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ABSTRACT

This thesis is focused on the responses of the retinal ganglion cell (RGC) in adult
rats to optic nerve injury, and in particular on the formation, elongation and regression
of axonal sprouts under different conditions. In four series of animals, the
ultrastructural and temporal characteristics of the sprouting response were examined (by
LM and EM) in the proximal stump of the optic nerve following either intraorbital
(proximal) or intracranial (distal) optic nerve transection, after both relatively short
survival times (1 - 7 days) and after longer periods (1 to 8 weeks). In some animals,
RGC axonal sprouts were labelled by anterograde tracers (Dil and RITC for LM and
confocal microscopy; horseradish peroxidase for EM). After proximal lesion, sprouting
is extensive at 2 - 7 dpo but few sprouts survive beyond 2 - 3 weeks. After distal
lesion, sprouting is less extensive but sprouts persist for longer. In further series of
animals, the presence of the growth associated protein GAP - 43 in RGC and optic
axons was studied qualitatively and quantitatively by immunofluorescence in retinal
wholemounts (and by EM immunocytochemistry) after either intraorbital or intracranial
optic nerve section. GAP - 43 positive RGC appeared 5 days - 8 weeks (peak at 4
weeks) after both proximal and distal lesion but were ca. 10 times more numerous after
proximal lesion. In another series of animals, a sprout - sustaining effect of the
acellular components of a peripheral nerve graft was found by suturing a segment of
peroneal nerve in which all cells had been destroyed by repeated freezing and thawing to
the proximal stump of intraorbitally transected optic nerves. In a final series of
experiments, the possibility that humoral factors from injured peripheral nerves affect
RGC survival and axonal regeneration after axotomy was demonstrated by suturing the
proximal (retinal) stump of intraorbitally transected optic nerve into the proximal end of
a silastic tube and a segment of peroneal nerve into the distal end of the tube, with the
two stumps initially separated by a gap of about Smm. The findings in these
experiments are discussed in the light of current hypotheses about the failure of

regeneration in the adult mammalian CNS.
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CHAPTER 1 - INTRODUCTION

AXONAL REGENERATION
MANY AXONS HAVE THE CAPACITY FOR REGENERATION

The ability of many types of neurons to regenerate their axons after injury is well
documented. The regeneration of peripheral nerve fibers in adult vertebrates including
mammals has been studied for more than a century (Cajal, 1928; Sunderland, 1950;
Guth, 1956). Although the regenerative capacity of peripheral nerves is best developed
in lJower vertebrates (see review by Holder & Clarke, 1988), it is sufficiently developed
even in man to enable the clinical repair of injured nerve trunks (Sunderland, 1978).

Axons in the central nervous system (CNS) of lower vertebrates, in particular fish and
urodele amphibians, also show a marked capacity for regeneration (Hooker, 1932;
Koppanyi, 1955; Hibbard, 1963; Bernstein, 1967). Not only does regeneration occur
but the regenerating axons reestablish appropriate synaptic connections (Sperry, 1944,
Hibbard & Ornberg, 1976), a property which enabled the experiments which led to the
formulation of the chemospecificity hypothesis for synaptic determination (Sperry,
1944). In general, the ability of regenerating axons of lower vertebrates to regenerate
and make appropriate connections seems to be correlated with the persistence of body
growth throughout life, necessitating the formation of new neurons, the outgrowth of
their axons and the ability of those axons to find their way to appropriate targets (see
Holder & Clarke, 1988). Axonal regeneration in the mammalian CNS is very limited
however (Cajal, 1928; Clark, 1942, 1943; Clemente, 1964; Kiernan, 1979; Berry, 1983,
1985, 1989) and, except in a few special cases, does not result in functional recovery

(see below).

AXONAL GROWTH AND THE GROWTH CONE
Much of what is known about the cell biology of axonal growth and regeneration has
been learnt from in vitro studies. On adhesive substrata, elongating axons are led by a

specialized region called a growth cone. Although growth cones were recognized by
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Cajal (1928) and have been studied for many decades, only some of their functions are
well understood. Most studies agree that growth cones are important for determining the
direction of axonal growth (Wessells & Nuttall, 1978; Bray, 1987). However, there is
still considerable controversy about whether growth cones pull on the axons i.e. are a
motor for axonal growth (Bray, 1987) or are pushed by extrusion of axoplasm
(Goldberg & Burmeister, 1989). These conflicting hypotheses are reminiscent of long -
standing debates about amoeboid locomotion in general, and have considerable
implications for the interpretation of growth cone function in vivo. For example, if
growth cones are the principal locomotor device for axonal elongation then they must
require adequate, presumably solid, substrata on which to exert tension. Under this
condition, the growth cone is the primary point of attachment of the cell to the substratum
and pulls on the rest of the cell as it moves forward (Wessells et al.,1980).

The morphology of the growth cones varies greatly in vitro (Goldberg & Burmeister,
1986; Bray, 1987). The most complex growth cones studied in vitro comprise a central
region rich in organelles, lamellipodia, from which most organelles are excluded, and
filopodia which extend outwards from the lamellipodia to attach to the substratum
(Goldberg & Burmeister, 1989). Cytoskeletal elements are widely regarded as being
important for the function of growth cones. Microtubules from the neurite spread out in
the central region of the growth cone (Kumagai et al, 1986) and penetrate as far as the
leading edge of the lamellipodium (Letourneau & Ressler, 1983). Actin is present in
growth cones and sometimes bundles of actin filaments, forming the core of filopodia,
have been shown to extend back through the lamellipodium to the central region
(Kumagai et al, 1986). There are also many other actin filaments in the lamellipodia
between the main bundles. Myosin is scattered through the growth cone. Both actin and
myosin provide the potential for contractility which might enable the growth cone to
change shape or move on the substratum. Neurofilaments from the neurite also extend to
the central region of the growth cone (Jacobson, 1991).

The external morphology of growth cones in vive varies from a relatively simple
pointed, paint brush - like ending (Cajal, 1928) with a single thin, finger - like

filopodium to an elaborate fan like expansion bearing a profusion of filopodia and broad
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flattened extensions called lamellipodia (Morest, 1969; Vaughn & Sims, 1978; Scalia &
Matsumoto, 1985; Williams et al., 1986, 1991). By electron microscopy, growth cones
of axons in vivo contain a core of the usual cytoplasmic organelles, including
microtubules, 10nm neurofilaments and microfilaments (also known as actin filaments, <
7nm in diameter) and many mitochondria, vesicles and cisternae of smooth endoplasmic
reticulum (ER) (Tennyson, 1970; Skoff & Hamburger, 1974; Scalia &Matsumoto,
1985). In addition, ribosomes are frequently encountered within dendritic growth cones
(Henrikson & Vaughn, 1974; Vaughn & Sims, 1978). Tennyson (1970), using electron
microscopy, described growth cones of dorsal root axons of developing rabbit spinal
cord as containing two parts: an expanded region containing mitochondria, large granular
vesicles, multivesicular bodies, and neurofilaments, and a thin flange of cytoplasm,
containing predominantly a finely filamentous matrix and few membranous organelles
with thin filopodial extensions. Basically similar descriptions of growth cone were
reported in the embryonic mouse spinal cord (Henrikson & Vaughn, 1974; Vaughn &
Sims, 1978) and in the embryonic chick spinal cord (Skoff & Hamburger, 1974). In
other studies, the morphology of growth cones reconstructed from serial thin sections
varied greatly (Scalia &Matsumoto, 1985; Williams & Rakic, 1985; Williams et al.,
1991). Thinly flattened and broad growth cones on the surface of neuronal perikarya
were reconstructed in the regenerating optic nerve of adult frog following optic nerve
transection (Scalia & Matsumoto, 1985). More elaborate growth cones with lamellipodia
were seen insinuated between bundles of optic nerve axons in developing monkeys
(Williams & Rakic, 1985; Williams ef al., 1991) and were also noted in the neonatal
mouse olfactory bulb (Hinds & Hinds, 1972). The variable morphology of growth
cones studied in vivo may relate to the varied substrata on which they move and to the
difficulty which lies in knowing whether the end of any particular axon in vivo was
actually advancing when fixed.

Conventionally the advance of the growth cone is described as starting with the
extension of filopodia to attach to the substratum, followed by the formation of thin veils
extending between the filopodia. Vesicles and the other organelles enter the veil from the

proximal core of the growth cone, in which axonal neurofilaments and microtubules end.
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The veil becomes like the proximal core region of the growth cone whose structure has
meanwhile become transformed into that of an axon (Goldberg & Burmeister, 1989;
Jacobson, 1991). As the growth cone extends, new filopodia and lamellipodia are
formed at its leading edge. This movement may be driven by the network of actin
filaments adjacent to the plasma membrane, but the growth of axons even in the presence
of cytochalasin B (Goldberg & Burmeister, 1989) makes this explanation problematic.
In the embryo or in culture, the growth cone follows a persistent path and its membranes
interact in a sensitive way with its environment through several types of cell - surface
molecules. These include the neuron - glia cell adhesion molecule (NG - CAM or L1), N
- CAM, N - Cadherin and extracellular matrix (ECM) components such as laminin,
fibronectin, tenascin, and collagen (Crossin et al., 1990). These interactions control the
movement of the growth cone, the elongation of axons and dendrites through their

immediate environment, and the recognition of target sites (Dodd & Jessell, 1988).

ULTRASTRUCTURAL STUDIES OF AXONAL REGENERATION IN THE
MAMMALIAN PNS

Interrupted PNS axons, in the proximal stump of a severed nerve, begin to regenerate
within a few hours (hrs) after axotomy (Guth, 1956; McQuarrie, 1985). The first
sprouts from myelinated axons are in some cases seen coming from the terminal nodes of
Ranvier (most distally located nodes of Ranvier in the proximal stump) by 9 hrs
following sciatic nerve crush in the rat (McQuarrie, 1985) or by 24 hrs following sciatic
nerve transection, also in the rat (Morris et al., 1972). The sprouts are closely - packed
and between 1um and 15pum in diameter and contain clear and dense core vesicles,
smooth ER, mitochondria, neurofilaments and microtubules in transected rat spinal nerve
roots (Duce & Keen, 1976), in injured rat sciatic nerve (Morris et al., 1972), and in
transected sympathetic nerves (Bray et al., 1972; Bray & Aguayo, 1974). While the
sprouts are forming, the axons just proximal to the injury swell and become packed with
axoplasmic organelles, such as mitochondria, smooth ER, dense bodies and
neurofilaments. These swollen axonal ends are referred to as "terminal clubs" (Morris et

al., 1972; Kao et al., 1983); most terminal clubs are set back 1 to 2mm from the cut ends
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of nerve within a few hrs after transection (Kao et al., 1983). The terminal clubs
advance within the basal lamina tube, in contact with Schwann cell membranes,
eventually to form a number of sprouts which reach the cut ends or lesion sites of the
peripheral nerves as growth cones (Kao et al., 1983). Thus growth cones and sprouts
contact Schwann cell membranes and basal lamina and continue to grow back towards
their targets.

Following the interruption of axons, the distal stump of a severed nerve undergoes
Wallerian degeneration which leads to the removal of axonal and myelin debris by
macrophages and Schwann cells (Sunderland, 1978; Beuche & Friede, 1985) and
prepares the environment through which regenerating axons will grow. Within 2 weeks
after lesion elongated Schwann cell processes are found (Bradley & Asbury, 1970)
inside the basal lamina tube which surrounded the original nerve fibres forming
structures now called bands of Biingner (Sunderland, 1978; Crang & Blakemore, 1987).
A similar process occurs in injured unmyelinated nerve fibres (reviewed by Fawcett &
Keynes, 1990; Bray et al., 1972; Bray & Aguayo, 1974). Bands of Biingner are the
preferred sites of axonal regeneration in the PNS (Andersbn, P. N. er al, 1983; Hall,

1986).

GROWTH ASSOCIATED PROTEIN (GAP - 43)

The expression of the growth associated protein, GAP - 43, has been extensively
correlated with axonal growth and regeneration. GAP - 43 is a membrane - bound,
rapidly transported phosphoprotein whose apparent molecular weight (as determined by
migration on SDS gels) varies from 43 - 57000 Dalton or greater, depending on the gel
used (Jacobson et al, 1986; Benowitz et al, 1987). It was thought to be a neuron -
specific protein but has recently been identified in cultured CNS glia and in Schwann
cells under some conditions (Vitkovic et al., 1988; Curtis et al., 1992). Immunological
cross - reaction of GAP - 43 between widely differing species from toads to rats has been
demonstrated (Jacobson et al, 1986). The GAP - 43 gene has been cloned (Basi ef al,
1987; Karns et al, 1987) enabling more precise comparison to be made between

molecules derived from different sources and by different techniques (see review by
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Skene, 1989). GAP - 43 has been independently identified by several different groups
and given different names. In synapses it was termed B - 50 (Zwiers et al., 1980;
Sorensen et al., 1981) and proposed to be a regulator of phosphoinositide metabolism
(Oestreicher et al., 1983; van Hoof et al., 1988). In the hippocampus it was termed F1
and shown to be phosphorylated by protein kinase C during long term potentiation
(Nelson & Routtenberg, 1985; Routtenberg, 1986). In other circumstances it has been
designated pp46 and pS7 and shown to bind calmodulin (Anderson, T. H. et al., 1983)
in the absence of calcium ions. GAP - 43 has been localized to presynaptic membranes
in adult mammalian brain (Gispen et al., 1985). It is expressed by several, but not all,
types of neurons in the intact rat brain (Vaudano et al., 1993). How the functions of
GAP - 43 in intact neuronal systems are related to its functions in axonal growth and
regeneration is unclear. GAP - 43 expression appears to be a consistent feature of
neurons during the growth of axons in development (Benowitz & Routtenberg, 1987;
Skene, 1989) and regeneration (Skene & Willard, 1981b; Verhaagen et al., 1988;
Tetzlaff et al., 1989). Levels of GAP - 43 expression are high during development, fall
after the period of developmental synaptogenesis (Basi et al., 1987; Benowitz et al.,
1988; DelaMonte et al., 1989) and then rise again during regeneration (Skene & Willard,
1981b; Tetzlaff et al., 1989). Elevated levels of GAP - 43 and its mRNA have recently
been identified in some mammalian CNS neurons after mechanical injury or ischaemic
insult (Ng et al., 1988; Oestreicher et al., 1988; Doster et al., 1991), and in CNS axons
growing into peripheral nerve grafts placed in the thalamus (Campbell et al., 1991). The
role of GAP - 43 in regenerating axons is not clear. It has been shown that transfection
of GAP - 43 into non - neuronal cells in culture greatly increases the number and length
of the filopodia they produce (Zuber et al., 1989). This has obvious implications for
GAP - 43 function in growth cones where the protein is heavily concentrated, at least in
tissue culture (Meiri et al., 1988). It has been recently shown that PC12 cells injected
with antibodies to GAP - 43 fail to produce neurites after dibutyryl adenosine 3', 5' -
cyclic monophosphate stimulation (Shea et al., 1991), conversely, if exposed to nerve
growth factor (NGF), PC12 cell GAP - 43 content increases by 2.5 fold and they

produce neurites (Yanker et al., 1990).
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AXONAL REGENERATION IN THE MAMMALIAN CNS
RESPONSES OF MAMMALIAN CNS NEURONS TO AXOTOMY

Neurons in the mammalian CNS respond to axotomy with a variety of metabolic and
morphological changes. The most extreme effect of axotomy on CNS neurons is cell
death. Less extreme morphological effects may include chromatolysis, nuclear
eccentricity, changes in nucleolar size and changes in size of the perikaryon and
morphology of the dendrites (reviewed by Lieberman, 1971; Barron, 1983a, b, 1989).
Metabolic changes include the down - regulation of enzymes involved in synaptic
function and increased synthesis of cytoskeletal proteins and growth associated proteins

(reviewed by Lieberman, 1971; Barron, 1983a, b, 1989; Skene, 1989).

Cell death

Cell death has long been known to be a consequence of axotomy to CNS neurons,
especially those which do not project to peripheral nerve. Marinesco (1909) reported that
a high proportion of Betz cells were lost from the cerebral cortex followed lesions to their
axons in the internal capsule (reviewed by Lieberman, 1974). There was a considerable
cell loss in Clarke's nucleus at the L3 segment following lesion of the dorsolateral
quadrant of the spinal cord at the T12 or L1 segments in cats (Liu, 1955; Loewy &
Schader, 1977). There was a decrease in cell numbers in the magnocellular portion of
the red nucleus of adult rats and a massive cell loss in new - born rats following mid -
thoracic spinal cord hemisection (Prendergast & Stelzner, 1976). A loss of over 80% of
neurons in both the supraoptic and paraventricular nuclei in patients surviving one year or
longer after hypophysectomy has been reported (Morton, 1969). Cell death in the CNS
is not limited to the cells which have been axotomized; transneuronal degeneration also
occurs. Followed limbic decortication, nearly total neuronal loss was reported in the
medial mammillary nucleus and ventral tegmental nucleus in newborn rabbits (Bleier,
1969).

Shrinkage of the perikaryon, reduction of nucleolar size and dendritic changes are
common features of axotomized intrinsic CNS neurons. Indeed Barron (1989) described

the axotomy response of mammalian intrinsic CNS neurons as "almost without exception
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a monotonously atrophic process". This process of atrophy can be confused with cell
death as, for example, when the septohippocampal pathway is interrupted causing the
cholinergic neurons in the medial septum to apparently disappear (Gage et al., 1986).
However injection of NGF causes the reappearance of the neurons implying that their
response to axotomy involved shrinkage to the stage where they can no longer be readily
identified (Hagg et al., 1988, 1989). It seems unlikely however that the entire literature
on cell death following axotomy of CNS neurons can be explained in this way (see also
the section on optic nerve injury below).

CNS neurons which project to the periphery often react very differently to axotomy
than do intrinsic CNS neurons. Although cell death may still occur, especially in young
animals (reviewed by Lieberman, 1974; Barron, 1983a, b; see also Aldskogius et al.,
1980), the predominant cell body response is regenerative with increases in cell soma
size, nucleolar size and in increased synthesis of RNA and protein (reviewed by

Lieberman, 1971; Barr & Hamilton, 1948; Watson, 1968; Aldskogius ef al., 1980).

Cytological changes at the light microscopic level

Some morphological changes of intrinsic CNS neurons are basically similar to those
seen in extrinsic neurons visualized by light microscopy. These include chromatolysis
and nucleus eccentricity (reviewed by Lieberman, 1971; Barron, 1983a,b).
Chromatolysis is an early indication of axon reaction. Typically, dispersion and
disintegration of Nissl material begins in the region adjacent to the axon hillock (reviewed
by Lieberman, 1971; Barron, 1983a, b). A perinuclear concentration of Nissl granules
(the nuclear "cap") may be prominent (Barron, 1983b). Large rubral neurons and Betz
cells of the cat may acutely exhibit a typical central chromatolysis with perinuclear
"capping" following lateral funiculotomy (Egan et al., 1977). However in contrast to
the enlargement of cell body and nucleolus seen in extrinsic neurons following lesion,
the intrinsic CNS neurons of the red nucleus in cats displayed a transient cell swelling,
then rapid neuronal atrophy within 14 days after axotomy (Barron et al., 1977; Egan et

al., 1977). Whereas the chromatolysis of extrinsic CNS neurons (e.g. motor neurons)
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reverts to normal 2 weeks to 2 months after injury, recovery does not occur or is

incomplete in intrinsic neurons (Barron, 1989).

