function (Lasek et al. 1974,1977). The squid 

axon however has some fundamental differences from 

vertebrate axons: invertebrate axons are all unmyelinated, 

and there are some examples of survival for several months 

after transection, associated with hypertrophy and 

hyperplasia of adjacent sheath cells (Frankel and Koenig 

1977). There is as yet no convincing evidence of a glial 

source for axonal proteins in vertebrates. 

c. Lipid and carbohydrate metabolism 

The lipids and carbohydrates of major interest in 

axonal growth are those that make up the axonal cell 

surface membranes, and include phospholipids, glycolipids 

and glycoproteins (Brunngraber 1969). Glycoproteins are 

apparently formed in the cell body by the addition of 

sugar to a newly synthesised protein (Forman et al. 1972>, 

though further modifications in the axon may be required 

before the glycoprotein can be inserted into the plasma 

membrane <Ambron and Treistman 1977). Although the 

membrane components may be assembled in the nerve cell 

body and transported down the axon in particulate form 

(Pfenninger and Maylie-Pfenninger 1981), some lipid and 

glycoprotein may enter the membrane directly from the 
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soluble phase of the axoplasm (Bretscher 1973, Wickner 

1979). 

d. Axonal transport 

In the neuron most of the cytoplasm is at a 

considerable distance from the cell body with its nuclear

controlled metabolic systems, so there are potential 

problems in the maintenance of, and communication with, 

far-flung processes. These problems appear to have been 

overcome by an efficient system of axonal transport, in 

which material is moved up and down the axon at varying 

speeds (Grafstein and Forman 1980). The movement of 

material along axons was first demonstrated by Weiss and 

Hiscoe in 1948, when they reported that mitochondria and 

other organelles piled up proximal to ligated regions of 

axons, and that upon removal of the ligature the bulge of 

axoplasm moved toward the axon terminal at a rate of 1 mm 

per day. The phenomenon has since been extensively 

explored, predominantly by techniques involving radio

isotopic tracers (Ochs et al. 1962, Droz and Leblond 

1963). This work has firmly established that there are 

transport mechanisms within axons capable of moving 

material towards and away from the cell body at a variety 

of rates (Zelena et al. 1968, Lasek 1968, Ochs 1972, 

Hoffman and Lasek 1975). These studies have shown that 

neurons contain two major pathways for the anterograde 

transport of axonal proteins: the fast.transport system 

for membranous proteins, and the slow system for 

cytoskeletal proteins. 

The fast transport system conveys membranous 

structures down the axon at rates of up to 400 mm/day 

(Ochs 1972). One class bf membranous structure using the 

fast system are mitochondria that are transported from the 

cell body to renew the mitochondrial system of the axon 

(Grafstein and Forman 1980). The other class consists of 

vesicles and secretory granules, produced by the rough 

endoplasmic reticulum and Golgi apparatus, and provide 



phospholipids, glycolipids, and glycoproteins needed for 

the membrane systems of the axon (Droz et al. 1973, 

Grafstein et al. 1975, Toews et al. 1979). Despite 

evidence for the fast axonal transport of membranous 

material, transported phospholipids, glycolipids and 

glycoproteins show a relatively slow rate of accumulation 

in axon terminals (Grafstein et al. 1975, Toews et al. 

1979). This could be due to a protracted synthesis time 

(Forman et al. 1972) or a delay in export from the cell 

body after synthesis (Sp~cht and Grafstein 1977, 

Grafstein et al. 1975, Toews et al. 1979). Because of 

these delays in transport of membranous material to the 

axonal tip, there is uncertainty as to whether the growing 

neurite is dependent upon lipids and carbohydrates sent 

from the nerve cell body, or whether it can use local 

stores of membranes to produce new axolernrna. 

In the slow transport system, cytoskeletal proteins 

(neurofilaments, microtubules and microfilaments> and 

other non-particulate matter move from the cell body 

towards the axon tip. The average rate of transport of 

neurofilaments and microtubule protein is about 1 to 2 

mm/day (Lasek 1968, Hoffman and Lasek 1975). Actin, the 

major protein in microfilaments, moves a little faster at 

4 mm/day (Black and Lasek 1979), about the some rate as 

the growth of rapidly regenerating axons (Forman and 

Berenberg 1978). 

Many of the constituents carried by anterograde 

transport also appear in a retrograde transport system, 

and proteins, phospholipids and membranous organelles have 

been shown to be retrogradely transported at speeds 
" usually about half those of .fast anterograde axoplasmic 

flow (Tsukita and Ishikawa 1980, Grafstein and Forman 

1980). A slow retrograde transport system for proteins <3 

to 6 mm/day) has also been described (Fink and Gainer 

1980 >. 
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B. THE GROWTH OF AXONS 

a. Types of axonal growth 

During embryonal development, each motor neuron in 

the spinal cord sends out an axon which travels for a 

distance many hundreds of times the diameter of its cell 

body before it reaches developing muscle fibres (fig. 1). 

This remarkable feat of growth can be repeated by mature 

motor neurons in the adult animal, for if the axons are 

severed the proximal ends send out fine regenerating 

sprouts (fig. 1) which elongate and mature into axons that 

can re-innervate muscle fibres (Ramon y Cajal 1928). 

) 

Developing 

axon 

, 
I 

~ 
Denervation Partial 

denervation 

Muscle 

inactivity 

Fig. 1 Types of axonal growth 

A different potential for additional growth can be 

demonstrated in intact adult axons. When only some of the 

axons supplying a muscle are interrupted, fine nerve 

processes appear from adjacent intact axons, both at nodes 

of Ranvier (nodal or collateral sprouts> and at axon tips 

(terminal sprouts) <fig. 1) (Hoffman 1950>. A second type 
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of sprouting from intact axons follows muscle inactivity, 

for example due to interruption of neuromuscular trans

mission by botulinum toxin <Duchen and Strich 1968a>, and 

appears predominantly at the terminal axon (fig. 1). 

Sprouts can be demonstrated histologically using gold 

(Edds 1950, Hoffman 1950> and silver methods (Hoffman 

1950, Namba et al. 1967> which stain neurofilaments or 

microtubules (Potter 1971). A combination of zinc iodide 

and osmium stains synaptic vesicles, and may be more 

selective for terminal sprouts <Akert and Sandri 1968, 

Brown and Ironton 1978). Endplates can be stained for 

cholinesterase to locate terminal sprouts more easily 

(Koelle and Friedenwald 1949, Namba et al. 1967, Pestronk 

and Drachman 1978b). Sprouting from axons can also be 

studied with the electron microscope, both in intact axons 

(Duchen 1971a, Duchen 1973> and in damaged axons (Morris 

et al. 1972a,b, Friede and Bischhausen 1980, Lanners and 

Grafstein 1980). The regrowth of intact and damaged axons 

will be reviewed more fully later. 

b. Growth cones 

In 1890 Ramon y Cajal stained sections of chick 

spinal cord with a rapid Golgi technique and demonstrated 

axons with expanded bulbous tips from which short filam

entous structures protruded. He called these enlarged 

endings "cones de croissance", or growth cones, and 

thought they functioned as battering rams to force the 

axons through the surrounding tissue. Much of what has 

been learned since about growth cones has been from the 

study of isolated neurons is tissue culture, where active 

cones are accessible to experimental manipulation and 

observation. Twenty years after Ramon y Cajal's obser

vations, Harrison (1910) used tissue culture for the first 

time to study living growth cones, and later Hughes (1953> 

used phase-contrast microscopy and time-lapse photography 

to identify the projections arising from the cone. 



Structure 

The growth cone consists of an organelle-containing 

protoplasmic enlargement from which motile processes 

protrude. The peripheral extensions may take the form of 

filopodia, which are long, finger-like projections, or of 

lamellipodia, which are thin sheet-like projections 

(Harrison 1910, Hughes 1953, Yamada et al. 1971). 

Membranous organelles seen in the cone are smooth ~~aol'~A,c 
reticulum which may form interconnecting channels, clear 

vesicles and vacuoles, coated vesicles, large dense-core 

vesicles, mitochondria, and lysosomal structures, whereas 

the filopodia and lamellipodia possess only occasional 

elements of smooth endoplasmic reticulum (Tennyson 1970, 

Yamada et al. 1971, Bunge 1973,1977). Vesicles that may 

derive from the abundant smooth endoplasmic reticulum in 

the cone have been identified as a source of plasma 

membrane components (Pfenninger and Maylie-Pfenninger 

1981>, and lysosomal structures in the cone may be 

involved in membrane breakdown (Bray and Bunge 1973). 

Thus, the means for both membrane assembly and breakdown 

can be found within the growth cone. 

The cytoskeletal elements of the growth cone, the 

microtubules, neurofilaments, and microtubules, were 

initially identified and their distribution mapped in 

electron microscopic studies (Yamada et al. 1971, Bunge 

1973). These descriptions have been verified in immuno

histological studies using antibodies generated against 

several cytoskeletal proteins (Shaw et al. 1981). Micro

tubules and neurofilaments extend from the neurite into 

the growth cone where they splay out to form a fan; they 

do not extend to the plasma membrane or into the filopodia 

(Yamada et al. 1971). Actin microfilaments form a complex 

polygonal meshwork directly beneath the plasma membrane of 

the cone and are virtually the only constituent of the 

filopodia and lamellipodia (Yamada et al. 1971, Bunge 

1973, Sanger 1975, Shaw et al. 1981). 
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~tilio/ 

A fundamental question is how do axons grow? There 

are two possibilities. One is that new materials are 

added at the base of the growing axon, while a second is 

that new materials are added at the axonal tip. The 

latter theory is favoured experimentally, since severing 

the axon did not slow the rate of growth of the growth 

cone for several hours, and both cut ends retracted 

indicating that growth cones do not advance as a result of 

push from the parent neuron, but rather that they impose 

tension on their own axons (Shaw and Bray 1977, Wessells 

et al. 1978). Evidence like this suggests that new axonal 

surfaces are formed at the growing tip of the axonal 

process. 

The working assumption is that cytoskeletal 

components are responsible for the extension, contraction, 

and motility of the filopodia and lamellipodia, as well as 

the forward movement of the entire growth cone (Lockerbie 

1987>. In fact, treatment of growing axons with cyto

chalasin, which disrupts microfilament function, caused 

filopodia to retract, growth cones to round up, and the 

axon to stop elongating (Yamada et al. 1970). In 

contrast, treatment with colchicine, which disrupts 

microtubular function, had no early effects on the growth 

cone or its processes, but after a period retraction began 

(Yamada et al. 1970). Hence the microtubular system 

appears to be responsible for the structural support of 

the axon while the network of actin microfilaments is 

responsible for locomotory function. 

Growth cone formation is rapid. When axons of motor 

neurons in culture were cut, filopodial activity was seen 

within 3 to 10 minutes (Wessells et al. 1978>, and in 

cultured sensory neurons·growth cones formed within 15 

minutes of axonal section (Bray et al. 1978). This early 

appearance of growth cones indicates that the axon is 

responding locally, without the need of material from the 

cell body. 



The motility of the growth cone does not appear to be 

dependent on protein synthesis in the nerve cell body, as 

shown by studies using inhibitors of protein synthesis and 

anucleate cells. In tissue culture, normal growth cones 

formed and axons elongated in sensory neurons in the 

presence of cyclohexamid~ or puromycin (Yamada et al. 

1971, Shaw and Bray 197~, Bray et al. 1978). In 

sympathetic neurons, actinomycin D and cyclohexamide 

caused only moderate impairment of neurite outgrowth, 

indicating that RNA synthesis is not essential for the 

initiation of fibre outgrowth (Partlow and Larrabee 1971). 

After the nucleus was removed from neuroblastoma cells, 

they still formed neurites after treatment with a cyclic 

AMP analogue, showing that early neurite extension does 

not require alteration of intranuclear events (Miller and 

Ruddle 1974). In cell culture, growth of neurites from 

sympathetic neurons was dependent on the presence of nerve 

growth factor in the region of the neurite, but growth 

continued if no nerve growth factor was present in the 

region of the cell body, showing that growth of neurites 

depends of growth factors in the local environment 

(Campe(not 1977). All these experiments provide further 

eviden~e for the relative autonomy of the growth cone. 

Axons vit:hout: growt:h cones 

Not all growing axons can be shown to have growth 

cones, especially when examined Ln vLvo, and the axons of 

different neurons appear to have different types of cones. 

Only one in 8 growing optic nerve axons of Daphnia 

possessed a structure similar to the growth cones seen Ln 

vLt:ro (Lopresti et al. 1973). This axon appeared to be 

the leader, and the other axons with unspecialised tips 

followed closely behind. The axon with a growth cone may 

therefore be the one whose function it is to recognise 

surface markings, and the axons without cones follow this 

leader. Unspecialised axonal tips have also been 

described in ernbryonal mouse retina (Hinds and Hinds 1974) 

and in the leading process of migrating young neurons of 

the monkey cerebellar and cerebral cortices (Rakic 

1971,1972). In these cases the unspecialised growing tips 
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grew along radial glial processes, and did not therefore 

need complex growth cones to detect surface markers. 

During outgrowth of axons in the visual pathway, simple 

growth cones were prominent when axons followed well

defined common pathways, but more elaborate filopodial 

forms appeared when growth cones diverged, turned, or came 

to decision regions (Bovolenta and Mason 1987). In tissue 

culture, if neurites were adequately attached to the 

substratum they extended without filopodia or lamellipodia 

(Marsh and Letourneau 1984). There is some evidence 

therefore that growth cones may not be concerned with 

axonal elongation per se, but may be involved more in the 

recognition of markers to guide the direction of growth. 

c. Growth of separated axons 

Levi and Meyer (1945> examined the consequences of 

cutting nerve fibres in culture. They worked with pieces 

of the chick nervous system embedded in plasma clots and 

found that fibres severed from their cell bodies continued 

to move and grow for several hours. Hughes (1953> made a 

similar observation when he studied explants of fragments 

of brain and spinal cord of chick embryos. Severed 

neurites advanced for distances up to 135 µm, at 

velocities no different from intact processes. These two 

experiments clearly showed that the activity of the 

neuronal growth cone is not dependent, in the short term, 

on an incorporation of materials derived from the cell 

body. In the nature of the cultures used, however, it was 

not possible to see what happened to the individual 

neurites. More sophisticated techniques enabled these 

experiments to be repeated on individual neurons. When 

neuronal processes of individual chick sensory ganglion 

cells in culture were cut with fine glass needles, the 

isolated segments collapsed and then re-grew, usually to 

their original length (Shaw and Bray 1977). Regrowth was 

similar in appearance and in rate to the growth of intact 

cells, and included the generation of new growth cones. 

In contrast to the findings in the previous experiments, 
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no major increase in the length of nerve fibre over that 

present at amputation was seen, and the emergence of the 

neurites was thought to involve redistribution of material 

rather than synthesis. 

Adult axons 1n v1vo, as well as developing axons in 

culture, can grow when separated from their cell bodies. 

Low doses of colchicine applied to the axillary nerve of 

frog caused sprouting as soon as 2 days after application 

of the drug CRotshenker 1981). In the frog, degeneration 

following axotomy is rather slow, and the pattern of 

innervation to single muscle fibres remains normal during 

the first 3 days after surgery. Thus it was possible to 

cut the 2nd spinal nerve, apply colchicine to the axillary 

nerve at that time, and then test the muscle 2 and 3 days 

later. Anatomical and electrophysiological examination 

provided evidence for sprouting (Rotshenker 1981), 

indicating that axons that had been separated from their 

cell bodies were still able to evoke this response. 
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C. AXONAL OUTGROWTH FROM DAMAGED AXONS 

Neurons whose axons lie partially or wholly within 

the peripheral nervous system share the common ability to 

regenerate their peripherally directed axons after injury. 

In order to understand how these axons regrow a knowledge 

of the structure of the regenerating axon, the time course 

of the outgrowth, and the relation between the changes in 

the cell body and the elongating axon is essential. 

a. Structure of regenerating axons 

Ramon y Cajal (1928> studied the processes of 

degeneration and regeneration at the cut ends of cat and 

rabbit sciatic nerves. His illustration of the silver

stained proximal nerve stump of young animals 6 hours 

after section clearly showed some axons ending in terminal 

clubs, from a few of which fine processes extended. In 

addition, fine sprouts with distal expanded endings arose 

from the axon immediately proximal to the lesion, indic

ating collateral branching, that become more profuse at 10 

to 12 hours. The axons distal to these collateral sprouts 

degenerated and disappeared, so the collaterals were 

transformed into the new terminal branches of the axon. 

Further developments in understanding the nature of 

the terminal swellings seen by Ramon y Cajal came with the 

advent of electron microscopy. In crushed sciatic nerve 

of rat, regenerating axonal tips contained a central core 

of neurofilaments, around which were vesicles, tubules and 

mitochondria; from these tips sprouts filled with tubules 

and vesicles were seen (Zelena et al. 1968). The sprouts 

from single myelinated axons of cut sciatic nerve of rat 

formed tightly clustered groups, which spread out in the 

course of time (Morris et al. 1972a). Serial ultrathin 

sections of cut rat sciatic nerve showed that most sprouts 

originated not from the tip of the cut axon, but from the 
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first adjacent viable node of Ranvier; the axon distal to 

this node degenerated and disappeared, leaving the nodal 

region as the new axonal tip, as observed earlier by Ramon 

y Cajal (Friede and Bischhausen 1980). In this study up 

to 23 fine sprouts arose from one axonal tip, and axon 

tips only become distended in axons without sprouts, 

suggesting that swelling only occurs when sprouting is 

frustrated. Slightly different results were obtained when 

axonal regeneration in rat sciatic nerve was intentionally 

frustrated by a ligature; here ultrastructural examination 

showed small growth cones at 1 week, which were later 

replaced by dilated axons containing a variety of organ

elles (Schmidt and Plurad 1985). In cut dorsal spinal 

roots of rat, free unmyelinated terminal and nodal sprouts 

were seen on electron microscopy to contain clear and 

dense-core vesicles, smooth endoplasmic reticulum and 

mitochondria, an appearance similar to pre-synaptic 

terminals (Duce and Keen 1976). After the optic tract of 

goldfish was cut, small terminal bulbs with filamentous 

cores were seen at 1 day, by 2 days there were sprouts 

with filamentous cores surrounded by smooth reticulum, 

vesicles and mitochondria, and at 3 days microtubules 

appeared in the sprouts (Lanners and Grafstein 1980). In 

the regenerating newt optic nerve, regrowing nerve fibres 

4 days after nerve section contained microtubules only, 

but by 6 days neurofilaments and mitochondria appeared 

(Turner and Singer 1974). The same characteristics for 

new axons were reported in early postnatal rat optic 

nerves (Peters and Vaughn 1967>. Most studies have found, 

then, that for the first few days growing axons contain 

microtubules or vesicles, and that neurofilaments and 

mitochondria appear a few days later. 

b. Time of initiation of axonal sprouting 

There are a number of problems in trying to determine 

how soon after an injury axons start to sprout. One 

difficulty is to identify early sprouts on light micro

scopy, since axonal degeneration may extend for a 



considerable distance from the site of the lesion, and 

various degenerative distortions and protuberances of the 

axolemma may occur (Ramon y Cajal 1928). Another problem 

is that soon after an axon is cut, material usually 

conveyed from the cell body down the axon by axonal 

transport may accumuiate at the cut tip to form a dilated, 

stationary terminal end-bulb <Friede 1964, Zelena et al. 

1968, Kao et al. 1977>, and this may be difficult to 

distinguish from the terminal growth cone of an actively 

advancing axon. Furthermore, much of the work on axonal 

growth has been performed in invertebrates, especially 

goldfish optic tract <Grafstein 1971>, but growth rates in 

invertebrates would be expect~ to be less than in warmer

blooded mammals. (o,-,,cn.o'"' l'H~. S) 

There are two approaches to assessing how soon axons 

are able to sprout. In the first, the rate of axonal 

elongation is measured and the results extrapolated 

backwards to calculate the time of initial sprouting. 

Axons grow slowly for the first few days after trauma, 

probably because they have to find their way through a 

tangle of recently destroyed tissue (Gutmann et al. 1942, 

Black and Lasek 1976). Measurements are made therefore of 

both early and late axonal growth rates and an initial 

"delay time" is calculated, which includes not only the 

latent period before sprouting begins, but also the time 

taken for the axon to cross the damaged tissue (Guth 

1956). The transverse time varies according to the amount 

of tissue damaged and to the nature of the trauma, since 

axons cross a crushed area faster than a cut one 

(Grafstein and McQuarrie 1978). An advancing front of 

sensory axons can be measured by a skin prick test 

(Gutmann et al. 1942>, while the fastest growing motor 

axons can be seen using radiolabelled proteins which are 

being transported down the axon (Forman and Berenberg 

1978). In table 1 the results of five studies, all using 

nerve crush to damage the axons, are summarised: 
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TABLE 1. Time of onset of axonal regrowth calculated from 
growth rates. 

