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Summary
The present study examined the regenerative capability of the European eel Anguilla 

anguilla following spinal cord transection injury using both light and electron 

microscopy. The primary aim of this investigation was to determine the role of the 

different cell types in the formation of a ‘bridge’ of regenerating tissue that facilitates 

the growth of axons back to their original targets. In addition, the chronological order 

for the appearance of the different cells was also investigated.

Both light and electron microscopical techniques were employed. Light 

microscopical methods included, axonal tracing, serial semithin sectioning with 

alternate thin sectioning for electron microscopy and an immunohistochemical 

investigation for a number of intermediate filament proteins, neurotransmitters and for 

cellular proliferation. The findings presented in this thesis show that the different 

cellular components of the eel spinal cord are capable of quickly restoring tissue 

integrity. The first event following transection injury, was the retraction of the cord to 

produce a gap of approximately 1mm, that was filled with blood. The resultant clot 

acted as a ‘matrix bridge’ between the rostral and caudal stumps of the injured cord. 

With time the clot changes such that some original blood-bome cells are lost and other 

cells such as fibroblasts, leucocytes and endothelial cells infiltrate and produce a scar

like structure. In the spinal stumps, extensive degeneration of the neural tissue 

occurred, particularly of axons and their myelin sheaths. Regrowth of the spinal cord 

occurred into this matrix at 6 days to produce the first connections or ‘bridge’ between 

the rostral and caudal cord by day 8. With time, this structure progressively increased 

in size such that 80% of the normal cross sectional area of the cord was restored 14 days 

following injury.

The first components of the regenerating bridge of neural tissue were 

unmyelinated axons closely followed by ependymocytes, which produced a new 

enlarged central canal in the bridge. Dil-tracer labelling of axons showed that they 

grew in relatively straight pathways from the rostral spinal cord into the caudal cord, 

where some could be traced for considerable distances (~l-2mm). Interestingly the 

number of axons confinually increases, such that by day 54 approximately 137% were 

found in the bridge. A central canal developed quickly from migrating ependymocytes 

to form small ‘plates’ of cells that facilitated further growth and eventual closure of the 

canal lumen. Continuity of the central canal between both stumps was reestablished by



approximately day 10, although it remained open on the dorsal surface until 

approximately day 26. The size of the central canal in all cases was at least 200% 

greater than normal, eventually decreasing in size by day 54 but even at 200 days, it was 

still enlarged. A small population of neurons the liquor contacting neurons, 

immunoreactive to tyrosine hydroxylase (TH) and gamma amino butyric acid (GABA) 

appeared in the wall of the canal by approximately day 12. Tanycytes also developed 

from the cellular regions surrounding the canal and were evident by day 16; they 

extended long cellular processes to the periphery and labelled positively for the 

intermediate filament GFAP, a characteristic of mature astrocytes.

The meninges produced a new covering around portions of the developing 

bridge as early as day 8. In instances where the central canal remained open dorsally, 

this cell type failed to invade the exposed region, suggesting possible instructional 

events between this cell type and ependymocytes. To further investigate this notion, 

experiments involving meningeal denudation were carried out using mechanical 

removal in conjunction with 6-hydroxydopamine application. The findings from these 

studies suggest that meningeal tissue is necessary for correct bridge formation. The 

reactive radial astrocytic population expressed GFAP and S-100 but not vimentin and 

GFAP+ve processes could be traced entering the bridge approximately 12 days 

following injury. They extended immunopositive processes from cells in the stumps 

parallel to the direction of axonal growth. The complex hypertrophic entanglements of 

GFAP+ve fibres typical of the astrocytic reaction in amniotes were not found in the 

present study. Oligodendrocytes do not become apparent until much later, with 3% of 

axons myelinated by day 54, indicating a slow influx of this cell type into the bridge. 

Remyelination of axons was not size specific and may underline other factors such as 

successful pathfinding by axons to reach their original targets. The extent of 

myelination on axons was always suboptimal on the majority of axons analysed.

Taken together, the findings fi*om the present study demonstrate that the milieu 

in which regrowing axons encounter as they regroe to their original targets is not 

inhibitory to regrowth. Furthermore, axons comprise some of the first regenerating 

elements to enter the lesion site and reestablish cord continuity. Other non-neuronal 

cell types appear in the bridge, but at different times during the regenerative event, 

providing evidence for a chronological regulation of the different cell types in the 

bridge. Such a regulation may have implications for reparative strategies in the 

mammalian central nervous system where neural recovery is abortive.
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General Introduction
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Following injury, the mammalian central nervous system (CNS) is unable to support 

tissue regrowth and some permanent loss of function results. Reaction to such injury to 

the spinal cord includes a temporarily induced spinal ‘shock’ that precedes a limited 

return (if any) of function. Damaged neurons soon die while, over longer periods, 

others not directly affected by the initial insult also succumb, a process known as 

‘secondary death’. The studies of such reactions are numerous and have grown in scope 

considerably since the early work on the injured nervous system, most notably that of 

Ramon-y-Cajal (1928). The inability of the mammalian CNS to regrow following 

injury contrasts with the behaviour of other components of the nervous system, such as 

peripheral nervous system (PNS) and the olfactory system (OS), which exhibit a strong 

regenerative capability. The developing CNS of juvenile mammals also possesses an 

intrinsic ability, within a certain time frame, to recover from injury, and regeneration is 

also seen in juvenile and adult non-mammalian animals.

1.1 Regeneration in non-mammalian animals

In the rest of the animal kingdom, recovery from nervous system damage has been 

demonstrated in a variety of invertebrate and vertebrate species. In the case of some 

invertebrates, such as annelids (Muller et al., 1987), crustaceans (Bittner, 1991), and 

insects (Smith et al., 1991), injured axons demonstrate a remarkable ability to regrow to 

their original targets (Muller et al., 1987; Margotta et al., 1989). Furthermore, this 

axonal regrowth is fully supported by glial cells (Smith et al., 1991).

Within the vertebrates, recovery from injury is also possible, in the cyclostomes, 

cartilaginous fishes, bony fishes, amphibians, reptiles and birds. In birds, however, 

recovery is limited to a small period during embryonic development (Hasan et al., 

1993), while in the adult avian CNS the reaction to injury parallels that of mammals 

with the production of a glial scar and a failure of axons to regrow (e.g. Kestner, 1987). 

In the other vertebrate classes, collectively known as the anamniotes, numerous studies 

have shown that the CNS, upon injury, recovers to varying extents with the return of 

some functional control. In reptiles, a differential response of the spinal cord is found 

that has been termed the “Anolis paradox” (Simpson, 1983). The tail spinal cord is 

capable of full recovery following injury (Simpson, 1964; Duffy et al., 1992), but 

lumbar and more rostral portions of the cord do not recover and instead develop scar 

tissue similar to that found in amniotes (Simpson, 1970). In vertebrates, therefore, the 

cut-off point for successful regeneration appears to begin with reptiles.
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1.2 Anamniote models

Because the CNS organisation of most anamniotes, both in neuronal and glial structure, 

resembles that of the mammalian CNS, several anamniote species have been utilised as 

experimental models of regeneration. As can be seen in Table 1.1, the range is 

extensive and there is no set model for regeneration research, unlike the rat for 

mammalian work. The lamprey has received much attention, with a number of 

investigations illustrating the ability of its axons to reform synaptic contacts on their 

original targets and so to facilitate functional recovery. While there appear to be have 

been few studies on cartilaginous fish regeneration, numerous researchers have reported 

on the regenerative capability of bony fish, including goldfish, zebrafish, carp, black 

ghost knife fish and the eel. Fewer species of amphibians have been utilised, but many 

studies have been carried out on these animals, most notably on Triturus and Xenopus. 

In reptiles, most work has been done with Anolis.

As with mammals, different regions of the anamniote nervous system have been 

used to determine the regenerative potential of axons and the ability of non-neuronal 

cells to support regrowth (Table 1.2), although most investigations have utilised either 

the optic nerve or the spinal cord. In the optic system, studies of the nerve predominate, 

although the optic tract and tectum have also been utilised.

1.3 Types o f  spinal cord lesion

In mammals, it is well recognised that the type and degree of injury inflicted greatly 

influences the extent of scarring and the regenerative potential of the axotomised 

neurons (e.g. Malhotra and Shnitka, 1994; Fawcett, 1997). The different lesioning 

paradigms that have been utilised (Table 1.2) involve chemical, stab and cold injuries, 

applied mainly to the brain, and transection, hemisection, compression, used mostly on 

the optic nerve and spinal cord; amputation has been exclusively used in relation to the 

spinal cord. Moreover, the different cellular reactions and interactions that occur are 

also injury dependent so that, for example, compression or microlesion injuries induce 

little meningeal/connective tissue-derived fibrotic scarring (e.g. Davies et al., 1996), 

whereas more traumatic injuries, such as transection, crush or ablation, evoke a much 

stronger response (Matthews et al., 1979; Fawcett and Asher, 1999). Other types of 

lesion such as crush or compression (e.g. Lowenger and Levine, 1988; Levine, 1991; 

Blaugrund et al., 1993; Rungger-Brandle et al, 1995), induce a different response from
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Animals Utilised References

Cyclostomes

Lampetra

Petromyzon

Icthyomyzon

Elasmobranchs 

Scyliorhinus 

Gingylo stoma

Teleosts

Carassius

Danio (Brachdanio) 

Anguilla

Phoxinus

Lebistes

Sternarchus

Apteronotus

Sternopygus

Amphibians

Bufo

Rana

Xenopus

Triturus

Salamandra 

Ambystoma (Axolotl)

Wood and Cohen, (1981); Borgens et al. (1981); Yin et al. 

(1984); Lurie and Selzer, (1991); McClellan, (1992); Pijak et 

al. (1996); Curie and Ayers, (1983); Mackler and Selzer, 

(1987).

Maron, (1963) 

Gelderd, (1979)

Koppanyi and Weiss, (1922); Pearcy and Koppanyi, (1924- 

1925); Bernstein and Bernstein, (1967); Bignami et al. (1974); 

Coggeshall et al. (1982); Giulian and Iwanij, (1985); Giulian et 

al. (1985); Lowenger and Levine, (1988); Blaugrund et al. 

(1993); Nona and Stafford, (1995); Sharma et al. (1993). 

Bernhardt et al. (1996); Becker et al. (1997).

Flight and Verheijen, (1993); Doyle et al. (2000); Bosch et al. 

(2000).

Kirsche, (1951); Healey, (1967).

Hooker, (1932).

Anderson et al. (1983); Anderson and Waxman, (1983a); 

Anderson et al. (1984); Anderson and Waxman, (1991); 

Anderson et al. (1986).

Waxman and Anderson, (1986); Zupanc et al. (1998).

Ungez and Zakon, (1997).

Skene and Willard, (1981).

Gruberg and Stirling, (1974); Scott and Foote, (1981).

Michel and Reier, (1979); Bohn et al. (1982); Nordlander and 

Singer, (1982); Reier and Webster, (1974); Reier, (1979). 

Singer et al. (1979); Egar and Singer, (1972); Nordlander and 

Singer, (1978); Benraiss et al. (1997); Philips and Turner,

(1991).

Davis et al. (1989); Davis et al. (1990); Naujoks-Manteuffel,

(1992).

O’Hara et al. (1992); Pietsch, (1993).
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Animals Utilised References
Reptiles

Anolis Simpson, (1968); Alibardi et al. (1992); Duffy et al. (1992).

Sphenodon Alibardi and Meyer-Rochow (1990).

Lampropholis Alibardi, (1994).

Ctenenophorus Beazley et al. (1997).

Lygosoma Simpson, (1964).

Birds

Gallus (Juvenile) Hassan et al. (1993).

Galius (Adult) Margotta et al. (1989); Park et al. (1998).

Mammals

Didelphis (juvenile) Wang et al. (1998a); Wang et al. (1998b).

Monodelphis (juvenile) Nichols and Saunders, (1996).

Rattus (Juvenile) Gilmore and Leiting, (1980); Goodlett et al. (1993); Maxwell 

et al. (1990); Varga et al. (1995); Wang et al. (1996); Dent et 

al. (1996).

Rattus (Adult) Richardson et al. (1984); Bernstein et al. (1985); Bruni and 

Anderson, (1987); Schnell et al. (1994); Popovich et al. (1997); 

Beattie et al. (1997); Dryer et al. (1998); Keirstead et al. 

(1998a); Davies et al. (1999); Neumaim and Woolf, (1999)

Mus Wang et al. (1997).

Felis Howland et al. (1995).

Canis Shimizu, (1983); Ide et al. (1998).

Table 1.1. This figure highlights the different animal groups utilised for regeneration research 

but is not comprehensive, particularly for rats.

the more severe types such as transection, ablation or amputation (e.g. Simpson, 1968; 

Singer et al., 1979; Michel and Reier, 1979; Stensaas, 1983; Anderson and Waxman, 

1983a). These differences appear to be dependent on a variety of factors, such as 

retention of the structural continuity and the presence or absence o f a distal portion of 

target neural tissue. Amputation injuries deprive the regrowing cord axons o f a target 

tissue, and instead they must grow into a blastema o f newly developing tissue, thus
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Type of Injury Amniote/Anamniote References

Ablation

Anamniote Simpson (1964)

Amputation

Anamniote Benraiss et al. (1997)

Chemicallv Induced

Amniote Riva-Depaty et al. (1994)

Compression/Contusion

Amniote Beattie et al. (1997)

Crush

Anamniote Stafford et al. (1990)

Amniote Frank and Wolberg (1996)

Cold Injury

Amniote Moore et al. (1987)

Laceration

Amniote Malhotra et al. (1993)

Hemisection

Anamniote Lurie and Selzer (1991)

Amniote Von Meyenburg et al (1998)

Transection

Anamniote Bignami et al. (1974)

Amniote Krenz and Weaver (1998)

Stab

Amniote Krushel et al. (1995)

Table 1,2. This table summarises some of the different lesioning methods used in regeneration 

research and provides some (representative) references.

conferring a different type of regenerative response (e.g. Anderson and Waxman, 

1983a).

h4 The requirements for regeneration

It is well known that the inability o f the amniote CNS to support axonal regrowth is due 

to the formation o f scar tissue at the site injury and other injury-associated events such
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as the upregulation or release of numerous inhibitory molecules, many of which are cell 

derived (e.g. Malhotra and Shnitka, 1994; Powell et al., 1997; Fitch and silver, 1997). 

Since the anamniote CNS recovers, in these animals regrowing axons must be capable 

of entering, and traversing the injury site and reconnecting to original targets. This 

suggests that the different cellular events that occur in the lesion site are not inhibitory 

to regrowth and may even facilitate it.

From what we know of regenerative failure in adult amniotes (e.g.Matthews et 

al., 1979; Lotan and Schwartz, 1994; Schwab, 1996; Ridet et al., 1997; Raivich et al., 

1999), and of the different restorative strategies utilised to promote limited axonal 

recovery (e.g. Krum and Rosenstein, 1998; Asada et al., 1998; Ramon-Cueto and Avila, 

1998; Menei et al., 1998; Weibel et al., 1994), it seems that many component cells of 

the CNS fail to provide adequate support to regrowing axons and, therefore, contribute 

to the failure of regeneration. In part this failure results from the presence of inhibitory 

‘scar’ tissue, the formation of which has been well documented (see Malhotra et al., 

1990; Fawcett and Asher, 1999), but the intrinsic and extrinsic requirements of the 

resident cellular milieu to support axonal regrowth have been less well identified.

It is my view that a study of the different injury-related events in the anamniote 

CNS, with its intrinsic regenerative capability and successful axonal growth, could be 

revealing and, in particular, the sequence in which they occur may indicate key aspects 

of a successful restorative strategy.

From the numerous studies of different anamniote animal models (see fig. 1.1) it 

has been shown that some of the cellular components common to all vertebrate animals, 

such as astrocytes and ependymal cells, react in a manner so as to encourage regrowth. 

In the spinal cord, for example, ependymocytes which have been the most extensively 

studied non-neuronal cell type in the spinal cord play an integral part in re-establishing 

continuity between the spinal stumps following transection (e.g. Michel and Reier, 

1979) and constructing new portions of caudal spinal cord following amputation (e.g. 

Egar and Singer, 1972). In the optic nerve, the role of astrocytes has received similar 

intensive study and the reactions of this cell type following crush have been well 

described (e.g. Levine, 1991; Rungger-Brandle et al., 1995). Furthermore, the role of 

both cell types has often been addressed in relation to the regrowth of axons through the 

lesion site in an effort to elucidate possible supportive functions and sequences of 

regrowth.
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1.5 The present study

Our aim in the present study has been to determine the major events contributing to the 

successful regeneration of the spinal cord. We have done this by exploring the changes 

that occur, over time, following a specific injury at a defined location using the spinal 

cord of the European eel Anguilla anguilla L, as our model system. This species was 

selected for a number of reasons:

■ it displays a strong regenerative capability following total cord transection (Flight 

and Verheijen, 1993; Bosch, 1994; Doyle et al., 2000) that results in an accurate 

restoration of swimming and startle responses (Bosch et al., 2000; Doyle et al., 

2000);

■ it is a hardy species and capable of enduring anaesthesia and surgical procedures 

well;

■ transection injury in which the cord is completely cut to produce two stumps of cord 

separated by a small space is easily replicated with little variation from animal to 

animal;

■ operated fish can swim and feed normally and recovery of swimming performance 

can be monitored, as the transection can be made in the caudal part of the body;

■ the simple repetitive segmental organisation of the eel means that the different body 

segments, of essentially constant construction, can be used as replicates.

The study is divided into two major sections. The first section of the thesis 

examines in the uninjured spinal cord, the ependymal and glial organisation (Chapter 2) 

and the structure of the meninges that surround the brain and spinal cord (Chapter 3). 

This knowledge is necessary background to our work on regeneration, and little has 

been done on these spinal cord components in fish, and especially in eels.

The second section deals with the reactions of the spinal cord up to 200 days following 

a transection, and focuses on the new tissue that bridges the separated cord portions. 

Chapter 5 provides an overview of the organisation and development of the ‘bridge’ at 

set times following injury and the role of the blood clot that develops at the injury site 

because of haemorrhaging, is also explored. Chapters 6 and 7, together investigate the 

role of the central canal in the development of the bridge. The development and 

dynamics of central canal formation and the associated glial-type cells, the tanycytes, 

are investigated in chapter 6, while chapter 7 explores the role of a specialised neuronal 

cell type, the liquor contacting neuron, in the development of the canal. In chapter 8,
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the meningeal reaction to injury is investigated and through experimental manipulation, 

its possible role in the development of the bridge is examined. The astrocytic reaction 

to injury is explored with immunohistochemical labelling for three common astroglial 

markers in chapter 9, while, finally, in chapter 10, the regenerative capability and the 

time scale for axonal growth through the bridge and the subsequent myelination by 

oligodendrocytes are investigated in the context of other developments in the forming 

bridge.

7.5 Organisation o f  the spinal cord o f the eel

The spinal cord of the eel, as of other vertebrates, acts as a conduit for sensory and 

motor information between the brain and the peripheral nervous system and houses the 

generating circuits underlying locomotion. It is arranged into repeating segmental units 

containing similar neuronal circuitry. Numerous studies on a range of fishes have 

categorised these neuronal components as being (a) descending pathways from the 

brain, (b) intemeurons or (c) local segmental neurons (Bosch et al., 2000). Intemeurons 

project either from rostral cord segments caudally (descending intemeurons) or fi-om 

caudal portions to more rostral regions of the cord or targets in the brain, whereas local 

intemeurons and motor neurons are intrinsic to each spinal segment. Within each spinal 

segment, groups of motor neurons project their axons through the ventral roots and into 

the peripheral nervous system to irmervate the musculature.

In gross stmcture, the eel spinal cord is similar to that of other vertebrates. It is 

composed of the characteristic ‘H’ region of grey matter, containing neuronal cell 

bodies that surround a central canal. Outside the grey matter are the myelinated axonal 

tracts of the white matter which give the cord its shape; those concentrated near the 

ventral midline and in the ventrolateral margins of the spinal cord are probably 

descended fi:om the brain (Kimmel, 1982; Kuwada et al., 1990).

In the dorsal horns, cell bodies of sensory intemeurons receive inputs from the 

peripheral sensory neurons while the ventral homs contain the cell bodies of motor 

neurons in the motor column (see Fig. 2.1c), located according to the muscle 

compartments they innervate. The cell bodies of white muscle motor neurons occupy 

positions close to the central canal while the others are placed more ventrolaterally (van 

Raamsdonk et al., 1983a; 1983b; de Graaf et al., 1990). Localised injections of tracers 

into the segmental musculature of the eel have illustrated a repeating pattem of
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Figure 1.1a, b, c, d. The general organisation of the fish spinal cord can be seen fi-om 
the reconstruction of a 1mm section of the cord in (a) and the photomicrograph o f a 
toludine blue stained transverse section in (b). ventral roots (arrows), GM, grey matter,
WM, white matter and cc, central canal. Men, demarcates the position of the meninges and 
the arrowheads highlight some of the motor neuronal cell bodies in the grey matter. In (c) 
the positions of identified descending tracts are marked in the ventral white matter (vwm, red) 
while the motor column (me) containing white motor neurons (wmn) and red muscle neurons 
(rmn) is highlighted in the grey matter (blue). The segmental organisation of these neurons in 
longitudinal section is illustrated in (d). The yellow circles denote the large white matter 
neurons amid the labelled cell bodies of the intermediate and red muscle cell bodies on one 
side of one half segment of the cord (taken fi-om Smit et al.,1991). VR, ventral root.
Scale bar =100 microns



motoneurons (Smit et al., 1991) including the 7-10 large identifiable cells that innervate 

the v^hite musculature.

The basic information about the neuronal organisation outlined above has been 

derived from comprehensive studies on the fish spinal cord, whereas relatively little is 

known of the supportive non-neuronal elements (ependyma and glia). These structures, 

therefore, are examined in the first part of this thesis.
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Chapter 2

The organisation of the ependyma and glia in the 

uninjured spinal cord
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2.1 Introduction
Apart from a brief account of the cellular composition of the ependymal layer (Roberts 

et al., 1995), the cytoarchitecture of the glial components of the CNS of anguilliform 

fish remains undocumented. With respect to other anamniote vertebrates, many studies 

have concentrated upon the glial structures present in the brain, such as in the 

cerebellum (Dahl et al., 1985), the rhombencephalon (Rubio et al., 1992) and, more 

extensively the visual system (e.g. Nona et al., 1989; Rungger-Brandle et al., 1989), but 

few have described the ghal cytoarchitecture of the spinal cord.

It is generally considered that the ependyma and astrocytes are major elements 

in the vertebrate CNS (Peters et al., 1991; Reichenbach and Robinson, 1995). The 

ependyma lines the ventricles of the brain and the central canal of the spinal cord and is 

arranged in two layers, an epithelial ependymal layer contacting the cerebrospinal fluid 

in the canal lumen, and a second layer, termed the subependyma or subependymal layer 

(Peters et al., 1991). Ependymal cells, or ependymocytes, are the main cell type in the 

epithelial ependymal layer and are simple cuboidal to columnar cells that are similar in 

all vertebrate classes (Roots 1986); little is known of the functions these cells perform 

in the nervous system (see Flament-Durand and Brion, 1985, for review). Interposed 

between the ependymal cells are the tanycytes which constitute a small population of 

cells that also contact the lumen of the canal but extend long cellular processes to the 

pial surface or to blood vessels where they end as club-shaped endfeet (Rafols, 1986).

Astrocytes comprise another type of non-neuronal cell in the vertebrate CNS. In 

mammals, where this cell type has been extensively studied, astrocytes possess a 

characterisitc ‘stellate’ or star-shaped morphology. Two groups, protoplasmic and 

fibrous astrocytes, are found in the grey and white matter respectively (Privat and 

Rataboul, 1986). Certain features are unique to astrocytes, such as membrane- 

associated orthogonal particle complexes (MOPC’s) on the surface of the plasma 

membrane, glycogen granules, and large bundles of intermediate filaments in the 

cytoplasm composed primarily of glial fibrillary acidic protein (GFAP; for review see 

Privat and Rataboul, 1986; Roots, 1986). An astrocyte population is also present in 

anamniote vertebrates but with a different morphology; for example in the fish spinal 

cord each astrocyte extends a single, long cellular process into the surrounding grey 

matter in a radial manner, hence the term ‘radial astrocyte’ (Bodega et al., 1990). Their 

cell bodies are found in the grey matter close to the ependymal zone and they contain
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numerous bundles of intermediate filaments containing glial fibrillary acidic protein 

characteristic of mammalian astrocytes.

In the eel spinal cord, the ependymal layer is known to contain ependymocytes 

and liquor contacting neurons (LCN’s, Roberts et al., 1995); however, little is known of 

the tanycyte population interspersed between the ependymocytes of the ependymal 

layer or of the radial astrocyte structure in the grey and white matter. In light of the 

small number of studies that have described the glial structure and the use of a variety 

of analytical methods, such as HRP impregnation (Miller and Liuzzi, 1986), 

histochemical (Samat et al., 1975), immunohistochemical (Dahl et al., 1985) and 

ultrastructural analysis at the electron microscope level (Stevenson and Yoon, 1982), 

we have combined a light and electron microscopical study with an 

immunohistochemical analysis of GFAP, vimentin and S-100 to determine the glial 

structure of the eel spinal cord, as a background to our analysis of the regenerating 

structure.

GFAP is the major subunit of ghofilaments (Eng et al., 1971; Eng, 1980) and is 

considered to be a specific and reliable marker for mature cells of astrocytic origin (e.g. 

Eng, 1985). Labelling of glial cells with antibodies to this protein has been reported in 

all vertebrate classes: hagfish (Wicht et al., 1994), lamprey (Wasowicz et al., 1994), 

teleost fish (Anderson et al., 1984), amphibians (Miller and Liuzzi, 1986), reptiles 

(Yanes et al., 1990) and birds (Onteniente et al., 1983), suggesting a phylogenetic 

stability of this protein in vertebrates. In contrast to most other studies in teleost fish 

(e.g. Anderson et al., 1984; Onteniente et al., 1983; Bodega et al., 1990), where the 

antibodies used were specific to the mammalian form of GFAP, we have utilised an 

antibody raised to goldfish GFAP (Nona et al., 1989) that is proven to label specifically 

astrocytes in the CNS of teleost fish (Stafford et al., 1990) and hagfish (Wicht et al., 

1994) and is also specific to a 51KDa band corresponding to GFAP isolated from rat 

and which labels astrocytes in the mammalian CNS (Shehab et al., 1989).

Vimentin is another major cytoskeletal protein that is present in immature cells 

of astroglial lineage in mammals (Voight, 1989; Elmquist et al., 1994), adult ependymal 

cells (Bignami et al., 1982) and is co-expressed with GFAP in mature Bergmann glia 

(Schnitzer et al., 1981; Bovolenta et al., 1984). Vimentin labelling has also been 

reported in reptiles (Monzon-Mayor et al., 1990), amphibians (Lazzari et al., 1997) and 

teleosts (Glasgow et al., 1994; Rubio et al., 1992).
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The S-100 protein is specific to vertebrate glial cells, particularly astrocytes in 

mammals. It is part of a group of calcium-binding proteins that may play a role in the 

calcium-dependant regulation of the astrocyte cytoskeleton (Bianchi et al., 1993) and is 

found to label the astrocyte cell body more intensely than GFAP antibodies (e.g. Boyes 

et al., 1986). Few studies have utilised antibodies to this protein in the anamniote CNS. 

However, the results suggest that this protein is specific to glial cells (e.g. Nona et al., 

1995).

In the present study, we demonstrate that the spinal cord contains an ependymal 

and radial astrocyte population similar to that of other teleost fish. We show that 

ependymal cells label GFAP-ve, and S-lOO+ve, the tanycytes and radial astrocytes are 

GFAP+ve and S-lOO+ve, while vimentin labelling is restricted to a small region 

containing the medial, ascending and descending glial tracts in the cord. We have also 

found evidence to suggest that a small population of cells, o f non-ependymal or radial 

astrocytic origin, are present in the grey matter of the spinal cord.
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2.2. Materials and Methods
This study is based on 34 European eels Anguilla anguilla L. in a non migratory 

immature stage of their lifecycle. These and all of the other animals used in this thesis 

came from a stock population maintained in aquaria within the Department that were 

obtained from two sources: captured wild glass eels (Salmon Research Agency, 

Newport) reared to the yellow eel stage and farmed yellow eels obtained from a 

commercial supplier (Aqua Arklow). All eels were housed in one of three specially 

constructed stock tanks with each served by its own biofiltration tank and separate 

aeration source. The filtration system was a scaled-down version of the latest 

commercial air-lift circulation systems using directed air flow to create water currents 

capable of carrying, and suspending, plastic “bio-balls”, allowing for enhanced bacterial 

action. A ‘top-up’ of bacterial culture was added monthly and the system stripped and 

cleaned every 6 months. In each tank, the temperature was maintained at approximately

25°C. Both parameters were monitored daily and the animals were fed once daily using 

commercial eel feed.

Tissue preparation

For histological investigation, each fish was first anaesthetised by immersion in 0.3mg/l 

MS-222 (Methanesulphonate salt, Sigma) and frirther deep anaesthesia provided by a 

subcutaneous injection of 0.3ml alphaxalone ('Saffan', Pitman-Moore). In order to 

prevent blood clotting, 0.2ml heparin sodium (Leo Laboratories) was administered 

subcutaneously. Each animal underwent perfrision fixation, which necessitated the 

exposure of the heart and the insertion of a cannula through an opening in the ventricle 

and into the conus arteriosus. Using a peristaltic pump (Rabbit-Plus, Ranin) a primary 

flush of Ringer's solution, with 0.1% procaine (Sigma) for further anaesthesia, was 

given to remove the blood (through a second incision in the sinus venosus), and was 

then followed by the required fixative for approximately 30 minutes. Two fixative 

solutions were used (a) 4% paraformaldehyde in O.IM phosphate buffer (PB) pH 

adjusted to 7.4 for immunohistochemical investigation and (b) 2% paraformaldehyde, 

1.25% gluteraldehyde in O.IM phosphate buffer (PB), pH adjusted to 7.4 for electron 

microscopy. Following perfusion, the spinal cord was immediately dissected from the 

spinal column and post-fixed in the same fixative for a maximum time of 3 hours at 

4"'C.
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Immunohistochemistry

Following postfixation, the spinal cords were mounted in a medium consisting o f  35% 

bovine serum albumin (Fraction V - Sigma) and 3% gelatin (Sigma). Using 25%w/v 

glutaraldehyde as denaturing agent, the protein was solidified to produce a strong 

gelatinous medium. The tissue was sectioned in one o f  three planes, transverse, 

horizontal or parasaggital, at 50 [im on a Vibratome (series 100). Cut sections were 

collected in O.IM PB, pH 7.4 and processed for GFAP, S-100 or vimentin 

immunohistochemistry.

All sections were pre-treated in 1% sodium borohydride in distilled water to 

remove residual fixative and treated in 5% normal serum appropriate to the antibodies 

used to reduce background staining. Sections were rinsed for 5 x 5  minutes between 

each incubation.

For the primary antibody reaction, sections were incubated in (a) GFAP Rabbit 

anti-goldfish (generous gift by Dr. S. N. Nona), 1:20,000 in O.IM PB, and 0.5% Triton 

X-100, or (b) S-100 rabbit anti-bovine (Dako) 1:20,000 in O.IM Tris-HCl, 0.9% NaCl 

and 0.5% Triton X-100 or (c) vimentin mouse monoclonal (Dako), 1:1000 in 0.9%

NaCl and 0.5% Triton X-100. Sections were incubated at 4^C for 48 hours and then 

treated respectively with (a) biotinylated goat anti-rabbit IgG (Vector), 1:200 in O.IM 

PB and 0.5% Triton X-lOO or (b) biotinylated goat anti rabbit IgG (Vector), 1:200 in 

O.IM Tris-HCl and 0.5% Triton X-100 or (c) biotinylated horse anti mouse IgG 

(Vector), 1:200 in O.IM Tris-HCl and 0.5% Triton X-100, and incubated overnight at

4®C or for 2 hours at room temperature. The avidin-biotin method (ABC kit. Vector) 

was used to treat the tissue at room temperature for 1.5 hours. Following the fmal 

treatment, sections were rinsed (x 3) in O.IM Tris-HCl pH. 7.6 and treated with 0.05% 

3,3'-diaminobenzidine (DAB, Sigma) as chromogen and 0.01% H2 O2 . Finally, sections 

were washed (x3) in O.IM Tris-HCl, pH. 7.6, at room temperature and mounted onto 

clean slides using 0.2% gelatin in O.IM Tris-HCl, pH. 7.6, as mountant, and left to dry 

for 48 hours, and thereafter dehydrated and coverslipped.

To determine the degree o f non-specific binding, a series o f  experiments was 

run for each antibody that was used, and this involved omitting one o f  the reagents in 

the process. Non-specific labelling was minimal in all sections tested. In order to 

increase labelling specificity, both the primary and the secondary antibody for each
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intermediate filament protein was preincubated for 24-48 hours at 4^C in sections of 

unused tissue to further reduce non-specific binding.

Electron microscopy

Following postfixation, the tissue was washed in O.IM PB (x6) for 1 hour. Secondary 

fixation was completed in 2% 0 s0 4  in O.IM PB for approximately 2 hours, and the 

tissue then dehydrated in a graded series of ethanol (10-100%) and embedded in resin

(Agar 100 - medium mix) and left to solidify in an oven at 60^C for 24 hours.

Serial sections of the spinal cord were cut for both light (1.5|im) and electron 

microscopy (-500A) on an LKB Ultramicrotome. Light sections were mounted on 

slides, stained with toludine blue and coverslipped. Thin sections were mounted onto 

copper-coated grids, post-stained with uranyl acetate, counterstained with lead citrate, 

and examined with a Hitachi H-7000 microscope. Images were either photographed on 

to plate film, or digitally acquired via a digital camera (Neuroimagor II).

Image analysis and reconstruction

Light microscopic images were acquired using an Optiphot -2 microscope (Nikon) with 

attached digital camera (Polaroid DMC) and downloaded to a Macintosh G3 computer. 

All images were analysed and formatted using Adobe 'PhotoShop 5'.

Using an Axiophot-2 microscope (Nikon) with attached camera lucida, serial 

sections (60|im apart) of the spinal cord and central canal were drawn, and then traced 

from a digitising tablet (Summagraphics) into a Macintosh Performa 630. 

Reconstructions were made using the 'MacStereology' program (version 1.01).
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2.1. Results
Light Microscopy
Figure 2.1 provides a general view of the central canal region stained with toludine blue 

in the caudal spinal cord of an unoperated eel and illustrates the major glial elements 

examined in this chapter; the ependyma; the subependyma, and the radial glia.

Fpendvma

As in other vertebrates, in the eel the cells surrounding the lumen of the central canal 

form two layers: a single layer of epithelial ependymal cells abutting the lumen of the 

canal and an outer layer of subependymal cells. These two layers comprise five cell 

groups; (a) ependymocytes; (b) subependymal cells; (c) tanycytes; (d) light staining 

cells, and (e) liquor contacting neurons (LCN’s). The first four groups will be described 

here while the fifth, which is neuronal, is dealt with later (see chapter 6).

Analysis of toludine blue stained serial light microscopical sections of the two 

layers around the central canal shows that the cells stain heterogeneously with toludine 

blue; in particular the cell bodies of the ependymal layer stain more intensely than those 

in the subependymal layer. A small population of lightly staining cells with large cell 

bodies is seen on the dorsal surface of the canal and extends into the subependymal 

layer. Outside the subependymal layer, in the dorsal, ventral and lateral portions of the 

grey matter, are the soma of radial astrocytes which also stain heterogeneously. They 

are most conspicuous laterally where they produce two ‘horns’ of compact cells as 

revealed by GFAP labelling (Fig. 2.2). Occasionally oligodendrocytes are also found in 

this region and are identified by their dark staining soma and short processes. Long thin 

processes extend fi*om this region into the grey and white matter where they appear to 

terminate at the meningeal surface.

Four large glial tracts are present in the cord that extend fi*om around the central 

canal to the meningeal surface, in effect dividing the cord into four large sectors. 

Ventrally the tracts stain much more intensely than their dorsal counterparts and the 

point of origin of the processes is closer to the sub-ependyma. The processes terminate 

in the superficial regions (see Fig 2.1) placed dorsally and ventrally where there is a 

paucity of cell soma. Laterally, the glial tracts extend towards the periphery of the 

spinal cord in a slightly different way. A pair of large processes extends ventro- 

laterally curving gently to the ventro-lateral surface of the cord. Here, a small
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Figure 2.1a, b. (a) Photomontage o f  the central canal (*) and the glial horns (arrowheads) in the grey matter o f  the normal spinal cord. Note the radial 
processes (arrows) that extend from this region, particularly those that project dorsally, ventrally and ventrolaterally. In (b) note the heterogeneity o f  staining 
in the cells that surround the canal. LCN's (arrowheads) are conspicuous as are light staining cells placed dorsally (arrows) interspersed between the 
ependymocytes (Ep). Dorsal to the canal are small myelinated axonal tracts that cross between the two glial horns (white arrows). Scale bar = 25 microns.



submeningeal region is often present into which these processes project (Fig. 

2.1).compact group of processes (Fig. 2.2c). Thinner processes also radiate from the 

glial horns and these extend to dorso-lateral, lateral and ventrolateral regions, while few 

project to the ventral cord.

Immunohistochemistry

In an examination of the ependymal and glial structures three different antibodies, 

GFAP, S-100 and vimentin were utilised.

Glial Fibrillary Acidic Protein (GFAP)

The radial astrocytes and the tanycytes in the cord labelled GFAP+ve including other 

elements in ventral portions of the grey matter (Fig. 2.2).

Ependymal Region

No ependymal cells surrounding the central canal immunoreacted for GFAP. 

Tanycytes, however, did label and were distributed in two regions of the canal, on the 

ventro-lateral and dorso-lateral surfaces (Fig. 2.2a,b). Labelled profiles were few, about 

four per section. The labelled cell body is elongate in shape, abuts the lumen, and 

extends a single large process laterally into the glial horns where it amalgamates with 

processes from the radial glia, making identification of the individual elements 

impossible beyond this point.

Radial Astrocytes

In the ventral tract, large thick immunopositive profiles extended towards the periphery 

of the cord. The origin of these fibres is twofold: the first source is the region close to 

the ventral subependyma while the second is the lateral glial horns (Fig 2.2c). 

Therefore two different groups of GFAP+ve glia extend into the ventral tract. The 

fibres are usually long and straight; although they deviate around blood vessels and 

branch extensively, close to the ventral surface, around the large myelinated axonal 

tracts. Occasionally the ventral processes bifurcate close to the sub-ependymal region 

to produce two or more large GFAP+ve branches.

Dorsally, immunopositive profiles also arise from two different locations to 

produce a thick projection that terminates at the periphery of the cord. The first set of 

fibres arises from the region dorsal to the subependymal zone of the central canal and
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Figure 2.2. Photomicrographs o f  the spinal cord cut in transverse section and labelled for GFAP: (a) the whole cord, (b) the central canal region, (c) the glial 
'horns', (d) the dorsal and (e) the ventral tracts. In (a) note the labelling for four m ajor tracts (arrows) that extend dorsally (d), ventrally (e) and ventrolaterally. 
In (b) note that ependymocytes did not label for this marker and the intense labelling oftanycytes (arrowheads). In (c) the glial hom s label intensely which is 
the origin o f  radial astrocyte cells and their immunopositive processes. In (d) the dorsal tract labels intensely as does the dorsal region into which this tract 
projects. In (e) note the ventral tract, which in this instance has split in two (arrowheads) and its extesion ventrally in which the processes divert (arrows) 
around the large myelinated tracts (*) to term inate at the pial surface. Scale bar = (a) 200 microns, (b), (c), (d) and (e) = 50 microns



the second set from fibres projecting from the lateral glial horns. In contrast to the 

ventral projections, the dorsal structure does not bifurcate and remains as a single 

compact group of processes (Fig. 2.2d). The large meningeal areas on the dorsal and 

ventral surfaces of the cord are GFAP+ve.
GFAP+ve filaments are also found in the dorsal portions of the subependymal 

zone surrounding the central canal where a thin plexus of these fibres traverses between 

the GFAP+ve glial horns (Fig. 2.2b). The GFAP+ve fibres are thin and intensely 

stained and the cell bodies of these fibres could not be discerned in the glial horns. 

These immunopositive fibres appear only intermittently along the cord in serially 

stained sections.

Laterally the glial horns label intensely for GFAP (see Fig. 2.2c). The most 

intensely stained structures are the ventrolateral projecting radial glia that terminate on 

the ventrolateral meningeal surface. In the white matter these processes deviate in a 

wave-like pattem around blood vessels and axonal tracts. Thiimer GFAP+ve radial 

projections also arise from this region and extend to the dorso-lateral, lateral and 

ventrolateral region while only a few project into the ventral regions of the cord. The 

structure of these numerous processes is similar to that of the large descending glial 

projections and possesses the wave-like patterning in the white matter. Numerous side 

projections give rise to a highly branched morphology that is most common in the white 

matter. Ventrally, small projections also originate from the descending glial tracts and 

branch extensively to surround the large axonal tracts and blood vessels (Fig. 2.2e). At 

times their point of origin is unknown due to their wispy short processes. Smaller 

immunopositive spine-like processes are also found, that projected perpendicularly from 

each main process for short distances between adjacent axonal tracts. Few GFAP+ve 

processes were found near the meningeal surface, suggesting that this intermediate 

protein is absent from the glial endfeet.

S-100

Labeling for S-100 in the cord also highlighted the morphology of the radial glia 

characteristed by the GFAP+ve labeling (Fig. 2.3). However, S-100 also labeled somal 

structures that were GFAP-ve in the ependymal and subependymal layers.
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Figure 2.3. Photomicrographs o f  the spinal cord in transverse section and labelled for S-IOO. In (a) note the similar labelling pattern o f the radial astrocytic 
network found forGFAP, but in contrast, cells surrounding central canal also labelled (b; arrows), however small portions (arrowheads) failed to label 
including the dorsal regions o f the canal (*). In (c) labelling of cellular-type profiles can be seen (arrowheads) as well as the radial astrocytic network 
(arrows). In (d) and (e) corresponding to the dorsal and ventral tracts respectively, projecting glial tracts labelled for the antibody (arrows) and in the case of 
the dorsal surface the processes terminate into a region o f  intense labelling (arrowheads). Scale bar (a) = 200microns, (b), (c), (d) and (e) = 20 microns



EpRndvmal Re2ion

Cell bodies surrounding the lumen of the canal have an intense, heterogeneous staining 

pattem. On the ventral and lateral surfaces densely labelled cell soma are visible 

abutting the lumen of the canal whereas dorsally, the ‘light-staining’ cells identified 

from toludine blue-stained sections are less intensely labelled (Fig. 2.3b). The 

subependymal layer also labels lightly. Occasionally, thin processes from this layer 

pass between the darker staining ependymal cells to contact the lumen of the canal. It 

proved difficult to identify tanycytic soma and their tail processes because of the intense 

staining intensity of the cells surrounding the central canal.

Radial Astrocytes

On the ventral surface of the canal, radial processes stain intensely for S-100; however, 

the highly branching morphology close to the meningeal surface characterised by the 

GFAP+ve labelling was not observed and, instead, labelling was isolated to a single 

straight process that terminated beneath the meninx, frequently forming a bugle-shaped 

endfoot (Fig. 2.3e), Dorsally, intensely labelled projections from the lateral glial horns 

could be traced from their point of origin into the tract forming a single group of 

processes that terminated in the densely labelled dorsal glial plexus (Fig. 2.3d); this area 

labelled more intensely than the ventral glial plexus. Laterally, S-lOO+ve processes 

radiate from the glial horns towards the periphery of the cord on the dorso-lateral and 

lateral surfaces (Fig. 2.3a, c), and small thin side branches frequently emanate from 

these larger structures, but label weakly and were often difficult to trace.

Vimentin

There was little vimentin labelling and few profiles were seen in the cord. These 

included the meninges and the dorsal and ventral glial tracts (Fig 2.4). Ventrally, 

immunopositive glial processes could be traced from the lumenal surface to the 

periphery of the cord. The positive profiles at the lumenal surface were very fine and 

difficult to discern; however, the intensity of labelling increased progressively closer to 

the meningeal surface (Fig. 2.4b, c). In these regions, numerous fine filaments branch 

from the main descending tract to surround the myelinated axonal tracts close to the 

meningeal surface. Labelling is absent from the endfeet. In the dorsal glial tracts, fine 

filaments originate from the area close to the light staining cells. In this region,
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Figure 2.4. Vimentin labelling in the normal spinal cord in transverse section. Note the lack of 
labelling in the cord (a) save for the dorsal (b) and ventral (c) processes. In both immunopositive 
profiles there is a gradual increase in labelling intensity from the canal to the surface o f the cord 
(small arrows). In (d), a horizontal section, the dorsal vimentin+ve profiles splay to form rosette 
-type profiles on the dorsal surface. Scale bar (a) = 50 microns and (c), (d), (d) = 20 microns.

Figure 2.5. GFAP (a) and S-100 (b) labelling between the myelinated axons ventral to the 
central canal indicate the presence of cellular profiles. In both (a) and (b) structures resembling 
cell bodies (arrowheads) and fine cytoplasmic processes (arrows) are present. The insets 
highlight these immunopositive profiles. Scale bar = 20 microns.
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labelling of vimentin+ve filaments is weak; however, labelling intensity steadily 

increases dorsally (Fig. 2.4b). Close to the meningeal surface, processes often 

extensively branch to produce a rosette type structure (see Fig. 2.4d).

Extra-ependymal and radial glial labelling
A small set of GFAP+ve and S-lOO+ve cells were also found in the grey and white 

matter and these do not appear to be components of the ependymal or radial astroc>^e 

populations.

GFAP

The structures labelled with this antibody are predominantly radial in morphology; 

however, there is evidence for GFAP+ve cell bodies in the region of the cord ventral to 

the canal. In this region, the ventral and ventro-lateral projecting radial glial processes 

separate two large areas of myelinated axons; GFAP+ve structures, apparently cell 

bodies, nestle between these axons (Fig. 2.5a). They have a perikaryial shape with long 

thin cytoplasmic projections that appear to make contact with other cells, and the 

processes of radial astrocytes. These cells are seen only in this region and, occasionally, 

in portions of the grey matter close to the radial astrocytes situated ventrally.

S-IOO

Structures resembling cell bodies, and similar to those labelled with GFAP, are labelled 

with the S-100 antibody (Fig. 2.5b). They seem to be unattached and are devoid of long 

processes that may indicate that they are of radial astrocytic origin (Fig. 2.3c). 

Frequently, numerous somatal structures are present within this region that are 

heterogeneous in shape with few cytoplasmic extensions. In the dorsal white matter and 

interspersed between the myelinated tracts ventral to the canal, are somal structures 

situated outside the subependymal zone that label faintly and are present in close 

apposition to the dorsal radial glia (Fig. 2.5b). Occasionally, labelled somal type 

structures of unknown identity are found in the dorsal grey and white matter.

Glial Cy to architecture in the Spinal Cord

The light microscopical investigation has shown that the cord has a regular glial 

organisation that divides the cord into compartments. The analysis of the GFAP and S- 

100 immunoreacted material, cut in the horizontal, saggital and transverse planes.
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reveals a repeating glial organisation in the spinal cord (Fig. 2.6a, b). This plan is best 

appreciated from 3-dimensional reconstructions made from serial immunoreacted and 

plastic sections, where the spinal cord is seen to be divided primarily into four 

compartments by the large dorsal, ventral and descending lateral processes (Fig 2.7a). 

Further sub-division is brought about by the smaller radiating glia, notably in the 

dorsal-lateral and lateral regions of the cord (Fig 2.7b). Ventrally, the glial division is 

augmented by a small population of radiating elements from the glial horns and by 

branching (sometimes quite extensive) of the ventral descending glial processes.

Electron Microscopy

The different glial components were investigated with the electron microscope to 

determine their ultrastructure and the organisation of the ependymal zone, the glial 

horns and the radial processes. The ultrastructure of the specialised liquor-contacting 

neurons is only briefly alluded to here as they are characterised further in chapter 6.

Ependymocytes

Ependymocytes are distributed on all surfaces of the central canal and make contact 

with its lumen. A typical ependymocyte can be considered as having two distinct parts, 

a large somal portion, and an apical non-ciliated region that contacts the lumen of the 

canal (Fig. 2.8). The nucleus is large and is placed centrally while its shape varies from 

elongate to highly irregular: in some cells there are deep invaginations in the nucleus 

created by cytoplasmic processes. The electron dense staining of the nucleus contains 

chromatin aggregates in the centre and along the nuclear membrane. The cytoplasm 

stains lightly and contains numerous organelles, including prominent mitochondria and 

a rough endoplasmic reticulum arranged in repeating lamellar units with abundant 

ribosomes. Large bundles of filaments, characteristic of other cell types in the cord, 

were absent from the ependymocytes. Occasionally small electron dense bodies are 

present in the cytoplasm, usually in the apical portion of the cell. Junctions between 

cells are common and consist primarily of zonulae adherens along the apical portions of 

the cell. Occasionally, short tail processes extend into the subependymal layer.