Cytological changes at the electron microscopic level

The ultrastructural counterpart of Nissl material consists of ordered arrays of cisternae
of the rough ER associated with intervening cytoplasmic ribosomal granules arranged in
clusters. During early intrinsic neuron reaction to axotomy, cisternae of rough ER
characteristically become shorter, lose their parallel arrangement and disperse through the
cytoplasm (Lieberman, 1971; Barron, 1983a,b). This is followed by an increase in
smooth ER and a dispersal of the cytoplasmic polyribosomal clusters. These changes
frequently accompanied the death or atrophy of neurons of the red nucleus in rats (Barron
et al., 1975; Egan, 1977), and of the lateral geniculate body of monkeys (Wong - Riley,
1972). Vesiculation and vacuolation of the Golgi apparatus are common, and a
conspicuous feature of the reaction of neurons in the rat red nucleus is the vesiculation
and vacuolation of Golgi membranes 14 days after rubrospinal tractotomy at C2 level
(Barron et al., 1975). Changes in mitochondria of axotomized intrinsic neurons are
variable, from the massive accumulation of mitochondria in the degenerating cells of
monkey lateral geniculate body after unilateral ablation of the visual cortex (Wong -
Riley, 1972) to only minor mitochondrial changes in red nucleus neurons of rat
following rubrospinal tractotomy (Egan et al., 1977). The effect of axotomy on the
neurofilament content of neuronal perikaryon is also variable, from an enormous increase
in some large cells of the red nucleus (Barron et al., 1975; Egan et al., 1977) to no
appreciable change in lateral geniculate neurons (Barron et al., 1967). Dendritic changes
include electron - dense and electron - lucent abnormal dendrites, mitochondrial

enlargement and accumulation of glycogen (Barron, et al., 1975).

Metabolic changes
(1) Nucleic acids
CNS neurons that project to the periphery in rat hypoglossal and vagus nerves

frequently exhibit a profound increase in the amount and rate of synthesis of cytoplasmic
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RNA following axotomy (Watson, 1968; Aldskogius et al., 1980) Similar observations
have been made in goldfish retinal ganglion cells after transection of the optic nerve
(Murray, 1973). By injuring hypoglossal nerve in different positions and using
ultraviolet absorption microspectrography, Watson (1968) reported that there is a close
relation between the increase in the extent of cellular RNA content, the time of onset of
that increase and distance between the lesion site and cell bodies. Thus, following
hypoglossal nerve crush at the base of skull only a small increase in RNA was found
about 1 week after lesion. By comparison, following crushing at the carotid bifurcation,
RNA content was almost double after 2 weeks and after crushing of the nerve in the
tongue an even larger elevation in RNA content was found 3 to 4 weeks after injury.
However, Barron and colleagues (1982) were unable to detect a definite increase in
ribosomal RNA (rRNA) content of axotomized cat cervical motoneurons until
regenerating neurites had reestablished contact with the musculature of the denervated
limb 75 - 90 days after lesion. In contrast, unilateral funiculotomy at the C2 leads to a
sharp decline of RNA and protein synthesis in the intrinsic CNS neurons of rat red

nucleus (Barron et al., 1977).

(11) Cytoskeletal proteins

The synthesis and axonal transport of cytoskeletal proteins are essential to the renewal
of the cytoplasmic matrix of normal and growing axons. In peripheral nerves,
regeneration is accompanied by increased expression of tubulin and actin, the main
constituents of microtubules and microfilaments. Hoffman et al., (1987) showed using
hybridization with specific cDNAs that there was an augmented rate of synthesis of
tubulin and actin mRNA in rat lumbar sensory neurons after crushing the sciatic nerve.
Similarly Tetzlaff et al (1988) reported by 2 - dimensional gel electrophoresis and
fluorography that the synthesis of actin and tubulin was increased in the rat facial motor
nucleus following transection of the facial nerve. However, neurofilament (NF) protein
expression, which during development is maximal when axons have connected with their
targets and are expanding radially, is decreased after axotomy (Fawcett & Keynes,

1990). The decrease of synthesis of NF protein and expression of NF mRNA after
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injury is associated with a decline in the quantity of neurofilaments in rat facial nerve
axons (Tetzlaff et al., 1988) and dorsal root ganglion axons (Oblinger & Lasek, 1988);
and with a decrease in the diameter of the axotomized dorsal root fibers (Hoffman et al.,
1987). However, some neurons exhibit a paradoxical elevation of the levels of
phosphorylated NF proteins (145 and 200kD) in the perikarya after axotomy (whereas
normally they are found largely in the axons). Phosphorylated epitopes of NF proteins
recognized by antibodies 617 and 07 - 5 appear in the perikarya of motor and sensory
neurons following rat sciatic nerve transection (Rosenfeld et al., 1987). Moreover,
elevated levels of NF protein have been detected in some perikarya of intrinsic CNS
neurons following axotomy in adult rats (Oestreicher et al., 1988), and in perikarya in
Alzheimer's disease patient (Sternberger et al., 1985) although in the later case it is
unknown whether axotomy was involved. It has been suggested that the accumulation of
NF protein may result from the abnormal phosphorylation of neurofilaments in perikarya

and a blockage of their transport to the axons (Rosenfeld et al., 1987).

(iii) Transmitters, receptors and enzymes involved in transmitter metabolism

Following the interruption of axons of extrinsic CNS neurons, changes occur in the
synthesis and transport of neurotransmitters, receptors and enzymes concerned with
transmitter metabolism. It appears to be generally agreed that the quantities of
neurotransmitters, receptors and enzymes involved in the metabolism of
neurotransmitters are reduced in axotomized intrinsic and extrinsic CNS neurons (
reviewed by Lieberman, 1971; see also Waldron & Gwyn, 1969; Gwyn, 1971; Wooten
et al., 1978). For example when the hypoglossal nerve is crushed in adult rats,
hypoglossal neurons show a concurrent loss of acetylcholinesterase activity and choline
acetyltransferase activity (Wooten et al., 1978). Similarly following rubrospinal
tractotomy at cervical, thoracic or lumbar levels of the spinal cord in rat, a loss of
acetylcolinesterase activity is seen in the cell bodies of neurons in the magnocellular part
of the red nucleus which normally show a high or moderate acetylcolinesterase activity
(Gwyn, 1971). This is apparent 4 days after cervical lesion and 21 days after low

thoracic or lumbar tractotomy (Waldron & Gwyn, 1969; Gwyn, 1971). Moreover,
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cervical lesions leads to loss of enzyme from more cells in the nucleus (Gwyn, 1971).
Interestingly, the enzymatic activity returned after 85 to 104 days following low thoracic
lesion but not after cervical lesion.

Approximately 50% of muscarinic receptors are lost from the hypoglossal nucleus of
rats during the first week after hypoglossal nerve transection (Rotter et al., 1977, 1979).
Thié is obvious evidence for an effect of axotomy on neurotransmission. However,
cerebellectomy, which cause axotomy of the intrinsic ponto - cerebellar projection
neurons and also removes their postsynaptic targets (the granule cells), produced no
change in the density of pontine muscarinic receptors at one week, and caused only a
small fall in longer term experiments (Rotter et al. 1979). This difference may be related
to the different types of metabolic reaction to axotomy in cells such as the hypoglossal
and other motoneurons where axon regeneration can take place, as opposed to cells such
as those of the pontine nuclei, where the axons are entirely confined within the CNS, and

where axon regeneration does not typically take place (Rotter et al. 1979).

Factors affecting the responses of intrinsic CNS neurons
(1) Species differences

Species - determined variations affect axotomized intrinsic CNS neurons. Neuron
loss in the lateral geniculate body appeared to be greater in degree and more rapid in onset
in rabbits and monkey than in cats after cortical extirpation (Chow & Dewson, 1966;
Mihailovic et al., 1971). Following hypophysectomy and/or hypothalamo - hypophyseal
tract interruption, neuron loss in the paraventricular and supraoptic nuclei is less in ferrets
than in rats (Adams et al., 1971; Raisman, 1973). Using electron microscopy, a much
higher degree of neurofilamentous hyperplasia and proliferation of smooth ER was found
in the red nucleus, following cervical rubrospinal tractotomy in cats than in rats
(reviewed by Lieberman, 1974; Barron, 1983a; Barron et al., 1975; Egan et al., 1977).

It is difficult to interpret the meaning of these variations.

(ii) Age of animal
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Age - related variation is an important factor in considering the response of CNS
neurons to axotomy. Intrinsic CNS neurons are prone to rapid cellular atrophy, necrosis
and even cell death when axotomized at an early postnatal age (reviewed by Lieberman,
1974, Barron, 1983a,b; and also see Bleier, 1969). Followed cerebellar lesion in adult
and neonatal mice and rabbits, all of the neurons in the inferior olivary nucleus
degenerated within 8 days in animals aged 8 to 11 days at operation, but only one - third
to one - half of the neurons degenerated by 8 to 16 days in adult animals (reviewed by
Lieberman, 1974). Prendergast & Stelzner (1976) showed that significantly more cells
are lost in the contralateral magnocellular portion of the red nucleus in neonatal rats
following mid - thoracic hemisection than in the adult animals with similar operations. It
seems possible that the special vulnerability of developing neurons to axotomy is related
to the incompleteness of their stable development, vulnerability to excitotoxins and the
requirement for trophic factors e.g. NGF, supplied by their targets (reviewed by Barron,
1983a, b). These factors also affect extrinsic CNS neurons such as lower motor neurons

which are also vulnerable to neonatal axotomy (Romanes, 1946; Lowrie et al., 1987).

(1ii) Proximity of the lesion to the cell body

The effect of distance between the lesion site and neuronal soma on the response of
axotomized intrinsic CNS neurons has been extensively studied. In general the closer
injury to the cell soma, the more rapid retrograde response and the more extensive
neuronal degeneration (reviewed by Lieberman, 1974; Barron, 1983a,b). Liu (1955)
reported that Clarke's column at the L3 segment showed dramatic chromatolytic changes
and loss of neurons following interruption of the dorsolateral quadrant of the spinal cord
at T12 in cats, but only slight atrophy occurred following a C4 lesion. Loewy and
Schader (1977) extended Liu's investigation. They found a loss of 30% of the large
neurons of Clarke's column at the L3 level 3 months after dorsolateral quadrant lesion at
the L1 level, but only 5% cell loss after medullary lesions of the dorsal spinocerebellar
tract. Egan and collaborators (1977) reported that severe chromatolysis and atrophy of
neurons in the red nucleus occurred following cervical rubrospinal tractotomy, whereas

less extensive changes were found following thoracic section.
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Although interruption of axons causes the perikaryal changes ranging from
chromatolysis to the death of axotomized neurons, the signal for the neuron reaction is
still unclear. It has been speculated that the signal is retrogradely conveyed from the site
of injury to the axotomized cell bodies, because blocking of retrograde axonal transport
delays the onset of chromatolysis (reviewed by Barron, 1989; Bray & Aguayo, 1989;
also see Singer et al., 1982). Another explanation, on the basis of studies in which
peripheral influences have been shown to be important for the survival of neurons during
development, is that a loss of a peripherally derived influence is to some extent involved
in the retrograde degeneration of axotomized neurons (Bray & Aguayo, 1989). Not all
the effects of axotomy are mediated through the perikaryon however. It has been
reported that sprouting at mouse motor nerve terminals can occur even when axons are
disconnected from their cell bodies (Brown &Lunn, 1988), and axons completely
disconnected from their cell bodies can elaborate a new growth cone at the site of the cut
(Shaw & Bray, 1977; Mason & Muller, 1982). These observations suggest that there

must be control mechanisms acting rapidly and locally at the axon tip.

REGEN]%;&TION OF CNS AXONS THROUGH PERIPHERAL NERVE GRAFTS

A com?non consequence of injury to the spinal cord and brain of the adult mammals is
a failure of the severed axons to regenerate extensively through the damaged CNS tissue,
cohtrasting with the successful regrowth of peripheral axons through the injury site and
distal stump of an injured peripheral nerve which often results in the restoration of
normal function. At the beginning of this century, Cajal believed that "external
conditions" surrounding the CNS neurons caused the failure of the CNS axons to
regenerate because of lacking "auxiliary factors” which were indispensable to successful
regeneration. Attempts to use transplants to promote axonal regeneration across tissue
defects in the CNS date back to Tello (1911) and Cajal (1928) and other pioneers, who
introduced the idea of using pieces of peripheral nerve to bridge lesions and stimulate
sprouting from lesioned central axons. In his description of the CNS response to

peripheral nerve grafts, Cajal reported that "sprouts, wandering through the scar, can be

nourished and oriented by the cells of Schwann that are forming bands of Biingner in the
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grafted nerves" (Cajal, 1928). Numerous studies have subsequently been done along
these lines, but in most, the CNS origin of the axons which grew into the grafts was in
doubt. It is only in the last 15 years, with the elegant and important work of Aguayo,
Berry and collaborators (Richardson et al., 1980, 1982; David & Aguayo 1981, Benfey
& Aguayo, 1982; Berry, 1983; Berry et al., 1986a, b, 1987, 1988; Hall & Berry, 1989),
that the value of this approach has been well substantiated mainly by the use of retrograde
labelling techniques. Many studies have now showed that some neurons in the brain and
spinal cord of mammals have the capacity to regrow injured axons through a permissive
environment (David & Aguayo, 1981; Benfey & Aguayo, 1982; Richardson & Issa,
1984; Richardson et al., 1984; Berry et al., 1986a, b, 1987, 1988; Hall & Berry, 1989).
Furthermore the precise location, size, and number of neurons that regrow lengthy axons
has been determined (Richardson et al., 1984; Berry et al., 1987; Villegas - Perez et al.,
1988a; Sievers et al., 1989), the length of the regenerated fibers has been estimated
(Vidal - Sanz et al., 1987; Berry et al., 1987), gaps in the injured CNS have been
bridged (Richardson et al., 1980) and the termination of and synaptogenesis by
regenerated central axons has been studied using peripheral nerve grafts (Vidal - Sanz et

al., 1987, 1991).

Peripheral nerve grafts

Successful regeneration in the PNS is associated with the Schwann cells and perhaps
with other components of peripheral nerve such as basal lamina. The events in peripheral
nerve grafts in the CNS have not yet been subject to extensive investigation but it is
widely believed that such grafts behave similarly to the distal stumps of injured nerves
left in situ. Certainly the existing axons die, myelin and other debris are removed and
bands of Biingner are formed in grafts implanted into the brain or attached to severed
optic nerves (Hall & Berry, 1989; Cambpell et al., 1990, 1992). In injured peripheral
nerve there is much evidence that Schwann cells proliferate (review by Guth, 1956;
Fawcett & Keynes, 1990; see also Abercrombie, 1946; Baichwal et al., 1988), although
in most studies the identity of the proliferating cells was not confirmed. Similar studies

have not yet been carried out on grafts in the CNS. The Schwann cells, particularly the
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myelinating cells, in the distal stumps of severed peripheral nerve undergo a process of
dedifferentiation. Myelin - forming Schwann cells reexpress adhesion molecules
including, L1, high levels of N - CAM and tenascin (Martini, 1992). Interestingly, L1
staining is most intense in the central parts of bands of Biingner (i.e. not adjacent to the
basal lamina) whereas tenascin is found only at those parts of the Schwann cells close to
or abutting onto the basal lamina (Martini & Schachner, 1988; Martini et al., 1990).
Whether regenerating axons and growth cones associate preferentially with one or other
of these sites is at present unclear. All three molecules have been found to increase
neurite outgrowth in vitro (Keilhauer et al., 1985; Kleitman et al., 1988; Wehrle &
Chiquet, 1990), although tenascin has also been reported to inhibit neurite outgrowth
(Crossin et al., 1990). It is not yet certain whether the pattern of cell adhesion molecule
expression is the same in grafts in the brain as it is in distal stumps but preliminary
observations indicate that there are similarities (Zhang, personal communication).

The dedifferentiation of Schwann cells in the distal stumps of injured peripheral
nerves also induces the up - regulation of the low - affinity NGF receptor (NGFr) on
cells which previously expressed the myelinating phenotype. The amount of NGFr in
distal stumps increased at least 50 fold by 7 days after operation. However, there was
little increase in the level of NGFr in the sciatic nerve proximal to transection and in the
dorsal root ganglia (Taniuchi et al., 1986). The NGFr molecules were localized by EM
immunocytochemistry to the surface of Schwann cells forming bands of Biingner
(Taniuchi et al., 1988). It is not known what function NGFr on Schwann cells has in
regenerating peripheral nerve but it has been speculated that the NGFr on Schwann cells
serves to concentrate NGF molecules upon the surface as a substratum laden with trophic
and tropic support for the axonal growth cone.

The Schwann cells in distal stumps of injured peripheral nerves also produce trophic
factors which could have a role in promoting axonal regeneration. The production of
NGF is biphasic with the second peak being dependent on interleukin IL - 1 released
from macrophages (Brown et al., 1991). Interestingly NGF up - regulation is prevented
by glucocorticoid hormones (Lindholm et al., 1990) which might therefore be expected

to inhibit regeneration although there is no evidence for such a result from clinical

28



practice. Only sensory and sympathetic axons in regenerating peripheral nerve are
known to have high - affinity (physiologically active) receptors for NGF however,
although motor neurons apparently reexpress the low affinity receptor following injury
(Wood et al., 1990). CNTF (ciliary neuronotrophic factor) is released from Schwann
cells in injured nerves but its expression is soon down - regulated (Sendtner et al.,
1992). None the less exogenous CNTF has been reported to have a significant effect on
peripheral nerve regeneration (Sendtner et al., 1990). The expression of other trophic
factors by injured peripheral nerve has been scarcely investigated.

Schwann cells also produce laminin, a basement membrane glycoprotein, both iz vivo
and in vitro. Staining with antibodies to laminin shows that laminin is restricted to the
basal lamina of each ensheathing Schwann cell in vivo (Cornbrooks et al., 1983), while
in vitro, antibodies to laminin stain the Schwann cell surface in a punctate manner
(Cornbrooks et al., 1983). However, in the Schwann cells of the distal stumps of
injured peripheral nerve, intracellular laminin becomes detectable (Bignami et al., 1984).
Moreover, Schwann cells in vitro produce laminin whether in contact with axons or not
(Cornbrooks et al., 1983). It has been reported that laminin promotes spreading and
neurite outgrowth of injured adult rat retinal axons (Ford - Holevinski et al., 1986),
dissociated embryonic chick dorsal root and sympathetic ganglia (Rogers et al., 1983)
and dissociated cells from newborn rat brain in vitro (Liesi et al., 1984a). Laminin also
enhances axonal regeneration in transected sciatic nerve and crushed optic nerve in rat in
vivo (Politis, 1989). However basal laminae of frozen nerve grafts are not capable of
supporting regeneration over long distances (Nadim et al., 1990) or even short distances

in the absence of Schwann cells (Hall, 1986).

