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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 5mm.

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 lower 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 (Speny, 1944;
Hibbard & Omberg, 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; Kieman, 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 a/., 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 (Letoumeau & 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 vivo 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
14

flattened extensions called lamellipodia (Morest, 1969; Vaughn & Sims, 1978; Scalia &
Matsumoto, 1985; Williams e ta l, 1986, 1991). By electron microscopy, growth cones
of axons in vivo contain a core of the usual cytoplasmic organelles, including
microtubules, lOnm neurofilaments and microfilaments (also known as actin filaments, <
7nm in diameter) and many mitochondria, vesicles and cistemae 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 a l,
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 et aU, 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 gi'owth 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 LI), 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 Ijim and 15|im in diameter and contain clear and dense core vesicles,
smooth ER, mitochondria, neurofilaments and microtubules in transected rat spinal nei*ve
roots (Duce & Keen, 1976), in injured rat sciatic nerve (Morris et al., 1972), and in
transected sympathetic nerves (Bray et a i, 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 (Anderson, P. N. et 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 a l, 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 et al,
1987; Kams 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 at., 1983; van Hoof et a i, 1988). In the hippocampus it was termed FI
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 p57 and shown to bind calmodulin (Anderson, T. H. et at., 1983)
in the absence of calcium ions. GAP - 43 has been localized to presynaptic membranes
in adult mammalian brain (Gispen et ai, 1985). It is expressed by several, but not all,
types of neurons in the intact rat brain (Vaudano et a i, 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 injuiy or ischaemic
insult (Ng et al., 1988; Oestreicher et a l, 1988; Doster et a i, 1991), and in CNS axons
growing into peripheral nerve grafts placed in the thalamus (Campbell et a l, 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 a l, 1989). This has obvious implications for
GAP - 43 function in growth cones where the protein is heavily concentrated, at least in
tissue culture (Meiii et a l, 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 a l, 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 ai, 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 LI 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 - bom 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 a i, 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 etal.^ 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 ai, 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 a i, 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 cistemae
of the rough ER associated with intervening cytoplasmic ribosomal granules arranged in
clusters. During early intrinsic neuron reaction to axotomy, cistemae 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). Vésiculation and vacuolation of the Golgi apparatus are common, and a
conspicuous feature of the reaction of neurons in the rat red nucleus is the vésiculation
and vacuolation of Golgi membranes 14 days after mbrospinal 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 ai, 1975).

Metabolic changes
(i) 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 etal., 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 ai, 1977).

(ii) 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 <2/., 1988) and dorsal root ganglion axons (Oblinger & Lasek, 1988);
and with a decrease in the diameter of the axotomized dorsal root fibers (Hoffman et ai,
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). Phosphoiylated 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 a i, 1987). Moreover,
elevated levels of NF protein have been detected in some perikarya of intrinsic CNS
neurons following axotomy in adult rats (Oestreicher et a i, 1988), and in perikarya in
Alzheimer's disease patient (Stemberger 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 ai, 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).
This 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 a l 1979).

Factors affecting the responses of intrinsic CNS neurons
(i) 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 ai, 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 degr ee 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 a l, 1975; Egan e ta l, 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
requhement 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).

(iii) 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 rehograde 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 LI 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 occuired 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 a i, 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.

REGENEATION OF CNS AXONS THROUGH PERIPHERAL NERVE GRAFTS
•v

A common 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,
contrasting 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 e t a l . y 1980, 1982; David & Aguayo 1981, Benfey
& Aguayo, 1982; Berry, 1983; Berry e t

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

e t a l.y

1984; Berry e t a l . y 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.y 1984; Berry et al.y 1987; Villegas - Perez et al.y
1988a; Sievers
(Vidal - Sanz

e t al.y

e t al.y

bridged (Richardson

1989), the length of the regenerated fibers has been estimated
1987; Berry
e t al.y

e t al.y

1987), gaps in the injured CNS have been

1980) and the termination of and synaptogenesis by

regenerated central axons has been studied using peripheral nerve grafts (Vidal - Sanz e t
al.y