Tanvcytes

Tanycytes are present on the ventro-lateral and dorso-lateral surfaces of the central 

canal and differ in morphology from their neighbouring ependymocytes. They
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(a)

Figure 2.6a, b, c, d. Photomicrographs o f the spinal cord labelled for (a, b) GFAP and (c, d) 
S-100. In (a) the plane o f section is saggital and highlights portions o f the radial astrocytic 
structure, seen at higher power in (b). Note the close apposition o f processes (arrowheads). A 
similar pattern was found in horizontal section in (c) with wide bands o f processes extending 
from the region close to central canal (d; arrowheads). Scale bar (a) and (b) = 100 microns,
(c) and (d) = 20 microns.

Figure 2.7a, b. Reconstructions o f the radial glial structure in the normal spinal cord from serial 
transverse sections, in (a) the four large glial tracts are highlighted along with the central canal 
region while in (b) the smaller radial tracts are included. This representation does not include all 
o f the smaller side branches.



Figure 2.8. Photomontage of electron micrographs of the central canal region in the eel spinal 
cord. Note the conspicuous large cell bodies of LCN's (*), tanycytes (arerowheads), the dorsal 
light staining cells (arrows) and ependymocytes (Ep). The adjacent subependymal layer is 
composed primarily of dark and light staining processes (white arrows) arising from 
oligodendrocytes (oli) and radial astrocytes (Ast) respectively. Rf = Reissner's fibre.
Dorsal surface = Df. Scale bar = 5 microns.



comprise: (a) an apical region contacting the lumen of the canal, (b) a somal region 

containing the nucleus, and (c) a tail region that extends laterally into the glial horns 

(Fig. 2.9). These cells are generally bigger and more elongate than the surrounding 

ependymocytes and are slightly smaller and more darkly staining than the similarly 

shaped LCN’s. The short apical portion connects to the slightly enlarged somal region 

to produce a ‘goblet’ shaped cell. The nucleus, which expands to fill the somal region, 

often close to the apical portion of the cell, varies in shape but is generally circular to 

elongate, possesses a ‘rough’ membrane surface and is occasionally indented by large 

cytoplasmic processes. It is electron dense with chromatin aggregations at the nuclear 

membrane. A nucleolus is often present, located to one side of the nucleus, and a 

discontinuous perinuclear space is frequently found demarcating the boundary with the 

cytoplasm. The cytoplasm contains an organelle complement similar to that of 

ependymocytes, although occasionally bundles of intermediate filaments are present in 

the cytosol close to the plasma membrane and the long cytoplasmic processes.

The ‘Light ’ Staining Cells

This small set of cells has a characteristic light staining appearance under the light 

microscope, and retains this characteristic pattern at the level of the electron 

microscope. They are distributed on the dorsal surface of the central canal and usually 

number 2-5 profiles per section. Each cell body is large, and frequently extends into the 

subependymal layer. Its structure is similar to that of a tanycyte and comprises apical, 

somal, and tail regions. The tail processes are not always obvious in transverse section, 

being interspersed with axonal and glial tracts arising from the dorsal portions of the 

glial horns positioned laterally (Fig. 2.10). Occasionally a second layer of this cell type 

is present in the dorsal subependymal region in close association with the dorsal glial 

tracts that run horizontally between the glial horns. When present, tail processes extend 

dorsally into the ascending radial astrocyte tracts where they interpose with other glial 

profiles. In comparison to the liquor contacting neurons, which are the other type of 

lightly staining cell, this cell type contains fewer organelles and the cytosol is 

heterogeneous in staining density. The nucleus is slightly more electron dense than the 

cytoplasm and is generally large and circular in shape, with numerous indentations. 

Chromatin is condensed in the nucleus and also along the nuclear membrane. Nucleoli 

are occasionally found and a continuous perinuclear space is present. The cell contains 

a complement of organelles similar to that found in tanycytes and ependymocytes.
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Figure 2.9. Electron micrograph o f  a tanycte cell body and a portion o f  the extending cellular process. 
Note the elonage shape and large nucleus (N) and nucleolus (Nu) compared to the surrounding 
ependymocytes (Ep).

Figure 2 .10a, b. Light staining cell on the dorsal surface o f  the canal. In (a) the light staining features 
o f  this cell type (arrows) can seen in the electron micrograph (b). Note the light staining cytoplasm, 
normal organelle complement and the inclusion o f  dark lipophilic-like structures. Scale bar = 10 um.



including densely staining structures that are absent from the LCN’s. Close to the 

lumen of the canal, the apical portion of the light staining cells forms junctional 

complexes similar in appearance to zonulae adherens.

The subependymal region

The subependymal layer contains the processes of tanyc)^es, and the cell bodies and 

processes of LCN’s, and, dorsally, the cell soma of the light staining glia and associated 

processes. A few cell bodies and a dense layer of light and dark staining processes are 

interspersed between these cellular structures. Cells that could be considered 

subependymal are infrequently found and they are similar to ependymocytes of the 

ependymal layer (Fig. 2.11). The cell body is irregular in shape and smaller than the 

adjoining ependymocytes while the nucleus is large and prominent in the cell. 

Numerous ribosomes and elongate mitochondria are distributed throughout the 

cytoplasm. A thin perinuclear space incompletely surrounds the darker staining 

nucleus, which contains a chromatin aggregation similar to that seen in ependymocytes. 

The main feature of this region is a thick layer of processes oriented parallel to the 

surface of the canal (Fig. 2.11, arrows). Many of the profiles follow tortuous pathways 

composed of at least two different cell types: characteristic long dark processes of 

medium oligodendrocytes close to the canal region intersperse between the second, 

lighter staining profiles that originate from radial astrocytes situated laterally and 

ventrally. Bundles of intermediate filaments are frequently found in these lighter 

staining profiles and characterise this cell type. Occasionally small groups of 

unmyelinated axonal profiles are present in this layer close to the ependymal cells, in 

particular the LCN’s.

Glial Horns - Radial Astrocytes

Radial glial soma are found in the lateral and ventral portions of the grey matter close to 

the ependymal region in the cord and are of approximately similar size to ependymal 

cells. They vary in staining intensity and have irregular cellular profiles of different 

size. Interspersed occasionally between these cells are numerous darker staining 

cellular processes of oHgodendrocytes. The irregular nucleus is large and prominent in 

the cell (Fig. 2.12), often with large cytoplasmic indentations. The cells are 

characterised by a light staining cytoplasm that contains numerous organelles, 

particularly rough endoplasmic reticulum, mitochondria and numerous ribosomes.
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Figure 2.11. Electron micrograph montage of the subependymal region adjacent to the central 
canal. Note the presence of two cells (*) in this region and the large number o f light and dark 
processes (arrowheads). The cell body of a liquor contacting neuron (LCN) and ependymocytes 
(Ep) can also be seen. C.C. denotes the position of the canal relative to the cells.

Figure 2.12. Radial astrocyte cell soma (*) in the glial horns. Note the irregualr shaped nuclei 
in the cells and the presence of oligodendrocytes (oli) and their processes (arrowheads).
Bv = blood vessel.



while, occasionally, dark staining profiles similar to those found in the ependyma are 

present in the cytosol. Filaments are abundant and form dense bundles in the cytosol 

close to the plasma membrane in the cell soma and at the base of the long cytoplasmic 

process.

In the nucleus, chromatin aggregates along the nuclear membrane with a 

relatively homogenous staining density. A prominent perinuclear space continuous 

with the nuclear membrane is often present.

Radial Astrocvte and Tanvcyte Processes

Since it proved difficult to distinguish between the cellular processes of the radial 

astrocytes and tanycytes, both are described together in this section. The descriptions of 

the glial tracts and the ascending dorsal tracts are separated into two sections as the 

structure of the latter differs considerably from the other tracts.

Ventral and Ventro-Lateral Tracts

The ventral and ventro-lateral glial tracts (which label GFAP+ve and S-lOO+ve) are free 

of cell bodies and composed of numerous closely apposed processes (-5-10) linked 

together by desmosomal-type junctional complexes. The processes periodically give 

off small side-branches that course between the surrounding axons (Fig. 2.13a). The 

most conspicuous and abundant structures are bundles of intermediate filaments 

arranged parallel to the longitudinal axis of the process. The smaller tracts, placed 

dorso-laterally, laterally and ventro-laterally, comprise only 2-5 processes. These are 

similar to the larger tracts and junctional complexes are periodically found between 

their processes (Fig. 2.13b). Side branching of processes is more frequent and can often 

be traced between myelinated axonal tracts. Each process consists of numerous 

intermediate-type filament structures similar to the larger tracts, along with 

mitochondria, free ribosomes and the occasional rough endoplasmic reticulum lamellae. 

Most processes appear to terminate as endfeet on the meningeal surface and contain 

large numbers of filaments that extend into the endfoot producing dense aggregates. 

Frequently these filaments are aligned perpendicular to the large bundles.

Dorsal Radial Astrocyte Tract

The processes in this tract appear to arise from at least two different sources: 

from radial astrocytes in the lateral glial horns (Figs. 2.2, 2.3), and periodically, lighter
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Figure 2.13a, b. Electron micrographs in transverse section of (a) the large and (b) the small radial glial processes. Note the complement of elongate 
mitochondria (m) and numerous bundles o f intermediate filaments (if). In all cases the tracts are composed of numerous overlapping processes joined by 
junctional complexes, particularly in the large tracts. Scale bar = lOum.



staining processes from the light staining cells abutting the canal lumen (Fig. 2.14b, c).

The tract is composed of numerous (-10-15) short, ovoid to elongate processes in close 

apposition (Fig. 2.14d).

Along the periphery of the tract apposing the grey matter, processes are thinner 

and more elongate. The intensity of staining varies and they frequently contain small 

bundles of intermediate filaments, ribosomes and elongate mitochondria arrayed in the 

direction of the tract. All processes terminate in a large submeningeal region, which is 

compact and highly lamellar in structure (Fig. 2.14e). It possesses a homogenous 

staining pattern and occasionally cell bodies (oligodendrocytes and light staining 

astrocyte-type cells) are present within this region. The processes contain few 

organelles and, occasionally, small bundles of intermediate filaments are present. 

Desmosomal junctions between processes were occasionally found.

Other cell types

As part of this ultrastructural study several cell types, atypical of the normal ependymal 

and radial astrocytic complement, were identified in the spinal cord. Variants were 

found for oligodendrocytes and a light-staining astrocytic type cell in the grey matter.

01 i godendrocytes

Three different types of oligodendrocyte were found in the cord, dispersed throughout 

the grey and white matter. Each was identifiable by the intensity of staining and were 

classed as dark, medium or light staining (Fig. 2. 15). Both dark and medium staining 

types predominated and the light-staining type was found only occasionally, usually in 

close apposition to myelinated tracts. As shown in figures 2.11 and 2.12, 

oligodendrocytes are present in the grey matter where they intersperse between the cell 

bodies of radial astrocytes and form an intricate and extensive network of processes in 

the subependymal regions.

Lisht-staining; astrocytic type cell

Cells that possess astrocytic type features are present in the regions surrounding the 

ependymal zone, the glial horns and the grey matter. In general these cells can be 

described as globular to elongate with occasional processes. The cell body stains
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Figure 2.14 a, b , c, d, e. The dorsal glial tract. The diagrammatic representation in (a) illustrates its complex organisation. The tract contains the processes o f 
the dorsal light-staining cells (arrowheads) surrounding the canal (b) and those ot radial astrocytes. The processes o f the dorsal light-staining cells however, 
are present intermittently (c; arrowheads). As can be seen in (d) the tract is composed o f interlocking cellular processes (*) that terminate into a highly lamellar 
region (e) on dorsal surface, oli = oligodendrocyte, cc = central canal, men = meninges, gh = glial horns. Scale bar = 20 microns.



lightly while the nucleus stains slightly darker (Fig. 2.16). Small indentations in the 

irregularly shaped nucleus give a ‘rough’ outline and there is usually a single large 

indentation of the surrounding cytoplasm to produce a ‘C’ shaped nucleus. The 

cytoplasm appears ‘watery’ and contains few organelles. The cell membrane contains 

numerous indentations, indicating that these cells take their shape from the surrounding 

perikarya (Fig. 2.16a,b).
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Figure 2.15. Electron micrograph of the different oligodendrocyte cell-t>T3es found in the eel cord 
seen here in the white matter region ventral to the central canal. Dark (dk) and intermediate (int) 
staining cells were the most common types found with occasional light staining types found, 
usually in close association to the myelinated tracts. In this figure a possible light-staining 
oligodendrocyte (*) is seen and numerous processes (arrowheads) extend from the dark staining 
oligodendrocyte.

Figure 2.16. Electron micrographs of the light staining astrocytic-type cells in (a) interspersed 
between myelinated tracts ventral to the canal and (b) in the grey matter often in close proximity 
to blood vessels. Note the 'watery' cytoplasm, the light staining nucleus (nuc) with small 
aggregates of chromatin along the nuclear membrane and often with a cytoplasmic indentation 
producing a characteristic 'C  shape (arrowheads).



2.4 Discussion
The ependyma associated with the central canal has been found to be composed of the 

inner epithelial and the outer subependymal layers. The epithelial ependymal layer 

contains at least four different cell types, including columnar ependymocytes that are 

the most numerous cell type, tanycytes, which extend long cytoplasmic processes into 

the surrounding grey matter, liquor contacting neurons (LCN’s) placed laterally and 

ventrally in the canal, and the light-staining tanycyte-type cells placed dorsally (Fig. 

2.17). The second layer, the subependyma, is composed of rare ependymocyte-type 

cells and an intricate network of numerous processes arranged parallel to the canal. 

Most of the ependymal and subependymal layers were GFAP-ve, S-lOO+ve and weakly 

vimentin+ve, although some structures did label for GFAP+ve and vimentin+ve. These 

labelling characteristics are summarised in Figure 2.17.

Ependymocytes

Ependymocytes are common around the ventral and ventrolateral surfaces of the canal 

and display the cytoplasmic contents characteristic of this cell type; a densely populated 

cytoplasm containing rough endoplasmic reticulum, ribosomes, mitochondria and 

intermediate filaments. Cilia, which are a characteristic feature of ependymocytes in 

mammals (see Peters et al., 1991), were not seen, and the few cilia-type structures 

present could be attributed to the small population of liquor contacting neurons (LCN’s) 

of the lateral and ventrolateral surfaces of the canal, as previously noted by Roberts et 

al. (1995).

In the eel, GFAP-labelling did not highlight the ependymocytes surrounding the 

canal. This is unlikely to be a failure of the antibody because the immunopositive 

labelling of tanycytes and radial astrocytes (discussed later) strongly suggests that 

labelling is specific to cells containing the gliofilaments composed of the glial fibrillary 

acidic protein. Similarly, at the level of the electron microscope, intermediate filaments 

could not be identified in the cytosol of the ependymocytes surrounding the canal, 

although bundles of filaments were commonly found in the cell bodies and processes of 

radial astrocytes. In other teleost fish, ependymocytes in the brain and spinal cord have 

been found to be GFAP+ve (Bodega et al., 1993; Anderson et al., 1984; Rubio et al., 

1992; Cardone and Roots, 1990; Onteniente et al., 1983), and they have been reported 

as being GFAP+ve in other vertebrates such as the hagflsh (Wicht et al., 1994), lamprey
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Figure 2.17. Diagrammatic representation of the different cell types surrounding the central canal in the eel spinal cord. The immunoreactivivty of each cell 
type to GFAP, S-100 and vimentin is also shown. Lc = light stainmg cell, Ep = ependymocyte, LCN = liquor contacting neuron, Ty = tanycyte, Ra = radial 
astrocyte, Se = subependymal cell, oli = oligodendrocyte and La = light astrocyte-like cell, Rf = Reissner's fibre, GFAP = glial fibrillaiy acidic protein.
Vim = vimentin.



(Wasowicz et al., 1994), amphibians (Sasaki and Mannen, 1981; Miller and Liuzzi, 

1986), see also Dahl et al. (1985) and Onteniente et al. (1983). Lazzari et al. (1997), in 

a study of two amphibian species, noted the presence of GFAP-labelling in the 

ependymal layer of Ambystoma spinal cord but its absence in Triturus.

Tanycyte-like cells

By definition, tanycytes are an ependymocyte variant that extend long processes into 

the surrounding grey and white matter to reach the surface of the cord (Peters et al., 

1991; Rafols, 1986). As the radial profiles in the eel were shown to arise from the 

ependymal layers surrounding the central canal, they were considered to be of tanycytic 

origin. We have identified two different types of tanycyte-like cells: the 'normal' 

tanycytes placed in the dorso- or ventro-lateral regions of the canal, and the light 

staining cells present dorsally; both classes are not abundant and this matches a study of 

the rostral spinal cord of the sunfish, where Pokay (1993), using NADPH-diaphorase 

histochemistry to identify tanycytes, also found few cells. Anderson et al. (1984) in a 

study of Carassius spinal cord noted radial processes extending from the dark staining 

ependymal region but did not identify their points of origin. Wicht et al. (1994) in a 

study of the hagfish brain noted radial fibres extending from the ependymal region into 

the spinal cord but failed to determine if these processes were of tanycytic or radial 

astrocytic origin. Similarly in the lamprey, Wasowicz and colleagues (1994) did not 

distinguish the point of origin of what were termed ‘radial fibres’ in the brain and spinal 

cord, although Lurie et al. (1994) suggested a tanycytic origin for these fibres and the 

ultrastructural study of normal and regenerating lamprey spinal cord by Wood and 

Cohen (1981) supports this view. In amphibians, this cell type has been documented in 

both Ambystoma and Triturus (Lazzari et al., 1997) but not in the frog (Miller and 

Liuzzi, 1986). Ultrastructurally, tanycytes were found in the present study to be 

elongate cells characterised by apical and somal regions in the ependymal layer abutting 

the lumen, and long tail processes that extend laterally. Cilia have been reported for the 

tanycytes in other fish, such as the sunfish (Pokay, 1993), and in the rat (Rafols and 

Goshgarin, 1985) and other vertebrates (see Reichenbach and Robinson, 1995 for 

review), but they were not found in the present study.

Although there have been few studies in anamniotes of the glia in the spinal 

cord, structures in the brain have been more extensively studied. In the goldfish optic 

tectum (Cardone and Roots, 1991), the radial glial structure arises from the ependymal
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and subependymal layers surrounding the ventricles. Onteniente et al. (1983) also noted 

an ependymal origin for GFAP+ve fibres from around the ventricles of the carp, while 

in the hagfish only a few tanycytic processes are labelled (Wicht et al., 1994). In an 

extensive study of the sunfish, Pokay (1993) noted tanycytes radiating from the 

ependymal layers surrounding the ventricles.

In reptiles, two populations of GFAP+ve cells are present in the adult brain 

(Monzon-Mayor, 1990; Yanes et al., 1990): astrocytes, typical of mammalian CNS, and 

radial glia which are strongly suggestive of tanycyte cells. In both studies, the 

transition of the intermediate filament protein structure in glial cells from GFAP-ve and 

vimentin+ve during development to GFAP+ve and vimentin-ve is indicative of glial cell 

maturation. In mammals, too, the labelling of tanycytes and astrocytes as GFAP+ve 

and vimentin-ve is commonly understood to indicate mature glial cells (Rafols 1986). 

In the present study we also find a similar labelling pattern in the tanycyte cells present 

around the canal (with the exception of the light staining cells). Therefore it is probable 

that the GFAP+ve and vimentin-ve tanycytic population surrounding the dorso-lateral 

and ventro-lateral surfaces of the canal in the eel are mature glial cells.

The dorsal light staining glia, noted previously by Roberts et al. (1995), labelled 

GFAP-ve and weakly vimentin+ve in the present study. More dorsally, labelling 

increases for both antibodies in the large glial tract but it proved impossible to 

determine if  this cell type or the processes arising from the glial horns expressed these 

intermediate filaments.

The light staining population of cells in the eel have not been documented in any 

other study, although specialised cells have been found in many instances. In a study of 

the newt, Triturus, Schonbach (1969) noted the presence of a common light staining 

cell and a rarer dark staining cell in the ependyma that both extended processes to the 

surface of the spinal cord. Bodega et al. (1993) in an immunohistochemical study of the 

adult toad noted three different labelling patterns in the ependymal layer of the spinal 

cord, indicating the presence of at least three different cell types. Tennyson and Pappas 

(1964) in a study of the rabbit CNS identified three different forms of ependymal cell - 

normal ependymocytes, tanycytes and an ependymal cell they termed ‘ependymal 

astrocyte’ that extended a long cellular process that terminated in grey and white matter. 

In the mammalian third ventricle two different types of tanycyte, termed the a  and (3
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tanycyte, have been identified by morphological criteria (Rodriguez et al., 1979; Rafols, 

1986).
Other studies in anamniotes (e.g. Lazzari et al., 1997; Cardone and Roots, 1990; 

Pokay, 1993) and amniotes (de Vitry et al., 1981; Card and Rafols, 1978), labelled 

tanycytes that have been traced to the pial surface, but in the eel we could not trace the 

GFAP+ve or S-lOO+ve cytoplasmic processes of the tanycyte cells further than the 

large densely labelling radial glial structures placed laterally. However, we assume that 

these processes do reach the pial surface, probably ventro-laterally as part of the large 

glial tracts. This view is supported by the observation that tanycytes generally 

terminate as small endfeet directly on blood vessels or, more commonly, at the pial 

surface, where they form the gHa limitans and are easily identified morphologically 

(Millhouse, 1972 quoted from Peters et al., 1991). In the eel, the few blood vessels 

present in the ventral part of the cord were frequently surrounded by en passant contacts 

of descending glial tracts; endfeet, however, were rarely found, suggesting that all 

processes terminate at the pial surface.

The Subependyma

In the eel, the subependyma is composed of ependymocyte-like cells and a thick 

network of long thin processes. Interspersed between these structures are the cell 

bodies and processes of the LCN’s and tanycytes placed laterally and ventrally, while 

dorsally the cell soma and cellular projections of the Hght-staining cells also extend into 

this layer. On comparing our work with studies in other anamniote species we have 

found few reports that make reference to the structure of the subependymal layer and of 

those that do, they fail to describe the structures in any great detail. For example, 

Kruger and Maxwell (1967) in a combined study of teleost and reptile brain and spinal 

cord noted a thick subependymal region and a layer within this structure consisting of 

tightly packed nuclei. However, this description was made in general for all of the 

animals studied and failed to note the regions of the CNS where these cells were found. 

Similarly, Samat et al. (1975) in a representative histochemical study of vertebrate 

spinal cord, observed a subependymal region in shark, fish and lizard, but the 

ultrastructure of this region was not described. However the ultrastructure in mammals 

has been documented (Peters et al., 1991) and is similar to that in the eel. The 

organisation of astrocytic and oligodendrocytic processes into a large network in the 

present study is also found in the mammalian subependyma (Privat and LeBlond,
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1972). Astrocytes are common to both, but in the eel the astrocytic (radial) soma are 

situated outside the subependymal layer whereas in the mammal this cell type forms an 

integral part of the subependymal layer.

A population of cells, termed subependymal cells, is found in the subependyma 

of the rat (Privat and Leblond, 1972). These cells are rare and little is known of their 

distribution (if any) in the spinal cord, although they can be up to 5 layers thick in some 

regions of the brain close to the corpus callosum (Privat and Leblond, 1972). 

Subependymal cells are smaller than the ependymocytes lining the ventricle and possess 

a darker staining nucleus. The discovery of cells in the present study that appear to be 

smaller in size to normal ependymal cells and of similar staining intensity may suggest 

the presence of a unique subependymal cell surrounding the central canal. Kruger and 

Maxwell (1967) also noted this difficulty in identifying subependymal cells because 

many are ultrastructurally similar to ependymoc)^es of the ependymal layers. In the 

teleost brain, however, subependymal cells have been identified, such as in the central 

posterior/prepacemaker nucleus (Zupanc and Zupanc, 1992). In mammals, a 

subependymal region, the subventricular zone, is identifiable in many areas of the brain 

(Peretto et al., 1999) and contains at least three different cell types (Doetsch et al., 

1997), but it has been shown that this region is absent from many portions of the CNS, 

including the spinal cord (Momma et al., 2000). However, multipotent stem cells can 

be harvested firom the spinal cord (Weiss et al., 1996a) which suggests that a specialised 

stem cell may reside within the ependymal layers (Johansson et al., 1999). Whether or 

not specialised subependymal cells are present in the spinal cord of teleost fish, with 

possible stem cell activity, still remains unclear, but the present in vivo results, and 

those of Kruger and Maxwell, (1967), may point to the possible presence of such a cell 

type. In vitro culturing of ependymal and subependymal cells aimed at identifying 

different sub-t>pes, including possible stem cells, a common practice in mammalian 

research (e.g. Temple and Alvarez-Buylla, 1999), has, as yet, to be investigated in 

fishes.

Radial Astrocytes

It used to be thought that the glial structure of the anamniote spinal cord was similar to 

that of the brain and involved only one cell type, the tanycyte (see Roots, 1986 for 

review); however in recent times it has been shown that there are other cell types, most 

notably the radial astrocyte. The nomenclature for this cell type is diverse, although the
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term radial astrocyte is the most commonly used (Lazzari et al., 1997). It is typified by 

a cell body in the grey matter displaced from the ependymal region and extending long 

cellular processes to the surface of the cord (Bodega et al., 1990). The presence of 

GFAP filaments in its cytosol, particularly in the cellular processes, is a common 

characteristic in all anamniote vertebrates (Roots, 1986; Bodega et al., 1994).

The structure of the four main glial tracts (dorsal, ventral and ventro-lateral) in 

the eel cord, comprising the long cellular processes of radial astrocytes, parallels reports 

of radial astrocytes in other anamniotes (e.g. Sasaki and Mannen, 1981). The GFAP+ve 

labelling found in these tracts in the present study matches those other GFAP studies of 

teleost fish - the barbel (Bodega et al., 1993), goldfish (Nona et al., 1995) and the black 

ghost knifefish (Anderson et al., 1984). In the lamprey spinal cord, however, radial 

astrocytes seem to be absent and tanyctes predominate (Wood and Cohen, 1981; Lurie 

et al., 1994). In amphibia, radial astrocytes have been described in the frog (Miller and 

Liuzzi, 1986), toad (Bodega et al., 1990) and newt (Lazzari et al., 1997).

Radial astrocytes appear to be limited to the spinal cord and are absent from the 

brain, although the Bergmann glia of the cerebellum are considered to be specialised 

astrocytes (Roots 1986; Dahl et al., 1985). Instead, in the brain the predominant glial 

type appears to be the tanycyte, with processes extending to the periphery from soma 

located in the ependymal and sub-ependymal layers. Occasionally, however, structures 

resembling radial astroc)^es are found in portions of the brain displaced from the parent 

population at the ventricular surface. Pokay (1993) noted the presence of ‘extra- 

ependymal’ cells suggestive of a small radial astrocyte population in a study of the 

sunfish brain. Interestingly, the labelling of the glial structure in the hagfish brain for 

GFAP was considered by Wicht et al. (1994) to be similar to the astrocytes of 

mammals.

The visual system has also been extensively studied in anamniotes as a result of 

the considerable regenerative ability displayed by this region following injury (e.g. 

Nona et al., 1992, Blaugrund et al., 1993). The optic tectum and tract contain tanycytes 

and longitudinally orientated glial processes that label GFAP+ve, although the 

uninjured optic nerve fails to label for this protein (Nona et al., 1989). Cohen et al. 

(1993), in a similar study, but using cloned GFAP specific to carp CNS, labelled 

astrocytic profiles in the optic tract of the goldfish but did so at low levels. Rungger- 

Brandle et al. (1989) in a study of Xenopus demonstrated the presence of cytokeratins in 

the optic nerve and determined that this group of intermediate filaments constituted the
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main glial intermediate filament protein. Levine (1989) characterised the astrocytic 

population in the optic nerve as a dense meshwork of processes through which optic 

fibres traversed. He called these ‘reticular astrocytes’ and later these were considered 

specialised glial cells (Maggs and Scholes, 1990). Since the optic nerve, brain and 

spinal cord possess different types of glial cells - reticular astroc)^es, tanycytes and 

radial astrocytes respectively - it appears that each cell type is specific to a particular 

region of the CNS. In the case of fish spinal cord, this is the radial astrocyte. No 

comparative study that we are aware of has been completed in the same animal for these 

different cells, but such studies could help us to understand further the unique, and 

somewhat diverse glial structures that are present in anamniotes and shed light upon the 

surprising regenerative ability of the CNS.

The glial pathways

In the present study the radial astrocytic and tanycytic tracts in the cord comprised 

numerous cellular processes joined together periodically by junctional complexes. Each 

process contained abundant intermediate filament bundles presumably composed of 

GFAP, and numerous elongate mitochondria aligned on the long axis of the tracts. A 

distinction between the radial and tanycytic processes could not be made and all 

processes, including the smaller radiating processes in the dorsal, dorso-lateral and 

ventro-lateral regions of the cord, were similar in structure and cytoplasmic content. 

GFAP bundles are common in the radial astrocytes of other teleost fish (e.g. Bodega et 

al., 1993; Anderson et al., 1984). The structure of the cellular processes observed in the 

present study is similar to that reported for the processes of tanycytes present in the 

mammalian CNS (Flament-Durand, 1985; Rafols, 1986). However, unlike mammalian 

tanycytes where there is little side branching from the cytoplasmic processes, in the eel 

and other anamniotes radial glial processes frequently produce small thin GFAP+ve 

branches that extend into the surrounding perikarya and are interspersed between axonal 

bundles producing a loose mesh-like structure (the present study; Bodega et al., 1993).

Glial organisation in the spinal cord

The present study has shown that the glial elements in the spinal cord are arranged as 

longitudinal sheets. This interpretation is supported ultrastructurally by the presence of 

interlaced radial elements in the four large tracts joined together by junctional 

complexes. Using spinal cord labelled for GFAP+ve and S-lOO+ve, and cut in three
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different planes of section (transversely, horizontal and saggital), the radial glial 

processes have been seen to extend from the cell bodies close to the canal, to produce 

continuous longitudinal sheets of glial processes. Although not shown, the structures of 

the smaller tracts also appear to be organised in the same longitudinal fashion producing 

smaller sheets further sub-dividing the spinal cord into distinct compartments. A similar 

structure has been noted in the lamprey spinal cord from ultrastructural (Wood and 

Cohen, 1981) and immunohistochemical analysis (Lurie et al., 1994); however, in this 

animal the cord is primarily composed of tanycytic processes linked together by 

desmosomes. Where the tanycytic processes are linked side-by-side in the lamprey, in 

the eel processes appear to overlap in the ventral and ventrolateral large glial tracts 

demonstrated by the irregular sizes of the processes in any one region.

Dorsally the glial structure is complex as it is composed of numerous 

projections from the light staining cells and smaller profiles from the lateral glial horns. 

The short structure of the processes suggests a much higher overlap rate compared to 

the other glial tracts producing a complex lacework pattern characterised by small ovoid 

to elongate processes. The smaller radial tracts in the other regions of the cord also 

possess an overlapping structure joined by junctional complexes, but they usually occur 

as a single process in the white matter close to the pial surface.

In the extensively studied optic nerve, the reticular astrocytes are arranged 

transversely as projecting fibres that merge periodically to produce a 3-dimensional 

structure. Astrocytes are evenly spaced 15|im apart to produce this structure, whereas 

in the spinal cord these processes are contiguous (present study, Wood and Cohen, 

1981). The loose organisation of the astrocytes forms a zigzag pattern in the optic nerve 

that enhances structural integrity and flexibility (Maggs and Scholes, 1990; see Scholes, 

1991 for review). The absence of such intricate three-dimensional radial architecture in 

the spinal cord is presumably because the vertebral column provides both mechanical 

and protective support and, therefore, an intrinsic tensile organisation would be 

redundant. Since the optic nerve lacks a protective bone covering, Maggs and Scholes 

(1991) suggest that this specialisation of the glial structure is necessary to confer 

stability and support.

The organisation of glia into repeating structural units is also found in mammals. 

For example, in the rat fimbria, the macroglial framework is organised as repeating 

units of oligodendrocytes and solitary astrocj^es which produce a continuous network
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of processes that develops from the radial glial framework (Suzuki and Raisman, 1992, 

1994).
The glial framework in the present study appears to be composed primarily of 

tanycyte and radial astrocyte processes with no apparent interplay of oligodendrocytes, 

although cellular profiles do play an integral part in the organisation of the 

subependymal layer. The interplay of astrocytes and oligodendrocytes suggested by the 

structure of the rat fimbria may occur between the radial processes in the eel, as we 

have frequently found side projections from the radial tracts that are often closely 

apposed to oligodendrocytes and their processes. This, therefore, may suggest a 

secondary macroglial structure in the spinal cord of the eel.

Summary o f main findings

■ The spinal cord contains an ependymal and glial organisation that is arranged 

around the central canal region and associated areas.

■ A heterogeneous cell population surrounds the central canal and comprises:

Ependymocytes, which are GFAP-ve, S-lOO+ve and vimentin-ve

Tanycytes, which are GFAP+ve, S-lOO+ve and vimentin-ve

LCN’s (see also chapter 6), which are GFAP-ve, S-lOO-ve and vimentin-ve

Dorsal light staining cells, which are GFAP-ve, S-lOO-ve and weakly

vimentin+ve

■ The subependymal region is composed of the processess of dark oligodendrocytes 

and radial astrocytes. Included in this region are possible subependymal cells.

■ Radial astrocytes reside in two regions, one on each side of the central canal, which 

we have termed the glial horns. The cell bodies of these GFAP+ve, S-lOO+ve but 

vimentin-ve cells reside here and extend long cell processes to the cord periphery.

■ The interweaving long cell processess of radial astrocytes and tanycytes 

compartmentalise the spinal cord.

■ Three different oligodendrocyte cell types have been identified; light, medium and 

dark staining cells.

■ We have found GFAP+ve, S-lOO+ve cellular profiles and a light-staining cell-type 

in the grey and white matter, which may indicate another astrocyte-type cell in the 

eel spinal cord.
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Chapter 3

The meninges of the uninjured brain and spinal cord
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3-1. Introduction
Many aspects of anamniote CNS structure have been well described (e.g. Smeets et al., 

1993; Butler and Hodos, 1996), but surprisingly little is known of the meningeal 

organisation surrounding the brain and spinal cord, which contrasts to the well 

characterised meninges of mammals (Peters et al., 1991; Haines, 1991).

Sterzi (1901; 1902) first reported on the meninges of anamniotes as part of a 

comprehensive study of vertebrate meningeal structure. He described this tissue in 

aquatic ananmiotes as developing embryologically from mesoderm to form a single 

layer which he termed the meninx primitiva (Fig 3.1a), while he thought that those 

anamniotes that evolved for a more terrestrial form of living, such as amphibians and 

reptiles, possessed a two layered structure.

Figure 3.1a, b. Graphical representations of the development of the meninges in teleost fish 
according to (a) Sterzi (1901; 1902) and (b) Van Gelderen (1926). Both authors considered that 
the meninges arise from the perineural mesenchyme (PNM) during ontogenesis. Cran = 
cranium, endo = endomeninx, ecto = ectomeninx, CNS = central nervous system, Men prim = 
meninx primitiva. Modified from Van Gelderen, 1926.
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In a later study, Van Gelderen (1926) using larvae of the European angler fish, Lophius 

piscatorius, proposed that the meninges of fish divided from a single layer during 

development into two separate layers which he termed the endomeninx (analogous to 

the meninx primitiva), covering the CNS, and an ectomeninx in close apposition to the 

endocranium (Fig. 3.1b).

Today, many textbooks of vertebrate anatomy describe the meninges of fish as 

being a single layer, the meninx or meninx primitiva (e.g. Andrew and Hickman, 1974; 

Hildebrand, 1995). However, it is evident from the few detailed light and electron 

microscopical studies, that the meninges possess a more intricate cellular organisation. 

Detailed electron microscopic studies of the meninx primitiva/endomeninx (and 

hereafter termed the endomeninx) in the lamprey (Rovainen et al., 1971; Nakao, 1979), 

goldfish (Momose et al., 1988; Caruncho et al., 1993; Wang et al., 1995) and trout 

(Schwarz et al., 1993) have shown that the meninges can be subdivided into distinct 

layers.

As part of the present study of the meninges surrounding the cord following 

transection injury it became apparent from an extensive literature search that 

ultrastructural studies of the meninges in teleost fish at the level of the spinal cord are 

lacking. In terms of anamniotes, only one study, that on the lamprey (Nakao, 1979), 

has detailed the meninges at the level of the spinal cord. As a result, we present here, a 

detailed light and electron microscopical study of the meninges surrounding both the 

brain and spinal cord of the eel.
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1.2 Materials and Methods
This study is based on 5 European eels Anguilla anguilla L. in a non migratory 

immature stage of their lifecycle. Four different regions were used to examine the 

meningeal structure; at the level of the brain three areas were selected, the cerebellum, 

medulla oblongata and the adjacent rostral spinal cord while in the cord proper, tissue at 

the level of the anus was selected.

Histological Investigation

For histological investigation, each animal was treated according to the methodology 

described in the methods section in chapter 2. In brief, each animal was anaesthetised 

initially by immersion in 0.3mg/l MS-222 and further by a subcutaneous injection of 

0.3ml alphaxalone (Saffan). To prevent blood clotting 0.2 ml heparin sodium (Leo 

Laboratories) was also given subcutaneously. The perfusion procedure consisted of a 

primary flush of Ringer's solution (with 0.1% procaine for added anaesthesia) through 

the heart followed by the fixative, 2% paraformaldehyde and 1.25% gluteraldehyde in 

O.IM phosphate buffer (PB), pH adjusted to 7.4. Following perfusion, portions of the 

brain and spinal cord were immediately dissected from the spinal column and post-fixed 

in the same fixative at 4®C for a maximum of 3 hours.

Electron Microscopy

The tissue was processed for electron microscopy according to the procedure described 

in chapter 2. Sections were cut for both light (1.5|im) and electron microscopy (500A). 

All images were downloaded, analysed and formatted on a Macintosh G3 computer 

using Adobe PhotoShop 5.
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Results

The meninges were examined in four regions of the CNS: the cerebellum, the medulla 

oblongata, the adjacent rostral spinal cord, and the spinal cord near to the anus. The 

meninges of the caudal spinal cord will be described separately.

The Endomeninx

At the level of the rostral spinal cord (approximately in the region of vertebrae 8-12) the 

endomeningeal layer abutting the CNS is evident as a thin band. Melanocytes are 

present, denoted by a dark staining band on the surface of the endomeninx; large blood 

vessels are found on all surfaces. At this level and the medulla oblongata, the 

endomeningeal layer appears as two bands that are strongly contrasted: an outer light- 

staining layer, and an irmer dark staining layer (Fig. 3.2 c, d). Melanocytes are sparse in 

this region. The cerebellum also contains these two sharply contrasted layers and 

another lighter staining layer close to the glia limitans, particularly on the lateral 

surfaces; therefore at this level the meninges contain a light-dark-light staining pattern 

(Fig. 3.4).

Numerous blood vessels are present in the meninges at all three locations. On 

the rostral cord, blood vessels permeate the meningeal structure and can occur in large 

numbers (Fig. 3.2b), while on the lateral sides of the cord large blood vessels appear to 

be free from the meninges (Fig. 3.2a). At the level of the medulla, blood vessels are 

present in the meninges (Fig. 3.3) and in the perimeningeal fluid (PMF). Frequently 

these large vessels in the PMF appear to possess an outer layer of melanocytes. Blood 

vessels often permeate the barrier of the cerebellar meninges and the glia limitans. 

Here blood vessels are usually located within the meninges, interspersed between the 

inner, middle or outer layers, while vessels (capillaries) are rarely found on the outer 

surface of the meninges save for the large vessels in the PMF.

The Ectomeninx

An additional meningeal layer independent of the endomeninx is found closely apposed 

to the endocranium covering the brain and the vertebral arches overlying the rostral 

spinal cord. It is tightly apposed to the surfaces of the arches and is difficult to remove.
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Figure 3.2a, b, c, d. Photomicrographs of toludine blue stained sections of the rostral spinal 
cord illustrating the endomeninx on the dorsal (b), lateral (c) and (d) ventral surfaces. Note the 
similar thickness of this layer on all surfaces. On the dorsal surface a plexus of blood vessels 
(bv) and extracellular spaces (*) are evident while more laterally (c) and ventrally (d) blood 
vessels permeate this layer. A subdivision of the meningeal layer can be seen ventrally with 
vessels are also present. On the lateral and ventral surfaces two layers are present, a light 
staining outer layer (I) and an inner darker staining layer (II). Scale bar (a) = 100 microns,
(b), (c), (d) = 20 microns.



(c) endo

Figure 3.3. Photomicrograph o f the cerebellar meninges. In (a) note the comparable thickness o f the endo- and ectomeninx. At higher resolution (b) the 
ectomeninx (ecto) is composed o f a light staining outer region (or) and an inner darker melanocyte layer (mel) apposing the PMF. In (c) the endomeninx 
(endo) comprises a light-dark-light staining pattern. A blood vessel (Bv) can be seen interspersed between the layers o f the outer light staining region and 
note the absence of melanocytes in this layer. Brain = CNS. Scale bar (a) = 100 microns, (b) and (c) = 50 microns.



At the level of the rostral spinal cord this ectomeninx can be seen just as a thin line of 

lightly-staining connective tissue while it is much more pronounced overlying the 

cerebellum (Fig.3.2a), where it is composed of at least two layers. The first, on the 

inner perimeningeal fluid-facing surface, is composed of melanocytes which are 

denoted by a characteristic dark staining line, and an outer (thicker) light staining 

portion of connective tissue (Fig. 3.3b).

Melanocytes were found only sporadically within the ectomeninx, being present 

most notably at the level of the cerebellum and more rostral portions of the brain. At 

the level of the fourth ventricle and the rostral spinal cord, these cells are few and often 

absent. When present, they were found predominantly on the lateral and dorsal 

surfaces, particularly in regions where the meninges thicken (i.e. the lateral surfaces). 

Blood vessels are scarce and generally absent from this layer.

Electron Microscopy 

The Endomeninx

The meninges of the rostral spinal cord, the medulla and the cerebellum were surveyed 

with the aid of the electron microscope. The general ultrastructure of the endomeninges 

will only be described in detail for the rostral spinal cord, as the other areas were found 

to be similar in structure. At this level, the endomeninx is composed of four layers 

(Figure 3.4a,b): a light-staining outer layer, termed layer I; a dark-staining layer (II); 

another light-staining layer (III) and finally a thin, dark-staining layer (IV). A thin band 

of longitudinally orientated collagen fibres is present between layer IV and the 

prominent basal lamina.

The Outer Layer (I) of meninges is composed of cells that possess an electron 

light cytoplasm. The cell body is dorso-ventrally flattened and elongate, with a smooth 

inner cell membrane apposing layer II and a ‘rough’ outer membrane (connecting to the 

PMF), pitted with clefts and small cellular projections; surface appendages, such as 

cilia, were not seen. The cells of this layer interdigitate via finger-like cellular 

projections, often seen as double membraned structures within the cytoplasm (see Fig. 

3.5). The nucleus of these cells ranges from circular/ovoid to slightly elongate in shape. 

The cytosol contains numerous organelles (Fig. 3.5), in particular mitochondria, which 

are present in large numbers, particularly those regions close to the nucleus.
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PMF

Figure 3.4a, b. Electron micrographs o f the endomeninx covering the rostral spinal cord. In (a) the endomeninx present on the dorsal surface; note the 
the thin appearance of the layer III compared to the lateral surface, (b) Note the presence of abundant electron dense collagen in layer IV which appears as 
dark bands (arrowheads); no cells are present in this layer. In (b) note the presence of all four layers.



Figure 3.5. Electron micrograph of the outer layer I abutting the perimeningeal fluid (PMF). 
Note the light staining cytoplasm with numerous mitochondria (mit) and vacuoles, often in 
close apposition to the outer membrane (*). The generally ovoid nucleus (nuc) is light staining 
with dispersed chromatin.

Figure 3.6. Electron micrograph montage of the dark staining layer II. Two overlapping cells 
(I and II) are present. Note the abundance of vacuoles (*) in the electron dense cytoplasm. The 
nucleus (nuc) is elongate and of similar density to the cytoplasm. Note the heterogeneity in 
vacuole size and the close position of many of the vacuoles to the inner and outer cell 
membranes (arrowheads). Collagen fibrils (coll) lay scattered in the space between the this 
layer and layer I.



These are usually ellipsoid to elongate with well-defined cristae. Vesicles are 

frequently found, usually in close apposition to the inner and outer cell membranes. 

Another organelle of note is the Golgi apparatus, while the rough endoplasmic 

reticulum is sparse and when present, occurs as single or paired strands in close 

association to the nucleus.

The Second Laver (ID comprises a thin band of 1-3 electron dense cells (much 

denser than the adjacent layers I and III); the nuclei and cytoplasm are of similar 

staining intensity and the latter is rich in organelles (Fig. 3.6). The cell body is elongate 

and cellular inter-digitations interlock adjacent cells at the apical surfaces where they 

meet. Cell-cell junctions are frequent, are composed primarily of tight junctions, and 

usually occur between these interlocking surfaces. This layer was present in all 

meningeal tissue examined and was rarely discontinuous. The nucleus is prominent and 

the shape is thin and elongate (very similar to the nuclei of spinal fibroblasts), with a 

slightly greater intensity of staining compared to the cytoplasm. Characteristic of this 

layer, the cytoplasm contains a large number of vacuole-like structures of differing size 

which are often found in close proximity to the inner layer Ill-facing and the outer layer 

Il-facing surfaces.

The Inner Layer (III) is closely apposed to the dark-staining layer II and 

comprises 1-5 light-staining cells. The cell width varies, appearing as a thin cellular 

structure dorsally and ventrally, while thickening on the lateral surfaces. Occasionally 

this layer is absent from the dorsal and ventral endomeninx. Cell size is comparable to 

that in the outer layer (I); however, on the lateral surface it increases in width, often 

exceeding the combined width of the two outer layers (I and II). The nucleus of the 

layer III cell is a Ught staining structure appearing to be of similar if not at times equal 

electron density to the surrounding cytoplasm. The cytosol contains many organelles 

making this cell layer highly conspicuous compared to the other cell layers. The 

predominant organelle is the endoplasmic reticulum, the cisterns of which are long and 

close to the nucleus encircle it as singular, paired or multiple units (Fig. 3.7). In the 

surrounding cytoplasm, the cisterns form into large undulating whorls of multilayered 

units that surround vesicles and mitochondria. Ribosomes are found free in the 

cytoplasm and usually close to the reticulum. Mitochondria and Golgi apparatus are 

present and are surrounded by the large accumulations of these endoplasmic structures.

71



Figure 3.7. Montage of electron micrographs from layer III. Note the anundance of 
endoplasmic reticulum (er) in the cytosol with interspersed mitochondria (mit) and the light 
staining nucleus (nuc). Collagen (coll) bundles are present in the extracellular spaces created 
by this layer and layer IV.

Figure 3.8. Electron micrograph of the layer IV. Note the electron dense cytoplasm and the 
similar homogenous staining elongate nucleus (nuc). Organelles are few, although 
mitochondria (mit) are found. Note the abundant electron dense collagen layers (coll) that 
permeate the spaces between this layer and the surface (glia limitans, gl) of the brain (CNS).



Thp Jnnermnst Laver (IV). like layer II, stains darkly and contains cells in 1 or 2 layers 

with electron dense nuclei and cytoplasm (Fig. 3.8). Cell shape is usually elongate with 

long thin cytoplasmic processes that often form junctional complexes with other cells of 

the same layer. Occasionally spaces appear between this layer, layer III and the basal 

lamina often with interspersed collagen bundles. Occasionally collagen is absent from 

these spaces resulting in small unoccupied intercellular spaces that are presumably 

filled with fluid. Fewer organelles are seen in the cell bodies compared to the other cell 

layers. Rough endoplasmic reticulum is present in bundles of 3-5 cisterns distributed 

throughout the cytoplasm. Golgi apparatus, mitochondria and vacuoles are present in 

low densities.

Bundles of collagen are abundant between layer IV and the basal lamina (see 

Fig. 3.8) while collagen occasionally permeates the spaces between layers III and IV 

(Fig. 3.7). Fibres are longitudinally arrayed into finite bundles along the rostro-caudal 

axis while other orientations such as circular or tangential to the rostro-caudal axis are 

absent. As a result of the close packing of the meningeal cell layers, collagen fibres are 

confined to this particular region close to the well-defined basal lamina at the brain- 

endomeningeal interface (Fig.3.8).

Extra-meningeal Structures

Occasionally profiles were found on or near the outer layer I and interspersed between 

the meningeal layers that contain numerous vesicles (see Fig 3.9). In general, vesicle 

size was homogenous, smaller, and more regular in shape than the larger vesicle 

structures in adjacent meningeal cells.

The Ectomeninx

The ectomeninx covering the brain and rostral spinal cord is composed primarily of 

collagen fibres aligned longitudinally, circularly and tangentially. Fibroblasts are 

present between the collagen layers and constitute most of the small population of cells 

in this layer. Melanocytes, the other cell type, are found on the inner facing (PMF 

contacting) surface as a singular layer.

Fibroblasts

There are few cell bodies of fibroblasts in this layer, although their long cellular 

processes are more fi-equently found. The cell body is elongate and somewhat spindle
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Figure 3.9, Extrameningeal structures were found interspersed between the cellular processes 
of layers I, II and III. They were also found in the PMF in close proximity to layer I cells. 
These structures (a, b) are atypical o f the different cell layers and are densely packed with 
numerous small vesicles (*). Their structure is seen in (a) and at higher manification in (b).