The regenerative capacity of CNS neurons through peripheral nerve grafts

The regenerative capacity of mammalian CNS neurons has been extensively studied
using peripheral nerve grafts for more than ten years (Richardson et al., 1980, 1982;
David & Aguayo 1981; Benfey & Aguayo, 1982; Berry, 1983, 1985; Berry et al.,
1986a, b, 1988; Hall & Berry, 1989). Richardson et al (1980) used horseradish

peroxidase (HRP) as a retrograde neuronal tracer to show that spinal cord neurons could
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regenerate through a 5Smm graft of sciatic nerve bridging the gap in severed rat spinal
cords. Neurons entered the grafts from both rostral and caudal parts of the spinal cord.
David & Aguayo (1981) inserted one end of a peripheral nerve graft into the medulla
oblongata of adult rats and the other end into the lower cervical or upper thoracic spinal
cord. The grafts were subsequently transected and HRP applied to the cut ends. About
450 retrogradely labelled neurons were found in the brainstem of the seven animals and
1022 in the gray matter of the spinal cord. The cells were mainly located within a 4mm
territory near the end of the graft in the brain and a 6.5mm territory near the end of the
graft in the spinal cord. These experiments demonstrated that neuronal perikarya situated
near a graft were more likely to grow an axon into that graft than were those situated at a
greater distance and that many types of CNS neurons were capable of regeneration.
Benfey & Aguayo (1982) showed that some CNS neurons would grow axons into nerve
grafts in the forebrain of rats over a distance greater than the length which those axons
attain in the intact animal. Their results also suggested that some CNS neurons were
more likely to grow axons into peripheral nerve grafts than were others (see Fig. 2 of
Benfey & Aguayo, 1982). This was confirmed by Benfey et al (1985) who showed that
when nerve grafts were inserted into the thalamus of rats, the great majority of the
neurons which could subsequently be retrogradely labelled from the grafts were found in
the thalamic reticular nucleus. This result was replicated by Morrow et al (1992).
Similarly, when grafts were inserted into the cerebellum, neurons in the central nuclei
grew axons into them, but cerebellar cortical neurons, including Purkinje cells did not
(Dooley & Aguayo, 1982). Many of the axons which grow into peripheral nerve grafts
in the CNS become myelinated by Schwann cells (Weinberg & Raine, 1980; Campbell et
al., 1992). It is difficult to know whether any individual axon in an EM section is of
CNS origin but this problem has been overcome using anterograde labelling of grafts in
optic nerve experiments (Vidal - Sanz et al., 1991). Furthermore, Rasminsky et al
(1985) showed that CNS axons which grew into grafts were electrophysiologically
active, and that the electrophysiological properties which they displayed indicated the

presence of myelination. Since axons are not myelinated by oligodendrocytes more than
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a few score micrometers into grafts in the CNS (Campbell ef al., 1992), the myelination
of the functionally active axons was presumably from Schwann cells.

One problem which proved initially difficult to settle was whether the axons which
grew into the nerve grafts in the CNS came from axotomized neurons or from uninjured
cells in the vicinity. This matter was addressed in studies using grafts in the retina (So &
Aguayo, 1985) and conclusively settled by experiments using grafts attached to severed

optic nerve which are discussed below (Berry et al., 1986a, b; Aguayo et al. 1986).

INJURY AND REGENERATION IN THE VISUAL PATHWAY
STRUCTURE OF THE RETINA AND THE OPTIC NERVE IN THE RAT
The output neurons of the retina, i.e. the neurons where axons project to the visual
centres of the brain, are the retinal ganglion cells (RGC). There are approximately
115,000 RGC in the retina of the adult rat (Potts et al., 1982; Perry et al., 1983). They
lie in the most superficial part of the retina just deep to the nerve fiber layer and most are
distributed as a single layer of cells. Some RGC lie deeper in the retina, in the inner
nuclear layer and are known as displaced ganglion cells. It is also important to note that
not all of the cells in the ganglion cell layer are RGC. About 50% are displaced amacrine
cells (Perry, 1979, 1981). There are four classes of neurons in the ganglion cell layer of
the rat retina (Perry, 1979, 1981; Perry & Walker, 1980). Three of these cell types in rat
retina are classified by their soma size and dendritic morphology shown by Golgi studies
(Perry, 1979; Sefton & Dreher, 1985). The type 1 cells have the largest cell bodies of all
the classes with 3 to 6 primary dendrites. The type 2 cells have an intermediate soma size
with 1 to 4 primary dendrites. The type 3 cells have small somata with the largest range
of dendritic field sizes. The fourth cell type is thought to represent displaced amacrine
cells which are characterized by the absence of an axon and the distinctive beaded
appearance of their dendrites with short club - like protrusions from the terminal branches
of the dendrites (Perry, 1979).
The adult albino rat optic nerve contains about 110,000 axons (Forrester, 1967,
Fukuda et al., 1982; Crespo et al., 1985; Hunter & Bedi, 1986). Axon diameters of the

optic nerve fibers in albino rat range from 0.2um to 3.0pm, myelin sheath thickness is
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ca. 0.08 to 0.9um, as measured in EM studies (Forrester, 1967; Fukuda et al., 1982).
Although there are retinopetal fibres in the optic nerve of birds and other non -
mammalian species and there have been several claims for the presence of similar
centrifugal fibers in rats and other mammals (Itaya, 1980; Itaya & Itaya, 1985), the
weight of evidence strongly suggests that the rat optic nerve contains only retinofugal
axons (Schnyder & Kiinzle, 1984; Cooper & Phillipson, 1989). The great majority of
optic nerve axons in adult mammals are myelinated. Although it has been reported that
the proportion of unmyelinated fibres is as high as about 21% in the optic nerve of adult
albino rats in a study by light microscopy (Bruesch & Arey, 1942), only a very small
number (0.18% - 1%) of fibres are seen to have no myelin sheath in the same species
using EM (Forrester, 1967; Hunter & Bedi, 1986). Clearly the earlier high figure should
be treated with caution. Indeed it has been reported that some unmyelinated axons in rat
optic nerve showed subaxolemmal dense material at high magnification, which is
characteristic of sections of myelinated axons cut at the node of Ranvier (Forrester, 1967;
Fukuda et al., 1982).

Since the optic nerve is CNS tissue, the myelination is provided by oligodendrocytes.
Oligodendrocytes in adult mammalian optic nerve resemble those elsewhere in the CNS.
By light microscopy, they have small dark, rounded nuclei which in size and appearance
resemble those of lymphocytes stained with haematoxylin and eosin (Penfield, 1924;
Polak, 1965). The perikaryon and processes of oligodendrocytes in rat are only stainable
with difficulty by silver impregnation and show few protoplasmic expansions. Using
intracellular injection with horseradish peroxidase (HRP) or Lucifer yellow, filled
oligodendrocytes in rat optic nerve have 20 - 30 longitudinally oriented processes
approximately 150 - 200 um long, which pass along the long axis of the optic nerve
parallel to the axons (Butt & Ransom, 1989). Electron microscopy shows that the
perikarya of oligodendrocytes in rat are moderately electron dense and contain a
prominent Golgi apparatus, inconspicuous mitochondria and abundant rough ER with
many ribosomes (Vaughn et al., 1970b; Peters et al., 1991). Oligodendrocyte processes
contain abundant microtubules but no intermediate filaments. In young animals the

actively developing and myelin - forming oligodendrocytes are larger with a prominent
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Golgi apparatus and are less electron dense than in the mature well - myelinated adult
nerve (Vaughn et al., 1970b; Parnavelas et al., 1983; Peters et al., 1991).

Astrocytes form the glia limitans at the surface of the optic nerve and intimately
surround blood vessels within the nerve as well as forming septa which partially
subdivide the optic nerve fibres into fascicles (Vaughn et al., 1970b; Peters et al., 1991).
Using light microscopy, astrocyte cell bodies appear slightly larger than those of
oligodendrocytes, about 8 - 10um in diameter, irregular in shape and having a round or
oval nucleus with rather homogeneous chromatin (Polak, 1965; Kosaka & Hama, 1986).
Electron microscopy shows that cytoplasm of the astrocytes is of low density because of
a scarcity of free ribosomes, profiles of smooth ER and Golgi membranes. Intermediate
filaments are abundant in the astrocyte processes. The Golgi apparatus is often elaborate
and lysosomes are always present.

It has been suggested, on the basis of tissue culture experiments, that there are two
classes of astrocytes in rat optic nerve, type 1 and type 2 (Raff et al., 1987; Small et al.,
1987). Type 1 astrocytes were thought to form the glia limitans and to surround blood
vessels within the nerve while type 2 astrocytes were thought to form the processes
which abut on to nodes of Ranvier (ffrench - Constant & Raff, 1986; Raff et al., 1989).
However, attempts to determine the presence of type 1 or type 2 astrocytes in adult optic
nerve tissue in vivo by filling astrocytes with dye or HRP have been unsuccessful (Miller
etal., 1989). Unfortunately the main immunohistochemical marker of type 2 astrocytes,
the A2B5 monocolonal antibody has proven incapable of resolving the matter since the
antibody works poorly in tissue sections (Fulton et al., 1991). However, type - 2
astrocytes have been visualized in LM and EM in adult rat optic nerve by quisqualate -

stimulated cobalt uptake (Fulton et al., 1992).

BLOOD SUPPLY OF THE OPTIC NERVE

The blood supply to the optic nerve is of crucial important in understanding the effects
of lesions since injury to arteries in the CNS produces profound degenerative changes
because such vessels are functional end arteries (Polyak, 1957). The blood vessels in the

CNS form a distinct anatomical compartment, separated completely from the cells of
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neurectodermal origin by a basement membrane, which is the combined product of the
endothelial cells and the perivascular glial cells (Povlishock et al., 1977). The brain
capillary endothelial cells are joined by continuous tight junctions (Brightman & Reese,
1969; Farrell & Shivers, 1984; Coomber & Stewart, 1986) that prevent molecules from
passing between the endothelial cells and thus form a blood - brain barrier (reviewed by
Stewart & Coomber, 1986). It is now known that perivascular astrocytes are responsible
for inducing the formation of these interendothelial cell tight junctions (Beck et al., 1986;
Janzer & Raff, 1987). All exchange between blood and brain occurs through endothelial
cells.

Since the optic nerve is a part of the CNS, its capillaries are of the continuous type
with the properties of a blood - brain barrier (Kiernan, 1985). The capillaries in the optic
nerve are impermeable to intravenously injected tracers, except in the optic nerve head
(Olsson & Kristensson, 1973). The blood vessels in the optic nerve sheath differ from
those inside the optic nerve in being permeable to tracers (Olsson & Kristensson, 1973).

In the rat, the ophthalmic artery is not an intracranial branch of the internal carotid
artery, as is the case in man, but is derived from the palatine branch of the
pterygopalatine artery (Janes & Bounds, 1955; Bugge, 1970; Anderson, 1970). The
ophthalmic artery then runs in the alisphenoid canal, where it lies on the lateral border of
the ophthalmic division of the trigeminal nerve, well away from the intracranial portion of
the optic nerve and lies in the inferio - nasal quadrant of the optic nerve sheath as it enters
the eyeball. The optic nerve receives a blood supply from a number of small branches of
the ophthalmic artery and anterior cerebral artery (Polyak, 1957; Anderson, 1970). The
intracranial portion of the optic nerve is supplied by the ophthalmic and anterior cerebral
arteries. The intraorbital portion is supplied by the branches of the ophthalmic artery,
chiefly by the external branches, and to a small extent by the central retinal artery,

including a recurrent or postcentral artery (Polyak, 1957; Anderson, 1970).

RESPONSES OF RGC AND THE OPTIC NERVE TO AXOTOMY

Ganglion cell death in the retina following axotomy

34



It has long been known that massive death of RGC occurs after interruption of the
optic nerve. It is probably best to ignore studies which involve gross transection of the
optic nerves in the orbit with their meningeal sheaths since that procedure undoubtedly
damages the arterial blood supply to the RGC (see above). The results of different
studies none the less vary in quantitative terms but effects of the age of the animal
lesioned, the species of animal lesioned, the position of the lesion and perhaps the type of

lesion may be distinguished.

(1) Species

Profound differences between species have been found in the response of mammalian
RGC to axotomy (Quigley et al., 1977, Holldnder et al., 1985; Villegas - Perez et al.,
1988a, b). The interruption of the optic nerve causes a progressive loss of RGC in the
cat retina (Holldnder et al., 1985) but, in contrast, causes rapid atrophy and neuronal loss

in rabbits (Quigley et al., 1977) and in rats (Villegas - Perez et al., 1988a, b).

(1) Age of animal

The responses of axotomized RGC varies with the age of the animals studied. Thus
axotomy induces nearly total loss (0 - 10% survival) of RGC in new - born rats and mice
(Muchnick - Miller & Oberdorfer, 1981; Allcutt et al., 1984); in contrast, a higher
proportion of RGC survive (20%) 10 days after optic nerve crush in adult mice (Allcutt et
al., 1984). It has been estimated that 32% of axotomized RGC in adult rats survive up to
6 months following intraorbital optic nerve crush (Barron et al., 1986). However
Villegas - Perez et al (1988a) and Sievers et al (1989) reported only 10% survival of
RGC one month after intraorbital optic nerve transection. Some surviving RGC in adult

cat can be retrogradely labeled up to 15.5 months after lesion (Holldnder et al., 1985).

(iii) Proximity of the lesion to the cell body
The site at which optic axons are interrupted has considerable influence on the
responses and survival of axotomized RGC. When the lesion is close to the cell body, a

loss of more than 90% of normal RGC occurred by 1 month following operation (Berry
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et al., 1987; Villegas - Perez et al., 1988a, b; Sievers et al., 1989). However,
intracranial optic nerve crush or transection delayed the loss of RGC; approximately 40%
of normal RGC still survived between 3 to 7 months after lesion (Misantone et al.,
1984). Villegas - Perez et al (1988b, 1989) have studied this matter in more detail by
retrogradely labelling RGC with Dil applied to the superior colliculus and dorsal lateral
geniculate neucleus of adult rats after optic nerve transection and they found that the
survival of the RGC was 18% of controls for optic nerve transection 0.5mm from the
eye; 31% for 3mm, 55% for 8mm, and 71% for 10mm one month following operation;
the number of surviving RGC had fallen to approximately 5 - 10% of the normal RGC
population in all of these retinas 6 months after lesion. They suggested that the distance
of optic nerve transection from the eye appeared to influence the rate of RGC
degeneration but not the long - term survival of these cells. Although interruption close
to the cell soma is more likely to induce cell death, such lesions, paradoxically, also
induce a greater amount of regenerative axonal sprouting (Barron et al., 1986) and have a

greater effect on GAP - 43 expression (Doster et al., 1991 and see Chapter 6).

Morphological changes in retinal ganglion cells after axotomy

Although many studies of retinal and optic nerve injury have been performed using
mice, RGC in mice have little cytoplasm and poorly developed Nissl material (Grafstein
& Ingoglia, 1982) making cytoplasmic changes produced by axotomy difficult to
characterize by light microscopy. Following transection of the intracranial optic nerve,
RGC in mice show perikaryal shrinkage and an eccentric nucleus within 1 - 3 weeks, but
no obvious chromatolysis occurred after intracranial transection (Grafstein & Ingoglia,
1982) or intracranial crush (Allcutt et al., 1984). Some RGC are very pale and faintly
stained (ghosts) after intracranial crush of the optic nerve (Allcutt et al., 1984). Similar
observations were made after intracranial optic nerve transection in cats (Holldnder et al.,
1984). By 3 to 4 months, staining of axotomized RGC with toluidine blue (Grafstein &
Ingoglia, 1982) or with cresyl violet (Holldnder et al., 1984) was partially restored
(Grafstein & Ingoglia, 1982; Hollinder et al., 1984). In another study, RGC surviving

axotomy have been reported to display an increase in the diameters of their somata and a
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fivefold reduction in the branching of their dendrites (unpublished observations by
Thanos & Aguayo, quoted in Bray & Aguayo, 1989), but important details of these
experiments including the precise nature of the lesion were not given. In EM studies, the
morphological changes in RGC after intraorbital optic nerve crush in rats in general
resemble those of other intrinsic CNS neurons, and include a reduction in the amount of
rough ER, with vacuolation and vesiculation of ER cisternae, and disintegration of
polyribosomes and Nissl bodies (Barron er al., 1986). However, the nuclei of
axotomized RGC are apparently resistant to atrophy (Barron e? al., 1986), compared to
the remarkable shrinkage of nuclei in other populations of intrinsic neurons in rat, e.g. in
the lateral geniculate body and the red nucleus (Barron, 1983a, b). There were no
changes in lysosomes and no autophagic bodies in rat RGC following axotomy (Barron

etal., 1986).

Metabolic changes in RGC bodies after optic nerve injury
(1) Nucleic acids

The RNA content of axotomized RGC in rats fell by 25% of normal by 60 days after
intracranial optic nerve crush in rats, and the loss of RNA approximately paralleled the
atrophy of the ganglion cell perikarya(Barron et al., 1985). In contrast, axotomized
RGC of goldfish which are capable of prolonged regeneration showed a significant
increase in RNA content and in cell size (Barron et al., 1985). GAP - 43 mRNA in RGC
of adult rat detected by a radiolabelled DNA probe corresponding to the first 500 base
pairs of the rat cDNA clone pG43 - 1.2 using in situ hybridization, was elevated similarly

after both intraorbital and intracranial axotomy (Jones & Aguayo, 1991).

(i1) Cytoskeletal proteins

Antibodies against the phosphorylated 200 kD component of neurofilaments do not
normally labell RGC perikarya in mice. However, by 6 days after optic tract
transection, approximately 300 axotomized RGC bodies in the ipsilateral lower
temporal retina, and approximately 1,000 RGC bodies spread throughout the

contralateral retina except for the lower temporal region were labelled (Driger &
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Hofbauer, 1984). This was interpreted as showing that, a lesion of optic axons caused
an increased affinity for anti - 200 kD NF antibodies in a subpopulation of ganglion cells.
It was suggested that this retrograde reaction of axotomized RGC might reflect primarily
an antigenic change rather than an increase of neurofilament protein in the perikarya
(Driger & Hofbauer, 1984). This antigenic change could involve an increased level of
phosphorylation of protein. However, the anterograde transport of neurofilament protein
in the optic nerve of rats declined almost 10 fold from 6 to 60 days after intracranial optic
nerve crush in rats (McKerracher ez al., 1990). In the same study, tubulin transport was

also found to decline after optic nerve injury.