AXONS TECHNIQUE GROWTH GROWTH REFERENCE 
RATE ONSET 

(mm/day> (days> 

Rabbit Pinch 4.4 5.2 Gutmann 1942 
sciatic test 
(sensory) 

Rat Labelled 3.6 3 Black 1976 
sciatic protein 
(motor) 

Rat Pinch 4.3 1.6 McQuarrie 1977 
sciatic test 
(sensory) 

Rat Labelled 3.6 3 Forman 1978 
sciatic protein 
(motor) 

Rat Labelled 4.5 2 Pestronk 1980 
sciatic protein 
(motor) 

The rate of growth of motor and sensory axons from 

these studies seems to be fairly constant at about 4 

mm/day, but the wide spectrum of initial delay times means 

that this technique gives only a rough guide to the times 

of initial axonal outgrowth. 

A more direct method of assessing the start of axonal 

growth is to damage a nerve and examine it microscopically 

for evidence of sprouting. This has been done by a number 

of workers, and their results are shown in table 2: 
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Table 2. Time of onset of axonal regrowth from direct 
observation. 

AXONS LESION TECHNIQUE FIRST REFERENCE 
SPROUTS 
(hours) 

Rabbit cut silver 6 Cajal 1928 
sciatic stain 
(motor) 

Rat crush transmission 4 Zelena 1968 
sciatic EM 
<motor> 

Rat cut transmission 36 Morris 1972 
sciatic EM 
(motor) 

Rat 
dorsal root cut transmission 20 Duce 1976 
(sensory) EM 

Rat cut scanning 7 Duce 1976 
dorsal root EM 
(sensory> 

Goldfish cut transmission 48 Lanners 1980 
optic tract EM 

The recognition of early sprouts is not an easy task, 

as can be seen from the range of times between 4 and 48 

hours. The problems with light microscopic recognition of 

early sprouts have been mentioned, but even electron 

microscopy may not give completely reliable results 

because of the problem of tissue sampling, and of diffent

iating sprouts from denuded segments of myelinated axons, 

fingers of glial cytoplasm, or mature unmyelinated axons 

(Lanners and Grafstein 1980). If serial ultrathin 

sections of cut nerve are used, however, sprouts can 

reliably be differentiated from other cellular elements. 

Using this technique with transected rat sciatic nerve, 
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sprouts have been seen at a sampling time of 72 hours 

post-injury, and from an estimated growth rate of 1 

mm/day, sprouting has been calculated to start within the 

first 24 hours after the lesion (Friede and Bischhausen 

1980). The indication from the majority of these studies 

therefore is that axonal sprouting from damaged axons 

starts within 24 hours of the lesion, and perhaps much 

earlier. 

The question then arises: do these early sprouts 

continue to grow and mature into functional axons, or are 

they perhaps a first wave of growth that later degenerates 

or involutes? Involution was suggested by scanning 

electron micrographs of the ends of severed dorsal roots 

of rats (Duce et al. 1976>. Within a few hours of the 

nerve injury, the tips of these severed axons emerged from 

the end of the root in the form of smooth bulbs, but by 48 

hours these bulbs took on a wrinkled appearance that 

suggested they were degenerating. It is not clear 

however, whether these smooth bulbs were growth cones, and 

no other workers (not even the super-observant Ramon y 

Cajal> have seen a similar degenerative phenomenon. A 

question remains, therefore, concerning the viability of 

these early axonal sprouts. 

c. The axon reaction 

After a peripheral nerve is cut or crushed, a number 

of structural and metabolic changes take place in the 

parent nerve cell body. These changes have been called 

the "axon reaction" or "cell body reaction", and these 

terms will be used interchangeably here. The term 

"chromatolysis" is often used to indicate the whole range 

of cell body responses to axotomy, but here it will be 

restricted to changes in· cytoplasmic basophilia. 

St:ruc'l:ura1 changes 

The nature and intensity of the axon reaction is not 

stereotyped, but varies according to the age and species 

of animal, the location and type of neuron, and the nature 



and position of the lesion (Lieberman 1974). Neverthe

less, almost all peripheral neurons show one or more 

changes of this reaction, the most common being cell body 

swelling, chromatolysis, and nuclear eccentricity. 

i. Cell body size 

An early increase in the cell body volume of 

axotomised neurons has been reported as a feature of the 

axon reaction in many vertebrate peripheral neurons. 

Quantitative increases in cell volume have been described 

in cat spinal motor neurons after section of the sciatic 

nerve (30% at 7 days) (Barr and Hamilton 1948>, in 

isolated rabbit hypoglossal neurons after hypoglossal 

nerve crush (160% at 6 days) (Brattgard et al. 1957), in 

mouse hypoglossal neurons after crush or section of the 
5 . 

hypoglossal nerve (84% at 3 days) (Watson 196&>, and in 

mouse facial motor neurons after section of the facial 

nerve (17% at 17 days) (Torvik and Reding 1967). However, 

no significant increase in cell size was reported in 

studies of spinal neurons in mouse (Lison 1962> and rat 

(Friede and Johnstone 1967>, or in mouse facial motor 

neurons (Cammermeyer 1963>, suggesting that rodent 

neurons, especially those in the spinal cord, may be 

resistant to these changes. The cell swelling in the 

early stages of the axon reaction is thought to be due to 

water uptake (Barr and Hamilton 1948, Brattgard et al. 

1957, Watson 1968>, while in the later stages the cell 

volume increases because of increases in cytoplasmic 

organelles, RNA, lipids and protein (Brattgard et al. 

1957, Watson 1965,1968, Francoeur and Olszewski 1968). 

ii. Cytoplasmic changes 

The classical cytoplasmic reaction to nerve trauma is 

central chromatolysis: the basophilic cytoplasmic bodies 

(Niss! bodies) in the centre of the cell lose their 

distinctive shape and begin to disintergrate, resulting in 

the conversion of the Niss! bodies to a fine dustlike 

material (Lieberman 1971). This usually leads to a 

decrease in overall cytoplasmic basophilia, but in some 

neurons there is an increase in diffuse (non-particulate> 
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basophilia (Murray and Grafstein 1969, Torvik and Heding 

1969). In this group, mouse peripheral motor neurons 

feature strongly, and increased basophilia has been 

reported in the spinal, facial and hypoglossal motor 

nuclei of mouse (Lison 1962, Torvik and Heding 1967). 

The colour changes seen on light microscopy can be 

explained on the ultrastructural level. The normal Nissl 

bodies are composed of compact aggregates of rough 

endoplasmic reticulum with long parallel cisterns, with 

large numbers of free ribosomal rosettes between them 

(Peters et al. 1976). During the early phase of chromato

lysis these cisterns are broken into short segments and 

together with the free ribosomal rosettes they are 

dispersed widely throughout the cytoplasm (Barron et al. 

1971, Lieberman 1971, Torvik and Skjorten 1971, Price and 

Porter 1972). The free ribosomal rosettes appear to be 

much more stable and either remain completely unchanged or 

a few may disaggregate into free single ribosomes (Barron 

et al. 1971). The proportion of free polyribosomes 

increases, however, accounting for the observation that 

the dispersion of the Niss! substance is often accompanied 

by an increase in diffuse basophilia (Lieberman 1971). 

iii. Nuclear and nucleolar responses 

The displacement of the nucleus to the periphery of 

the cell was noted by Nissl in his original description 

and confirmed in later studies (Niss! 1892, Torvik and 

Heding 1969, Lieberman 1971). In rat hypoglossal neurons, 

however, the nucleus remains central even in the presence 

of chromatolysis <Schwarzacher 1958), and nuclear eccen

tricity is not a feature of the invertebrate axon reaction 

(Young et al. 1970). An increase in nuclear size has been 

reported in some studies (Barr and Hamilton 1948), but the 

extent of the increase was small, and in several studies 

changes in size were specifically sought and not found 

(Lison 1962, Cammermeyer 1963). 

In contrast to the minor changes in nuclear size, 

more substantial increases in nucleolar volume can be seen 
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in some neurons. Nucleolar enlargements between 30-50% 

have been reported after axotomy in rat hypoglossal 

nucleus (Watson 1965>, and in the neurons of goldfish 

retina dramatic increases in nucleolar size are seen 

(Murray and Grafstein 1969). 

He'l:abo1.ic changes 

i. RNA 

The structural changes of nucleolar enlargement and 

dispersion of the rough endoplasmic reticulum indicate 

that the synthesis or turnover of ribosomal RNA is altered 

following axotomy. This notion is supported by other 

kinds of data. Brattgard used a photometric technique to 

estimate RNA extracted with ribonuclease in hypoglossal 

neurons of rabbit, and found that RNA content increased 10 

days after nerve crush (Brattgard et al. 1957). Similar 

findings were made in spinal motor neurons of frog in 

which RNA content increased after 4 days (Edstrom 1959). 

The studies of Watson (1965,1968) demonstrated increased 

RNA synthesis in the nucleoli of axotomised neurons, and 

showed that newly synthesised RNA passed from the nucleus 

into the cytoplasm; in hypoglossal neurons of mouse 

histoautoradiography showed increased uptake of labelled 

nucleoside 2 to 20 days after nerve injury, and an 

increase in the rate of transfer of RNA from nucleus to 

cytoplasm, maximal at 3 days. Even earlier changes were 

found in hypoglossal neurons of mouse where there was an 

increase in uptake of radiolabelled uridine within 12 

hours of axonal section (Haddad et al. 1969). A lone 

dissenting voice was that of Kung (1971> who reported no 

increase in uptake of radiolabelled cytidine in chromato

lytic posterior root ganglion of rat. 

ii. Proteins 

In view of the increased requirements for structural 

materials for axonal replacement, an increase in protein 

synthesis after axotomy might be thought necessary in 

neurons capable of regeneration. Many of the findings 

concerning cell body protein synthesis are, however, 

contradictory due largely to the use of different animals, 



32 

neuronal systems, axonal lesions, and techniques to assess 

protein synthesis. 

Some studies have used the increased incorporation of 

radioactive amino acids into proteins to show increased 

cell body protein synthesis after axotomy (Brattgard et 

al. 1958, Fisher 1958, Rhodes et al. 1964, Watson 1965, 

Francoeur and Olszewski 1968, Murray and Grafstein 1969). 

With this technique a rapid protein response within cell 

bodies could be seen, with increases of amino acid uptake 

within 1 day (Brattgard et al. 1958, Francoeur and 

Olszewski 1968) or 2 days (Watson 1965) of a lesion. 

There are, however, difficulties in evaluating protein 

synthesis from labelled amino acid incorporation, since 

the increased uptake may reflect a change in intraneuronal 

amino acid pools or easier access of the labelled material 

to the axotomised neuron (Watson 1965). Although the cell 

body may have an increased protein content after axotomy, 

this could be due to a decreased rate of protein degrad

ation, or to a damming up of proteins unable to be 

transported down the axon (Brattgard et al. 1957,1958, 

Murray and Grafstein 1969). 

A more sensitive technique to assess protein 

synthesis is two-dimensional polyacrylamide gel 

electrophoresis (Perry and Wilson 1981). This technique 

can distinguish between differences in relative amounts of 

protein and differences caused by the appearance of new 

species of protein. In sympathetic ganglion of rat in 

which the postganglionic nerves have been cut, changes in 

amino acid incorporation were detected in only about 10% 

of the 300 to 400 different proteins that could be 

recognised, while the synthesis of no new protein was 

detected (Hall et al. 1978, Hall and Wilson 1979>. When 

regenerating sciatic nerves of frogs were studied after 

the dorsal root ganglia were radiolabelled with 

methionine, no new proteins were found to be synthesised 

in the regenerating axons (Perry and Wilson 1981>, and 

after cutting the dorsal roots, no significant changes 

were detected in proteins synthesised in dorsal root 



ganglia or rapidly transported along the sciatic nerve 

(Perry et al. 1983). Either the response to axonal damage 

was too small to be detected, or changes in protein 

synthesis and transport were not necessary for axonal 

regrowth. 

iii. Cytoskeletal proteins 

Changes in neurofilament numbers have been reported 

in a number of ultrastructural studies of injured neurons. 

An increase in neurofilaments has been found in electron 

microscopic studies of cat red nucleus (Barron et al. 

1975>, goldfish retinal neurons (Murray and Forman 1971>, 

rat posterior root ganglion (Nathaniel and Nathaniel 

1973>, frog and mouse anterior horn neurons (Price and 

Porter 1972, Moss and Lewkowicz 1983>, and rabbit facial 

nucleus (Torvik and Soreide 1972). These observations 

have relied on subjective assessment of numbers of 

neurofilaments with no attempt at quantitation, and other 

reports have described no changes in cell body 

neurofilaments in facial neurons of mouse (Torvik and 

Skjorten 1971>, and a disappearance in superior cervical 

ganglion of rabbit (Dix(on 1968). 

Neurofilaments are a class of intermediate filament 

composed of three subunits with molecular weights of 

70,000 (NF70>, 150,000 (NF150) and 200,000 (NF200) 

(Hoffman and Lasek 1975). Until about 10 years ago 

identification of neurofilaments was limited to 

transmission electron microscopy, since silver impreg

nation preparations were capricious and lacked rigorous 

organelle specificity (Potter 1971). In 1977 neuro

filament antibodies were produced which could be labelled 

with fluorescent or peroxidase markers to localise 

neurofilaments in tissue sections (Schlaepfer 1977, 

Schlaepfer and Lynch 1977). A further refinement of the 

immunohistological technique was made when it was 

discovered that certain classes of neurofilament were more 

heavily phosphorylated than others (Julien and Mushynski 

1983). The COOH-terminal domains of the two heavier 

neurofilaments are extensively phosphorylated, and these 



phosphorylation states determine to some extent the 

structure, biochemical properties and immunogenicity of 

neurofilaments <Carden et al. 1985>. The phosphorylated 

and non-phosphorylated forms of neurofilament can be 

distinguished using a battery of monoclonal antibodies 

(Sternberger and Sternberger 1983), and antibodies 

produced from animals immunised with native neurofilaments 

have high affinities for the phosphorylated forms (Carden 

et al. 1985). The distribution of the various phosphory

lated and non-phosphorylated neurofilaments is not uniform 

throughout an individual neuron, but varies according to 

the the location of the neurofilament within the neuron. 
/'(ON-

The cell body contains predominantly~phosphorylated 

neurofilaments, whereas the axon contains the ~en?" 

phosphorylated forms (Sternberger and Sternberger 1983, 

Lee et al. 1986, Peng et al. 1986). Most neurofilament 

antibodies therefore will label large axons but not normal 

nerve cell bodies. 

During the axon reaction, the proportion of 

phosphorylated neurofilaments in the cell body appears to 

increase. After sciatic nerve crush in the mouse there 

was increased staining of the cell bodies of anterior horn 

neurons by RT97 antibody, which stains phosphorylated 

.neurofilaments (Moss and Lewkowicz 1983). Anti-NF200 

antibodies usually fail to label retinal ganglion cell 

bodies, but after cutting optic axons the cell bodies 

became heavily labelled (Drager and Hofbauer 1984). After 

transection of rat sciatic nerve, increased immuno

reactivity to NF200 and NF150 was present in posterior 

root ganglion, closely associated with chromatolytic 

changes (Goldstein et al. 1987>. All these results 

indicate that phosphorylation of neurofilaments in the 

cell body increases during the axon reaction. This is in 

line with biochemical data which showed increased protein 

phosphorylation in injured neurons (Watterson et al. 

1987 >. 

The question remains whether there is a true increase 

in the amount of neurofilament protein during the axon 
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reaction, or whether all the changes are due to changes in 

phosphorylation status. Biochemical studies support the 

electron microscopic impression of increased neurofilament 

numbers: after anterior spinal roots of the frog were 

transected, NF70 neurofilaments in the cell body increased 

144% (Sinicropi and Mcilwain 1983). So as usual, Ramon y 

Cajal was probably correct when, on the basis of silver 

stains, he stated that neurofilaments increase in the cell 

body after axotomy (Ramon y Cajal 1928). 

In contrast to neurofilaments, there is little 

morphological information in the literature on responses 

of microtubules to axonal injury. In a few electron 

microscopic studies the impression has been of somewhat 

increased numbers of microtubules after axotomy (Prineas 

1969, Barron et al. 1971) but no quantitative data are 

available. Biochemical measurements of tubulin, the 

subunit protein of microtubules, have been contradictory. 

Tubulin was reported to increase dramatically in regen

erating retinal neurons of goldfish (Heacock and Agranoff 

1976, Giulian et al. 1980> and to increase within axotom

ised cell bodies of motor neurons of frog (Sinicropi and 

Mcilwain 1983). On the other hand, no changes in tubulin 

were found after nerve damage in superior cervical 

ganglion of rat (Hall et al. 1978) or posterior root 

ganglion of frog (Perry and Wilson 1981). Perhaps the 

situation in regenerating neurons is similar to that of 

differentiating neuroblastoma cells, in which neurite 

outgrowth does not require tubulin synthesis, but rather a 

rearrangement of tubulin storage and microtubule polymer

isation (Morgan and Seeds 1975). 

Microtubules have rarely be seen in neurons Ln vLvo, 
since special labelling techniques are necessary to 

demonstrate them ultrastructurally (Kuczmarski and 

Rosenbaum 1979). Actin, the major constituent of micro

filaments, may increase (as measured biochemically> in the 

region of axotomised ganglion cells of goldfish (Heacock 

and Agranoff 1976), but no significant changes following 

axotomy were found in autonomic ganglion of rat (Hall et 
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al. 1978>, or sensory or motor neurons of frog (Perry and 

Wilson 1981, Sinicropi and Mcilwain 1983). It appears 

that changes in both microtubules and microfilaments are 

to a large extent species-specific, and more studies on 

mammalian systems are needed to settle the question of 

their metabolism during the axon reaction. 

The re1a'l:.ion of 'l:he axon reac'l:.ion 'l:o axona1 reqrowt:h 

Although attempts have been made to relate various 

features of the cell body reaction to axonal regeneration, 

a number of difficulties have arisen. These include 

disparities between the timing of the onset of axonal 

outgrowth and the axon reaction, axonal growth occurring 

without chromatolysis, and chromatolysis without axonal 

growth. 

The time of initiation of axonal sprouting after 

nerve damage (4 to 48 hours> has already been mentioned. 

In a variety of motor neurons (facial, hypoglossal, 

spinal> in a variety of species (mouse, rabbit, monkey) 

light-microscopically detectable dispersion of the Nissl 

substance is already evident 12 to 24 hours after nerve 

injury (Nissl 1892, Brattgard et al. 1958, Cammermeyer 

1963, Torvik and Skjorten 1971, Torvik and Soreide 1972). 

It appears then that in many cases changes in RNA and 

protein metabolism could occur early enough to supply the 

material needed for axonal growth. However, ~he diffic

ulties of trying to correlate the scattered data on the 

time of initiation of the cell body reaction with the 

equally diverse data on the time of axonal sprouting are 

obvious. In one careful study examining cell body nucleic 

acid and protein changes after botulinum toxin injection, 

sprouting of axons in the tongue was seen 6 days after 

injection, before increases in nucleic acid or protein 

synthesis (Watson 1969a >·. This was interpreted as 

indicating that it was the process of axonal elongation 

that triggered the axon reaction, not vLce versa. Another 

well-studied model is the goldfish optic system. Optic 

axons of goldfish were seen to sprout 2 days after axotomy 

(Lanners and Grafstein 1980>, but an increase in nucleolar 
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size and incorporation of labelled RNA precursors was 

detected in the retinal ganglion cells only between 2 and 

3 days after axotomy, while protein synthesis began in 

these cells only 4 days after axotomy (Murray and 

Grafstein 1969, Murray 1973>. The axonal outgrowth 

clearly preceded the cell body changes, and this lends 

credence to Watson's suggestion that axonal outgrowth may 

be a trigger for the cell body changes. 

In some situations axonal growth can occur without 

obvious chromatolysis. Axotomy of goldfish retinal 

ganglion cells produced no obvious decrease in Niss! 

staining, though axons grew vigorously (Murray and 

Grafstein 1969). Spinal neurons in frogs maintained at 

environmental temperatures above 20°C showed the classic 

features of the cell body response following axotomy, but 

in frogs held at a temperature of 15°C there was no cell 

body response, even though the proximal axons began to 

regenerate (Carlsen et al. 1982). 

Histological features of chromatolysis may occur 

without axonal outgrowth. Ribosomes detached from the 

rough endoplasmic reticulum when the cell was subjected to 

an abnormal ionic environment (Adelman et al. 1973). 

Irreversible axonal injuries not associated with nerve 

regeneration resulted in chromatolysis just as reversible 

injuries did (Engh et al. 1971). Chromatolysis has been 

described in a number of pathological states in which 

there is no axonal trauma or regeneration, including low 

copper levels in lambs (Barlow 1969>, 2,5-hexanedione 

toxicity in rats (Sterman and Delannoy 1985>, tri-ortho

cresyl phosphate toxicity in cats (Prineas 1969), and 

nicotinic acid deficiency (pellagra> in humans (Duchen and 

Jacobs 1984). 

From the above it can be appreciated that there does 

not appear to be a well-defined relationship between 

features of the cell body reaction and axonal outgrowth, 

and that the precise purposes of the components of this 

reaction remain unclear. 
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d. Axonal transport changes during nerve regeneration 

Does the elongating axon of a regenerating nerve need 

increased amounts of material from the cell body trans

ported at increased speed to the growing tip? Work in the 

goldfish visual system appeared to confirm that it did; on 

injecting the eyes of goldfish with radiolabelled leucine, 

and using the accumulation of activity in the nerve 

terminals in the optic tectum as a measure of fast trans

port, a threefold increase in the rate of slow axonal 

transport was found (Grafstein and Murray 1969). However, 

after this increase in slow axonal transport was blocked 

by colchicine, axons still grew, suggesting that the 

increase in transport rate was not a prerequisite for 

axonal growth, but may have been a consequence of such 

outgrowth (Grafstein 1971). 