Figure 3.10. Electron micrograph o f the fibroblast-like ectomeningeal layer with surrounding 
collagen bundles (coll). Note the close apposition o f the ectomeningeal cells (ecto) and the 
presence of melanosomes (mel) in a small process which are part o f a melanocyte cell. In all 
ectomeningeal cells the nucleus (nuc) is prominent in the cell and the cytoplasm often contains 
numerous lamellae o f  endoplasmic reticulum (er).



shaped with 1-2 long cellular processes that emanate from the cell body (Fig. 3.10). 

The nuclear shape ranges from thin and elongate in cells of the inner layers (apposing 

the PMF) to small and circular/ellipsoid in cells of the outer layers (apposing the 

endocranium). The cytosol is light staining and contains many organelles. The most 

abundant are vacuoles, which are present throughout the cell except in the cytoplasmic 

processes. Their size and structure is generally uniform with a light staining lumen 

containing small electron dense punctate structures. Another prominent organelle in the 

cytoplasm is the endoplasmic reticulum. Thin elongate cisterns are found close to the 

nucleus and vacuoles in the cytoplasm as single or multiple strands.

Melanocvtes

The relatively few melanocytes were found primarily on the inner (PMF facing) layers 

of the ectomeninx. In general, the cytoplasmic extensions (containing melanosomes) 

were found in close proximity to the collagen layers and, occasionally, thin layers of 

collagen covered them.

Collagen

Large bundles of collagen fibres constitute the main component of the ectomeninges. 

They are aligned: (a) longitudinally, along the rostro-caudal axis of the brain; (b) in a 

circular fashion with the curvature of the underlying neural tissue, and (c) tangentially 

(angular orientated longitudinally fibres). Because of the different orientations of the 

collagen bundles, and the continuity of these structures in the meningeal tissue, the 

ectomeninx can be divided into 5 to 15 layers. In each layer, the orientation of fibre 

bundle is random. However, two layers of circularly aligned bundles are frequently 

found: one close to the innermost layers of collagen abutting the PMF, while the second 

is close to the outer layers of collagen in close proximity to the endocranium.

Meninges o f the spinal cord

Because of the close apposition of the ectomeninx to the inner surface of the vertebral 

arches, we have been unable to provide a detailed description of this layer and so only 

the endomeninx is described at this level.
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Endomeninx

As seen in plastic sections, the endomeninx encircles the spinal cord as a continuous 

sheath, which also envelops the dorsal and ventral roots. This membrane is very thin 

dorsally, somewhat thicker ventrally and is thickest at the lateral edges (Fig. 3.11c). It 

comprises an outer layer (I) consisting of melanocytes and an inner layer (II) 

comprising connective tissue. The melanocytes are particularly concentrated at the 

dorsal surface (Fig. 3.11b, c). Blood vessels are found interspersed between the two 

cell layers (see Fig. 3.11a); one vessel on the dorsal surface is particularly large.

Thp. Outer Laver (I) at the level o f the electron microscope was found to comprise only 

melanocytes, often overlapping and fomiing at times up to five layers. Melanocytes are 

characterised by melanosomes, specialised vesicular organelles that contain melanin. A 

typical melanocyte consists o f a somal region (containing the nucleus and other cellular 

organelles), and numerous long cytoplasmic processes. Quite often, these dilate to form 

bulbous regions that contain melanosomes of varying sizes (Fig. 3.12). The vesicles are 

usually circular to ellipsoid with an enveloping membrane. The dorsal surface 

possesses most layers of melanocytes (2-5), whereas laterally there are only 1-3 layers 

and on the ventral surface, only one layer of melanocytes is present. Laterally, the 

nucleus is elongate and thinner than in dorsal melanocytes and melanosomes are 

confined to the long cytoplasmic processes that emanate from the cell, whereas dorsally 

they are found throughout the cytoplasm.

The Inner Laver ('TT) of the endomeninx is composed of fibroblasts and is not sharply 

differentiated from the outer layer (Fig. 3.13), whereas its inner limit is delineated by a 

basal lamina which provides a barrier between this layer and the glial processes of the 

spinal cord. Layer II comprises 2-4 layers dorsally, thickening to 8-10 layers laterally 

and decreasing to 2-6 layers on the ventral surface.

Generally fibroblasts are much smaller (-50% ) than melanocytes. A typical 

fibroblast is an elongate spindle-shaped cell, with cytoplasmic processes that extend 

from the cell body (Fig 3.13). The terminal endings of these processes usually occur 

close to other fibroblasts where they were often found to form tight junctional 

complexes. The fibroblasts that are in close apposition to the basal lamina throughout 

the endomeninx possess a thinner and more elongate shape; the ventral irmer layer is 

composed totally of these elongate fibroblasts.
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Figure 3.1 la, b, c, d. Montage of the spinal meninx at the level o f the fourth segment caudal to 
the anus. Two layers comprise the meninx; the outer melanocyte layer (mel) and an inner 
connective tissue layer (conn). A large blood vessel (bv) is placed dorsally. Note the change in 
thickness o f the meninx in relation to position around the cord; the relatively thin covering on 
the dorsal (b) and ventral (d) surfaces compared to the much thicker structure situated on the 
lateral surfaces. Scale bar (a) = 200 microns, (b), (c) and (d) = 20 microns.



Figure 3.12. Electron micrograph montage of the outer melanocyte layer on the dorsal surface of the cord. Note the cell process containing numerous 
melanosomes (mel) indicative of melanocyte cells. Below this layer are the eionage cellular processes of fibroblasts (fib) which comprise the second layer 
in the spinal endomeninx. A layer of collagen (coll) can be seen just below this layer and the basal lamina (bl) of the cord, gl = glia limitans, Bv = blood vessel.



The fibroblast cytoplasm contains a normal organelle compliment, but the most 

prominent feature in the cytosol is the rough endoplasmic reticulum that allows for 

identification of this cell type (Figs 3.13). Its cisterns are elongate and have a shghtly 

greater staining density compared to the surrounding cytosol; they are found in groups 

of 3-6 lamellae positioned close to the nucleus. The cisterns are more elongate in the 

cellular projections and occur singly or as groups of 5-6 layers. Other organelles such 

as the Golgi apparatus are also present in lower concentrations, often with associated 

vesicles. Mitochondria are distributed throughout the cell and possess a circular to 

elongate shape with prominent cisterns.

Collagen

Collagen was found to be the prominent extracellular component of layer II and with 

multidirectional fibres that were: (a) longitudinally oriented along the rostro-caudal axis 

of the spinal cord (in transverse section these fibres appear as small circular profiles); 

(b) circularly oriented with the curvature of the cord (thus in transverse section these 

fibres appear as dark lines), or (c) tangentially aligned with the cord. Although 

numerous orientations are present, a certain order is found in the placement of collagen 

fibres within the fibroblast layer (see Figure 3.13). A thin circular oriented layer of 

collagen is usually found close to the basal lamina while outside this layer collagen 

fibres are longitudinally and tangentially oriented, interspersed between fibroblasts.

Elastic Fihrps

Elastic fibres are also found in the extracellular spaces between the fibroblasts of layer 

II while they are absent from the outer melanocyte layer. These structures are smaller 

and stain more darkly than collagen; they rarely exceed 20nm in diameter, but form 

large aggregates.

Blood VmsipIv

Numerous capillaries are present within the meninges and are in general usually 

localised to the outer layer of melanocytes. Rarely are blood vessels encompassed by 

the fibroblast layer; however, blood vessels fi*equently reside at the interface of these 

two layers. The large dorsal vein is covered in melanocytes.
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Figure 3.13. Electron micrographs of the dorsal (a) and lateral (b) endomeninx surrounding the spinal cord. In both regions the meninx comprises numerous 
layers of fibroblasts (♦) with interspersed bundles of collagen (coll). Note the difference in thickness between both layers and the different cell shapes present: 
from predominantly elongate on the dorsal surface to a stellate-type on the lateral surfaces (b). Note the presence of elastic fibres (arrows) interspersed 
between the fibroblast layers, bl = basal lamina, gl = glia limitans, Lk = leukocyte.



Ayfnrrnphases

Occasionally wandering cells of the immune system, namely macrophages and 

monocytes, are found interspersed between layers I and II and close to blood vessels. 

The dark staining nucleus of the macrophages is usually large and prominent with thick 

aggregations of chromatin along the nuclear membrane that frequently project into the 

interior. The nuclear shape varies from cell to cell and can appear circular or bilobed. 

The lighter staining cytoplasm is sparse and often appears as a thin band surrounding 

the large nucleus. Mitochondria and vacuoles of varying size and electron density are 

frequently found whereas rough endoplasmic reticulum and Golgi apparatus are sparse. 

The cell shape is usually circular to ovoid with occasional thin cytoplasmic processes 

that project small distances from the cell. Occasionally smaller irregular shaped cells 

are found. Electron dense vacuoles, characteristic of other immune cells such as 

neutrophils and eosinophils, were absent from all cells examined.
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,̂4 Discussion
The results of the present study show that the meninges surrounding the brain are 

composed of two component layers: an endomeninx, closely apposed to the surface of 

the brain, and an ectomeninx, in close proximity to the endocranium. This finding is in 

agreement with Van Gelderen (1926) but not Sterzi (1901, 1902) who believed there to 

be only a single meningeal covering, the meninx primitiva. Our view of the 

organisation of the meninges is summarised in figure 3.14.

The cranial endomeninx

We have found that the cranial endomeninx of the eel is composed of four layers and is 

similar, in part, to the endomeninx of other teleost fish. The outermost PMF-contacting 

layer I which is characterised by closely packed elongate cells with an electron light- 

staining cytoplasm is similar in structure to the outermost PMF-contacting layers of the 

goldfish (Momose et al., 1988; Wang et al., 1995), but differs fi*om the report of 

Schwarz et al. (1993) in the trout where the staining was found to be extremely electron 

dense.

Layer II of the eel comprises a thin continuous band of 1-3 elongate cells just as 

has been found in the ‘intermediate layer’ of the goldfish (Momose et al., 1988) and 

trout (Schwarz et al., 1993), although in the trout the staining density is lighter. The 

presence of abundant mitochondria and vesicles has been noted in this layer in all 

species studied. Although vesicles were often observed in close apposition to the cell 

membrane, we were unable to find the active type which has been described in the trout 

(Schwarz et al., 1993) and goldfish (Momose et al., 1988). The interdigitating nature of 

the cells and the presence of numerous tight junctions suggests that this layer may play 

a similar role to the intermediate layer of the other teleosts, as a barrier to the PMF, and 

be functionally similar to the arachnoid layer of mammals (see Hoffinann and Schwarz, 

1996, for review).

The compact layer we have termed layer III in the present study contains 1-5 

elongate cells and is comparable to the inner ‘fibroblast layer’ of the trout endomeninx 

(Hoffinann and Schwarz, 1996; Schwarz et al., 1993) and to the inner ‘reticular layer’ 

of the goldfish (Momose et al., 1988), although the loose cellular configuration that has 

been reported in these fish was not observed in the present study; in fact we have found
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Figure 3.14. Diagrammatic representation of the meninges that surround the brain (a) and spinal 
cord (b) of the eel. In the brain, the meninges comprise the endo- and ectomeninx, which are 
divisible into four (I,  II, III, IV) and two layers (mel, Fibro) respectively. Surrounding the spinal 
cord the endomeninx is composed of only two layers an outer melanocyte (mel) and an mner 
fibroblast layer (Fib).



that this is a compact layer that varies in thickness across the surface of the brain. The 

large numbers of endoplasmic reticulum cisterns organised into large lamellae which 

characterise this layer in the eel have also been found in the goldfish (Momose et al., 

1988; Wang et al., 1995) and trout (Schwarz et al., 1993). In the eel, the cistems are 

usually devoid of ribosomes and are primarily of the smooth variety whereas the rough 

variety predominates in the cytosol of other teleost fish (Wang et al., 1995; Schwarz et 

al., 1993; Momose et al., 1988).

The fourth layer (the layer IV) of cells observed in the present study has not 

been described in other fish. Its intense staining, similar to that of layer II, demarcates 

it from the light-staining layer III. Unlike cells in the other layers, the cell cytoplasm 

has few organelles.

The extracellular spaces frequently found between layers III and IV, and the 

basal lamina of the underlying neural tissue (the glia limitans), are similar to the spaces 

between the innermost layer and the basal lamina of the goldfish endomeninx (Wang et 

al., 1995; Momose et al., 1988) but are much smaller than the wide extracellular spaces 

of the trout (Schwarz et al., 1993). The inclusion of collagen bundles within these 

extracellular spaces was also found by Momose and co-workers (1988) in the goldfish 

(but not by Wang et al., 1995) and are also present in the trout (Schwarz et al., 1993). It 

is interesting to note that the type of fixation procedure utilised by Schwarz et al. (1993) 

was immersion compared to perfusion fixation for all other studies (the present one 

included). The importance of fixation was noted by Momose et al. (1988) when they 

compared the three defined cell layers of the goldfish endomeninges to the earlier 

studies of Klika and Zajikova, (1975) (quoted from Momose et al., 1988), where only 

two layers were characterised using immersion fixation. Eel material fixed by 

immersion is often severely disrupted - cell layers are fractured and produce wide 

extracellular spaces that could be mistakenly considered to be anatomically defined. 

The subdural space of mammalian spinal meninges, once thought to be an intercellular 

space, is now known to be an artefact of tissue preservation (Frederickson, 1991; 

Vandebeele et al., 1996). Perfusion fixation through the vasculature is essential for 

good preservation of CNS tissue (e.g. Palay et al., 1962).

The cranial ectomeninx

Few studies have characterised the structure of the ectomeninx and this is due, in part, 

to the difficulty of isolating this layer without damaging its structural integrity because
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of the close association to the endocranium (Vandenabeele et al., 1996). Only the 

ectomeninges surrounding the lamprey spinal cord (Nakao, 1979), the brain of the skate 

(Bundgaard and Cserr, 1991), and the dura of mammals have been described 

ultrastructurally. Even in mammals, where the dura has been extensively described, 

few studies have characterised the ultrastructure of this layer at the spinal level 

(Vandenabeele et al., 1996).

The composition of this layer in the eel is similar to that of the lamprey (Nakao, 

1979), and to the dura of mammals except for the inner, arachnoid-apposing, dural 

border which is composed primarily of elongate cells (Haines, 1991; Vandenabeele et 

al., 1996). The arrangement in the eel is different to that of the skate which possesses a 

highly cellular organisation that is devoid of collagen and comprises 10-12 cell layers 

that interdigitate with numerous desmosomal junctions between their membranes 

(Bundgaard and Cserr, 1991).

Melanocytes as observed in the inner, PMF-facing melanocyte layer of the eel 

were also reported by Rovainen et al. (1971) and Nakao (1979) for the lamprey but not 

by Bundgaard and Cserr (1991) in the skate. Meningeal melanocytes are usually 

considered to be absent in mammals in general; however, meningeal melanocytes have 

been found in C57 black mice and pigmented rats (Barden and Levine, 1983) and over 

the ventrolateral surfaces of the medulla oblongata in man (Goldgeier et al., 1984). 

Moreover, the formation of meningeal melanocytomas following compression of nerve 

roots (Sankhla et al., 1996), suggests that these cells may be present, but normally in 

very low numbers.

Vertebrate melanocytes are composed of two populations, cutaneous and 

extracutaneous (Prota, 1992). Extracutaneous melanocytes, which are present in all 

vertebrates, can be found at various internal sites such as the eye, inner ear, and oral 

mucosa (Breathnach, 1988) and, as in the present study, as part of the meninges. They 

synthesise melanin only during the early stages of their embryonic life and production 

appears to cease once a cell has attained a full complement of melanin packaged into 

vesicles termed melanosomes. Functionally, relatively little is known about these cells, 

although some functions have been attributed to them, such as: a sink for free radical 

species, as a reservoir for trace elements, and as an intercellular buffering system for 

calcium (see Prota, 1992) or, reflecting cutaneous functions, as camouflage; as bright 

colour warning predators; in the regulation of heat adsorption, or as a barrier to ultra-
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violet light, although this last function is debatable and is considered to be of minor 

importance (Prota, 1992).

The abundance of this cell type surrounding the brain and spinal cord of the eel 

raises questions as to its function. This may be understood in the context of the life 

cycle of the eel. During the glass eel migratory stage, the body is unpigmented, and 

therefore transparent save for the meninges of the brain and spinal cord, which already 

possesses a covering of melanocytes. During this time eels fi-equent the upper levels of 

the water column, and therefore receive a greater intensity of sunlight and resultant heat 

along the body until reaching brackish waters, where cutaneous pigmentation begins to 

occur signifying the start of the next ‘elver’ stage. Therefore the function of the 

extracutaneous melanocyte population surrounding the CNS may simply reflect those of 

cutaneous melanocytes and serve to protect the still developing and growing neural 

tissue by regulating heat adsorption. In line with this, it is notable that the greatest 

densities are found the dorsal and dorso-lateral surfaces of the brain and spinal cord and 

few melanocytes are present ventrally.

Finally, melanocytes in the eel meninges are interesting not only because of 

their extensive distribution but also because of their ontogenetic origin. Their presence 

strongly suggests that migratory melanoblasts from the neural crest play a role in the 

development of the meninges surrounding the brain and the spinal cord. This 

interpretation would support the theory of a dioecious origin for this tissue first 

proposed by Le Douarin and Kalcheim (1999).

Spinal Meninges

Little is known of the meninges at the level of the spinal cord except for the lamprey 

(Rovainen, 1970; Nakao, 1979) and some mammalian species, such as rat (e.g. Morse 

and Lowe, 1972), mouse (Seitz et al., 1981) and man (e.g. Vandenabeele et al., 1996). 

The meninges in these studies have been divided into 4 layers in the case of the 

lamprey, and 3 layers for the mammals, including the ectomeningeal/dural layer closely 

apposed to the vertebral column. The present study on the eel focused solely on the 

endomeninx which was found to be a simplified version of the cranial endomeninx in 

comprising two layers, demarcated by cell type: an outer layer containing elongate 

melanocytes, 1-5 layers thick, and an inner layer, comprising fibroblasts, collagen and 

bundles of elastic fibres.
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The composition of the endomeninges as two layers of closely apposing cells 

enwrapping the spinal cord contrasts with the lamprey spinal cord, where the meninges 

form a voluminous four-layered arrangement of cells. In the mammalian spinal cord 

too, the meninges span the distance between the surface of the cord and the inner 

portions of the vertebral column. The thin covering of meningeal tissue around the 

spinal cord (~ 10-20|j,m) in the present study is somewhat similar to the pia mater but, 

in contrast to mammals, the endomeninx is devoid of traberculae or equivalent 

structures extending into the PMF compartment.

One aspect of the spinal meninges that appears to be common to all species is 

the presence of fibroblasts and collagen. In the lamprey, collagen has been found in all 

four layers (Nakao, 1979), organised in a similar manner to the eel spinal cord, in close 

apposition to the basal lamina. In mammals, fibroblasts and collagen are found only as 

part of the dura (Frederickson, 1991), although Vandebeele and co workers (1996) have 

shown that the human spinal meninges contain a band of collagen fibres within the 

arachnoid layer. The pia in contrast, is devoid of collagen and is primarily a cellular 

layer. The different orientations of the collagen bundles (circular, longitudinal and 

tangential) to the rostro-caudal axis of the spinal cord confers tensile strength in two 

directions: circularly and longitudinally, and similar orientations are found in the 

mammalian dura, and in the endomeninx of the lamprey (Nakao, 1979).

The meninges as a barrier?

Tracer studies of the endomeninx in the goldfish using lanthanum in the fixative 

solution (Momose et al., 1988), and superfusion of the skate perimeningeal fluid 

compartment with HRP (Bundgaard and Cserr, 1991), have shown that the endomeninx 

in these animals functions as a barrier to the perimeningeal fluid in a manner similar to 

the arachnoid layer of mammals (Haines, 1991; Peters et al., 1991). Ultrastructurally, 

the organisation of the cell layers within the endomeninx has been shown to correlate 

with the stoppage of tracer and Momose and co-workers (1988) were able to identify 

the cells of the intermediate cell layer in the goldfish (corresponding to layer II of the 

present study) and, more specifically, the junctional complexes present between the 

cells of this layer, as acting as a barrier to the tracer. The similarity of the cranial 

meningeal ultrastructure in the present study to that of the goldfish (Momose et al., 

1988; Wang et al., 1995) and trout (Schwarz et al., 1993; Hoffmann and Schwarz, 

1996), and the presence of junctional complexes of the tight/desmosomal variety
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between cells of all layers, but more so the intermediate and outer layers (which also 

possess numerous cellular interdigitations), would suggest that the cranial endomeninx 

of the eel also possibly acts as a barrier to the perimeningeal fluid. The spinal 

endomeninges in comparison possess a much ‘looser’ organisation particularly in the 

outer melanocyte layer, which contains only occasional tight junctions. The inner 

fibroblast layer, however, has a larger number of junctional complexes, usually on or 

close to the lateral surfaces. Consequently, it is our view that the spinal meninges 

possibly confer a barrier function to the PMF, but that this is achieved at deeper levels 

within the inner fibroblast layer. Only the future use of a tracer can decide the extent of 

this barrier.

Comparative structure o f the cranial and spinal meninges

The meninges of teleost fish are usually considered to comprise three layers of cells 

(reviewed in Hoffmann and Schwarz, 1996). This simplification of the general 

structure fails to take into consideration the structure of the meninges at the level of the 

spinal cord. From the results of the present study, it is clear that a more cautious 

approach should be taken when describing the general structure of the meninges in fish. 

We have found that the organisation of the meninges changes fi*om complex at the 

cranial level to a simpler arrangement at the level of the cord.

These structural differences most probably imply different functions for the 

meninges surrounding the brain and spinal cord. The organisation of the cranial 

endomeninx strongly suggests a secretory function for this tissue and the absence of 

fibroblast cells (typical of the ectomeninx and the spinal meninges) and the small 

collagen contribution -  isolated to the regions between layers III and IV and the basal 

lamina - implies that this layer provides limited support to the underlying neural tissue. 

At this level of the CNS, the function of support and the provision of tensile strength is 

carried out by the ectomeninx, utilising its laminar organisation and collagen bundle 

orientation.

The endomeninx of the spinal cord resemble the cranial ectomeninx, in 

containing numerous fibroblasts and collagen bundles, but also elastic fibres. In this 

respect the spinal endomeninx resembles the mammalian dura which is thought to 

provide structural support to the cord within the manoeuvrable vertebral column. In the 

eel, the spinal column is also highly manoeuvrable -  indeed more so than in mammals -  

and, therefore, the meninges must provide support to the spinal cord without hindering



the large range of movement. In mammals the organisation of interlaced bundles of 

collagen in different orientations, with elastic fibres, provides strength and elasticity to 

the dura when displaced during flexion and extension movements (e.g. Tencer et al., 

1985). During limb movement this layer is tensed, due to the displacement of the spinal 

nerves and their dural cases (Sunderland, 1980). The inner layer of the eel spinal 

endomeninx, therefore, may also function in a similar manner and provide support to 

the cord during flexion and extension. It is interesting to note that all identifiable elastic 

fibres were found as part of the inner meningeal layer on the lateral surfaces of the cord, 

where they presumably confer flexibility to the endomeninx during sinusoidal 

swimming and during the large flexions of the body created by actions such as the 

startle response (Bosch, 1994; Doyle et al., 2000).

Secretory function for the cranial meninges?

Since the cellular organisation of the cranial endomeninx of the eel is similar to that of 

other teleost fish, and since it has been shown fi*om ultrastructural (Momose et al., 

1988), immunohistochemical (e.g. Konigstorfer et al., 1990) and freeze fracture studies 

(Caruncho et al., 1990a; 1990b; Caruncho and Silva, 1994) that this layer is capable of 

secretory activity, the question now arises as to what do the endomeninges of the brain 

and spinal cord secrete?

It is probable that the secretory products of the cranial meninges contribute to 

the overall composition of the perimeningeal fluid and the cerebrospinal fluid as found 

in other teleost fish (Hoffmann and Schwarz, 1996). Ependymins, for example, are 

major secretory products of the endomeninges of carp, such as the goldfish (Hoffmann, 

1992) and have been isolated to the innermost endomeningeal layers. This glycoprotein 

is the predominant constituent of the CSF (Shashoua, 1981; Mtiller-Schmidt et al., 

1993; Wang et al., 1995) and has been implicated in such aspects of neuronal function 

as memory and learning (Shashoua, 1991; Nelson and Alkon, 1989; Davis, 1988) and 

neural regeneration, where increased levels of synthesis are observed in the meninges 

following injury to the optic nerve (goldfish, Thormodsson et al., 1992).

Although ependymins have been localised to the cranial meninges of 

cypriniformes (e.g. Shashoua, 1981), salmoniformes (e.g. Schwarz et al., 1993) and 

clupeiformes (Mtiller-Schmidt et al., 1993), they have been reported to be absent from 

other orders of teleost fish (Hoffhiann and Schwarz, 1996). Aside fi-om ependymins, 

relatively little is known of the protein composition of the CSF and PMF in teleost fish
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and relatively few studies have characterised the protein constituents. Recently Huang 

et al. (1995) identified a protease inhibitor of the serpin family that appears to be a 

major component of the PMF in some teleosts. It is possible therefore, that the 

meninges of the eel may secrete ependymins or another protein species and it cannot be 

ruled out that secretion of more than one type of protein may take place. It is interesting 

to note that secretory activity has recently been shown to occur in mammalian meninges 

where studies of the leptomeninges (pia and arachnoid) and of meningiomas have 

shown the secretion of a number proteins into the extracellular environment, such as 

laminin, various types of collagen, fibronectin, and heparin sulphate proteoglycan 

(Rutka et al., 1986; Ohe et al., 1996). Mammalian meninges are also known to secrete 

substances that appear to be the constituents of the CSF, such as prostaglandin-D- 

synthase (Urade et al., 1993), amyloid precursor protein (APP; LeBlanc et al., 1991), 

TGF (31 (Heine et al., 1987), IGF II and IGF-binding protein (de Pablo and de la Rosa, 

1995; Ishikawa et al., 1995), II-1 (Ban, 1994). Similarly parathyroid hormone-related 

activity (Struckoff and Turzynski, 1995), kinin activity (Takano et al., 1995), 

metabolism of epinephrine (Kern et al., 1995) and synthesis of retinoic acid at levels 

that exceed that of the liver (Dev et al., 1993) have been demonstrated in mammals 

while Ohe and colleagues (1996), in a comprehensive study of cultured leptomeningeal 

cells, found up to 18 different proteins to be secreted by these cells.

Since in the eel collagen and elastic fibres are generally absent from the 

melanocyte layers, it seems reasonable to suggest that this cell type contributes 

relatively little to the extracellular matrix (ECM), and that production of the different 

components of the ECM, such as collagen types I, III and IV and elastin, can be 

expected to be produced by the inner fibroblast layer of the endomeninges. In a similar 

fashion the scattered fibroblasts of the ectomeninges could also be expected to possess 

the same function. The small contribution of collagen to the overall structure of the 

cranial endomeninx -  isolated between layers III, IV and the basal lamina -  and the 

absence of elastic fibres, would suggest that upkeep of the ECM may not be the primary 

role of this tissue.

Comparison to mammalian meninges

Most studies on fish meninges (refs Nakao (1979), Momose et al. (1988); Schwarz et 

al-, 1993) have attempted to equate the meningeal structure with that of mammals. For
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example the three layered endomeninges of teleost fish are presumed to give rise 

through evolution to the leptomeninges (pia and arachnoid layers) Nakao (1979; 

Schwarz et al., 1993) and perhaps the dura (Hoffmann and Schwarz, 1996; Schwarz et 

al, 1993) but in light of the lack of embryological and comparative studies this 

correlation is probably premature.

Summary o f main findings

■ The meninges surrounding the brain comprise an endomeninx and ectomeninx, in 

agreement with the findings of Van Gelderen (1926). They contain: 4 layers in the 

endomeninx and 2 in the ectomeninx. In contrast, the spinal endomeninx has only 2 

layers (the ectomeninx at this level was not examined).

■ The cellular organisation of the layers I and II, and the presence of numerous cell

cell junctional complexes in the cranial endomeninx, suggests that this tissue acts as 

a barrier to the PMF. The spinal endomeninx does not possess such a defined layer; 

presumably at this level, the inner fibroblast-containing layer confers a barrier 

capability.

■ Specialisation of the different cell layers in the cranial endomeninx, similar to those 

reported previously for other teleost fish, suggest that the endomeninx carries out 

secretory functions.

■ The similar composition of the spinal endomeninx and the cranial ectomeninx 

suggest that both structures possess a similar function in providing mechanical 

stability and protection to the CNS.
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Chapter 4

The injured spinal cord - the first stages of repair
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4,1 Introduction
Although it is well known that the anamniote CNS possesses considerable regenerative 

potential and is capable of restoring functional behaviour following injury (e.g. 

McClellan, 1988; 1990; Bosch et al., 2000), relatively little is known of the early stages 

of regrowth when regenerating neural tissue extends into, and traverses, the lesion site. 

It has been shown from several studies, using light and electron microscopy, that neural 

tissue outgrowth may occur from different regions of the damaged CNS tissue, 

depending on the type of injury induced, and the region of the CNS that has been 

injured. The most extensively used models are the optic nerve and the spinal cord (e.g. 

Wood and Cohen, 1981; Bohn et al., 1982; Anderson et al., 1983; Stafford et al., 1990; 

Lurie and Selzer, 1991; Levine, 1991; Benraiss et al., 1997).

In the case of the optic nerve, regenerating tissue can arise from the nerve core 

(Scott and Foote, 1981) and periphery (Bohn et al., 1982; Lowenger and Levine, 1988); 

for the spinal cord, following amputation (fish, Anderson et al., 1986; amphibia, 

Nordlander and Singer, 1978; and reptiles Simpson 1968) and transection (Xenopus 

tadpole, Michel and Reier, 1979), regrowing tissue forms centrally. In contrast, 

following ablation injury the regrowing neural tissue arises from the periphery of the 

cord (the newt, Triturus, Stensaas, 1983).

The milieu, through which the regenerating neural tissue passes, both for the 

optic nerve and spinal cord, has also received little attention. The blastema formed 

following amputation provides a supportive structure for regrowing axons (Simpson 

and Duffy, 1994), but with injuries to more rostral regions of the cord this type of 

supportive tissue is absent and only the vertebral column provides mechanical support. 

Regrowth must occur through a medium of some type and therefore it may be presumed 

that a ‘matrix’ or ‘ground substance’ is present that facilitates growth of neural tissue 

into the lesion site. What comprises this matrix?

Most studies of the regenerating anamniote tissue variously describe this region 

as being composed of debris, degenerating neural elements, and elements from the 

haematological system (Reier and Webster, 1974; Bohn et al., 1982; Nona and Stafford, 

1995) and often generally termed as a scar (e.g. Scott and Foote, 1981). The 

composition of the lesion site in amniotes has received more attention and some 

aspects, such as the extracellular matrix (e.g. Fitch and Silver, 1997) and the leucocyte 

infiltration, particularly the macrophage (e.g. Lawson et al., 1994) and lymphocyte (e.g.
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Popovich et aL, 1997) response, have been well documented. These, and other cell 

types of the immune system, are thought to stem from the widespread haemorrhaging 

and breakdown of the blood brain barrier, resulting in the leakage of blood into the 

lesion site, an infiltration that has been shown to play an important role in the 

development of scar tissue. The effects of this influx include myelin vesiculation and 

lipid peroxidation, among others, which are considered to be inhibitory to regrowth 

(Lotan and Schwartz, 1994; Perry et al., 1995). Moreover, astrocytes, which play a 

major determining role in the development and ultimate severity of the ‘scarring’ at the 

lesion site, are strongly influenced by macrophages and other components of the 

haematological system, such as T-cells and plasma cells, as well as numerous factors 

such as eicosands, interleukins, and interferons (Merrill and Benveniste, 1996). Since 

haemorrhaging is a common occurrence in the anamniote CNS following injury, a 

similar influx of haematogenous elements must also invade the lesion site.

In view of the limited literature concerning the response of neural tissue and 

immune system components and the unknown nature of a possible ‘matrix’ through 

which regenerating cord tissue may grow, the aims of the present study have been:

• to determine the regenerative behaviour of the spinal cord up to 200 days following 

the transection;

• to determine the initial origins and the cellular composition of the supportive milieu 

in the lesion site and,

• to determine the leucocytic response to injury.

We are particularly interested in the initial stages of regrowth and how the rostral and 

distal stumps reconnect, and we have used 3-D reconstructions of the bridge and 

adjacent cord in this analysis.
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4 7 Materials and Methods

Animals
This study is based on 15 European eels Anguilla anguilla L. in a non migratory 

immature stage of their life-cycle. The times studied were days 4, 6, 8, 10, 14, 20, 26, 

54,144 and 200. For day 4 the results are based on data from two regenerates.

Transection o f the spinal cord

For surgery, each eel was anaesthetised by immersion in 0.3g/l MS-222 (Sigma) to 

induce light anaesthesia and then administered 0.1ml alphaxalone ("Saffan" Pitman- 

Moore) subcutaneously. Cooling on ice provided additional anaesthesia. At all times 

while under anaesthesia, fresh water was continuously run over the gills.

A portion of the dorsal fin at a level around the thirteenth segment caudal to the 

anus was removed and the musculature cut down to the vertebral column. The opening 

was retracted, and the dorsal vertebral spines for 3 vertebral segments were removed 

and the roof of the underlying canal opened to expose the dorsal surface of the spinal 

cord. The spinal cord was then cut completely using fine micro-scissors, care being 

taken so as not to sever the dorsal blood vessels, if possible. The wound was fine 

stitched and the animal was allowed to recover before being placed in an individual

holding tank with filtered recirculating water at 25®C, and with constant aeration. 

Following each successful surgery a postural change was immediately noticeable in 

each animal as illustrated in figure 4.1.

Tissue Preparation

For histological investigation, each animal was treated according to the methods 

described in chapter 2. In brief, each animal was anaesthetised initially by immersion in 

0.3mg/L MS-222 and then with a subcutaneous injection of 0.3ml alphaxalone (Saffan). 

To prevent blood clotting, 0.2ml heparin sodium (Leo Laboratories) was also given 

subcutaneously. The perfusion procedure consisted of a primary flush of Ringer's 

solution (with 0.1% Procaine (Sigma) for further anaesthesia) through the heart 

followed by the fixative, 2% paraformaldehyde and 1.25% gluteraldehyde in O.IM 

phosphate buffer (PB), pH adjusted to 7.4. Following perfiision, the region of the spinal 

cord containing the injury and portions immediately rostral and caudal, were dissected
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from the spinal column and post-fixed in the same fixative at 4°C fr>r a maximum of 3 

hours.

Electron Microscopy

The tissue was processed for electron microscopy and examined according to the 

procedures described in chapter 2. Sections were cut for both light (l.S^im) and 

electron microscopy (500A). All images were downloaded, analysed and formatted on 

a Macintosh G3 computer using Adobe PhotoShop 5. Reconstructions from serial 

sections (60|im apart) of the regenerating spinal cord and blood clot/scar tissue were 

produced according to the methodology described in chapter 3.

Cell Counts

Counts were made from 1.5|j,m thick toludine blue-stained sections of identifiable 

nuclei of leucocytes in the lesion site at X I000 magnification. No correction was made 

for double counting as the distance between each section is 60|xm whereas maximum 

leucocyte diameter was calculated as 40[im.

96



Figure 4.1a, b. Photographs illustrating the body posture of an uninjured eel (a) and that of an 
animal in which the spinal cord has been cut just caudal to the anus (b). In (a) note that the 
normal 'S' shape posture is lost in the body portion caudal to the injury (b). Normal posture 
eventually returns by approxmately day 50 as the system regenerates.



4,3 Results
A number of different events contribute to the regeneration of the transected cord of the 

eel. Initially, following transection, the cord retracts to produce a gap of approximately 

0.5-1mm (see Fig. 4.2a, b), suggesting that normally the spinal cord is under a certain 

amount of tension. Almost immediately following the surgery, the wound site, 

including both the rostral and caudal stumps and adjoining undamaged spinal cord, is 

covered in blood (Fig. 4.2c), as a result of bleeding from the cord itself and from the 

surrounding meninges (particularly if the large blood vessels situated dorsally or 

laterally have been severed). This gap created by the transection is rapidly bridged, at 

first by components arising from the blood that are subsequently displaced by 

regenerating neural tissue.

Blood clot formation

Within a short period, the blood congeals to produce a ‘bridge’ that connects both 

stumps of the spinal cord. Morphological analysis of the clot during the early stages of 

recovery suggests that it is composed of plasma, nucleated red blood cells, macrophages 

and other cells of the immune system found within the blood, and fibroblast cells. 

During subsequent days the blood clot gradually reduces in size and is displaced by 

regenerating neural material until it has completely gone by approximately 15-20 days 

after transection.

The blood clot appears at first as a gelatinous mass, opaque and deep red in 

colour (indicating the presence of red blood cells) which gradually changes (days 4 and 

6) to a more translucent and colourless structure (Days 10, 14, 20). At 4 days following 

surgery the blood clot is extensive and encompasses all of the wound region (Fig. 4.3), 

particularly in the dorsal and dorso-lateral direction, frequently spilling over the 

damaged vertebral column and coalescing with other regenerating material, such as 

bone and muscle tissue. So extensive is the scarring during the earhest stages of 

regeneration that a large proportion is inevitably removed mechanically during 

preparation of the material. Therefore it must be stressed that the reconstructions from 

the earliest stages of regrowth (days 4 and 6) only partially represent the extensive 

nature of the clot/scar tissue. At 6 days post-transection, the blood clot is still present, 

unreduced in size, but elements of the adjacent stumps have begun to grow into the
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Figure 4.2. Diagramatic representation o f the spinal cord following transection.
The normal cord (represented in (a)) on transection, retracts to form a gap between the 
rostral and caudal stumps (b) that quickly fills with blood from severed blood vessels in 
the cord and meninges (c). The blood quickly congeals to form a blood clot 
(shaded portion) that covers the transection gap and portions o f the stumps on both sides.
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Figure 4.3. Photomicrograph of the blood clot 4 days following transection. This cross-sectional 
view is taken from the caudal cord stump close to the cut surface and contains remnants o f the 
degenerating cord (demarcated by the dotted line). Note the extensive infiltration of erythrocytes 
(*) and the presence o f dark homogenous structures within the clot (arrowheads).
Scale bar = 200 microns.

Figure 4.4. Photomicrographic montage of the blood clot at day 8. Note the presence o f the 
blood clot in conjunction with the developing bridge (dotted line). Fewer red blood cells are 
present (*), however numerous macrophages/monocytes and fibroblasts are evident, as are large 
accumulations of dark staining debris (arrowheads) that are found close to the larg blood vessel. 
Scale bar = 200 microns



wound region. By day 8 the blood clot has begun to reduce in size concurrent with the 

gradual increase in neural tissue in the wound site (Fig. 4.4), extending from the 

stumps, such that by day 10 there is a further reduction in the size of the clot, leaving 

translucent regions which are still present dorsally and laterally (see Fig. 4.5).

At day 14 the clot is greatly reduced and consists of clear regions and is 

completely devoid of blood-borne cells. The clot is either completely absent by day 20 

or is reduced to small lateral thickenings located on top of the regenerating meningeal 

tissue; this has been seen as late as 200 days post transection. In all cases the bridge 

formed by the clot has been displaced by regenerating neural material by day 20.

Formation of the neural bridge

Within the clot, outgrowing neural tissue from the stumps, primarily ventrally, as seen 

by day 6 (Fig 4.6a) spans the gap and forms a very slim, tapering bridge by day 8 (Fig 

4.6b). This bridge thickens by days 10 and 14 and continues to expand until day 26 

(Fig. 4.6c, d) thereafter reducing to more normal proportions (Fig. 4.6e). However, the 

bridge is evident as a tapered zone as long as 144 days following surgery (Fig 4.6f).

The changes in size of the bridge and of the stumps are displayed graphically in 

Figure 4.7. This illustrates the initial formation at day 8 of the small bridge (around 5% 

of normal spinal cord area) and its subsequent expansion. By 14 days it has attained 

80% of normal area and continues to expand by days 20 and 26. By day 54 the bridge is 

40% normal size and even by day 200, it is still only 70% of the normal cross sectional 

area.

The components o f the blood clot

Initially, such as at 4 days, the blood clot is composed mainly of the constituents found 

in blood, namely nucleated red blood cells, macrophages and other blood-associated 

immune cells in the serum. By approximately 6 days, fibroblasts are seen in the clot, 

which hereafter is considered to form a scar-type tissue. These cells possess a 

characteristic globular to elongate structure and can be easily distinguished from other 

cells (see Fig.4.8a, b, c). Elastic fibres are absent but small loosely arranged collagen 

fibrils were occasionally found, usually in close proximity to the fibroblasts, but large 

accumulations were never found. Blood vessels (capillaries) are present in the lesion 

site by day 6 dispersed throughout the scar. At day 8 the number of capillaries present 

in the scar increases (see Fig. 4.9) and they are often found close to the lead
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Figure 4.5. Reconstructions o f the blood clot/scar at days 6 (a), 8 (b) and 10 (c). Note the 
profuse coverage o f the clot over the transection gap and associated stumps by day 6. At later 
stages the clot is still present within the transection site but gradually reduces in size in 
conjunction with the appearance o f regenerating neural tissue. Sc = spinal cord.
Scale bar = 300 microns.
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Figure 4.6. Reconstructions of regrowth through the wound site and stumps at 6 (a), 8 (b), 14 
(c), 26 (d), 54 (e) and 144 (e) days. Note the extension of regenerating tissue at day 6 that 
produces the first reconnections of the stumps by day 8. With time the bridge of neural material 
increases in size (days 14 and 26) whereupon there is a reduction in size to produce a 'bottleneck 
effect (day 54) that subsequently increases in size to more normal structure. Note that the offset 
of the reconstructions is in accordance with the approximate middle of each wound site. The 
dotted line represents the approximate centre of the lesion site/bridge. Scale bar — 300 microns.
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Figure 4.7. Graphical representation of the percentage changes in transectional area measured 
from semithin sections of the wound region at various times following spinal cord transection. 
The X-axis is the rostro-caudal distance through the rostral and caudal stumps and the wound in 
the middle (microns); the vertical axis is the percentage change in transectional area related to 
adjacent spinal cord (taken as 100%). This percentage difference is for neural tissue only, the 
cross sectional area of the central canal was omitted in each case. The dotted line represents 
normal cord tissue (100%). Ros= Rostral, Cau = Caudal.

regenerating elements of the spinal cord; however, at this stage relatively few capiUanes 
3re associated with the regrowing neural tissue. The con^onents of the blood clot/scar 

disappear at different times; erythrocytes are removed &st (around day 8), then the 

fibroblasts (around day 14) and finally the macrophages. The blood clot/scar matrix 

produced by the extensive haemorrhaging is the last component to be removed, 
remaining for up to 20 days following injury. It was not determined whether the blood 

vessels in the scar are also removed or are incorporated into the forming neural bridge.



Figure 4.8. Photomicrographs of fibroblasts within the blood clot at days 6 (a) and 8 (b) 
(arrowheads). Cells are distinguished by their characteristic elongate morphology however 
other shapes are found based on an elipsoid morphology (arrows). Note the decrease in 
erythrocytes in the blood clot/scar by day 8. At the level of the electron microscope at day 8 m 
(c) the different cell types can be seen, fibroblasts (Fib), erythrocytes (ery) and different 
macrophagic leucocytes (Lc) that include fibroblasts. Note the presence of phagocytic leucocytes 
(*) and blood vessels (Bv) interspersed between the fibroblasts with an increase in number from 
day 6 and the absence collagen and elastic fibres. Scale bar — 50 microns.
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Figure 4.9. Graphical representation of the number of blood vessels present in the clot/scar at 
days 4, 6, and 8. The dotted line represents the approximate centre of the lesion site in each and 
the X-axis represents distance through the lesion site. Note that few blood vessels were found 
in the lesion site at days 4 and 6 but an increased number were found by day 8.

The leucocyte response to injury

One of the first reactive processes concerns the dififerent leucocyte cell types that 
infiltrate into the lesion site. By day 4, for example, different blood-bome leucocyte 
types are found, including macrophages, monocytes and neutrophils (Fig. 4.10). Many 
of these cells are mostly interspersed between the profuse erythrocyte population within 

the blood clot. A few cells are found within the degeneratmg cord, up to some 900 îm 
rostrally and caudally, fi'om the cut surfaces on both sides. By day 6, the number of 
leucocytes within the blood clot/scar (Fig. 4.11a) and the developu^ bridge and 
associated spinal stumps (Fig. 4.11b) increase considerably. The type of leucocyte cell 
present has also changed: non-phagocytic type cells, such as lymphocytes, are rarely 
found and in their stead is a large population of phagocj^ic cells characterised by (often 
numerous) large vacuoles of material including myelin, within the cytosol (Fig 4.1 Id, 
e). Consequently, these cells are greatly increased in size due to the large intake of 
Phagocytosed material. Cells in close association with degenerating myelin often 
possess numerous pseudopodal extensions and are often in close association with other 
phagocytic cells. A smaller set of these ceUs is interspersed between the degenerating 
(Fig 4.13a) and regenerating material within the spinal stumps (Fig 4.13b). Coupled 

the change in the leucocyte cell-type is an apparent fluctuation in the numbers of



Figure 4.10. Montage o f the different haematological cell types present in the blood clot by day 4.
At this stage erythrocytes are the predominant cell type (a) and are characterised by an elongate to 
ovoid cell shape with a centrally placed nucleus. Note the intense staining o f the nucleus and the 
cytoplasm. Thrombocytes are the other non-leucocyte type cell present, both (b) and (c) may 
represent the structure o f this cell type in the eel, possess an ovoid to elongate structure are lighter 
staining than erythrocytes, possess an irregular shaped nucleus and cytoplasmic inclusions. 
Lymphocytes are frequently found in the clot and are characterised by an intense staining centrally 
placed circular to ovoid shaped nucleus in a light staining cytoplasm. The cell shape is circular to 
ovoid. Monocytes and macrophages are identified by their irregular cell shape and dark staining 
cytoplasm that is generally devoid of granules represented in (e) and (0- By far granulocytes are the 
predominant leucocyte within the clot and are represented by a light staining cytoplasm and slightly 
darker nucleus and with numerous dark staining granules within the cytoplasm. Typical granulocyte 
cells, of the neutrophil subtype are present in (g) and (h), while in (i) cells were occasionally found 
that resembled eosinophils with numerous small granules present in the cytoplasm.
Scale bar = 5 microns



l*'igure 4.1 la, b, c, d, e. In (a) and (b) reconstructions of the bridge at day 6, the distributions o f 
leucocytes can be seen in (a) the spinal stumps and cord and (b) in the lesion site. Note the 
accumulation o f cells close to the cut surface of the stumps. In the two photomicrographs (c) and (d) it 
can be seen that these cells are actively phagocytosing debris, particularly myelin sheath (arrows). At 
the level o f the electron microscope (e) numerous dark cytoplasmic inclusions (*) can be seen mdicatm 
active phagocytosis. Scale bar = (a), (b) = 300 microns, (c), (d) = 10 microns, (e) = 5 microns.
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Figure 4.12. A graphical representation of the approximate number of phagocytic cells 
(neutrophils, macrophages and monocytes) in the lesion site from days 4, 6, 8, 10, 14 and 20. 
The clotted line represents the middle of the lesion site/bridge.

leucocytes in the bridge. In the lesion site at day 4, many cells are present (see Fig. 
4.12), but by day 6 the numbers of phagocytic cells have dropped to be followed by an 
increase in the numbers by day 8, but they display a different phenotype conq>ared to 
the earlier stages. Leucocytes in the blood clot/scar at this stage possess a form 
indicative of non-phagocytosing monocytes and macrophages (Fig. 4.14). The general 
lack of debris in both the spinal stumps and blood clot/scar at days 6 and 8 suggests that 
both regions are simultaneously cleared of cellular debris while selectivity for any one 
region was not noted. By day 10, the macrophage/monocyte cell population is in 
decline although cells are still evident within the remnants of the blood clot/scar tissue 
surrounding the developing bridge. No cells were found in the bridge. With fiirther 
survival times (days 10, 14), the number associated with the regenerating bridge 
diminishes considerably (see Figure 4.15), such that by days 20 and later, reactive 
leucocytes are absent from the bridge neural tissue.



Figure 4.13a, b. Photomicrographs o f leucocytes (denoted by arrowheads) interspersed between 
regions o f degeneration (a) and regenerating material (b) within the spinal stump at day 6. In (b) 
note the large degree o f  degeneration o f axonal and myelin profiles (*) and the close association 
o f leucocytes to these profiles. In (b) the neural material is devoid o f  degenerating profiles but 
numerous leukocyte profiles can be seen intermixed with the regenerating tissue, bv = blood 
vessels, men = meninx. Scale bar = 20 microns.
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Figure 4.14a, b. Leucocytes (arrowheads) in the bridge 8 days following injury. In (a) note the 
lack of cytoplasmic inclusions and the small size o f the cells that is also seen in the electron 
micrograph in (b). Note the macrophage (mac) in (b). At this stage many o f  the cells that 
infiltrate the blood clot/scar appear not to be phagocytosing debris. Fib = fibroblast.
Scale bar =  5 microns.