(i11)) GAP - 43

The level of the growth associated protein, GAP - 43 (see Section 1 above) has been
recently reported to increase in retinal wholemounts when the optic nerve was transected
within 3mm of the eye, even in the absence of prolonged regeneration. The elevated
GAP - 43 expression was apparent only between 6 and 26 days after lesion (Doster et
al., 1991). Axotomy close to the eye also elevated the axonal transport of GAP - 43 in
the optic nerve (Doster et al., 1991). GAP - 43 expression was not elevated following

intracranial optic nerve transection (Doster et al., 1991).

Morphological changes in the optic nerve after axotomy

The literature on morphological changes in injvured optic nerve will be discussed in
detail in Chapters 3 - 5 and only a brief account will be given here. In general nerve
fibres in the optic nerve are of almost uniform origin axons of (RGC) and direction of
passage. It is therefore reasonable to expect Wallerian degeneration of interrupted nerve
fibres to occur on the distal (brain) side of the lesion and retrograde changes to be found
on the proximal (retinal) side. Studies over many decades have shown that following
intraorbital optic nerve transection in rabbits (Cajal, 1928) and rats (Berry et al., 1988;
Hall & Berry, 1989) or intraorbital crush in hamsters (Stevenson, 1987) and rats
(Kiernan, 1985) or intracranial optic nerve transection in rats (Richardson et al., 1982)

and mice (Grafstein & Ingoglia, 1982; Madison et al., 1984) and after optic tract section
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in cats and monkeys (Leinfelder, 1940), dramatic morphological changes occurred in the
proximal stumps. Cajal (1928) described by LM the responses of the proximal stump of
the optic nerve in rabbits after intraorbital transection in which the ophthalmic artery was
probably damaged. He found that there was a necrotic zone containing a lot of debris
derived from the severed fibers near the cut end within 24 hrs following lesion. He
described a metamorphic axonal region displaying strong colloidal silver staining of
swollen axons present in the more proximal part of the optic nerve. Between the necrotic
and metamorphic regions, there was a zone containing axon terminal clubs and swollen
axons. Proliferation of glia and phagocytosis of lipids were also described although the
time course was not mentioned. Cajal (1928) also described regenerative changes in the
axons of the proximal stump. Sprouting started in the periphery of the proximal stump
and the sprouts rapidly extended into the necrotic zone and the scar. Cajal suggested the
the regrowing axons received nutrition from the surrounding pia mater. In the central
region of the optic nerve, axons with growth cones at their ends were far from the scar
tissue even 8 to 10 days after lesion and he suggested that this reflected impaired nutrition
caused by the interruption of blood supply to the central parts of the nerve. The most
advanced sprouts were found at the edge of the scar and most disappeared by 20 to 30
days after operation. The damaged blood supply also led to atrophy of the optic nerve.
If indeed the ophthalmic artery was severed it is difficult to interpret these results.
Subsequent investigators using light and fluorescence microcopy also reported axonal
sprout formation in the proximal stump of the optic nerve following intraorbital lesions in
rats (Kiernan, 1985; Berry et al., 1988) and in hamsters (Stevenson, 1987). These
studies used optic nerve crush or intradural transection to maintain the retinal blood
supply, but Grafstein & Ingoglia (1982) found only equivocal evidence for sprouting and
no evidence of sustained regeneration after intracranial lesion in mice.

Much more extensive information about the morphological reactions of the severed
optic nerve has been accumulated using electron microscopy. It has been reported that
the initial ultrastructural changes produced in optic nerve axons by a focal lesion, stretch
injury of adult guinea pig optic nerve are plasmalemmal blebbing, disruption of

neurofilaments and aggregation of smooth ER at nodes of Ranvier within 15 minutes
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(mins) after lesion (Maxwell et al., 1991). Following intraorbital optic nerve transection
in rats, Hall and Berry (1989) reported that a layer of debris consisting of axonal and
myelin fragments was present at the cut end of the proximal stump within 3 days after
lesion. Macrophages and fibroblasts were also present in this region. Many bundles of
regenerating axons associated with astrocytes were found at the cut end by 3 days.
Putative growth cone profiles containing vesicles, mitochondria, smooth ER,
neurofilaments and microtubules were found at the tips of these bundles. The bundles of
sprouts extended to the edge of the scar tissue separating the proximal and distal stumps.

Following intracranial optic nerve transection in adult rats, Richardson et a/ (1982)
found that normal optic nerve fibers disappeared close to the cut ends and a necrotic zone
was formed in the central part of the nerve extending into the orbit (up to 6mm proximal
to the lesion ). Some of these observations are similar to Cajal's accounts of the events
following optic nerves transection in the orbit in rabbit. Richardson et al (1982) reported
that intact axons remained at the periphery of the nerve and putative regenerating axonal
sprouts were thought to originate from such fibres. In the normal, intact optic nerve,
fewer than 100 nonmyelinated axons (mean diameter 0.79um) were found, but by 2
weeks after operation several thousand were present (mean diameter 0.49um). At 32
weeks a mean number of 230 nonmyelinated axons were present with a mean diameter of
0.67um. These figure raise an important difficulty in EM studies of injured optic nerve:
how to distinguish axonal sprouts from unmyelinated or demyelinated axons which have
merely survived injury without regenerating. This problem will be dealt with in Chapter
3.

Cajal (1928) also described Wallerian degeneration in the distal stump of the optic
nerve after intraorbital transection in rabbits. He found that the severed axons
degenerated very slowly with no apparent morphological difference between normal and
injured axons until 8 days after lesion when swollen axons and bead - like profiles
became abundant. Up to 1 to 1.5 months, many swollen axons were still present. Later
studies on Wallerian degeneration in the optic nerve were more concerned with the
reaction of glia and their proliferation (Vaughn et al., 1970a, b; Skoff & Vaughn, 1971;

Privat et al., 1981). Skoff and associates using 3H - thymidine autoradiographic
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techniques reported that the number of labelled neuroglial cells increased almost ten fold
in a 28 hrs period between 2 and 3 days after enucleation (Skoff & Vaughn, 1971).
Most phagocytes involved in Wallerian degeneration of the optic nerve were derived from
proliferating glia, especially astrocytes and multipotential glia, rather than from an

invasion of macrophages (Vaughn et al., 1970a; Skoff, 1975).

Change in the permeability of blood vessels in the optic nerve

It has been reported that following the transection of peripheral nerves of mammals
and the optic nerves of the goldfish, successful axonal regeneration is always
accompanied by an increased degree of vascular permeability. Under these conditions
the blood vessels in the nerve become permeable to intravenous injected proteins
throughout the regrowth pathway (Kiernan & Contestabile, 1980; Sparrow & Kiernan,
1981). However, the permeability of the vasculature in the optic nerves of rats to
intravenously injected fluorescent tracer only increased in the immediate vicinity of the

lesion site (Kiernan, 1985).

THE REGENERATION OF RGC AXONS INTO PNS GRAFTS

The optic nerve in rat is an easily accessible and well characterized fibre tract. Its
most important characteristic with regard to peripheral nerve grafting experiments is that
the severed optic nerve represents a population of CNS axons all of which originate from
RGC in the retina (Berry, 1983, 1985). Tello (1911), Cajal (1928) demonstrated the
marked regenerative potential of axotomized rabbit optic nerve fibers by inserting an
autologous segment of sciatic nerve onto the cut end of the optic nerve. Cajal (1928)
described that "some bundles of sprouts" (from the retinal stump of the optic nerve)
"which had grown considerably and which, after a few turns, crossed the scar and
insinuated themselves into the grafts, within which they travelled for long distances.
Such sprouts ramified in the new region, pushed aside the ellipsoids of myelin, and grew
intra - as well as extratubally".

Only recently has this experiment been repeated and studied extensively (Berry et al.,

19864, b, 1987, 1988; Aguayo et al., 1986; Vidal - Sanz et al., 1987, 1991; Villegas -
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Perez et al., 1988a; Hall & Berry, 1989; Keirstead et al., 1989). In conceptually similar
experiments So and Aguayo (1985) inserted an autologous sciatic nerve graft directly into
the adult rat retina for 4 to 18 weeks and retrogradely labelled the neurons which had
grown axons through the grafts. The fastest growing axons elongated at about 2mm per
day through the grafts after an initial delay of 4.5 days in adult hamsters (Cho & So,
1987). Berry (19864, b) and collaborators inserted PNS grafts onto the cut end of the
intraorbitally transected optic nerve, without injury of the ophthalmic artery. This was
achieved by transecting the nerve after carefully opening the dural sheath and was
corroborated by postoperative ophthalmoscopic inspection of the retinal vasculature.
Aguayo et al (1986) developed a similar technique. By 7 days postoperation (dpo),
regenerating fibers emerged from the optic nerve and invaded the PNS grafts (Aguayo et
al., 1986). By 30 dpo, the sprouts regenerated into the PNS grafts for at least 10mm
(Berry et al. 1986a, b) and reached the distal end of the grafts (Aguayo et al. 1986).
Aguayo et al (1986) found a maximum of about 10% of the 110,000 RGC originally
present in the retina could be retrogradely labelled from the grafts. However Berry et al
(1986a,b) concluded from not dissimilar counts that only 3% of surviving RGC
regenerate their axons through the grafts. Some axotomized rat RGC regenerating axons
into PNS grafts show responses to light similar to those of intact RGC, although this
light response declined between 9 and 48 weeks after grafting (Keirstead et al., 1989).
Berry and colleagues (1988, 1989), used immunocytochemical techniques combined
with anterograde axon tracing and electron microscopy, to perform elegant experiments
on axonal sprouts and axon - glia relationships in PNS grafts onto the adult rat optic
nerve. By 36 hours post lesion regenerating axons had penetrated the junctional zone
and a few had entered the grafts. Astrocyte processes identified immunocytochemically
by the presence of their characteristic intermediate filament protein, glial fibrillary acidic
protein (GFAP) extended into the junctional zone after the axons (by 3 - 5 dpo) having
previously retracted from the edge of the lesion. Oligodendrocyte processes, recognized
by antibody against CA - II (carbonic anhydrase - II, a marker for oligodendrocytes)
were associated with the axons growing across the junctional zone (Berry et al., 1988).

Since axons did not regenerate into freeze - killed peripheral nerve grafts it could be
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concluded that basal lamina tubes alone are not sufficient to support optic axonal
regeneration (Berry et al., 1988). The same study showed that axons did not grow into
the scar tissue at the cut end of a transected optic nerve lacking a graft. In an EM study,
Hall & Berry (1989) largely confirmed the findings of the immunohistochemical
investigations. Their principal results were that axonal sprouting and extension into the
scar tissue at the severed end of the rat optic nerve were independent of the presence of a
peripheral nerve graft, that the regenerating axons were accompanied by astrocyte
processes and oligodendrocytes, and that the long term survival of the regenerating axons
(beyond 10 - 20 days) depended upon the presence of living Schwann cells derived from
a living peripheral nerve graft. Those Schwann cells which invaded the scar tissue
between the graft and the optic nerve may have been particularly important in this regard.
They concluded that Schwann cells probably facilitated RGC axon entry into the grafts
by both cell contact and the secretion of neurotrophic factors.

In recent years, Aguayo and collaborators have shown that optic nerve fibres
regenerating through a peripheral nerve graft attached to the retinal stump of a severed
optic nerve can, under certain circumstance, re - enter the CNS. They showed this by
attaching a peroneal nerve graft to the optic nerve, allowing the optic nerve fibres to grow
through the graft, and then ligating the distal end of the peroneal graft and leaving it
between the scalp and the posterior part of the skull. Eight to nine weeks after initial
grafting of the peroneal nerve segment to the optic nerve, the distal end of the graft was
reexposed and desheathed and then inserted into the superficial layers of the superior
colliculus (SC) where the retinal input normally terminates and, at the same time, the
right optic nerve was also transected in the orbit in order to increase the space in the
superficial layer of the contralateral SC for regenerating optic nerve axons. Vidal - Sanz
et al (1987) used anterograde tracing with HRP or rhodamine - B - isothiocyanate (RITC)
to follow regenerating optic nerve fibers into the SC; they found that such axons, though
fewer in number, formed terminal arborizations up to 500um into the CNS tissue. Using
electron microscopy, some HRP - labelled presynaptic terminals on neurons in the
colliculus were identified. Vidal - Sanz et al (1991) showed that the synapses formed by

the regenerated axons were morphologically normal and persisted for the life span of the
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animals. Furthermore, Thanos (1992) has reported, using the same animal model and
inserting the PNS graft into the pretectal region, which contains the relay nucleus for
pupillary constriction, the olivary pretectal nucleus, that the pupilllary light reflex could
be reestablished by fibres which had regenerated through the graft.

In basically similar experiments using hamsters, well - differentiated synapses formed
by regenerated axons on target cells in the superior colliculus were also identified (Carter
et al.,, 1989). Furthermore the regenerated optic nerve axons were shown
electrophysiologically to be capable of activating neurons in the SC transynaptically
(Keirstead et al., 1989).

Interestingly, peripheral nerve grafts onto rat optic nerve severed in the cranial cavity
were penetrated by only a few optic nerve fibers (Richardson et al., 1982). This poor
regenerative response may be related to the observation that GAP - 43 expression is not
elevated in injured RGC following optic nerve trasection in the cranial cavity (Doster et
al., 1991).

Grafts of peripheral nerve and fetal CNS onto the proximal stump of severed optic
nerve also appear to have the ability to prevent the death of a population of RGC which
would otherwise degenerate. Thus Berry et al (1986a, b, 1987) reported studies in
which RGC were counted in wholemounts of retina after intraorbital optic nerve
transection with or without anastomosis of the retinal stump to a living peripheral nerve
graft. The presence of a graft reduced the loss of RGC at 30 dpo by about 10% and
reduced the shrinkage of all size categories of RGC. Thus, of 111,000 RGC in normal
retina about 11,000 were still present 30 days after optic nerve section, but 38,000 RGC
were present at the same postoperative survival time in the presence of a peripheral nerve
graft (Berry et al., 1987). Surprisingly, even freeze - killed peripheral nerve grafts
allowed the survival of 28,000 RGC. Thus although freeze - killed grafts do not support
regeneration of optic nerve fibres, they do prevent some RGC death. Villegas - Perez et
al (1988a) performed similar experiments but with a greater variety of survival periods.
They concluded that more than 90% of RGC in adult rats died by 30 days after optic

nerve section in the absence of living peripheral nerve grafts. Peripheral nerve grafts,
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however, increased RGC survived 1 - 3 months after axotomy by 2 - 4 fold, but this
observation was only apparent in counts of retrogradely labelled neurons.

Fetal CNS tissue also supports RGC survival after axotomy (Sievers et al., 1989).
This paper represents perhaps the most exhaustive study of the support of RGC survival
by any type of graft. They have shown, by transplanting rat fetal (E16) thalamus and
tectum to the proximal stump of the optic nerve of adult rats that was completely
transected 2 - 3mm behind the optic disc, that 30 dpo 35,086 RGC remain in the grafted
rats, compared to only 11,601 in retinae following transection of the optic nerve without

insertion of a fetal graft.

THEORIES ABOUT FAILURE OF MAMMALIAN CNS REGENERATION

Most intrinsic CNS neurons of mammals fail to regenerate after injury. Many
hypotheses have been suggested to explain this observation (Cajal, 1928; Clark, 1942,
1943; Clemente, 1964; Kiernan, 1979; Berry, 1982, 1983, 1985, 1989; Aguayo, 1985),
but no single hypothesis is yet compatible with all the evidence. Broadly speaking a
number of categories of explanations have been offered. First it has been suggested that
most CNS neurons are inherently unable to regenerate (Clark, 1942, 1943; Barron,
1983a, b). This could be because of inadequate reexpression of genes necessary for
axonal growth. Second it has long been thought that glial scarring, largely a function of
astrocytes, prevents regeneration (Cajal, 1928; Clemente, 1955; Windle, 1956; Reier,
1986; Reier et al., 1989). Third it has been proposed that inhibitors of axonal
regeneration exist in the CNS (Berry, 1982; Schwab & Caroni, 1988; Caroni & Schwab,
1988a, b;). Finally it is possible that factors which promote regeneration and are
necessary for prolonged regeneration are present in peripheral nerves but not in the CNS

as suggested by Aguayo (David & Aguayo, 1981) and Berry (1983).

INTRINSIC INABILITY OF CNS NEURONS TO REGENERATE
It is no longer fashionable to take the view that many CNS neurons have inherently
poor powers of regeneration (Clark, 1942, 1943), largely because of the extensive

studies by Aguayo, Berry and their collaborators (see above). None the less in no case
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has it been shown that the majority of injured CNS axons in the vicinity of a peripheral
nerve graft will regrow an axon into that graft. Peripheral nerve grafts onto severed optic
nerve probably represent the most successful use of peripheral nerve grafts to stimulate
regeneration yet even here the number of RGC which can be retrogradely labelled from
the grafts is relatively small: a mean of 4,777 in the case of a graft at the optic nerve disk
(Berry et al., 1987). Villegas - Perez et al (1988a) calculated that the percentage of
surviving RGC which had grown axons to the distal end of a 2cm nerve graft at the optic
disc was 16% at one month and 18% at 3 months. However this represents a much
smaller proportion of the original number of RGC since most die following the injury.
Data from other parts of the brain is even less promising; the mean number of thalamic
neurons retrogradely labelled from tibial nerve grafts placed in the thalamus was only 294
between 1 and 4 months after operation (Morrow et al., 1993). Purkinje cells do not
grow axons into peripheral nerve grafts in the cerebellum (Dooley & Aguayo, 1982;
Vaudano et al unpublished observations). Fewer than 20 neurons in the corpus striatum
normally regenerate into peripheral nerve grafts placed in that region (Woolhead et al,
unpublished observation) although many more neurons in the substantia nigra are able to
do so. A realistic assessment, therefore, is that only a minority of neurons in most
regions of the CNS have a demonstrable ability to regenerate. The absence of
regeneration in the CNS has been correlated with the absence of GAP - 43 expression by
CNS neurons after injury (Skene et al. 1981a, b, 1986; Karns et al., 1987; Van der Zee
et al., 1989). However many intact CNS neurons demonstrate high levels of GAP - 43
mRNA detectable by in situ hybridization (Vaudano et al, 1993), and GAP - 43 is
detectable immunohistochemically in neurites within the intact corpus striatum (DiFiglia
et al., 1990), and in other areas of the normal adult CNS (Jacobson et al., 1986;
Benowitz et al., 1988). Furthermore GAP - 43 or its mRNA are elevated in the CNS
near injury sites (Oestreicher et al., 1988; Ng et al., 1988), and GAP - 43 is detectable in
RGC axons following injury (Doster et al., 1991), and in axons regenerating into

peripheral nerve grafts in the thalamus (Campbell et al., 1991).