In most other neuronal systems studied, however, no 

marked increases in axonal transport rate or amount of 

material transported have been found. When fast axo

plasmic transport was measured (by the rate at which the 

crest of labelled material moved down the nerve fibres 

following uptake of labelled amino acid precursors by the 

cell bodies) no changes in either the fast rate of 

transport or the amount of material transported was found 

in regenerating sensory or motor fibres of cat sciatic 

nerve (Ochs et al. 1962, Ochs 1972,1976). In rat motor 

axons, no drastic changes in slow protein transport were 

found during regeneration (Perry and Wilson 1981), and a 

decrease in the amount of rapidly transported proteins in 

regenerating rat motor axons has been reported (Bisby 

1978). In rabbit vagus nerve there was a decrease in 

rapidly migrating glycoproteins and in slowly migrating 

protein during regeneratlon (Frizell and Sjostrand 

1974a,b). 

As regards cytoskeletal proteins, there have been 

reports of a decrease in neurofilament protein and tubulin 

in regenerating motor axons of rat and frog (Hoffman and 
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Lasek 1980, Sinicropi and Mcilwain 1983, Hoffman et al. 

1985). The decrease in the quantity of neurofilament 

protein delivered to the axon coincided temporally with 

reductions in axonal calibre, and after regeneration the 

delivery of neurofilament proteins returned to pre-axotomy 

levels (Hoffman et al. 1980,1985). A slight increase in 

actin was found within regenerating frog nerves, but this 

was not statistically significant (Sinicropi and Mcilwain 

1983). 

Thus, the notion that axonal regeneration requires 

large amounts of material to be synthesised and trans

ported down the axon is not confirmed by the experimental 

evidence, and it appears that axonal outgrowth may proceed 

in the face of unaltered or decreased production and 

transport of most proteins. 



D. AXONAL SPROUTING FROM INTACT AXONS 

Axonal sprouting does not occur only in damaged 

nerves, but can be found in intact neurons after partial 

denervation of muscle, blockade of neuromuscular trans

mission by pharmacological agents, or muscle inactivity 

due to a number of causes. 

a. Partial denervation of muscle 

The idea that intact axons in a tissue which has been 

partially denervated can develop new branches to take over 

the function of their lost neighbours is at least 100 

years old (Exner 1884, quoted in Brown et al. 1981). Such 

sprouting was an explanation for the fact that partially 

denervated muscles could rapidly regain their full 

strength, well before severed axons had regrown. It took 

until the early 1950s for histologists to prove the 

presence of sprouting. A close examination of the intra

muscular nerves under the light microscope was made 

independently by Edds and Hoffman (Edds 1949,1950, Hoffman 

1950>. Both these workers used gold impregnation to stain 

nerves in partially denervated muscle preparations, and 

clearly demonstrated fine nerve outgrowth from the nodes 

of Ranvier of remaining intact axons, now called nodal 

sprouting. Hoffman also used a silver impregnation method 

and demonstrated fine outgrowth from the intact nerve 

terminals, known as terminal sprouting. 

Noda1 sprours f-12..e,,,,,... 
Nodal sprouts arise withir,-the intramuscular axons, 

and no sprouts are seen ·4"1.the extramuscular portion of 

the nerve (Edds 1949). Even within a partially denervated 

muscle not all nodes produce sprouts, since sprouts arise 

only from nodes close to points from which denervated 

nerve sheaths branch, and it is thought that this vacant 

perineural sheath acts as a pathway for the sprout to find 
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a denervated endplate (Slack et al. 1979). Support for 

this view came from experiments showing that nerves 

regenerated more quickly down a pre-degenerated pathway 

(Brown and Hopkins 1981>, and that the availability of 

endoneurial pathways was important in nodal sprout growth 

(Brown et al. 1982). Nodal sprouts in partially dener

vated mouse muscle developed distally first, then prox

imally, suggesting the spread of a diffusible growth agent 

from the denervated muscle or nerve (Hopkins and Slack 

1981). In mice, not all nodal sprouts in partially 

denervated muscle reached endplates, and some ended in 

bulbous tips which on light microscopy resembled growth 

cones (Slack et al. 1979). 

Ter.m.:ina1 sprours 

Although terminal sprouts were first discovered in 

silver-stained preparations, they are more clearly seen 

with combined silver and cholinesterase stains (Namba et 

al. 1967) or when the nerve terminals are selectively 

stained with zinc iodide-osmium (Akert and Sandri 1968). 

Terminal sprouts first appear as irregular fine extensions 

of branches of the nerve terminals, and many such 

extensions can arise from a single terminal (Hoffman 

1950). Anatomically, terminal sprouts can be divided into 

3 groups (Hoffman 1950, Wernig et al. 1984) (fig. 2): (1) 

sprouts arising from the unmyelinated preterminal segment 

of the axon (preterminal sprouts), (2) sprouts arising 

from the terminal axon and remaining confined to the 

endplate boundaries (intraterminal sprouts), (3) sprouts 

arising from the terminal axon and extending beyond the 

confines of the endplate (ultraterminal sprouts). In 

mouse muscle, ultraterminal sprouts are by far the most 

common, and in this thesis, unless otherwise stated, 

"terminal" sprouts will be taken to mean ultraterminal 

sprouts. 

Terminal sprouts appear to grow erratically on the 

surface of muscle fibres, although there is some prefer

ence for growth along the long axis of the fibres, while 

nodal sprouts grow straight to denervated endplates 
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Fig. 2. The three types of sprouts at the distal axon. 

The dotted line indicates the limit of cholinesterase 

staining. 

-- -- --~ 

. . . . " . ·- -
I 

· Preterminal Intra terminal Ultra terminal 

(Hoffman 1950). Both nodal and terminal sprouts are 

eventually myelinated (Hoffman 1950) and both eventually 

re-innervate muscle, the old endplate region being 

preferentially re-innervated as a consequence of some 

special property of the muscle fibre at this site (Bennett 

et al. 1973, Letinsky et al. 1976). 

A number of differences exist between nodal and 

terminal sprouts. Firstly, muscles differ in the relative 

amounts of nodal and terminal sprouting which their motor 

axons display after partial denervation: in general, "slow 

twitch" muscles of mice, for example the soleus, have 

fewer nodal and more terminal sprouts than "fast twitch" 

muscles (Brown and Ironton 1978, Brown et al. 1978b, Brown 

et al. 1980). Secondly, the mechanisms whereby nodal and 
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terminal sprouts are stimulated appear to differ in some 

respects. Muscle paralysis due to a variety of causes 

produces widespread terminal sprouting, but in most 

reports no nodal sprouting has been seen (Duchen and 

Strich 1968a, Ironton et al. 1978). Direct electrical 

stimulation of partially denervated muscle effectively 

stops terminal sprouting (Brown et al. 1977, Ironton et 

al. 1978, Brown and Holland 1979>, while nodal sprouts are 

unaffected (Brown et al. 1980). This has led to the view 

that terminal sprouting is probably caused by a diffusible 

factor released from inactive muscle, whereas nodal 

sprouting may need a further stimulus such as a product of 

nerve degeneration (Brown et al. 1978a, Ironton et al. 

1978, Slack et al. 1979). 

T.Lllling of sprou-t:s 

The earliest times axonal sprouts have been seen 

histologically after partial denervation are between 3 and 

5 days post-operation (Hoffman 1950, Wohlfart 1958, Brown 

and Ironton 1978>, but no ultrastructural studies have 

been performed to attempt to detect earlier submicroscopic 

outgrowths. Sprouting seems to be marginally quicker 

(about one day> in reaching the visible stage in soleus 

than in peroneus tertius muscle (Brown and Ironton 1978) 

but this time difference is nothing like as great as that 

seen between soleus and gastrocnemius after botulinum 

toxin injection (Duchen 1970a). 

Sprou-t:.ing of .ind.iv.idua.l nerve -t:e.rm.ina.ls 

Two experiments using partial denervation of muscle 

indicate that the mechanism of sprouting of motor neurons 

may be locally, and not centrally, controlled. In the 

hind foot of rat, muscles can be denervated until the only 

remaining innervated muscles are supplied by a single 

motor neuron; in these innervated muscles terminal axons 

sprouted at some endplates, but not at others (Betz et al. 

1980). Similar results were obtained in the sternocostal 

muscle of rat, which has the particular advantage that it 

is a thin sheet of muscle fibres, innervated by several 

nerves each with a well defined segmental territory; after 
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resecting one segmental nerve, terminal sprouts were found 

in adjacent sheets of muscle only near denervated muscle 

fibres, showing that individual terminals of the same 

motor neuron react to a sprouting stimulus independently 

of one another (Slack and Pockett 1981>. These results 

suggest that individual terminals respond locally to the 

presence of a sprout-promoting agent, and that sprouting 

is not governed by a central command from the motor neuron 

cell body. 

b. Botulinum toxin and axonal sprouting 

Botulinum toxin, "the most poisonous poison" (Lamanna 

1959>, exercises its effects with such precise selectivity 

that it has become a useful tool in the experimental study 

of the morphology and physiology of motor endplates, and 

in the study of axonal growth. This most potent of all 

natural toxins causes a severe paralytic disease, and the 

lethal dose is a mere 10-9 mg per kilogram of body weight 

<Bartlett 1986). The name "botulinum" is derived from the 

Latin boru.lus, a sausage, in reference to the improperly 

prepared blood sausages that were implicated in causing 

the disease in the late 18th century. The agent producing 

the toxin, C.losrr.id.ium boru.l.inum, is unique in its 

production of 7 serologically distinct protein toxins, 

designated A through G (Sakaguchi 1983). Human illness is 

usually caused by types A, Band E and rarely by types F 

and G (Bartlett 1986). 

Hechan.is.m of para.lys.is af t:er bot:u.l.inum t:ox.in 

Burgen investigated the .in v.irro action of botulinum 

toxin on isolated rat diaphragm and found that the toxin 

became fixed to the muscle within 5 minutes; the amount of 

acetylcholine released from terminals by stimulation of 

the phrenic nerve was greatly reduced when the diaphragm 

had became paralysed (Burgen et al. 1949>. Brooks (1954> 

showed that botulinum toxin suppressed the spontaneous 

release of transmitter and suggested that its site of 

action was localised at the tips of motor nerve terminals. 
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It is now accepted that the toxin exerts its effects by 

inhibiting the release of acetylcholine (Bowden and Duchen 

1976). The precise mechanism of action of the toxin is 

however still unknown. In acutely paralysed muscles, 

electron micrographs of nerve terminals from which 

acetylcholine release had been totally blocked contained 

what appeared to be a normal complement of synaptic 

vesicles and other organelles; the Schwann cells, as well 

as the anatomical relationships between nerve and muscle 

and the postsynaptic sarcolemma also showed no changes 

(Thesleff 1960, Zacks et al. 1962, Duchen 1971b, Harris 

and Miledi 1971). 

According to present concepts of neuromuscular 

transmission, nerves discharge acetylcholine in response 

to depolarisation by a mechanism which is activated by the 

entry of calcium into the presynaptic nerve terminal <Katz 

and Miledi 1965). This calcium entry triggers the exo

cytosis of acetylcholine-containing vesicles at spec

ialised release sites, the "active zones" (Heuser et al. 

1974). Fusion of the synaptic vesicles with the 

presynaptic plasmalemma, normally evoked by electrical 

stimulation, is abolished at neuromuscular junctions 

treated with botulinum toxin <Pumplin and Reese 1977). 

One suggested mechanism is that botulinum toxin impairs 

calcium influx into the nerve terminal during depolar

isation (Hirokawa and Heuser 1981). Other workers, 

however, have found no evidence for this, suggesting that 

the toxin interferes with the acetylcholine release 

process itself by blocking exocytosis at the release sites 

(Kao et al. 1976, Pumplin and Reese 1977), perhaps because 

the toxin causes reduced sensitivity of transmitter 

release to calcium (Cull-Candy et al. 1976). 

The toxin appears to be taken up selectively by the 

nerve terminal, since ferritin-labelled toxin can be seen 

only in the synaptic gap and junctional folds of the 

neuromuscular junction (Zacks et al. 1962). Specific cell 

surface receptors for botulinum toxin are present on the 

axon terminal membrane, and after binding to these 
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acceptors the toxin is internalised by the axon and 

retrogradely transported (Dolly et al. 1984, Black and 

Dolly 1986a,b, Bandyopadhyay et al. 1987). The active 

toxin is a dichain protein composed of two polypeptides, a 

heavy and a light chain (Kozaki et al. 1981). The heavy 

chain binds with the specific sites on the nerve 

terminals, allowing internali.sation of the light chain (or 

a combination of heavy and light chains), to bring about 

the neuroparalysis (Dolly et al. 1984, Bandyopadhyay et 

al. 1987>. 

Boru.Linum rox.in-.induced axona.l sprour.ing 

To study the chronic effects of botulinum toxin, a 

method has to be employed to ensure that the animal 

survives after the toxin is given. In guinea pigs, Guyton 

and MacDonald (1947> combined a high dose of toxin 

injected locally into gastrocnemius with an intra

peritoneal injection of antitoxin given some hours later 

when the action of the toxin on the .local nerve terminals 

was already irreversible, and achieved complete paralysis 

of gastrocnemius with the animal otherwise generally 

healthy. Duchen and Strich (1968a) used doses of 

botulinum toxin diluted to give local paralysis of muscle 

without killing the animal. Using these sublethal doses 

injected into the calves of mice, they showed with silver 

stains that as the muscle fibres became atrophied, fine 

ultraterminal sprouts arose from the terminal branchlets 

of the distal axon (Duchen and Strich 1968a). Axonal 

growth continued for several weeks, with sprouts ramifying 

along and across adjacent muscle fibres. Some new 

contacts were formed on the same fibre which the axon 

previously innervated, but some were clearly on other 

fibres (Duchen 1970a). Neurotransmission after botulinum 

toxin resumed only after the nerve terminal at which the 

toxin had exerted its effect was replaced by a new 

terminal (Duchen 1970b, Holland and Brown 1981). These 

findings have been confirmed by many authors, most using 

hindlimb muscles of mouse (Brown et al. 1977, Ironton et 

al. 1978, Brown et al. 1980). 
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One curious phenomenon is that the axonal sprouting 

after botulinum toxin does not begin at the same time at 

all endplates in the mouse, even though all calf muscles 

are paralysed simultaneously. In the soleus muscle of 

mouse, almost every endplate showed axonal sprouting 

within 6 to 8 days of the onset of paralysis, whereas in 

gastrocnemius sprouting began about 3 weeks after para

lysis (Duchen 1970a). Similar results have been found 

comparing soleus to other muscles such as peroneus tertius 

and extensor digitorum longus (Brown et al. 1980>. The 

soleus muscle in mice, as in most mammals, is composed of 

slow type fibres, while the fibres of the outer part of 

gastrocnemius and most fibres of peroneus tertius and 

extensor digitorum longus are fast in type. It appears 

that for some reason axonal sprouting begins sooner in 

slow than in fast fibres after neuromuscular transmission 

is blocked. 

There is only one report in the literature on the 

ultrastructure of botulinum toxin-induced sprouts (Duchen 

1971b). On electron microscopy, 4 days after toxin 

sprouts containing vesicles, mitochondria and filaments 

were seen growing out from pre-existing terminals. All 

sprouts were enclosed within cytoplasmic processes of 

Schwann cells. There was no degeneration of the 

endplates, and the sprouts took origin from intact 

terminals with a normal appearance (Duchen 1971b). 

All the sprouts after botulinum toxin appear to arise 

from the axon terminal, and usually no collateral sprouts 

from the nodal regions on the preterminal axon are seen 

(Duchen and Strich 1968a, Brown and Holland 1979, Holland 

and Brown 1981). This has been considered to be a 

fundamental difference between botulinum toxin-induced 

sprouting and sprouting after partial denervation of 

muscle, in which both terminal and nodal sprouts are seen 

(Hoffman 1950). One study has reported nodal sprouts 

close to the endplate after botulinum toxin was injected 

into mouse gluteus maximus (Hopkins et al. 1981>, but this 

finding has yet to be confirmed. 
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Sprouting after botulinum toxin can be prevented by 

implanting an extra nerve in the paralysed muscle (Duchen 

and Tonge 1977, Holland and Brown 1981) or by direct 

electrical stimulation of the muscle (Brown et al. 

1977,1980). This suggests that sprouting afte~ the toxin 

is related to the altered properties of inactive muscle, 

which are almost identical to those seen on dene~vation, 

and include fibrillation and increased sensitivity to 

acetylcholine (Loma and Rosenthal 1972). 

Changes .in '/:he nerve ce11 lxxly and axona1 '/:ransport: af'/:er 

.bo'/:u1.inUDJ '/:ox.in 

Reports on changes in the nerve cell body following 

intramuscular injection of botulinum toxin are scarce. 

Duchen and Strich (1968a) found no changes in the anterior 

horn cells of the spinal cord in any of the mice given the 

toxin. In a later more systematic study of motor neuron 

cell bodies, mice were given repeated injections of 

botulinum toxin into the calf, and the lumbar spinal motor 

neurons examined with serial transverse sections; there 

were no obvious morphological changes indicative of 

chromatolysis in the cells on the experimental side, and 

the cell body diameters were similar on both sides (Duchen 

and Queiroz 1984) 

Following axotomy, the perineuronal glial cells have 

been observed to divide (Watson 1965, Torvik and Skjorten 

1971, Kerns and Hinsman 1973a,b). Similar changes have 

been sought after injection of toxin, but no accumulation 

of glial cells synthesizing DNA was found around hypo

glossal neurons after botulinum toxin injection into the 

tongue (Watson 1968). However, both retraction of 

dendrites and a decrease in the number of synaptic boutons 

have been claimed to occur following botulinum toxin, 

findings similar to those after axotomy (Sumner and Watson 

1971, Sumner 1977). 

Watson studied metabolic changes in the nerve cell 

bodies of the hypoglossal nucleus following injection of 

botulinum toxin into the tongue (Watson 1969a,b). After 
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injection of toxin, the cell body synthesis of nucleolar 

RNA and the nucleic acid content increased, closely 

following the pattern found after axotomy (Watson 1968>. 

Unlike the changes seen after nerve injury, however, 

following toxin the protein content of the cell body 

increased before the rate of ribosomal synthesis was 

raised. This increased protein was not the result of 

increased synthesis (judged by an unaltered rate of 

incorporation of radiolabelled amino acids> but was 

thought to represent a "damming back" of protein within 

the nerve cell body (Watson 1969a). No convincing 

evidence of a morphological axon reaction was seen on 

electron microscopy of the cell bodies, and routine light 

microscopy was not performed (Watson 1969a). Thus, there 

are a number of differences in the metabolic responses of 

the nerve cell body to axotomy and to botulinum toxin. 

The purposes of the metabolic changes reported by 

Watson after botulinum toxin are unclear, but they may be 

related to changes in axonal transport. In diaphragm 

muscles of rat poisoned with botulinum toxin, the amount 

of radiolabelled material carried down the phrenic nerve 

was reduced to about one quarter of normal, though the 

rate of fast axonal transport of proteins was not greatly 

affected (Bray and Harris 1975). This could explain the 

"damming up" of protein seen by Watson, and the changes in 

protein metabolism may have been related to the decrease 

in axonal transport, rather than to axonal regrowth. The 

notion that the toxin-induced metabolic changes are not 

concerned with axonal growth is supported by another 

experiment in which botulinum toxin was first injected 

into mouse soleus muscle, and 12 days later the nerve to 

soleus was crushed (Brown and Hopkins 1981>. Reinner

vation of the muscle was not enhanced, suggesting that any 

toxin-induced metabolic changes in the cell body did not 

"condition" the neuron to allow its axon to grow more 

effectively. Hence it seems unlikely that axonal 

sprouting after botulinum toxin is dependent on changes 

within the nerve cell body. 



c. Similarities between changes after botulinum toxin and 

denervation 

The question arises as to whether analogies can be 

made between sprouting due to botulinum toxin on the one 

hand, and sprouting after nerve trauma (either from the 

damaged axon or from an adjacent intact axon) on the 

other. Although the initial lesions are different, there 

are a number of similarities in the resulting muscle 

paralysis and axonal sprouting. Structurally, both 

denervation and toxin-induced sprouts consist of elongated 

extensions of axolemma surrounded by Schwann cells (Duchen 

1971b, Lanners and Grafstein 1980). Sprouts from both 

lesions mature by growing in diameter and investing 

themselves with myelin sheaths, and both types of sprouts 

eventually innervate endplates (Duchen 1971b, Gonzenbach 

and Waser 1973). Following both denervation and botulinum 

toxin, biochemical changes occur along the surface of 

skeletal muscle, most prominent of which are the 

development of sensitivity to acetylcholine outside the 

vicinity of the neuromuscular junction (Axelsson and 

Thesleff 1959, Thesleff 1960> and an increased synthesis 

of acetylcholine receptors (Bambrick and Gordon 1987). 

Physiologically, muscles paralysed by both the toxin and 

by denervation will accept an implanted nerve which ~ill 

establish new endplates (Aitken 1950, Fex et al. 19e6). 