Figure 4 .15. Reconstruction o f  the regenerated bridge at day 14 with associated macrophages and 
monocytes (arrows). Note the reduction o f  leucocyte numbers within the bridge and stump regions. 
Cells are isolated to the peripher>' along the 'horn' regions o f the still forming bridge and were often 
close to the developing meninx. There is a general absence from more ventral portions.
Scale bar = 300 microns.



4 i  Discussion
The spinal cord of the eel reacts immediately to transection by retracting the cut ends, 

indicating that a certain degree of elastic tension exists within the cord. Whether this 

tension is created by the protective meningeal sheath which is known to possess elastic 

properties (see Chapter 3), by the blood vessels, by the neural tissue itself, or by a 

combination of all remains to be determined. But a similar gap has been observed in 

other studies. For example, cord separation of 1-2 mm was noted by Duffy et al. (1992) 

following tail transection in the Hzard, Anolis carolinensis, and Hibbard (1963) found a 

gap of approximately 0.25mm in the transected lamprey spinal cord. In mammals the 

space created can often be large, as when Cheng and Olsen (1995) observed a gap of 

4mm after cord transection in rats.

In the case of anamniotes, relatively little is known of the initial reactions to 

injury, including the structure of the material that fills the gap formed at transection and 

through which regrowing neural tissue must pass. In only one type of experimental 

lesion, amputation, is anything known of the behaviour of the regrowing cord tissue. 

But even in this experimental system the resultant blastema (self organising regrowth of 

tissue) that forms is poorly understood, and the relationship of the regrowing cord to the 

surrounding somatic tissue is unknown (see Anderson and Waxman, 1983a).

It is well acknowledged that the CNS of all vertebrates is endowed with a rich 

blood supply (e.g. Rowley et al., 1988; Peters et al., 1991) and it can be assumed that 

following all types of injury, haemorrhaging will occur as a natural consequence of 

blood vessel disruption. Obviously traumatic lesions such as transection and amputation 

will result in profuse bleeding (e.g. Hibbard, 1963), whereas it will be less following 

microlesion, contusion and compression injuries (e.g. Davies et al., 1996), but 

depending on the type and severity of the injury it can be assumed that a blood clot of 

varying size will occur. Nevertheless, Hibbard’s (1963) note of the presence of ‘a large 

mass of extravated blood filling the gap between the cut ends of the transected cord’ is 

the only report that makes reference to a blood clot in the wound in any anamniote 

system. The presence of a ‘scar’ is better described and has been reported following 

cord (Bernstein and Bernstein, 1967) and optic nerve (Bohn et al., 1982; Hirsch et al., 

1995) injury in anamniotes. In the amniotes, haemorrhaging has been frequently 

described (e.g. Matthews et al., 1979) and the ultimate effects in promoting
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scar formation are well known (e.g. Davies et al., 1996; Fawcett, 1997; Ridet et al., 

1997).

The blood clot/scar

The term ‘clot/scar’ is imprecise but provides a description of the milieu that is present 

within the lesion site. In the amniote CNS, a scar develops and remains at the site of 

injury as a permanent structure that is thought to hamper regeneration (e.g. Malhotra et 

al., 1990; Fawcett, 1997). However, in the eel this structure changes dynamically, both 

in size and composition, and appears at all times to be permissive to neural regrowth so 

the term scar is a somewhat misleading. In the eel it begins to form congealed blood 

and infiltrating fibroblasts to give a supportive matrix, the composition of which is 

altered in time by infiltrating leucocytes, particularly those of the phagocytic type (see 

Fig. 4.16 for summary).

Two other systems may also contribute to the clot and eventual scar formation: 

the cerebrospinal fluid (CSF) from the central canal, and the perimeningeal fluid (PMF) 

surrounding the spinal cord. Because of the injury, leakage will inevitably occur from 

both these fluid systems.

Bridge Formation

The regrowth of neural tissue in the eel occurs very quickly such that by day 14 

approximately 80% of the volume of the normal spinal cord has been reconstituted. 

We have determined that outgrowth is initiated by days 4-6 and that the tentative 

reconnections are made by day 8 with frirther outgrowth by days 10-14. With extended 

survival times (days 20 and 26) the bridge increases further in size but thereafter it 

decreases (days 54 and 144). This timeframe for regrowth is in general agreement with 

results from other studies when we compare the initial outgrowth of neural tissue. In 

goldfish optic nerve, regrowing material appears in the distal (eye-side) portion between 

2-7 days following injury (Levine, 1991; Rungger-Brandle et al., 1995) and traverses 

the wound site by 8-12 days (Reier, 1979; Murray, 1982a; Lowenger and Levine, 1988; 

Paschke et al., 1992; Strobel and Stuermer, 1994), although Blaugrund et al. (1993) did 

not identify regrowth until approximately 14 days following injury. Bohn et al. (1982) 

noted outgrowth of neural tissue from the stumps 5-7 days following transection in 

^enopus optic nerve and Reier and Webster (1974) in the same system observed 

regrowing material 4-8 days following injury. Michel and Reier (1979), in a study of
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Xenopus spinal cord recorded regrowing cord tissue in the lesion site 5-7 days post

transection, while Stensaas (1983) reported outgrowth from the stumps approximately 4 

days following ablation of the spinal cord in the newt Triturus, with both stumps 

reconnecting 14 days later.

In the amniote CNS, where regeneration is possible, namely in the immature 

CNS and adult PNS, similar times for the outgrowth of neural material are found. For 

example, neural tissue outgrowth occurs by 3-5 days following transection of the cord 

in neonatal Monodelphis domestica in culture (Nicholls and Saunders 1996; Varga et 

al., 1996). Regenerating peripheral nerve follows a similar pattern with a time lag of 2- 

3 days, after which neural tissue begins to grow into the lesion site (Bisby, 1995). 

Moreover where growth in the adult CNS is possible, using the conditioning lesion 

paradigm, regenerating elements begin to extend into the lesion site by day 4 (Jacob and 

Croes, 1998).

The similarity in regrowth times in response to injury throughout vertebrates 

(where regeneration is possible) is striking. It may be the case that this timeframe 

reflects a certain reorganisation within the damaged tissue at the cellular level, resulting 

in the alteration of the normal differentiated phenotype into a more migratory ‘plastic’ 

phenotype. Such a reorganisation has been suggested for some cell types following 

injury (O’Hara et al., 1992; Chemoff, 1996).

Source o f regrowth

The medio-ventral outgrowth of neural tissue observed in the present study, along the 

dorsal surface of the vertebral centrum is similar to that found by Michel and Reier 

(1979) in their study of Xenopus tadpoles but contrasts with the situation following 

amputation in amphibians (Egar et al., 1970; Egar and Singer, 1972; Nordlander and 

Singer, 1978; Benraiss et al., 1997) and lizards (Simpson, 1968) where the outgrowth, 

in the form of an ependymal tube (see chapter 6), extends from central portions of the 

spinal cord. Singer et al. (1979) suggested that this centrally placed outgrowth 

following amputation reflected ontogenetic events and they proposed the ‘blueprint 

hypothesis’ in which outgrowth always occurs from central portions of the spinal cord. 

However, later studies showed that this is not always the case and that outgrowth can 

occur in more ventral regions of the cord, suggesting instead that there is a potential for 

regrowth that extends from central to ventral regions (see Anderson and Waxman, 

1983a). Moreover, Simpson (1983) noted, in contrast to the earher work of Butler and
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Ward (1965, 1967), that neural regrowth did not necessarily extend from the regions 

surrounding the central canal after ablation injury in salamanders and found that neural 

tissue emanated from regions of the white matter. Stensaas (1983), using a set of 

ablation experiments that left the meninges intact in the spinal cord of the newt, 

Triturusy also found that regenerating neural tissue favoured the intact basal lamina at 

the cord periphery as a substrate.

In the regenerating anamniote optic nerve the method of regrowth is not well 

known as many of the reports have utilised crush rather than transection/ablation 

injuries (e.g. Lowenger and Levine, 1988; Levine, 1991; Blaugrund et al., 1993; 

Rungger-Brandle et al., 1995; Beazley et al., 1997). Since crush retains continuity of 

stmcture, neural regrowth occurs into the degenerating/regenerating neural tissue and 

not as a free, outgrowing entity, and so it is impossible to compare many of the optic 

nerve studies with the present research. However, a few have utilised transection (e.g. 

Scott and Foote, 1981; Bohn et al., 1982; Hirsch et al., 1995). Scott and Foote (1981) in 

the frog, Rana pipiens, noted regenerating material was central to the lesion by 3 weeks 

while Bohn and co-workers (1982), in a study of larval and adult Xenopus, reported a 

similar regrowth through a dense collagenous matrix in the centre of the lesion.

It would appear that regrowth of tissue following transection is different to that 

following amputation. The presence of a somewhat disorganised ‘core’ of tissue 

outgrowth from regions of the white and grey matter following transection/ablation in 

the cord differs considerably from the highly organised growth from the central canal 

region seen after amputation (Nordlander and Singer, 1978). Similarly, there may be a 

difference in the method by which the neural tissue of fish regrow compared to that of 

amphibians and reptiles. For instance, strong similarities in the method of tissue 

outgrowth exist between the transected and amputated spinal cord (the present study; 

Anderson and Waxman, 1983a) where outgrowth does not necessarily emanate from 

and around the central canal region, which is a strong feature of amphibian and reptile 

regrowth. In mammals where regrowth is possible, in neo/postnatal animals, the 

method of regrowth through the lesion site has not been documented in any detail (e.g. 

Nicholls and Saunders, 1996; Varga et al., 1996).

Composition o f the blood clot/scar

The blood clot/scar tissue was found in the present study to consist of a variety of 

elements arising from different sources. In previous reports, in general the clot/scar in
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general is described as comprising debris of neural and glial origin (e.g. Reier and 

Webster, 1974; Nona and Stafford, 1995) or being connective tissue of mesodermal 

origin (e.g. Bohn et al., 1982; Reier et al., 1983). Descriptions of cellular compositions 

are few: Michel and Reier (1979) noted macrophages and haematogenous elements 

within the lesion site along with debris in transected larval Xenopus spinal cord; Hirsch 

et al. (1995) noted fibroblasts within the lesion site of the goldfish optic nerve, as did 

Bohn et al. (1982) in the transected Xenopus optic nerve. We have found that the scar 

tissue that forms at the lesion site in the eel comprises fibroblasts, developing blood 

vessels, haematogenous elements (erythrocytes and leucocytes) and a ground substance 

(or matrix) in which the different cellular elements are embedded. Each component is 

discussed separately.

Fibroblasts

Fibroblasts have long been associated with the scar tissue that forms at the site of injury 

following spinal injury in mammals (Fawcett and Asher, 1999). Indeed the interaction 

of this cell type with ‘reactive’ astrocytes (see chapter 8) is considered to result in the 

formation of the inhibitory fibroglial scar (Krikorian et al., 1981; Fawcett and Asher, 

1999), which forms when fibroblasts invade the lesion site. It is found following 

virtually all types of injury, save possibly microlesions, where only a small tract of 

injury is caused to the CNS (e.g. Davies et al., 1996). Conversely, in fishes, in those 

few studies that have described this cell type as a component of the scar tissue, regrowth 

of neural material has proceeded unhindered. Hirsch et al. (1995) demonstrated the 

presence of fibroblasts within the lesion site following transection or crush of the optic 

nerve. Similar observations were made following injury to the spinal cord (Michel and 

Reier, 1979) and the optic nerve of Xenopus (Bohn et al., 1982).

One noteworthy aspect of the fibroblast population noted in the present study, 

particularly at days 6 and 8, was the alignment of cells into loosely organised parallel 

‘sheets’ that ran approximately dorso-ventrally and circularly. This was most 

pronounced close to regrowing neural material by day 8 and it may be argued that 

fibroblasts confer a cellular scaffold through which neural tissue can migrate, a 

hypothesis that is further strengthened by the fact that axons are frequently found in 

close apposition to fibroblasts by day 6 (see Chapter 7). Michel and Reier (1979) in 

regenerating Xenopus cord also noted that this cell type formed a complex trabercular 

meshwork of cells within the lesion. Bohn et al. (1982), following optic nerve
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transection in the same animal, found that axons migrated through ‘a cellular lattice of 

fibroblasts’; these authors further noted a graded appearance o f fibroblasts within the 

lesion site with greater numbers being present closer to the middle of the lesion site. 

The origin o f the fibroblast population within the vertebrate lesion site has often been 

attributed to meningeal cell infiltration, particularly in mammals (e.g. Wang et al., 

1997; Kruger et al., 1986). In the present study, we have been unable to determine 

specifically a definitive origin for the infiltrating fibroblasts, although it is most likely 

that the majority o f fibroblasts present within the lesion site possess a meningeal origin. 

Hirsch et al. (1995) concluded that the fibroblast population within the lesion site of the 

goldfish optic nerve arose fi*om cells present in the interfasicular spaces and the 

surrounding ‘nerve sheath’. Another possibility is that fibroblasts may originate from 

other sources, such as the connective tissue sheaths surrounding the damaged 

components o f the overlying skeletal and muscular tissues.

Blood vessels

The presence o f blood vessels in the wound, attaining maximum numbers by day 8 (see 

Fig. 4.17), is strongly indicative of angiogenesis. Angiogenesis is also a common 

feature in the CNS of other vertebrates following injury (Krum and Rosenstein, 1988; 

Rosenstein, 1996; from Krum and Rosenstein, 1998) and vascular endothelial growth 

factor (VEGF) which is known to be a potent stimulator o f endothelial cells, has been 

shown to be expressed in the injured CNS. Krum and Rosenstein (1998), for example, 

have shown that levels o f VEGF increased in the tissue surrounding the lesion site in 

the neocortex o f rats following transplantation and stab injury. Therefore angiogenesis 

appears to a common reaction to injury in vertebrates and presumably increases the 

volume and flow o f blood to the lesion site. Invariably in mammals, this has negative 

effects, as the increased blood flow carries with it large numbers of leucocytes (see next 

section).

The origin o f the vasculature has not been settled in the present study, in part 

because of the complex organisation and frequent branching of vessels and also because 

of our inability to plot accurately the 3-D organisation of vessels using semithin 

sections collected every 10|am. However, two scenarios are possible: the vasculature 

could be an extension o f blood vessels within the spinal stumps, or, it may arise from
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Figure 4.17. Possible origins for the blood vessel population within the lesion site. In (a) blood 

vessels arise from the vasculature within the spinal cord or (b) from the meninges.

vessels within the surrounding meningeal tissue (see Fig. 4.17). Simpson (1983) in one 

of the few reports that describe blood vessel formation in an anamniote model found 

little evidence of a capillary network in the regenerating cord and instead considered 

pial vessels to be the principal source. However, his report must be taken in the context 

of the animal model used, and the injury type - tail amputation in the lizard Anolis. 

Since the regenerating cord in this species does not grow into a lesion area but instead is 

a component of a blastema of newly forming tissue it is probable that different criteria 

govern vasculature formation around the forming spinal cord. Similarly, the developing 

cord within the blastema is composed of a small ependymal tube (see chapter 6) that 

may not be able to support any vasculature during this stage of development. 

Therefore, in so far as the eel is concerned, a neural origin for the blood vessels remains 

a possibility.

Within the constraints of the present study, the eventual fate of the scar blood 

vessels was not determined. Since virtually every other component of the scar tissue, 

such as fibroblasts, matrix and leucocytes are not components of normal neural tissue, it 

can be assumed that these elements are either removed from the bridge region or fail to 

be incorporated. However, neural tissue does contain blood vessels. Therefore, it is 

conceivable that those vessels in the path of neural outgrowth could be incorporated 

into the developing bridge. This is a particularly strong possibility since the meninges 

in the uninjured CNS contain numerous blood vessels that enter the brain and spinal
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cord via the glia hmitans. Furthermore, it has been shown in the developing 

mammalian CNS that blood vessels are utilised as early differentiators for developing 

cells, such as astrocytes (e.g. Zerlin and Goldman, 1997). Perhaps the blood vessels in 

the scar are not removed, but instead are utilised by the growing neural tissue as 

‘milestones’ or ‘markers’ for regrowth through the lesion.

Haematogenous elements - leucocytes and erythrocytes

The stmcture of blood in fish is similar to that of mammals and other vertebrates. 

Indeed there are strong indications from comparative studies to suggest that all of the 

different groupings found in mammalian blood are also present in fish. This suggests 

that the immune system is phylogenetically preserved in vertebrates (see Rowley et al., 

1988); we will assume, therefore, that Anguilla possesses the same variety of blood cell 

types as found in the goldfish and the carp (Rowley et al. 1988; Koumans-van Diepen et 

al., 1994; Rombout et al., 1997).

Erythrocytes are the largest population of circulating cells. In fish, as in 

mammals, these cells are flattened and biconcave, although in fish they are nucleated. 

Thrombocytes, which have almost identical functions to platelets in mammals, in that 

they are involved in the clotting of blood, have been shown in fish to possess 

phagocytic activity (Hill and Rowley, 1998). Leucocytes can be divided (as in 

mammals) into two groupings: granulocytes and agranulocytes. Granulocytes 

constitute the major group and can be divided into three different types: 

neutrophils/heterophils, eosinophils and basophils. There is considerable confusion in 

the literature relating to the structure and composition of the cells in this group in fish. 

It is generally agreed that neutrophils/heterophils are present in the blood; however the 

presence of eosinophils and, in particular, basophils, is still a matter of contention as 

they are found in some species, but not others (Rowley et al., 1988). A large literature 

exists concerning lymphocytes, B, T and NCC cells (fish equivalent of NK cells in 

mammals) and the reactions of these cells to different pathogens such as parasites 

(Evans and Gratzek, 1989; Leary et al., 1994; Lamas et al., 1994). Monocytes 

constitute the other agranulocyte population in the blood of vertebrates and are found 

free in the blood (monocytes) or within the body tissues as macrophages.

It can be assumed, therefore, that at least two different leucocyte-cell types 

possessing phagocytic activity may be present within the lesion site of the spinal cord. 

To what extent each contributes to ‘mopping’ up the debris is unknown. From the
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morphology of cells at day 4 it appears that there is a general influx of cells due to the 

profuse bleeding into the lesion site. Therefore, all types are present and account for the 

large numbers of cells at this stage. The small cross sectional area of these cells 

suggests that only a few have begun to phagocytise debris within the wound site. At 

this stage it appears that most cells involved in this process are presumably neutrophils 

due to the presence of numerous distinct dark vesicles within the cytoplasm. By day 6 

further recruitment of phagocytosing cells occurs and results in a large increase in cross 

sectional area due to often-large accumulations of debris-laden vesicles within the 

cytoplasm. At this stage there appears to be a loss in the number of cells and this is 

attributed to the removal of lymphocytes and thrombocytes from the lesion site. 

Specifying quantitatively the different types of phagocytically active cells at this stage 

is arduous, but it would suggest that there is a mixed group of neutrophils-macrophages 

within the lesion. In contrast to some studies in amniotes (Lawson et al., 1994; 

Avellino et al., 1995; Popovich et al., 1997) and anamniotes (Dowding et al., 1991; 

Battisti et al., 1995), where reference is made to the leucocyte response, the cells are 

generally considered to be macrophages with few references to the other cell types. It is 

interesting to note in the mammalian CNS, in many instances, neutrophils are reluctant 

to enter the CNS parenchyma (Perry et al., 1995). In the eel, cytoplasmic inclusions are 

evident within cells, some of which can be clearly identified as myelin while other, dark 

staining homogenous inclusions, that may possibly be compacted myelin debris, were 

also present; however these structures (often large) were also found extracellularly and 

so are not exclusive to the phagocytes. Phagocytosis of myelin debris is a well-known 

function o f invading inflammatory cells such as neutrophils and macrophages in the 

mammalian CNS (Lotan and Schwartz, 1994). Similar activity has been described in 

the anamniote CNS (Reier et al., 1983) and phagocytic cells have been reported in 

regenerating Xenopus optic nerve (Bohn et al., 1982) and goldfish spinal cord 

(Bernstein and Bernstein, 1969).

At day 8 the number of cells within the lesion site increases in conjunction with 

a decrease in their size; phagocytes are still present, but in lower numbers. It is likely 

that a biphasic response occurs in which there is an initial infiltration of cells that with 

time is refined to a smaller population specific to wound repair. The second influx can 

be seen as the large increase at day 8 of smaller, irregular shaped cells often in close 

association with blood vessels that are considered to be moncytes/macrophages that 

have been recruited to the lesion site (see Fig. 4.12). The present results would suggest
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Animal Tissue Lesion Type
Initiation

(Day)
Max 

Number 
s (Day)

Clearance
(Day)

Reference

Rat Brain Microlesion - 1-2 3-4
Davies et al. 

(1996)

Rat
Optic

Nerve
Crush - 7 21

Frank and 

Wolburg 

(1996)

Rat
Spinal

Cord
Contusion - 3-7 -

Popovich et al. 

(1997)

Rat Brain Needle Stab 1-3 3-12 -
Riva-Depaty et 

al., 1994

Schauwecker

Mice Brain Ablation “ 2-6 12 and Steward 

(1997)

Amphibian
Optic

Nerve
Transection 1 3-7 -

Bohn et al., 

1982

Fish
Spinal

Cord
Transection - 2 -

Bernstein and 

Bernstein, 

(1969)

Fish
Spinal

Cord
Transection 1-4 8 10-14

The present 

study

Table 4.1. Table summarising some of the different reports of leucocyte infiltration, maximum 

numbers and the time taken to clear from lesion site.

that at least neutrophils and monocyte/macrophage cells are involved in the response. 

The chronological order of the leucocyte response in the eel is summarised in the above 

table (Table. 4.1) along with comparisons with other studies. Concurrent with the 

infiltration of phagocytes within the lesion site, it would appear from the present study 

that maximum phagocytic activity occurs approximately by day 6, while the maximum 

number of cells is found by day 8. Thereafter the numbers decrease rapidly with the 

formation of the bridge, at around the 6-7 day mark.

A smaller population was found within the spinal stumps close to the cut 

surfaces, with a small number of cells penetrating the spinal cord for considerable 

distances. Whether these cells travelled into the cord from the cut surfaces, gained
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entry through a breach in the gUa limitans or the blood brain barrier, or are activated 

microgha could not be determined from the present study. It is well known particularly 

in mammals that any breach of these barriers results in the infiltration of monocytes- 

macrophages (e.g. Lotan and Schwartz, 1994; Merrill and Benveniste, 1996). It would 

appear that many if not all of the infiltrating inflammatory cells in the eel were involved 

in phagocytosing myelin debris that was found within the cytoplasm. Similar findings 

have been reported in the regenerating goldfish spinal cord (Bernstein and Bernstein, 

1969) and the mammalian CNS (e.g. Lazarov-Spiegler et al., 1996). The limited 

distances travelled through the spinal cord is similar to that found in mammals, with 

most cells isolated to the lesion site (e.g. Popovich et al., 1997). At the onset of the 

formation of the bridge in the eel phagocytic cells were found within the regenerating 

neural tissue and comprised a small population of easily identifiable cells in the bridge 

once fully formed. What are the origins of these cells? It is possible that they may be 

of microglial origin as this cell type is well described in the amniote CNS (e.g. Raivich 

et al., 1999) and also in some anamniote species (Dowding et al., 1991) but in the 

present study we have been unable to identify cells that could be described as microglia. 

Altematively a haematological origin may explain their presence, with cells becoming 

incorporated into the bridge during its formation. Since it is well known that microglia 

originate from haemopoietic origins (e.g. Eglitis and Mezey, 1997) and are considered 

to be of a quiescent macrophage phenotype it is possible that these cells constitute a 

small ‘microglial’ population in the bridge. At later stages of recovery (days 26+), 

identification of cells becomes difficult within the bridge, indicating that these cells are 

either lost or quiescent.

Since invading leucocytes contribute to the removal of debris within the scar 

tissue we may ask whether this infiltration is beneficial for regrowth? In mammals 

inflammatory cells are present in the lesion site within a short time after injury and 

remain there a further 21 days or so before declining (Avellino et al., 1995; Bisby, 

1995). The beneficial roles attributed to these cells include the removal of dead tissue 

and debris (e.g. Friede and Beuche, 1993) and lipid recycling (e.g. Stoll and Muller, 

1988). In fish, an upregulation of apolipoprotein A-I (Apo A-I) in the regenerating carp 

optic nerve (Harel et al., 1989) has been localised to macrophages suggesting that these 

cells recycle phospholipids and cholesterol in a manner similar to that of mammals. 

Other studies have shown that macrophages can be beneficial for axon regrowth 

(Lazarov-Spiegler et al., 1996). However, inflammatory cells seem also to modulate
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inhibitory effects that contribute to the production of scar tissue. As part of the 

inflammatory response in the lesion site in mammals cytokines are released primarily 

by infiltrating macrophages and these are responsible, in part, for inducing astrocytes to 

become reactive (Campbell et al., 1993; see Merrill and Benveniste, 1996 for review). 

The extent of leucocyte-macrophage involvement in the development of the scar tissue 

may be dependent on the type of lesion. Davies et al. (1996) found that microlesions of 

the rat CNS induced only a transient influx of macrophages (inflammatory cells) that 

also triggered a transient stimulation of resident tract ramified microglia and astrocytes. 

The blood brain barrier was considered to remain intact and the leakage of blood into 

the lesion site was rarely found. Following larger lesions that induce extensive 

necrosis, bleeding and exudation, infiltrating macrophages/microglia remain in an 

activated state, continue to phagocytose necrotic material and debris, and become 

resident. Consequently, Davies and co-workers (1996) suggested that larger lesions 

induce a continuous stimulus to activate astrocytes and microglia and lead to the 

formation of an astroglial scar.

It appears that at least some of the many functions performed by mammalian 

macrophages are carried out by fish macrophages, such as phagocytosis (the present 

study) and upregulation of Apo-A-I (Harel et al., 1989), indicating a certain degree of 

homology between fish and mammalian inflammatory cells. Whether this extends to 

other aspects, such as the release of cytokines, remains to be seen.

Matrix

The origins of the component we have termed the ‘matrix’ (or ground substance) in the 

present study presumably stems from the clotting of blood to produce the gelatinous 

mass in which the different infiltrating blood-bome, meningeal/fibroblast and neural 

tissue components reside. Therefore, the components of the matrix initially, will be the 

different proteins involved in blood clotting. Although the blood protein content in fish 

is lower than in mammals (see Rowley et al., 1988), and relatively little is known of the 

different plasma components, it is known that fibrinogen and thrombin are present in 

some fish species, such as the lamprey (Doolittle, 1965). Blood coagulation in fishes is 

considered to occur in a similar manner to the mammalian process, producing a clot in a 

matter of minutes. Therefore the processes of thrombin conversion from prothrombin, 

which in turn results in the conversion of soluble plasma fibrinogen to fibrin, is 

considered to be conserved and indeed this process has been demonstrated in the
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lamprey (Laudano and Doolittle, 1980). The formation of the fibrin-based matrix is 

termed the provisional matrix in mammals (Clark et al., 1982). At later stages this 

fibrin-based matrix is lysed by infiltrating fibroblasts, which then proceed to lay down a 

fibronectin and hyaluronan rich matrix (Clark, 1996). In the present study, fibroblast 

infiltration into the lesion site occurs by day 6 thus indicating that this movement of 

cells may effect a turnover of the matrix. Evidence to support such a turnover in fish 

comes fi*om the study of Hirsch and co-workers (1995) where strong fibronectin 

labeUing was noted in the lesion site. In mammals it has been shown that fibronectin is 

one of a small number of ECM components that is permissible to neural growth (see 

Fawcett, 1997) and will support neurite extension in vitro (Rogers et al., 1983). It can 

be concluded then that the fibrin and/or fibronectin based matrix within the lesion site 

of the eel is a permissible substrate for neural growth. However, fibrin and fibronectin 

are not the only matrix proteins present; others, such as vitronectin, thrombospondin, 

and tenascin are common components (see Yamada and Clark, 1996 for review). Two 

of these proteins have received particular attention since they are upregulated following 

injury. Tenascin and the chondroitin sulphate proteoglycan family (CSPG’s) have been 

shown to possess growth inhibitory properties in adult tissue (see Fawcett, 1997), and 

are considered to act as inhibitory boundary molecules, having been demonstrated to be 

involved in axon guidance during development (see Fitch and Silver, 1997). It has also 

been shown that CSPG production is associated with the breakdown of the blood-brain 

barrier and infiltration of macrophages into the lesion site (Fitch and Silver, 1997). In 

this respect, the lesion site in the eel, with the obvious quite extensive damage to the 

blood-brain barrier displays all the hallmarks necessary for the production of such 

molecules. Whether tenascin or members of the CSPG family are present at the lesion 

site of the spinal cord in fish and other anamniotes remains, as far as we can ascertain, 

unknown. Battisti and co-workers (1992), however, have shown CSPG 

immunoreactivity at the lesion site of the goldfish optic nerve following crush, with 

increased levels between 1-3 weeks after injury. The well-recognised ability of the 

goldfish optic nerve to regenerate following injury (as with the spinal cord) suggests 

that in fish CSPG’s may not be inhibitory to regrowth.

With the formation of a bridge of regenerating neural tissue in the eel from day 

6 onwards, the clot/scar begins to reduce in size such that by day 14 it is almost absent. 

Therefore, a regulatory mechanism must be present that is set in motion to remove the 

inatrix components. In mammals, this is achieved through the use of the proteolytic
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enzymes, plasminogen activators and plasmin, and the whole process is rigorously 

controlled (see Clark, 1996 for review). Whether these specific enzymes are utilised to 

lyse the matrix in the eel and other fish regenerates or is carried out by another family 

of proteolytic enzymes is unknown. However, it is probable that a regulatory control 

similar to the plasminogen activator/plasmin pathway found in mammals is present.

Fibres

The presence of small amounts of collagen but not elastic fibres in the lesion site, 

particularly at day 8, has been described in the lesion site of the regenerating goldfish 

(Hirsch et al., 1995) and Xenopus (Bohn et al., 1982) optic nerve. Interestingly Bohn 

and co-workers (1982) noted that this extracellular fibre was abundant in the lesion site 

of the adult regenerates but scarce in juvenile tadpoles. In this context it is interesting 

to note that the authors found that regrowth in the adult was not as accurate as in the 

juvenile and attributed this inaccuracy, in part, to the presence o f dense collagen 

bundles in the lesion site. In the present study, we did not find such dense aggregations 

of collagen bundles and instead fibres were distributed in small loose bundles close to, 

and interspersed between, the fibroblasts. Although not stated by Hirsch and colleagues 

(1995) in their study, the collagen distribution in their electron micrographs bears strong 

resemblance to the present study. Therefore, the lesion site in the present study and in 

the goldfish optic nerve (Hirsch et al., 1995) display characteristics closer to juvenile 

Xenopus than the adult regenerate. Although often associated as a component of the 

inhibitory scar that forms following CNS injury in anamniotes, collagen has been 

shown to be capable of supporting the regrowth of motor axons in the spinal cord 

(Risling et al., 1993). It is possible, therefore, that as suggested by Bohn and colleagues 

(1982) the collagen bundles within the lesion site o f the eel may act as a substrate along 

which neural tissue can migrate.

Summary o f main findings

■ The first event following transection injury is the extravasation of blood into the 

lesion site that congeals to produce a blood clot that provides continuity between 

both spinal stumps.

■ Regenerating neural tissue infiltrates the blood clot to produce the first connections 

between both stumps by approximately day 8. We have termed this regrowth the
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‘bridge’ and it continues to develop and increase in size until approximately day 20, 

whereafter a gradual reduction in size takes place.

■ Fibroblasts colonise the blood clot by day 6 and produce parallel arrays of elongate 

cells
■ Angiogenesis of undetermined origin is evident in the bridge by days 4 and 6 the 

numbers sharply increase by day 8, indicating an increased metabolic demand in the 

lesion site/developing bridge.

■ A biphasic influx of blood cells occurs in the bridge. Large numbers are present at 

day 4 which fall by day 6 but increase again by day 8. We attribute this to the 

removal of inappropriate cell types and the influx of wound specific leucocytes.
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Chapter 5

The organisation of the regenerating central canal:
I. The ependyma
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Tfitrnduction

It is usually thought that once injured the ependyma surrounding the ventricles of the 

brain and spinal cord of amniotes fail to contribute to the repair and regrowth of the 

injured region (e.g. Matthews et al., 1979). More recently, however, evidence suggests 

that this may not always be the case, and that under certain conditions, the ependyma is 

capable of mounting a successful response to injury (e.g. Bruni and Anderson, 1987). 

The discovery of neural stem cells in the adult amniote CNS indicates that the 

ependyma and subependyma may retain a degree of exploitable plasticity that has 

already been shown to produce, under correct conditions, new neurons and glia in vivo 

(Morshead et al., 1994; Temple and Alvarez-Buylla, 1999). Indeed, following injury to 

regions of the rat brain there is an increase in the development and survival of stem cells 

(Johansson et al., 1999).

Whatever the situation in higher vertebrates, the ependyma in the CNS of some 

anamniote species retains considerable regenerative ability (e.g. Egar and Singer, 1972; 

Anderson et al., 1983) and appears to play an integral part in the regenerative event, 

suggesting possible stem cell ability. For example, Simpson (1964; 1968) found that 

regeneration of the amputated tail of the lizard Lygosoma is prevented if ependymal 

cells are destroyed. Certainly, the ependymal reaction to injury appears to lead to the 

production of a new central canal (see Anderson and Waxman, 1983a for review), but it 

remains uncertain whether it plays a role in facilitating the extension of regrowing 

axons.

The possible role of the ependyma in the eel spinal cord was examined in the 

present study. The objectives were twofold:

(1) To chart the distribution of ependymal cells in the regenerated bridge by the use of 

serial sections of light and electron microscopic material. In doing so, it was hoped 

to determine the role of ependymal cells in the formation of bridge and to see if they 

were the primary cell type facilitating axon regrowth (Nordlander and Singer, 1978) 

or if their growth was synchronous with the regrowing axons as found by Michel 

and Reier, (1979) in the regenerating spinal cord. In all previous studies of

central canal and ependymal proliferation, interest has been directed towards the 

proximal stumps and the wound site (e.g. Egar and Singer, 1972; Anderson et al., 

1986). Therefore, in order to determine if there is a canal and ependymal reaction in
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more distal portions of the cord away from the wound, the central canal in both the 

rostral and caudal cord up to 1mm away from the transection was also examined.

(2) Following transection, the ultrastructural and immunohistochemical changes to the 

cell population surrounding the central canal - ependymal cells (ependymocytes), 

tanycytes and light staining cells (see chapter 6) - were documented. The 

immunoreactivity to the common intermediate filaments GFAP, S-100 and vimentin 

was determined for cells in the stumps and for cells migrating into the bridge region. 

In particular, we wanted to determine the role of tanycytes in the developing bridge 

as these cells correspond to the radial glia of the developing vertebrate nervous 

system (e.g. Levitt and Rakic, 1980; Pixley and deVelhs, 1984; Voigt, 1989; 

Soriano et al., 1997) and are found in the regenerating cord following amputation 

(Nordlander and Singer. 1978; Anderson et al., 1983).
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g,7 Materials and Methods
Animals

This study is based on 34 European eels Anguilla anguilla L. in a non migratory 

immature stage of the lifecycle. For some of the time dates studied replicates were 

performed, however in all cases the differences in staining and structural organisation 

were negligible.

Surgery

For surgery, each eel was treated according to the operational procedures outlined in 

chapter 4. In brief, each animal was anaesthetised by immersion in 0.3g/l MS-222 

(Sigma) and further by a subcutaneous injection of 0.1ml alphaxalone ("Saffan" Pitman- 

Moore) subcutaneously. Cooling on ice provided additional anaesthesia. The spinal 

cord was exposed and transected using fine micro-scissors at the region of the fourth 

segment caudal to the anus. Following surgery, animals were placed in separate 

holding tanks.

Tissue Preparation

For histological investigation, each animal was treated according to the methods 

described in chapter 2. In brief, each animal was anaesthetised initially by immersion in 

0.3mg/L MS-222 and further by a subcutaneous injection of 0.3ml alphaxalone 

(‘Saffan’ Pitman-Moore). To prevent blood clotting, 0.2ml heparin sodium (Leo 

Laboratories) was also given subcutaneously. The perfusion procedure consisted of a 

primary flush of Ringer's solution (with 0.1% procaine (Sigma) for further anaesthesia) 

tlirough the heart followed by the fixative. Two fixative solutions were used (a) 4% 

paraformaldehyde in O.IM phosphate buffer (PB), pH adjusted to 7.4, for 

immunohistochemical investigation and (b) 2% paraformaldehyde, 1.25%

glutaraldehyde in O.IM phosphate buffer (PB), pH adjusted to 7.4, for electron 

microscopy. Following perfusion, the region of the spinal cord containing the injury 

and portions immediately rostral and caudal, were dissected from the spinal column and

post-fixed in the same fixative at 4°C for a maximum of 3 hours.
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light Microscopy

Following postfixation, the spinal cords were treated according to the methods laid out 

in chapter 2. However, tissue from two days, 16 and 20 after surgery was cryosectioned 

to produce 20jLim thick transverse sections. All procedures remained the same but the

tissue was cryoprotected in 30% sucrose solution overnight at 4®C prior to sectioning. 

All tissue was processed for rabbit anti-goldfish GFAP (generous gift from Dr. S. N. 

Nona), S-100 rabbit anti-bovine (Dako) and vimentin mouse monoclonal (Dako) 

antibodies. For visualisation the avidin-biotin method (ABC kit. Vector) was used with 

(0.05%) 3,3’-diaminobenzidine (DAB, Sigma) as chromogen.

BrdU immunohisto chemistry

For BrdU immunohistochemistry, animals that had received a transection injury were 

administered a pulse dosage of 5-Bromo-2'-Deoxyuridine (Sigma; hereafter BrdU) 

approximately 12 hours prior to surgery. It was estimated that this pulse would provide 

a period of approximately 4-6 hours during which all dividing cells within the bridge 

would be labelled. Each animal was first anaesthetised by immersion in 0.3mg/l MS- 

222 and then administered 20mg/kg of BrdU dissolved in Ringer’s solution (without 

added procaine anaesthetic) intraperitoneally. When allowed to recover from the mild 

anaesthesia each animal was returned to a separate holding tank.

The same procedures were used for histological investigation as stated in 

chapter 2. Collected sections were pre-treated in 1% sodium borohydride in distilled 

water to remove residual fixative, in 1% H2O2 in appropriate buffer to reduce any 

existing endogenous peroxidases due to the presence o f the blood clot, in 0.01% 

protease (Type 1, Sigma) for 2 minutes to disrupt mildly the cellular integrity, in 4N 

HCl in O.IM PB, and 0.5% Triton X-100 to cause fiirther cellular disruption, and 

finally, treated in 5% normal serum appropriate to the antibodies used to reduce 

background staining. Sections were rinsed for 5 x 5 minutes between each incubation. 

For the primary antibody reaction, sections were incubated in BrdU mouse

monoclonal (Dako) 1:2,000 in O.IM PB, and 0.5% Triton X-IOOI for 48 hours at 4°C 

and then treated with biotinylated horse anti-mouse IgG (Vector), 1:200 in O.IM Tris-

HCl and 0.5% Triton X-100, and incubated overnight at 4<̂ C, or for 2 hours at room 

temperature. Following secondary antibody incubation, sections were treated in
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accordance to the procedures outlined for all other antibodies, which is detailed in 

chapter 2.

Electron Microscopy

The tissue was processed for electron microscopy according to the procedure described 

in chapter 2. Sections were cut for both light (1.5|xm) and electron microscopy 

(~500A). All images were downloaded, analysed and formatted on a Macintosh G3 

computer using Adobe PhotoShop 5. Reconstructions from serial sections (60|iim apart) 

of the regenerating spinal cord and central canal were produced according to the 

procedure described in chapter 3.

Cell Counts

Cell counts were derived from the numbers of identifiable ependymal nuclei abutting 

the lumen of the canal. Counts were made at the level of the light microscope from 

toludine-blue stained sections 1.5|nm thick using xlOOO magnification. Correction of 

the obtained values to rule out double counting was deemed unnecessary as the distance 

between each section was 60|o,m and the average width of the ependymal cells in the 

wound was calculated as approximately 20|xm.
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Results
The results are divided into three sections: the first will describe the initial reactions of 

the canal to injury and the subsequent formation of a new central canal in the bridge 

region; the second section deals with the mechanisms underlying canal formation and, 

finally, the ultrastructural and immunohistochemical changes of ependymal cells to 

injury will be documented.

Central canal formation

As a result of extensive degeneration, the central canal is absent from portions of the 

stumps close to the cut surface four days following transection. By day six, however, 

marked changes have taken place in the central canal in the adjacent rostral and caudal 

stumps (as shown in Fig 5.1a). The lumenal area of the central canal in the stumps 

increases significantly, being larger than normal for as much as 1.0 mm on each side of 

the wound. In regions devoid of a complete central canal at the stump ends, ependymal 

cells begin to group both rostrally and caudally in the stumps, but appear to form at a 

faster rate rostrally. Although regenerating tissue begins to produce the first elements 

of a bridge by day 8 (Fig. 5.1.b), the rostral and caudal canals do not reconnect within 

this region until around day 10 (Figure 5.1c). As the bridge begins to expand in a 

dorso-ventral direction at this stage with the dorsal expansion creating the distinct 

‘homs’ of neural tissue, it results in the formation of a canal that is open dorsally. 

Fourteen days following injury the dorsal expansion continues (Fig. 5.Id) the canal 

begins to close, as a result of the fusion of the dorsal-most regions of the homs. This 

closure is first seen in the rostral and caudal portions of the bridge by day 20 (Fig. 5.2a) 

producing an almost zipper-like appearance and is not completed in central portions of 

the bridge until approximately day 26 (Fig. 5.2b). By day 54 (Fig. 5.2c) the canal has 

begun to reduce in size and continues to do so by day 144 (Fig. 5.2d). In the 

regenerated bridge, the enlarged central canal is the most conspicuous structure, at times 

occupying as much as 50% of the total cord, whereas in normal undamaged cord it 

constitutes as little as 0.02-0.05% of the total cross sectional area (see Fig. 5.3). As we 

have seen, this enlargement of the canal is not restricted to the bridge but is also evident 

in the adjacent rostral and caudal stumps. Even by day four, the canal in the caudal and, 

particularly, the rostral stumps has already enlarged 2-8 times normal size. This 

expansion of the lumenal area is common for all dates studied and continues to be seen
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Figure 5.1. Reconstructions o f the developing central canal at days 6 (a), 8 (b), 10 (c), 14 (d). 
At day 6 (a) the central canal has already enlarged in the rostral and caudal spinal stumps 
(arrowheads) and by day 8 (b) a new central canal begins to develop in the bridge (arrows).
10 days following injury this canal has reconnected to produce a continuous canal although 
by day 14 it has not completely sealed over and is open dorsally (arrowheads). At all days 
note the enlargement of the canal in the spinal stumps adjacent to the lesion site (*). The 
dotted line represents the approximate centre of the lesion site/bridge. Scale bar = 300 microns.
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Figure 5.2. Reconstructions o f  the bridge at days 20 (a), 26 (b), 54 (c), and 144 (d). In (a) note 
the dorsally enlarged canal in the bridge (arrowheads) which is closed by approximately day 26 
(b). By day 54 (c) the canal has reduced considerably in the bridge although it is still enlarged and 
in this instance it is ventrally placed. At later stages o f recovery, at days 144 (d) the canal 
continues to reduce in size. Note the enlarged size o f the canal in both the rostral and 
caudal stumps (♦). The dashed line represents the approximate centre o f the lesion site.
Scale bar = 300 microns.



Figure 5.3. Comparison of central canal size between (a) uninjured cord and days 14 (b) and 
54 (c). Note the extensive increase in lumenal area for day 14 and even though it is reduced by 
day 54 the canal is larger than normal, cc = central canal. Scale bar (a) and (c) — 20 microns, 
(b) = 100 microns.
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Figure 5.4. Graphical representatioii(s) of the percentage change in central canal size in the 

rostral (ros) and caudal (cau) stumps up to approximately 1mm. The arrows denote the extent of 

the lesion site/bridge in the graph (the increase in canal area within the bridge, denoted as the 

region between both arrows is not shown here) and the x-axis is the distance from the transition 

of the rostral/caudal cord (for day 6) and the lesion site/bridge (days 8-200) into the spinal 

stumps, thus all values start at zero. The y-axis represents the percentage increase in cross 

sectional area of the canal, determined from an uninjured area of the cord. Note that there is 

often a greater enlargement of the rostral canal compared to the caudal canal. Ros — Rostral, 

Cau = Caudal

even at day 200, the longest time studied (Fig. 5.4). The canal enlargement appears to 

occur predominantly in the rostral cord extending further into the uninjured stump cord 

compared to the caudal canal.

Ependyntal proliferation
In the present study an increase (and eventually a decrease) in ependymal cell number 

Was found to accompany the striking changes in canal size. This was determined from
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cell counts in toludine blue-stained semithin sections and from material labelled with 

BrdU. In unoperated fish, and where the canal has fully formed in the regenerating 

bridge, the number of ependymal cells and the size of the canal, measured as its 

perimeter, are well correlated as shown in figure 5.5. This increase in size suggests that 

the canal lumen is paralleled by a proliferation of ependymal cells indicated by the 

presence of numerous BrdU-positive profiles surrounding the developing central canal 

(see Fig. 5.11). During the early stages of regeneration, ependymal cell numbers 

increase up to approximately 10-14 days when maximal cell counts are attained and, 

thereafter, once the horns fuse by day 20, there is a slow decrease (Fig. 5.6), 

corresponding to the reduction in lumenal area. Even at this stage however, small 

numbers of BrdU-positive profiles can still be found within this layer even by day 30 

indicating that cells surrounding the canal continue to undergo cell division.

Increase in size o f the nucleus of ependymal cells

Coupled with the proliferation in cell number is a corresponding increase in nuclear 

area of ependymal cells in both the stumps and the bridge and this is seen in both (see 

Fig. 5.7) toludine blue stained semithin sections and immunopositive BrdU labelled 

material. Values (with standard deviation) increase fi-om 14.6 ± 4.6 ^m in uninjured 

spinal cord to 27.3 ± 10.7 by day 14 for toludine blue stained semithin sections and 

36 ± 12.9|j,m  ̂by day 15 for BrdU-labelled tissue indicating an increase in nuclear area 

following injury.

Ependymal cell migration
It is our view that the central canal forms through the proliferation, migration and 

settlement of ependymal cells in the rostral and caudal stumps. As already described, 

by day 4 the canal enlarges in the stumps rostral and caudal to the wound (Fig. 5.8a), in 

line with an increase in ependymal cell number. Progressing towards the lesion site in 

the stumps on both sides (~2-300fim), the enlarged lumen is seen to be surrounded by 

loosely arranged ependymal cells indicating expansion of the canal in these regions 

(Fig. 5.8b). In regions of the stumps closer to cut surface of the cord (-lOO^im) 

ependymal cells are absent from portions of the proximal cord; however, just in front of 

the enlarging canal (Fig. 5.8c), small groups of ependymal cells clustered as ‘plates’ can 

be found interspersed between the debris and invading elements of the blood clot. At
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Figure 5.5. Graph of the lumenal perimeter against ependymal cell number for the central canal 
of normal cord and in the bridge at 4, 6, 8, 10, 14, 20, 54, 144 and 200 days following 
transection. The x-axis is the perimeter of the canal in microns and the y-axis is the number of 
cells in each case. The linear regression gives an r̂  value of 0.67.
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Figure 5.6. Graphical representation of the maximum number of cells surrounding the enlarged 
canal at each time studied. Note the r^ id  proliferation before the slow reduction following day
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Figure 5.7. Graphical representations of the distribution of ependymal nuclear area expressed 
as (microns squared) for toludine blue stained semithin sections of (a) the uninjured canal, (b) 
the canal in the bridge at day 14 and (c) BrdU labelled nuclei in the bridge at day 15. Note the 
similar distribution of values in (b) and (c) compared to (a) uninjured ependymal cells.



Figure 5.8. The central canal in the rostral spinal stump 4 days following Injury. Note that the central canal has already begun to enlarge in the rostral cord 
(a) and this elargement increases closer to the cut surfaces (b). In the regions close to the cut surface the canal takes on a very loose oreanisation (c) whh 
some elongate cells present dorsally (arrows) and the absence o f cells ventrally (arrowheads). In all regions note the extensive degeneration that is taking 
place, particularly in the myelinated axons close to the canal (*). Scale bar = 50 microns.



this early stage of regrowth, it is difficult to determine whether these cells are the last 

cellular remnants of the degenerating canal or the initiation of new canal formation. By 

day 6, however, ependymal cells can be found in all portions of the stumps at different 

stages of canal reformation and a few are also found in the lesion site with the 

regrowing neural tissue. Within the stumps, a gradient of canal formation is evident, 

such that the greatest development is found in those regions furthest from the cut 

surface (~700-900|j,m) with a progressive decrease in organisation in regions closer to 

the cut surface of the stumps and lesion site. In those regions with the greatest 

organisation (see Fig 5.9a) proliferating and/or migrating ependymal cells produce an 

enlarged central canal composed of compact cuboidal to columnar plates of cells on the 

ventral and lateral surfaces, with more disorganised elongate cells dorsally. For the 

most part the canal remains open dorsally, although in some regions, loosely arranged 

elongate cells are present in this region that are indicative of canal closure. Progressing 

further towards the cut surface of the stumps on both sides (~100p.m), dorsal and dorso- 

laterally placed cells become rare and the canal comprises the developing ventral and 

lateral walls. Even at this level the ependymal cells are well organised and consist of 

compact columnar ependymal cells that begin to expand laterally and dorso-laterally 

(Fig. 5.9b). Closer to the lesion site this ventral and lateral formation becomes 

increasingly disorganised such that only small regions of developing ‘plates’ are present 

within the regenerating tissue, usually producing the ventral aspects of the developing 

canal (Fig. 5.9c). At the cut surface and extending into the lesion site, small loosely 

aggregated clusters of cells were found that might indicate the initiation of possible 

ependymal plate formation in the lesion site. Around day 6, therefore, few ependymal 

cells are present in the bridge, although cells close to the lesion site in both stumps as 

judged by the large numbers of BrdU-positive nuclei possess a high mitotic rate (Fig. 