GLIAL SCARRING AND THE ROLE OF ASTROCYTES IN AXON GROWTH
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AFTER INJURY

It has long been thought that glial scar formation is one of the reasons for the failure
of regeneration in the mammalian CNS (Cajal, 1928; Sugar & Gerard, 1940; Windle,
1956; Kao et al., 1977, Reier et al., 1983, 1989). Gliosis, predominantly astroglial
proliferation and hypertrophy, occurs in response to injury of the CNS (Reier, 1986).
The hypertrophy involves substantial changes in the volume of astrocyte cell bodies and
processes (Reier, 1986; Reier ef al., 1989). Often the glial scars consist not only of
astrocytes, but also of numerous macrophages, microglia, oligodendrocytes and blood
vessels (Clemente, 1955; Reier, 1986; Reier et al., 1989). One of the most traditional
hypotheses explaining the failure of any sustained spontaneous axonal regrowth in the
CNS has been that glial scar tissue imposes a physical barrier to growing axons (Cajal,
1928; Clemente, 1955; Windle, 1956). The earlier histological studies of the responses
of injured neurons in the CNS described an abortive regeneration characterized by axons
terminating in scar tissue (Cajal, 1928; Sugar & Gerard, 1940). This point was
amplified by subsequent investigations performed by Windle and collaborators (1950,
1952). In those experiments, some stimulation of axonal growth through a spinal cord
transection in the thoracic or upper lumbar levels of adult cats or dogs could be achieved
within 20 days to one year after operation by preventing the formation of excessive glial
and dense collagenous scar tissue with pyromen, a pyrogenic bacterial polysaccharide.
Histological evaluations showed that in some of the treated animals, intraspinal fibers had
emerged from the spinal stumps and extended into the lesion zone between the rostral and
caudal cut ends. However no detailed description of the outgrowth of regenerative fibers
was given. Subsequent reports on the effects of administration of pyromen, ACTH and
glucocorticords failed to substantiate the more enthusiastic claims for these treatments
however (Berry et al., 1979). This view was further supported by EM studies following
transection of the dorsal white columns at the second thoracic segment (T2) of adult rats
(Lampert & Cressman, 1964) or transection of the spinal cord at the T10 level in dogs
(Kao et al., 1977) which appeared to show dorsal column axons either being deflected or

ending blindly as they encountered a central glial scar.
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Many studies in the literature favour the glial scar hypothesis. A compelling example
of an astrocytic matrix being incompatible with axonal regeneration derives from studies
of the regeneration of injured dorsal root fibers at the level of the dorsal root entry zone
(Stensaas et al., 1987; Reier et al., 1983; Nathaniel & Nathaniel, 1973). Following
crush of dorsal root afferent fibers between the dorsal root ganglion and spinal cord in
adult cats or rats, the fibres exhibit a robust outgrowth within the peripheral portion of
the dorsal root. However, upon reaching the dorsal root entry zone which is dominated
by astrocytes, these fibers are unable to advance further and thus fail to reenter the spinal
cord within 28 to 730 days after operation (Reier et al ., 1983; Stensaas et al., 1987).
Another system which also demonstrated the impediment which glia pose to regenerating
axons involves intercalating a length of living optic nerve between the proximal and the
distal stumps of a transected peripheral nerve to simulate an astrocytic scar (Reier et al.,
1983; Anderson & Turmaine, 1986; Hall & Kent, 1987; Anderson et al., 1989).
Electron microscopy and immunohistochemical studies showed that only a few
regenerating fibres entered such grafts and those which did so penetrate less than 100um
and ended as abnormal varicosities (Anderson et al., 1989). Although, in fish and
amphibians astrocyte scar tissue is as well - developed as in mammals after injury,
regenerating axons nevertheless penetrate such regions in large number (see review by
Berry, 1982). However, the properties of astrocyte surfaces in lower vertebrates are not
necessarily identical to those of astrocytes in mammals.

Richardson et al (1982), by using autoradiography and electron microscopy, reported
that some vesicle - rich optic nerve axon terminal bulbs resembling presynaptic endings
were found in the astrocyte scar matrix between 4 and 8 weeks following intracranial
optic nerve transection in rat. Carlstedt (1985) also reported that regenerating ventral root
(cholinergic) fibres containing accumulations of neurotransmitter vesicles gave rise to
synaptoid nerve terminals among astrocytes within the central glial matrix of the dorsal
root entry zone 6 to 9 months following anastomosis of rat ventral root to the
ganglionectomized dorsal root, and speculated that the astrocytes might block axonal
regrowth by inducing the regenerating axons to form presynaptic terminals. This

hypothesis has been more recently supported by the studies of Liuzzi & Lasek (1987,
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1990). Following transection of L5 dorsal root Smm from the spinal cord in adult rats,
dorsal root axon growth cones stopped by spinal cord astrocytes at the dorsal root/spinal
cord transitional zone displayed no accumulation of neurofilaments between 3 weeks and
3 months after injury. However, a massive accumulation of neurofilament occurred
within the same interval following tight ligature of the dorsal root (Liuzzi & Lasek,
1987). Liuzzi & Lasek proposed that following CNS injury, axon growth cone -
astrocyte interactions induce the activity of intraaxonal proteolytic enzymes and the
subsequent degradation of cytoskeletal proteins (microtubules and neurofilaments) which
are necessary for sustained axonal regrowth. This interaction seems to resemble a
physiological sequence which is activated in the axon tip when it makes synaptic contact
with an appropriate postsynaptic neuron in the CNS (Rees et al., 1976; Lasek et al.,
1987). In another study, by using intrathecal catheterization to introduce leupeptin (a
protease inhibitor) into the vicinity of the entry zone of injured dorsal roots, it was
reported that axon terminals surrounded by astrocytes became distended by
accumnulations of neurofilaments and tubulovesicular organelles (Liuzzi, 1990). This
was claimed to support the hypothesis that astrocytes, like normal target cells (Rees et
al., 1976; Lasek et al., 1987), can activate the physiological stop pathway. However the
appearance of the axons was not greatly different from regenerating sciatic nerve axons
attempting to penetrate optic nerve grafts in the thigh (Anderson et al., 1989).

In vitro studies of the effects of astroglia on axonal growth have paralleled the results
obtained irn vivo. Sandrock & Matthew (1987) performed experiments in vitro in which
rat superior cervical ganglia were placed on longitudinal cryostat sections of fresh -
frozen rat sciatic nerve and optic nerve. The ganglion axons, visualized by catecholamine
histoflourescence, regenerated vigorously over the sections of sciatic nerve, but there
was no detectable regrowth over the sections of optic nerve.

It is known that two molecules, cytotactin/tenascin (C/T) (Hoffman et al., 1988;
Crossin et al., 1989; Prieto et al., 1990) and a chondroitin sulfate /keratan sulfate
proteoglycan (CS/KS - PG) (Crossin et al., 1989) located on astrocytes in normal
boundary regions of the developing embryo, limit axon outgrowth in vitro (Crossin et

al., 1990; Snow et al., 1990). McKeon et al (1991), by implanting a piece of
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nitrocellulose into the cortex of neonatal and adult rats and using immunocytochemistry
as well as electron microscopy, demonstrated that (1) in vivo, the expression of the
putative inhibitory molecules C/T and CS/KS - PG on astrocytes of gray matter in cortex
and white matter in corpus callosum is markedly increased in the area of the lesion only
in the animals implanted as adults and the elevated expression of C/T or CS/KS -PG is
colocalized with GFAP positive astrocytes within or immediately adjacent to the filter; (2)
in vitro, only 10% of chick retinal ganglion neurons grown on nitrocellulose implants
removed from adult rats had a neurite longer than 200pum compared to 70% of the
neurites grown on the filters removed from neonatal rats. It seems likely that mature or
activated mammalian astrocytes may discourage axonal growth by producing at their
surface substances inhospitable to such growth.

However the available evidence dose not uniformly support the idea that astrocytes are
an impediment to axonal regeneration in the injured CNS. Many studies in vivo and in
vitro have shown, on the contrary, that astrocytes are capable of supporting the
outgrowth of CNS neurons following injury. Gage et al (1988) reported that fimbria -
fornix lesion in rats lead to an elevated expression of GFAP in area CA3 of
hippocampus, the dentate gyrus, and the dorsal lateral quadrant of the septum ipsilateral
to the lesion between 1 and 30 days after operation, and suggested that reactive astrocytes
act as permissive substrata for the regenerative growth of injured CNS axons that they
observed. In another study, following destruction of the nucleus basalis by unilateral
injection of ibotenic acid and the implantation of NGF - producing fibroblasts into the
striatum in rats, sprouting nucleus basalis axons accompanied astrocytes into the grafts
between 1 and 8 weeks after operation (Kawaja & Gage, 1991). It has been shown that
rat cerebellar or spinal cord neurons in vitro grow better and neurite extension is more
rapid, on astrocyte monolayer than on other substrata (Noble et al., 1984). Moreover,
neurites of explanted rat DRG cells cultured with neonatal rat cerebral cortex were usually
seen (by EM) to be in contact with astrocyte surfaces rather than the collagen substrata
(Ard & Bunge, 1988). In addition, chick embryonic retinal neurites in vitro appeared to
prefer rat astrocyte to laminin substrata and neurite outgrowth was 2.2 fold greater on

astrocyte monolayer than on laminin substrata (Neugebauer et al., 1988).
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The role of astrocytes in the regeneration of CNS neurons following injury is
therefore still controversial. The changes in astrocyte functions during development may
be an important factor to be considered, because initial growth of axon tracts in brain
occurs in the presence of immature astrocytes, and axons may even be guided by
astrocytes which temporarily form spaces or channels and provide pathways for axonal

growth (Silver et al., 1982, 1984; Norris & Kalil, 1991).

INHIBITORY FACTORS

Berry (1982) first suggested that axonal growth inhibitory factors released from CNS
myelin or myelin breakdown products might be responsible for the failure of axon
regeneration in the CNS. This hypothesis is supported by the observation that non -
myelinated or thinly myelinated central axons, such as the noradrenergic fibers of the
locus coeruleus, the cholinergic fibers of the septohippocampal pathway, and the
nonmyelinated axons of the hypothalamohypophyseal tract, do display a significant
capacity for regrowth following injury (Bjorklund & Stenevi, 1979; Barron, 1983a)
especially following chemical rather than mechanical lesion (reviewed by Berry, 1982).
In further support of the putative inhibitory effect of central myelin on CNS regeneration
in mammals are in vitro studies indicating that oligodendrocytes and CNS myelin exert a
strongly nonpermissive or inhibitory effect on regenerating neurites (Schwab & Caroni,
1988; Caroni & Schwab, 1988a, b). Schwab er al (1988) reported that differentiated
oligodendrocytes and rat CNS myelin are nonpermissive substrata for neurite outgrowth
from dissociated sympathetic or DRG cells or fetal rat retinal cells plated onto cultures of
dissociated optic nerve glia obtained from young rats. This finding has since been
extended by experiments showing that myelin extracts obtained from spinal cord white
matter of adult rats can represent a highly nonpermissive substratum for axonal
elongation (Caroni & Schwab, 1988a). Moreover they found that this nonpermissive or
inhibitory substratum effect was associated with two CNS myelin membrane protein
fractions, molecular weight 35kD and 250kD (determined by SDS - PAGE), called NI -
35 and NI - 250 which could not be found in rat PNS myelin nor in a liver - derived

membrane fraction (Caroni & Schwab, 1988a). In another study, purified monoclonal
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antibodies (IN - 1) raised against NI - 35 and NI - 250 neutralized or greatly reduced the
nonpermissiveness of both inhibitors extracted from rat CNS myelin on rat superior
cervical ganglion neurons which consequently extended numerous fine processes on the
nonpermissive substrata in the presence of IN - 1 in vitro (Caroni & Schwab, 1988b).
Monoclonal antibody IN - 1 against NI - 35 and NI - 250 reduces the nonpermissive
substrata effect of rat spinal cord white matter so that a large number of neuroblastoma
cells were shown to adhere to the white matter region of frozen spinal cord sections
preincubated with IN - 1 antibody (Savio & Schwab, 1989). Furthermore following
transection of rat corticospinal tract at mid - thoracic level of the spinal cord, axonal
sprouts were identified at the lesion site, and some could be found 7 - 11mm caudal to
the lesion within 2 to 3 weeks in animals with intraventricular grafts of IN - 1 - secreting
cells (Schnell & Schwab, 1990). In addition regenerating fibers of the cholinergic
septohippocampal tract axons grew for 2 - 4mm within the hippocampus between 3 - 5
weeks following aspiration lesions of rat fimbria - fornix when antibody IN - 1 was
present (Cadelli & Schwab, 1991). As yet the underlying mechanism of the inhibitory
effect of myelin - associated proteins on axonal regeneration is unknown, although it is
suggested that myelin inhibitors may interfere specifically with the function of N - CAM
on the neurite surface (Chiquet, 1989).

Inhibitory factors appear to be absent from lower vertebrate oligodendrocytes (Caroni
& Schwab, 1988a). In a cross - species in vitro study, goldfish RGC axons were forced
to contact rat oligodendrocytes, whereupon the fish axons collapsed, withdrew, and were
unable to cross the inhibitory cells (Bastmeyer et al., 1991). However, in the presence
of IN - 1, the fish axons grew over the rat glial cells, indicating that fish axons are
sensitive to and respond to the same inhibitory molecules as mammalian axons
(Bastmeyer et al., 1991). Although the mammalian CNS myelin and oligodendrocytes
seem to have inhibitory properties, this may only be one of the factors which cause the

failure of mammalian CNS regeneration.

LACK OF TROPHIC FACTORS
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If CNS neurons require neurotrophic factors in order to regenerate their axons then an
inadequate supply of those factors could explain the inability of CNS axons to regenerate
without further intervention. Furthermore the production of neurotrophic factors by
peripheral nerve grafts could explain their ability to support regeneration of CNS axons.
Several closely related neurotrophic factors (neurotrophins) are now recognized including
- NGF, BDNEF (brain - derived neurotrophic factor), NT - 3 (neurotrophin - 3), NT -4
and NT - 5. The status of CNTF (ciliary neuronotrophic factor), an unrelated factor with
neurotrophic effects, is still the subject of debate, since it lacks the pattern of synthesis
and secretion expected of classical neurotrophic factors (Thoenen, 1991). FGF and other
less specific trophic factors can also have considerable physiological effects on neurons
(Gospodarowicz et al., 1986).

The best characterized neurotrophic factor is NGF which is known to be involved in
protecting axotomized immature sensory and sympathetic neurons from death (Thoenen
& Barde, 1980). More recent evidence shows that NGF also protects adult sensory
neurons from dying after axotomy (Rich ez al., 1987) and that it regulates a variety of
neuronal responses to axotomy, including neurofilament and neuropeptide gene
expression in mature sensory neurons (e.g. Fitzgerald et al., 1985; Lindsay & Harmar,
1989; Verge et al., 1990). In addition, it is now clear that NGF is also involved in the
development and maintenance of some CNS neurons, specifically forebrain cholinergic
neurons whose death after axotomy may be prevented by administration of exogenous
NGF (Thoenen et al., 1987). However the evidence that NGF plays a role in promoting
any form of regenerative axonal growth has until recently been largely circumstantial
(Taniuchi et al., 1988; Fawcett & Keynes, 1990). This evidence has been strengthened
by the observation that in mice of a mutant strain in which the distal stumps of peripheral
nerves do not up - regulate NGF synthesis, sensory axons, which are responsive to
NGF regenerate very poorly, whereas the regeneration of motor axons (which are not
thought to be responsive to NGF at any stage of their life history) is more or less normal
(Brown et al., 1991). Also, it has been shown very recently that axons of septal

cholinergic neurons, which are established as one of several populations of cholinergic
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CNS neurons which are dependent on NGF (Hagg et al., 1989), will regenerate through
the entire length of a freeze - killed peripheral graft treated with NGF (Hagg et al., 1991).
The ability of neurons to respond to trophic factors depends upon the presence of
specific receptors on their surface. It might be expected, therefore, that only those CNS
neurons which normally express receptors for the trophic factors produced by peripheral
nerves (or which are induced by injury to express such receptors) will regenerate into
peripheral nerve graft, and that injured CNS neurons should vary in their ability to
respond to peripheral nerve grafts. In fact CNS neurons appear to differ considerably in
their propensity to regenerate axons into nerve grafts. For example as described above
when sciatic or tibial nerve grafts are inserted into the thalamus most axons which grow
into them come from the thalamic reticular nucleus (TRN; Benfey et al., 1985; Morrow et
al., 1993). When grafts are inserted into the cerebellum the neurons in the deep nuclei
regenerate axons but neurons in the cerebellar cortex, including Purkinje cells, do not
(Dooley & Aguayo, 1982; Vaudano et al unpublished observations). mRNAs for both
NGF and NT -3 but not BDNF have been detected in normal sciatic nerve (Shelton &
Reichardt, 1984; Maisonpierre et al., 1990). Following nerve section there is a dramatic
increase in NGF mRNA and BDNF mRNA in the distal stump of rat sciatic nerve
(Heuman et al., 1987; Meyer et al., 1992). CNTF is also synthesised in sciatic nerve of
adult rat (Stockli ez al., 1989) and it has been shown that local application of CNTF will
prevent the degeneration of newborn rat motor neurons (Sendtner et al., 1990).
Interpreting the regenerative responses of various CNS neurons to peripheral nerve
grafts in terms of neurotrophic factors is hindered by two problems. First there are
probably several unidentified trophic factors. Second only fragmentary information is
available even for NGF and the other known factors, with respect to their physiologically
active receptors. For example, even the nature of the high affinity receptor for NGF is
still disputed. The low affinity receptor for NGF (NGFr) is however readily identifiable
by immunohistochemistry (Pioro et al., 1991; Kawaja & Gage, 1991), its gene has been
cloned (Johnson et al., 1986) and its expression in the nervous system has been
documented (Lee et al., 1992). NGFr is found on most neurons which are known to be

sensitive to NGF including primary sensory neurons, postganglionic sympathetic
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neurons and cholinergic neurons in the basal forebrain and septum (Thoenen, 1991). It
is also expressed during development and after axotomy by some neurons which have no
known sensitivity to NGF, including lower motor neurons (Wood et al. 1990) and retinal
ganglion cells (Thanos ez al., 1989) (although there is some evidence that these cells may
be NGF - responsive; Carmignoto et al., 1989, 1991). Interestingly, CNS neurons
which express NGFr are among those known to be good at regenerating axons into
peripheral nerve grafts (Aguayo, 1985; Berry et al., 1987).