Thus there are many similarities between post-traumatic 

and botulinum toxin-induced axonal sprouting, so it seems 

justified to extrapolate the results obtained with 

botulinum toxin to the wider field of axonal regeneration. 

d. Other methods of inducing axonal sprouting 

Sprouting reflects the regenerative capacity of the 

lower motor neuron and may be triggered by a number of 

mechanisms that interfere with neuromuscular transmission. 

Apart from neuromuscular blockage with botulinum toxin, 

sprouting occurs when nerve conduction is blocked by 
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tetanus toxin (Duchen 1973, Duchen and Tonge 1973> or 

tetrodotoxin <Brown and Ironton 1977, Pestronk and 

Drachrnan 1978a). Axons sprout in genetic disorders of 

animals in which muscle is functionally denervated, such 

as hereditary endplate disease in the mouse (Duchen 1970c, 

Duchen and Stefani 1971>, or in the mutant "Wobbler" mouse 

(Duchen and Strich 1968b). Terminals axons sprout when 

nerve conduction is impaired by hypomyelination of nerve 

fibres, such as in the "Trembler" mouse which has an 

inherited Schwann cell abnormality (Gale et al. 1982>, or 

in radiation-induced hypomyelination (Love and Gomez 

1984). Prolonged postsynaptic blockade with a-bungaro

toxin, a noncompetitive blocker of the acetylcholine 

receptor, may also cause terminal sprouting (Holland and 

Brown 1980>, and a failure to see sprouts in a previous 

study with a-bungarotoxin (Pestronk et al. 1976> was 

probably due to an insufficient duration of blockade. 

From these studies it appears that any disturbance of 

neuromuscular function leading to muscle paralysis can 

give rise to axonal sprouting. 

Colchicine, which blocks fast axoplasmic transport, 

has been observed to cause terminal sprouting (Aguilar et 

al. 1973, Rotshenker 1981> and the possibility has been 

raised that sprouting is dependent on the maintenance of 

axoplasmic flow (Diamond et al. 1976, Guth et al. 1980). 

However, colchicine is also toxic to nerves (Brown et al. 

1981) so partially denervated tissue could have induced 

the sprouting. 



G 
E. SUMMARY 

The review of the literature indicates that the 

previously held view that the cell body directs axonal 

growth may be incorrect, and that the axon may be able to 

a large extent to control its own growth. The evidence for 

this hypothesis has, however, been fragmentary and 

indirect, and more information is needed on the si~f 

control of axonal regeneration. The experiments i is 

thesis were therefore planned and performed in an ttempt 

to determine the extent to which the axon is master of its 

own destiny. 



CHAPTER 3 

MATERIALS AND METHODS 

Experiments 1 and 2 were carried out at the 

Department of Neuropathology, The Institute of Neurology, 

The National Hospital for Nervous Diseases, Queen Square, 

London, and experiment 3 at the Department of Pathology 

(Neuropathology Division), University of Sydney, Sydney. 

Only the materials and methods common to two or more of 

the experiments are discussed in this section, and 

specific procedures for indiv~·d . experiments will be· 

described separately in the r ela t chapters. 
~ . 

a. Animals 

Mice were chosen for this study because axonal 

sprouting in the hindlirnb of this animal has been well

studied by a number of workers, and found to be consistent 

and reproducible (Duchen and Strich 1968a). On the whole, 

after botulinurn toxin, muscles in mice sprout more readily 

than those in rats (Brown et al. 1981>, and frog muscle 

does not appear to sprout at all after the toxin (Antony 

et al. 1981). In rat soleus, sprouts produced after 

botulinurn toxin often remain within the margins of the 

endplate (intraterrninal sprouts) (Pestronk and Drachrnan 

1978, Pestronk et al. 1980>, and profuse sprouts are only 

seen between the ages of 2 and 5 weeks (Brown et al. 

1981). 

Either CFLP (experiments 1 and 2> or BALB C (exper

iment 3> non-inbred male mice weighing between 25-30 g (6-

8 weeks old> were used. ·up to 6 animals were kept in one 

cage, and given standard food and water ad 11bertum. The 

guides of the Institute of Neurology, Queen Square, or the 

University of Sydney for the care and use of laboratory 

animals were followed. 
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b. Anesthetic techniques 

Mice were deeply anesthetised for operative 

procedures and vascular perfusions with 0.01 ml/g body 

weight of a combination of 1.25 mg/ml midazolam and a 

mixture of 2.5 mg/ml fluanisone and 0.079 mg/ml fentanyl 

citrate (Flecknell and Mitchell 1984). The advantages of 

this combination were that good surgical anesthesia was 

obtained for periods of up to one hour, the drugs could be 

administered as a single intraperitoneal injection, and 

respiratory depression, though infrequent, could be 

relieved with intraperitoneal naloxone (0.1 mg/kg). 

During irradiation, light sedation was maintained for 

about 30 minutes with 0.005 ml/g body weight of the 

anesthetic mixture. Mice were lightly sedated for a few 

minutes during botulinum toxin injection with anesthetic 

ether, administered in an anesthetic box. 

c. Localisation of sciatic nerve motor neurons 

The neurons of the mouse with the longest axons, 

those in the sciatic nerve, were studied so that any 

manipulations of the terminal axons would not directly 

affect the cell body, as can occur with short axons 

(Singer et al. 1982). Another reason for using long axons· 

was to be able more easily to assess the influence of 

axonal transport on distal axonal growth (Grafstein and 

Forman 1980). 

The problem in studying sciatic motor neurons is that 

the cell bodies in the spinal cord are not situated within 

a compact nucleus, as in cranial nerves, but are arranged 

in longitudinal columns within the cord (McHanwell and 

Biscoe 1981). Accurate localisation of these neurons was 

needed for spinal irradiation and histology, so in 6 mice 

the sciatic nerve was exposed in the upper thigh and 

dissected proximally to identify its posterior roots and 

their entry zones into the spinal cord (fig. 10). In all 

animals the sciatic nerve arose from the third, forth and 
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fifth lumbar spinal roots. The posterior root entry zones 

of these roots extended from the superior margin of the 

T13 vertebra to the superior margin of the Ll vertebra. 

The centre of this sciatic nerve zone was at the horiz

ontal level of the T13 posterior root ganglion and the 

palpable lateral tips of the last ribs. 

d. Sciatic nerve length 

In 6 mice the sciatic nerve was traced to its origin 

in the spinal cord. The length measured along the course 

of the nerve, between the middle of the soleus muscle and 

the point of entry into the spinal cord of the nerve 

roots, averaged 42 mm <range 40-43 mm). 

e. Perfusion of fixatives 

Under deep anesthesia the mouse was pinned out on a 

cork board with its right hindlimb flexed. The rib cage 

was opened and the right.auricle cut to permit drainage. 

A 20 gauge shortened and blunted needle was inserted into 

the left ventricular cavity and perfusion was made by hand 

from a 20 ml plastic syringe. All animals were perfused 

with 60 ml of fixative. Adequacy of perfusion was 

assessed by rapid stiffening of the tail and blanching of 

the internal organs. 

f. Botulinum toxin preparation and injection 

Purified type A botulinum toxin (Sigma) was used for 

experiments 1 and 2. A dose was calculated which when 

injected into the hindlimb produced weakness and muscular 

atrophy with minimal systemic effects. This dose was 0.05 

ml of 0.004 µg/ml of toxin diluted in gelatin phosphate 

buffer, pH 6.5. 

Type A botulinum toxin was prepared for experiment 3 

by staff of the Microbiology Department, University of 

Sydney. C1oscr.id.iu.m bocu1.inu.m type A (ATCC 7948 > was 

grown in cooked meat medium (Oxoid> containing 0.5% 



glucose, incubated at 37°C for 48 hours. The supernatant 

was collected, centrifuged, and filtered through a 0.45 µm 

Millipore filter. The toxin was diluted serially with 

gelatin phosphate buffer, and 0.4 ml of each dilution was 

injected intraperitoneally into pairs of mice to determine 

ae LD50 (calculated from deaths within 4 days). The toxin 

was diluted so that 0.1 ml contained one Lo50 , when 

injected intraperitoneally. It was found that this dose 

when injected into mouse hindlimb caused local paralysis 

with minimal systemic effects. To inactivate the toxin 

for control experiments it was heated in a water bath at 

l00°C for 15 minutes (Burgen et al. 1949). 

Toxin was injected transcutaneously using a 26 gauge 

needle directed deep into the calf muscles of the right 

hindlimb. 

g. Soleus muscle dissection 

The soleus muscle was chosen for examination because 

terminal axons have been shown to sprout in this muscle 

earlier and more profusely than in other calf muscles of 

mouse, possibly because soleus is composed of predom

inantly slow-twitch fibres (Duchen 1970a). Animals were 

deeply anesthetised. Under a Zeiss operating microscope, 

the skin over the calf was removed, the Achilles tendon 

cut, the calf muscles reflected back, the proximal tendon 

of soleus cut, and the soleus muscle reflected off the 

gastrocnemius. 

h. Soleus muscle processing for light microscopy 

The soleus was pinned out slightly stretched by its 2 

tendons on a small rectangle of toughened dental wax and 

immersed for 1 hour in 1~% calcium formalin solution (40% 

formaldehyde 100 ml, calcium acetate 1 g, distilled water 

90 ml> at 4°C. The muscle tendons were trimmed and the 

muscle taken off the dental wax. A "boat" was fashioned 

(by folding a length of scalpel blade wrapper around three 

glass slides>, filled with O.C.T compound (Tissue-Tak>, 
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and the muscle inserted flat in the bottom. The boat and 

contents were frozen by immersion in a solution of n

hexane cooled in liquid nitrogen (-160°C), the boat 

stripped off, excess frozen O.C.T. removed with a scalpel, 

and the block frozen onto a chuck with a water drop and 

freezer spray. Serial longitudinal 20 µm frozen sections 

were cut in a cryostat at -20°C and collected sequentially 

on slides coated with chrome-alum. 

i. Staining of endplates and axons 

A technique was used that combined staining of 

cholinesterase and nerve fibres. 

Cho1.inescerase ace.iv.icy of endp1aces 

The frozen sections were stained for cholinesterase 

activity by a method essentially as described by Koelle 

and Friedenwald (1949> and modified by Lewis (1961). 

Slides were incubated at room temperature in a solution 

containing acetylthiocholine and copper sulphate (acetyl

thiocholine iodide 100 mg, O.lM copper sulphate 7 ml, 

glycine 62 mg, 0. lM sodium acetate 3 ml, distilled water 

54 ml). The cholinesterase in the muscle hydrolysed the 

acetylthiocholine and released thiocholine, which reacted 

with the copper sulphate to form copper thiocholine. The 

slides were then immersed in 0.5% sodium sulphide, which 

reacted with copper thiocholine to form a brown precip

itate, delineating the cholinesterase activity in the 

muscle. 

Axon sca.in.ing 

Axons were stained by the method of Namba et al. 

(1967). Sections were rinsed and left overnight in 

distilled water at 4°C. The next day they were treated 

with 0.25% potassium ferricyanide and absolute ethanol, 

impregnated with a silver solution (silver nitrate 10 g, 

copper sulphate 0.05 g, calcium carbonate 0.1 g, distilled 

water 100 ml>, reduced in hydroxyquinone (hydroxyquinone 1 

g, sodium sulphite 5 g, distilled water 100 ml>, then 

dehydrated, cleared, and mounted in D.P.x·. 
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CHAPTER 4 

EXPERIMENT 1: THE EFFECT OF SPINAL IRRADIATION ON 

TERMINAL AXON SPROUTING 

INTRODUCTION 

Two experimental steps need to be taken to find out 

if axons can grow independently. The first step is to 

isolate the the axon from the influences of the cell body. 

Previous experiments have used physical means to separate 

the axon from the cell body, usually by cutting nerve 

fibres <Shaw and Bray 1977). In transected mammalian 

nerves, however, the distal axon stump degenerates rapidly 

(Ramon y Cajal 1928>, so any attempts to promote sprouting 

in the separated distal axon are doomed to failure. This 

problem of distal axonal degeneration can be overcome if, 

instead of cutting the axon, the cell body is damaged but 

the neuron is kept structurally intact. One agent that is 

known to interfere with nerve cell body metabolism without 

causing structural damage is X-irradiation (Yamamoto et 

al. 1964, Shungskaya et al. 1966). X-rays moreover can be 

directed to a small region of nervous tissue containing 

only the nerve cell bodies so that the distal axons remain 

unaffected (Carsten and Zeman 1966). 

The second step is to promote axonal outgrowth in the 

neuron with the injured cell body. Although most methods 

of inducing axonal sprouting involve either cutting or 

crushing nerve fibres, axonal outgrowth can be induced by 

a number of techniques that do not interfere with neuronal 

continuity, the best documented being the vigorous axonal 

sprouting seen after botulinum toxin (Duchen and Strich 

1968a). 

In this experiment, then, in order to determine the 

influence of the cell body on the growing axonal tip, 

motor neurons in the spinal cord were locally irradiated, 
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and the ability of the non-irradiated distal axons to 

sprout following botulinum toxin was assessed. 

EXPERIMENTAL PROCEDURE 

1. Spinal cord irradiation. 

A jig was designed to ensure that an accurate and 

reproducible radiation dose was given to the lumbar spinal 

cord, with minimal exposure of surrounding tissue (Carsten 

and Zeman 1966). Each mouse was sedated and secured in a 

flexed position to a semicircular perspex support which 

had openings for the abdomen and front legs (fig. 3,6). 

The mouse was held in this position by extending the 

forelegs through the front opening in the support and 

securing them with rubber bands and tape. The back of the 

mouse was partially shaved to facilitate palpation of the 

last ribs and hence the T13 vertebral level (fig. 10), 

which was marked with black ink. A 3 mm thick lead "wrap

around" shield was closely fitted around the body of the 

mouse to prevent side and backscatter of radiation (fig. 

3,5). The shield had an aperture 1.5 cm long and 1 cm 

deep (when viewed laterally> and was centered over the T13 

vertebra, the position being confirmed by radiographs 

(fig. 6). The aperture exposed a length of spinal cord 

from the TlO to L2 vertebral levels, ensuring a wide 

margin of error for including the sciatic nerve motor 

neurons in the radiation field. Four mice at a time in 

wrap-around shields were positioned on their sides (fig. 

3) and were covered by a second 3 mm thick lead shield 

with a central 10 cm diameter aperture, so that all 

surfaces of the mice except those areas within the wrap

around shield apertures were protected from radiation 

(fig. 4). Transmission of radiation through the 3 mm lead 

shield was measured to be 1.5% of the delivered dose. 

Irradiations were carried out with a Pantak 

Industrial X-ray machine operated at 240 kVp and 15 mA. 

Filtration conditions were 0.25 mm Cu plus 1 mm Al, giving 

a half-value layer of 1.12 mm Cu. A vertical beam was 
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Figure 3. Four sedated mice are secured to perspex 

supports with rubber bands, then fitted with wrap-around 

lead shields and positioned on their sides under the x-ray 

machine. 

x0.4 life size 

Figure 4. A 3 mm-thick lead shield with a central 

aperture is placed on top of the mice, and further 

rectangular shields positioned to complete the cover. 

Only the 1.5 x 1.0 cm area on the back of each mouse is 

exposed to irradiation. 

x0.95 life size 





Figures overleaf 
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Figure 5. A dorsal view of a mouse in a wrap-around lead 

shield. The black dot at the centre of the aperture marks 

the position of the T13 vertebra. 

xl.4 life size 

Figure 6. a. Radiograph showing a mouse secured on a 

perspex support with openings for the front legs and 

abdomen. 

b. A lead shield is fitted around a mouse. The 

area exposed to irradiation is within the aperture, at the 

centre of which is the T13 vertebra. 

x0.9 life size 
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used with a target-to-table distance of 40 cm. Dosimetry 

was performed using Harshaw TLD 700 detectors sealed in 

polythene sachets and inserted via a laminectomy vert

ically into the spinal canal of 4 dead mice at the T13 

vertebral level. A mean dose rate of 1.39 Gy/min (SD+/-

0.04> was calculated from 2 exposures of 4 animals per 

exposure. There was no significant difference between the 

mean doses in the 4 mouse positions. Animals were lightly 

anesthetised, placed in the jig, and exposed to either 25 

or 50 Gy of X-irradiation in room air (1 Gy=lOO rads). 

2. Assessment of axonal sprouting. 

All animals were perfused through the heart with 

Bouin's fixative, after clamping the right thigh with 

artery forceps to prevent entry of fixative into the calf. 

a. Counting of endplates 

Each motor endplate was examined microscopically 

under high power and placed in one of two categories: 

(1) "sprouting" if either a preterminal axon and a sprout, 

or 2 sprouts from a single endplate were seen, and 

(2) "non-sprouting" if no sprouts or a single sprout from 

an endplate with no visible preterminal axon were seen. 

This system was used to eliminate the possibility of 

terminal axons being counted as sprouts, though sprouts 

could usually be distinguished by their smaller diameters. 

b. Measurement of axonal sprout length 

Under light microscopy, using a drawing tube which 

projected over the bit-pad of a Kontron MOP AM-3 image 

analyser, a cursor with a light-emitting diode was used to 

trace the lengths of 100 consecutive sprouts from each 

group of animals that had muscles sampled 2 weeks after 

botulinum toxin injection. A x25 objective was used and 

all measurements were calibrated with a stage micrometer. 

The MOP was linked to a RML 380Z computer programmed to 

calculate fibre length. Results were displayed in 

histogram form to show the length frequency distributions. 
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3. Examination of spinal cord. 

Serial sections of transverse and longitudinal spinal 

cord blocks containing the sciatic nerve motor neurons 

were stained with hematoxylin and eosin, and cresyl violet 

with Luxol fast blue. 

4. Experimental groups. 

Animals were divided into the following groups: 

a. Control group 

1. normal (no radiation or toxin> <2 mice). 

2. 25 or 50 Gy spinal irradiation only (no toxin); 2 

weeks survival (4 mice). 

3. botulinum toxin only (no irradiation>; 1 week, 2 

weeks, 3 weeks or 6 months survival (12 mice). 

b. Irradiation and sprouting group 

1. 25 Gy spinal irradiation; toxin 1 day later; 1 

week, 2 weeks, or 3 weeks survival after toxin (11 mice). 

2. 25 Gy spinal irradiation; toxin 2 weeks, 4 weeks 

or 6 months after irradiation; 2 weeks survival after 

toxin < 11 mice). 

3. 50 Gy spinal irradiation; toxin 1 day, 2 weeks or 

4 weeks after irradiation; 2 weeks survival after toxin (7 

mice>. 

c. Irradiation and long-term endplate morphology 

group 

25 Gy spinal irradiation; toxin 1 day after 

irradiation; 6 months survival after toxin (2 mice). 



RESULTS 

1. Normal soleus muscle and spinal cord. 

In the normal mice, nerve trunks entered the muscle 

at the neuromuscular hilum, and near the middle of each 

muscle nerve bundles broke up into sprays of single 

myelinated axons (fig. 7). Each axon proceeded for a 

short distance before terminating in the motor endplate of 

a single extrafusal muscle fibre (fig. 7). The shape and 

size of the cholinesterase-stained endplate varied with 

the plane of section, but most were round or oval. Only 

very rarjly were terminal sprouts seen in 

(table~' control 1). 

normal muscle 

The normal spinal cord had the usual distribution of 

peripheral white matter and central grey matter divided 

into anterior and posterior horns. In the anterior horns 

were the cell bodies of large and small motor neurons. 

Anterior and posterior spinal roots emerged from the cord, 

and the T13 posterior root ganglion could be seen on the 

posterior root. 

2. Spinal irradiation. 

Animals irradiated with 25 Gy showed no systemic 

side-effects but lost hair over the irradiated region 

about 3 weeks after exposure. The underlying skin 

appeared atrophic but remained intact. After 50 Gy 

irradiation, hair was lost over the exposed region at 

about 2 weeks and was followed by focal skin ulceration 

which healed with scarring. Animals retained the ability 

to groom and eat normally, and there was no evidence of 

hindlimb paralysis. About 40% of animals given 50 Gy 

doses lost weight and died between 2 and 5 weeks after 

irradiation. No cause for these deaths could be found 

when terminally ill animals were perfused with fixative 

and examined histologically. 

Two weeks after 25 Gy 

sprouts were visible (table 

irradiation, rare terminal 

~ '! control group 2 > , similar 



to the proportion in normal muscle. The pattern of 

innervation appeared normal, and there was no atrophy of 

muscle. 

No light microscopical changes were apparent in the 

spinal cord grey or white matter or in the spinal roots 2 

weeks after 25 Gy or 50 Gy irradiation. Features specif

ically sought were alterations in the nuclei or nucleoli 

of spinal motor neurons, or changes in cytoplasmic Niss! 

substance. 

3. Botulinum toxin injection. 

One day following botulinum toxin injection mice 

developed severe weakness of the right hindlimb muscles 

and for 2 or 3 days showed signs of generalised toxicity. 

After 1 week, atrophy of the right distal hindlimb muscles 

was evident macroscopically. Animals regained full use of 

the limb about 5 weeks after injection. 

One week after botulinum toxin, thin sprouts were 

seen arising from terminal axons at the endplates (fig. 