5.11).

By day 8, ependymal cells can be found in the bridge at various stages of canal 

formation (Fig. 5.10a, b, c), similar to those found in the spinal stumps at day 6. This 

outgrowth trails behind a leading front of other non-ependymal material (situated 

laterally) that has extended further into the bridge to produce the first tentative 

connections between the rostral and caudal cord. Hence, in relation to the sequence of 

regenerative events, ependymal cells are not responsible for the first reconnections of 

the rostral and caudal spinal €ord. Further development by day ten, results in
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Figure 5.9. Organ^ation o f the regenerating central canal in the rostral stump at day 6. The photomicrographs show the c^anisation of the develoDine canal 
in repons (a) furthest from the cut surface of the stump and m (b) and (c) regions progressively closer to the cut surface. Note the enlareed canal in (a) whHe 
in (b) note the presence of only the lateral and ventral aspects (arrows) and in (c) only ventral portions of the canal that indicate a graded develonment of the 
canal (arreowheads; see inset). Scale bar = 50 microns. p t e



Figure 5.10. Photomicrographs o f the developing bridge in (a) the rostral cord-bridge region and two successive regions within the bridge (b) and (c) at 
day 8. In (a) note the enlarged canal that has formed at the stump-bridge interface (arrowheads), the inset illustrates the close arrangement o f the cells 
and note the cell undergoing mitotic division (arrow). In the bridge proper, (b) and (c), ependymal cells line the inner surfaces of the large blocks of 
regenerating tissue, thus forming the basis of a rudimentary canal. However, as can be seen in both (b) and (c) portions of the canal have not yet 
formed (arrowheads). Note the elongate cells (arrows) in (c) that line this canal-like structure. The dark staining debris (*) was found in all regions 
o f the developing canal and was often associated with numerous leucocytes. Scale bar (a), (b) and (c) = 50 microns, inset = 10 microns.



ependymal cells from both sides of the bridge rejoining to bring about continuity 

between the rostral and caudal central canals. Formation of the new canal at this stage 

appears to be concentrated to (a) the thickening of the ventral and ventro-lateral walls 

and (b) the dorsal migration of cells along the inner (endothelial) surface of the 

developing neural horns.

Dorsally the canal remains open; however, occasionally elongate cells are 

present in this region but they do not associate to completely enclose the canal. The 

degree of compact cellular organisation on the lateral and the ventral walls of the canal 

appears to follow a gradient from the proximal cord (compact, columnar cells) towards 

the middle of the bridge (irregular slightly elongate cells). Further development by days 

14 (Fig. 5.12a,b) and day 20 (Fig. 5.13a,b) is concentrated on the lateral and dorso

lateral walls in response to the increasing projection of the neural horns dorsally. While 

present in portions of the bridge close to the stumps (Fig 5.12a), the horns are absent 

near the middle of the bridge, save for small elevations on the lateral sides, thus giving 

rise to a horizontal sheet of ependymal cells (see Figure 5.12b), Interestingly, at this 

stage, a meningeal sheath was found to grow over but not infiltrate the developing 

canal. On the irmer lumenal-facing surface, migratory ependymal cells were often 

found in close association with this meningeal tissue. The graded canal formation is 

indicative of a ‘wave-like’ development of the homs and consequently the lateral sides 

of the canal. Following the fusion of the dorsal homs by day 20, the ependymal cells on 

the dorsal and dorso-lateral surfaces join to enclose the canal. Frequently the lumen 

positioned dorsally disappears as a result of the close contact between cells of the 

apposing lumenal walls, giving rise to small islands of ependymal cells that do not 

contact the lumen (Fig. 5.13a).

The cell density on the dorsal surface of the newly formed canal is comparable 

to that at the other surfaces. At this stage, and later (day 30), small numbers of BrdU- 

positive profiles were found within the ependymal layer indicating a decrease in cellular 

proliferation that parallels the decrease in ependymocyte number surrounding the canal 

lumen. The reduction in cell number continues such that by day 144 values are similar 

to, although in excess of, those surrounding the central canal in the uninjured spinal 

cord.
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Figure 5.1 la, b, c. BrdU-immunopositive profiles surrounding the enlarging central canal at days 
7 (a) 11 (b) and 15 (c) In (a) note the presence of numerous immunopositive profiles at the cut 
surface of the stump (arrows) while at later stages numerous BrdU+ve profiles are found as part of 
the ependymal layers (arrowheads) surrounding the central canal (*) in the bridge at days 11 (b; 
see inset) and 15 (c; see inset). In (b) note the presence o f numerous profiles in the caudal canal 
(arrows). Scale bar (a), (b) and (c) = 50 microns, insets -  10 microns.



Figure 5,12a, b. Day 14. The enlargement of the neural horns in the stumps can be seen in (a) 
with a similar increase in the ependyma lining the inner surfaces (arrows). In the bridge a 
gradient in the development of the canal can be seen in (b) with a much less defined canal 
structure, although numerous ependymal cells can be seen extending from a central region and 
colonising the inner surfaces o f the developing horns (arrows). Scale bar = 50 microns.

Fgiure 5.13. Day 20 a, b. Enclosure of the canal at this stage occurs through the fusion o f the 
hems dorsally to enclose the canal and often isolating ependymal cells from the main canal 
(arrows). Further into the bridge (b) this dorsal development is much less organised (arrows) 
indicating that the gradient of development is still present at this stage. Note the large dark 
staining processes close to the canal (*). Scale bar = 50 microns.



Ependymal cell density

As seen in Figure 5.14, the ependymal cell number surrounding the canal parallels the 

increase in canal perimeter; however, this relationship differs close to, or at, the leading 

edge of canal formation in the bridge because the ependymal cells are considerably 

more elongate than in normal cord. Figure 5.14a, a plot o f these values, demonstrates 

this increase in cell length for days 4-20. Mean values for cell length in the enlarged 

but enclosed canal in the stumps and bridge is approximately 3.3 ± 1.5 SD which is 

comparable to ependjonocytes in uninjured canal (3.4 ± 0.5 SD), whereas leading edge 

ependymocytes have a mean value of 21.1 ± 18.8 SD. During the initial phase of 

regrowth (days 4-10), as ependymal cells begin to form the new and enlarged central 

canal, there are fewer cells in the bridge than in the enlarged central canal o f the stumps. 

At later stages o f recovery (days 14 and 20), when the canal in the bridge is open 

dorsally, values remain high, although by day 26 when the canal is fully enclosed, they 

retum to more normal values. It is interesting to note that this occurs almost 

immediately following closure of the canal.

In the lesion site, spaces devoid of material such as fibroblasts, white blood cells 

and red blood cells, were often found in front o f or surrounding the migrating 

ependymal cells such as those seen at day 6 (Fig. 5.9c) and day 8 (Fig. 5.10c). 

Similarly, following reconnection of the canal by day 10, this characteristic debris 

clearing was further noted during the formation of the dorsal horns leading eventually to 

closure o f the canal. For example, the large dorsally-open lumenal spaces that are seen 

at days 14 (Fig. 5.12) and 20 (Fig. 5.13) were always devoid of debris and other cells 

such as meningeal-fibroblasts and macrophage/monocytes.

GFAP immunohistochemistry 

Tanycytes in the regenerating bridge
Goldfish anti-GFAP antibody did not label ependymocytes in the regenerating central 

canal; however, tanycytes did label. At the earliest time studied (day 4), no GFAP+ve 

cellular processes indicative o f this cell type were evident in regions o f the proximal 

stumps. Immunopositive profiles were first noted in the bridge at day 8, as long 

cytoplasmic extensions that could be traced into the adjacent spinal cord but not to their 

originating cell bodies (see also chapter 8). Staining of GFAP+ve tanycytic perikaryal- 

type profiles was first noted in the bridge at day 14 where a few weakly staining cell
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Figure 5.14a, b, c. Graphical representation of ependymal cell number in relation to the perimeter of 
the developing central canal at the leading edge of regrowth is seen in (a). Note the spread o f the data 
2nd the large perimeter values to cell number reflecting their more elongate structure. In (b) and (c)
3t days 8 and 14 respectively, note the elongate nature of the cells (arrows); columnar ependymal 
cells can also be seen (arrowheads). Scale bar = 20 microns.



body-type profiles in the ependymal layer contacting the lumen of the forming canal 

were observed. However the ncleus was not defined by the labelling. A little later, at 

day 16, horizontal sections of the bridge (see Fig. 5.15) show abundant immunopositive 

profiles surrounding the enlarged canal in the rostral and caudal portions of the bridge. 

Closer to the middle of the bridge, the profiles are less dense and only a small number 

of sporadic GFAP+ve structures are present in the ependymal layer. In transverse 

sections of the bridge it can be seen that some of these GFAP+ve profiles arise fi*om the 

ependymal layer situated laterally (Fig. 5.16), while ventrally, this cell layer is 

immunonegative. Labelled profiles are thin and elongate and rarely extend into the 

surrounding tissue; however, by day 20, immunopositive profiles extend short distances 

into the lateral and ventral cord (Fig. 5.17). By 26 days, lightly staining GFAP+ve 

profiles contact the lumen of the canal on all surfaces. Ventrally, immunopositive 

structures can be traced from the canal lumen to the periphery of the cord but they do 

not appear to reach the subpial layer; the staining of these processes is lighter than the 

darker-staining regrowing longitudinal glial processes (see chapter 8).

In semithin plastic sections of the bridge at day 54 (Fig. 5.18), stained with 

toludine blue, a population of long thin radial processes is seen to extend well into the 

cord and a network of smaller thin processes, apparently emanating from the thick 

ependymal region surround the enlarged canal. Few radial processes can be traced 

completely to the submeningeal region. Further increases in the size and intensity of 

staining of the radial GFAP+ve processes was noted at day 70 (fig. 5.19) and again at 

day 175 (Fig. 5.19b) when many processes extended fiilly to the pial surface, although 

GFAP-positive endfeet were not observed at the meningeal surface. Similarly, the 

network of fine processes that were found close to the ependymal region at day 54 did 

not label for GFAP at these later stages. At these extended periods of recovery, 

tanycytes in the bridge possess an intensity of staining that is equal to if not greater than 

that of surrounding longitudinal glial processes. These labelled profiles continue to 

increase in density by day 200 (Fig. 5.21) and project into the cord, often reaching the 

pial surface, particularly in the lateral regions, although endfeet do not label for this 

intermediate filament.
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Figure 5.15. Photomicrographic montage of a horizontal section through the enlarged central 
canal in the bridge at day 16. Note the numerous long GFAP+ve processes that extend into the 
bridge from the stump regions. Tanycytic profiles surround the enlarged canal (arrows) but are 
rare in the middle o f the bridge (arrowheads). Note the absence o f particulate matter in the 
lumen of the canal. Scale bar = 100 microns.

Pigure 5.16. Photomicrograph o f a transverse section of the central canal in the bridge 16 days 
post injury. Note the presence of GFAP+ve profiles in the ependymal layer at the lateral surface 
of the canal (arrows) and the short projections. Scale bar = 50 microns.
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Figure 5.17. Photomicrograph of the central canal in transverse section at day 20 with GFAP 
labelling. Note the increase of tanycytic profiles and the extension o f these structures into the 
surrounding cord (arrows). Scale bar = 200 microns.

Figure 5.18. Photomicrograph o f a toludine blue stained section of the central canal 54 days 
following injury. Note the presence of numerous processes that extend away from the large 
ependymal region (arrows), cc = central canal. Scale bar = 50 microns.
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Figure 5.19. Photomicrograph of the bridge 70 days following injury cut horizontally and labelled for GFAP. Note the presence o f tanycytic processes 
(arrows) that extend from the lumenal area of the canal to the periphery of the cord, cc = central canal. Scale bar =100 microns.
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Figure 5.20. Photomicrograph of the GFAP-stained bridge region 175 days following cord transection. Note the increase in density of the processes that 
extend from the lumen to the periphery o f the cord (arrows). The intensity of labelling o f these projections is less than that o f the longitudinally orientated 
processes that are found closer to the periphery of the cord (arrowheads). Scale bar = 100 microns.



Figure 5.21. Photomicrograph of toludine blue stained semithin section of the bridge at 200 days. 
Note the increased thickness o f the tracts emanating from around the canal (arrows) and extendmg 
into the bridge to terminate into a large sub pial region (*). Note the extensive projections both 
dorsally (dors) and ventrally (vent). A large portion of the axons present in the cord contain some 
degree of myelination (myel). Scale bar = 200 microns.



Vimentin Immunohistochemistry

In contrast to the weak labelling for this intermediate filament in uninjured spinal cord, 

by four days following injury, cells surrounding the enlarged canal on both sides of the 

wound labelled intensely for this protein. By day six immunopositive profiles are 

present in the rostral and caudal portions of the developing bridge and at day eight they 

are found in its middle, although the distribution of immunopositive profiles is not even 

(see figure 5.22). The labelling appears to follow the development of the canal as it 

projects dorsally; at day 10 vimentin+ve profiles were found in the most dorsal regions 

of the canal. In general, the intense labelling of profiles is restricted to the regions 

surrounding the enlarged central canal in the bridge and in the stumps, while the 

expression in uninjured regions is comparable to the staining pattern found in normal 

undamaged canal.

Within the bridge the immunopositive structures are thin and elongate but rarely 

extend into the surrounding cord. Differences were also noted in the staining intensity 

between the dorsal and ventral surfaces of the canal in the bridge. For example, at day 

twelve the most intense staining occurs in the cell layers surrounding the ventral surface 

of the canal as a dense network of processes (Figure 5.23b). Cells that extend from this 

layer into the ventral cord also label intensely (Figure 5.23c) while dorsally the labelling 

is usually less dense and contains a mixture of light and dark staining profiles (Figure 

5.23a). At later stages of recovery (day 26), vimentin+ve profiles are still present in the 

bridge surrounding the canal as a thin band of immunopositive profiles (figure 5.24).

Electron Microscopy

Electron microscopy confirmed the characteristic migratory ependymal cell structure; 

the nucleus is generally elongate, with a light staining nucleus and cytoplasm. The 

cytoplasm often contains abundant endoplasmic reticulum and mitochondria that are 

usually in close association to the nucleus (see Fig. 5.25). At later stages of 

regeneration, tanycyte cells and their long processes become increasingly evident in the 

ependymal layers surrounding the enlarged canal (day 144) such that some were 

traceable for short distances as they project towards the bridge periphery (Fig. 5.26). 

These cells are of varying electron density although all project long tail processes that 

often contain small-dispersed bundles reminiscent of intermediate fibres.
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Figure 5 .22 . Day 8. Horizontal section o f the bridge and stumps reacted for vimentin. Note that the developing canal (*) is surrounded by a band o f  vimentin 
positive profiles (arrows) with an absence o f labelling in other regions o f the canal (arrowheads) that probably indicates the absence o f  ependymocytes in this 
region. Note the similar labelling in the adjacent canal o f  the rostral stump which is also enlarged. Scale bar =  100 microns.



Figure 5.23. Day 12a, b, c, d. (a) Reconstruction from horizontal sections of vimentin+ve profiles in the bridge and rostral and caudal cord. 
Photomicrographs of the different regions are highlighted in (b), (c) and (d). In (b) labelling around the enlarged central canal is shown, while in (c) the 
ventral portion of the canal is illustrated and finally in (d) the level of staining is highlighted in the ventral ependymal region. Note that the intensity of 
labelling in the ventral portions is greater than more dorsal regions. Scale bar = 50 microns.



cc

Figure 5.24. Photomicrograph of vimentin+ve labeUing around the still enlarged central canal 
from saggital section. Note the strong labelling similar to that found at day 12. cc = central 
canal. Scale bar = 50 microns.

Canal

Figure 5.25. Electron micrograph o f migratory ependymocytyes in the bridge 10 days following 
injury. Note the lightly stained and enlarged nucleus which fills the cell (*). In the cytoplasm are 
numerous cisterns of endoplasmic reticulum (er) in close association to the nucleus. Note the 
elongate shape of the cells. Canal = central canal lumen.



Figure 5.26. A light staining tanycyte in the 
bridge 144 days following injury. Note the 
typically elongate and large nucleus (nuc) 
and the long tail process (Tp) that extends 
into the bridge. TTie cytoplasm is light and 
contains numerous bundle-like structures 
particularly in the tail process which may be 
of intermediate filament origin (if). Note the 
presence of myelinated axons at this stage (Ax) 
between which the long processes course. The 
darker staining elongate processes (*) in close 
proximity are also of possible tanycyte origin.



g j Discussion

The results of the present study show that following transection of the spinal cord the 

central canal increases in lumenal area both in the newly formed bridge, in the adjacent 

portions of the rostral and caudal cord (<200|am), and also in the spinal cord some 

distance (200-1000|Lim) from the wound. This increase is coupled with the 

proliferation, migration and settlement of ependymal cells. Vimentin staining was 

limited exclusively to the proliferating ependymal cells in the bridge while GFAP 

labelling was seen only in forming tanycyte processes. Labelling of S-100 was

negligible and, when present, mirrored that seen for GFAP.

Central Canal Enlargement

Soon after transection (day 4) the central canal is not seen in the proximal portions of 

the rostral and caudal stumps, presumably because ependymal cells in those regions 

have been injured and have degenerated. Therefore, the initial stage o f central canal 

reformation occurs in these degenerated portions of the extant spinal cord. Adjacent to 

the cut surfaces three repair stages can be recognised:

(a) Dorso-ventral enlargement and formation of the canal in the stumps (days 4- 

6). A similar enlargement of the canal in the rostral and caudal stumps was noted in the 

spinal cord o f Xenopus tadpoles (Michel and Reier, 1979) and the larval lamprey, 

Petromyzon (Wood and Cohen, 1981), following transection. The urodele central canal, 

following tail amputation, enlarges to form a bulb region surrounded by ependymal 

cells at the caudal-most point o f growth (Egar and Singer, 1972; Nordlander and Singer, 

1978); however, in the teleost, Apteronotus (Anderson et al., 1983), the bulb region is 

absent following similar injury.

(b) The canal forms in the bridge by extending dorsally as a result o f ependymal 

cell outgrowth (see next section). The development is initiated from the rostral and 

caudal portions o f the bridge eventually establishing a gradient o f canal development 

(see Fig. 5.27). The dorsal portions of the canal do not close for some time and remains 

open even when the bridge is well formed. The studies of regeneration in the lamprey 

(Lurie and Selzer, 1991; Lurie et al., 1994) and fish (e.g. Anderson et al., 1983) provide 

little insight into the mechanism by which the canal forms, although interestingly, the 

opening of the central canal to the lesion cavity has been reported in amniotes (Beattie 

et al., 1997). Following amputation of the urodele tail, however, the canal appears to
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Figure 5 .27. Diagrammatic representation of central canal development at days 6 (a), 8 (b), 14 (c), 20 (d) and 26 (e). The intial fomiation occurs through the 
development of what we have termed as plates of columnar cells that serve as the basis for further development of the lateral and dorsal aspects of the canal 
Canal closure begins by day 20 and is complete by day 26 often creating small islets of cells dorsally (isl). Arrows denote the direction of growth.



develop from the elongation of the enlarged bulb region in unison with the regeneration 

of the tail (Nordlander and Singer, 1978).

(c) Closure of the canal occurs by the fusion, at the dorsal surface, of the homs 

to produce a canal that is much larger than normal but which eventually decreases in 

size over extended time periods (days 144 and 200). This long period of canal 

enlargement is not unique to the eel; Lurie and Selzer (1991) described an enlarged 

central canal at 77 days following injury in the lesion site of the transected lamprey cord 

(Lurie et al., 1994). But an enlarged canal has not been noted in other reports. For 

example following amputation of the tail in Apteronotus (Anderson et al., 1983; 1986) 

the regenerated ependymal tube/canal was actually occluded by apical processes from 

ependymal cell surfaces, while in the urodele, Triturus, herniated white matter was 

found in the canal, frequently occluding the lumen (Michel and Reier, 1979). 

Following tail amputation, the canal forms as an ependymal tube behind the initial bulb 

as it extends caudally. No lumenal increase has been reported in this preparation (Egar 

and Singer, 1972; Nordlander and Singer, 1978).

Few writers, if  any, refer to the reactions of the central canal in the cord rostral 

and caudal to the lesion site yet we have found the canal to enlarge considerably on both 

sides of the wound very early in the regenerative process. For example, at day 4 the 

canal is some eight times normal size. Increases in ependymal cell number closely 

matches the increase in lumenal area suggesting that cells are dividing rapidly.

Ependymal guided neurite outgrowth?

Previous studies have tried to establish the hypothesis that the ependyma following 

injury reacts to form a scaffold for outgrowing neurites (Anderson and Waxman, 

1983a), in a manner similar to that seen during development (Nordlander and Singer, 

1982). Certainly following tail amputation in the lizard Anolis (e.g. Simpson, 1968) and 

the urodele Triturus (Nordlander and Singer, 1978) ependymal cells produce a loosely 

organised framework. But Butler and Ward (1965; 1967) report that the axons precede 

ependymal outgrowth and bridge the gap between the stumps of ablated spinal cord 

through a substratum of connective tissue elements. Michel and Reier (1979), in a study 

of transected cord in Xenopus tadpoles, suggest that outgrowth of both ependyma and 

sxons are synchronous and Anderson and Waxman (1983a) found the same in 

^pteronotus.
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The present study offers strong evidence to propose that ependymal cells lag 

behind an initial wave of regeneration (days 6 and 8), although they span the bridge by 

day 10 suggesting that their regrowth is only marginally slower than that of other 

elements. A similar delayed appearance of ependymal cells has also been noted in the 

lamprey (Hibbard, 1963; Lurie et al., 1994).

The finding in the present study of rapidly dividing ependymal cells has been 

made elsewhere (see Wood and Cohen, 1981; Simpson, 1983; Stensaas, 1983; 

Anderson and Waxman, 1983a; Lurie and Selzer, 1991) although in the regenerating tail 

cord of amphibians (Stensaas, 1983) and lizards (Simpson, 1968; Alibardi et al., 1993) 

it does not result in an enlarged central canal. Interestingly, it seems that a greatly 

enlarged central canal appears to follow transection but not amputation injury, although 

ependymal outgrov^^h in the form of an end bulb has been described following some 

amputation injuries (Egar and Singer, 1972; Nordlander and Singer, 1978). In the 

present study development of the bridge occurred through the migration of ependymal 

cells and their coalescence into plates of columnar cells. These, we propose, act as 

templates for the further development of the canal, usually in a ventral to dorsal 

direction. Spindle-like ependymocytes have been described in the regenerating 

amphibian cord (Michel and Reier, 1979). In Anguilla, they are located dorsally in the 

stumps, and often act as a loose ‘cap’ of cells that occasionally seals the canal but more 

often provides a link between the dispersed ‘plates’ of cells placed more ventrally.

Not all portions of the inner lumenal-facing surface of the canal possess an 

ependymal coverage by day 14 indicating that the cells follow, rather than lead, the 

dorsal growth. Elsewhere, as in the regenerating amphibian tail, ependymal cells 

migrate out of the cord into the surrounding mesenchyme (Benraiss et al., 1997), but as 

this did not appear to happen in Anguilla it seems that they are encouraged to remain 

within the environs of the developing canal. Further evidence of such a regulatory 

niechanism is the absence of abnormal ependymal structures in the lumen of the 

enlarged canal further suggesting at a strict pattem of growth and migration. Similar 

methods of organised ependymal outgrowth have been demonstrated in the regenerating 

amphibian (e.g. Nordlander and Singer, 1978) and reptile (e.g. Simpson, 1983) tail, 

where the terminal portion of the regenerating ependymal tube consists of a bulb-type 

structure that organises and produces, through elongation, a new ependymal-lined 

central canal of similar size and organisation to that of the normal uninjured canal (e.g. 

Anderson et al., 1983; Stensaas, 1983)
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At all times, the canal was more advanced in its formation in the stumps than in 

the bridge, effectively forming a gradient of canal development. Such gradients of 

outgrowth have been observed in the tail regenerate, with the ependymal based cord 

developing through a gradient of organisation that again begins at the terminal bulb 

(Nordlander and Singer, 1978) and eventually, with time, to produce a cellular 

organisation in the central canal in more rostral portions that was indistinguishable fi*om 

normal (Anderson et al., 1983). It is noteworthy that the filum terminalum of normal 

uninjured spinal cord is similar to that of the regenerating cord (Anderson and Waxman, 

1983a) suggesting that the cellular structures and organisation attained may reflect the 

normal development of this region of the cord. Such is the similarity that a ‘blueprint 

hypothesis’ for growth has been proposed by Singer and colleagues (1979). The nature 

of the lesion in the present study coupled with the position mid way along the body, 

affected a different ependymal response to those influenced by such specialised regions 

in the cord, and thus may serve to explain the obvious differences in ependymal 

outgrowth and subsequent formation of the enlarged central canal.

Migratory ependymal cells and those in the developing bridge expressed a 

cellular phenotype atypical of normal ependymocytes. Whereas the cells in uninjured 

cord possessed a columnar, electron dense appearance with an irregular shaped nucleus, 

these cells in general possessed a circular to elongate structure with a medium to light 

staining cytoplasm and nucleus with dispersed chromatin. Nuclear shape also changed 

from irregular to ellipsoid, with an increase in size evidenced from electron 

micrographs and the numerous large BrdU labelled nuclear profiles found at days 7, 11 

and 15 (as seen in Fig’s. 5.6 and 5.10). An increase in nuclear size is common in cells 

undergoing mitotic division and a similar intense mitotic rate has been shown in the 

regenerating ependymal cells of the newt Pleurodeles (Benraiss et al., 1997). Indeed in 

many different anamniote studies, ependymal cells have been described undergoing 

mitosis in vivo (e.g. Michel and Reier, 1979; Simpson, 1983; Anderson et al., 1986; 

Anderson and Waxman, 1991) and in vitro (O’Hara et al., 1994) while ependymal cell 

division has been noted in amniotes (Gilmore and Leiting, 1980; Beattie et al., 1997). 

The finding in the present study of an elevated mitotic rate until approximately day 26 

corresponds with the complete internalisation of the central canal in the bridge. This 

suggests that (a) the ependymal cell proliferation is controlled by some unknown 

mechanism that is triggered by complete formation of the new canal and (b) the
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ependymal cells themselves have begun to change from their migratory and 

proliferative phenotype.

The alterations in cellular structure to produce a migratory phenotype has been 

described in some studies (e.g. Wood and Cohen, 1981; Anderson et al., 1983a) but not 

all, as in some studies few differences were noted (e.g. Simpson, 1968). Interestingly 

proliferating ependymal cells in injured amniote spinal cord were also found not to 

differ considerably from cells of uninjured cord (Matthews et al., 1979; Bruni and 

Anderson, 1987) although different shaped ependymal cells with varying nuclear 

staining was noted by Bernstein (1986).

Vimentin labelling illustrated an alteration of the intermediate filament fibre 

content in the ependymocytes surrounding the enlarged canal in the bridge. Vimentin 

labelling in the uninjured cord is negligible and confined specifically to small portions 

of the dorsal and ventral tracts (see chapter 2) but in the regenerating cord, the 

ependymal layer strongly labels for this antibody indicating an alteration of the 

intermediate filament content in these cells. Similar increases in vimentin have been 

noted in the regenerating tail ependymocytes of the axolotl Ambystoma (O’Hara et al., 

1992). It has been proposed that this upregulation of vimentin is an indicator of change 

from an epithelial (normal ependymocytes, Kettenmann and Ransom, 1995) to a 

mesenchymal phenotype during formation of the central canal when ependymocytes are 

actively migrating (Chemoff, 1996). The present study lends support to such a 

hypothesis. An altemative viewpoint is that these ependymal cells may re-enact a 

developmental program which imbues a migratory phenotype such as that found during 

the formation of the different CNS structures from the primitive neuroepithelium (e.g. 

Levitt and Rakic, 1980; Raamsdonk et al., 1984).

Fate o f  cells?

The reduction in the number of ependymal cells following closure of the canal by day 

26, also seen with the reduction in BrdU labelling, suggests that the ependymocytes 

surrounding central canal are changing their behaviour at this time, perhaps they cease 

or enter a period of relatively low mitotic division, such that more cells are lost than are 

replaced or else they undergo apoptosis or programmed cell death similar to that found 

during development (e.g. Kuan et al., 2000) so as to reduce cell numbers. Alternatively, 

of course, they could migrate from around the central canal, perhaps differentiating into 

other cell types. The finding of small numbers of tanycytic processes extending from

167



the ependymal regions of the canal by day 16 suggests that some ependymal cells are 

differentiating into this cell type. Benraiss and colleagues (1997) have demonstrated 

that ependymal cells migrate to produce melanocyte and Schwann cells. Furthermore, 

the production of new neurons in the regenerated portion of the cord of two weakly 

electric fish species, Sternachus (Anderson and Waxman, 1991) and Sternopygus 

(Ungez and Zakon, 1997) has been attributed to the migration and differentiation of 

ependymal layers cells.

Tanycytes

The presence of tanycyte cells in the bridge is an unusual finding but one that suggests 

that they are an integral component of the regenerating cord. Its morphology, 

association with the central canal and immunoreactivity to GFAP identified this cell 

type (Flament-Durand and Brion, 1985; Rafols 1986). Their tail processes extend to the 

periphery and compartmentalise the regenerating cord; moreover, they are often 

adjacent to regrowing axons (e.g. Nordlander and Singer, 1978; Singer et al., 1979). 

Nevertheless, they are not seen in the early stages of bridge formation and their 

numbers are generally low even by day 26 when a large proportion of bridge material, 

including the axons, has been reconstituted. Thus, it appears that this cell type in the eel 

may play a greater role in reconstituting the long-term glial organisation in the bridge. 

This resembles the glial structure found in the fish brain which is considered to be 

primarily of tanycytic origin (e.g. Pokay, 1993) and the radial glia found in the 

developing amniote spinal cord (Pixley and de Vellis, 1984; Voigt, 1989). 

Interestingly, radially orientated ependymal processes have been found in the reactive 

ependymal population of the injured rat spinal cord (Bruni and Anderson, 1987). In 

ananmiotes the major glial structure is the radial astrocyte (e.g. Bodega et al., 1993) 

however, in the regenerating bridge no such structure was found although it is known 

that radial astrocytes develop through the displacement of cells fi*om the ependymal 

region, but since we have looked only to day 175, it is possible that the radial astrocytic 

structure is also reconstituted. Nonetheless, the slow formation of the tanycytes in the 

bridge points to a very slow reorganisation of the bridge that occurs over a longer 

period of time.
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Summary o f main findings

■ As a result of degenerative events a central canal is absent from portions of the 

spinal stumps during the initial stages of regeneration

■ Reformation of a new central canal begins in the stumps by approximately day 6 

through the outgrowth of ependymal cells to produce plates of columnar cells, 

usually placed ventrally that provide the basis for further canal formation.

■ Portions of the new central canal have formed in the bridge by day 8, but continuity 

is not achieved until approximately day 10.

■ BrdU labelling indicates that epend)anal cells involved in the formation of the 

bridge and in the associated stumps are highly mitotic, with enlarged generally oval 

to ellipsoid nuclei.

■ The strong correlation between cell number and perimeter, indicative of a uniform 

cell density suggests that cells quickly acquire a columnar organisation in the 

bridge. At the leading edge of canal formation however, cells possess a more 

elongate spindle shaped form.

■ Canal development is characterised by the formation of dorsally projecting glial 

horns in the bridge that is colonised by ependymocytes along the inner surface to 

produce the lateral walls of the enlarged canal.

■ Canal formation is characterised by a specific and intense labelling for vimentin in 

the ependymal layers.

■ Canal closure is initiated by the fusion of the horns along the dorsal surface, 

resulting in the fusion of the ependymal cells dorsally, often creating small islets of 

ependymal cells.

■ With time, the canal size decreases and is characterised by a parallel reduction in 

ependymal cell number. BrdU+ve profiles in the ependymal layers during this time 

is also reduced.

■ Tanycytes differentiate from the ependymal layers and produce long GFAP+ve 

cellular processes that extend to the periphery of the bridge. With time this cell type 

becomes the predominant glial cell in the bridge.
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Chapter 6

The organisation of the regenerating central canal: 
II. Liquor contacting neurons
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^  Introduction
In chapter 6, we have reported on the contribution made by ependymocytes to the 

formation of a new central canal following injury and we have also shown that 

tanycytes, a specialised cell type of ependyma surrounding the uninjured central canal 

(see chapter 4), are also involved in the reparative process. Since other cell-types have 

also been described as components of the uninjured ependyma in several vertebrates 

(e.g. Mugnaini and Walberg, 1965; Schonbach, 1969; Stevenson and Yoon, 1982) it is 

possible that following injury some of these cells could play a role in the regenerative 

event. One such group is a population of highly specialised neurons that have been 

described as a component of the ependyma surrounding the central canal in the cord and 

ventricles of the brain in most vertebrate group. The terminology used to describe these 

cells is extensive: in the developing embryo they are often designated as Kolmer- 

Agduhr cells (Dale et al., 1987a; 1987b; Nordlander and Liu, 1996; Martin et al., 1998), 

while in the adult they are called cerebrospinal fluid-contacting neurons, CFCN’s 

(Alibardi et al., 1992), or liquor contacting neurons, LCN’s (Vigh-Teichmann et al., 

1973; Roberts et al., 1995); hereafter we term these neurons as LCN’s. The cell is 

generally bipolar in form, comprising an amphora-shaped perikaryon (Roberts et al., 

1995) with processes that extend to the lumenal surface of the canal and into the 

surrounding grey matter (Vigh-Teichmann et al., 1973; but see Roberts et al., 1995). 

Functionally, relatively little is known of these neurons which constitute a large 

proportion of the dopaminergic population in the fish spinal cord (Roberts et al., 1995), 

but it is known that they immunoreact for numerous neurotransmitters, including 

GABA (Uematsu et al., 1993), dopamine (Roberts and Meredith, 1987; Roberts et al.,

1989) and tyrosine hydroxylase (Roberts et al., 1995). Furthermore, LCN’s 

surrounding the central canal of the cord label heterogeneously for different 

neurotransmitters (Roberts et al., 1995) with some labelling for two or more (Silver et 

al., 1988) suggesting that functional differences may exist between different groups.

Little is known of the regenerative capacity, if any, of this neuron. Studies of 

the regenerating amphibian (Alibardi, 1989) and lizard (Alibardi and Meyer-Rochow,

1990) spinal cord following amputation injury have shown that LCN’s are a component 

of the developing ependymal tube in the regenerating tail and in the lizard immunoreact 

for GABA (Alibardi et al., 1993). But it remains unclear whether LCN’s play a central
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Figure 6.1. LCN’s of fish can be divided into three parts: a central somal region containing the 

nucleus; a ‘head’ region that contacts the cerebrospinal fluid, forming a rosette of cellular 

processes with a single cilium attached, and a tail region that extends into the grey matter of the 

cord. Synaptic junctions are common on the cell body and tail process (taken from Roberts et 

al., 1995).

role in the development of the regenerating cord or appear at later stages following 

injury.

In the present study, we have attempted to determine the effects of spinal injury 

on the LCN population in the spinal cord of the eel. A previous study by Roberts and 

colleagues (1995) has shown that the LCN population surrounding the central canal of 

the eel is immunoreactive for the neurotransmitter gamma-aminobutyric acid (GABA) 

and the enzyme tyrosine hydroxylase (TH), involved in dopamine synthesis. 

Furthermore, LCN’s immunoreactive for each antibody hold distinct positions around 

the canal lumen (Roberts et al., 1995). Using both TH and GABA 

immunohistochemistry, in combination with Hght and electron microscopy, we have 

attempted to chart the effects of a transection injury on the LCN population in the spinal 

cord and their role, if  any, in the development o f the bridge at set times following 

injury.
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^7 Materials and Methods
Aninta/s

This study is based on 20 European eels Anguilla anguilla L. in a non migratory 

immature stage of the lifecycle.

Surgery

For surgery, each eel was treated according to the operational procedures outlined in 

chapter 4. In brief each animal was anaesthetised by immersion in 0.3g/l MS-222 

(Sigma) and further by a subcutaneous injection of 0.1ml alphaxalone ("Saffan" Pitman- 

Moore) subcutaneously. Cooling on ice provided additional anaesthesia. The spinal 

cord was exposed and transected using fine micro-scissors at the region of the fourth 

segment caudal to the anus. Following surgery, animals were placed in separate 

holding tanks.

Tissue Preparation

For histological investigation, each animal was treated according to the methods 

described in chapter 2. In brief, each animal was anaesthetised initially by immersion in 

0.3mg/L MS-222 and further by a subcutaneous injection of 0.3ml alphaxalone 

(‘Saffan’ Pitman-Moore). To prevent blood clotting, 0.2ml heparin sodium (Leo 

Laboratories) was also given subcutaneously. The perfusion procedure consisted of a 

primary flush of Ringer's solution (with 0.1% procaine (Sigma) for further anaesthesia) 

through the heart followed by the fixative. Two fixative solutions were used (a) 4% 

paraformaldehyde in O.IM phosphate buffer (PB), pH adjusted to 7.4, for 

immunohistochemical investigation and (b) 2% paraformaldehyde, 1.25%

gluteraldehyde in O.IM phosphate buffer (PB), pH adjusted to 7.4, for electron 

microscopy. Following perfusion, the region of the spinal cord containing the injury 

and portions immediately rostral and caudal, were dissected from the spinal column and

post-fixed in the same fixative at 4^C for a maximum of 3 hours.

^ight Microscopy

Following postfixation, all sections were pre-treated in 1% sodium borohydride in 

distilled water to remove residual fixative, 1% H2O2 in appropriate buffer to reduce any 

existing endogenous peroxidases due to the presence of the blood clot and finally
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treated in 5% normal serum appropriate to the antibodies used to reduce background 

staining. Sections were rinsed for 5 x 5 minutes between each incubation.

For the primary antibody reaction, sections were incubated in (a) tyrosine 

hydroxylase (TH) mouse monoclonal (Incstar), 1:3,000 in O.IM Tris-HCl, 0.9% NaCl 

and 0.5% Triton X-lOO, or (b) rabbit antisera raised to GABA (generous gift by Dr. R. 

Buijs), 1:10,000 in O.IM PB, 0.9% NaCl and 0.5% Triton X-100. Sections were

incubated at 4°C for 48 hours and then treated respectively with (a) biotinylated horse 

anti mouse IgG (Vector), 1:200 in O.IM Tris-HCl, 0.9% NaCl and 0.5% Triton X-100 

(b) biotinylated goat anti rabbit IgG (Vector), 1:200 in O.IM PB, 0.9% NaCl and 0.5%

Triton X-100 and incubated overnight at 4°C or for 2 hours at room temperature.

All other procedures were carried out as described in chapter 2 using the avidin- 

biotin method (ABC kit. Vector) and (0.05%) 3,3’-diaminobenzidine (DAB, Sigma) as 

chromogen.

Electron Microscopy

The tissue was processed for electron microscopy according to the procedure described 

in chapter 2. Sections were cut for both light (1.5|xm) and electron microscopy 

(-500A). All images were downloaded, analysed and formatted on a Macintosh G3 

computer using Adobe PhotoShop 5.
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Results
formal Cord

In the uninjured spinal cord, liquor-contacting neurons (LCN’s) are easily distinguished 

because they contact the cerebrospinal fluid of the canal and have a characteristic shape 

(Fig 6.2). The bipolar shape and their cellular ultrastructure, as seen with the electron 

microscope (Fig. 6.3), distinguishes them from the other cells of the canal such as 

ependymocytes, tanycj^es and light-staining cells (see also chapter 2).

These cells label with the antibodies for tyrosine hydroxylase (TH) and gamma- 

aminobutyric acid (GABA), but TH+ve profiles are confined to the ventral portions of 

the canal while GABA+ve profiles mostly line the lateral regions of the canal although, 

occasionally, profiles immunopositive for this neurotransmitter are also found ventrally 

(Fig. 6.4a,c). In longitudinal section of the cord, these neurons are seen to be densely 

packed with an approximate density of 10 neurons per 100|Lim of the cord.
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Figure 6.2. Photomicrograph of LCN's surrounding the central canal o f the uninjured spinal cord. 
Note the distinctive structure and positions of these neurons on the lateral (*) and ventral 
(arrowheads) sides of the canal. Scale bar = 10 microns.

Figure 6.3. Electron micrograph of two LCN's on the lateral surface o f the canal. Note the 
prominent light staining nucleus which is characteristically circular in shape (*). Other 
features include a cytoplasmic process that contacts the lumen o f the canal (arrow). Note 
the difference in staining compared to the surrounding ependymocytes (Ep).
Scale bar = 3 microns.



Figure 6.4. Photoicrographs o f TH+ve (a, c) and GABA+ve (b, d) profiles seen in transverse 
(s, b) and horizontal (c, d) section (arrows). Note the distinctive positions o f the the TH+ve and 
GABA+ve profiles and the relatively homogeneous distribution o f both along the rostro-caudal 
axis o f the cord. Scale bar (a) and (b) = 20 microns, (c) and (d) = 100 microns.



The Regenerating Cord

Immunopositive structures (for either GABA or TH) resembling those found in the 

uninjured cord were not found in the bridge until approximately 11 days following the 

transection. However, at earlier stages, days 5-10, LCN profiles in both the rostral and 

caudal stumps up to approximately 300(4,m from the developing bridge decline in 

number (Fig. 6.5). Between days 10 and 11, small numbers of TH+ve and GABA+ve 

profiles were found in the bridge close to the developing central canal. As found in the 

uninjured cord, GABA+ve profiles were located along the lateral sides of the enlarged 

canal in the regenerating bridge (Fig. 6.6), while TH+ve profiles lay more ventrally 

(Fig. 6.7). With time, the numbers of TH+ve and GABA+ve profiles increased in the 

bridge (Fig. 6.8) but their densities were always lower than in the uninjured cord. 

Furthermore, the intensity of labelling in the bridge was often lower compared to the 

stumps (see Figs 6.8a). The GABA+ve profiles are generally aligned around the canal 

of the regenerating bridge as in the uninjured cord (see Fig. 6.9) but TH+ve profiles are 

somewhat more erratically arranged, particularly during the early stages of recovery 

(Fig. 6.10a, b). Profiles immunopositive for GABA have a flask shape, with few tail 

processes (Fig 6.11a), whereas TH+ve neurons are bipolar and possess elaborate 

processes that extend to the lumen of the enlarged canal as well as the bridge (Fig. 6. 

11b). These TH+ve tails often form a ventral plexus of thin TH+ve processes (Fig. 

6.12a, b).

At the level of the electron microscope, light staining cells with large circular

like nuclei, atypical of ependymocytes, were found on the lateral and ventral surfaces of 

the central canal by at day 20. The cells on the lateral surface are ovoid to amphora-like 

in shape with a large homogeneous light-staining nucleus (Fig. 6.13a), while those on 

the ventral surface possess a more elongate bipolar shape but with a similar nuclear 

shape and staining intensity. The light-staining cytoplasm contains numerous 

organelles particularly mitochondria and rough endoplasmic reticulum. Junctional 

complexes, mainly tight junctions, are common between this cell type and the adjacent 

ependymocytes, particularly close to the canal lumen (Fig. 6.13b). Evidence of 

complex rosettes of cellular processes and cilia contacting the canal lumen were 

occasionally found but many of the cells lacked these elaborate structures. Few synaptic 

junctions were found on the perikaryon or the tail processes and Reissner’s fibre was 

absent from the enlarged canal in the bridge at all days studied.
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Figure 6.5. Photomicrograph of TH+ve profiles in the caudal stump 8 days following injury 
(arrowheads). Note the absence of immunopositive profiles from regions close to the 
developing bridge. R = rostral, C = caudal, Br = the developing bridge.
Scale bar = 50 microns.

Figure 6.6. GABA+ve profiles in the bridge 11 days following injury. Note the 
immunopositive profiles apposing the lumen of the enlarged central canal (arrowheads). 
CC = central canal. Scale bar = 50 microns.
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Figure 6.7. Phtotmicrograph o f TH+ve profiles in the bridge at day 10. Note their loose 
organisation (arrowheads), and the absence of a central canal in this section. Long tail 
processes extend in apparently random directions from the cell body (arrows).
Scale bar = 50 microns.

Figure 6.8a, b. Phtotmicrographs o f (a) TH+ve and (b) GABA+ve profiles in the bridge at days 
13 and 21 respectively. Note the increase in the number o f immunopositive profiles (arrows) in 
the bridge compared to earlier stages of recovery. Scale bar = 50 microns.
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Figure 6.9. Orientation of GABA+ve profiles apposing the canal in (a) uninjured cord, and 
the regenerated bridge at days 21 (b) and 34 (c). Note the regular organisation o f the 
immunopositive profiles. Scale bar = 20 microns.

(a) (c)

Figure 6.10. Photomicrographs o f TH+ve profiles in (a) the normal cord and in the bridge at 
days 11 (a) and 30 (c) following transection. Note the erratic orientation of the immunopositive 
profiles and the long tail processes as they project into the ventral cord. Scale bar = 10 microns.



Figure 6.1 la, b. Phtotmicrographs of (a) GABA+ve and (b) TH+ve profiles in the bridge. Note 
the absence o f tail processes in the GABA+ve profiles (arrowheads). When present, short 
projections, extend to the lumenal surfaces. In (b), TH+ve profiles possess a more elaborate 
form, with long processes that extend considerable distances to the lumenal surface (arrows) and 
long tail processes (arrowheads) that project into the ventral aspects o f the bridge. The cell bodies 
were often displaced from around the canal, but in all instances contacted the lumenal o f  the canal. 
Scale bar = 10 microns.

Figure 6.12a, b. Photomicrographs of the ventral portions o f the bridge at days 13 (a) and 30 
(b) that contained numerous thin TH+ve processes of undetermined origin (arrows). Note the 
erratic organisation of the profiles and the presence of TH+ve cell profiles (arrowheads).
Scale bar = 50 microns.



Figure 6.13. Electron micrograph of a light staining cell on the lateral portions o f the enlarged 
central canal at day 12 and possibly an LCN that contains the neurotransmitter GABA. Note the 
lighter staining compared to the surrounding ependymocytes and the characteristic large circular 
to ovoid nucleus and the random distribution of endoplasmic reticulum (er), mitochondria (mit) 
and vesicles (v) in the cytoplasm. Numerous junctional complexes (b) inter-link the cell 
membrane with those o f the surrounding ependymocytes, particularly those regions o f the 
membrane close to the lumen o f the canal. Small projections (arrowheads) extend from the cell 
body to produce indentations in the apposing ependymocytes. Scale bar (a) = 3 microns,
(b) = 1 micron.



^  Discussion

The present results demonstrate that liquor-contacting neurons (LCN’s) are a 

component of the regenerating spinal cord and, indeed, are one of the first cell types to 

appear in the bridge (by day 10-11). Alibardi (1994), in a study using ^H-thymidine 

labelling, also noted LCN’s in the bridge as early as 12-20 days following injury of the 

regenerating spinal cord of the lizard Lampropholis. Presumably, these cells must be 

present in the bridge even earlier since a certain amount of time is necessary for genesis 

and differentiation into a neuronal phenotype. The increase in the number of neurons in 

the bridge as time passes has also been noted in the study of Lampropholis cord 

(Alibardi, 1994).

The finding of immunopositive profiles in all regions of the canal indicates that 

LCN’s are capable of establishing a presence throughout the bridge. However, the 

number of profiles was always less than in the uninjured cord, as has already been noted 

by Alibardi (1994).

The GABA+ve and TH+ve neurons in the regenerating bridge have similar 

positions to those of the uninjured cord in that GABA+ve neurons are lateral and 

TH+ve neurons ventral to the canal lumen. Nordlander and Liu (1996) demonstrated 

that following rotation of a small portion of neural tube in developing Xenopus embryo, 

LCN’s close to the host/graft interface reoriented to conform to the neural tube of the 

host embryo, while those within the graft remained unchanged, suggesting that local 

intrinsic factors are responsible for the directional growth. In the regenerating cord, 

which is also ‘new’ tissue, it is possible that similar signalling may also occur, but 

whether these signals arise from factors in the cerebrospinal fluid, the ependymal cells 

surrounding the canal, or fi-om particular regions of the bridge, remains to be 

determined.

The orientations of the immunopositive neurons in the bridge even at the earliest 

stages (days 10-11) indicates an ordered alignment with the central canal. Similar 

findings in the developing CNS (Dale et al., 1987) and regenerating cord (Alibardi et 

al., 1993) indicate that this cell type quickly assumes an ordered orientation in the 

developing canal similar to that of the uninjured cord (see Fig. 6.14).

Although neurons immunoreactive for both antibodies were detected in the 

bridge at approximately the same time following injury, they differ in size and shape.
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In general, both types resemble those of the uninjured cord (see Fig. 6.14), although for 

some GABA+ve cells the cellular processes that extend towards the lumen of the canal 

are absent and the cell body appears to make direct contact with the lumen. Such 

neurons close to the ependymal layers in some regions of the developing CNS have 

been considered to represent early stages of neuronal differentiation (e.g. Super et al,,

1998) and that may also be the case here.