Unfortunately the relationship between NGFr and the biologically active high affinity
receptor remains obscure (Bothwell, 1991). Although NGFr is widely believed to be a
component of the high affinity receptor (Thoenen, 1991), it is recognized that the latter
must involve the product of at least one other gene (Weskamp & Reichardt, 1991).
Recently a protein tyrosine kinase proto - oncogene product, trk (tropomyosin kinase),
has been shown to act as a high affinity receptor for NGF (Hempstead et al., 1991; Klein
et al., 1991), although it is not yet clear whether trk is the biologically active receptor on
all neurons sensitive to NGF. Two related genes, trk B and trk C, also code for receptor
protein tyrosine kinases. trk B is mainly confined to the CNS and has been shown to be
a biologically active receptor for BDNF and NT - 3 but not for NGF (Squinto et al. 1991;
Soppet et al., 1991) even in the absence of NGFr (Glass et al., 1991). trk C is a receptor
for NT - 3. Protein tyrosine kinases are known to act as receptors for a variety of
polypeptide trophic factors including EGF and FGF (Yarden & Uurich, 1988). Lai and
Lemke (1991) have cloned the genes for an extended family of protein tyrosine kinases
which are presumed to be receptors for unknown ligands including growth factors. One
of these genes, tyro - 2, is expressed in the thalamus only in TRN neurons and it is of
additional interest that it is not expressed by Purkinje cells, which although GABA - ergic
as are TRN neurons, do not readily regenerate axons into peripheral nerve grafts (Dooley
& Aguayo, 1982). Other trophic factors which may have different properties from those
of NGF and other neurotrophins may nevertheless affect the regeneration of CNS
neurons. For example, it has been reported that FGF promotes the survival of
axotomized RGC within 30 days following implantation of FGF impregnated Gelfoam

next to the proximal stump of transected adult rat optic nerve (Sievers et al., 1987).
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Interestingly, following intraocular injection of radioiodinated basic FGF (bFGF) into the
eye of adult rats retinal ganglion cells express high - affinity receptor for bFGF and
bFGF is anterogradely transported to the targets of these cells in the brain (Ferguson et

al., 1990).

AIMS OF THIS THESIS

The work which has been reviewed here suggests that the responses of mammalian
CNS neurons following axon injury are very complicated. Many different factors may
contribute to the failure of regrowth of injured CNS axons, although the precise
mechanisms involved are not fully understood. The aim of this research was to study the
responses of optic nerve fibers and the parent cell bodies of optic nerve axons to injury.
Particular attention was focused on early regenerative sprouting and on the interactions
between sprouts and glia, macrophages and the extracellular matrix; and on the effects of
varying the distance between the site of injury and the cell bodies of RGC on the early
stages of the response to optic nerve transection in adult rats. In addition the effects of
putative diffusible trophic factors from peripheral nerve grafts, on the survival and
regeneration of RGC through a silastic tube were investigated. The adult rat optic nerve
was chosen for these studies because of its well defined and relatively simple structure,
and its accessibility.

Light and electron microscopy and immunocytochemistry were used to examine the
sprouting of the optic nerve axons and the interactions between the sprouts and their
microenvironment, while immunocytochemistry was used to examine the expression of

GAP - 43 in retinal ganglion cells and optic nerve axons by LM and by EM following

injury.
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CHAPTER 2- MATERIALS AND METHODS

ANIMALS

Sprague - Dawley (albino) rats, male or female, weighting 150 - 300g were used for
all experiments. All rats were obtained from Biological Services at University College
London. All animals were kept in standard polypropylene cages and maintained under a

12 hours light and 12 hours dark cycle and were fed ad libitum.

SURGICAL AND EXPERIMENTAL PROCEDURES
ANAESTHETICS

The animals were initially lightly anaesthetized with a mixture containing Halothane,
oxygen and nitrogen oxide, or with ether, and were then injected with Sagatal (0.5ml/kg;
M & B, 60mg/ml) or a Hypnorm and Diazapam mixture (3ml and Sml/kg body weight;
10mg/ml, respectively) intraperitoneally for all operations. Operation always commenced
after a level of unconsciousness had been reached, at which no reflexes could be elicited
after toe - pinching. At the end of surgery, animals were put back in their cage only

when the reflexes had returned and spontaneous movements were beginning to appear.

SURGICAL PROCEDURES
Intraorbital transection of the optic nerve (Chapters 3, 5 and 6)

The technique used was a modification of the procedure used by Professor M. Berry
(Anatomy Department, UMDS, Guy's Campus). A parasagittal incisioﬁ 10 -15mm long
was made midway between the upper eyelid and the midline. The left orbit was opened
along its superior margin by blunt dissection using forceps. The Harderian gland was
retracted and the most anterior part of the origin of the temporalis muscle was scraped
away in an anteroposterior direction. The cone of extraocular muscles was brought into
view by further blunt dissection between the Harderian gland and the smaller darker
lacrimal gland (Kiernan, 1985). The levator palpebrae superiors and superior rectus

muscles were cut near the eyeball and the retractor bulbae muscle brought into view and
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opened longitudinally with microscissors. The dural sheath of the optic nerve was
opened longitudinally with microscissors along its dorsal aspect. The optic nerve was
then transected 2.5mm behind the eyeball with microscissors, taking great care not to
injury the ophthalmic artery which lies within the dural sheath. The integrity of the
retinal blood supply was confirmed postoperatively by inspection of the vasculature of
the iris which derives its blood supply directly from the ophthalmic artery (see Hall &
Berry, 1989). The Harderian gland was returned to the orbit and the scalp wound
closed with 4/0 silk. Animals were allowed to survive for 1, 2, 3, 5, or 7 days after
operation for the experiments described in Chapter 3, and 2, 4, 6, or 8 weeks after
operation for the experiments described in Chapter 5, and 3, 5, 7, 14, 28, 42, or 56 days

after operation for the experiments described in Chapter 6.

Intracranial transection of the optic nerve (Chapters 4, 5 and 6)

An incision of the scalp 2.5 - 3.0cm long was made along the midsagittal line, and the
left parietal bone was exposed by retracting the scalp on the left side. Three burr holes
were made in the parietal bone along a parasagittal line about 0.5 to 1.0mm from the
midsagittal plane using a dental drill with a 1mm diameter burr. Two other burr holes
were made along a parasagittal line midway between the upper eyelids and the midline.
A bone forceps was used to cut the parietal bone between burr holes and a trapezoid -
shaped piece of the parietal bone, approximately 15mm? in area, was removed. The
intracranial portion of the left optic nerve was exposed by removing a portion of the left
frontal lobe by suction and by washing the cavity using cold Hank's blanced salt
solution. The optic nerve was seen emerging from the optic foramen and passing
posteriorly at the cranial base. A hole was then made using watchmaker forceps in the
meningeal membrane of the inferior surface of the frontal lobe (which had not been
disrupted during aspiration of the neural tissue). The hole was gently enlarged and the
underlying dural sheath of the optic nerve was incised by microscissors through the hole.
Then, the optic nerve was transected intradurally at this site, 1 to 1.5mm behind the optic
foreman. The cavity of the brain was filled with gelfoam and the scalp wound was

closed with 4/0 silk sutures. Animals were allowed to survive for 3, 5, or 7 days for the
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experiments in Chapter 4; and 2, 4, 6, or 8 weeks for the experiments in Chapter 5; and

3,5,7, 14, 28, 42 or 56 days for the experiments in Chapter 6.

Intracranial crushing of the optic nerve (Chapter 6)

To expose the intracranial portion of the optic nerve, the same operative procedure
was carried out as for intracranial transection of the optic nerve. The left optic nerve was
then crushed 5 times at the same site using watchmaker forceps. The cavity in the brain
was filled with gelfoam and the scalp was sutured. Animals were allowed to survive 10

or 14 days after operation

Anastomosis of freeze - killed peroneal nerve grafts to the cut end of the optic nerve
(Chapter 7)

Optic nerve transection in the orbit was performed as described above. A segment of
optic nerve 2 - 3mm distal to the transection was removed from the distal stump of the
optic nerve. The left common peroneal nerve was then exposed and a piece of peroneal
nerve, approximately 1.0cm in length was removed. The peroneal nerve was laid
straight, wrapped in aluminium foil and then submerged in liquid nitrogen for 2 mins ( -
165 °C). After a 2 mins interval during which the nerve thawed, it was again immersed
in liquid nitrogen for 2 mins and the procedure was repeated 5 times in all. The freeze -
killed segment of peroneal nerve was then anastomosed to the cut end of the retinal stump
with 10/0 suture thread. The incised dural sheath of the optic nerve was connected gently
with 10/0 suture thread. The animals were allowed to survive 1, 2, 3 or 4 weeks after

operation.

Insertion of a silastic tube between the cut end of the optic nerve and a peroneal nerve
graft (Chapter 8)

A segment of left common peroneal nerve, approximately 1.0cm long, was removed
as described above and placed in sterile Hank's balanced salt solution for subsequent
use. Exposure of the left optic nerve in the orbit was carried out as described above.

The dural sheath of the optic nerve was opened longitudinally along its dorsal aspect.
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Microscissors were used to transect the optic nerve completely 2.5mm from the eyeball,
and then a 2mm segment of optic nerve distal to the transection was removed.
Approximately 1mm of the retinal stump of the optic nerve was inserted into the proximal
end of a sterile 7mm silastic tube and securely sutured with a single 10/0 suture. The
tube had an internal diameter of ca. Imm. Approximately 1mm of the proximal stump of
the peroneal nerve graft was sutured in a similar manner into the distal end of the silastic
tube. In this way the retinal stump of the optic nerve and the peroneal nerve graft were
separated by a Smm empty gap within the chamber. For control experiments, the distal
ends of the silastic tube, in some animals, were left open and without a peroneal nerve
graft. The silastic tubes were prepared from a 3cm lengths of glass capillary tubing
(Imm in external diameter) covered with medical silastic agent which is 10 parts silastic
plus 1 part curing agent (purchased from Dow Corning Corporation, Midland,
Michigan). The glass capillary tubes covered with silastic were incubated at 60 °C, 20
mins to harden the silastic. After cooling, the capillary tube was gently pulled out of the

encasing silastic, leaving an empty silastic tube with an internal diameter of ca. lmm.

OTHER EXPERIMENTAL PROCEDURES
Dil injection (Chapter 3)

The fluoresent carbocyanine dye Dil (1,1' - Dioctadecyl - 3,3,3,'3' - tetramethy-
lindocarbocyanine perchlorate) (purchased from Molecular Probes, Junction City, OR)
was used as an anterogradely transported axonal tracer to study the morphology of the
regenerating optic nerve fibres, including their growth cones, following intraorbital optic
nerve transection. A group of five animals which had survived intraorbital transection of
the optic nerve, all with an intact arterial blood supply to the retina, were used for the Dil
injection study. Two or four days after optic nerve transection, the animals were again
anaesthetized with Sagatal (30mg/kg, IP). In order to release some humour fluid from
the eyeball and so avoid an increase in intraocular pressure due to the introduction of the
tracer, the cornea was punctured as follows. Using a sterile needle (16mm x 0.5mm,
Sherwood Medical Industries), held in the right hand, the cornea was pierced close to the

limbus (1 - 2mm from the latter towards the centre of the cornea) and the needle inserted
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to a depth of approximately Smm at such an angle as to avoid hitting the large, almost
spherical lens. Care was taken to avoid damaging the retina with the needle tip. After the
needle was withdrawn the displaced humour was absorbed from the eye surface with a
sterile cotton swab. The blunt needle of a Hamilton microsyringe was introduced
through the aperture made in the cornea. It was held steady in the right hand and when
the tip could be seen to be satisfactorily located behind the lense inside the vitreous body
(at around 7mm depth from the cornea), Syl of 10% Dil solution (12.5g of Dil crystals in
125ul of dimethylformamide) was then slowly injected into the eye over a period of 2 - 3
minutes with gentle pressure on the syringe plunger and the needle was left in place for a
further 1 - 2 minutes before being gently withdrawn. The post - injection survival time

was 24 hrs.

Injection of horseradish peroxidase (HRP) (Chapter 3)

In order to label RGC axons and sprouts, a group of five rats with intraorbital
transection of the optic nerve, all with an intact arterial blood supply to the retina, were
prepared as follows. One, two or three days after optic nerve section the rats were again
anaesthetized with Sagatal (30mg/kg IP). The cornea was punctured and the needle of a
10u1 Hamilton microsyringe was introduced into the vitreous body as described above.
Then, 7ul of a solution of HRP (50% Sigma type VI in 0.9% NaCl) was slowly injected
into the eye over a period of 2 - 3 minutes. The needle was then left in place for a further

1 - 2 minutes before being removed. The post - injection survival time was 48 hrs.

Injection of thodamine - B - isothiocyanate (RITC) (Chapter 7)

RITC was used as an anterogradely transported axonal tracer to study the morphology
of regenerating axotomized optic nerve axons in the experiments in which freeze - killed
peroneal nerve grafts were anastomosed to the cut end of the optic nerve. Two animals,
surviving two weeks after operation, both with an intact blood supply to the retina, were
used for RITC injection. The injection procedure was the same as described above. 5ul

of 1% RITC solution (Img RITC dissolved in 100l solution of 2% demethylsulfoxide
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in 0.9% NaCl; RITC - R1755; Sigma Corporation, St Louis) was injected into the left

eye. The post - injection survival time was 24 hrs,

PREPARATION OF MATERIALS FOR HISTOLOGICAL,
IMMUNOCYTOLOGICAL AND ULTRASTRUCTURAL ANALYSIS
FIXATION BY PERFUSION

Phosphate buffer (PB, double strength) and phosphate buffered saline (PBS)

These were the buffers for the majority of solutions used in this study. It was found
most convenient to make up a double strength PB solution (0.2M) which was then
diluted, usually 1: 1 with fixative or distilled water to obtain a final solution of 0.1M.

NaH;PO4 (2H;0) 5.93g

Na;HPO4 23.00g

This quantity was made up to 1000ml with distilled water. pH was 7.3 - 7.4,
To make PBS, 9g of NaCl was dissolved in 1000ml of 0.1M PB (pH 7.3 - 7.4).

Fixatives
(1) For light microscopy (LM ) studies

The fixative contained 4% paraformaldehyde in 0.1M phosphate buffer. 16g of
paraformaldehyde was dissolved in 200ml distilled water at 50 - 60 °C with a few drops
of 1M NaOH solution added. 0.2M phosphate buffer (200ml) was added when the
paraformaldehyde solution cooled to room temperature. A pH of 7.4 has obtained by
adding 1M NaOH or 1M NaCl.

(ii) For electron microscopy (EM) studies

The fixative contained 4% paraformaldehyde, 0.5% glutaraldehyde and 3g glucose.
After making 400ml of 4% paraformaldehyde (as above) and cooling to room
temperature, 8ml of 25% glutaraldehyde and 3g glucose were added and the pH adjusted
to 7.4 with 1M NaOH or 1M NaCl

Perfusion fixation
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Animals were deeply anaesthetized with Sagatal (80mg/kg, IP). When reflexes were
no longer present but before respiration failed, the ventral abdominal wall was opened
along the midline and the diaphragm incised. The thoracic wall was opened with scissors
along both midaxillary lines and the pericardium was incised. The right auricular
appendage was amputated to release venous blood and a cannula immediately inserted
into the left ventricle. When animals were required for EM study, 400ml of EM fixative
was immediately passed through the cannula at a pressure of 80mm of mercury or a
speed of 35 - 40ml/min. For LM study, 300ml of phosphate buffered saline (pH 7.4)
was passed through the cannula followed by 400ml of LM fixative. Adequate perfusion
of the optic nerve was ensured by blocking the abdominal aorta with a clamp. For the
immunocytochemical study of GAP - 43 in the retina, 300ml of 0.1M phosphate -
buffered saline (pH 7.5) was passed through the cannula followed by 400ml of fixative.
At the end of the perfusion the required tissues were removed and fixation continued by
immersion overnight at 4 °C for all experiments in the optic nerve with exception the
HRP injection experiment in the optic nerve and studies of GAP - 43 in the retina. In
HRP experiments the optic nerve was transferred to the phosphate buffer immediately
after perfusion. For GAP - 43 studies involving the retina, the retina was exposured by a
gentle cut through the cornea to allow the fixative to reach the retina over a period of 1 hr

at room temperature.

Dissection of the optic nerves for EM studies after intraorbital and intracranial optic
nerve transection experiments

After fixation, the optic nerve was removed, then under the dissecting microscope, cut
with a scalpel into 3 - 4 individually numbered blocks of known length in intraorbital
transection experiments, or cut into 7 - 9 individually numbered blocks of known length
for intracranial transection experiments. Blocks were taken from the back of the eye to

the proximal millimetre of the distal stump.

Isolation of retina for wholemount preparations
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For the immunocytochemical study of GAP - 43 expression in the retina, the eye was
removed from the rat. The cornea was then removed by cutting circumferentially around
the limbus, and the lens gently pulled out. Two cuts were then made through the eyeball,
one through the upper surface and the other through the lower surface, from the limbus
towards the optic disc using a scalpel blade. The retina was then carefully separated from
the sclera using forceps, by placing a single forceps prong behind the retina and sliding
the forceps prong from the superior to the inferior incision. The retinal optic disc was
then separated from the sclera with scalpel. A quadrant of each operated retina was
excised as control tissue. The retina was postfixed by immersion in the same fixative

solution for a further 1 hr.

Dissection of optic nerve - acellular peroneal nerve graft

The retinal stump of the optic nerve and freeze - killed peroneal nerve graft were
removed after perfusion. Under a dissecting microscope, the specimen was cut with a
scalpel into approximately 8 - 10 individually numbered blocks each ca. lmm length
from the back of the eye to the end of the killed peroneal nerve graft. The blocks were

immersed in 0.1M PB for subsequent use.

Dissection of optic nerve - silastic tube - peroneal nerve graft tissue

The retinal stump of the optic nerve, the silastic tube and the peroneal nerve graft were
removed following perfusion, and the contents of the tube were exposed with the aid of
microscissors and a dissecting microscope. Then, still under the dissecting microscope,
a ruler was aligned with the specimen which was then cut with a scalpel into
approximately 12 - 14 individually numbered blocks each circa 1mm in length from the
back of the eye to the end of the peroneal nerve graft. The blocks were placed into 0.1 M

PB for subsequent use.

PREPARATION OF MATERIALS FOR LM

Gelatinised slides
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To prepare gelatinised slides for cryostat and frozen sections, 1g of gelatin was
dissolved in 100ml distilled water at about 80 °C; 0.05g chrome alum (chromic
potassium sulphate) was added and the solution cooled. Slides were cleaned in acid
alcohol (1:1 1M HCl and absolute alcohol) were dried and dipped into the gelatin solution

and then allowed to air dry.

Frozen sections

For the LM study of GAP - 43 immunoreactivity in the optic nerve, it was necessary
to cut frozen sections of the optic nerve. After perfusion, the optic nerve and its sheath
were removed from the orbit and the dural sheath was trimmed away with microscissors
and scalpel blade. The nerve was then placed in the same fixative solution with 30%
sucrose in addition and kept overnight in a refrigerator. The optic nerve was then placed
in a plastic well in longitudinal orientation, the well was filled with OCT. Compound
(Miles Inc.) and, very slowly frozen in liquid nitrogen to avoid specimen damage.
Longitudinal sections of the optic nerve, 30 - 50um thickness, were cut on a freezing

microtome and stored in 0.1M PBS for subsequent use.