8>. Most sprouts had tips with a blunt end or fine taper, 

and structures resembling growth cones were not evident. 

Two weeks after the injection of toxin, nerve growth was 

abundant; the sprouts were larger, and numerous irregular 

branches were seen (fig. 9). Muscle fibres were obviously 

atrophic, and endplates were thin and elongated. Three 

weeks following toxin injection, motor nerve growth in the 

muscle was advanced, with a complex pattern formed by the 

nerve fibres. Cholinesterase was distributed in an 

abnormal fashion with the enzyme localised in the form of 

branching lines or diffuse patches, following the 

arrangement of the nerve fibres. 

Although sprouts appeared more profuse at 2 and 3 

weeks post-toxin, the quantitative assessment showed a 

similar percentage of endplates with sprouts 1, 2 and 3 

weeks after injection (table~ control group 3). Two 

weeks post-toxin was the time chosen for most of the 

quantitative assessments, since sprouts were most easily 
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Figure 7. Normal preterminal axons and endplates. 

Bundles of preterminal axons (right) spray out into single 

axons, each of which innervates an endplate. The dark 

cholinesterase staining outlines the terminal axon 

branchlets. 

x290 

Figure 8. One week after botulinum toxin. Axonal sprouts 

(arrows) can be seen at 2 out of 3 motor endplates in this 

field. A leash of preterminal axons is seen to the left 

of the endplates. 

x330 

Figure 9. Two weeks after botulinum toxin. A terminal 

axon (small arrow> and ultraterminal sprouts (large 

arrows> can be seen at the margins of the endplates. The 

upper endplate was .scored as "sprouting", whereas the 

lower endplate with only 1 sprout (out of focus) was 

scored as "non-sprouting". 

x330 

All: cholinesterase-silver stain. 
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seen and their relationship to the endplates most readily 

appreciated at this time. 

No light microscopical changes were seen in the 

spinal cord after botulinum toxin. In particular, there 

was no evidence of an axon reaction (chromatolysis, 

nuclear displacement, or cell swelling) in the cell bodies 

of the large motor neurons. 

4. Spinal irradiation and botulinum toxin injection. 

After irradiation and toxin injection, mice had the 

same local and systemic reactions to botulinum toxin as 

non-irradiated animals and recovered right lower limb 

function at about the same time as non-irradiated animals. 

a. Proportion of endplates with sprouts 

Table 3 on page 68 shows the percentages of endplates 

with botulinum toxin-induced sprouts after varying the 

dose of radiation, the time between irradiation and toxin 

injection, and the time between toxin injection and 

survival. The percentage of endplates showing botulinum 

toxin-induced sprouts appeared similar in all groups, and 

statistical analyses using chi-squared tests and 3-way 

analysis of variables (unbalanced) showed no significant 

differences between irradiated and non-irradiated animals. 

b. Length of sprouts 

The histograms facing page 69 show the di·stribution of 

sprout lengths from the subgroups in which muscles were 

sampled 2 weeks after toxin injection. In 3 of the 

irradiated subgroups (25 Gy, toxin 2 weeks, 4 weeks and 6 

months after irradiation) there was a tendency for sprouts 

to have shorter lengths than the control group <all 

p<0.001 using a Mann-Whitney U test), but there were no 

statistic.ally significant differences between the control 

group and any of the 50 Gy irradiated subgroups or the 25 

Gy, toxin 1 day after irradiation subgroup. 
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TABLE 3. Experimental groups showing proportion of 

endplates with sprouts. 

Group Radiat BoTx Surv Total sprout 
dose time time endplates % 

after after counted 
rad BoTx 

Control 
1 282 ( 2) 0.4 

2 25Gy 375 ( 2) 0.5 
50Gy 310 ( 2) 0.3 

3 BoTx lw 456 ( 3) 59 
only 2w 379 ( 4) 62 

3w 391 ( 3) 60 

Irradiation 
and sprouting 

1 25Gy ld lw 555 (4) 66 
ld 2w 414 ( 4) 64 
ld 3w 193 ( 3) 58 

2 25Gy 2w 2w 114 ( 3) 57 
4w 2w 359 ( 4) 64 
6m 2w 421 (4) 53 

3 50Gy ld 2w 135 ( 2) 57 
2w 2w 189 ( 3) 61 
4w 2w 213 (2) 59 

Numbers in brackets indicate numbers of muscles. 

d=day, w=week, m=month, BoTx=botulinum toxin, Gy=Gray 
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Histograms showing the length-frequency distribution of 

axonal sprouts in muscles examined 2 weeks after botulinum 

toxin. Open hatched bars: control group (botulinum toxin 

only). Closed empty bars: experimental groups 

(irradiation and botulinum toxin). In 3 groups (25Gy 2w, 

25Gy 4w, 25Gy 6m) there is a shift of the histograms to 

the left of the control (i.e., shorter sprout lengths). 

Gy=Gray, time=time between irradiation and botulinum toxin 

injection, d=day, w=week, m= month 
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c. Long-term endplate morphology 

There was no qualitative difference seen in the 

endplate morphology between 25 Gy irradiated and non

irradiated groups 6 months after toxin injection. In both 

groups the zone of muscle innervation was widened and less 

well-defined than normal. Many preterminal axons were 

branched, and endplates were often large and complex. 

Persisting ultraterminal nerve fibres were seen extending 

from some endplates. 

d. Spinal cord histology 

No light microscopical changes were visible in the 

anterior horn cells, surrounding neuropil or spinal roots 

in any of the groups. In particular, there was no 

evidence histologically of the axon reaction in anterior 

horn cells, and no features of early or delayed radiation 

damage. 
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DISCUSSION 

The effecc of .irrad.iac.ion on nervous c.issue 

Radiation damage in biological systems is initiated 

by free radicals and most cells are killed by inhibition 

of cell division (Little 1968, Tolmach et al. 1971). Free 

radicals also affect macromolecules such as proteins 

(Little 1968). In cell cultures DNA, RNA and protein 

synthesis is inhibited following irradiation (Elkind et 

al. 1967) and in non-dividing cells irradiation can change 

the metabolism of these substances without causing cell 

death (Singh and Singh 1982). Enzymes involved in the 

polymerisation of nucleotides into DNA and RNA have been 

found to be particularly sensitive to irradiation (Mandel 

and Chambon 1960). Thus, radiation damage to the nervous 

system can be due to reproductive failure of cells capable 

of division, such as the supporting glial or vascular 

cells, or due to direct metabolic damage to the non

dividing cells, the neurons. 

The effect of radiation on the per.iphera1 nervous 

system has been the subject of many studies. In 1955 Edds 

found that in rats 25 Gy of X-irradiation hampered both 

the speed and degree of regeneration of axons after tibial 

nerve crush, and reduced the number of Schwann cells. X

irradiation in doses from 2 to 25 Gy inhibited the prolif

eration of Schwann cells in crushed sciatic nerve of rat, 

and no difference was found whether the irradiation was 

given 3 weeks or 9 months before the nerve crush (Cavanagh 

1968a,b,c). In rat, 15 to 30 Gy of X-irradiation caused a 

permanent failure of regeneration of cut sciatic nerve 

(Streline and Evsukov 1965). In regenerating tibial nerve 

of mouse, 15 to 20 Gy of X-irradiation reduced prolif

eration of Schwann cells, and the regenerating axons had 

reduced amounts of myelin (Love 1983) and showed impaired 

conduction <Gomez and Love 1984). Twenty Gy of X

irradiation inhibited the regeneration of peripheral nerve 

of mouse across a gap in a polythene tube (Scaravilli et 

al. 1986). After muscles of one leg in the mouse were 
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irradiated with 15 Gy before injection of botulinum toxin, 

axons still sprouted but the sprouts remained unrnyelinated 

and many degenerated (Gomez et al. 1982). The effects of 

radiation on peripheral nerve regeneration have been 

attributed to its action on Schwann cells (Cavanagh 

1968a,b,c, Love 1983>, but an additional direct effect on 

the elongating axon cannot be discounted. 

Though centraJ nervous tissue is more resistant to 

damage by radiotherapy than rapidly dividing cells like 

those of the bone marrow and gut epithelium, it has been 

recognised for many years that neurological damage can 

occur as a late result of radiotherapy (Reagan et al. 

1968). A number of studies on post-irradiation metabolism 

in nerve cells of the central nervous system have been 

performed in attempts to find the underlying mechanism for 

this delayed radiation damage to the brain and spinal cord 

(Van der Kogel and Barendson 1974, Bradley et al. 1977, 

Hopewell 1979). Subtle histological changes found in 

nervous tissue during the latent period before delayed 

radiation damage became obvious were indicators that 

radiation caused injury soon after being given (Zeman 

1968). 

There is abundant evidence that irradiation affects 

metabolic processes in the central nervous system. Acid 

phosphatase activity, a non-specific indicator of cell 

injury, was increased in the neurons of rat brain 3 hours 

to 4 months after radiation doses between 15 and 100 Gy 

(Kagan et al. 1962). In newborn rat, brain X-irradiation 

(7.5 Gy> decreased the amount of protein and dehydrogenase 

enzyme content of the nervous system (Hamberger et al. 

1970). Immediately after a course of 30 Gy irradiation (5 

Gy daily for 6 days> the incorporation of radiolabelled 

leucine into rat brain protein was greatly reduced 

(Nakazawa et al. 1965>, and neuronal cytoplasmic RNA 

synthesis was depressed 1 to 2 days after exposure of rat 

brain to 5 Gy of radiation (Yamamoto et al. 1964>. In 

motor neurons of mouse spinal cord, gamma irradiation <6 

Gy> decreased the activity of a number of enzymes involved 
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in oxidative phosphorylation <Olkowski et al. 1972), 

inhibited the incorporation of radiolabelled uridine into 

the cytoplasm and nucleus (Olkowski 1972), and reduced the 

histone content in nuclei (Olkowski and Manocha 1971>. 

Irradiation caused a decrease in cytoplasmic uptake of 

radiolabelled leucine in mouse spinal cord motor neurons 

(Olkowski 1971), as well as a decrease in the amount of 

RNA within these neurons (Shungskaya et al. 1966). 

Following spinal irradiation (35 Gy> in rats, functional 

impairment of alpha motor neurons was demonstrated 8 weeks 

post-irradiation, whereas the earliest histological 

evidence of damage was 4 weeks later (Fewings et al. 

1977>, suggesting that metabolic changes take place before 

structural alterations. When mouse spinal cord was 

irradiated (25 Gy) 4 hours or 1 month before nerve crush, 

there was a decrease in anterior horn cell neurofilament 

staining <an indicator of the axon reaction>, the effect 

being more marked in those neurons irradiated 1 month 

before crush (Moss and Lewkowicz 1985). All these studies 

indicate that irradiation profoundly affects the 

metabolism of nerve cell bodies without causing marked 

structural damage. 

Little is known about the effects of radiation on 

axonal transport mechanisms. In one study in rats the 

intra-axonal transport of acetylcholine, cholinacetyl

transferase and ACh-esterase was not reduced by 60 Gy of 

spinal irradiation (Booj et al. 1980). Since the proximal 

sciatic nerve roots were in the irradiation field in the 

present experiment, the continued axonal growth implies 

either that the radiation doses given did not effect any 

axonal transport mechanisms necessary for axonal elong

ation, or that axons continued to grow despite damage to 

the axonal transport system. 

!l'hlung of che rad.fat.ion dose 

Botulinum toxin was injected at intervals between 1 

day and 6 months after radiation to ensure sprouting was 

initiated during the various possible time-dependent 

phases of radiation damage. Early (1 day) post-radiation 
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injections were given because many neuronal biochemistry 

studies have shown changes within the first few days after 

radiation (Kagan et al. 1962, Yamamoto et al. 1964, 

Nakazawa et al. 1965, Olkowski 1971, Olkowski et al. 

1972), and neuronal and astrocytic damage in rat brain 

during the first few hours after radiation may be repaired 

after 2 weeks (Zeman 1968). Intermediate (2 and 4 weeks> 

post-irradiation injections excluded a cumulative radia

tion effect over time, in contrast to the cumulative 

effect that radiation had on inhibiting the axon reaction 

in anterior horn cells (Moss and Lewkowicz 1985). Neuro

logical and histological abnormalities have been seen in 

mice about 6 months after spinal irradiation (Moss and 

Lewkowicz 1985) so sprouting was induced at this time as 

well, in case the radiation effect was maximal at this 

later time. 

The .lack of effec'I: of .irrad.ia'l:.ion on axona.l sprou'l:.ing 

In this study, moderate (25 Gy> and high (50 Gy) 

doses of spinal X-irradiation did not reduce the number of 

endplates with botulinum toxin-induced ultraterminal 

sprouts or alter the long-term endplate morphology. The 

radiation was given in a single dose to a relatively large 

length of spinal cord, so the effect of the dose was 

likely to be functionally significant (Goffinet 1976). 

When axonal sprout lengths were measured there was a 

statistically significant tendency for some 25 Gy 

irradiated subgroups to have sprouts of shorter length, 

but since the 50 Gy subgroups were unaffected, it seems 

unlikely that this particular batch of results was 

biologically significant. Overall, spinal irradiation did 

not hinder distal axonal growth. 

An elongating axon requires supplies of cytoskeletal 

elements (microtubules, ·neurofilaments and micro

filaments), and plasma membrane material. Since the 

axoplasm does not appear to contain the organelles 

required for protein and lipid synthesis, it has been 

thought that all axonal substances are synthesised in the 

nerve cell body, and then transported down the axon to be 
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metabolised or inserted into the axolemma (Grafstein and 

McQuarrie 1978>. Cytoskeletal proteins are thought to be 

assembled into larger units in the cell body then trans

ported down the axon as a lattice (Hoffman and Lasek 

1975). The failure of spinal irradiation to inhibit 

axonal growth casts doubt on this model, since the complex 

processes of protein and lipid synthesis and assembly in 

the cell body were unlikely to be immune from the large 

doses of irradiation given. There are three models of 

axonal metabolism that fit the radiation results better, 

all suggesting that the axon is not merely an inert tube 

down which materials are transported. 

1. Protein metabolism within the axon. Despite the 

conventional view that all protein are synthesised in the 

cell body, a small amount of protein is repeatedly found 

to be produced within axons and at nerve endings, implying 

that axons may contain the subcellular machinery required 

for protein manufacture (Droz 1969, Droz and Koenig 1971 1 

Tobias and Koenig 1975a,b, Frankel and Koenig 1977). The 

failure of spinal irradiation to inhibit axonal growth 

suggests that this local axonal protein synthesis may play 

a significant role in axonal regeneration, but an 

inability to find ribosomes throughout the adult axon has 

cast doubt on the theory of substantial intra-axonal 

protein synthesis (Peters et al. 1976, Grafstein and 

McQuarrie 1978>. 

2. Glia-to-axon protein transfer. This form of protein 

transfer would not have been affected by the spinal 

irradiation, since it takes place between the distal axon 

and adjacent glial cells (Lasek et al. 1974, 1977). An 

exchange of protein between Schwann cells and axons has 

yet to be proved in mammalian axons, however, so this type 

of axonal autonomy seems·unlikely. 

3. The last, and most persuasive, view, is that the nerve 

cell body in its programme of normal maintenance pre

synthesises most of the material required for later axonal 

growth (Perry and Wilson 1981). Rather than proteins and 
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lipids being synthesised and assembled in the cell body, 

they could be stored in the distal axon and when needed 

inserted into the growing axon (Ingoglia et al. 1984, 

Nixon and Logvinenko 1986, Bamburg 1986, Lasek and Katz 

1987). The radiation results support this concept, since 

a local assembly and disassembly process in the distal 

axon would have been shielded from the irradiation 

affecting the nerve cell bodies. 

Summaz:y 

None of the postulated mechanisms of axonal growth 

involving cell body protein synthesis, assembly or axonal 

transport appears to have been affected by the large doses 

of radiation given to the anterior horn cells in this 

experiment, since axonal growth progressed virtually 

unabated. This suggests either that the biochemical 

processes in the nerve cell body responsible for axonal 

regeneration are resistant to large doses of radiation, or 

that the axon is to some extent autonomous in regulating 

its own growth. Since a number of studies have indicated 

that irradiation disturbs neuronal RNA and protein 

metabolism, the suggestion of axonal autonomy is more 

likely. 
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CHAPTER 5 

EXPERIMENT 2: AXONAL SPROUTING AND THE CELL BODY 

REACTION 

~NTRODUCTION 

The dramatic morphological and metabolic changes that 

occur in the nerve cell body after axonal damage have been 

interpreted by many as evidence that the axon is dependent 

on the cell body for all its needs during growth 

(Grafstein and McQuarrie 1978). The precise purposes, 

however, of the various components of this reaction remain 

unknown. Although some functions of the cell body 

response could be regenerative in nature, it is possible 

that many are non-specific reactions to trauma, and are 

not primarily concerned with axonal outgrowt~ (Carbonetto 

1982, Grafstein 1983). 

One way to assess the contribution of the cell body 

responses is to promote axonal growth without physically 

damaging the axon, and then see which, if any, of the cell 

body changes follow. If changes such as cell body 

swelling, Niss! substance dispersion, and neurofilament 

alterations that are seen after axotomy do occur in intact 

elongating axons, it can be deduced that these reactions 

are involved in expansion of the axonal membrane. If, on 

the other hand, no morphological changes in the nerve cell 

body occur during botulinum toxin-induced sprouting, it 

can be inferred that these changes represent reactive or 

restorative phenomena and are not directly linked to early 

axonal outgrowth. To test this hypothesis, an axon 

reaction was elicited by nerve crush in one group of 

animals. In another group, axonal elongation was induced 

by blocking neuromuscular transmission with botulinum 

toxin, and the nerve cell bodies examined for features of 

the same axon react.ion that was seen after nerve crush. 
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EXPERIMENTAL PROCEDURE 

1. Sciatic nerve crush. 

Animals were deeply anesthetised with a mixture of 

midazolam/fentanyl-fluanisone. The sciatic nerve was 

exposed in the right lower thigh just above the knee <fig. 

12) and crushed with watchmaker's forceps for 10 seconds. 

The skin incision was closed with metal staples and the 

animal allowed to recover. 

2. Toxin injection and assessment of axonal sprouting. 

Botulinum toxin was injected into the right calf 

muscles. Frozen sections of the right soleus were stained 

for axons and cholinesterase activity, and the number of 

endplates showing sprouts was expressed as a percentage, 

as described in experiment 1. 

3. Spinal cord microscopy. 

The fixative used for all paraffin sections was 

Bouin's fluid (saturated aqueous picric acid 150 ml, 

formalin 50 ml, glacial acetic acid 10 ml). Each animal 

was deeply anesthetised, the right thigh was clamped with 

artery forceps to prevent entry of fixative into the 

hindlimb, and the animal was then perfused through the 

heart with 60 ml of Bouin's fluid. After perfusion, the 

mouse was immediately pinned prone on a cork board and the 

tissue overlying the spinal column removed. To obtain 

transverse sections of spinal cord, a T13 laminectomy was 

performed to expose the underlying cord to the fixative, 

and the spinal cord and column between vertebrae T9 and L4 

were separated from the animal and immersed in Bouin's 

fluid for 2 hours. A 2 mm thick transverse block was then 

removed from the spinal cord, with the superior margin at 

the superior border of the T13 posterior root ganglion 

(fig. 11). For longitudinal sections, a T12, T13 and Ll 

laminectomy was performed and the spinal cord and column 

between vertebrae T9 and L4 removed from the animal and 

immersed in Bouin's fluid for 2 hours. After fixation, 

the spinal cord, spinal roots and posterior root ganglia 
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Figure 10. Anatomy of mouse lumbar spinal cord (posterior 

aspect). The sciatic nerve posterior root entry zone 

extends throughout the T13 vertebral level, with its / 
. ~---r 

centre located by the T13 posterior root ganglion~ the 

horizontal level of the lateral tips of the last ribs. 

s 
T=thoracic, L=lumbar, T12-L~=thoracic and lumbar 

vertebrae, ovals (right>=posterior root ganglia 

Figure 11. Anatomy of mouse lumbar spinal cord (posterior 

aspect). Transverse blocks of spinal cord (within arrows) 

were taken at the T13 posterior root ganglion level to 

include sciatic nerve motor neurons innervating the distal 

hindlimb. 

G=T13 poster1or root ganglion, T13=thoracic vertebra no. 13, 

L3-5=proximal lumbar posterior roots 

Figure 12. Anatomy of mouse sciatic nerve. The arrow 

shows the site of sciatic nerve crush in the lower thigh. 

The nerve to the soleus muscle branches off the posterior 

tibial nerve. 

L 
N=nerve, G~=glutei, H=hamstring muscles, COM PER=common 

peroneal, ~G=medial gastrocnemius, LG=lateral 

gastrocnemius, P=peronei, DF=deep flexors, POST 

TIB=posterior tibial 
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between the superior margin of T12 and inferior margin of 

Ll were separated from the vertebrae. The right side of 

the cord in both preparations was marked with black ink. 

Blocks of spinal cord were dehydrated in ascending 

alcohols, cleared in chloroform, and impregnated and 

embedded in paraffin wax. Serial 5 µm sections of the 

transverse blocks were cut from the superior surface and 

every 6th section was mounted consecutively, until 6 

slides with 4 sections on each were obtained. Serial 5 µm 

sections were cut from the anterior surface of the 

longitudinal blocks until anterior horn cells were 

identified in the spinal cord, and sections then cut until 

the central canal was seen. The sections were mounted in 

the same way as the transverse blocks. All sections were 

air dried. 