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.y 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.y 1988), although
in most studies the identity of the proliferating cells was not confirmed. Similar studies
have not yet been earned out on gi'afts 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, LI, high levels of N - CAM and tenascin (Martini, 1992). Interestingly, LI
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 a i, 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
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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 in 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 (Combrooks et al., 1983), while
in vitro, antibodies to laminin stain the Schwann cell surface in a punctate manner
(Combrooks et a i, 1983). However, in the Schwann cells of the distal stumps of
injured peripheral nerve, intracellular laminin becomes detectable (Bignami et ai, 1984).
Moreover, Schwann cells in vitro produce laminin whether in contact with axons or not
(Combrooks et a i, 1983). It has been reported that laminin promotes spreading and
neurite outgrowth of injured adult rat retinal axons (Ford - Holevinski et a i, 1986),
dissociated embryonic chick dorsal root and sympathetic ganglia (Rogers et a i, 1983)
and dissociated cells from newbom rat brain in vitro (Liesi et a i, 1984a). Laminin also
enhances axonal regeneration in transected sciatic nerve and cmshed 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 ai, 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 a i, 1980, 1982;
David & Aguayo 1981; Benfey & Aguayo, 1982; Berry, 1983, 1985; Berry et a i,
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 5mm 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 myehnated 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 a i, 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 et 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 ganghon 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 a i, 1982; Crespo et al., 1985; Hunter & Bedi, 1986). Axon diameters of the
optic nerve fibers in albino rat range from 0.2|xm to 3.0|im, myelin sheath thickness is
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ca. 0.08 to 0.9|im, 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 & Künzle, 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 e ta l, 1982).
Since the optic nerve is CNS tissue, the myelination is provided by oligodendrocytes.
Oligodendrocytes in adult mammahan 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 |im 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 eta l, 1970b; Peters e ta l, 1991). Oligodendrocyte processes
contain abundant microtubules but no inteiTnediate filaments. In young animals the
actively developing and myelin - forming oligodendrocytes are larger with a prominent

32

Golgi apparatus and are less electron dense than in the mature well - myelinated adult
nerve (Vaughn et al, 1970b; Pamavelas etal., 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 ai, 1970b; Peters et a i, 1991).
Using light microscopy, astrocyte cell bodies appear slightly larger than those of
oligodendrocytes, about 8 - 10|im 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 a i, 1987; Small et ai,
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 a i, 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
et a i, 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 a i, 1991). However, type - 2
astrocytes have been visualized in LM and EM in adult rat optic nerve by quisqualate stimulated cobalt uptake (Fulton et at., 1992).

BLOOD SUPPLY OF THE OPTIC NERVE
The blood supply to the optic nerve is of cmcial 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 (Kieman, 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 hes 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
Ganghon cell death in the retina following axotomy
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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.

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

(ii) 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 - bom 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 cmsh 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 (Hollander 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 a i, 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 coUiculus 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 etal., 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 (Hollander et al.,
1984). By 3 to 4 months, staining of axotomized RGC with toluidine blue (Grafstein &
Ingoglia, 1982) or with cresyl violet (Hollander et a i, 1984) was partially restored
(Grafstein & Ingoglia, 1982; Hollander 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 vésiculation of ER cistemae, and disintegration of
polyribosomes and Nissl bodies (Barron et al., 1986). However, the nuclei of
axotomized RGC are apparently resistant to atrophy (Barron et a i, 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
(i) 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).

(ii) 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 (Drâger &
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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
(Drâger & 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 et a i, 1990). In the same study, tubulin transport was
also found to decline after optic nerve injury.

(iii) 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
a i, 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 at., 1991).

Morphological changes in the optic nerve after axotomy
The literature on morphological changes in injured 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 WaUerian 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 at., 1988;
Hall & Berry, 1989) or intraorbital crush in hamsters (Stevenson, 1987) and rats
(Kiernan, 1985) or intracranial optic nerve transection in rats (Richardson etal., 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 gi'owth 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 (Kieman, 1985; Berry et al., 1988) and in hamsters (Stevenson, 1987). These
studies used optic neiwe 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