Cryostat sections

To visualize Dil and RITC labelled optic nerve fibers it was necessary to cut cryostat
sections of the optic nerve. The optic nerve was removed and the dural sheath trimmed
away following perfusion. The nerve was placed in the original fixative with additional
30% sucrose and kept overnight at 4 °C. The optic nerve was then put in longitudinal
orientation into a plastic well filled with OCT. compound and slowly frozen with liquid
nitrogen. 20 - 40um longitudinal sections of the optic nerve were cut on a Reichert -
Jung cryocut 1800 set at - 20 °C, mounted on gelatinised slides and coversliped with

0.1M phosphate buffer.

Immnocytochemistry for GAP - 43

(i) The optic nerve
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The avidin - biotin - peroxidase complex (ABC) method (Vectastain, Vector
Laboratories) was used to demonstrate GAP - 43 immunoreactivity in optic nerve fibres
as described below. After washing in 0.1M PBS for 1 hr, frozen sections were
preincubated in blocking solution (0.5% bovine serum albumin (BSA), 2% normal horse
serum, 0.01% Triton X - 100 in 0.1M PBS) for 1 hr at room temperature (RT) to inhibit
endogenous peroxidase, then incubated in monoclonal antibody against GAP - 43, (9 -
1E12, dilution 1 : 10,000; generously provided by Dr. D. Schreyer, Dept of Physiology,
Queens University, Kingston, Canada), in the same blocking solution for 24 - 28 hrs,
then washed 3 times in 0.1M PBS for a total of 12 hrs at 4 °C. The sections were
incubated with biotinylated secondary anti mouse antibodies, (dilution 1 : 200 in 0.1M
PBS, pH 7.5) for 2 hrs at RT. The sections were then washed again (3 x 10 minute
washes) in 0.1M PBS at RT, followed by incubation in a solution containing a
preformed avidin/biotin - peroxidase complex, at a dilution of 1 : 100 in 0.1M PBS, pH
7.5, for 2 hrs at RT with gentle agitation. The sections were then washed in 0.1M PBS
again and incubated with 3,3' - diaminobenzidine tetrahydrochloride (DAB) reaction
solution (40 - 50mg DAB in 100ml of 0.1M PB, pH 7.5) with 33ul of 33% hydrogen
peroxide for approximately 10 mins at RT. The sections were washed in 0.1 M PB (3 x
10 mins) at RT and were then mounted on gelatinised slides and allowed to dry for 24
hrs at RT. They were then dehydratied and, coversliped using DPX as mounting
medium.

For control sections, the primary antibody 9 - 1E12 has replaced by normal mouse

serum ( 1 : 10,000 dilution).

(i) The retina

The wholemount retina was rinsed by floating in 0.1M PBS for 1 hr. One quadrant
of each operated retina was taken as a control (see below). The 3/4 retinas were then
incubated in blocking solution (0.5% BSA, 2% normal horse serum, 0.01% Triton X -
100 in 0.1M PBS) for 1 hr followed by incubation in monoclonal anti - GAP - 43
antibody, 9 - 1E12 (dilution 1 : 2500) in the same blocking solution, then washed with

PBS, incubated with fluorescein isothiocyanate - labelled sheep anti mouse IgG (dilution
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1: 128, Sigma) for 3 hr, washed again in PBS with 0.05% Tween 20, and mounted on
ethanol cleaned glass slides using a small amount of mounting medium (80% glycerol,
20% PBS and 4% N - propyl gallate).

To investigate whether there was any quantitative difference in the number of RGC
expressing GAP - 43 following intraorbital and intracranial optic nerve transection, all
GAP - 43 immunostained RGC in the retinal wholemounts of both intraorbital and
intracranial lesion groups were counted under fluorescence microscopy using a filter
system for FITC. Systematic counts were made from the peripheral areas to the central
part of retinas. The cells counted were defined by the following morphological criteria:
(1) the presence of a distinct nucleus; (2) the presence of primary dendrites emerging
from the soma ( see Perry, 1979, 1980; Dreher et al., 1985). The survival periods in
these experiments ranged from 5 days to 8 weeks after lesion.

Two types of control experiments were performed: one comprised the contralateral
(unoperated) retina, which was reacted with antibody against GAP - 43 and the other
comprised a quadrant of each retina from the operated side which incubated in normal

mouse serum (dilution 1 : 2500) instead of anti - GAP - 43 antibody.

PREPARATION MATERIALS FOR EM
Vibroslice sectioning

For the ultrastructural visualization of HRP labelled optic nerve fibers and GAP - 43
immunoreactivity in the regenerating optic nerve axons, it was necessary to cut vibroslice
sections to allow the penetration of antibodies and other reagents. After removing the
optic nerve as above, the nerve was stuck to the vibroslice plate with cyanoacrylate
adhesive (RS Components) and immersed in 0.1M PBS, and 60 - 80 um longitudinal

sections were cut for subsequent processing.

HRP processing
HRP histochemical procedures were performed on the day of perfusion according to
the Hanker - Yates method (1977). The sections were first washed in distilled water and

then incubated with 1% cobalt chloride and 1% ammonium nickel sulphate in distilled

67



water for 15 minutes, and briefly washed in distilled water again. They were then rinsed
in 0.1M phosphate buffer (pH 7.4) twice, each time for 10 minutes. The sections were
then incubated in 100ml Hanker - Yates solution for 15 - 20 minutes (200mg p -
phenylenediamine, 400mg catechol in 400ml 0.1M cacodylate buffer at pH 5.1 to which
5ul of 30% H202 was added immediately before the sections). Following examination
by light microscopy, selected sections containing HRP reaction product were processed

for EM examination as described below.

Processing for EM

All materials for EM studies were treated as follow.

1. 0.1M phosphate buffer at RT 2 x 10 mins
2. 1% OsO4at4°C 45 - 60 mins
3. 0.1M phosphate buffer at RT 2 x 5 mins
4. 0.1M sodium acetate at RT 2 x 10 mins
5. 2% aqueous uranyl acetate at 4 °C 45 mins

6. 0.1M sodium acetate at RT 2 x 10 mins
7. 25%, 50%, 70% ethanol 5 mins each
8. 90% ethanol 10 mins

9. 100% ethanol 4 x 10 mins
10. Propylene oxide 3 x 15 mins
11. Propylene oxide : Araldite, 1 : 1 mixture 45 mins

12. Araldite on a rotator 12 hrs

13. Araldite on a rotator 8-12hrs

After the final change in fresh Araldite, the sections or blocks were carefully
embedded at the bottom of a chamber filled with Araldite to a depth of approximately
4mm, and polymerised at 70 °C for 24 hrs.

COLLECTION OF DATA
LIGHT MICROSCOPY
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Black and white photographs were taken of semi thin toluidine blue stained sections
and of frozen sections of GAP - 43 immunoreactive optic axons of the optic nerve using
Ilford PANF 35mm roll film using a Zeiss photomicroscope, developed in Iiford ID - 11
for 5 mins at 20 °C, fixed for 4 mins in Amfix and washed for 15 mins in running water.

Enlargements of individual frames were made at varying magnifications as required.

FLUORESCENCE MICROSCOPY

Monochrome micrographs were taken with Iliford HPS5 or FP4 print film. Color
photographs were taken with Ektachrome 64T film (Kodak). In both cases photographs
were taken using a Zeiss fluorescence microscope using an FITC filter set. All
monochrome films were processed by the Departmental Photograph Unit and all colour

films by Colour Processing Laboratories, London.

ELECTRON MICROSCOPY

The great majority of data was collected in the form of electron micrographs using
Philips 300 or Jeol 1010 EMs. The images were recorded on Ilford 3.25" x 4" EM
films, developed for 4 mins in IIford PQ Universal at 20 °C, fixed for 4 mins with Ilford
Hypam and washed for at least 10 mins in running water. Prints were made on
photographic paper (20.3 x 25.4cm, Ilfospeed RC, Ilford) using an Ilford 2150 RC
printing machine. Adequate records were kept of specimen number, magnification and
plate number.
The measurement of the diameters of nonmyelinated axons

The estimated mean diameters of nonmyelinated axons were obtained from EM prints
by measuring orthogonal diameters of 20 - 30 such axons sampled from ca. 10 electron
micrographs at a final magnification of 25,000 - 67,500 X. For each mean diameter
referred to in the results, in some cases all the measurements derive from one block in

one animal; in other cases the data derive from 2 blocks in two animals.
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CHAPTER 3 - REGENERATIVE AND OTHER EARLY
RESPONSES TO INJURY IN THE RETINAL STUMP OF THE
OPTIC NERVE IN ADULT RAT: TRANSECTION OF THE
INTRAORBITAL OPTIC NERVE

INTRODUCTION

The optic nerve of the rat is an easily approached well-characterized fiber tract with
axons of almost uniform origin and direction of passage (Richardson et al., 1982). Itis
therefore attractive as an experimental model for the study of axonal regeneration in the
mammalian CNS. Although optic axons show only a transient regrowth response after
transection of the optic nerve (Cajal, 1928; Richardson et al., 1982; Hall & Berry, 1989),
it is now well established that survival of RGC and regenerative growth of their axons
after axotomy are both promoted by living peripheral nerve grafts (So & Aguayo, 1985;
Berry et al., 1986a, b; Vidal - Sanz et al., 1987; Hall & Berry, 1989). Furthermore,
RGC axons within the eye, sprout and elongate extensively when injured in the retina
(So & Aguayo, 1985; Berry et al., 1987). It is of obvious interest to understand the
early events in the proximal stump of the transected optic nerve (e.g. the nature and
timing of sprouting responses; the relationship between sprouts and the various cellular
elements and extracellular components at the injury site). In the work presented here
electron microscopy has been used to study the initial stages of the response of optic

axons to optic nerve section, in particular with the formation of axonal sprouts.

RESULTS
EM OBSERVATIONS
One day after transection (n = 3)

Capping the retinal stump of the optic nerve was a zone, approximately 15 - 20um
wide, of severe degeneration and disruption (Figs. 3.1 - 2). Within this zone the nerve
fibres were grossly disrupted, axons were electron dense or unrecognizable, and

although astrocyte processes could be recognized by their skeleton of intermediate
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filaments, they lacked continuous plasma membranes. Thus, this zone was in essence a
zone of cytoplasmic and membranous debris which had presumably been traumatized
when the optic nerve was transected. A few macrophages containing moderate quantities
of phagocytosed debris were present in this zone and had presumably migrated into the
area over the previous 24 hours.

Proximal to this zone of severe degeneration and, merging imperceptibly with it was a
region of optic nerve which also displayed severe degenerative change but within which
disruption was not as severe and viable cells and processes were present. A striking
feature of this zone, which extended for about 25 - 30um was the presence of swollen
and abnormal axonal profiles which appeared to represent terminal clubs of the transected
retinal axons (Figs. 3.3 - 4). Some such swellings were encased in thin, disrupted
myelin, others could frequently be traced into continuity with narrower axonal profiles
within myelin sheaths (Figs. 3.3 - 4). The terminal clubs were 2.00 - 5.00pm in
diameter and although variable in shape appeared most often to be ovoid or spherical.
Most were packed with membranous organelles, including mitochondria of both normal
and abnormal appearance, smooth ER, multivesicular bodies, dense core vesicles,
autophagic vacuoles, lysosome like dense bodies and residual bodies (Figs. 3.3 - 4).
Some were devoid of recognizable cytoskeletal components; others contained
neurofilaments, either scattered apparently at random in the swelling or arranged as
compact bundles forming whotls within the swelling.

Also present within this region were small, nonmyelinated axon - like profiles which
may represent early sprouts emitted by injured retinal axons. Such structures were
evidenf in the region between the disrupted myelin and swollen axon of some fibres; they
contained predominantly small vesicles in a cytoplasm with a fine filamentous/granular
matrix (Fig. 3.5). If such structures do represent early axonal sprouts - and there are
alternative explanations - it is noteworthy that they are not common in this region at this
postoperative interval.

All types of glial cell were present in this zone although no glial cell body was
observed closer than about 25 - 30um to the cut end of the nerve. Occasionally

myelinated axons were seen to be enveloped by oligodendrocytes (Fig. 3.6). Blood
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capillaries were also present throughout the zone. Distally - i.e. close to the zone of
degeneration - the capillary lumen was often filled with blood cells and/or precipitated
plasma protein indicating failure of perfusion in this region (Fig. 3.7). At more proximal
levels in this zone, blood vessels were commonly surrounded by an enlarged
perivascular space within which were macrophages and/or other cells.

Proximally, this zone gave way progressively to a zone of almost normal organization
and appearance. Within the latter zone most myelinated fibers were apparently normal
but some had moderately disrupted myelin sheaths. Other fibres showed axoplasmic
abnormalities such as densification (Fig. 3.8) or floccular disintegration of the axoplasm,

sometimes also associated with abnormalities of the myelin sheath.

Two days after transection (n = 3)

The zone of degeneration at the tip of the proximal stump was about 20um thick and
was still composed predominantly of myelin debris and cytoplasmic remnants.
However, the number of macrophages was now much greater than at 1 dpo. The most
interesting feature of the degenerative zone, however, was the presence of bundles of
fine, nonmyelinated axonal profiles interspersed among the macrophages and the
extracellular debris. These axonal profiles were mostly between 0.10 and 0.60um in
diameter (Fig. 3.9), compared with the normal optic nerve axons in (Fig. 3.10). They
contained microtubules, elements of SER, and sometimes filamentous and floccular
cytoskeletal components and for reasons that will be discussed later, were identified as
axonal sprouts (Figs. 3.11 - 12). Occasionally, within the bundles of sprouts or in a
solitary location, larger, growth cone - like structures were seen (Fig. 3.11). They
contained a network of tubules or cisterns of SER, as well as vesicles and sometimes
other organelles. Because they were present chiefly in bundles, most of the sprout - like
axons contacted no cellular elements other than adjacent sprouts. Some, however, were
observed in contact with large axonal profiles (presumed to be demyelinated axons), with
myelin debris (Fig. 3.12) or with macrophages (Fig. 3.9). They were not, apparently,
specifically related to astrocytes even though some astrocyte processes were now present

in this region.
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Similar bundles of sprouts were also present more proximally, interspersed among
swollen terminal clubs, myelinated fibres and glial cells and invariably oriented parallel to
the longitudinal axis of the nerve (Fig. 3.13). They were not common more proximal
than 70 or 80um from the cut end of the nerve. Both astrocytes and oligodendrocytes
were ﬁresent in this zone but associations between individual sprouts and astrocyte
processes were seen occasionally and between individual sprouts and oligodendrocytes
more rarely.

Blood vessels were present throughout the proximal stump including the zone of
degeneration where they ranged from 1.00 to 5.00im in luminal diameter. All displayed
apparently normal endothelial cells and empty lumens, suggesting the restoration of

normal circulation in the lesion area.

Three days after transection (n = 3)

What had been designated the degenerative zone at earlier survival times was now a
zone about 40pum deep, dominated by macrophages. The macrophages were swollen
with eﬁgulfed cytoplasmic and myelin debris ‘and their digestion products (Fig. 3.14).
The extracellular space between the macrophages still contained cell and myelin debris,
but far less than at 1 and 2 dpo. In addition to macrophages there were fibroblast - like
cells in this zone and collagen was also patchily present in the extracellular space.

As at 2 dpo, this zone was penetrated by bundles of sprout - like axons. Some
bundles contained only a few sprouts; others up to 60 or 70. The individual sprouts
were 0.13 - 1.1um in diameter (Fig. 3.15) and similar in ultrastructure to those seen at 2
dpo. Some of the bundles contacted collagen, some macrophages (Fig. 3.16), and some
astrocytes. However, glial processes were not intimately associated with individual
sprouts or present within the bundles of sprouts.

In the 50 - 60um deep zone, proximal to the zone of macrophages, there were many
bundies of nonmyelinated, sprout - like axons, ranging in diameter from c. 0.2 to c.
1.5um and with similar ultrastructural characteristics to those previously described.
Bundles of sprout - like axons in this zone were generally larger than in the zone of

macrophages. Some bundles contained as many as 160 - 180 individual axonal profiles
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(Fig. 3.17) and several examples were encountered of adherens - like junctions between
adjacent axons in such bundles (Fig. 3.18). The individual axons of large bundles
showed a tendency to be more tightly packed in this region, with a regular 200 - 250nm
extracellular space between them, compared with the looser packing and larger
extracellular space close to the distal stump. The bundles were sometimes associated
with macrophagcs, astrocytes or oligodendrocytes (Fig. 3.19); a few astrocyte
processes, but not oligodendrocyte processes were sometimes observed within the
bundles.

Among the bundles of sprouts were myelinated fibres displaying variable degrees of
abnormality, including many with swollen, club - like terminal regions. Compared with
1 and 2 dpo the terminal clubs showed an increase in their organelle content, especially of
clear vesicles, dense core vesicles, multivesicular bodies, SER and mitochondria. In a
few cases the swollen portion of these abnormal axons appeared to give rise to fine,
sprout - like protrusions similar to the axons seen in bundles, and must thus be
considered as (one of) the possible sites of sprout outgrowth.

More proximally, the nerve fibers of the optic nerve were predominantly normal in
appearance although the incidence of myelin sheath abnormalities was higher than at

earlier survival times.

Five days after transection (n = 3)

The macrophage zone at the tip of the proximal stump was now about 60pum thick.
Proximal to this zone was a zone about 20um thick containing many closely packed
axons, both sprouts and abnormal optic axons, and proximal to this zone the optic nerve
was of relatively normal appearance (Fig. 3.20). In one of the 5 day animals a distinct
plexus of small blood vessels was present at the interface between the approximately
normal and the abnormal portion of the proximal stump.

Within the macrophage zone there was comparatively little cytoplasmic or myelin
debris in the extracellular space; most had by now been phagocytosed and the
macrophages were closely packed and swollen with phagocytosed debris and the

products of its digestion (Fig. 3.20). Fibroblasts and collagen fibres, were present
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among the macrophages as were bundles of putative axonal sprouts 0.12 - 1.1um in
diameter, containing from 2 - 3 to over 50 individual axonal profiles (Figs. 3.21 - 22).
Some of these axon bundles were enveloped by astrocyte processes in the most proximal
part of the macrophage zone, into which some astrocyte cell bodies intruded. However,
few astrocytic elements were present close to the tip itself where isolated sprout - like
profiles were either apparently devoid of any association with other cells or showed a
tentative relationship with macrophage processes.

Within the zone of abnormal optic nerve tissue, axons varied greatly in size and
appearance. Diameters spanned a size range from 0.10 - 3.50um with most of the larger
profiles being either parts of abnormal myelinated fibres or terminal clubs extending
beyond the level of the myelin sheath of damaged nerve fibres (Figs. 3.23 - 24). The
smaller axons, most between 0.10 and 0.75um in diameter were sprout - like in
appearance (containing microtubules, SER and vesicles). Some were associated with

astrocytes and, in the most proximal part of the zone, with oligodendrocytes as well.