For routine light microscopy, sections were stained 

with hematoxylin and eosin, and cresyl fast violet (for 

Nissl substance) with Luxol fast blue (for myelin). To 

demonstrate neurofilament protein, a monoclonal antibody 

(RT97> was used which recognises the 200 kilodalton 

neurofilament polypeptide. Polyclonal antibody was raised 

in mice against purified rat brain neurofilament, and 

using hybridoma techniques a cell line obtained which 

produced the RT97 antibody (Wood and Anderton 1981). This 

was injected into a mouse and the ascitic fluid used as a 

source of antibody. An indirect irnrnunoperoxidase tech

nique was used. Nonspecific staining was prevented by 

adsorption with normal goat serum. Sections were 

incubated in RT97 overnight at 4°C, then incubated in 

rabbit anti-mouse peroxidase conjugate (DAKO> for 1 hour 

at room temperature. The reaction was precipitated with 

diaminobenzidine and 1% hydrogen peroxide, and the 

sections lightly conterstained with Mayer's hematoxylin 

for 1 minute. For a substitution control, normal mouse 

serum was used instead of RT97. 
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4. Experimental groups. 

Animals were divided into the following groups: 

a. Control group 

No nerve crush or botulinum toxin (10 mice). 

b. Nerve crush group 

Right sciatic nerve crush. 3 days, 1 week, 2 weeks 

or 3 weeks survival (22 mice). 

c. Botulinum toxin group 

Toxin injected into right calf. 3 days, 1 week, 2 

weeks or 3 weeks survival (30 mice). 

In all groups at least 2 transverse and 2 long

itudinal spinal cord blocks were examined under light 

microscopy at each survival time. In 4 animals from each 

subgroup, the soleus was removed to measure the extent of 

axonal sprouting. 

RESULTS 

1. Nerve crush and botulinum toxin injection. 

After the sciatic nerve was crushed, the right leg 

and foot were completely paralysed, but the mouse suffered 

little decrease in general mobility and was able to climb, 

eat and drink without difficulty. The clinical reaction 

to botulinum toxin was the same as that described in 

experiment 1. 

2. Soleus muscle. 

No terminal axonal sprouts were seen in the right 

soleus in control animals, after sciatic nerve crush, or 3 

days after botulinum toxin. Axonal sprouts were seen 

arising from terminal axons of 62% of endplates at 1 week, 

58% of endplates at 2 weeks, and 64% of endplates at 3 

weeks post-toxin. 
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3. Spinal cord microscopy. 

a. Routine stains (hematoxylin and eosin, cresyl 

violet with Luxol fast blue). 

No.noa.l 

The lower lumbar spinal cord of control animals 

showed the usual distribution of anterior horn cells, with 

a discernible anterolateral nuclear group (for glutei and 

hamstring muscles) and a posterolateral group (for hindleg 

and foot muscles) (McHanwell and Biscoe 1981). Normal 

alpha motor neurons in the anterior horn had large round 

vesicular nuclei, usually positioned in the centre of the 

cell body, and basophilic Nissl bodies in the cytoplasm 

arranged in clumps of varying size. 

Nerve crush 

No changes in lumbar motor neurons were seen 3 days 

after sciatic nerve crush. One week post-crush, motor 

neuron cell bodies in the right lumbar posterolateral 

anterior horn showed a slight increase in size and 

basophilia, but no definite Niss! substance dispersion. 

Two weeks post-crush, about 50% of large motor neurons in 

the posterolateral region had a moderate to marked 

increase in cytoplasmic size and moderately increased 

basophilia, with dispersion of most of the Nissl substance 

into smaller clumps surrounded by a dustlike material 

<fig. 14). There was no apparent change in nuclear or 

nucleolar size or position, and no decrease in cytoplasmic 

basophilia as seen in classical chromatolysis. No changes 

were seen in the left lumbar motor neurons. 

Boru.l..inum rox..in 

After toxin injection, no microscopic changes were 

seen in left or right lumbar motor neurons at 3 days, or 

1, 2, or 3 weeks survival (fig. 13). There was no 

evidence of Niss! substance dispersion or cellular 

swelling in any of the motor neuron cell bodies 

innervating the distal hindlimb. 
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Figure 13. Two weeks post-botulinum toxin. Right-sided 

anterior horn motor neurons still have large clumps of 

Nissl substance within the cytoplasm, and appear unchanged 

from normal. Cresyl violet and Luxol fast blue. 

x340 

Figure 14. Two weeks post-crush. Right-sided anterior 

horn motor neurons have dispersed Nissl substance, 

increased cytoplasmic basophilia, and increased cell body 

size. Cresyl violet and Luxol fast blue. 

x340 
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b. Immunoperoxidase stain for neurofilament protein 

No.noa1 

In control animals, RT97 staining for neurofilament 

protein was seen in large central and peripheral axons, 

and in about one-third of neurons in posterior root 

ganglia. The cell bodies of normal spinal motor neurons 

showed no neurofilament staining, and stood out clearly 

against the darker background of interlacing axons. 

Nerve crush 

After right sciatic nerve crush, no increase in cell 

body neurofilament staining was seen at 3 days survival. 

At 1 week; slight equivocal staining was seen in a few 

right lumbar motor neurons. Two weeks post-crush, cell 

bodies in the right posterolateral anterior horn showed 

definite positive staining (fig. 15,16,18). The posit

ively stained right-sided cell bodies appeared larger than 

those on the left, which remained unstained. At 3 weeks 

survival only faint staining was seen in right-sided motor 

neurons, similar to the intensity of staining seen at 1 

week. 

Bot:u1.inUDJ t:ox.in 

After toxin injection, there was no change in 

neurofilament staining of lumbar spinal motor neurons at 3 

days, or 1, 2, or 3 weeks survival (fig. 17). The 

cytoplasm of both the right and left-sided motor neuron 

cell bodies remained free of stainable neurofilament 

protein. 
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I 

Figure 15. Spinal cord 2 weeks post-crush, transverse 

section. Motor neurons in the right dorso-lateral 

anterior horn show positive cytoplasmic staining (arrow). 

Immunoperoxidase for neurofilament antibody. 

x64 

Figure 16. Spinal cord 2 weeks post-crush, longitudinal 

section. Motor neurons on the right side of the spinal 

cord (arrow) at the level of the T13 posterior root 

ganglion show positive cytoplasmic staining and appear 

larger than those of the left. The central canal is seen 

inferiorly. 

Immunoperoxidase for neurofilament antibody. 

x64 
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Figure 17. Two weeks post-botulinum toxin. Anterior horn 

cell bodies remain unstained by the antibody, and stand 

out clearly against the positively-stained meshwork of 

axons. 

Immunoperoxidase for neurofilament antibody. 

x320 

Figure 18. Two weeks post-crush. Right lumbar anterior 

horn cells show positive diffuse cytoplasmic staining, as 

well as the normal background axonal staining. 

Immunoperoxidase for neurofilament antibody. 

x320 
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DISCUSSION 

!I'he axon react:.ion .in sp.ina1 mot:or neurons 

The spinal motor neurons of mice have not often been 

used in studies of the axon reaction because early reports 

suggested that these neurons were resistant to the usual 

changes seen after axotomy (Lison 1962, Friede and 

Johnstone 1967). However, typical chromatolysis has been 

described in mouse anterior horn cells (Engh et al. 1971>, 

though in rodents these cells often respond to axotomy by 

dispersion of the Nissl substance and an increase, not 

decrease, in cytoplasmic basophilia (Torvik and Reding 

1967). The axon reaction seen in this experiment was of 

this latter type, with prominent cell body swelling 

accompanied by Nissl dispersion and increased basophilia. 

The dramatic increase in phosphorylated neuro

filaments within the cell bodies of axotomised motor 

neurons proved to be a useful technique to demonstrate the 

axon reaction. The cell bodies of motor neurons usually 

contain only a small amount of phosphorylated neuro

filaments, but after axotomy these increase markedly (Moss 

and Lewkowicz 1983, Drager and Hofbauer 1984, Goldstein et 

al. 1987> and can be demonstrated by labelled antibodies 

such as RT97 which have high affinity for the phosphory

lated forms (Carden et al. 1985). The cells showing the 

neurofilamentous changes were the same cells undergoing 

the axon reaction on routine stains, since the position of 

the cells in the spinal cord, the increased cell size, and 

the time span of the changes affected the same groups of 

cells in both techniques. 

!I'he absence of an axon react:.ion aft:er bot:u1.inum t:ox.in 

There are a number of possible explanations for the 

failure to see an axon reaction after botulinum toxin. 

Firstly, axonal lesions close to the cell body, compared 

to those further away, produce more intense and prolonged 

chromatolysis (Lieberman 1974). Could distal axonal 

sprouting therefore produce an undetectable axon reaction? 
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The effect of distance was reduced in this experiment by 

crushing the sciatic nerve distally, so that only a few 

millimetres (over a total nerve length of about 40 mm> 

separated the regenerating crushed axons from the intact 

sprouting ones. Furthermore, there is evidence that cell 

body changes follow even the most distal lesions: in 

spinal motor neurons of cat, chromatolysis occurred after 

posterior tibial nerve crush at the ankle (Prineas 1969). 

A second possibility is that fewer axons sprouted after 

toxin than after nerve crush, so that a smaller axon 

reaction was elicited by the toxin. This is unlikely, 

because after botulinum toxin virtually all affected 

endplates can be seen to sprout if serial sections are 

taken throughout the muscle (Duchen and Strich 1968a). 

After toxin injection, all the lower hindlimb muscles 

became weak and atrophic, indicating that the toxin had 

diffused widely to affect many muscles, and in all mouse 

hindlimb muscles studied after toxin injection, sprouting 

has been profuse (Duchen 1970a, Brown et al. 1980>. Thus, 

a similar number of motor axons would have sprouted in 

both the crush and toxin groups. The third, and most 

probable, explanation for the lack of an axon reaction 

after botulinum toxin is that the axonal sprouting 

proceeded without requiring changes in the cell body. 

This failure to demonstrate an axon reaction after 

sprouting is somewhat surprising, for Watson (1969> found 

that after botulinum toxin was injected into the tongue of 

rats, hypoglossal neurons underwent metabolic changes, 

including increased synthesis of ribosomal RNA and 

increased cell body protein content. The purpose of these 

metabolic changes is uncertain, and they did not appear to 

be required for axonal outgrowth since axons sprouted 

before the cell body changes. Watsonr_£t>~~d no convincing 

evidence of a morphological cell body/~~ctron 

microscopy, and other studies have found that morpho

logical features of the axon reaction can not be matched 

accurately with specific changes in cell metabolism. For 

example, changes of chromatolysis may be seen at the same 

time as a decrease in RNA synthesis (Kung 1971, Barron et 
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al. 1976>, without gross alterations in energy metabolism 

(Harkonen and Kauffman 1974>, and with no or only minor 

changes in protein synthesis (Hall et al. 1978, ~erry and 

Wilson 1981, Perry et al. 1985). Cells of the locus 

ceruleus showed no morphological change after axotomy 

(Reis et al. 1974> although synthesis of transmitter 

material was reduced (Reis and Ross 1973> and axons grew 

vigorously (Bjorklund et al. 1971). If neurons of frogs 

were kept at low temperatures, no axon reaction was seen, 

but axons began to regenerate (Carlsen et al. 1982). It 

cannot therefore be assumed that changes in RNA metabolism 

or axon outgrowth have obligatory morphological 

counterparts in the axon reaction. 

Other attempts have been made to demonstrate the axon 

reaction in intact neurons. In avian ciliary ganglion, 

both colchicine treatment and axotomy produced chromato

lytic changes, and it was suggested that a block of fast 

axoplasmic transport caused by colchicine was a signal for 

the chromatolysis (Pilar and Landmesser 1972). Since 

colchicine can cause terminal sprouting (Aguilar et al. 

1973, Rotshenker 1981>, perhaps the sprouting and the axon 

reaction were related. However, Pilar and Landmesser used 

very high doses of colchicine, and because of the small 

distance between the site of application and the cell body 

the changes could have been caused by the drug acting 

directly on the nerve cell body. Smaller doses of 

colchicine did not cause chromatolysis, and in fact 

delayed the onset of the axon reaction caused by axotomy 

(Singer et al. 1982). There is, therefore, no convincing 

evidence that a metabolic and morphological axon reaction 

can be induced in intact sprouting motor neurons. 

Imp1..ica'l:..ions for axona1 g.rowt:h 

The absence of cell·body swelling and chromatolysis 

during axonal sprouting indicates that these elements of 

the axon reaction are not essential for axonal outgrowth. 

An early increase in cell body volume after axotomy has 

been attributed to an increase in water uptake (Barr and 

Hamilton 1948, Brattgard et al. 1957, Watson 1968>, while 
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cell volume increases at later stages of the axon reaction 

have been associated with increases of cytoplasmic 

organelles, RNA, proteins and lipids (Brattgard et al. 

1957, Watson 1968). Chromatolysis, the dispersion of the 

Niss! substance, is due to a decrease of membrane

associated ribosomes and an increase in free polyribosomes 

(Torvik and Skjorten 1971, Barron et al. 1975>, the 

metabolic result being a decreased production of 

membranous material and an increased synthesis of 

cytoplasmic proteins (Grafstein and McQuarrie 1978, 

Schwartz 1985). Since cell swelling and chromatolysis did 

not occur during sprouting in intact motor neurons, it 

appears that the cell body does not have to reorganise its 

protein metabolism to support axonal outgrowth. 

Recent work has queried whether protein synthesis 

increases significantly during axonal outgrowth. A survey 

of several hundred polypeptides synthesised by the 

superior cervical ganglion showed that the programme of 

polypeptide synthesis was not appreciably altered by 

axotomy of the postganglionic nerve (Hall et al. 1978). 

Even among proteins that are axonally transported and 

might therefore be expected to be enriched for passage 

down the axon to the growing tip, the majority of species 

in regenerating axons were the same as those transported 

in normal axons (Perry and Wilson 1981, Skene and Willard 

198la,b). Axonal transport of neurofilaments has been 

shown to decrease during axonal regeneration (Hoffman et 

al. 1985), and after botulinum toxin injection, the amount 

of material transported to the nerve endings was reduced 

to about one quarter of normal (Bray and Harris 1975). It 

is apparent that axons can sprout without increased 

supplies of material having to be produced in the cell 

body and transported down the axon. 

The functional significance of the increased 

neurofilament phosphorylation seen in the cell body after 

axotomy is unknown, though phosphorylation markedly alters 

the immunological and physical properties of neuro

filaments (Sternberger and Sternberger 1983, Carden et al. 
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1985). Increased phosphorylation could block or slow 

neurofilament movement, especially through the cell body, 

accounting for the diminished transport of neurofilaments 

into and along the axons of transected nerve (Hoffman et 

al. 1985). Alternatively, increased phosphorylation of 

neurofilaments could represent an epiphenomenon involving 

filaments whose residence in the cell body had been 

prolonged (Goldstein et al. 1987). Whatever the func

tional significance, the phosphorylation of neurofilaments 

did not increase in intact sprouting neurons, indicating 

that this process is not required for early axonal 

outgrowth. 

SUD10Ja.xy 

None of the changes of Niss! substance dispersion, 

increase in cell body size or alterations in neuro

filaments that occur after axotomy could be demonstrated 

after axonal sprouting caused by botulinum toxin. The 

precise function of the elements of the axon reaction have 

still to be elucidated. Some events may represent the 

response of the neuronal cell body to cellular injury and 

as such can be found in injured cells in general, rather 

than being specific for nerve cells. Other events could 

be those brought about by turning on normal homeostatic 

mechanisms, for example to decrease production of unwanted 

neurotransmitters (Reis and Ross 1973). None of the 

elements of the axon reaction can be linked specifically 

to the rebuilding of the new axon. This supports the 

hypothesis that the axon can grow without assistance from 

the cell body. 
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CHAPTER 6 

EXPERIMENT 3: EARLY AXONAL SPROUTING AFTER BOTULINUM 

TOXIN 

INTRODUCTION 

A knowledge of the temporal sequence of events 

involved in axonal growth is essential in order to 

understand the nature of the relationship between the 

growing axon and the cell body. If axons sprout before 

the cell body has had time to synthesise and transport 

material to the axonal tip, it can be deduced that the 

axon is growing independently of the cell body. It would 

seem to be an easy task to determine the time of onset of 

the axon reaction and of axonal sprouting and to find out 

which started first, but it is almost impossible to 

correlate the scattered data on the early stages of axonal 

sprouting and the early features of the axon reaction, 

since in most of the studies a number of different 

neuronal systems in a variety of animals have been used 

(Grafstein and McQuarrie 1978). In the few experiments in 

which axonal sprouts and cell bodies have been examined in 

the same neuronal system it has been reported that the 

axons grew before any metabolic changes in the cell bodies 

could be found (Watson 1969a, Lanners and Grafstein 198-0). 

One of the major difficulties in detecting early 

axonal sprouts has been the technique used to initiate 

axonal growth. Although sprouts have been reported as 

soon as 4 to 6 hours after nerve crush (Ramon y Cajal 

1928, Zelena et al. 1968>, these early times have been 

difficult to accept due to the problems in distinguishing 

regenerating sprouts from trauma-induced degenerative 

swellings, abortive sprouts, or demyelinated axons (Friede 

1964, Morris et al. 1972b, Kao et al. 1977). In this 

experiment, therefore, axonal sprouting was initiated 

without trauma by botulinum toxin (Duchen and Strich 
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1968a). 

A problem with previous light microscopic attempts to 

determine the time of onset of axonal growth has been that 

small sprouts below the resolution of the light microscope 

could not be seen (Coers and Woolf 1959). Electron 

microscopy has been found to be a reliable method to 

detect early axonal outgrowth in damaged nerves (Friede 

and Bischhausen 1980, Lanners and Grafstein 1980>, so this 

was the method used to look for early sprouts in the 

intact axon terminals. 

EXPERIMENTAL PROCEDURE 

1. Soleus muscle processing for electron microscopy. 

Modified Karnovsky's fluid (3% gluteraldehyde, 2% 

paraformaldehyde, 0.08M cacodylate buffer, 3mM CaCl, pH 

7.3> was freshly prepared for each perfusion (Karnovsky 

1965). All animals were perfused through the left 

ventricle with 60 ml of the fixative at 4°C. A number of 

procedures were tried in order to improve tissue fixation, 

including initial perfusion with normal saline or warm 

Karnovsky's fluid and the addition of heparin and vascular 

relaxants, but none noticeably improved the ultrastruc

tural detail. Immediately after perfusion the soleus was 

pinned out slightly stretched by its tendons on a wax 

sheet. The middle 2 mm of the muscle was removed with a 

double-sided razor blade, fixed in cold Karnovsky's fluid 

overnight, and washed in cold buffer. The muscle was then 

divided horizontally and vertically into 4 blocks, each 

less than 1 mm in greatest dimension, and post-fixed in 

cold 1% osmium tetroxide for 2 hours. Blocks were washed 

in cold buffer, dehydrated in graded alcohols, impregnated 

with Spurr's resin (Spurr 1969>, and individually embedded 

in fresh resin in rubber moulds. 

2. Preparation and staining of semithin sections. 

Longitudinal sections were cut at 0.5 to 1 µm with a 

glass knife in a LKB ultramicrotome and stained with 1% 
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toluidine blue in 1% aqueous solution of borax. Each 

section was examined under the x40 objective of a light 

microscope to select fields containing endplates. The 

block was then trimmed with a razor blade before ultrathin 

microtomy. 

3. Preparation and staining of ultrathin sections. 

Ultrathin sections were cut in the silver-gold area 

of interference colour (60-90 nm) with either a glass or 

diamond knife. Many sections were made from each block so 

that axons, endplates and nerve sprouts were seen at 

various levels. Sections were collected on bare 200 mesh 

thin-bar hexagonal copper grids and stained with 25% 

uranyl acetate in methanol for 3 minutes (Stempak and Ward 

1964) and lead citrate for 9 minutes (Reynolds 1963). 

4. Observation of ultrathin sections. 

Grids were examined in a Phillips 400 electron 

microscope at an accelerating voltage of 100 kV, using a 

condenser aperture of 300 µm and an objective aperture of 

20 µm. All endplates and nodes of Ranvier seen were 

photographed. To reduce magnification errors, a recently 

calibrated microscope was used, the specimen height in the 

column was adjusted for each grid, and the lens currents 

were automatically cycled immediately before photography. 

Specimens were photographed at magnifications from 1,400 

to 70,000 X, using 95 x 60 mm negative plates, and all 

photographs were printed at a two-fold enlargement. 

Measurements were made on the prints with a graduated 

ruler under an 8x magnifying lens. 

5. Assessment of axonal sprouts. 

a. Terminal sprouts 

A process from a terminal axon was considered to be a 

sprout according to the following criteria: 

1. The process extended directly from the terminal 

axon, and protruded beyond the margin of the branchlet, 

i.e. it was not due to the invagination of a Schwann cell 
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process. The length of the axonal process exceeded its 

breadth. 