Neurogenesis

We have been unable to determine the origins of the TH+ve or GABA+ve LCN’s in the 

bridge but the most obvious source would be the ependymal layers surrounding the 

enlarged canal. This assumption is supported by the absence of any labelling pattern 

that suggests the migration of LCN's from the stumps into the bridge. Furthermore, the 

reduction in LCN number in the adjacent stumps, which might indicate some migration, 

was noted before bridge formation (days 5-8), suggesting that it results from 

degeneration.

The neurogenic ability of the ependyma is well-established, particularly of the 

subependymal layer (see Morshead et al., 1994; Peretto et al., 1999), while more 

recently it has been shown that the ependymal layer apposing the CSF also possesses 

true stem cell ability and contributes progenitor cells to the subependymal layers 

(Johansson et al., 1999). In fish, the ability of the ependymal layers to produce new 

neurons is also well known (Zupanc and Zupanc, 1992; Huang and Sato, 1998; Zupanc,

1999) and there is evidence to suggest that the regenerating ependyma may possess 

stem cell capability. For example, Benraiss et al. (1997) in an elegant set of 

experiments demonstrated that the ependyma surrounding the central canal in the 

regenerating tail of two urodeles was capable of generating neural crest-like cells, 

indicating true stem cell ability. In the weakly electric teleost fish Apternotous, Zupanc 

and Ott (1999) have shown that the cerebellum is capable of generating new neurons 

following injury while in the regenerating spinal cord Anderson and Waxman (1991) 

have proposed that the electromotoneurons in the regenerating tail arise from the 

ependyma surrounding the central canal, and this has been supported by findings in 

Sternopygus (Ungez and Zakon, 1997). Alibardi (1989) in a detailed electron 

niicroscopic study of LCN development in the regenerating cord of the newt Triturus 

proposed that the new neurons arose from ependymal cells that undergo neural 

differentiation. In light of these findings, it is probable that the LCN’s found in the
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bridge arise from a neural progenitor cell type associated with the ependymal layers 

surrounding the central canal.

Functional Aspects

The possible role of LCN’s in the developing and uninjured spinal cord remains 

unknown, although dopamine and GABA are known to modulate the activity of spinal 

cord CPG's (e.g. Grillner et al., 1995; Arshavsky et al., 1997; Kemnitz, 1997). 

However at no time have we seen neurons other than the TH+ve and GABA+ve profiles 

in the regenerating bridge, which consists solely of blood vessels, glia and regrowing 

axons. The axons of LCN's have, therefore, either to seek out targets in the adjacent 

stumps or to liberate their transmitters into the volume of the bridge. Should this be the 

case, the appearance of these neurons at a time when regenerating axons have yet to 

find their targets raises the possibility that these neurotransmitters are contributing in 

some way to the formation of the bridge.

It is known that alteration of the ventral midline region of the developing spinal 

cord of fish results in abnormal formation of neuronal structures. For example, there 

are fewer than normal Kolmer-Agduhr cells (LCN’s) along the ventral midline in cyc-1 

mutant zebrafish (Bernhardt et al., 1992) from which midline floor plate cells have been 

depleted. Furthermore, the axonal trajectories of these cells are often altered. Clarke et 

al. (1991) in a study of notochordless Xenopus embryos produced by UV irradiation 

also noted an alteration in the floor plate organisation and a subsequent reduction (85%) 

in the number of motor neurons. Since LCN’s are interspersed between ventral midline 

cells it is possible that LCN's may be playing a role in some of these instructional 

events. Since the bridge of regenerating tissue in the present study is composed of ‘new’ 

tissue, the presence of LCN’s surrounding the central canal could reflect a 

recapitulation of embryonic events. The following sections explore such a possibility in 

relation to the presence of GABAergic and catecholaminergic neurons in the bridge.

TH+ve neurons in the bridge

The presence of TH+ve immunolabelling of neurons in the bridge by day 10 

demonstrates that the ventrally placed LCN’s are actively involved in catecholamine 

production. In some locations in the CNS, LCN’s immunoreact negatively for TH yet 

positively for dopamine (Ekstrom et al., 1992; Gugielmone, 1995) indicating an uptake 

of dopamine from an extemal source, rather than actual synthesis in the cytoplasm.
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However it has been shown by Roberts and co-workers (1995) that the ventrally placed 

LCN’s in the uninjured eel cord immunoreact for both TH and dopamine antibodies 

(Roberts et al., 1989), and so it is probable that the TH+ve neurons observed in the 

present study are truly dopaminergic.

During development dopaminergic neurons - including LCN’s - are some of the 

first neurons to differentiate from the primitive neuroepithelium, and appear to develop 

in advance of GABAergic neurons (Casper, 1996).

GABA+ve neurons in the bridge

The finding of GABAergic LCN’s in the bridge at approximately the same time as the 

TH+ve LCN’s indicates that this type of LCN may also be critical for the formation of 

the bridge. In the developing CNS, GABAergic neurons, including LCN’s (Dale et al., 

1987a; 1987b; Bernhardt et al., 1992), are among the first to differentiate. While 

GABAergic neurons are traditionally associated with inhibitory control of neural 

function in the adult CNS (see Deutch and Roth, 1999), in the developing CNS it has 

been shown that this neurotransmitter behaves as a trophic substance (Lauder et al., 

1998; Waagepetersen et al., 1999). It has been shown, for example, that GABA directs 

the migration of postmitotic neuroblasts in the developing cord and stimulates their 

motility (Barker et al., 1998). In the developing hippocampus, the activity of 

GABAergic neurons facilitates maturation of other receptor systems (Davies et al., 

1998). The differing effects of GABA seem to involve two forms of the enzyme 

glutamic acid decarboxylase -  GAD65 and GAD67 - and two differentially expressed 

genes (see Pinal and Tobin, 1998). In late development and in the adult, GAD65 

predominates while, in the developing CNS, GAD67 is the major GABA-producing 

enzyme. In the developing fish CNS, both GAD genes have been isolated and localised 

to a variety of different neuronal populations in the CNS including the LCN’s of the 

spinal cord (Martin et al., 1998). It is therefore possible that the function of LCN’s 

during regeneration may be a reflection of their developmental role.

The close parallels between the regenerating bridge in the present study and the 

developing vertebrate CNS in relation to the early appearance and distribution of LCN’s 

suggests that these neurons in the bridge may recapitulate earlier embryonic events such 

as neuronal differentiation and axonal guidance (Casper, 1996; Barker et al., 1998; 

Selhage et al., 1998; Fairen et al., 1998; Waagepetersen et al., 1999)
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Summary o f main findings

■ Both TH+ve and GABA+ve Uquor contacting neurons are present in the bridge by 

approximately day 12.

■ These specialised neurons are found interspersed between ependymocytes and 

contact the lumen of the canal.

■ The spatial organisation of cells around the uninjured canal is preserved in the 

developing bridge with TH+ve cells found ventrally and GABA+ve cells laterally.

■ The presence of neurons amidst the mitotically active ependymocytes in the bridge 

points to possible neurogenesic events in the regenerating bridge.
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Chapter 7

The meninges in the regenerating spinal cord
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7,t Tntroduction

Following most types of injury to the vertebrate central nervous system, the basal 

lamina and the glia limitans at the periphery are disrupted and frequently breached, 

exposing the underlying neural tissue (Reier et al., 1983; Lindsay, 1986). In mammals, 

this breach usually results in the formation of an astrocytic glial scar, characterised by 

hypertrophy and hyperplasia of reactive cells (see chapter 8; Ridet et al.l997). In 

addition, reactive astrocytes form a glia limitans and basal lamina within the lesion site 

which contributes to the inhibition of axonal regrowth (e.g. Abnet et al., 1991). These 

formations, however, occur only when there is an infiltration of meningeal tissue and/or 

fibroblasts into the wound site (Franklin et al., 1992), as happens, for example, 

following stab (Carbonell and Boya, 1988) or laceration/transection type injuries (e.g. 

Wang et al., 1997). Where meningeal infiltration is largely prevented, such as following 

microlesion (e.g. Davies et al., 1996), a gha limitans does not develop within the lesion 

site. Similarly, in neonatal mammals (Moore et al., 1987; Balasingam et al., 1996), 

where successful regeneration is possible, astrocytes do not form a glia limitans within 

the lesion site and meningeal cell infiltration into the lesion site is not seen until the 

juveniles are over 1 week old (see Nichols and Saunders, 1996), when scar tissue, 

typical of that of adults, develops (Varga et al., 1995).

Since it is well known that the CNS of anamniotes is capable of extensive 

recovery following numerous types of injury, the effects of meningeal cell infiltration, 

and their subsequent reactions with exposed elements of the CNS, may not in these 

species be inhibitory to the regenerative event. But whether meningeal cells interact in 

a positive manner with the regenerating neural tissue, fail to interact, or are actively 

excluded from the wound site, is unknown. As far as it is known, relatively few studies 

of the anamniote regenerate have documented the meningeal reaction during the 

regenerative event, although a meningeal covering has been noted at later stages of 

recovery (Bernstein and Bernstein, 1967; Michel and Reier, 1979). As a result, the 

primary aim of the present study has been to determine the behaviour of meningeal cells 

(melanocytes and meningeal fibroblasts, see chapter 3) surrounding the spinal cord 

following cord transection and their role during the initial regrowth and during the 

subsequent development of the bridge.

In the second part of this study, we have endeavoured to determine the effects of 

removing meningeal cells during the initial stages of regrowth. Selective destruction of
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meningeal cells using chemical application of 6-hydroxydopamine (6-OHDA) in 

neonatal rats (Sievers et al. 1994b) and hamsters (Sievers et al., 1994a) has been shown 

to result in the altered development of the brain, such as incomplete foliation of the 

cerebellar cortex (Sievers et al., 1994a), However, this disruption is not seen once 

meningeal ensheathment of the brain has been completed (Sievers et al., 1985), 

suggesting that it is only when cells are in a proliferative and/or migratory stage, that 

they can be affected. Since meningeal cells proliferate and migrate following CNS 

injury in all vertebrates, it can be inferred that they exhibit plasticity similar to that seen 

during development. Therefore, these cells may be susceptible to similar manipulation 

during recovery following CNS injury. It has also been shown that the basal lamina, 

formed at the interface between the glia limitans and the meninges (Krisch et al., 1983; 

Pehlemann et al., 1985), may also play a contributory role to CNS development, since 

selective disruption of this structure using the enzyme collagenase in developing chick 

results in CNS malformation (Halfter, 1998; Halfter and Schurer, 1998).

In an attempt to determine the possible effects of inhibiting meningeal and basal 

lamina formation, three different methods were employed; these were: (a) mechanical 

removal of the meninges, (b) mechanical removal followed by application of 6-OHDA 

to inhibit meningeal infiltration (Sievers et al., 1994a), and (c), mechanical removal 

followed by treatment with collagenase type VII to disrupt formation of the basal 

lamina (Halfter, 1998).
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2,2 Materials and Methods
Animals

This study is based on 25 European eels, Anguilla anguilla L., in a non-migratory 

immature stage of their Ufecycle.

Transection o f the spinal cord

For surgery, each eel was anaesthetised according to the protocol outlined in chapter 4. 

In brief, each animal following immersion in 0.3g/l MS-222 (Sigma) to induce light 

anaesthesia was administered 0.1ml alphaxalone ("Saffan" Pitman-Moore) 

subcutaneously. Cooling on ice provided additional anaesthesia. The transection 

procedure followed a similar protocol to that outlined in chapter 4, with laminectomy of 

the spinal column over three vertebral segments. However, the lateral portions of the 

cord and overlying meningeal sheath were also exposed by further removal of the 

column on both sides. Removal of the meningeal sheath was accomplished by gently 

heating the dorsal surface of the cord using a small lamp and the tissue gently teased 

away and removed using fine forceps. However, in all cases it proved impossible to 

remove the ventral meninges without causing unnecessary damage to the cord and 

therefore these were left in situ.

The spinal cord was then cut completely using fine micro-scissors, care being 

taken so as not to sever the dorsal blood vessels. Sections of gelfoam acting as the 

carrier medium, was soaked in either 6-OHDA or collagenase type VII (see next 

section) was placed on the vertebral column over the stump on each side of the wound 

(see Fig. 7.1). In all cases, gelfoam placement did not infnnge upon the lesion site. 

Finally the wound was fine stitched and the animal allowed to resuscitate before being 

placed in an individual holding tank.

^-hydroxydopamine (6-OHDA)

To inhibit meningeal cell migration 6-hydroxydopamine (Sigma), with 0.1% ascorbic 

acid (Sigma) to prevent degradation, was made up in distilled water to a final 

concentration of 6|Lig/|il. The solution was freshly made to ensure optimal activity of 6- 

OHDA. For application, small pieces of gelfoam were soaked in the solution 

immediately prior to application and one piece placed on each side of the wound.
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Figure 7.1. Outline of the surgical procedure and the application of 6-OHDA/collagenase type 

VII soaked gelfoam to the vertebral column overlying the spinal stumps.

Collagenase type VII

To inhibit basal lamina formation, collagenase type VII (Sigma) was dissolved in 

distilled water to a concentration of 50|ig/|il. In a similar manner to 6-OHDA 

application, small pieces of gelfoam were soaked in a fresh preparation and applied to 

the vertebral columns overlying the transected spinal cord.

Histological Investigation

For histological investigation, each animal was treated according to the methodology 

described in the methods section in chapter 2. In brief, each animal was anaesthetised 

initially by immersion in 0.3mg/l MS-222 and a subcutaneous injection of 0.3ml 

alphaxalone (Saffan). To prevent blood clotting 0.2 ml heparin sodium (Leo 

Laboratories) was also given subcutaneously. The perfusion procedure consisted of a 

primary flush o f Ringer's solution (with 0.1% procaine for added anaesthesia) through 

the heart followed by the fixative, 2% paraformaldehyde and 1.25% gluteraldehyde in
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O.lM phosphate buffer (PB), pH adjusted to 7.4. Following perfusion, portions of the 

spinal cord were immediately dissected from the spinal column and post-fixed in the 

same fixative at 4®C for a maximum of 3 hours.

Electron Microscopy

The tissue was processed for electron microscopy according to the procedure described 

in chapter 2. Sections were cut for both light (l.Sfim) and electron microscopy (500A). 

All images were downloaded, analysed and formatted on a Macintosh G3 computer 

using Adobe PhotoShop 5.

Reconstructions were produced according to the methodology described in 

chapter 3.
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2,1 Results
Four days following spinal cord transection, the meninx surrounding the spinal stumps 

adjacent to the cut degenerate and expose the underlying neural tissue, such that it often 

extrudes through the breaches in the meninx (Fig. 7.2). The breakdown in structure 

occurs first dorsally and proceeds in a ventral direction. The basal lamina is also lost 

from these regions. Where the meninx (and presumably the basal lamina) persist, the 

structural integrity of the cord remains, even when large spaces devoid of any neural 

tissue appear within the cord. When present in the stump regions, the meninx differ 

little from normal, although some ‘loosening’ of the structure is seen, resulting from the 

infiltration of erythrocytes and leucocytes between the cellular layers. The blood clot, 

when present over the stumps, is closely associated with the meninx. Blood vessels are 

numerous and were often found close to the outer layers of the meninx; numerous 

infiltrating erythrocytes and leucocytes were also observed.

By day 6, further denudation of the meninx in the spinal stumps results in 

greater exposure of the cord, usually on the dorsal surface, up to 1 mm fi*om the cut on 

both sides (Fig. 7.3); however a ventral covering is always present. In those regions 

without a meningeal covering, particularly laterally, a loose grouping of elongate 

fibroblast-like cells is interspersed with infiltrating leucocytes of neutrophil/macrophage 

origin. The dorsal surface, in contrast, is usually devoid of this cellular covering, 

particularly in those regions where an open central canal is present. Close to the lesion 

site, a similar covering of loosely organised cells is found in close association with the 

leading edge of neural regrowth (Figs 7.3).

The loose organisation of cells described for day 6 becomes increasingly 

ordered and prominent around the stumps and the forming bridge by day 8, although 

towards the middle of the bridge the looser configuration is still evident. Hence by day 

6 and thereafter a gradient of organisation is evident within the meninx from the stumps 

(greatest) to the middle of the bridge (lowest) until approximately day 26 when the 

organisation is homogeneous. Within the bridge, the fibroblast-like cells that cover the 

regenerating neural tissue are often closely associated with the fibroblasts of the scar, 

such that it is often impossible to distinguish between both cell types and to demarcate a 

boundary between them; ultrastructurally, there appears to be no significant difference 

between the cells (Fig.7.4). Where the bridge is thinnest, the fibroblast-like cells show 

little association to the neural tissue; however ventrally, a somewhat more organised but
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Figure 7.2a, b, c. Degeneration in the spinal stumps at day 4. In (a) note the extrusion o f the 
neural tissue laterally, seen at higher magnification in (b; arrowheads). In (c) note the large 
space (*) created by the degeneration within the cord and the presence of a meningeal sheath 
(arrows). Arrowheads denote the the basal lamina and the remnants o f the glia limitans.
Scale bar (a) = 100 microns, (b) = 50 microns, (c) = 20 microns.

Figure 7.3a, b. Day 6. In the photomicrograph of a transverse section of the spinal cord 0.3mm 
from the cut surface. Note the presence of a meningeal covering ventrally and a loose disorganised 
covering of elongate cells on the lateral surfaces (outlined) and seen at higher magnification in (b). 
Scale bar (a) = 100 microns, (b) = 20 microns.



Figure 7.4a, b, c, d. Day 8. Fibroblasts aggregate to the periphery o f the developing bridge in (a) and is seen at higher magnification in (b). Note the 
disorganised loose accumulation to the neural tissue (Nt). Within the lesion site (c), where a much more disorganised structure is present, note the similar 
cell-type within the clot (d) suggesting that the cells are of similar appearance. Bv = Blood vessel. Fib = Fibroblast, Leuc = Leucocytes. Scale bar (a) and 
(c) = 100 microns, (b) and (d) = 50 microns.



still loose arrangement of fibroblast-like cells and macrophages/monocytes is found 

(Fig. 7.4c, d). In regions of the stumps where the meninx remain, their constituents also 

change to a looser, almost lattice-like configuration, interspersed with 

monocytes/macrophages and numerous blood vessels of varying lumenal sizes. The 

breakdown of the collagen and elastic fibre structure is coupled with this reorganisation 

and in general these components do not reappear in any portion of the reorganising and 

developing meningeal structure in the stumps and bridge until later recovery stages (day 

54).

Melanocytes, typified by the presence of dark melanosomes, do not appear to 

take part in the reorganisation of the meninx in the stumps and were always absent from 

the bridge region.

At 8 days following transection, an organised basal lamina of extracellular 

material is absent from the interface between the neural tissue and the loose fibroblast 

organisation in the stumps and the bridge and, instead, both developing tissues interface 

to produce an erratic cellular boundary (Fig. 7.5). By days 10 and 14, with the 

increasing development of the bridge, the meningeal-fibroblast covering is organised 

into a more compact structure, best seen on the ventral and lateral surfaces. An increase 

in thickness (cross sectional width) is also apparent at this stage (see Fig. 7.10). The 

meninx often appears to infiltrate the bridge structure; however, these ingrowths are 

usually small and local although, occasionally, as in one case at day 10 (see Fig. 7.6), 

they are extensive. Within the stumps, the meninx continues to thicken, particularly on 

the lateral and ventral surfaces.

As the bridge increases in size, as seen at days 14 to 20, the central canal opens 

dorsally producing two ‘horns’ of neural fissue bordered internally by ependymal cells 

(see chapter 8) and meningeal tissue on the outer surfaces. Meningeal outgrowth was 

often found on the dorsal surface of the horns but did not appear to infiltrate into the 

open canal region. Closer to the stumps (day 14) a meningeal covering extends over the 

canal region, producing a ‘roof type structure (Fig. 7.7), and occasionally, circular to 

elongate ependymal-type cells are found on the inner canal-facing surface. With 

closure of the central canal by day 20, a meningeal covering is evident on the dorsal 

surface of the bridge where the horns fuse.
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Figure 7 5 Day 8. Electron micrograph o f the developing meninx at the perpheo- of the bridge (Br). 
(dmted line). Note also the loose layering of the fibroblast cells (F.b) and their irregular shape. ScaU

Note the irregular interface between the two tissues 
Scale bar = 10 microns.



Figure 7.6a, b. Photomicrograph o f the developing meninges at the periphery o f the bridge 10 
days following injury (a). In (b) note the thickening layers o f meningeal tissue and the presence 
of meningeal tissue extending into the middle of the bridge (arrows). Scale bar (a) = 200 microns, 
(b) = 50 microns.

Figure 7.7a, b. Photomicrograph of a transverse section o f the bridge at day 14 (a). Note the 
presence o f a meningeal 'roof that is forming over the canal (arrows) seen at higher 
magnification in (b) and note the presence of circular to ovoid type cells on the inner 
canal-facing surface (arrows) that are indicative of migrating ependymal cells.
Scale bar (a) = 200 microns, (b) = 20 microns.



At the level of the electron microscope, the meninx by day 20 is composed of numerous 

layers of elongate fibroblasts, sparse collagen fibres, monocytes/macrophages and blood 

vessels (Fig. 7.8). In contrast to earlier days, the organisation is compact with smaller 

intercellular spaces between cells.

At later stages (days 26, 54, 144 and 200), the bridge is completely enveloped 

with a meningeal covering (Fig. 7.9) that is thicker within the bridge region (Fig. 7.10) 

By days 144 to 200, this becomes thinner, but even by day 200 it is thicker than normal 

on all surfaces, particularly dorsally. At these later stages the meninx comprises several 

layers of fibroblasts (approximately 20-30 cell layers) and extracellular collagen 

organised into large inter-cellular bundles (Fig. 7.11a,b). The bundle orientation is 

unidirectionally aligned along the rostro-caudal axis of the cord. Few collagen bundles 

are aligned in other directions, such as parallel with the cord surface or tangential to the 

rostro-caudal axis. This uniform alignment of bundles was still prevalent even at day 

144 (see Fig. 7.11b).
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Fig.7.8. Electron micrograph of the meninges on the dorso-lateral surface in the middle of the bridge. 
Note the more organised array of cells that possess an elongate shape (arrows). Note the large amount 
of intercellular space that occurs between cells and which often contains macrophage/ monocyte cells 
but relatively little collagen. F = Fibroblasts, Co = Collagen, M = monocyte. Scale bar = 15 microns.
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Figure 7.9. Graphical representation o f the percentage change in meningeal thickness in the middle o f the bridge at 10 (a), 14 (b), 20 (c), 26 (d), 54 (e), 144 (f) 
and 200 (g) days following injury. Note that the increase in thickness ccurs first on the ventral surface, which is accompanied over time with increases on the 
lateral and eventually, the dorsal surfaces. At later stages of recovery, days 144 (f) and 200 (g), the percentage difference between the thickness o f the meninges 
in the bridge and the undamaged regions o f the cord decreases such that it is often thinner. The x-axis represents the degrees o f rotation around the cord with the 
dorso-medial equating to 0 degrees and the ventro-medial to 180 degrees. The y-axis is the percentage-change in thickness to 'normal' uninjured meninges 
aproximately 1mm from the bridge in each case.
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Figure 7.10. Graphical representation of the % change in thickness of the meninx on the dorsal 

surface of the stump and bridge regions at 4, 6, 8, 10, 14, 20, 26, 54, 144 and 200 days 

following iiyury. Note the increasing thickness of the meninx in the stumps during the early 

stages of regrowth. By day 54 values begin to return to normal, although even by day 200 the 

ô eninx remains thickened within the bridge. The x-axis is rostro-caudal distance through the 

'vound and the dotted lines denote the extent of the bridge, the y-axis is the % change in 

thickness of the meninx.



Figure 7.1 la, b. In (a) and (b) which correspond to the dorsal meninx seen in transverse section 
at day 54 and the lateral meninx at day 144 respectively, note the increased thickness of the tissue 
surrounding the bridge. Note the abundant collagen organised longitdinally along the rostro- 
caudal axis of the bridge (coll) and the spindle-shaped meningeal cells arrayed circular to the 
bridge. In contrast to earlier stages the meninx is more compactly organised but with numerous 
cell layers. Co = collagen, F = fibroblasts, B1 = basal lamina. Scale bar = 10 microns.
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Blood Vessels
One notable aspect of meningeal regeneration is the richness of the blood vessel supply. 
This is first evident in the stumps during the early stages of regrowth (days 4, 6, 8) and 

at later stages in the bridge (days 10-200), and, as can be seen firom the graph (Fig. 
7.12), blood vessels increase substantially in number within the bridge. Most vessels 
are larger in lumenal diameter than those in the un-operated cord (see Fig 7.13).

Normal Cord
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Figure 7.12. Graphical representation of the % increase in the number of blood vessels associated with 
the meninx in the bridge at successive stages of recovery. Note the elevated values for all days and 
particularly at day 14 where there is an approximate 600% increase compared with the unoperated cord. 
The x-axis is the rostro-caudal distance through the wound with the dotted Imes representing the 
approximate area of the lesion site, the y-axis is the % difference in blood vessel number calculated from 
the difference between an average value for vessels in the regenerating and uninjured portions.
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Ventral

Figure 7.13. Day 14. Photomicrograph of a transverse section through the lesion site. 
Note the large lumenal size of the blood vessels (*) associated with the meninx, 
particularly on the lateral surfaces. Scale bar = 50 microns.



Impact o f  Meningeal Manipulation on Spinal Cord Regeneration

(a) Mechanical removal

The near complete removal of the meninx from around the cord immediately 

prior to its surgical transection does not affect its subsequent regenerative ability. 

Following removal, the organisation of the bridge at days 20 and 26 is similar to that 

found in non-manipulated cases by day 20. However, the central canal is already 

enclosed within the cord and a meningeal covering is present on the dorsal surface (see 

Fig. 7.14 a,b), in sharp contrast to non-manipulated regenerating cord, where the canal 

is still open at this time and lacks a meningeal covering on the dorsal surface (Fig. 7.14 

c,d)- At later stages (day 46) no differences could be distinguished between the 

mechanically manipulated material and the normal regenerate (day 54) (data not 

shown).

Within the spinal stumps, the removal of the meninx from the cord surface 

resulted in the ‘extrusion’ of neural material through the breach in the meningeal 

covering (Fig 7.15a, b). This was particularly obvious at at day 20.

(b) Mechanical removal combined with collagenase type VII application

If mechanical removal is combined with an application of collagenase the formation of 

the bridge appears to be accelerated, since a complete meningeal covering is present on 

the dorsal surface as early as day 16 (Fig. 7.16 b, d). This is in marked contrast to the 

non-manipulated situation, where at about the same time the meninx is confined to the 

ventral and lateral surfaces of the bridge (Fig. 7.16 a, c) which is dominated by the 

dorsal opening to the central canal. A similar meningeal thickness is found on the 

dorsal surface at later stages of recovery following collagenase treatment, days 20 and 

26, with a thick meningeal covering on the dorsal surface (Fig 7.17).

(c) Mechanical removal combined with 6-hydroxydopamine (6-OHDA) 

application
Pulse application of 6-OHDA in conjunction with meningeal removal produced the 

greatest alteration in the structure of the regenerating spinal cord, as seen in the 

extensive dorsal movement of the regenerating tissue to produce large hom-like 

structures similar to those found in non-manipulated regenerating cord (see Fig. 7.18). 

A greatly enlarged central canal accompanies this dorsal projection. At days 20 and 26, 

a meningeal covering is present on the lateral and ventral surfaces of the bridge,
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Figure 7 .14a, b, c, d. Effects of mechanical removal of the meninx on the regenerating cord is seen 
at (a) day 20 and (c) day 25 while non-manipulated cord can be seen in (b) day 20 and (d) day 26. In 
(a) and (b) note that the central canal in the manipulated tissue is closed while in the untreated cord it 
remains open dorsally (arrows). In (c) and (d) note the similarity between both regenerates although 
the meninx is thicker on the treated animal (arrow). Scale bar = 200 microns.



Figure 7.15a, b. Day 20. Extrusion of neural material from the spinal cord in the rostral stump 
through a breach in the dorsal meninx. In (a) and (b) corresponding to approximately 300 and 
540 microns respectively from the bridge, this extrusion is obvious (arrows), but it is more 
extensive closer to the bridge, as seen in (a). Scale bar = 200 microns.

Figure 7 .16a, b, c, d. (a) and (c) are non-manipulated cord 14 days following injury while (b) 
and (c) are collagenase-treated tissue at day 16. Note the presence o f a meningeal covering in 
(b), seen at higher magnification in (d; arrows), compared to the absence o f a meningeal covering 
and the presence o f an open canal in (a) and (c). In (b) note the disorganised central canal area 
(arrowheads) in contrast to the greater organisation found in (b). Scale bar (a) and (b) = 200 
microns, (c) and (d) = 50 microns.



Figure 7.17a, b. Meningeal organisation on the dorsal surface of the cord days 20 (a) and 26 
(b) following collagenase application. Note the thick meningeal covering on the lateral and 
the dorsal surfaces (arrows). Scale bar = 100 microns.

Figure 7.18a, b. Transverse sections of the bridge at day 19 (a, c) and day 26 (b, d) following 
6-OHDA application. Note the extensive dorsal movement of regenerating tissue (arrowheads) 
and the enlarged central canal (*). A meningeal covering is present on the ventral and lateral 
surfaces o f the bridge, however note its absence on the dorsal most region (arrows).
Scale bar = 200 microns.



although it is absent from more dorsal regions (Fig 7.18). Figure 7.19, and table 7.20, 

provide an overview of the main effects of the different treatments, from which it can be 

seen that treatment of 6-OHDA results in a 30-56% increase in dorsal displacement of 

regenerating material, while a smaller increase of 12-13% is found following 

collagenase type VII application. A negligible dorsal expansion was found after the 

meninx had only been removed mechanically. Collagenase treatment stimulates the 

earliest and greatest increase in meningeal thickness (see Figs. 7.21 , 7.22a), while no 

meninx forms on the dorsal surface of the bridge of 6-OHDA-treated material. In 

general, the pattern of meningeal formation is similar to that of normal regenerating 

cord (see Fig. 7.10a,b), with a progressive increase in thickness towards the middle of 

the bridge (Fig. 7.22). However, there are differences; cords that received just 

mechanical removal possessed the thickest meningeal covering by day 20; for 

collagenase-treated material a meninx was present at the centre of the bridge by day 16 

that was approximately 700% thicker than normal, a value that changed little at later 

recovery times (days 20 and 26). 6-OHDA-treated material resembles normal 

regenerating material in that there is a considerable increase in thickness of the meninx 

on both sides of the bridge. However, this is less (250-350% for days 19 and 26) than 

in normal regenerates (600-900%, days 14-20)
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Figure 7.19. Diagrammatic representations of transverse sections from the middle of the bridge for (a) transected, 
(b) mechanical removal, (c) collagenase treated and (d) 6-OHDA treated cords. Note the differences in cross secti 

from bridge regions (coloured) compared to uninjured cord from outside the lesion site (dotted line).area



Day Experimental

Procedure

(a) Changes in 

Cross Sectional 

Area o f  the 

Bridge (%)

(b) Dorsal 

Displacement (%)

(c) Dorso- 
Ventral 
Height

14 Transected -13% 0% .98

16 Transected with 

Coll VII

-11% 12% 1.23

19 Transected with 

6-OHDA

+26% 30% 1.6

20 Transected +43% 45% 2.24

20 Transected with 

Coll VII

+3% 13% 1.15

20 Transected with 

Mech-Rem

+13% 8% 1.06

25 Transected with 

Mech-Rem

-17% 0% .78

26 Transected -13% 0% .92

26 Transected 

withColl VII

-8% 3% 1.075

26 Transected with 

6-OHDA

+19% 56% 2.75

Key: Mech-Rem = Mechanical Removal; Transected = Non-Manipulated Regenerate; Coll VII 

= Collagenase Type VII application and 6-OHDA = 6-hydroxydopamine application.

Table 7.1. Quantification of the sections illustrated in Figure 7.18 for changes in (a) cross 

sectional area within the bridge and (b) cross sectional area of tissue displaced dorsally. Both 

are expressed as a percentage change from normal uninjured cord. In (c) the maximum dorsal 

extension of the neural tissue is expressed as a ratio to uninjured cord. Note the substantial 

increase by day 20 in the non-manipulated cord, and by days 19 and 26 in 6-OHDA-treated 

animals.
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Figure 7.20. Graphical representations of the percentage increase, or decrease in meningeal thickness in the middle of the bridge. Note the presence of a 
thickened meninx in the bridge by day 16 (b) following collagenase treatment, that is also found at subsequent days, 20 (d) and 26 (h). Mechanical removal 
of the meninges resulted in the formation o f a thickened meninx by day 20 (e), which is in contrast to non-manipulated (day 20; c) and 6-OHDA-treated 
animals (day 19; f), where it remained absent. At later stages, a meninx did eventually form on the dorsal surface of untreated regenerates (day 26; g), but it 
continued to be absent from the 6-OHDA-treated cord (day 26; j). The x-axis represents degrees o f rotation around the cord with dorso-medial equating to 0 
degrees and the ventro-medial to 180 degrees. The y-axis is the percentage change in thickness to 'normal' uninjured meningeal tissue placed 1mm from the 
bridge region in each case.
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Figure 7.21a, b, c. Graphical representations of the % change m meningeal thickness on the 

dorsal surface of the bridge (dotted lines) and associated stumps for all experimentally 

fwanipulated cords compared to normal regenerating meningeal tissue. The results are presented 

as three graphs, each representing a particular time with (a) corresponding to approximately day 

15, (b) 20 days and (c) 25 days followmg injury. The x-axis is the distance through the 

regenerating bridge (microns) and the y-axis in the percentage change in thickness of the 

nieninx compared to undamaged tissue in the stumps.



7 4 Discussion

The results of the present study demonstrate that the meninges of the eel do not 

contribute to the formation of an inhibitory scar tissue following transection. Instead, a 

sheath of what we have termed meningeal-fibroblast cells (see next section) develops at 

the perimeter of the developing bridge and produces a new meninx. Although a 

reconstituted meningeal sheath has been described as enveloping the regenerated neural 

tissue of other anamniotes, such as the goldfish, Carassius (Bernstein and Bernstein, 

1967), the newt, Triturus (Michel and Reier, 1979) and the lizard, Anolis (Simpson, 

1983), relatively little is known of fibroblast behaviour during the regenerative event.

The meninges of the bridge are well supplied with blood vessels, a finding that 

is reflected following injury in the newt spinal cord {Triturus; Stensaas, 1983), in 

Xenopus optic nerve (Reier, 1979) and in the lamprey cord (Petromyzon, Hibbard, 

1963). The present findings reveal how this covering is formed, as summarised in figure 

1.23.

Formation o f a new meningeal sheath

Following the loss of the original meningeal sheath from around the spinal stumps, as a 

result of the extensive degeneration seen at day 4, a population of meningeal-fibroblasts 

quickly surrounds the exposed neural tissue. They also subsequently envelop the 

regenerating bridge as it extends into the lesion site by days 6 and 8. At all times these 

cells are closely associated with the bridge, except at the leading front of neural 

regrowth where they are disorganised. Hence, a gradient of cellular organisation 

develops along the rostro-caudal axis of the bridge, with the tightest organisation being 

in regions close to the stumps (see Fig. 7.22). This indicates that a new meninx is 

formed by a gradual accumulation of cells at the perimeter of the developing bridge.

The rapid formation of the meningeal layers, especially on the ventral and lateral 

surfaces of the bridge, means that they are one of the first definite structures to regrow 

after cord transection. Michel and Reier (1979) reported a similar finding in 

regenerating juvenile Triturus spinal cord where complete reformation of the meninges 

also occurred. They further suggested the meninges might act as a barrier to regrowing 

ependymal cells and neurites, restraining them within a tubular sheath. In the eel, the 

meninges may also contain regrowing neural tissue because when they are absent, as on 

the dorsal surface, neural tissue extends beyond its normal form to produce the neural 

‘horns’ (see chapters 4 and 5). With increasing recovery times, the newly formed
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meninx begins to reduce in cross sectional area from 500% by day 26 to 2-300% by 

days 54-200, a decrease in area that may reflect the loss of meningeal cells, possibly by 

apoptosis or by migration to other regions, such as the stumps. However, in view of the 

compact cellular organisation of this tissue seen by day 54 and later, this decrease may 

result from the reorganisation of the meningeal layers, and a change in the form of the 

meningeal-fibroblasts from globular to elongate, with increased formation and 

elongation of cellular processes. Intercellular spaces also decrease, such that by day 54 

the cell layers are more closely apposed, and are interspersed with numerous bundles of 

collagen fibres. At the same time, there is a sharp reduction in the number of 

macrophage/monocytes interspersed between the cell layers. It would appear that with 

extended recovery times, the reconstituted meninges provide increased tensile strength 

and protection to the regenerated bridge. A similar connective tissue organisation has 

been reported during wound repair in other somatic tissues following injury (see, 

Martin, 1997; Clark, 1996).

In amniotes, following various types of injury, except compression and 

microlesion (e.g. Davies et al., 1996), cells of meningeal origin are known to infiltrate 

into the lesion site in the adult CNS (Pasterkamp et al., 1999; Wang et al., 1997; Li and 

David, 1996). Since in the eel we have also noted a purposeful meningeal accumulation 

around the developing neural tissue, it appears that there is an intentional movement of 

this cell type towards exposed neural tissue, possibly because vertebrate meningeal cells 

are predisposed to accumulate around neural tissue, recapitulating developmental 

events. The deliberate nature of the infiltration in the present study is suggestive of an 

instructive event that encourages meningeal-fibroblast cell accumulation. In view of 

this, it is interesting to note that ‘soluble factors’ released by meningeal cells can affect 

astrocytes by inducing intrinsic changes that render these cells less permissive for axon 

growth, whereas astrocyte growth medium can induce process formation in meningeal 

cells (Ness and David, 1997). Whether some type of factor, secreted by the regrowing 

neural tissue, or by the abundant macrophages/monocytes that are known to produce 

various stimulatory factors (see Merrill and Benveniste, 1996), is affecting fibroblast 

and presumably, meningeal cell migration can only be speculated.

Irrespective of this similarity in meningeal fibroblast accumulation, the 

meningeal cells of anamniotes and amniotes behave very differently in the injured 

spinal cord, for whereas in the eel they always accumulate and initiate ensheathment at 

the periphery of the developing bridge, in mammals meningeal infiltration contributes
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to the formation of the scar that is thought to underiie regenerative failure (e.g. Reier et 

al., 1983; Matthews et al, 1979). Interaction with neural tissue, and more specifically 

with ‘reactive’ astrocytes, results in the production of an inappropriate glia limitans 

(e.g. Struckhoff, 1995; Carbonell and Boya, 1988), and basal lamina (e.g. Bernstein et 

al, 1985; Abnet et al., 1991).

In contrast, in foetal and neonatal amniotes, a fibroglial scar does not form after 

injury (e.g. Moore et al., 1987; Trimmer and Wunderlich, 1990), apparently because 

meningeal cells do not invade the wound. Instead, a sheath analogous to what we have 

found in the eel, forms over the lesion site. Therefore it would appear that the 

behaviour of meningeal cells in anamniotes is reflected in the regenerative potential of 

juvenile anamniotes before they are approximately 1 week old (Moore et al., 1987).

The components o f the reforming meninx 

Fibroblasts

There are several possible origins for the cells that contribute to the forming meninges, 

since cells can migrate into the often-extensive lesion site, from sources such as the 

injured overlying muscle and connective tissues, the ligaments and periosteum of the 

vertebrae (Bernstein and Bernstein, 1967). In mammals, this cellular infiltration into 

the lesion site contributes to the formation of the ‘fibrogUal’ scar, the component cells 

of which have been considered to be of mesenchymal or fibroblast origin (e.g. Reier et 

al., 1983). However, it is now generally accepted that these cells are of meningeal 

origin (e.g. Pasterkamp et al., 1999; Wang et al., 1997; Li and David, 1996; Abnet et al., 

1991) arising from the leptomeninges and dura. It must be emphasised, however, that 

many of these reports have utilised stab injury, which is a focal lesion that results in 

minimal disruption of the different tissue layers. In contrast, following spinal cord 

trauma where the fibroglial scar can be extensive (Fawcett and Asher, 1999), it has been 

suggested that fibroblast migration occurs from overlying tissues and not entirely fi*om 

the meninges (Krikorian et al., 1981).

In the eel, we have found that the fibroblast-like cells in the clot, and the 

meningeal-fibroblasts surrounding the developing bridge, are indistinguishable, and 

appear to be identical in both structure and ultrastructure, having in general a globular 

to slightly elongate shape with occasional short lamellipoda, and with extensive cisterns 

of rough endoplasmic reticulum. As we are unable to distinguish between these cells, 

the new meningeal sheath may arise from cells of homogeneous or mixed origin. The
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Figure 7.23. Diagrammatic representation of possible modes of development o f the 

meninges at the lesion site. In (a) the clot is composed of fibroblasts from a variety of different 

tissues (tissue fibroblasts, TF) and meningeal-fibroblasts (MF). The new sheath, however, is 

composed of meningeal-derived cells that migrate with the regrowing neural tissue. 

Alternatively, as in (b), the tissue fibroblasts (TF) from a variety of regions may contribute to 

the formation of the reconstituted meninx, along with meningeal-fibroblasts (MF).

population of fibroblasts within the clot could be of meningeal origin, and form the new 

meningeal sheath (Fig. 7.23), or involve a mixed cell population of somatic and 

meningeal origin, as has been suggested by findings in some amniote (Krikorian et al, 

1981) and anamniote (Egar and Singer, 1972; Bernstein and Bernstein, 1967; Hibbard 

et al, 1963) regenerates. Moreover reactive fibroblasts have been shown to be part of 

the normal response to injury in other body tissues and are an integral component to the 

reparative process, that includes extracellular matrix turnover (see Martin, 1997; Clark, 

1996 for reviews) and wound closure (Desmouliere and Gabbiani, 1996). However, 

differences between meningeal fibroblasts and tissue-derived somatic fibroblasts have 

been shown when tissues are grown in vitro (Colombo et al., 1994).
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The Extracellular Matrix - Collagen

In amniotes (Berry et al., 1983; Reier, 1986) and some anamniotes (Anderson and 

Waxman, 1983a; Nordlander and Singer, 1978; Bohn et a l, 1982; Simpson, 1983) 

collagen is present within the lesion site and is often associated with infiltrating 

meningeal cells. In the eel, however, this extracellular matrix was generally absent 

from the developing meninges during the early stages of regrowth and not until later 

(approximately days 20-54) did individual fibres or bundles of fibres become evident.

When present, the collagen fibres were orientated along the rostro-caudal axis of 

the spinal cord and the other orientations found in the normal uninjured cord were for 

the most part absent from the bridge. A unidirectional orientation of fibres is a common 

occurrence in the repair of other body tissues (Martin, 1997) where it has been shown 

that fibroblasts and some leucocyte cells migrate preferentially along rather than across 

the collagen fibres (see Clark, 1996). Perhaps, therefore in the eel, the collagen fibres 

may guide fibroblasts and other cell types to the developing bridge region.

The gradual increase in the formation of collagen bundles over time (days 54- 

200) may provide for some increased tensile strength at the lesion site, compensating 

perhaps for the loss of the dorsal aspects of the vertebral column following 

laminectomy.

The Basal Lamina

It seems in the eel that the basal lamina provides some structural support to the normal 

spinal cord, for when breached, as in the experimentally manipulated cord, neural 

material is extruded. However, after cord transection a basal lamina was not seen at the 

interface between the regrowing meninges and the developing neural tissue during the 

early stages of bridge formation (days 4-20), although it was present later (first noted at 

day 54). Therefore, its presence appears not to be essential for the regrowth of axons, 

many of which have grown through the bridge by day 20. It would appear that basal 

lamina formation is initially prevented or is waiting for a ‘cue’ of some sort firom other 

tissues. With a continually increasing perimeter, a certain degree of compliance is 

presumably required of the developing meninges in the bridge that might be hindered 

by an inflexible basal lamina.

In other studies of the regenerating anamniote CNS, it has been shown that 

when present, the basal lamina is a permissive substrate for axonal regrowth (Easter et 

al., 1984; Stensaas, 1983; Reier and Webster, 1974). Further to this, it has been
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proposed that this structure may possibly act as a barrier that encloses axonal growth 

within the lesion site (Reier and Webster, 1974). Similarly, in regenerating amniote 

peripheral nerve, basal laminae are associated with Schwann cells as they proliferate 

and migrate to produce longitudinal arrays into which axons grow (e.g. Bunge, 1983; 

refs). However, this structure is not always supportive to axonal regrowth and in adult 

anamniotes, basal lamina formation in the lesion site has been suggested to be one of 

the contributing factors to the failure of axonal regrowth (see Stichel et al., 1999). 

Certain components of this structure, such as heparin sulphate proteoglycan and 

tenascin, have been identified among others to be potent inhibitors of axonal growth 

(see Fawcett, 1997; Fitch and Silver, 1997).

Macrophages/Monocytes

Macrophage accumulation is a common occurrence following injury to tissues such as 

the skin and it has been shown that locally released factors, such as fibronectin (Clark et 

al., 1982), TGF-P and PDGF (Elkabes et al., 1996) among others (Riches, 1997), are 

potent stimulators for the accumulation of this cell type. Macrophages are a noticeable 

feature of the regenerating spinal cord of the eel but even long after the removal of the 

clot fi*om the lesion site, considerable numbers of cells of the macrophage and 

monocyte lineage are harboured in the meninges, interspersed between the layers, with 

greater numbers being associated with the blood vessels. Even by days 54-200, cells 

could be found close to blood vessels and, occasionally, interspersed between the 

meningeal-fibroblast layers.

In so far as we can ascertain, macrophages have not been described as part of the 

meningeal structure in other anamniote models, although they are evident in mammals 

where macrophage infiltration and accumulation in the meningeal tissue is readily 

invoked following the introduction of pro-inflammatory cytokines, such as interlukin-1 

and TNF-a (Andersson et al., 1992b) or lipopolysaccharide (LPS) a potent pro- 

inflammatory antigen (Andersson et al., 1992a).

^re the meninges necessary for correct formation o f  the regenerating spinal cord? 

Mechanical removal of the meninx in the region of the transection did not alter the 

regenerative ability of the bridge as a whole, or of the meninx, which was able to 

recover and grow across the denuded region and the bridge, and provide a fully formed
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sheath by days 20 and 25. The organisation of the regenerated bridge was not affected 

but the meninx on the dorsal surface in these experiments was at times substantially 

thicker (by 1000%) than normal.

Pulse application of collagenase, which seems to disrupt the basal lamina 

(Halfter 1998; Halfter and Schurer, 1998), appeared to stimulate meningeal formation 

such that by day 16 the bridge and stumps were fully ensheathed in a covering of 

meningeal-fibroblasts. The application did not alter the structure of the bridge but the 

meninx was also substantially thicker than normal (by approximately 800%).

Following both these approaches there seems to be an increased infiltration of 

macrophages/monocytes, and a greater fibroblast proliferation and migration. The 

breaking down of the basal lamina in these regions may uncouple surviving meningeal 

cells from the basal lamina and induce an earlier reactive state. Application of 6- 

hydroxydopamine, however, in conjunction with mechanical removal seems to prevent 

the reformation of a meningeal covering even by day 26. At the same time, the neural 

tissue is displaced, such that by day 20, 30% and day 26, 56% of the bridge tissue was 

displaced dorsally. It is known that 6-OHDA selectively destroys meningeal cells in 

neonatal amniotes (Sievers et al., 1980; Sievers et al., 1985), and presumably in the eel, 

until its effect declines, meningeal cells surrounding the denuded stumps of the eel are 

selectively destroyed, and do not migrate into the denuded region. With time, 6-OHDA 

concentrations drop and meningeal cells are able to proliferate, migrate, and begin to 

colonise the surface of the bridge.

Despite the disruption of the meninx, axons continue to regrow but as they are no 

longer restrained, they displace further dorsally. This unrestrained movement of neural 

tissue is not found in normal, denuded or collagenase-treated cords. In the hamster 

(Sievers et al., 1994a) and rat (Sievers et al., 1994b) 6-OHDA application over the 

developing cerebellum and cortex results in developmental alteration of these 

structures. Since it is considered that a meningeal presence is necessary for the correct 

development of the amniote brain, and that meningeal cells possess the ability to 

organise the glia limitans and this has been shown both in vivo (Sievers et al., 1994b) 

and in vitro (Struckoff, 1995), we conclude from the present study that the meninges, or 

more specifically meningeal cells, are necessary for the correct development of the 

regenerating bridge in the eel.
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Summary o f main findings

■ The meninges of the eel do not form scar tissue following transection; instead, this 

tissue develops at the periphery of the bridge.

■ A gradient of development occurs along the rostro-caudal axis of the regenerating 

bridge with the least organisation found close to the leading elements of the bridge.

■ With time, the meninges surrounding the bridge thickens considerably, but at later 

stages (-day 54) begins to reduce but the large number of cell layers remains, 

suggesting an increased tissue organisation.

■ Fibroblasts are the major component of the developing meninges, but later large 

deposits of collagen are laid down between cells.

■ Collagen fibres are laid down in a characteristic longitudinal orientation, indicating 

an increased tensile strength along the rostro-caudal axis of the bridge.