Seven days after transection (n = 3)

Mést of the macrophages had by now disappeared from the distal extremity of the
proximal stump, and the zone previously occupied by macrophages now consisted of a
scar - like region, about 45 - 50um thick, of astrocyte processes and cell bodies,
fibroblasts and collagen. However, bundles of 2 - 3 to more than 100 sprout - like axons
were present throughout this region and some axons were situated at the distal extremity
of the proximal stump (Figs. 3.25 - 26). The larger bundles, were partially, or wholly,
enveloped by astrocyte processes (Figs. 3.25 - 26), the non - axon contacting surfaces of
which were extensively covered by basal lamina. Some bundles were associated with
astrocyte processes along one part of their periphery and with collagen or fibroblasts
along another part of their surface. Astrocyte processes had penetrated into the interior of
some of the bundles and appeared to be breaking them up into smaller fascicles. There
were sinall numbers of large axonal profiles in this zone, and large accumulations of
organelles including microtubules, neurofilaments, SER and mitochondria.

Olidodendrocytes were not seen in the scar region.
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Proximal to the scar zone was a zone about 30um deep devoid of fibroblasts and
collagen and dominated by astrocyte processes, bundles of small non - myelinated axons
and partially degenerate myelinated fibres. Oligodendrocytes were also present. Some
signs of axonal branching were seen in this region (Fig. 3.27). At more proximal levels
the architecture of the nerve was essentially normal and the myelinated fibres largely

intact.

HRP LABELLING EXPERIMENTS

5 days after transection of the optic nerve and 24 hours after injection of HRP into the
vitreous, labelled axons were identified in the proximal stump. The numbers were small
but from the point of view of the present study the important observation was that some
sprout - like axonal profiles were labelled with HRP, including sprouts within axon
bundles in the macrophage zone close to the tip of the proximal stump (Fig. 3.28) and the

zone proximal to the macrophage zone (Fig. 3.29).

Dil LABELLING EXPERIMENTS

AT 3 - 7 dpo, many Dil labelled axons close to the cut end of the optic nerve
displayed terminal enlargements (Figs. 3.30A - D) some of which resembled growth
cones with fine filopodia - like processes emerging from them (Figs. 3.30B - D). At3
and 5 dpo similar processes, sometimes long enough to resemble collaterals, emerged
from many such axons 100 - 300um proximal to the cut end of the optic nerve (Figs.
3.30C &D). At 7 dpo the distal portion of some Dil labelled axons gave rise to large
numbers of fine, long branches which formed a tangled skein around the parent axons

(Fig. 3.30E ).

DISCUSSION

The present observations show that the following are the major events in the proximal
stump in the first week after intraorbital optic nerve transection. At the extreme tip of the
proximal stump a necrotic zone of cytoplamic and myelin debris resulting from lesion

trauma is invaded by macrophages which phagocytose most of the debris within the first

76



of postoperative week. In the approximately 25 - 30um deep zone of reactive optic nerve
tissue immediately proximal to the debris zone, fine nonmyelinated axonal profiles
containing microtubules, SER and sometimes vesicles become apparent as early as 1 dpo
and are numerous by 2 dpo at which time they are also present in the more proximal part
of the zone of debris. These structures are interpreted as axonal sprouts, some of which
appear to emerge from the reactive and commonly swollen terminal portions of the
axotomized myelinated nerve fibres of the proximal stump. The number of sprout - like
axons and the extent to which they penetrate the debris zone increased at 3 and 5 dpo. At
7 dpo sprout - like axons have reached the most distal part of the proximal stump. The
earliest sprout - like axons, even when grouped with bundles of several score, were not
usually accompanied by astrocyte processes. Only at 5 and 7 dpo were bundles of
sprouts extensively enveloped and partially fasciculated by astrocytes.

Many of the post - lesion changes observed in this study, have been reported
previously by others. In particular, Hall & Berry (1989) have recently emphasized the
remarkable degree of early axonal sprouting in the proximal stump of the intraorbitally
transected rat optic nerve, despite the total failure of lengthy regrowth after such a lesion.
However the present observations differ from previous observations with respect to
several important points, namely the timing of the sprouting response; the site of
emergence of sprouts; and the relationships between early sprouts and glial cells. Thus
in this discussion I shall concentrate on these points.

The zone of myelin, axonal and cytoplasmic debris present at the tip of the proximal
stump at 1 dpo presumably reflects primarily the direct physical traumatization of the
nerve by the act of transection, perhaps compounded by a local ischaemia due to
disruption of the vasculature. Subsequent events in this region are straightforward:
macrophage invasion is underway at 1 dpo and maximal at 5 dpo by which time most of
the debris had been engulfed; by 7 dpo the macrophage population has sharply declined
in this area. Most of the macrophages probably enter the zone of debris from local blood
vessels and many of the macrophages may also leave the region by the same route after
the debris has been phagocytosed (Stoll & Muller, 1986; Perry et al., 1987; Anderson et
al., 1989).
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The presence of what appeared to be axonal sprouts as early as 1 dpo is an interesting
and novel observation. A few small rounded nonmyelinated axonal profiles, containing
microtubules, vesicles and SER were encountered in the zone of the optic nerve
immediately proximal to the zone of debris and macrophages. These profiles were very
similar to axons found in the early postnatal rat optic nerve (Peters & Vaughn, 1967).
Most of these putative sprouts were located inside the myelin sheath of swollen axons. I
considered carefully the possibility that these structures are finger - like glial cell
processes invading the degenerating myelinated fibres. However in their fine structure
and lack of ribosomes, they more closely resembled axons than glial processes.
Furthermore, none was traced into continuity with recognizable glial cell processes or
glial cell bodies (Lanners & Grafstein, 1980). Many small nonmyelinated regenerative
axonal sprouts occured near the cut end by 2 dpo. These sprouts resembled the
regenerating optic axons in the membranes which bridge lesion sites in the pretectal area
of adult rats (Dyson et al., 1988) and were similar to regenerating axons in the neonatal
hamster brain (Taylor et al., 1989). They also resembled regenerating axons within the
thalamus following transplantation of a segment of peripheral nerve into the thalamus in
adult rat (Campbell et al., 1991, 1992). Furthermore, they resembled developing CNS
axons in general (Peters ef al., 1991) and, were not seen in the control optic nerve, in
which only a few unmyelinated axons are interspersed among the normal myelinated
optic axons. HRP labelled sprouts, in this study, demonstrated that the regenerative
sprouts were certainly of RGC origin. Although, the frequency of HRP labelled sprouts
was low, this was correlated to a similar low frequency of HRP labelling of retinal axons
in the brain after HRP injection into the eye (Campbell personal communication).
Following intraorbital optic nerve transection and Dil injection into the retina, many Dil
labelled sprouts emerged from the injured optic nerve fibres and provided the evidence on
following issues. Firstly, these sprouts are certainly of RGC origin. Secondly, growth
cones formed at the ends of injured optic nerve axons and, in addition, many elaborate
sprouting branches arose from more proximal parts of the parent axons. The appearance
of possible axonal sprouts by 1 dpo and unambiguous sprouts by 2 dpo, is slightly

earlier than that reported in previous studies (Richardson et al., 1982; Kiernan, 1985;
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Hall & Berry, 1989). In the most directly comparable previous study by electron
microscopy, Hall & Berry (1989) reported signs of regenerating axons as early as 3 days
after optic nerve transection, confirming earlier immunohistochemical observations
(Berry et al., 1988). The early production of axonal sprouts suggests that the outgrowth
of optic nerve axons after injury is initially as vigorous as that seen during the early phase
of regeneration in mammalian peripheral axons (McQuarrie, 1985) or during amphibian
and goldfish optic nerve regeneration (Turner & Singer, 1974; Lanners & Grafstein,
1980). It seems that when the optic nerve is injured close to the eye, the response to
axotomy of RGC is stronger which leads to, on the one hand, the more rapid death of
RGC (Lieberman, 1974; Villegas - Perez et al., 1988a) and on the other hand, the
production of more axonal sprouts from the surviving neurons. This could be because
the surviving cells synthesize and export into their axons more protein necessary for
regeneration. But sprouting may be independent of the parent soma at early stages
(Barron et al., 1986). The regeneration of damaged goldfish optic nerve (Lanners &
Grafstein, 1980) is coincident with a sustained anabolic response in the axotomized RGC
which may be absent in injured mammalian RGC bodies. Consequently regeneration of
the axons in the optic nerve of mammals is ultimately abortive, unless support is provide
by a segment of peripheral nerve graft (Berry et al., 1986a, b; Vidal - Sanz et al., 1987,
Hall & Berry, 1989) or fetal mammalian CNS tissue (Sievers et al., 1989; Hausmann et
al., 1989).

A number of previous authors have speculated about the role of astrocytes in the
regeneration of axons in the CNS. It has been suggested that the astrocytes of the optic
nerve in amphibians act as guidance channels (Rio, 1989), facilitating directed elongation
of axons towards their central target (Bohn et al., 1982). The peculiar astrocytic
arrangement in mammalian olfactory nerve may also be important for the regeneration of
these axons in adult rat (Raisman, 1985). There is also recent evidence that adult rat
astrocytes may serve as conduits for axonal elongation (Dyson et al., 1988). On the
other hand, the astrocytic scar at the lesion site in adult mammals has been thought to act
as a mechanical barrier which restricts the regrowth of axons (Wujek & Reier, 1984), or

activates the physiological stop mechanism of the elongating axons (Liuzzi & Lasek,
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1987; Liuzzi, 1990) or discourages sprouting axons by forming a substance inhospitable
to growth on their surface (Rudge & Silver, 1990; McKeon et al., 1991). However, in
the present study many individual axons and bundles of axonal sprouts had penetrated
the debris region at 2 dpo. Astrocytes were not seen associated with these sprouts at this
stage which suggests that astrocytes were unlikely to be involved in forming a
substratum for the regenerating axons or to be involved in inhibiting their growth. In
contrast, the astrocytes in the injured CNS of amphibians always seem to be in advance
of the growing axons and form channels or pathways to support axonal regeneration
(Turner et al., 1974; Reier et al., 1974). From the present results, it is reasonable to
suggest that astrocytes participate in the axotomy responses, but possibly their role is
neuron - supportive in character and is initiated by the axotomized nerve cells as
proposed by Barron (1989).

In the present experiment, oligodendrocytes were mainly present in the area of
swollen axons at all times after lesion and were associated with myelinated axons or
demyelinated axons and sometimes with sprouts. Oligodendrocyte cell bodies did not
penetrate the debris region or the scar region which replaced it, confirming the
observation of Hall & Berry (1989). Sprouts in the debris area contacted myelin debris
directly, but we could not find evidence of myelin blocking the progress of axonal
sprouts. This result is at variance with the hypothesis that oligodendrocytes inhibit axonal
regrowth (Schwab & Thoenen, 1985) and in that way form the major barrier to CNS
regeneration. A neurite growth inhibitor derived from CNS myelin can inhibit the
regeneration of axons in rat after injury (Schwab & Caroni, 1988; Schnell & Schwab,
1990). However it was noticeable in the present study that most axonal sprouts appeared
to arise in the zone of abnormal degenerated and swollen axons, not from more proximal
level where they would have encountered intact myelin sheaths.

Thé morphological structure and the number of blood vessels at the distal part of the
optic nerve proximal stump changed significantly after optic nerve transection. The
enlarged perivascular spaces and the presence of macrophages in these spaces at 1 and 2
dpo, may be the morphological correlate of the increased vascular permeability detected

by Kiernan (1985). Highly permeable blood vessels have been associated with axonal

80



regeneration in mammalian peripheral nerve (Olsson, 1966; Sparrow, 1980), chicken
peripheral nerve (Mellick & Cavanagh, 1968), and goldfish optic nerve (Kiernan &
Contestabile, 1980). The appearance of many newly-formed blood vessels during the
first 7 days after lesion in the present study may also be related to vascular permeability,
if the suggestion that newly-formed blood vessels are more permeable than their mature
counterparts (Olsson, 1966) is correct. The reason for the increased permeability of
blood vessels following injury to peripheral nerve has been suggested to be due to the
presence of chemical breakdown products of degenerated axons and myelin debris
(Mellick & Cavanagh, 1968). There has been some speculation that the permeability of
blood vessels after trauma is an important factor in allowing axonal regrowth (Kiernan,
1978, 1979). Proteins derived from blood plasma might have either nutritive or specific
neurotrophic effects on the regrowth of axonal processes (Kiernan & Contestabile,1980).
However, a breakdown in the blood - brain barrier following tramatic head injury is
thought to be involved in the induction of swelling of astrocyte foot processes (Maxwell
et al., 1988).

The rapidity of debris removal in the present study, similar to the previous study in
rats (Hall & Berry, 1989), was presumably because of the large number of macrophages
in the necrotic zone near the lesion site; and perhaps because newly-formed blood vessels
act as a direct pathway for macrophages into the nerve parenchyma (Crespo & Viadero,
1989). This may have the additional effect of promoting axonal sprouting and astrocyte

proliferation through the release of interleukins (Giulian et al., 1989; David et al., 1990).
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Fig. 3.1 - 2 1 dpo; T.S. of the optic nerve close to the cut end following intraorbital
transection. Fig. 3.1 The original cellular constituents have died leaving behind myelin
sheaths (arrows) and debris derived from myelin, axonal and glial cells. A macrophage
(M), containing myelin debris, and an extravasated erythrocyte (E) can be seen. x 7,000.
Fig. 3.2 Another field showing myelin and cellular debris, a macrophage (M) and

intermediate filaments (arrows) presumably of an astrocyte. x 10,120.

Fig. 3.3 1 dpo; L.S. close to the cut end of the optic nerve and proximal to the zone of
debris , showing swollen axons. Some may be traced to segments where they are
myelinated (Ma). One swollen axon (Sw1) contains whorls of neurofilaments whereas
another profile (Sw2) contains mainly membranous organelles with no identifiable

cytoskeletal elements. x 14,000.
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Fig. 3.4 1 dpo; swollen axons (Sw) proximal to the zone of debris close to the cut end
of the optic nerve, one of which may be traced to a myelinated segment (Ma). Note the
large number of vesicles and occasional microtubules (arrows) in the swollen regions of

the axons. x 43,200.
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Fig. 3.5 1 dpo; some putative axonal sprouts (Sp) at the surface of a swollen axon (Sw)

close to the cut end of the optic nerve. x 42,500.

Fig. 3.6 1 dpo; T.S. proximal to the zone of debris. A swollen axon, surrounded by
remmants of myelin and by an oligodendrocyte (O), is partially compartmentalized (a, b,
¢) by invaginations of the axolemma. It is conceivable that this may be associated with

the formation of axonal sprouts. x 14,060.

Fig. 3.7 1dpo; a capillary within the zone of swollen axons. Its lumen (L) is filled with
precipitated plasma protein, some vesicles and part of an erythrocyte (E) indicating the
failure of perfusion of this vessel. The endothelium appears healthy but has lost its
former close association with astrocyte processes (As) leaving an enlarged perivascular

space (*) delimited by basal lamina (arrows). x 14,700.
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Fig. 3.8 1 dpo; just proximal to the zone of swollen axons are degenerating axons (Da)

among comparatively normal myelinated axons (Ma). x 21,600.
Fig. 3.9 2 dpo; T.S. close to the cut end of the optic nerve shows a bundle of axonal
sprouts (Sp) apparently unassociated with glial processes. On one side the bundle is in

contact with a macrophage (M). x 74,250.

Fig. 3.10 Control (right side) optic nerve, showing normal optic nerve axons (Na) and

astrocyte processes (As). x 24,400.
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Fig. 3.11 2 dpo; the debris zone near the cut end of the optic nerve has been invaded by
axonal sprouts. In this micrograph a large bundle of sprouts is present, varying in size
and organelle content. Some sprouts (Sp) are varicose and contain dense core and clear
vesicles and tubulovesicular profiles. Other are smaller and contain cytoskeletal elements
- mainly neurofilaments (arrows) but also a few microtubules (empty arrow). Some of
these profiles resemble the growth cones in developing optic nerve (Gc). Note that the
bundle contains no astrocyte or other glial cell processes and is apparently in contact only

with myelin and cellular debris (at least in this plane of section). x 27,000.
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Fig. 3.12 2 dpo; close to the cut end of the optic nerve, a bundle of axonal sprouts (Sp)

in longitudinal section is in contact with degenerating myelin. x 36,000.
Fig. 3.13 2 dpo; a bundle of sprouts (Sp) just proximal to the debris zone, is in contact
with a myelinated axon (Ma), swollen axons (Sw), and a macrophage (M) which has

extended processes between the axons (arrows). x 22,500.

Fig. 3.14 3 dpo; the region near the cut end of the optic nerve is populated by numerous

macrophages (M) which have engulfed most of the myelin and other debris. x 28,800.
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Fig. 3.15 3 dpo; a bundle of axonal sprouts of varying diameters between the
macrophages close to the cut end of the nerve. Near the edge of the bundle are two

astrocyte processes (As). x 36,000.

Fig. 3.16 3 dpo; two medium sized axons (arrows) are impressed into the surface of a
macrophage (M). Two larger axons (at right) are enclosed by narrow extensions of a
large astrocyte processes (As). A small naked sprout - like profile is indicated (open

arrow). x 28,800.
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Fig. 3.17 3 dpo; at the level proximal to Fig. 14, a large bundle of axonal sprouts (Sp)
is partially enclosed by astrocyte processes (As) covered by basal lamina (arrows).

There is little penetration of astrocyte processes into the bundle, however. x 12,600.
Fig. 3.18 3 dpo; shows two longitudinally sectioned axons linked by an adherens - like
Jjunction (large arrows). The axons contain clear vesicles, dense cored vesicles and

tubulo - vesicular profiles of SER as well as microtubules (small arrows). x 56,700.

Fig. 3.19 3 dpo; proximal to the level represented in Fig. 14, a bundle of axonal sprouts
(Sp) is in contact with an oligodendrocyte (O). x 11,070.

96






Fig. 3.20 5 dpo; a low magnification EM of a longitudinal section of the optic nerve
close to the cut end. At the top, closest to the cut end, is the zone of macrophages and
debris within which are many bundles of sprouts (not seen at this magnification). At the
bottom is a zone of myelinated axons of relatively normal appearance, and blood vessels.
Sandwiched between the macrophages and the relatively normal myelinated axons is a

zone of axonal sprouts and abnormal axons (between broken lines). x 2,610.
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Fig. 3.21 5 dpo; within the zone of macrophages a small cluster of sprouts (Sp) is
partially surrounded by macrophage process (M). x 44,550.

Fig. 3.22 5 dpo; within the zone of macrophages a small bundle of sprouts (Sp) is seen

in contact with presumptive astrocyte processes (arrows). x 36,450.
Fig. 3.23 5 dpo; proximal to the zone of macrophages, is an area of tightly packed

sprouts (Sp), of variable diameter, partially surrounded by astrocyte processes and

macrophages. x 6,534.
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Fig. 3.24 5 dpo; axonal sprouts (Sp) of variable size are present proximal to the zone of
macrophages. Among the axons are macrophages (M) and two abnormal myelinated

axons (Ma). x 17,136.
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