2. The process contained vesicles similar in size and 

appearance to those in the terminal axon, but did not have 

any ultrastructural features of Schwann cells (ribosomes, 

basal lamina> or preterminal axons (abundant neuro

filaments or microtubules). The preterminal axon could be 

identified. 

3. The process was separated from the sarcolemma of 

the underlying muscle for more than half of its length by 

Schwann cell profiles. The nearby sarcolemma was 

unspecialised, i.e. there was no sarcolemmal thickening or 

post-synaptic folding. 

The shortest linear distance between the most distal 

visible extension of the sprout and the terminal axon was 

measured. The point of take-off of the sprout from the 

terminal axon was based on an assumption that the terminal 

axon had a regular border. 

b. Nodal sprouts 

At nodes of Ranvier, a process was considered to be a 

sprout according to the following criteria: 

1. The well-defined elongated process extended 

directly from the internodal axolemma. The length of the 

process exceeded its breadth. Ill-defined bulges, seen 

often at normal nodes, were excluded. 

2. The process contained vesicles, and there was no 

dense undercoating beneath the axolemma. 

6. Experimental groups. 

Animals were divided into the following groups: 

a. Control group 

No botulinum toxin (14 mice). 
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b. Botulinum toxin group 

1. Botulinum toxin injection; 3 hours, 6 hours, 12 

hours, 18 hours, 1 day, 2 days, 3 days, 4 days and 5 days 

survival (6 mice per survival time). 

2. Inactivated (boiled) botulinum toxin injection; 1 

day, 2 days and 5 days survival (4 mice per survival 

time). 

RESULTS 

1. Ultrastructure of axons and endplates in normal soleus. 

In axons and endplates from normal mice the following 

features were observed: 

a. The preterminal axon 

Intramuscular axons were found in small bundles (fig. 

19) before separating into individual preterminal axons 

(fig. 20). A Schwann cell myelin sheath enclosed each 

axon. Within the axoplasm were elongated mitochondria, 

longitudinally orientated neurofilaments and microtubules, 

and tubular vesicles of smooth reticulum. Nodes of 

Ranvier were seen at intervals along the myelinated 

intramuscular axons (fig. 21), but large numbers could not 

be examined because of the undulating course of the axon 

within the muscle (fig. 20). Between the terminations of 

the myelin lamellae, the nodal axolemma had a straight 

edge or a gentle outward bulge (fig. 21). In the nodal 

region the axoplasm contained a variable number of 

mitochondria, vesicles, and lysosome-like granules. 

The unmyelinated preterminal axon extended from the 

last distal node of Ranvier (a heminode) to the terminal 

axon (fig. 22). This unmyelinated axon was covered by 

Schwann cell cytoplasmic processes, and could be disting

uished from the terminal axon branchlets by the presence 

in the preterminal axon of numerous neurofilaments and 
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Figure 19. Normal intramuscular nerve. A bundle of 

intramuscular myelinated axons is enclosed in a perineural 

sheath. Schwann cell nuclei are seen adjacent to 2 

myelinated axons. 

xS,630 

Figure 20. Normal preterminal axon. A myelinated 

preterminal axon winds its way tortuosly through the 

muscle. Microtubules, neurofilaments, and mitochondria 

are visible within the axoplasm. A Schwann cell nucleus 

lies above, and a fibroblast nucleus below, the axon. 

x9,870 

A=preterminal axon, C=capillary, N=Schwann cell nucleus 
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Figure 21. Normal node of Ranvier. Myelin lamellae 

terminate in loops filled with Schwann cell cytoplasm. 

The basal lamina of the Schwann cell in continuous over 

the node. The nodal axon is slightly barrel-shaped, with 

outwardly convex borders. There is an increased density 

of neurofilaments and microtubules in the nodal axon due 

to the smaller axonal volume in this region. 

x20,230 

Figure 22. Normal motor endplate. In the top left 

corner, the myelinated preterminal axon comes to an end at 

the last node of Ranvier (a heminode). A short 

unmyelinated axon dives down into the endplate where it 

divides into a number of terminal axon branchlets, each 

lying within a gutter in the sarcoplasm of the muscle 

fibre. The bridge between adjoining branchlets (for 

example the two on the left) is always closely applied to 

the sarcolemma. The whole endplate is covered by Schwann 

cell processes. The muscle sole-plate nuclei are larger 

than muscle nuclei distant from the endplates. 

x3,440 

A=preterminal axon, M=sarcoplasm of muscle, MN=sole-plate 

nucleus of muscle, N=Schwann cell nucleus, T=terminal axon 

branch let 
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microtubules, and by the absence of large numbers of 

synaptic vesicles (fig. 24>. 

b. The terminal axon 

The terminal axon divided into a number of 

branchlets, each lying within a "synaptic gutter", an 

indentation in the sarcolemrna (fig. 22,23). Terminal 

branchlets were strictly confined to the gutters and were 

covered externally by processes of Schwann cells (fig. 

22,23). Within the branchlets were numerous round or oval 

synaptic vesicles with a diameter of about 50 nm (fig. 

23). They appeared as empty vesicles or as vesicles 

filled with a homogenous substance somewhat more opaque 

than the surrounding medium. A few coated and dense-core 

vesicles were seen. Vesicles were concentrated toward the 

synaptic region, clustered around presynaptic thickenings 

in the axolemrna. A few neurofilaments and microtubules 

were seen in most terminals, usually in the region near 

the preterminal axon, and mitochondria were abundant. 

c. The Schwann cell 

The Schwann cell separated the axon terminal 

branchlet from the intercellular space. From the central 

portion of this cell thin lamellae, covered with basal 

lamina, spread out along the surface of the axon branchlet 

in one or several layers (fig. 23). The Schwann cell 

cytoplasm contained 30 to 50 nm diameter vesicles, 

ribosomes, and mitochondria. On occasion a thin Schwann 

cell process dived obliquely into a terminal axon. 

Schwann cell processes could be differentiated from 

sprouts since they contained ribosomes, had a denser 

cytoplasmic matrix, were covered by basal lamina and were 

not in continuity with the axon terminal. 

d. The post-synaptic region 

The muscle sarcolemrna underlying terminal axons was 

thickened and thrown into numerous post-synaptic folds 

(fig. 22,23). In no terminals were these regions of 

specialised sarcolemrna seen without adjacent axon 

terminals, and v.ice versa. An amorphous basal lamina-like 
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Figure 23. Normal motor endplate. A single terminal axon 

branchlet lies in its gutter, covered with Schwann cell 

processes. Within the branchlet are mitochondria, 

synaptic vesicles, and a few neurofilaments and 

microtubules. The postsynaptic sarcolemma is thrown into 

folds, and is darker and thicker than the extrajunctional 

sarcolemma. The sarcoplasm at the endplate contains large 

mitochondria, ribosomes, and glycogen granules. 

x24, 3 00 

Figure 24. Normal motor endplate. A myelinated 

preterminal axon turns at an acute angle before losing its 

myelin sheath and entering the endplate. The short 

unmyelinated preterminal axon can be distinguished from 

the terminal axon by the large number of filaments and 

tubul es and the paucity of vesicles in the preterminal 

axon . 

x21,050 

A=preterminal axon, M=sarcoplasm, MN=sole-plate nucleus, 

P=process of Schwann cell, T=terminal axon branchlet 
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material filled the synaptic gap between axon and muscle 

plasma membranes, and was continuous with the basal lamina 

covering the extrajunctional sarcolemma and the Schwann 

cells overlying the axon terminal, thereby forming a tight 

"lid" over the synaptic gutters. The muscle cytoplasm 

underlying the axon terminals contained large "sole-plate" 

nuclei and many large mitochondria (fig. 22,23). 

2. Terminal sprouting after botulinum toxin. 

a. Active botulinum toxin 

No changes were seen in terminal axons 3, 6, 12 or 18 

hours after toxin injection. At these times the synaptic 

vesicles, mitochondria, axonal plasma membrane, and 

junctional folds appeared no different from normal 

controls. In particular, there was no evidence of nerve 

degeneration. 

One day (24 hours) after toxin injection a number of 

terminal axon branchlets showed axolemmal outpouchings 

containing a few vesicles in a patchy finely filamentous 

and granular matrix (fig. 25). Although similar out

pouchings were seen only rarely in normal muscle, no axon 

protrusion fulfilling the criterion of length greater than 

breadth was seen at 1 day. 

Two days after toxin injection, similar bulges in the 

axonal plasma membrane were seen, but in addition 

processes fulfilling the criteria for axonal sprouts were 

present at a number of branchlets. In most sprouts a few 

40 to 50 nm vesicles were present in the midst of a 

patchy, finely granular and filamentous background, while 

other sprouts contained mostly vesicles and a few mito

chondria (fig. 26,27). The finger-like sprouts were 

surrounded by Schwann cell processes, and measured up to 

2 µmin length. 

Three days post-toxin, sprouts up to 4 µmin length 

were seen. Most sprouts contained a large number of 

vesicles with the same appearance as those in the axon 
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Figure 25. Endplate 1 day after botulinum toxin. A small 

(0.2 µm) outpouching of the axolemma of a branchlet is 

seen. Granular matrial and a few fine filaments occupy 

the pouch. 

x41,440 

Figure 26. Endplate 2 days after botulinum toxin. A 

finger-like axonal sprout protrudes 1.0 µm from the 

branchlet. Within the sprout are a few vesicles within a 

granular and finely filamentous background. 

x52,140 

M=sarcoplasm, P=process of Schwann cell, S=axonal sprout, 

T=terminal axon branchlet 
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Figure 27. Endplate 2 days after botulinum toxin. A 

preterminal axon gives rise to a terminal axon branchlet, 

from which arise 2 sprouts (0.6 and 1.4 µmin length> 

(arrows). Vesicles are seen in both sprouts, and a 

mitochondrion is present in the shorter one. 

x20,890 

A=preterminal axon, T=terminal axon branchlet 
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Figure 28. Endplate 3 days after botulinum toxin. A 

1.6 µm sprout extends out from a terminal axon branchlet. 

The sprout contains fine filamentous and granular material 

towards its tip, and vesicles in its more proximal 

section. 

x36,840 

Figure 29. Endplate 5 days after botulinum toxin. A 7 µm 

long sprout arises from a axon branchlet and winds its way 

along a muscle fibre. Vesicles and mitochondria are 

present in the axoplasm of the sprout. 

x14,150 

M=sarcoplasm, MN=sole-plate nucleus, P=processes of 

Schwann cell, S=axonal sprout, T=terminal axon branchlet 
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terminal, but in some sprouts the tips contained a 

granular substance, immediately behind which were vesicles 

(fig. 28). 

At 4 and 5 days post-toxin, sprouts of increased 

length were seen, at day 5 measuring up to 9 µmin length. 

These later sprouts were often very tortuous and usually 

appeared as separated profiles containing vesicles and 

mitochondria (fig. 29). 

b. Boiled botµlinum toxin 

No sprouts were seen after the injection of boiled 

botulinum toxin. 

3. Nodal sprouting after botulinum toxin. 

a. Active botulinum toxin 

Nodes of Ranvier appeared normal at 3, 6, 12, 18 and 

24 hours post-toxin. 

Two days after toxin injection, a few nodes in 

intramuscular axons showed fine sprouts up to 1 µm in 

length, consisting of elongated protrusions of the nodal 

axolemma (fig 30 > . The axolemma at the tips of these 

sprouts did not have the dense undercoating seen at the 

normal nodal axon. Within the sprouts were a few 40 nm 

vesicles in a granular matrix. 

Three to five days after toxin, scattered nodes 

showed similar sprouts of increased length (up to 3 µm> 

and width (up to 1.5 µm> (fig. 31). The nodal sprouts 

remained confined within the basal lamina of the nerve 

fibre. The internal structure of these sprouts was 

similar to the earlier sprouts, with vesicles in a 

granular background. 

b. Boiled botulinum toxin 

No nodal sprouts were seen after boiled toxin was 

injected into the muscle. 
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Figure 30. Node of Ranvier 2 days after botulinum toxin. 

A 1 µm sprout containing vesicles extends from the node. 

The distal axolemma of the sprout does not have the dense 

undercoating seen at normal nodes (arrow). 

x16,920 

Figure 31. Node of Ranvier 5 days after botulinum toxin. 

A 2.5 µm long sprout extends from the node, but does not 

penetrate the basal lamina of the Schwann cell (arrow). A 

smaller sprout is seen arising from the opposite side of 

the node. 

x12,520 

A=preterminal axon, S=axonal sprout. 





DISCUSSION 

Ident:.if.icat:.i.on of sprout:s 

Various techniques have been used to identify axonal 

sprouts in muscle. Light microscopic sections, stained to 

identify nerve processes and cholinesterase activity, are 

useful because large areas of muscle can be scanned for 

sprouts, and axons and endplates can be viewed in contin

uity. Light microscopy has two disadvantages: firstly, 

very short, fine sprouts can be below the resolving power 

of the light microscope. Secondly, the internal structure 

of the sprout cannot be seen to confirm that it is indeed 

a sprout. Thus an ultrastructural technique is needed to 

identify early sprouts with confidence. 

Two other techniques were used in an attempt to 

identify early sprouts. In the first, scanning electron 

microscopy was employed using standard techniques of 

specimen preparation, critical point drying, and sputter 

coating (Desaki and Uehara 1981). Although endplates 

could be identified using this method, the difficulties of 

distinguishing axonal sprouts from Schwann cell processes, 

collagen and small blood vessels precluded the use of this 

visually appealing technique. The second method attempted 

was scanning confocal microscopy, but a brief trial showed 

that the optical resolution achieved was no better than 

that using routine light microscopy. Thus, transmission 

electron microscopy was found to be the best method for 

demonstrating early axonal sprouts. 

The terminal axonal sprouts seen consisted of short 

axonal projections containing vesicles and mitochondria, 

similar in appearance to those described in othe~
0 

-c..... 
~0"""(:: . 

ultrastructural reports (Duchen 1971b,1973, Love 1984). 

The nature of the granular and finely filamentous material 

within the sprouts could not be identified using the 

techniques available. A difficulty in identifying very 

small sprouts was that the surface of the axon terminal 

was rarely completely smooth and regular in outline, and 
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small humps protruded from the surface of a few normal 

terminal branchlets, as described in previous studies 

(Andersson-Cedergren 1959, Birks et al. 1960). These 

small protuberances were seen only rarely in normal 

endplates, but were present in many axons at one or two 

days after botulinum toxin, suggesting that they could 

indeed be very early sprouts. However, using the criteria 

described, these outpouchings could not be unequivocally 

identified as sprouts, since their width exceeded their 

length. Using the criteria mentioned, therefore, terminal 

sprouts could be identified with confidence 2 days after 

toxin. 

There have been no convincing electron microscopic 

reports of nodal sprouts in muscles, probably because of 

sampling difficulties. In one early ultrastructural 

study, sprouts were said to emerge from extramuscular 

nerves after partial denervation in rats (Causey and 

Hoffman 1955). The quality of the micrographs in this 

early study, however, was too poor to distinguish 

"sprouts" from Schwann cell processes, and in any case it 

is improbable that sprouts arise from extramuscular nerve 

(Brown et al. 1982). The nodal sprouts seen in the 

present study consisted of axonal processes which extended 

out from nodes of Ranvier and contained vesicles and 

mitochondria. These sprouts remained short and stubby, 

and did not penetrate the basal lamina of the axonal 

sheath. Nodal sprouts have to·be distinguished from the 

outward bulges of axoplasm that occur normally at nodes 

(Landon and Hall 1976). These bulges may be quite 

pronounced in intramuscular axons, possibly related to 

marginal bundles of microtubules at these nodes (Gray and 

Westrum 1979). To ensure that the processes were not 

normal anatomical variations, a large number of normal 

muscles had to be examined, since due to the extremely 

tortuous course of the intramuscular axons only a few 

nodes in a suitable plane of section were seen in each 

muscle. 

None of the early axonal sprouts showed evidence of 
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growth cone formation at their tips, a similar finding to 

a previous ultrastructural report (Duchen 1971b). In 

light microscopic studies of botulinum toxin-induced 

sprouts, distal knobs somewhat resembling growth cones 

have been noted on some sprouts, though most had fine 

tapering tips (Duchen and Strich 1968a, Duchen 1970a). A 

lack of growth cones on these growing axons is not totally 

unexpected. Neurites in culture can elongate without 

growth cone activity (Marsh and Letourneau 1984>, and 

growth cones are not present on all growing axons, but 

seem to be required only by leading axons that need to 

follow precise pathways (Rakic 1971,1972, Lopresti et al. 

1973>, The direction of sprouting from motor endplates 

appears to be random at first (Duchen and Strich 1968a), 

so a growth cone for exact direction finding would not be 

needed. 

T.im.:ing of sprours 

The time of onset of axonal sprouting in intact 

neurons has been examined in a number of previous 

experiments using light and electron microscopy. In 

Duchen and Strich's original experiment, silver-stained 

sprouts were first seen in mouse soleus 7 days after 

injection of botulinum toxin (Duchen and Strich 1968a). 

Also in mouse soleus, sprouts have been seen 5 days (Brown 

et al. 1977> and 3 days (Holland and Brown 1981> post

toxin using the zinc-iodide osmium stain, and at 4 days on 

electron microscopy (Duchen 1971b). In one experiment, 

zinc iodide and osmium-stained intercostal muscle of rat 

showed "irregularity" of the endplate outline 24 hours 

after botulinum toxin, and sprouts with expanded tips were 

seen at 3 days, but no illustrations of these features 

were given in this abstract (Duxson and Stolkin 1979). 

This irregular outline could possibly have been caused by 

the large number of small protrusions, possibly very early 

sprouts, that were seen in the present experiment one day 

after toxin. Early sprouting on light microscopy has been 

seen using methods other than botulinum toxin to induce 

axon growth in intact neurons: in frogs, motor axons 

sprouted within 2 days of exposure to colchicine 
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(Rotshenker 1981>, and after motor nerves of mice were 

paralysed by a local application of tetrodotoxin, terminal 

sprouts were seen within 3.5 days (Brown and Ironton 

1977). 

In the present experiment, terminal and nodal axonal 

sprouting could be seen 48 hours after toxin injection. 

The problem with this model is that, unlike axotomy, 

botulinum toxin takes some time to paralyse the muscle, so 

the stimulus to axonal sprouting (related to muscle 

inactivity) would be released only some hours after toxin 

injection. To calculate the time between the onset of 

muscle paralysis and axonal sprouting, the lag time 

between toxin injection and muscle paralysis has to be 

estimated. The time taken for botulinum toxin to act 

depends on the experimental model used. In 1n v1cro 

studies where a nerve-muscle preparation is bathed in a 

solution containing the toxin, neuromuscular paralysis 

becomes evident within 1 to 2 hours <Burgen et al. 1949, 

Spitzer 1972). In v1vo, the toxin takes longer to act, 

probably because its large molecular weight makes 

diffusion through tissues slow. Clinically, in this and 

other experiments, muscle paralysis in mouse hindlimb 

became apparent about 24 hours after toxin injection 

(Duchen 1970a, Tonge 1974). If neurophysiological 

techniques are used however, neuromuscular blockade in 

mouse soleus can be shown to be blocked within 6 hours of 

toxin injection (Tonge 1974). Thus, 1n v1vo, muscle 

inactivity can start to stimulate axonal growth from 6 to 

24 hours after botulinum toxin injection. 

The initial time of sprouting can be calculated by 

measuring sprout length at different times and, by using 

the rate of sprout growth, extrapolating back to time 

zero. In a careful study, Holland and Brown (1981> 

reported that the rate of terminal sprout growth was about 

3 µma day during the first 2 weeks after botulinum toxin. 

In the present experiment, sprouts up to 2, 4, and 9 µmin 

length were seen at 2, 3, and 5 days post-toxin respect

ively, roughly corresponding to Holland and Brown's 



calculated growth rate. When these figures are extra

polated backward to zero growth time, it is apparent that 

axons started to sprout about 24 hours after toxin 

injection. If the lag time for botulinum toxin to 

_paralyse the muscle is taken into account, it becomes 

clear that the axons began to sprout n~t longer than 24 

hours of the stimulus for growth, wh~~ is muscle 

inactivity. 

I.mp.Licat:.:ions for axona.l regrowt:h 

If axonal extension were controlled by the cell body, 

a series of events would have to take place between the 

time the growth stimulus became active and the time axons 

started to sprout. Firstly, a signal would have to be 

sent from the distal axon to the cell body to initiate the 

changes of the axon reaction. The nature of this signal 

remains unknown, though in a review in which a number of 

possible mechanisms were discussed, Cragg considered that 

after axotomy a substance that repressed neuronal RNA 

production was lost, thereby allowing increased protein 

synthesis to take place <Cragg 1970). Later work on the 

retrograde transport of horseradish peroxidase in 

transected axons has suggested that exogenous macro

molecules could be transported back to the cell body and 

act as a signal for the biochemical and morphological 

responses (Kristensson and Olsson 1974,1976). Colchicine, 

which blocks retrograde axonal transport (Kristensson and 

Sjostrand 1972) delayed the onset of chromatolysis in 

hypoglossal neurons of cats and rats (Singer et al. 1982>, 

-suggesting that the signal for chromatolysis is partly 

dependent on rapid axonal transport. Whatever the nature 

of the signal, its speed can be calculated from the known 

times of the axon reaction in the rat. The time of onset 

of the increase in RNA production in rat hypoglossal 

neurons is earlier when the lesion is closer to the cell 

body (Watson 1968); the distance from these cell bodies to 

just outside the skull is 5 mm, to the level of the 

carotid bifurcation 14 mm, and to the tongue 19 mm, and 

the onset of the nucleolar RNA reaction detectable at 1, 3 

and 4 days after nerve section (Watson 1968> implies that 
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the signal for the cell reaction ascends the axon at a 

rate of 4 to 5 mm per day <Cragg 1970). In the 40 mm long 

sciatic nerve of mouse it would therefore take about 8 

days for a signal from the distal axon to reach the nerve 

cell body, by which time axonal sprouting would be well 

under way. 