■ Experimental manipulations indicate that meningeal tissue may be instrumental for 

correct development of the bridge.

■ Meningeal fibroblasts, as suggested by 6-OHDA treatment, appear to be the integral 

component for this process.
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Chapter 8

Organisation of radial astrocytes in the regenerating
spinal cord
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g.t Introduction

The inability of the mammalian central nervous system to recover functionally 

following injury is thought to be due in part to the reaction of local astrocytes (reactive 

gliosis) to form a glial scar at the site of insult (see Malhotra et al., 1990 for review). 

Reactive astrocytes has been reported as a consequence of all types of injury, such as 

crush (Frank and Wolberg, 1996; Stoll and Mueller, 1988), contusion (Baldwin et al., 

1998), laceration (Predy and Malhotra, 1989) and transection (Barrett et al., 1984) and 

results in the proliferation of cells that ‘wall-off the damaged portion from other 

uninjured regions of the CNS.

This astrocytic reaction has been extensively studied in both amniote and 

anamniote optic nerve and the spinal cord. A glial scar is found in the amniote optic 

nerve and spinal cord following all types of injury (see Reier, 1986; Malhotra and 

Shnitka, 1994 for reviews), but although a glial reaction also occurs in the anamniote 

CNS (e.g. Reier, 1979; Cohen et al., 1993; Blaugrund et al., 1993), it does not appear to 

inhibit the regrowth of axons through the wound region (e.g. Beazley et al., 1997). The 

optic nerve in fish, for example, is well known for its regenerative ability and can 

successfully recover from a variety of different types of injury, including crush and 

transection (Reier and Webster, 1974).

Following injury to the mammalian CNS, astrocytes associated with the wound 

region change from a normally supportive role to a reactive state. Typical of this event 

are alterations to the normal structure of the astrocyte both inter- and intracellularly. 

Cellular changes - an increase in cell size (hypertrophy), an increase in the number of 

cells (hyperplasia), and the number of cytoplasmic processes extending from the cell 

surface - combine to produce the scar tissue (Skoff 1975; Miller et al., 1985). These 

morphological changes are coupled with an intracellular alteration of the cytoskeletal 

structure and an upregulation of other elements, including growth factors, cytokines and 

recognition molecules (see Ridet et al., 1997 for review). Depending on the type of 

injury (e.g. transection, laceration or stab), where the damaged CNS is exposed to the 

surrounding non-neuronal milieu, an interactive reaction between astrocytes and 

invading meningeal cells and fibroblasts can also occur that fiirther enhances the 

complexity of the scar tissue (e.g. Matthewson and Berry, 1985).

In the anamniote CNS, stellate astrocytes that are typical of the amniote CNS are 

absent and a number of astrocytic subtypes can be distinguished on the basis of their
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radial architecture. In the fish optic nerve, for example, the predominant astroglial cell, 

the reticular astrocyte, is arranged spatially into a highly organised structure (Maggs 

and Scholes, 1990; Scholes, 1991) and it possesses a considerable regenerative abihty 

being able to migrate with regrowing axons into the wound site (e.g. Blaugrund et al., 

1993). The spinal cord of most anamniotes also possesses a specialised astroglial cell 

termed the radial astrocyte (see Chapter 2; Bodega et al., 1993; Lazzari et al., 1997) but 

numerous studies at the level of the light and electron microscope (e.g. Bernstein and 

Bemstein, 1967) and, more recently, immunohistochemically (Anderson et al., 1984), 

have not attributed a specific contributory role for the radial astrocyte in the 

regenerative event. It must be recognised, however, that most research in recent times 

has not concentrated on glial behaviour, but rather on the regrowth of axons (see 

chapter 9; Becker et al., 1997), and the role of the ependyma (see chapter 5; Benraiss et 

al., 1997; Chemoff, 1996). Moreover in some of the models used to study regeneration, 

such as amphibian and reptile tail regenerates (e.g. Singer et al., 1979; Simpson, 1968), 

the presence of a radial astrocytic organisation remains unclear. Consequently, this cell 

type in most regenerates has received little attention.

As part of the present study, we have documented the reactions of the radial 

astrocyte population following a transection injury to the spinal cord. The organisation 

of the radial astrocytic structure in the eel (see chapter 2), which is typical of other 

anamniote vertebrates (Bodega et al., 1994), comprises a single cell type that is radially 

oriented. This simple arrangement is in sharp contrast to the mammalian spinal cord 

where astrocytes are interspersed between the neuronal cell soma in the grey matter 

(protoplasmic astrocytes), and between myelinated tracts in the white matter (fibrous 

astrocytes), and produce a complex lattice-work of cells. In the eel, therefore, damage 

or alteration to the radial structure in the spinal cord, as a result of the injury can be 

easily identified and mapped, allowing a detailed examination of the cellular alterations 

to be made.

Although numerous molecular and immunohistochemical studies on the 

mammalian nervous system have documented the alteration in the levels of factors such 

as cytokines (e.g Interlukin-1, Takamiya et al., 1986; Interlukin-6), growth factors 

including NGF, bFGF, CNTF (Aubert et al., 1995; Szele et al., 1995), and recognition 

molecules (e.g. PSA-NCAM and APP, Ruttishauser and Landmesser, 1996), these 

molecules are not exclusive to reactive astrocytes and are expressed in others as well. 

The most common specific markers used in the detection of reactive astrocytes relate to
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the changes in intermediate filament composition. Markers to the glial fibrillary acidic 

protein (GFAP) have long been the most commonly used (e.g. Sievers et al., 1995; 

Houle and Reier, 1988; Smith et al., 1986) and this intermediate filament is strongly 

upregulated following injury (Eng and Lee, 1995). Vimentin, a protein more commonly 

expressed in developing and immature astrocytes, is also associated with the wound site 

as a result of proliferating and immature cells (Schiffer et al., 1986). Finally, the S-100 

protein, which is associated with intermediate filaments such as GFAP (Bianchi et al., 

1993), is elevated in reactive astrocytes (Miyake et al., 1989) although it is less 

commonly used as a specific marker than GFAP, All three markers have previously 

been utilised and are proven to label specifically the glial response to injury in 

vertebrates, most notably in the optic nerve (e.g. Bignami and Dahl, 1985; Boyes et al., 

1986).

As in chapters 2 and 5 we have combined here light and electron microscopy 

with an immunohistochemical study using antisera to GFAP, S-100 and vimentin in 

order to determine the astrocytic reaction to injury. In the past, many of the 

investigative approaches used in anamniotes have utilised only one method to determine 

the astrocytic reaction, for example immunohistochemistry (e.g. Cohen et al., 1993) or 

light and electron microscopy (e.g. Reier and Webster, 1974) and, as a result, combined 

studies are rare (but see Blaugrund et al., 1993). Our aim in the present study has been 

twofold: (a) to detect the role of the radial astrocyte in the colonisation of the newly 

forming bridge region, and (b) to determine if there is an alteration to the radial 

astrocyte structure in the spinal stumps as a result of the injury.
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«.2 Materials and Methods
Animals

This study is based on 34 European eels, Anguilla anguilla L , in a non migratory 

immature stage of their Hfe cycle.

Surgery

For surgery, each eel was treated according to the operational procedures outlined in 

chapter 4. In brief each animal was anaesthetised by immersion in 0.3g/l MS-222 

(Sigma) and further by a subcutaneous injection of 0.1ml alphaxalone ("Saffan" Pitman- 

Moore) subcutaneously. Cooling on ice provided additional anaesthesia. The spinal 

cord was exposed and transected using fine micro-scissors at the region of the 4̂^̂ 

segment caudal to the anus. Following surgery, animals were placed in separate 

holding tanks.

Tissue Preparation

For histological investigation, each animal was treated according to the methods 

described in chapter 2. In brief, each animal was anaesthetised initially by immersion in 

0.3mg/l MS-222 and further by a subcutaneous injection of 0.3ml alphaxalone (‘Saffan’ 

Pitman-Moore). To prevent blood clotting, 0.2ml heparin sodium (Leo Laboratories) 

was also given subcutaneously. The perfusion procedure consisted of a primary flush 

of Ringer's solution (with 0.1% procaine (Sigma) for further anaesthesia) through the 

heart followed by the fixative. Two fixative solutions were used (a) 4% 

paraformaldehyde in O.IM phosphate buffer (PB) pH adjusted to 7.4, for 

immunohistochemical investigation and (b) 2% paraformaldehyde, 1.25%

glutaraldehyde in O.IM phosphate buffer (PB), pH adjusted to 7.4, for electron 

microscopy. Following perfusion, the region of the spinal cord containing the injury 

and portions immediately rostral and caudal, were dissected from the spinal column and

post-fixed in the same fixative at 4°C for a maximum of 3 hours.

I-ight Microscopy

Following postfixation, the spinal cords were prepared as described in chapter 2. 

However, tissue from 16 and 20 days post-transection were cryosectioned to produce 

20)am thick transverse sections. For this the tissue was cryoprotected in 30% sucrose
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solution overnight at 4®C prior to sectioning. All tissue was processed for rabbit anti- 

goldfish GFAP (generous gift from Dr. S. N. Nona), S-100 rabbit anti-bovine (Dako) 

and vimentin mouse monoclonal (Dako) antibody. For visualisation the avidin-biotin 

method (ABC kit, Vector) was used with (0.05%) 3,3’-diaminobenzidine (DAB, Sigma) 

as chromogen.

Electron Microscopy

The tissue was processed for electron microscopy according to the procedure described 

in chapter 2. Sections were cut both for light (l.Sjxm) and electron microscopy 

(-500A). All images were downloaded, analysed and formatted on a Macintosh G3 

computer using Adobe PhotoShop 5. Reconstructions from serial sections (60|im apart) 

of the regenerating spinal cord and central canal were produced according to the 

methods described in chapter 3.
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Results
Light microscopy

Because of the extensive degeneration in the rostral and caudal stumps at day 4, radial 

astrocytes are absent from the stumps up to approximately 0.9 mm rostrally and 1 mm 

caudally. Furthermore, there is a notable absence of astrocytic soma structures and 

radial profiles (Fig. 8.1a) in these regions. Degenerative events extend even further into 

the stumps, but the radial astrocytic organisation was retained amidst other degenerating 

profiles, such as axons and their associated myelin sheaths, most notably in the ventral 

portions of the stumps (Fig. 8.1a, b). Further distal to the cut surfaces, radial profiles 

become predominant in all regions of the cord although they are frequently absent 

dorsally and laterally (fig. 8.1b). By approximately 0.9 mm from the cut surface, a full 

radial complement is present in both stumps (Fig. 8.1c). By days 6 (Fig. 8.2a) and 8 

(Fig. 8.2b) the glial structure in the stumps continues to degenerate. In both figures it 

can be seen that the dorsal and lateral glial tracts become increasingly absent from large 

portions of the stumps while the best preserved are those of the ventral projecting glia 

that surround the large myelinated axonal tracts close to the ventral pial surface.

GFAP-labelling of the lesioned spinal cord at days 4 and 6 is enhanced and 

particularly pronounced indicates a pronounced close to the cut surface (Fig. 8.2c). A 

small number of longitudinally aligned immunopositive fibres was also found in this 

region. The gap produced by the retraction of the cord, filled with an extensive blood 

clot, was GFAP-ve for all days.

At day 8, GFAP+ve profiles are present in the wound close to the cut surface of 

the stumps, and consist of thin longitudinally orientated immunopositive fibres 

originating from the stumps and extending short distances into the developing bridge 

(Fig. 8.3a); those that extend the furthest are close to the periphery. In the stumps, 

GFAP+ve labelling is characterised by an intense staining on both sides of the central 

canal that correspond to the glial horns and radial processes. In conjunction with the 

increase in labelling, the normal radial organisation begins to disappear while 

longitudinally orientated profiles become prominent (Fig. 8.3b), although the radial 

organisation of GFAP+ve profiles are still evident in the stumps (see Fig 8.3c). By day 

12 fiirther infiltration of GFAP+ve processes continue and, as with those found at day 8, 

they are thin and elongate. The extension of processes appears to develop mainly from 

the central regions of the stumps as ‘cone-shaped’ projection that is most notable
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Figure 8.1a, b, c. Photomicrographs o f the radial astrocyte organisation in the caudal stump 4 days (b) following injury. In regions o f the stumps adjacent to the 
cut surface (a) the radial atrocytic structure is absent. In regions further away from the cut surface, portions of the astrocytic organisation are found most 
notably in ventral positions (arrows). Approximately 0.9 mm from the cut surface (c) a full complement o f profiles similar to those in uninjured cord are found 
(arrows). Scale bar (a) and (c) = 200 microns, (b) = 100 microns.



Figure 8.2a, b, c. Photomicrographs o f the spinal stumps at days 6 (a) and 8 (b). In (a) note the extensive degeneration in the stump and the absence of radial 
astrocytes save for the ventral projecting processes (arrows). At day 8 (b), in the caudal stump 0.8 mm from the bridge note the absence of the ventro-lateral 
tract and the disorganised nature of the smaller profiles (arrows). In (c) labelling for the glial fibrillary acidic protein illustrates a strong labelling pattern in the 
spinal stumps at day 8 (arrows) particularly those regions close to the cut surface. Ls = lesion site. Scale bar = 100 microns .



Figure 8.3a, b, c. Day 8. The photomicrograph o f the rostral stump in (a) illustrates the 
different orientations of GFAP+ve processes that are found in the spinal stumps at this 
stage. Withgreater magnification in (b; from box in (a)) the immunopositive processes 
are aligned longitudinally (arrows) while in (c; from box in (a)) a radial organisation is 
still present, although disorganised (arrows). Scale bar (a) = 100 microns, (b) and 
(c) = 50 microns.



in the caudal stump (Fig. 8.4a, b). In the stumps, the radial organisation of GFAP+ve 

structures continues to change from the characteristic radial to a predominantly 

longitudinal orientation (Fig 8.4a, b). Similarly, a gradient of GFAP+ve labelling is 

evident in the stumps and the wound site with the strongest staining occurring in those 

regions close to the bridge, including those processes invading the wound site, and 

gradually decrease in regions of the stumps and uninjured cord distal to the bridge (Fig. 

8.4a, b).

SHghtly later at day 16, horizontal and transverse sections suggest that most of 

the wound site is infiltrated by GFAP+ve processes arising from the rostral and caudal 

stumps, with a trend for a greater investment of GFAP+ve profiles from the rostral cord 

(Fig 8.5a). The positions of GFAP+ve fibres suggest that a greater migration of 

immunopositive profiles occur into the dorsal portions of the bridge close to the central 

canal. In more ventral portions of the bridge, few immunopositive profiles are found 

(Fig. 8.5b). Processes in the bridge in general appear to be thinner to those in the 

stumps. In transverse section, an erratic organisation of GFAP+ve fibres is also seen in 

medial regions, while laterally, the bridge contains immunopositive profiles that possess 

a dorso-ventral orientation and extend into the homs, terminating close to the lateral and 

dorsal edges (Fig 8.5,c). By day 20, however, GFAP+ve profiles seen in transverse 

section indicate that the randomly aligned organisation has begun to be replaced by a 

more radial orientation as can be seen by the development of radial processes 

originating from the ependymal layers surrounding the enlarged central canal, 

particularly ventrally (see Fig. 8.6b). Toludine blue stained sections reveals a ‘mosaic’ 

patterning of processes that could be found in all portions of the bridge (Fig. 8.6c, d) 

and occasionally, tanycytic processes were found to extend from the developing central 

canal and project ventrally. In the spinal stumps, the semithin sections and GFAP+ve 

material show that the radial astrocytic structure continues to alter and the typical 

organisation found in uninjured cord is absent in progressively more distal stump 

regions.

By day 26 the reorganisation of immunopositive profiles continues in the bridge 

and stumps with many of the GFAP+ve processes now orientating into straight 

longitudinally directed paths with little deviation (Fig. 8.7). This was most notable
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Figure 8.4a, b. GFAP+ve profiles extending into the bridge 12 days following injury. In regions 
placed more dorsally (a) a 'cone-shaped' extension of processes occurs (arrows) however in 
regions placed more ventrally (b) a greater influx of profiles can be seen (arrows). Br = bridge, 
Ros =rostral, Cau = caudal. Scale bar = 200 microns.



Figure 8.5a, b. GFAP+ve profiles in the bridge 16 days following injury. In (a) note the presence 
of immunopositive profiles in all regions of the bridge (arrows). In (b) corresponding to more 
ventral portions o f the bridge, regions remain where no GFAP+ve profiles are found (arrowheads). 
In transverse section (c) immunopositive profiles are found throughout the bridge but note the 
greater labelling in more dorsal regions that show the extension o f long processess into the 
developing neural homs (inset; arrows). Central canal = (*). Rostral = Ros, Caudal = Cau.
Scale bar = 200 microns.



Figure 8.6a, b. Day 20. In transverse section GFAP labelling illustrates the reorganisation o f the 
glial profiles to a more radial structure. At higher magnification (b) this can be seen (arrows) and 
also the presence o f knots o f intensely labelled profiles (arrowheads). In (c) toludine blue stained 
tissue, long cellular processes are also found in the bridge (d; arrows). Scale bar (a) an (c) = 200 
microns, (b) and (d) = 50 microns.



ventrally and laterally where many of the immunopositive fibres align parallel to each 

other. In regions close to the central canal, GFAP+ve profiles still possess a 

disorganised structure, although, they are fewer in number than at earlier stages of 

recovery. Weakly labelled GFAP+ve radial profiles apposing the lumen of the canal 

extend single long immunopositive processes into the cord. As with earlier survival 

times the enhanced labelling in the rostral and caudal stumps is still present, although, 

there is now a markedly reduced level of GFAP+ve labelling of profiles in the bridge.

Semithin sections of the bridge at day 54 (Fig. 8.8) further illustrate the 

reorganisation of the glial processes as a predominantly radial pattern arising from the 

cell layers surrounding the central canal and extending towards the meningeal surface of 

the cord in all directions, although processes of undetermined origin are still present that 

contribute to the ‘mosaic’ patterning. In the spinal stumps, where the radial astrocytic 

structure had been severely disrupted, a similar radial reorganisation is also found. 

GFAP labelling of the stumps for days 70 (Fig. 8.9) and 175 (Fig. 8.10), shows a radial, 

central canal-derived orientation (tanycytes) indicating that the rostral and caudal 

portions of the stumps have undergone a glial reorganisation (Fig. 8.9, 8.10). 

Furthermore, many processes extend from this region into the bridge from both sides, 

and consequently, the normal radial astrocytic structure is absent from large portions of 

the stumps and only become evident in more distal regions of the cord (Fig. 8.1 la,b). 

While the glial organisation in the bridge is dominated by the large number of 

GFAP+ve tanycytic processes, longitudinally aligned radial astrocytic processes are 

present and generally locahsed to the periphery of the bridge (Fig. 8.9, 8.10).

The intense GFAP+ve labelling in the bridge for days 70 and 175 is similar to 

that of day 26, with a weaker labelling of processes compared to the rostral and caudal 

stumps. The thin, longitudinal oriented fibres are more strongly labelled compared to 

the weaker labelled tanycytic processes.
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Figure 8.7. Day 26 saggital view. In both (a) and (b) note the presence o f elongate 
immunopositive fibres that enter the bridge in parallel arrays. In (a) which is placed more 
lateral regions of the bridge note the extensive labeling o f profiles that are primarily 
elongate in structure (arrowheads). In regions close to the enlarged central canal in (b) note 
the disorganised profiles (arrows) while at the periphery parallel elongate profiles 
predominate (arrowheads). Be = Remnants o f the blood clot. Scale bar = 100 microns.

Figure 8.8. Toludine blue stained section of the bridge 54 days following injury. Note the long 
processes of undetermined origin in the bridge (arrows) that produce the 'mosaic' patterning 
found in the cord. Scale bar = 20 microns.



Figure 8.9a, b. Saggital sections of GFAP+ve profiles in the bridge 70 days following injury. 
In (a) close to the periphery, long immunopositive proflies are present (arrows). In (b) close 
to the central canal note the radial processes of tanycytes (arrows) and the sparse distribution 
of elongate profiles entering the bridge. Scale bar = 200 microns.

(a)

r t

Figure 8.10a, b. Day 175. In (a) note the continual presence o f the elongate profiles at the 
periphery (arrows). In (b) the increase in the number o f tanycytic processses radiating from 
the central canal displace the radial astrocytic profiles. Scale bar = 200 microns.



Figure 8.1 la, b. Day 200. Toludine blue stained sections of the spinal stumps. In (a) corresponding 
to approximetely 0.95 mm from the centre of the bridge note the ventrolateral tracts (arrowheads) 
which are displaced from their normal position and the absence of many o f the smaller radiating 
tracts. In (b) which is approximately 1.32 mm from the bridge centre note that the glial organisation 
is still disrupted particularly dorsally (*), but many radial processes are now present (arrows).
Scale bar = 100 microns.

Figure 8.12. S-100 labelling in the rostral spinal stump 6 days following injury. Note the intense 
labelling in the spinal stumps, particularly those regions surrounding the central canal (arrows). 
Scale bar = 200 microns.



S-100

During the initial stages of recovery the labelling of the bridge and stumps for S-100 

mirrored that for GFAP, but, at later stages staining of the astrocytic structure is greatly 

reduced and fails to label the longitudinal processes entering the bridge from the 

stumps. Labelling of the spinal stumps and the gap produced by the insult (now filled 

with a blood clot) by days 6 and 8 indicate a labelling regime that is similar to that of 

GFAP. At these short survival times, the proximal portions of the stumps and a thick 

band corresponding to the glial horns on both sides of the canal (Fig. 8.12) stain 

intensely. At later stages of recovery (days 14-20), however, labelling for this antibody 

decreases in the stumps and bridge, being limited to the ependyma and radial tanycytes.

Vimentin

Labelling for all days examined (8, 10, 12, and 26) with antisera to vimentin failed to 

stain astrocytic profiles in the stumps or the bridge (typified in Fig. 8.13) that 

correspond to radial astrocytic soma and associated cellular processes. The ependyma 

however, in the bridge and the stumps did label intensely, indicating that it was not a 

failure of the antiserum to recognise the protein in the regenerating tissue.

Electron microscopy

The electron micrographs showed that the bridge consisted of numerous processes that 

interweaved between the axonal profiles (Fig. 8.14) which in some instances, appeared 

to isolate the axons into discrete fasicles. Many of these processes contained numerous 

bundles of filaments of the intermediate type and were often joined together to produce 

larger tracts that extended to the periphery of the bridge to produce a large 

submeningeal area. However, it was impossible to confirm whether these profiles were 

of radial astrocytic origin since a similar staining pattern was found for the tanycytic 

processes.
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Figure 8.13, Vimentin labelling o f the bridge 12 days fllowing injury, note the labelling that is 
specific to the epemdymal layers (arrows) with no other profiles outside this region being labelled. 
Scale bar = 200 microns.
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Figure 8.14. Electron micrograph of small glial tracts (arrows) in the spinal cord 54 days 
following injury. Note how both processes divide the surrounding axons into a small fasicle 
(Fas).



S.4 Discussion

The results from the present study suggest that the radial astrocytic network of the 

normal spinal cord contribute to the formation of the regenerating bridge by providing 

longitudinally oriented cell processes that extend from the stump regions into the 

wound (see Fig. 8.15). We have recognised two zones, namely the bridge and the 

spinal stumps where the glial organisation alters in reaction to the transection injury. 

Others have also been able to recognise different regions around the wound site, 

characterised by different glial organisation. For example, Bernstein and Bernstein 

(1967) noted three zones in the regenerating goldfish spinal cord; Anderson et al. (1984) 

distinguished two regions in the regenerating Sternachus spinal cord; and in the 

regenerating goldfish spinal cord, Bignami et al., (1974) separated the scar from a 

region of gliosis in both stumps.

The astrocytic contribution to the bridge

The macroglial contribution to the regeneration of anamniote CNS has previously been 

described in terms of ependymal (e.g. Simpson and Duffy, 1994) and ependymal-glial 

(e.g. Blaugrund et al., 1993) infiltration of the lesion site. In the amphibian and reptilian 

tail regenerates, the ependyma surrounding the enlarged central canal forms spaces in 

the lesion site before axons regrow, but in fish, ependymocytes and axons colonise the 

lesion site at approximately the same time (Anderson and Waxman, 1983a). In the 

present study, it was found that with time, the astrocytic structure becomes prominent in 

the bridge and forms what we have termed a ’mosaic’ pattern. Such astrocytic inclusion 

in the lesion site, although noted for the lamprey (Wood and Cohen, 1981) and goldfish 

(Bernstein and Bernstein, 1967; 1969), has been most studied in the optic nerve, where 

regrowing axons in particular regions close to the regenerating nerve stumps are 

enveloped by glial processes (e.g. Reier, 1979; Blaugrund et al., 1993; Rungger-Brandle 

etal., 1995).
The mosaic patterning was found by day 20 and was considered to reflect the 

organisation of the mainly radial astrocytic profiles in the bridge as found with GFAP 

labelling. While this organisation remained prominent in the bridge at later stages, it 

also began to reorganise, from a random feltwork of processes, with some random 

orientations to principally longitudinally aligned pathways. A similar graded

247



Rostral Caudal
(a)

® 00<£i=s»-

(b)

(d)

Figure 8.15. Diagrammatic representation of the radial astrocytic reaction following injury at days 
8 (a), 16 (b), 26 (c) and 70 (d). Note the redirection of the astrocytic processes into the bridge. By 
day 70, radial astrocytic processes are superseded by tanycytes as the major glial component of the 
bridge.



organisation of astrocytes has been noted in the regenerating optic nerve (e.g. Bohn et 

al., 1982).

Do cells migrate?

Evidence of glial cell migration into the developing bridge was lacking in the present 

study and therefore the infiltration of astrocytic cell bodies probably fails to occur. 

Instead, it is the cell processes fi-om astrocytes in both stumps that move into the bridge 

to form an intricate meshwork of glial processes that give rise to the mosaic patterning. 

Lurie et al. (1994) in an immunohistochemical study of the regenerating lamprey spinal 

cord noted longitudinally aligned astrocytic processes in the lesion site, and this is in 

agreement with the electron microscopic study of Wood and Cohen (1981). Similarly, 

no cell bodies of astrocytes were observed in the wound region of the regenerating 

goldfish spinal cord (Bignami et al., 1974; Nona and Stafford, 1995). It appears 

therefore, that the regrowth of axonal profiles is not dependent on the migration of 

macroglial cells into the lesion site during the early stages of recovery.

Which comes first; axons or astrocytes?

The question as to which cell type makes the ‘first step’ into the lesion site has intrigued 

researchers working on the various model systems where regeneration is possible. The 

present study illustrates that radial astrocytes, according to their GFAP 

immunoreactivity do not enter the lesion site until approximately day 12 and do not 

colonise the bridge until day 16. Since a bridge of regenerating material is present at 

this stage, it suggests that this cell type is not integral to bridge formation. Similar 

‘late’ entry of astrocytic processes has been noted in other studies. Bignami et al. 

(1974) for example, did not observe the regrowth of astrocytes into the bridge of the 

regenerating goldfish spinal cord, although they observed longitudinally oriented 

processes in the bridge at later stages of recovery. In a similar study, Anderson et al. 

(1984) also did not see any initial reactions of the astrocytic population to injury. 

Recently Nona and Stafford (1995) found that the glial complement trailed the 

regrowing axonal profiles into the lesion site and Stensaas (1983) suggested that 

astrocytic processes lagged the regrowth of axons into the regenerating goldfish spinal 

cord.
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The origin o f pathways

From the combined light microscopical results of GFAP and toludine blue stained 

semithin sections we propose that an alteration of the radial astrocytic structure in the 

rostral and caudal stumps gives rise to the glial organisation in the bridge through the 

extension of long cytoplasmic processes into the bridge. Lurie and co-v^orkers (1994) 

also documented the alteration of the radial glial structure into longitudinal profiles that 

extended into the lesion site in the regenerating lamprey cord.

The use of 50|iim thick Vibratome sections in the present study allowed several 

astrocytic profiles to be mapped from the stumps into the bridge. With this said, it must 

be clarified that although immunopositive profiles could be traced in the stumps and 

bridge, the points of origin, namely the cell body, did not label. This in itself is not 

surprising as it is well known that glial fibrillary acidic protein frequently fails to label 

the cell soma (see chapter 5, Lindsay, 1986; Malhotra et al., 1990).

As longitudinal processes enter the bridge from the stumps, the radial 

organisation in more distal portions of the stumps begins to change orientation. Over 

extended survival times more and more radial profiles acquire a longitudinal orientation 

that is well characterised by day 26 (see Fig 8.7). The mechanism responsible for this 

changed orientation of the radial astrocytes in the stumps is unknown at the present 

time.

In mammals the astrocytic reaction is typified by activation of (a) astrocytes 

close to the wound region, termed proximal isomorphic astrocytes and (b) astrocytes in 

regions more distal to the lesion site, termed distal anisomorphic astrocytes, that are 

affected indirectly by the injury (e.g. Malhotra et al., 1993; Chauvet et al., 1997). But 

in comparison to mammals where both the proximal (close to or at the lesion site) and 

distal (some distance from the lesion site) reactions occur approximately at the same 

time, in the eel the alteration in structure in the spinal stumps is represented by a slow 

continuous retrograde alteration of the radial structure beginning in those regions close 

to the cut surface and then moving further into the stump. The loss of the glial horns 

and the radial processes in favour of an ependymal-derived radial tanycytic structure 

surrounding the enlarged central canal at extended recovery times typify this reaction. 

Therefore, the morphological changes in astrocytic structure occur not only following 

the initial insult, but also over extended periods. The upregulation of GFAP is a
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characteristic feature of reactive astrocytes in mammals, but the intense labelling to this 

intermediate filament occurred in both normal and regenerating eel cord.

Hyperplasia o f radial astrocytes in the regenerating cord?

Hyperplasia is a well-documented characteristic of reactive astrocytes in the 

mammalian CNS and the proliferating cells contribute to the resulting glial scar. In the 

anamniote regenerate, ependymal proliferation is well characterised and documented in 

the literature (Anderson and Waxman, 1983a; Simpson and Duffy, 1994). However, 

the proliferative ability of the radial astrocyte population, has not been well 

characterised following injury to the spinal cord. In the present study, it was found 

using the three markers to the common intermediate filament proteins, GFAP, vimentin 

and S-100, that there does not appear to be a significant hyperplasic event (if at all) in 

the bridge and spinal stumps. Although the glial fibrillary acidic protein is well 

characterised in astrocytes of all classes of vertebrate, it is well known that this protein 

is more commonly found in cytoplasmic processes and frequently fails to highlight the 

cell soma (the present study, chapter 5, Privat and Rataboul, 1986; Reier, 1986) and 

therefore is not a good marker for highlighting the cell body. The markers to the 

vimentin and S-100 proteins which are known to be upregulated in cells following 

injury can be localised to the cytoplasm of the cell body (Malhotra et al., 1990; Ridet et 

al., 1997). The labelling pattern for both markers in the present study failed to highlight 

somal structures in the bridge and the stump regions. The S-100 protein which labels 

the ependymal layers surrounding the central canal and glial homs (corresponding to the 

cell soma of radial astrocytes) in the normal cord failed to label structures that could be 

interpreted as cell bodies and although intense staining of the glial organisation of the 

spinal stumps occurred during the early stages of recovery, at later stages labelling for 

this protein decreased to such a level that only a weak labelling product could be 

detected in the ependymal layers surrounding the enlarged central canal. The labelling 

regime for vimentin followed a similar pattem, with no labelling of profiles in the 

stumps and the intense staining was isolated to the ependymal layers surrounding the 

enlarged central canal in the bridge. No cellular structures could be identified outside 

this intensely labelling region in the stumps or bridge. Although the labelling 

characteristics of the S-100 protein is capricious, particularly in mammals and can label 

other cell types such as oligodendroglia (Cocchia, 1981), the labelling pattem for 

vimentin protein in both mature and immature astrocytes is well characterised. 

Transient increased levels of this protein in mammalian astrocytes with a corresponding

251



low level of GFAP expression is characteristic of developing and immature cells 

(Pixley and de Vellis, 1984; Oudega and Marani, 1991; Elmquist et aL, 1994) and 

reactive astrocytes in the lesion CNS. Takamiya et al. (1988) used a combined ^H- 

thymidine, GFAP and vimentin study found that all three markers were expressed in 

reactive astrocytes, suggesting that the transient expression of vimentin is localised to, 

and only occurs in, astrocytes that proliferate in response to injury. Schiffer et al. 

(1986) noted an approximate 10% of proximal and distal astrocytes expressed vimentin 

suggesting that only a subset of cells proliferate in response to the injury, whether these 

cells are mature astrocytes that possess the ability to dedifferentiate (Malhotra and 

Shnitka, 1994), or are glial precursor cells similar to those found in the lateral ventricle 

of the rodent brain (Doetsch et al., 1997; Peretto et al., 1997) or even from 

undifferentiated stem cells that are known to be present in the rodent CNS (see Gage et 

al., 1995; Weiss et al., 1996b for reviews) remains to be verified. It is interesting to 

note that vimentin labelling is not detected following discrete axotomy induced injuries 

(Tetzlaff et al., 1988; Miyake et al., 1988) where it is known that astrocytes fail to 

proliferate (Davies et al., 1996) following the injury. Migrating reticular astrocytes in 

the regenerating optic nerve of the goldfish (Blaugrund et al., 1993) and the newt 

Triturus (Rungger-Brandle et al., 1995) also label intensely for this protein with a 

corresponding absence of GFAP labelling in the lesion site (Stafford et al., 1990; Nona 

et al., 1992). The upregulation of vimentin expression in the regenerating vertebrate 

CNS therefore is one possible indicator of proliferating cells. The consistent absence of 

vimentin labelling in the bridge and stumps of structures that could be interpreted as 

cell bodies, and the intense labelling for ependymal cells which are known to be 

proliferative and are migratory (see chapter 7, Benraiss et al., 1997), suggests that radial 

astrocytes may not proliferate following injury. Furthermore, these cells presumably 

fail to migrate from the stumps into the bridge. BrdU-labelling of nuclei as seen in 

chapter 5, showed that the majority of labelled profiles were confined to the lumen of 

the enlarged central canal, thus providing fiirther evidence to our theory that this cell 

type fails to proliferate. Evidence form the literature fiirther substantiates this 

hypothesis. For example, Giulian et al. (1985) in a study of optic tract glia following 

transection in the goldfish noted that the number of astroglial cells remained stable 

following injury and suggested that the outgrowth of astrocytic processes rather than the 

proliferation and migration of cells support regrowing axons. A similar finding was 

noted in the regenerating lamprey spinal cord from studies using ^H-thymidine (Lurie et
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al., 1994) and it was proposed that the astrocytic population fail to proliferate following 

transection.

It is prudent to acknowledge the fact that it is possible that astrocytes following 

injury do not utilise the vimentin or S-100 intermediate filament proteins as part of the 

cytoskeleton during the regenerative event. Since relatively little is known of this cell 

type both in vivo and in vitro, it is difficult to determine if the astrocytes express a 

different panel of intermediate proteins during the regenerative event. Cytokeratins, 

and in particular CK-8, CK-18 and CK-19 (Rungger-Brandle et al., 1995) are known to 

be preferentially upregulated in reticular astrocytes in the lesion site of the newt optic 

nerve following crush (Rungger-Brandle et a l, 1995) while GFAP labelling is isolated 

to the stump regions of the nerve during regrowth (Stafford et al., 1990) and only at 

extended survival times are GFAP+ve fibres present in the bridge (e.g. Cohen et al., 

1993).

Gliosis in the regenerating cord?

The literature concerning the activation of astrocytes to become reactive and undergo 

changes to form a glial scar at, or close to, the site of injury is somewhat perplexing. In 

the last five years the criteria used to classify the reactive astrocyte has undergone some 

change and this cell type is now considered to be ‘reactive’ and induce a gliosis, by the 

hypertrophy of the cell body and cellular processes, the upregulation of some 

intermediate proteins such as GFAP and 6.17 (Ridet et al., 1996), M-22 (Chauvet et al., 

1997) and Jl-31 (Malhotra et al., 1993) and of other factors such as cytokines, growth 

factors and recognition molecules (Ridet et al., 1997) while hyperplasia, once a criterion 

for gliosis, now appears not to be essential. Furthermore, the type and extent of the 

gliosis, that is dependent on the nature of the injury such as (e.g. contusion, crush or 

laceration) and the microenvironment of the CNS region that is injured and position in 

relation to the lesion site (Malhotra and Shnitka, 1994; Ridet et al., 1997). Indeed the 

astrocytic response to injury also appears to differ depending on the region of the CNS 

affected. For example, Alonso and Privat (1993) observed differences in the astrocytic 

response in the hypothalamus and forebrain following two types of surgical incision. 

The result is a heterogeneity of astrocytic activation that gives rise to a graded gliosis. 

Traumatic lesions such as transection and crush to X-ray irradiation and effects of 

neurotoxants (e.g. MPTP) and inflammatory demyelinating disorders (e.g. multiple 

sclerosis) frequently induce a strong astrocytic reaction that gives rise to often extensive
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gliosis resulting in the formation of the astroglial scar tissue (Malhotra and Shnitka, 

1994). In contrast, however, small discrete lesions in the CNS, such as axotomy of 

white matter tracts (e.g. Davies et al., 1996) fail to induce a typical astrocytic reaction, 

however axons still fail to cross the lesion site. Therefore, proliferation of astrocytes is 

not a necessary event for ghosis to develop and this reaction can be described in terms 

of the other criteria. In this light, the astrocytic reaction found in the present study can 

described as a gliotic event. Evidence to support such a hypothesis can be seen in the 

spinal stumps during the early stages of recovery. At the times studied (days 4-12) 

there is a progressive alteration of the GFAP+ve radial organisation to a longitudinal 

one, which is suggestive of hj^erplasia. Furthermore, there is a marked increase in 

GFAP and S-100 labelling. In a similar vein the random orientation of immunopositive 

profiles and the dense aggregations in the proximal stumps during the initial stages 

(days 4-8) when profiles begin to make the transition from a radial to longitudinal 

orientation is suggestive of a gliosis in the stumps. In the bridge the patterning between 

days 14 and 26 of immunopositive fibres and the random orientation of the projecting 

fibres into the dorsal horns from the medial portions of the bridge suggest an aberrant 

organisation of astrocytic profiles. Thus, the reactions of the regenerating astrocytes 

initially are similar to the gliosis present in mammalian CNS, however it appears that 

this glial reorientation does not inhibit axonal regrowth. Instead, the GFAP+ve glial 

processes in the stumps and bridge either realign or regress, thus allowing an organised 

parallel array of profiles to develop. In a similar study of the regenerating spinal cord in 

goldfish, Bignami et al. (1974) noted the presence of a ‘fibrous gliosis’ in both stumps 

but not in the lesion site, however, in a later study (Nona and Stafford, 1995) a 

noticeable difference in labelling was not detected. In regenerating Apternotous spinal 

cord (Anderson et al., 1984), increased labelling for GFAP was noted in the transition 

zone between the undamaged cord and the lesion site. Immunohistochemical studies of 

the regenerating optic nerve suggest that a gliosis may also occur following crush injury 

(Levine, 1991) and is typified by an elevated GFAP expression and an increase in the 

number of astrocytic processes in the regenerating tissue. A gliotic event that results in 

the formation of an astrocytic scar can be induced in the goldfish spinal cord by the 

insertion of a Teflon block in the lesion site (Bernstein and Bernstein, 1967, 1969) 

which on removal impeded the regrowth of axons, resulting in their failure to traverse 

the lesion site. In order to induce the permanent glial scar the impeding block remained 

in situ for a considerable length of time (Bernstein and Bernstein, 1969). Taken
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together, the results of the present study coupled with the few other studies of the glial 

reaction in the anamniote CNS suggest that the formation of a scar tissue by astrocytes 

is a difficult process, does not inhibit axonal growth and may even possess considerable 

regenerative powers.

Summary o f main findings

■ Following injury, GFAP labelling increased in the stumps close to the lesion site 

and remained elevated until approximately day 70. Thereafter labelling of profiles 

in the bridge and stumps became homogenous.

■ S-100 labelling, apart fi-om an initial increase in the spinal stumps, became 

negligible in both the stumps and the bridge for all times studied.

■ Vimentin antisera did not label astrocytic structures and was confined to the 

ependymal layers surrounding the canal.

■ Astrocytic processes begin to enter the bridge by day 12 but did not fully colonise it 

until approximately day 16.

■ The astrocytic contribution to the bridge developed fi'om cells within the spinal 

stumps, which reoriented their processes from radial to elongate that then projected 

into the bridge.

■ While structures similar to the glial scar of mammals was found in the bridge in 

some cases, this reaction did not inhibit axonal growth.

■ By day 26 the processes of radial astrocytes organise into parallel arrays 

longitudinally aligned along the rostro-caudal axis in the bridge.

■ With time, the radial astrocytic contribution in the bridge is gradually displaced by 

the development of tanycytes that project their radial processes to the bridge 

periphery (see also chapter 5).
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Chapter 9

Axon regrowth in the regenerating spinal cord
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9.1 Introduction
It is well known that some components of the amniote nervous system, such as the 

peripheral nervous system (Bisby, 1995; Ide, 1996) and components of the olfactory 

nerve/system (Doucette, 1986; Munirathinam et al., 1997, Ramon-Cueto and Avila, 

1998), are capable of encouraging and sustaining axonal regrowth following injury. 

However axons of the central nervous system (CNS), once injured, show a poor ability 

to regrow through the lesion site (Li and Raisman, 1997a; Fawcett and Asher, 1999). 

This inability to regrow can be attributed in part to the inhibitory environment that 

regenerating axons encounter; physically in the form of the fibroglial scar (Lindsay, 

1986; Malhotra et al., 1990) and chemically by the presence of inhibitory molecules 

(Schwab, 1996). In contrast, injured axons of the anamniote CNS, such as in the optic 

nerve (e.g. Bohn et al., 1982; Beazley et al., 1997) and spinal cord (e.g. Sharma et al., 

1993), have been shown to possess considerable regenerative capability even following 

different types of injury, such as crush (e.g. Stafford et al., 1990), amputation (Stensaas, 

1968), ablation (Butler and Ward, 1965; Stensaas, 1983) and transection (Becker et al., 

1997). Moreover, many of the axons that cross the lesion site are capable of 

reconnecting with their original targets and make functional synaptic contacts 

(McClellan, 1988; 1992). In the case of the lamprey it has been proposed that these 

reconnections allow for both functional and behavioural recovery (see Cohen et al., 

1988).

The extent to which axons contribute to the formation of a bridge of 

regenerating material during the early stages of regrowth remains unclear. For example, 

following tail amputation in the newt Triturus (Egar and Singer, 1972; Singer et al., 

1979) and the lizard Anolis (Simpson 1968), axons have been shown to trail behind a 

leading front of ependymal regrowth into the lesion site (Nordlander and Singer, 1978; 

Simpson, 1983), while evidence from other lesioning paradigms suggest that axons are 

among the first elements to form the bridge (Michel and Reier, 1979; Anderson and 

Waxman, 1983a). In exploring this question, we have determined the contribution 

made by regenerating axons to the formation of a new bridge. Furthermore, we have 

endeavoured to determine the time-scale for axonal regrowth through the bridge, the 

appearance of myelin-producing oligodendrocyte cells, and the onset of axon 

myelination in the bridge following injury.
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Previous studies of axonal regrowth have utilised a variety of different 

investigative methods to determine axon regrowth, such as electron microscopy (e.g. 

Bohn et al., 1982; Michel and Reier, 1979), histochemistry (e.g. Bernstein and 

Bernstein, 1969), immunohistochemistry (e.g. Hall et al., 1997) and tracer analysis 

using horseradish peroxidase (HRP) (e.g. Wood and Cohen, 1981; Jacobs et al., 1997/ 

However, many of these studies have employed qualitative analyses on select groups of 

axons. For example, anterograde tracer analysis with horseradish peroxidase (HRP), 

has been used to label selective groups of axons such as the Mauthner neuron, 

particularly in lamprey where this large neuron has been well documented (Lurie and 

Selzer, 1991; Lurie et aL, 1994; Pijak et al., 1996). Retrograde studies have also 

employed HRP labelling (Bosch et al., 2000) as well as other markers (Becker et al., 

1997) to label the nuclei of descending pathways from more rostral regions of the spinal 

cord and brain (Bosch, 1994; Becker et al., 1997). Relatively few studies have 

attempted to label axonal regrowth through the bridge en masse. One reason for this 

has been the lack of appropriate tracers that possess the ability label axons in large 

numbers. Recently it has been shown that a family of fluorescent carbocyanine tracers 

that include Dil and DiO, have the advantage of diffusing in an anterograde fashion 

over long distances through large numbers of axons in whole-mount fixed CNS tissue 

(Godement et al., 1987; Honig and Hume, 1989; Elberger and Honig, 1990; Von 

Bartheld et al., 1990). Use of these dyes has extensive and have been used to trace 

developing and adult neuronal tracts in amniote (e.g. Easter et al., 1993; Fritzsch and 

Nichols, 1993; Hilbig and Schierwagen, 1994) and anamniote (e.g. Wilson and Easter, 

1991a; 1991b; Yoshida et al., 1995) CNS. In the present study, we have utilised Dil 

labelling to determine the extent of axonal recovery through the lesion site at set times 

following injury. In conjunction with this, we have also employed light and electron 

microscopy to determine axonal regrowth through the lesion site before the bridge has 

reconnected both stumps (days 6-8) and the developing bridge (days 10-200), at set 

times following injury.
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9.2 Materials and Methods
Animals

This study is based on 20 eels, 9 prepared for light and electron microscopy, and 11 

utilised for Dil tracing.

Histological Investigation

For histological investigation, each animal was treated according to the methodology 

described in the methods section in chapter 2. In brief, each animal was anaesthetised 

initially by immersion in 0.3mg/l MS-222 and further by a subcutaneous injection of 

0.3ml alphaxalone (Saffan). To prevent blood clotting, 0.2 ml heparin sodium (Leo 

Laboratories) was also given subcutaneously. The perfusion procedure consisted of a 

primary flush of Ringer's solution (with 0.1% procaine for added anaesthesia) through 

the heart followed by the fixative, 2% paraformaldehyde and 1.25% gluteraldehyde in 

O.IM phosphate buffer (PB), pH adjusted to 7.4. Two fixative solutions were used (a) 

4% paraformaldehyde in O.IM phosphate buffer (PB) pH adjusted to 7.4 for Dil tracing 

of axons and (b) 2% paraformaldehyde, 1.25% glutaraldehyde in O.IM phosphate buffer 

(PB), pH adjusted to 7.4 for electron microscopy. Following perfusion, the spinal cord 

was immediately dissected from the spinal column and post-fixed in the same fixative

for a maximum time of 3 hours at 4°C.

DU tracing o f axons

Labelling of axons was performed on perfusion fixed pieces of spinal cord (4% 

paraformaldehyde in O.IM PB; see chapter 5 for more detail). In each case, 

approximately 40-50 mm of the cord, including the bridge, was dissected from the 

vertebral column as shown in figure 10.1a. Small crystals of Dil (l,l'-diotadecyl- 

3,3,3',3'-tetramethylindocarbocyanine perchlorate. Molecular Probes, Oregon) was 

applied to a small cut made in the rostral cord approximately 10 mm rostral to the 

bridge (Fig. 9.1b) and the dye allowed to diffuse through the cord.

In order to avoid leakage and extemal movement of the tracer along the cord 

surface, the whole length of the cord was sealed in 20% molten gelatin, which was then 

allowed to set. The sealed cords were then incubated in 4% paraformaldehyde in O.IM 

PB at 35°C for up to 10 weeks to allow for diffusion of the tracer. Following 

incubation, all cords were sectioned in O.IM PB at 50|im on a Vibratome (series 1000).
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Figure 9.1. Dissection of the spinal cord from the vertebral column (a) and (b) the application 

of Dil crystals to a small incision in the rostral cord up to 10mm from the bridge.

Sections were mounted in Vectashield (Vector) and photographed immediately or 

stored in the dark at 4°C until used. Labelled axons were examined with a Nikon 

Optiphot 2 microscope with fluorescent attachment and using a rhodamine (556nm) 

filter set and photographed with a Polaroid DMC-le digital camera. The resulting 

images were analysed with a Macintosh G3 computer using Adobe PhotoShop 5.

Electron Microscopy

The cord tissue was processed for electron microscopy according to the procedure 

described in chapter 2. Sections were cut for both light (1.5}im) and electron 

microscopy (500A). All images were downloaded, analysed and formatted on a 

Macintosh G3 computer using Adobe PhotoShop 5. Qualitative and quantitative 

descriptions of regrowing axons were obtained for (a) the region at the cut surface of 

the rostral cord-lesion site border for days 6 and 8 and (b) the middle of the bridge, 

determined from reconstructions of the bridge from serial light microscopic sections, for 

days 8, 10, 20, 54, 144 and 200. For all cords, axonal profiles were surveyed from
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random regions of the dorsal, lateral and ventral portions of the bridge in cross section 

and then photographed at varying magnifications from 6-40,000 for unmyelinated 

profiles and 1-10,000 for myelinated axons (see Fig. 9.2). It is worthy to note that the 

regions sampled and numbers measured are only representative of a small portion of 

either the undamaged cord or the regenerating bridge and are not a true representation 

of the total number of myelinated and unmyelinated axonal profiles present. Contact 

prints from plate negatives were fiirther enlarged by 400% on a photocopier and axonal 

profiles identified from characteristic morphological criteria (Peters et al., 1991). 