The second time-consuming step in a postulated model 

of cell body-directed axonal growth would be the transport 

down the axon of material that had been synthesised in the 

cell body. Membranous lipids and proteins that are 

transported down the axon at fast rates of up to 400 

mm/day could reach the axonal tips quickly enough to be 

added to the elongating ends. Cytoskeletal proteins, 

however, such as actin, tubulin and neurofilament protein 

are transported at rates of up to 4 mm/day, a speed that 

does not increase during axonal regeneration (Griffin et 

al. 1976, Perry and Wilson 1981). In the 40 mm mouse 

sciatic nerve it would therefore take at least a further 

10 days to transport any cytoskeletal proteins to the 

growing axons. Actin, neurofilaments and microtubules are 

prominent components of growth cones (Yamada et al. 1971, 

Sanger 1975, Letourneau 1983> and in regenerating sprouts 

neurofilaments appear 2 days and microtubules 3 days after 

axonal section (Lanners and Grafstein 1980). Thus, 

cytoskeletal elements are essential for continued axonal 

outgrowth, but their rate of transport down the axon is 

too slow to enable them to arrive from the cell body in 

time to be inserted into the elongating axon. 

S.ign.if.icance of noda.I sprouts 

Although not directly related to the central 

hypothesis, an interesting finding was that of short nodal 

sprouts after botulinum toxin. Terminal axon sprouts are 

readily seen on light microscopy in botulinum toxin

injected muscle, but nodal sprouts have been conspicuous 

by their absence (Duchen and Strich 1968a, Ironton et al. 

1978, Brown et al. 1980). In only one light microscopic 

report have nodal sprouts been seen after botulinum toxin: 

paralysis of mouse gluteus maximus muscle with toxin 



induced sprouting from nerve terminals as well as from 

some nodes of Ranvier close to the endplates (Hopkins et 

al. 1981). This contrasts with partial denervation of 

muscle, in which there is profuse sprouting of intact 

axons both at nodes of Ranvier and at terminal axons 

(Hoffman 1950, Edds 1953, Brown et al. 1980). One reason 

axons can grow from nodes of Ranvier in denervated muscle 

is that the new sprout easily finds a nearby denervated 

perineural sheath in which to descend to the endplate 

(Slack et al. 1979). Since botulinum toxin produces no 

nerve degeneration, there are no vacant perineural sheaths 

available, so the majority of nodal sprouts after 

botulinum toxin remain stunted, as seen in this study., 

The alleged lack of nodal sprouting after botulinum 

toxin has been taken as evidence that two growth factors 

stimulate axonal regeneration in muscle (Hoffman 1950, 

Edds 1953, Slack et al. 1983). The first, a muscle

derived factor produced by inactivity, has been held 

responsible for terminal sprouts. The second, possibly 

derived from degenerated nerve products, has been thought 

to produce nodal sprouts. The finding in this study of 

terminal and nodal sprouting after botulinum toxin 

suggests that the initiation of sprouting is a less 

complicated process, with muscle inactivity producing a 

single growth factor that promotes both terminal and nodal 

sprouts. The terminal sprouts can spread freely over the 

muscle fibres, but the success of the nodal sprouting 

depends on the presence of a denervated perineural sheath. 

SUDDOa.zy 

The early onset of axonal sprouts after botulinum 

toxin supports the hypothesis that axons respond locally 

to a growth stimulus. Axons responded to toxin by 

sprouting within 24 hours of muscle inactivity. It is 

improbable that within this short time a message could be 

sent from the axon tip to the cell body, synthetic 

mechanisms switched on, and the materials required for 

axonal elongation transported down the axon and inserted 

into the growing tip. It is more likely that the growth 
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stimulus induces changes that promote local growth at the 

axonal tip itself. 
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CHAPTER 7 

GENERAL DISCUSSION 

The s.i te of con'l:ro.l of axona.l growth 

Axonal sprouting can be induced at two possible 

sites, centrally at the nerve cell body or peripherally at 

the nerve endings. Those workers favouring a central 

mechanism suggest that nerve damage initiates a signal for 

sprouting in the nerve cell bodies, which then direct 

axonal regeneration via axonal transport of synthesised 

proteins and lipids (Grafstein and McQuarrie 1978). A 

further central mechanism has been postulated in which an 

overspill of a sprouting stimulus from damaged motor 

neurons within the spinal cord causes adjacent intact 

motor neurons to sprout, so-called transneuronal sprouting 

(Rotshenker 1979, Rotshenker and Tal 1985>, but this form 

of sprouting has not been confirmed by other workers 

(Brown et al. 1979, Herrera and Scott 1985>. Those 

supporting a peripheral mechanism of sprout regulation 

postulate a direct interaction between growth-promoting 

factors and the peripheral axon of the neuron (Campernot 

1977). 

The concept of centrally directed axonal growth has 

dominated neurobiological thought until quite recent 

times. In the last few years, however, a number of 

researchers have re-examined the relationship between the 

nerve cell body and the axon. Using sophisticated 

morphological, physiological and biochemical techniques, 

these workers have postulated that the axon may have a 

degree of autonomy in deciding when and where it will 

grow. A major problem in the majority of these studies is 

that physical trauma to the neuron has been used, either 

to stimulate the sprouting or to separate the axon from 

the influences of the cell body. Axonal disruption per se 

induces such a large range of degenerative and regener

ative phenomena in both the cell body and the axon that it 
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is difficult to assess the contributions of each of these 

sites to axonal outgrowth. For this reason, in the 

present series of experiments the hypothesis that the axon 

can regulate its own growth was tested in structurally 

intact neurons. 

In the first experiment, X-irradiation was used to 

damage the cell bodies of motor neurons, and botulinum 

toxin was injected to induce axonal sprouting. The fact 

that nerve growth continued unabated after high doses of 

irradiation directed at these cell bodies is evidence that 

early distal axonal growth is not dependent on metabolic 

processes in the cell bodies. A criticism that could be 

levelled at the irradiation experiment is that there may 

be radiation-resistant processes within the cell body that 

contribute to axonal growth. Biochemical studies on 

neurons injured by irradiation, although numerous, are not 

extensive enough to rule out this possibility. For this 

reason, the second experiment was set up in an attempt to 

find any changes in the cell body that could be equi

vocally related to axonal outgrowth. Axonal growth was 

induced by trauma and by botulinum toxin, and it was found 

that none of the morphological changes seen after trauma 

occurred with the axonal elongation caused by the toxin. 

This is further evidence that axonal outgrowth is not 

reliant on changes in the cell body. 

In the third experiment, instead of concentrating on 

the nerve cell body, the growing axonal tips were examined 

in detail. It is of critical importance to determine the 

exact time elapsing between the stimulus for growth and 

the appearance of the first axonal sprouts. Once this 

time is known, a number of deductions can be made 

concerning the relationship between the growth stimulus, 

the cell body, and the axonal sprout. An accurate 

recording of the time of initiation of axonal outgrowth 

has proved surprisingly difficult to achieve, with 

reported times varying from a few hours to some days after 

nerve injury. Many of these difficulties relate to the 

use of axotomy to induce axonal growth, since true axonal 
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sprouts are difficult to distinguish from a range of 

appearances caused by nerve trauma. This problem does not 

arise when axonal growth is induced non-traumatically by 

neuromuscular blockade, so in this experiment botulinum 

toxin was again used to promote axonal growth. It was 

found that axons sprouted before any of the known cell 

body and axonal transport mechanisms could have conveyed 

the materials needed to the distal end of the mouse 

sciatic nerve. This is evidence that the distal axon was 

acting independently of its cell body. 

It is interesting to note how in recent years views 

on the role of the nerve cell body in axonal regeneration 

have changed. In a review of the subject in 1978, 

Grafstein strongly supported the hypothesis that the cell 

body, by determining the supply of materials to the 

growing axon, had a critical influence on axonal outgrowth 

(Grafstein and McQuarrie 1978>. Only five years later the 

same author, in a review entitled "Chromatolysis recon

sidered", emphasised that many features of the axon 

reaction could be due to nonspecific consequences of 

neuronal injury, and that changes in the cell body 

involved solely in the rebuilding of the new axon were 

poorly understood (Grafstein 1983>, a view echoed by other 

authors (Anderson 1982). Although the evidence presented 

in the present three experiments is indirect, the combined 

results agree with these later findings and present a 

strong case for distal axonal autonomy. 

!I'he st:mu.Ius for mot:or nerve growt:h 

The stimulus for sprouting of motor axons was 

originally thought to be some product of nerve 

degeneration (Hoffman 1950, Hoffman and Springell 1951>, 

but later studies found that terminal sprouting was 

stimulated in the absence of nerve degeneration when 

muscle was rendered inactive by blockade of axonal 

conduction (Brown and Ironton 1977> or synaptic trans

mission (Duchen and Strich 1968a). This pointed to 

inactive muscle fibres as the source of the sprouting 

stimulus. In support of this hypothesis it was found that 
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direct electrical activation of inactive or denervated 

muscle fibres inhibited terminal sprouting (Brown and 

Holland 1979, Brown et al. 1980). 

The nature of the growth stimulus from inactive 

muscle remains unknown. Because denervation and neuro

muscular blockade both cause alterations in the surface 

membrane of the muscle fibre, such as spread of acetyl

choline receptors, it has been suggested that these 

altered surface properties could be a stimulus for 

terminal sprouting (Pestronk and Drachman 1978). Such a 

stimulus would be localised to the altered muscle fibre, 

but the growth stimulus from denervated muscle fibres can 

elicit outgrowth from nearby nerve terminals, indicating 

the presence of a diffusible factor (Betz et al. 1980, 

Slack and Pockett 1981, Pockett and Slack 1982). Other 

potential sources of growth factors are the Schwann cells 

that myelinate the motor axons and substances such as 

laminin in the extracellular matrix (Fallon 1985, Madison 

et al. 1985). Finally, although muscle tissue is not yet 

known to produce nerve growth factor (Hulst and Bennett 

1986>, there is evidence for an endogenous sprouting 

stimulus in muscle: antibodies against a 56 kD protein 

released from denervated muscle in rat inhibited terminal 

sprouting in mouse gluteus muscle, suggesting that this 

protein is a diffusible growth factor (Gurney 1984>. 

There have been two major stumbling blocks to 

accepting that only one muscle-derived growth factor 

exists. The first is that botulinum toxin apparently 

. produces terminal, but not nodal, sprouts implying that 

some factor other than muscle inactivity is required for 

nodal sprouting (Duchen and Strich 1968a, Ironton et al. 

1978). However, the ultrastructural demonstration of 

nodal sprouts after botulinum toxin is this study confirms 

a single previous light microscopic report of nodal 

sprouts after botulinum toxin (Hopkins et al. 1981> and 

indicates that a single muscle-derived growth factor can 

indeed be responsible for both terminal and nodal 

sprouting. The second obstacle to the single growth 
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factor hypothesis is that nodal sprouting, unlike terminal 

sprouting, is not prevented by chronic direct electrical 

stimulation (Brown et al. 1980). If the nodal sprouting 

stimulus is the same agent as the terminal sprouting 

stimulus, then it must be released from a site that is not 

affected by direct stimulation. One possibility is that 

the nodal sprout stimulus is released from a denervated 

endplate, whereas the terminal sprouting stimulus is 

released from the extrajunctional region of the muscle 

fibre (Packett and Slack 1982, Slack et al. 1983). 

Once the stimulus for nerve sprouting has been 

generated, the experiments reported here indicate that it 

acts upon the distal axon locally to promote outgrowth. 

The precise molecular mechanisms involved remain unknown, 

but other data point to a number of metabolic processes 

within the axonal tip that the stimulus could affect. One 

suggestion is that the growth stimulus results in the 

intra-axonal synthesis of proteins which are then 

incorporated into the growing axon. Although many reports 

have claimed that proteins can be synthesised in resting 

and regenerating axons, this remains doubtful due to the 

absence of elements of the protein synthetic machinery, 

such as ribosomes, within adult mammalian axons. It is 

more likely that the nerve cell body, in its normal 

programme of maintenance, synthesises most of the 

materials required for axonal regrowth. These substances 

could be transported down the axon and act as a reservoir 

of material for later axonal growth. The overall lack of 

drastic changes in protein synthesis and transport during 

nerve regeneration supports this possibility (Perry and 

Wilson 1981). 

If materials such as proteins and lipids are stored 

in the axon ready for later growth, a growth factor could 

alter them within the axon so that they could be incor

porated into the growing tip. There is now ample evidence 

for the assembly and disassembly of actin, tubulin and 

neurofilament proteins within the axonal tip, so a local 

growth stimulus could regulate cytoskeletal processes 
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critical to axonal elongation (Nixon et al. 1982, 

McQuarrie 1983, Bamburg et al. 1986, Lasek and Katz 1987). 

This may be the function of the transfer RNA found within 

mammalian axons. Transfer RNA, which adds amino acids to 

preformed proteins, is transported down the axon and its 

activity increases during nerve regeneration (Ingoglia et 

al. 1984). Thus, axonally transported proteins can be 

modified at sites distant from their synthetic origins in 

response to local environmental cues. These modified 

proteins could then be inserted into the plasma membrane 

or cytoskeleton. Studies of growth cones have suggested 

that internal stores of vesicles contribute directly to 

the protrusion of processes (Tosney and Wessells 1983), 

and there are abundant stores of membrane in axon 

terminals and at nodes of Ranvier in the form of vesicles 

and reticulum that could be inserted into the growing 

axon. Local mechanisms exist, therefore, whereby both 

proteins and lipids could be added to growing axonal 

sprouts under the influence of a muscle-derived growth 

factor. 

C.l.in.i ca.I .imp.l.i car.ions 

Axonal sprouting in humans has been detected in a 

wide variety of neuromuscular disorders. Muscle biopsies 

from patients with neuronal diseases (peripheral neuro

pathies and lower motor neuron disorders> have higher than 

normal "terminal innervation ratios", calculated from the 

number of preterminal branches arising from axons, and 

presumably result from nodal sprouting (Coers et al. 

1973a,b). Terminal sprouting has been more difficult to 

quantitate in humans, but has been seen in biopsies from 

individuals with neuronal disorders, as well as diseases 

such as muscular dystrophies, myasthenia gravis, and 

acquired myopathies (Brownell et al. 1972, Coers et al. 

1973a,b). Terminal sprouting has been extensively studied 

in human motor neuron disease (amyotrophic lateral 

sclerosis> (Wohlfart 1957,1959, Coers and Woolf 1959, 

Coers et al. 1973a,b, Telerman-Toppet and Coers 1978>, and 

has been found in an animal model of this disease, the 

"wobbler" mouse (Duchen and Strich 1968b). In humans, 
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regenerating sprouts from nerve trauma are likely to be 

similar to those in experimental animals, though biopsy 

evidence is scarce. Overall, these finding show that 

nodal and terminal sprouting accompany many human 

neuromuscular disorders. 

If a method of enhancing peripheral nerve sprouting 

could be found, it would benefit a wide range of patients 

with neuromuscular disorders. Attempts have been made to 

improve motor neuron sprouting by applying electrical 

stimulation to motor nerves and by feeding experimental 

animals pyronin, a dye with an affinity for RNA (Hoffman 

1952, Keynes 1982>, but these methods seem to accelerate 

what sprouting would happen anyway, rather than increase 

its final amount. Exogenous gangliosides may, however, 

enhance the absolute amount of sprouting of which motor 

neurons are capable by some 40% (Gorio et al. 1983>, 

possibly by supplying extra building material or by aiding 

uptake of growth factor. The discovery of the natural 

growth factors will, however, probably be necessary before 

any clinically useful substances can be produced to 

enhance axonal growth. 

If there is indeed a growth factor for motor axons 

analogous to the nerve growth factor of sympathetic 

neurons, any defects in its function would be expected to 

manifest as neuromuscular disorders. Defects could occur 

in the structure of the factor or its receptors, in the 

regulation of its synthesis and release by the muscle, or 

in the uptake and utilisation by the motor neuron. A 

growth factor deficit, for example due to autoimmunity to 

the factor or through a gene defect, would result in a 

reduced synthetic capacity of a motor neuron, possibly 

followed by motor neuron death. One such clinical 

disorder is motor neuron.disease, in which an antibody has 

been detected that inhibited sprouting in botulinum

treated mouse gluteus muscle (Gurney et al. 1984). This 

antibody cross-reacted with a 56 kD protein, a possible 

motor neuron growth factor, that was secreted by dener

vated rat muscle (Gurney et al. 1984). Although this work 
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has yet to be confirmed (Donaghy and Duchen 1986), the 

possibility that autoantibodies to growth factors could 

cause neuromuscular disorders has intensified research 

interest in stimuli of motor nerve growth. 

The future characterisation of the postulated motor 

neuron sprouting factors will be a major advance that 

could have important therapeutic possibilities. The 

results in this thesis indicate that the stimuli for motor 

axon growth arise and act locally in the region of the 

distal axon. It is at this site, therefore, not the nerve 

cell body, that further studies should be concentrated in 

order to elucidate the nature of growth factors for motor 

nerves. 



123 

CHAPTER 8 

SUMMARY 

After the axons of peripheral nerves have been 

damaged by trauma or toxins they can regrow and often 

re-establish their previous connections. This potential 

for regeneration has wide-ranging implications for a 

variety of peripheral and central nervous system dis

orders. An understanding of the mechanisms whereby axonal 

growth is initiated and controlled is vital if methods are 

to be developed to improve nerve regeneration. 

A fundamental question in nervous system regeneration 

concerns the site at which axonal growth is controlled. 

Because the nerve cell body, rather than the axon, 

contains most of the organelles needed for protein 

synthesis, the cell body has been thought to play the 

major role in axonal regeneration. However, a number of 

lines of evidence indicate that the axon may be able to 

control much of its own growth. In an attempt to 

determine the relative importance of the cell body and of 

the axon in controlling axonal regeneration, three 

experimental models were examined, all using botulinum 

toxin to stimulate axonal growth so that the problem of 

non-specific reactions to trauma was eliminated. 

In the first experiment, metabolism in the nerve cell 

bodies in the spinal cord was impaired by X-irradiation, 

and the ability of the distal axons to sprout was exam

ined. Mice were given either 25 or 50 Gray of irradiation 

localised to the lumbar spinal cord. At times varying 

from 1 day to 6 months after irradiation, botulinum toxin

was injected into the calf muscles. The soleus muscle was 

examined histologically at times varying from 1 week to 6 

months after injection, and numbers and lengths of axonal 

sprouts were assessed quantitatively. No significant 

differences were found between irradiated and non-



124 

irradiated groups. The results suggest that growth 

regulatory mechanisms in the distal axon are under local 

control, since distal axonal sprouting was not affected 

after the cell bodies were damaged by irradiation. 

In the second experiment, the effect of botulinum 

toxin-induced axonal sprouting on the cell body was 

examined. If a peripheral nerve axon is crushed or 

severed, the axon regenerates and the parent cell body 

undergoes a series of changes such as increase in cell 

size, chromatolysis, and alterations in neurofilament 

phosphorylation. These cell body changes may be reactions 

to trauma or may contribute directly to axonal regener

ation. After the sciatic nerve of mice was crushed, the 

parent nerve cell bodies in the spinal cord showed the 

features of the axon reaction. However, none of these 

cell body changes was seen after botulinum toxin-induced 

axonal sprouting. This shows that distal axonal sprouting 

can occur without an axon reaction in the cell body, and 

that early axonal outgrowth is not dependent on metabolic 

activity in the cell body. 

The aim of the third experiment was to determine the 

temporal sequence of distal axonal sprouting following 

botulinum toxin injection. If the nerve cell body 

controlled axonal growth, there would be a lag period 

between the growth stimulus and the axonal outgrowth, 

during which a signal would have to be sent from the 

distal axon to the cell body, the cell body would have to 

synthesise the material required for axonal elongation, 

and these new supplies would then have to be transported 

down the axon to the growing tip. In th~ 40 mm long 

sciatic nerve of mouse, the known times for all these 

processes would result in a lag time of many days before 

axons could sprout. The·calves of mice were injected with 

botulinum toxin and the terminal axons examined electron 

microscopically at times between 3 hours and 5 days after 

injection. Axonal sprouts were seen within 2 days of 

botulinum toxin injection, and it was calculated that 

these sprouts arose about 24 hours after muscle paralysis. 
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The results indicate that distal axons sprout before cell 

body-directed growth mechanisms are able to come into 

play. 

These experiments provide evidence that the convent

ional view that the cell body directs axonal growth needs 

to be revised, and that the distal axon can to a large 

extent regulate its own growth. Attention should be 

focused on the distal axon in further attempts to 

elucidate the mechanisms of nerve growth. 
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