Quantitative measurements of cross sectional area were made from the photocopies via 

a digitising tablet connected to a Macintosh Performa 630 using the MacStereology 

program (version 1.01), and analysed using Microsoft Excel 5 and Cricket Graph 

(version 1.3).

Analysis

In order to determine the rate and extent of myelination of axons in the bridge, we have 

utilised the G-ratio, first proposed by Rushton (1951), which has been shown to provide 

an accurate prediction of the optimal myelin thickness in the uninjured CNS (Waxman 

and Bennett, 1972). This value, which is the ratio of axon diameter to total diameter 

(axon and myelin sheath; see Fig. 9.3), is optimally 0.66 in the mammalian CNS. In the 

eel, the G-ratio was obtained for myelinated axons in the uninjured spinal cord, and for 

days 54, 144 and 200 following surgery.

Estimates of total axon number were obtained from randomly selected electron 

photomicrographs of the uninjured cord and the regenerating bridge for days 54, 144 

and 200. For each time studied, an average axonal density per lOOOjam̂  was calculated 

and a total axonal number estimated from the cross sectional area of neural material in 

the bridge.
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Figure 9.2a, b. Overview of the method used to measure myehnated and unmyelinated axons in 

(a) the uninjured spinal cord and (b) the regenerating bridge. The boxes denote that 

measurements were taken from all regions of the cord/bridge to account for the heterogeneity in 

axon size. The inset from (b) illustrates a typical group of axons encountered and the method of 

measurement using Macstereology.

Figure 9.3. Determination of the G-ratio as proposed by Rushton (1951). This ratio is 

represented as the axon diameter {d) divided by the total fibre diameter {D).
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9.3 Results
Four days following injury the spinal stumps are dominated by extensive degeneration of 

axons and myelin, extending up to at least 1.8 mm rostrally and 2mm caudally (Fig 9.4a); 

by day 6 it can be found up to 2.2mm into both stumps. Myelin debris was particularly 

evident in the ventral portions of the cord (Fig 9.4a). By day 6, unmyelinated axonal 

profiles are found in the more dorsal portions of the stumps extending into the lesion site 

(Fig. 9.4b), where they are found either singly or as small clusters, interspersed between 

and often in close proximity to, the fibroblasts of the developing blood clot/scar tissue (see 

Fig. 9.5). Junctional complexes, either between profiles or with other cell types, were not 

found. Eight days following injury, Dil-labelled tissue illustrates numerous labelled 

profiles extending fi*om the rostral stump and into the lesion site (Fig. 9.6). The presence of 

axonal profiles in the bridge is also seen at the level of the electron microscope, suggesting 

that regrowing axons produce the first reconnection between both stumps (see Fig. 9.7).

Fig. 9.4a, b. Degenerating axons and myelin sheath in the rostral stumps at days 4 (a) and 6 (b). 
Note the extensive degeneration in all aspects o f the cord (arrows) at day 4 while by day 6 they are 
still present, particularly ventrally. Scale bar = 200 microns.



Figure 9.5a, b. Day 6. Electron micrographs of axonal profiles (A) interspersed between 
fibroblasts (F) and degenerating myelin (myel) at the transition zone between the degenerating 
stumps and the lesion site. M = Macrophages. Scale bar = 5 microns.

Figure 9.6a, b. Day 8. Dil labelling of axons (b, arrows) extending into the bridge. The extent 
of regrowth through the bridge can be seen in (a). Note that few growth cones are labelled in (b). 
Br = the developing bridge. Scale bar (a) = 200 microns, (b) = 50 microns.



Figure 9.7. Day 8. Electron micrograph of axonal profiles (*) in the middle of the lesion site. 
Note their abundance and some of the different components of the blood clot such as 
fibroblasts = Fib, Leucocytes = Leu. Scale bar = 10 microns.



By day 10, numerous axonal profiles are present in the developing bridge. Occasionally 

they carry small projections that range from small bud-type swellings to thin extensions. 

At this stage, long thin cytoplasmic processes can be found surrounding some 

regrowing axons, often producing distinct bundles of profiles that are most recognisable 

by day 20 (Fig. 9.8). Noticeable between axons at this and later stages, is an electron 

dense extracellular matrix surrounding the unmyelinated axons, that demarcates each 

axon from its neighbours. Dil-labelling of axons at day 29 shows that numerous 

profiles have crossed the bridge at this stage and extended up to approximately 0.7- 

1mm into the caudal stumps (Fig. 9.9). These regrowing axons, however, extend into 

regions of the stump that still contain numerous degenerating axonal and myelin 

profiles, most notably in the large ventral tracts (see Fig. 9.10).

At later stages, axons begin to be myelinated, such that by day 54 thin bands of 

myelin can be found surrounding axons, in groups or more usually, singly, with an 

ohgodendrocyte-type cell body often in close proximity (see Fig. 9.11). Tracer 

labelling around this time (day 75) shows that many of the numerous axons crossing the 

bridge have extended up to 1-2 mm caudally into the cord (Fig. 9.12). Both rostral and 

caudal stumps still contain large amounts of myelin debris, which is more obvious 

further into the stumps (Fig. 9.13). Myelination continues to occur in the bridge so that 

by days 144 and 200 a greater proportion of axons are ensheathed (see Fig. 9.14), 

although even at these late stages degenerating myelin can be still found amongst newly 

myelinated axons in the stumps (see Fig. 9.15).
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Figure 9,8. Day 20. Regrowing axons in the bridge (*) Note the presence o f an electron dense 
extracellular matrix surrounding each axon (arrowheads; see inset). Noe the absence of 
oligodendrocytes and myelin at this stage. Scale bar = 5 microns, inset = 1 micron.

Figure 9.9. Day 29. Dil labelled axons (arrows) extending through the caudal cord. Note the 
straight parallel pathways taken by the labelled axons as they extend caudally into both the white 
and grey matter. Note the absence of erratic pathways. Br = denotes the position o f the bridge. 

Scale bar = 200 microns.



Figure 9.10. Degenerating myelin in the spinal stumps 20 days following injury. In (a) 0.85mm 
into the spinal cord from the bridge and (b) 1.8mm into the caudal cord note the extensive 
degeneration o f  myelinated axons (arrows) and regrowing regions in the caudal cord (*) that 
contain regenerating axons. Scale bar = 250 microns.



Figure 9.11. Day 54. Electron micrograph of axonal profiles in the bridge. Note the variation 
in thickness o f the myelin sheath surrounding individual axons, with some profiles possessing 
very thin myelin. Electron dense perikarya, characteristic of oligodendrocytes (Oli), can be 
seen as well as the thin cytoplasmic processes (arrowheads) that continue to segregate axons 
into bundles. Scale bar = 3 microns.

Figure 9.12. Day 77. Dil-labelled profiles traversing the bridge and extending into the caudal 
stump. Note the intense labelling of the bridge that indicate a large growth o f axonal profiles 
through the bridge. Central canal = cc. Scale bar = 200 microns.



Figure 9.13. Photomicrographs o f myelin degeneration in the rostral spinal stump 54 days following injury. Each photomicrograph represented corresponds to 
approximately 1.45 mm (a), 0.95 mm (b), 0.7 mm (c) and 0.4 mm (d) from the centre of the bridge. Although the rostral stump is represented here a similar 
situation is found in the caudal cord. Note that even at this stage of recovery when the spinal stumps contain large numbers of regrowing axons, myelin debris 
is prominent in many regions (arrows). Scale bar = 100 microns.



Quantitative analysis

During the early stages of recovery at days 6 and 8, and in the middle of the bridge at 

days 8, 10 and 20, large axonal profiles such as those seen in figure 9.7 are a prominent 

feature (see Fig. 9.16). We conclude that these profiles are most probably growth cones 

because of their relatively large sizes (Fig 9.17), with many having a cross sectional 

area greater than 5}o,m . Electron microscopy however, did not illustrate any obvious 

intracellular differences between growth cones and axons. As can be seen from figure 

9.17, there is a large variation in the size of these axonal profiles, particularly by day 8, 

both in the rostral cord entering the bridge, and in the middle of the bridge. Since these 

profiles appear in the bridge over a short period of time, namely between days 6 and 20, 

with the greatest influx centred around days 8 and 10, it appears that large numbers 

enter the bridge very quickly and are then followed by smaller numbers up to 

approximately day 54. By this time, relatively few large axonal-type profiles can be 

found in the bridge, with most unmyelinated axons occurring in the range of 1- 3|Lim̂ .

Comparisons between the estimates of the total number of axons in normal cord 

and in the bridge indicate a greater than normal number of axonal profiles are present 

for days 54, 144 and 200 (table 9.2). Furthermore, as the cross sectional area of the 

bridge increases with time, there is a corresponding decrease in axonal density, 

presumably because of the increased myelination in the bridge. In contrast to the 

uninjured cord, the decrease in standard deviation over time suggests that the axonal 

distribution is more uniform in the bridge.

Myelination o f Axons

As seen from figure 9.11, axons in the process of myelination are found in the bridge at 

day 54, but the number of myelinated axons at this stage amounts to only 3% of the 

total number (Fig. 9.18). This value rises to approximately 28% and 21% by days 144 

and 200. However, when divided into size class, it can be seen that myelination is 

taking place in the larger axons (see Fig. 9.19). At day 54, most axonal profiles above 

10|Lim̂  have been myelinated, with all of those above 20|j,m possessing a sheath. Later 

by days 144 and 200, all axonal profiles above 6fim have been myelinated. Although 

some of the smaller ones are also myelinated, values are lower than in the undamaged 

spinal cord, particularly those axons within the l-2|am^ range, with only 2-10% of 

axonal profiles ensheathed by days 144 and 200, compared to 50% in uninjured cord.
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Figure 9.17. Percentage distribution of unmyelinated axonal profiles considered to be growth 

cones (<5|im^) in the rostral cord for days 6 and 8 and the middle of the bridge for days 8, 10, 

20 and 54. Note the large increases in size in cross sectional area at day 8 in both the rostral 

cord and bridge that gradually decreases by day 20 with few being above Ŝ im̂  by day 54.

Uninjured

Cord

Day 54 Day 144 Day 200

Area (xlO f̂im )̂ 400 137 215 311

Density per mm̂  

±SD.

No. Axons

222

±622

75,000

751

±353

103,000

514

±233

110,500

685

±112

213,500

% Increase - 137% 147% 284%

Table 9.2. Estimates of cross sectional area, axon density with standard deviation and total 

axon number in uninjured cord and bridge centre for days 54, 144 and 200. The values suggest 

that there is a supernormal increase in axonal number in the bridge.
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Figure 9.18. Proportion of myelinated axonal profiles in the bridge for the uninjured cord 
(denoted as 0) and for days 20, 54, 144 and 200. Note the absence of myelin in the bridge at day 
20 and the small percentage of axons (3%) that are myelinated by day 54; this increases to 

approximately 28% and 21% by days 144 and 200.
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Size Catagory

Figure 9.19. Axon size in relation to myelination in uninjured cord, and in the bridge for days 20, 54, 144 and 200. Note the presence of myelinated profiles 
in all size categories at day 54, and at later stages the complete myelination of profiles greater than 6\xm̂ ; however, note the lack of myelination of axons with
lower cross sectional area.



layer of myelin. At later stages, however, this ratio increases to 0.83 and 0.80 for days 

144 and 200 respectively, suggesting that myelin thickness is more strongly predicted 

by the axonal size at these times. However, their respective G-values suggests that this 

ensheathment is not optimal (see Fig. 9.21) with values of 0.76 and 0.84 respectively 

compared to 0.71 for myelinated axons in the uninjured cord. T-tests of all G-values 

revealed significant differences between each time analysed (p < 0.0001).
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Figure 9.20. Correlatin of myelin and axonal area for uninjured cord and days 54, 144 and 200 with their corresponding r-squared values. Note the low value 
for day 54, while for days 144 and a 200 a stronger correlation is indicated.



1-1

0 .2 5 -

0
i

54 144 200

Figure 9.21. Plot of G-value ratio for uninjured cord (day 0) and days 54,144 and 200. Note that 
even by days 144 and 200 the sheath thickness is lower compared to the myelin surrounding 
uninjured axons.



9.4 Discussion

The results of the present study demonstrate that following cord transection, axons and 

their growth cones are the first components to enter the lesion site and produce the first 

reconnections between the rostral and caudal stump. Furthermore, we have found that 

reestablishment of neuronal control of the caudal cord occurs in two steps (see figure 

9.22). Firstly, axons and their growth cones migrate into the lesion site between days 6 

and 54, in conjunction with non-neuronal cells, to produce the bridge, with maximal 

numbers being recorded between days 8 and 20. Secondly, myelination of axons takes 

place, but this does not begin until later stages of recovery when many of the axons 

have traversed the bridge. By day 54, only around 3% of the axons in the bridge are 

myelinated but this increases to 30% by day 144.

The finding in the present study that axons and their growth cones comprise the 

first components of the regenerating spinal cord resembles the situation in the 

regenerating optic nerve where, following transection, both in fish {Carassius, Strobel 

and Stuermer, 1994; Hirsch et al., 1995) and amphibians {Xenopus, Bohn et al., 1982), 

growth cones extend into the lesion site in fi*ont of other components such as the glia 

(Strobel and Stuermer, 1994). We have also shown that axons in the lesion site contact a 

variety of other, non-glial substrata, such as fibroblasts and collagen, and this has also 

been reported in the regenerating optic nerve (Hirsch et al., 1995). Following spinal 

cord injury, however, the timeframe for the entry of axons and their growth cones into 

the lesion site, relative to other regenerating elements such as ependyma and glia, is 

somewhat unclear in the literature. This is further complicated by the variable results 

obtained through the use of different lesioning paradigms, such as transection 

{Carassius, Coggeshall et al., 1982; Nona and Stafford, 1995) and amputation {Anolis, 

Simpson, 1968; Trituris, Nordlander and Singer, 1978; Sternachus, Anderson et al., 

1983). In fish, following cord amputation, axons grow into a blastema of regenerating 

tissue in conjunction with ependymal and glial cells {Sternachus, Anderson et al., 1983; 

Anderson and Waxman, 1983a), whereas following transection in Xenopus, as in the 

present study, the leading elements are axons and their growth cones (e.g. Butler and 

Ward, 1965). Nona and Stafford (1995), in a primarily immunohistochemical study in 

goldfish, noted that labelled axons extended further into the lesion site following 

transection than labelled glia, while Butler and Ward (1965) noted that axons were the
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Figure 9.22. Diagrammatic representation of the reestablishment of neuronal continuity. The first 
stage is the extension of axons and their growth cones from the rostral cord by day 6 (a), through 
the lesion site to form the first components of the bridge (day 8) (b) and later by day 20 the 
colonisation of the bridge (c). The second stage occurs by day 54 and is the myelination of axons 
in the lesion site (d).



first components to cross the lesion site following cord ablation in Xenopus tadpoles. 

However, following spinal transection in the same animal, the emergence of axons from 

the cut ends of the cord was concurrent with ependymal outgrowth (Michel and Reier, 

1979). Tail amputation results in a different type of outgrowth than follows transection 

and in the newt, Triturus (Singer et ah, 1979), regrowing axons are guided through 

distinct predefined ‘corridors’ produced by proliferating ependymal cells that migrate in 

front of the axons (Nordlander and Singer., 1978; Singer et a l, 1979). A similar type of 

glial-mediated guidance of regrowing axons was found in the regenerating tail of the 

lizard, Anolis, following amputation (Simpson, 1983; Duffy et al., 1992). In the present 

study glial processes and ependymal cells were not observed at the leading front of 

regrowth in the developing bridge, indicating that axonal outgrowth in the eel is 

independent of the other neural components of the spinal cord.

Timeframe for axonal regrowth

The timeframe for axonal entry into the lesion site in the present study indicates that at 

least some axons are capable of rapid regrowth and begin to project from the rostral 

cord by day 6 such that within two days small numbers of axons have reached the 

caudal cord to form the first elements of the bridge. Thereafter, the numbers increase 

dramatically. Comparisons to axonal growth in other animals are summarised in table 

9.3. Although a variety of different types of lesioning paradigms are included in the 

table, the timeframe for the emergence of axons from regions adjacent to the lesion site 

are similar. As can be seen from the table, the time for the outgrowth of axons 

determined in the present study is similar to that found elsewhere. Differences, 

however, are apparent in the regenerating lamprey spinal cord where axons only extend 

into the lesion site by day 21 and enter the opposite stump by day 28. However, these 

studies (Lurie and Selzer, 1991; Lurie et a l, 1994) were concentrated only on a small 

group of large descending tracts, that include the Muller and Mauthner axons, and they 

may not give a true picture of recovery.

Interestingly, in the amniote CNS when axon regrowth is possible, as in juvenile 

animals (Nicholls and Saunders 1996; Varga et al., 1996), or is encouraged through a 

conditioning lesion (Jacob and Croes, 1998), the time for the appearance of axonal 

profiles is also similar to that found in the different anamniote models (e.g. Reier and 

Webster, 1974; Lowenger and Levine, 1988; Michelle and Reier, 1979). The rapid 

reaction of axons in many animals to injury indicates that at least some are capable of
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Animal Tissue Enter
W ound
(Day)

Reconnect

(D ay)

Reference

Eel Spinal Cord 6 8 The present study

Goldfish Optic Nerve 2-7 - Levine, (1991)

Goldfish Optic Nerve - 8-12

Murray, (1982b); 

Lowenger and Levine, 

(1988); Paschke et al. 

(1992); Strobel and 

Stuermer, (1994)

Goldfish Optic Nerve - 14 Blaugrund et al. (1993)

Lamprey Spinal cord’ 21 28

Lurie and Selzer 

(1991);

Lurie et al. (1994)

Xenopus Optic nerve 5-7 - Bohn et al. (1982)

Xenopus Optic nerve 4-8 -

Reier and Webster 

(1974); 

Rungger-Brandle et al. 

(1995)

Xenopus Spinal Cord 5-7 Michel and Reier 

(1979)

Triturus Spinal

Cord^

4 14 Stensaas (1983)

Opossum

Monodelphis

Spinal Cord 3-5 Nicholls and Saunders 

(1996)

Varga et al. (1996)

Rat Spinal

Cord^

4 Jacob and Croes 

(1998)

Table 9.3. Regrowth of axons into and through the bridge determined from several studies of 

anamniote and amniote optic nerve and spinal cord regeneration. ’ only a specific group of 

axons, the giant reticulospinal axons, were studied,  ̂denotes that cord ablation was used and  ̂a 

conditioning lesion to the adult spinal cord.
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recovering from injury, develop growth cones (see next section), extending rapidly into 

the lesion site and presumably reach, or attempt to reach, their original targets. The 

finding of the present study supports this notion, as by day 8 the first elements of the 

bridge comprise a small group of axons and their growth cones. We have not attempted 

to determine the source of these axons and so it is unknown whether they arise fi’om (a) 

local segmental neurons, (b) intemeurons from other segments of the cord, or (c) some 

of the long descending tracts arising in the brain. No neuronal cell bodies were ever 

found in the bridge for all times studied. Nevertheless, it is likely that many of these 

first ‘pioneer’ axons arise fi*om local sources, since many axons, particularly in the 

larger tracts, are still undergoing degeneration. In the regenerating lizard spinal cord, 

Duffy and colleagues (1992) found that axons firom regions near the spinal injury had a 

high likelihood of growing into and through the lesion, but those fi-om regions that are 

more distal were less likely to extend successfiilly through the lesion site. Furthermore, 

evidence from studies in rat spinal cord has shown that neurons which sustain injury 

closer to the cell body engage in a stronger axonal response to the injury compared to 

neurons which receive an injury more distal to the cell body (e.g. Richardson et al., 

1984). In the eel it is most probable that the source of regrowing axons arise fi-om 

neurons positioned in adjacent uninjured segments and that at least some, if not all of 

the component axons in the bridge at day 8 are of this origin. Bosch et al. (2000), in an 

HRP labelling study in the eel, found that local spinal intemeurons contributed to the 

first wave of regrowing axons.

Why does a small group cross the bridge ahead of all the other regrowing axons? 

Aside fi-om any differences in growth rates between different groups of axons, as shown 

fi*om labelling studies of axons crossing the lesion site (zebra fish, Becker et al., 1997; 

eel, Bosch et al., 2000, Doyle et al., 2000), the initial outgrowth of axons fi-om more 

local regions may act as pathfinders for other axons. Axons with such a fiinction have 

been noted in the developing CNS of different vertebrates (see ten Donkelaar, 2000) 

and pioneer axons may pave the way for more substantial axon regrowth into the lesion 

site following injury. In the goldfish, Lowenger and Levine (1988) noted the passage of 

‘leader axons’, singly or as groups, into the regenerating optic nerve that was then 

followed by a large outgrowth of regenerating axons. Bohn and colleagues (1982) also 

noted a graded entrance of axons into the distal cranial stump of regenerating Xenopus 

larvae and adults. Moreover, it has been shown that injured axons use other regrowing 

axons as preferable growth substrates (Easter et al., 1984; Strobel and Stuermer, 1994)
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and that a molecule expressed by axons following injury mediates growth cone 

elongation along pre-existing axons (Giordano et a l, 1993). These findings suggest that 

the small number of axons in the eel that traverse the lesion site by day 8 may be acting 

as pathfinders for the greater bulk of regrowth that occurs slightly later (days 10-20).

Growth cones

The evidence from Dil-labelhng and the quantitative analysis of axonal profile size 

shows that in the bridge at days 6 and 8 growth cones are larger than regrowing axons. 

These large axonal-type profiles are seen in the bridge until approximately day 20, and 

few are present by day 54, as seen in figure 9.17, suggesting that many axons with 

prominent growth cones cross the bridge very early in the regenerative process.

Ultrastructurally, the growth cones contain numerous mitochondria, a common 

component of growth cones in many animals (e.g. Lurie et al., 1994), and vacuoles of 

varying size, many of which stain intensely. They also contain many neurofilaments, as 

is characteristic of axons and their growth cones in regenerating lamprey spinal cord 

(Lurie et al., 1994) and goldfish optic nerve (Easter et al., 1984; Strobel and Stuermer, 

1994), although the rostro-caudal longitudinal organisation of neurofilaments we have 

found is absent in regenerating lamprey axons which contains filaments arranged 

randomly and in large whorls (Lurie et al., 1994). In goldfish, mRNA expression of the 

neurofilament ON-1 is increased during optic nerve regeneration (Tesser et al., 1986; 

Glasgow et al., 1994). Other components such as actin and myosin and microtubules 

(Jacobs et al., 1997), typical of growth cones in other animals (see general refs), were 

not identified in the growth cones of the regenerating axons in the present study.

The size and shape of the growth cones determined fi*om Dil-labelling and 

electron micrographs are summarised in figure 9.23. In general, all labelled growth 

cones were larger than the parent axon and bulbous to irregular in shape. Similar 

shaped growth cones have been found in the developing fish CNS (e.g. Wilson and 

Easter, 1991b) and regenerating fish optic nerve (Strobel and Stuermer, 1994). It seems 

fi-om figure 9.24 that small axons traverse the bridge at very early stages of recovery, 

although it is possible that some of these very small profiles are filopodia that extend 

from the surfaces of the growth cones, as have been observed in the developing fish 

CNS (Strobel and Stuermer, 1994). Our Dil-labelling, however, failed to reveal any 

such extensions. Moreover, studies using HRP labelling in the regenerating lamprey 

spinal cord also did not show lamellipoda and filopodia associated with growth cones
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Figure 9.23. Diagrammatic representations of the different types of growth cone found in the 

regenerating bridge (a-c). In (a) note the simple elongate shape of the growth cone while in (b) 

and (c) other types, with more irregular shape, were also found. (*) denotes possible filopodial 

extensions from the growth cone.

(Lurie and Selzer, 1991) although in a later study (Lurie et al., 1994), in which 

regenerating giant reticulospinal axons had been iontophoretically filled with HRP, 

occasional small processes extending for short distances were observed. The growth 

cones in the regenerating optic nerve seem to resemble those of lamprey (Lanners and 

Grafstein, 1980), although Strobel and Stuermer (1994) in a HRP study noted the 

presence of filopodia on some regenerating retinal ganglion axons. In mammals, where 

recovery is abortive, injured axons develop growth cones that sport filopodia and 

lamellipoda similar to those found during CNS development (e.g. Li and Raisman, 

1996; Davies et al., 1996) although simple growth cones with few lamellipoda and 

filopodia have been described in myelin-deficient rats (Gocht and Lohler, 1993), and in 

the late developing corticospinal tract of the rat (Gorgels, 1991). It has also been 

demonstrated that the growth cones o f axons that follow predetermined pathways are
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Figure 9.24. Graphical representation of all unmyelinated axonal profiles in normal cord, 
extaiding into the lesion site at days 6 and 8, and in the middle of the bridge at days 8, 10, 20, 
54,144 and 200.

relatively simple in shape, while those that leave pathways or come to decision regions, 

display more elaborate filopodial extensions (e.g. Nordlander and Singer, 1987; 

Kuwada et al., 1990). Dil has its limitations in revealing fine structural detail and it 

proved difficult in the present study to determine if the dye fiilly filled the growth cones 

and small projections, such as filopodia, completely. Possibly, different techniques 

such as intercellular dye filling could settle this issue.

The spatial organisation of regrowing axons in the bridge shown fi*om our Di[ -labelling 

suggests that very little deviation occurs in the pathways taken by axons as they traverse 

the bridge and enter the caudal cord. In the regenerating lamprey spinal cord (Wood and 

Cohen, 1981; Yin et al., 1984; Mackler et al., 1986) up to 96% of the regenerating 

axons also extend through the lesion site in relatively straight pathways (Lurie and 

Selzer, 1991). InterestiQgly, Lurie and Selzer (1991) noted that following



hemisection, where regrowing axons are offered a choice of pathway, either through the 

lesion site or the intact cord, they preferentially grew straight into the lesion site rather 

than turn and grow into the intact spinal cord. Other studies of the regenerating fish 

spinal cord, however, have provided evidence that axons can choose novel pathways 

through the injury site (Bunt and Fill-Moebs, 1984), and Zottoh et al. (1994) even found 

some axons exiting through ventral roots just caudal to the lesion site. Similar aberrant 

pathway formation has been noted following optic nerve injury (e.g. Bohn et al., 1982), 

suggesting a lack of spatial arrangement of axons as they grow through the lesion site 

(Lowenger and Levine, 1988).

Estimates of axon number in the present study suggest that there are more axons 

in the regenerated bridge than in the adjacent normal cord even 200 days after cord 

transection. Increases in the number of axons originating from both supraspinal and 

local neurons were also found in the transition zone between the normal and 

regenerating lizard spinal cord (Duffy et al., 1992). However, in the lizard few axons 

extended through the regenerating portion and into the caudal cord (4-56%) whereas in 

the eel axonal number in the bridge appears to increase with time, suggesting that axons 

do not terminate in the stump regions.

There are two explanations for the increased axon number: axon splitting, or 

novel projections into the caudal cord. Branching of regrowing axons is a common 

occurrence in regenerating systems. For example, in the regenerating lamprey spinal 

cord, axons have been shown with HRP labelling to bifurcate (Lurie et al., 1994) and 

sprout (Wood and Cohen, 1981; Lurie and Selzer, 1991). Sprouting has also been seen 

for regenerating axons in the optic nerve (Stuermer, 1988), and tectum (Schmidt et al., 

1988). Our Dil-labelled material, however, provided no evidence of branching, but of 

course, the branch points may have been located rostral to the labelling site.

Duffy and co-workers (1990), in a study of the regenerating lizard spinal cord, 

noted that up to twice as many neurons projected axons into the regenerating compared 

to normal cord. Furthermore, Bosch and colleagues (2000) in a retrograde HRP 

labelling study of the regenerating eel spinal cord found that no new projections arise 

from supraspinal regions and project into the wound site. Taken together, these results, 

in conjunction with the present study, suggest that if new projections extend into the 

bridge it is likely that they arise from local and projecting intemeurons.
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Axon growth - Caudal Cord

As shown from Dil-labeUing and electron microscopy, regrowing axons rapidly cross 

the lesion site and extend into the caudal cord where they presumably establish 

connections, perhaps with their original targets. As the axons do so, as seen in figures 

9.4 and 9.10 corresponding to the rostral and caudal cord at days 6 and 20, by passing 

through regions where considerable degeneration is still taking place. Therefore, axons 

emerging from the bridge encounter a milieu that is atypical of the normal or 

developing CNS and at some stage, they will invariably encounter degenerating myelin 

debris. Becker and colleagues (1997) observed in the regenerating zebra fish spinal 

cord that many of the regenerating axons tended to pass through the grey matter, where 

there was relatively little myelin debris, and avoid white matter tracts rich in 

degenerating myelin profiles. We noted no such tendency in the regenerating eel cord, 

although we did find a predisposition for growth along the periphery of the cord close to 

the glia limitans and its associated basal lamina (see figure 9.10). These peripheral 

axons were often found to extend the furthest into the cord, indicating that this region 

perhaps supports axonal growth. Similar peripheral axonal regrowth has been noted in 

the regenerating optic nerve (e.g. Lowenger and Levine, 1988) and spinal cord (see 

Stensaas, 1983) while the attractive properties of the glia limitans and basal lamina to 

axonal growth are well recognised (see Powell et al., 1997). Moreover, in the 

regrowing mammalian PNS, axons selectively grow on basal lamina substrates 

(Reichardt and Tomaselh, 1991; see Bisby, 1995 for review).

Retinal ganglion cell (RGC’s) axons in the regenerating optic nerve of the 

goldfish have been shown to contact various structures including degenerating myelin 

sheaths (Strobel and Stuermer, 1994) indicating that myelin in the fish CNS may not be 

inhibitory to regrowth. While this may be so in vivo, co-culture studies in vitro suggest 

that fish myelin does share some attributes of mammalian myelin which is known to be 

inhibitory to axonal growth. For example, low levels of immunoreactivity for the 

antibody IN-1, which specifically recognises one axon inhibitor, Nogo (Chen et al., 

2000), in the mammalian CNS (Schwab et al., 1993), have been detected in the goldfish 

optic nerve (Wanner et al., 1995). Furthermore co-cultures of fish axons with rat 

oligodendrocytes and myelin have shown that fish axons are sensitive to the 

mammalian inhibitory molecules, and outgrowing neurites either collapse or actively 

avoid rat myelin, but they will grow across branched oligodendrocytes in the presence 

of IN-1 (Bastmeyer et al., 1991). Moreover, while it has been shown that fish myelin
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allows for substantial fish and mammalian neurite outgrowth in culture (Bastmeyer et 

al., 1991, Wanner et al., 1995), application of IN-1 antibodies to co-cultures of fish 

RGC’s and fish myelin appears to enhance neurite outgrowth (Sivron et al., 1994), This 

effect, however, was not found by Wanner and colleagues (1995) and remains a matter 

of debate (see Sivron and Schwartz, 1994; Sivron et al., 1994 and Wanner et al., 1995). 

However, Sivron and colleagues (1994) have shown that it may only be intact myelin in 

the uninjured fish CNS that is non-permissive to growth, whereas myelin disrupted as a 

result of CNS injury does not appear to be inhibitory. Bedi et al. (1992) noted that the 

myelin of uninjured rat sciatic nerve is not permissive to axonal growth but following 

injury becomes growth permissive to adult DRG neurons. In most cases, the 

components of the optic nerve, RGC’s and their axons, have been studied while 

relatively little has been done with the spinal cord, which may exhibit differing levels of 

IN-1 immunoreactivity, as found in Xenopus (Lang et al., 1998). Therefore, it is 

possible that in fish spinal cord, injured myelin and associated debris may exhibit 

differing levels of inhibitory factors or none at all, since, as we have found in the eel, 

inhibition of axonal growth was not found.

With increasing time after transection, axons continue to extend further into the 

caudal stumps. Dil-labelling at these later stages (day 75; see figure 9.9) shows that 

regenerating axons project into the caudal cord with little pathway deviation. As the 

axons extend further into the caudal cord, they will begin to encounter regenerating 

ascending axons as well as increasing numbers of undamaged myelinated tracts 

belonging to the local segmental neuronal circuitry. If, as Sivron and colleagues (1994) 

suggest, intact myelin in the undamaged fish CNS does not permit growth, we might 

expect that axons in the eel would deviate to avoid these tracts; this, however, appears 

not to be the case. So, how are eel axons capable of growing long distances through 

regions containing undamaged myelin? A similar question can be asked about the fish 

optic nerve where the newly formed axons of retinal ganglion cells are capable of 

pathfmding and extending through regions of the optic nerve that already contain 

myelinated axons and into the tectum (Murray and Edwards, 1982b; Stuermer, 1988). 

In the regenerating eel spinal cord, complete regrowth of the supraspinal complement 

occurs over a 1 year period (Bosch et al., 2000), yet we know that myelination in 

underway by day 54, and so late-growing axons must enter and grow through the bridge 

and stumps when they contain newly myelinated axons. One possibility is that at these 

times the regrowing axons are desensitised to inhibitory stimuli fi*om the local
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environment. In a co-culture study Lang and co-workers (1998) showed that whereas 

rat dorsal root ganglion neurites and growth cones were inhibited when placed on 

myelin originating from the lizard Gallotia, lizard RGC axons grew successfully, 

suggesting that lizard axons were able to ignore the inhibitory signals.

The Bridge - Oligodendrocytes

Oligodendrocytes of mammals are considered to inhibit the regrowth of axons (e.g. 

Schwab, 1991; 1996) and it has been shown that in vitro they promote growth cone 

collapse and inhibit neurite outgrowth (Schnell and Schwab, 1990; Weibel et a l, 1994; 

Meyenburg et a l, 1998). In contrast, the oligodendrocytes of anamniote optic nerve, 

such as fish (Bastmeyer et al., 1991; Bastmeyer et al., 1993), amphibians (Lang et al., 

1995) and reptiles (Lang et al, 1998), are able to support axon growth under these 

conditions.

The findings of the present study indicate that oligodendrocytes are absent from 

the bridge region during the early stages of recovery (~ days 6 to 50) but are present by 

day 54 when axons begin to be myelinated. Possibly this cell type is present in the 

bridge earlier, but in a quiescent form that does not engage in myelination. Their influx 

must occur some time after day 20 since then only ependymal cells and a few 

macrophages/monocytes are present in the bridge and representatives of the three 

different oligodendrocyte subtypes - light, medium and dark staining cells (see Peters et 

al., 1991) -  were not found. Furthermore, Schwann cells which are capable of 

myelinating regenerating axons (following grafts e.g. Bunge, 1994; Brook et al., 1994; 

Guest et al., 1997) were not found in the bridge, although, interestingly, they do invade 

the lesion site in the fish optic nerve following crush (Nona et al., 1992) but not 

transection injury (Strobel and Stuermer, 1994).

The late appearance further implies that this cell type is not required for the 

initial formation of the bridge, as noted by Scott and Foote (1981) in the regenerating 

optic nerve of the frog Rana following transection. Therefore it seems that 

oligodendrocyte infiltration and their subsequent myelination of axons is one of the last 

processes to occur during the re-establishment of the structural integrity in the cord. 

One explanation for the absence of oligodendrocytes from the regenerating bridge until 

approximately day 54 is that they are possibly inhibitory to axon outgrowth. In 

Xenopus, for example, oligodendrocytes are refractive to axonal growth in vitro if from 

the spinal cord, but support growth if they are from the optic nerve (Lang et al., 1995).
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In fish, optic nerve oligodendrocytes support axon outgrowth both in vitro (Bastmeyer 

et al., 1991; 1993) and in vivo (Strobel and Stuermer, 1994), but it is unknown whether 

their spinal cord oligodendrocytes behave similarly or are similar to Xenopus cord 

oligodendrocytes. If inhibitory to axonal growth, their initial absence would seem to be 
an appropriate adaptation.

Within the constraints of the present study, we have been unable to determine 

the sources of the bridge oligodendrocytes and a number of cellular origins are possible. 

For example, surviving oligodendrocytes within the spinal stumps may be able to 

dedifferentiate and become proliferative (see Fig. 9.25a). In the adult mammalian CNS 

it is debatable whether oligodendrocytes that survive the injury are viable (see Keirstead 

and Blakemore, 1997; Scolding and Lassman, 1996) but following injury to the PNS, 

Schwann cells quickly proliferate, surround the growth cones of peripheral nerves, and 

guide them through the lesion site (see Bisby, 1995). Olfactory ensheathing cells 

(OEC’s) in the mammahan olfactory system possess similar properties (Ramon-Cueto 

and Avila, 1998).

An oligodendrocyte-specific precursor cell-type resident in the cord may be 

another source (see Fig. 9.25b). In mammals it has been shown that an extensive 

network of oligodendrocyte precursor cells, of the 02A lineage (Levine, 1994) are 

recruited to spinal cord lesion sites (Keirstead et al., 1998b) and although they do not 

express MAG or Nogo, the characteristic axonal inhibitory molecules of mature 

oligodendrocytes, they do express NG2-proteoglycan which has growth inhibitory 

properties (Dou and Levine, 1994). Therefore, these cells are considered another source 

of inhibition to the regeneration of the mammalian CNS (Fawcett and Asher, 1999). 

Whether this cell type is present in the CNS of fish is unknown.

Oligodendrocytes, or their precursors, may arise from multipotent progenitor 

cells from regions of the stumps close to the injury (see Fig. 9.25c). In the mammalian 

CNS, stem cells have been shown to arise from ventricular regions, such as the lateral 

ventricles and rostral migratory stream (see Peretto et al., 1999) and also the spinal cord 

following injury (Johansson et al., 1999). In the latter, it has been shown that 

ependymal cells proliferate to produce migratory cells that eventually differentiate as 

astrocytes and contribute to the formation of the inhibitory scar. In the brain, 

subependymal cells expressing the protein nestin differentiate into astrocytes following 

injury (Holmin et al., 1997). However, it is unknown whether all cells do this or 

whether a population of oligodendrocyte precursor cells is also produced. The context
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Figure 9.25. Graphical representation of the possible sources of oligodendrocytes in the 

regenerating bridge of the eel. In (a) oligodendrocytes arise from surviving cells in the stumps; 

in (b) from an existing precursor population similar to the 0-2A cells of mammals; in (c) from 

precursor cells derived from stem cells in the stumps, and in (d) from stem cells derived the 

ependymal cells surrounding the newly formed central canal.

of the model used to study regenerative failure may be important, since there is little 

axonal regrowth through the scar in mammals there may be little use for 

oligodendrocytes, while there is a need for new astrocytes to form the characteristic 

astrocytic scar. In contrast, where axon regrowth is possible, as in fish, it is possible 

that there is need for more oligodendrocytes but fewer astrocytes, since a permanent 

scar does not form.

Another source of oligodendrocytes could be the newly formed central canal, 

which is composed of proliferative ependymal cells (see Fig. 9.25d). The ependyma of 

mammals have been shown to possess stem cell capability in normal and injured CNS 

(e.g. Johansson et al., 1999) and in fish it has been shown that the cells within this layer 

possess a high mitotic rate (Zupanc and Ott, 1999; Zupanc, 1999) and a long term
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capability for postembryonic neurogenesis (Anderson and Waxman, 1991; Zupanc and 

Zupanc, 1992). It is possible, therefore, that immature oligodendrocytes or progenitor 

cells such as the 0 2 A lineage found in mammals (e.g. Levine, 1994), are produced from 

this region and then migrate away from the canal and initiate myelination.

The Bridge -  Myelination of axons

Myelination appears to be specific to certain individual axons or small groups (~l-3), 

indicating that oligodendrocytes target specific axons while ignoring others. Axon size 

does not appear to determine this choice for, as seen in figure 9.19, axons of all sizes 

can be myelinated, although proportionally more of the larger axons are ensheathed.

The method by which the oligodendrocytes "choose" axons to be myelinated 

appears not to be determined by the axon's proximity to the oligodendrocyte cell body 

since it was a common sight to find numerous unmyelinated axons surrounding the cell 

body but only one or two in the process of ensheathment. An obvious trigger could be 

provided by the axons themselves, directing oligodendrocytes to begin ensheathment, as 

seems to be the case in the developing peripheral nervous system where myelination is 

activated by axonally derived signals (Aguayo et al., 1976; Weinberg and Spencer, 

1978). It is possible that those axons that have successfully made synaptic contact with 

appropriate targets are myelinated, while the unmyelinated axons have yet to establish 

correct connections with their targets in the caudal cord, or have made inappropriate 

ones.

The feedback mechanisms that encourage the axon to remain at its target and 

form strong synaptic contact may also induce other changes, such as modulation of the 

extracellular matrix, or release of trophic substances that attract and stimulate 

oligodendrocytes to engage in myelination. ECM modulation is a well-known factor in 

the regenerating amniote CNS. For example, in the adult amniote CNS, growth 

inhibitory factors such as chondroitin sulphate proteoglycan and tenascin are released 

by activated astrocytes close to the injury and inhibit axonal growth (see Fitch and 

Silver, 1997). In contrast, the extracellular matrix proteins that comprise basal lamina 

in the PNS encourage and support axonal regrowth (Hall, 1989; see Bisby, 1995). The 

presence of a distinctive electron dense ECM surrounding the regenerating axons in the 

present study by day 20 suggests that this structure may play a contributory role in 

supporting axonal growth and myelination.
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With increasing recovery times, oligodendrocytes continue to ensheath axons 

such that 20-30% of all axons in the bridge at days 144 and 200 are myelinated. 

However, G-values for axons at these stages would indicate that this myelination is 

suboptimal as the ideal value of 0.6 proposed by Rushton (1951) has not yet been 

attained. But as the G-value is related to intemode spacing, and this has not been 

determined in the present study, the axon performance may still be satisfactory.

Bosch et al., (2000) and Doyle et al. (2000) both note that the first functional 

recovery seen in the eel after cord transection is the cessation of spinal swimming, by 

approximately day 15, and the return of steady swimming movements between days 30 

and 80. Since we have found that axons only become myelinated between days 20-50, 

it follows that, the first functional reconnections in the caudal cord must be made by 

unmyelinated axons.

Summary o f  main findings

■ Axons comprise the first components of the regenerating bridge.

■ Between days 6 and 54, axons possessing large growth cones enter and cross the 

bridge.

■ The number of axons entering the bridge increases steadily with time such that by 

day 54 a supernormal number of axons are present.

■ By day 20 a dark staining extracellular matrix is noticeable surrounding the 

regenerating axons.

■ Oligodendrocytes are present in the bridge by approximately day 50.

■ At this stage (day 54) approximately 3% of axons are myelinated in the bridge.

■ Myelination of axons is not size specific, although larger axons tend to become 

myelinated more quickly.

■ Most of the axons in the bridge are myelinated sub optimally as indicated by their 

respective G-ratios for days 54, 144 and 200, however all axons are myelinated to a 

certain degree that appears to be governed by the cross sectional area of the axon.

■ Not all axons are myelinated by day 200.
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Chapter 10

General Discussion
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Studies carried out in parallel to this project on the locomotory performance of the 

transected eel have shown that the swimming performance is disrupted for a brief 

period but that it begins to return to normal after about 15 days and is well restored by 

30 days (Doyle et al., 1999; 2000). This striking functional recovery is matched by an 

equally impressive morphological regeneration, in which regrowing neural tissue 

bridges the separated cord. The basis of this repair has been studied in this thesis, the 

primary aim of which has been to determine the sequence of different cellular events 

and the chronological order in which each of the different cell types involved in the 

regenerative event appear.

This is the first study, except for those on the rat, that presents a comprehensive 

view of the different cellular events that occur following injury to the vertebrate spinal 

cord in one experimental model. Previous investigations, through obvious experimental 

limitations, have provided detailed but limited studies on specific components of the 

regenerating cord such as the axons (e.g. McClellan, 1992; Lurie and Selzer, 1991; 

Duffy et al., 1992; Pijak et al., 1996) or some of the associated cell types; in the case of 

spinal cord this has generally been the ependymocytes (e.g. Nordlander and Singer, 

1978; Anderson et al., 1983; Simpson, 1983; Chemoff, 1996). In many of these studies, 

the role of the ependyma has been explored in relation to axonal growth (e.g. Singer et 

al., 1979; Anderson and Waxman, 1983a) while relatively few studies have 

concentrated on aspects such as the astrocytic (Anderson et al., 1983; Nona and 

Stafford, 1995), and meningeal reaction (Michel and Reier, 1979) or the role of 

oligodendrocytes.

In contrast to the amniote CNS where axonal growth is inhibited by the 

formation of a complex scar at the site of injury (e.g. Fawcett and Asher, 1999), the 

injured anamniote CNS is capable of sustaining axonal regrowth through the injured 

portion and back to the original targets. In this thesis we have explored the different 

cellular events that surround the formation of a novel bridge of spinal tissue that 

reconnects the rostral and caudal stumps. We have shown that for all times examined 

the organisation of the bridge is different fi-om that of the uninjured spinal cord. 

Furthermore we have demonstrated that all of the different cell types common to the 

uninjured cord such as ependymocytes, liquor-contacting neurons (LCN’s) and 

meningeal cells are found in the bridge, but their organisation and/or distribution within 

this newly formed spinal tissue is modified. The marked alterations include the 

formation of an enlarged central canal in the middle of the bridge and the envelopment
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of the bridge on the outer surface by a thickened meninx (see Fig. 10.1). The 

regenerated neural material at all stages did not separate into the characteristic grey and 

white matter of uninjured cord and instead contains a homogeneous mixture of 

regenerating axons, oligodendrocytes, radial astrocytic and tanycyte processes. At all 

stages neuronal cell bodies were absent from the bridge.

The time scale for regrowth

The chronological organisation of the different events that take place in the formation of 

the bridge are charted in Fig. 10.1. As can be seen from the chart the graded appearance 

of the different cell types points to a certain degree of controlled organisation of the 

developing bridge, such that only particular cells become evident at certain stages in its 

development. The first event to occur in this process is the extravasation of blood from 

severed vessels in both the cord and meninges to form an extensive clot in the lesion 

site (chapter 4). We propose that the blood clot contributes positively to regeneration, 

and provides the first rudimentary bridge of material through which axons are capable 

of growing. Furthermore, the increase in the number of blood vessels of undetermined 

origin in this blood clot, particularly at day 8, indicates that angiogenesis is a significant 

component of the clot/scar development. At this time, neural tissue consisting of axons 

(chapter 9) and ependymal cells (chapter 5) grow into this blood clot/scar by days 8 and 

10 respectively, indicating that axonal growth is not dependant on a pre-formed cellular 

scaffolding of neural origin as reported in other studies (Simpson, 1964; 1968; Egar and 

Singer, 1972; Nordlander and Singer, 1978; Singer et al., 1979; Simpson, 1983). The 

role of the ependymocytes in the present study (chapter 5) appears to be the re

establishment of a central canal in the bridge through the migration and settlement of 

cells to produce small aggregates that we have termed ‘plates’. These small groupings 

were usually placed ventrally and served as the basis or template for further canal 

development. By approximately day 12, GFAP+ve processes of radial astrocytes 

(chapter 8) were found in the developing bridge and we have shown that these processes 

arise from undamaged cells in the stumps which re-align from their normal radial 

orientation to a longitudinal one and extend into the bridge. TH+ve and GABA+ve 

profiles of liquor contacting neurons (LCN’s; chapter 6) were also found in the bridge 

by approximately day 12 as components of the enlarged central canal. Their function in 

the uninjured vertebrate CNS at present however, remains speculative, so possible 

functions following injury will also be conjectural. By day 14 the bridge has attained a
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Day 4 Day 6 Day 8 Day 10 Day 14 Day 20 Day 26 Day 54 Day 144 Day 200

The Blood Clot/Scar
Matrix___________
Erythrocytes_______
Leucocytes________
Fibroblasts________
Endothelial cells

The Bridge____
Axons_________
Ependymocytes
Meninges______
LCN's_________
Radial astrocytes
Tanycytes______
Oligodendrocytes
Myelination

Figure 10.1. Sununary of the different events that occur in (a) the lesion site and (b) the developing bridge following spinal cord 
transection. Note how the matrix and the associated clot/scar cells are completely removed by day 14. In the bridge axons are the first 
elements of the regenerating cord to enter the lesion site. Migrating ependymal cells and the formation of a meningeal covering at the 
periphery quickly follows this outgrowth.



cross sectional area of approximately 80% normal but two cells types do not appear 

until slightly later; the first, the ependymal derived tanycytes become evident in the 

bridge by day 16 (chapter 5) v^hile the second cell type, oligodendrocytes, responsible 

for the subsequent myelination of naked axons (chapter 9), do not become apparent in 

the bridge until sometime between 30 and 50 days. This delayed entry and the 

subsequent late myelination of axonal profiles, suggest that oligodendrocytes do not 

play an influential role during initial development of the bridge. In parallel to bridge 

formation was the development of a new meningeal sheath at the periphery (chapter 7) 

which consisted of a loose aggregation of fibroblast-like cells by day 8 but by day 200 it 

consisted of a highly organised structure. Experimental manipulations provided 

evidence to further suggest that the meninges play an important role in the development 

of the bridge.

In concluding, we have shown that the spinal cord of the eel recovers to produce a 

bridge of regenerating neural tissue that serves as a conduit for the growth of axons 

back to their original targets. The bridge is composed mainly of ‘new’ tissue except for 

the regrowing axons, which are injured adult structures engaged in a regrowth 

paradigm. In future it is clear that the process of regeneration will most likely be 

understood when we appreciate the inter relations between developmental processes in 

the formation of new tissue and the repair strategies of adult structures.
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