39

(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 al (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 0.79|im) were found, but by 2
weeks after operation several thousand were present (mean diameter 0.49|im). At 32
weeks a mean number of 230 nonmyelinated axons were present with a mean diameter of
0.67jam. 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 ai, 1970a, b; Skoff &Vaughn, 1971;
Privât et al.y 1981). Skoff and associates using ^H - 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 e ta l, 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 (Kieman & 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 weU as extratubally".
Only recently has this experiment been repeated and studied extensively (Berry et al,
1986a, b, 1987, 1988; Aguayo e ta l, 1986; Vidal - Sanz et a l, 1987, 1991; Villegas -
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Perez et al.y 1988a; Hall & Berry, 1989; Keirstead et al.y 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 (1986a, 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 durai 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.y

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 a l (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 a l
(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.y 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 immunocytochemicaUy
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.y 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 (RFTC)
to follow regenerating optic nerve fibers into the SC; they found that such axons, though
fewer in number, formed terminal arborizations up to 500|im 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 at., 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 at., 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
at., 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 a l, 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 (E l6) 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; Kieman, 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 smaU: a mean of 4,777 in the case of a graft at the optic nerve disk
(Berry et a i, 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; Kams 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 immunohistochemicaUy in neurites within the intact corpus striatum (DiPigha
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

a/., 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 et 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
(Lamport & Cressman, 1964) or transection of the spinal cord at the T 10 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 a l, 1987; Reier er a/., 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 a l ., 1983; Stensaas et a l, 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 a l, 1989).
Electron microscopy and immunohistochemical studies showed that only a few
regenerating fibres entered such grafts and those which did so penetrate less than lOOjim
and ended as abnormal varicosities (Anderson et a l, 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,

48

1990). Following transection of L5 dorsal root 5mm 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 at.,
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
accumulations of neurofilaments and tubulovesicular organelles (Liuzzi, 1990). This
was claimed to support the hypothesis that astrocytes, like normal target cells (Rees et
at., 1976; Lasek et at., 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 a l, 1989).
In vitro studies of the effects of astroglia on axonal growth have paralleled the results
obtained in 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 asti'ocytes 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 200|im 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 e ta l, 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 et 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.y 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 at., 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 abihty to support regeneration of CNS axons.
Several closely related neurotrophic factors (neurotrophins) are now recognized including
- NGF, BDNF (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 etal., 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 et a l, 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 a l, 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 at., 1985; Morrow et
at,, 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 ai, 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 et 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 a i, 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 et al, 1989) (although there is some evidence that these cells may
be NGF - responsive; Carmignoto et a l, 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, ^

(tropomyosin kinase),

has been shown to act as a high affinity receptor for NGF (Hempstead et at., 1991; Klein
et a l, 1991), although it is not yet clear whether ^ is the biologically active receptor on
all neurons sensitive to NGF. Two related genes, tik B and Ëk C, also code for receptor
protein tyrosine kinases. ^ 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). ^ 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 hbitum.

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 5ml/kg body weight;
lOmg/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 incision 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

57

opened longitudinally with microscissors. The durai 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 durai 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 durai 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 durai 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 durai 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. 1mm. 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 5mm 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

(1mm 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. 1mm.

OTHER EXPERIMENTAL PROCEDURES
Dil injection (Chapter 3)
The fluoresent carbocyanine dye Dil (1,1* - Dioctadecyl - 3,3,3,'3' - tetramethylindocarbocyanine 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 5mm 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), 5pl of 10% Dil solution (12.5g of Dil crystals in
125|il 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
lOpl Hamilton microsyringe was introduced into the vitreous body as described above.
Then, 7pl 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 rhodamine - B - isothiocyanate (RTTC) (Chapter 7)
RJTC was used as an anterogradely ti ansported 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. 5|il
of 1% RITC solution (Img RITC dissolved in lOOjil 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 O.IM.
NaH2P04 (2 H2O)

5.93g

Na2HP04

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 O.IM PB (pH 7.3 - 7.4).

Fixatives
(i) For light microscopy (LM) studies
The fixative contained 4% paraformaldehyde in O.IM phosphate buffer. 16g of
paraformaldehyde was dissolved in 200ml distilled water at 50 - 60 °C with a few drops
of IM 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 IM NaOH or IM 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 IM NaOH or IM 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 O.IM 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 -1 0 individually numbered blocks each ca. 1mm length
from the back of the eye to the end of the killed peroneal nerve graft. The blocks were
immersed in O.IM 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 shdes
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To prepare gelatinised slides for cryostat and frozen sections, Ig 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 IM 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 durai 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 - 50|im thickness, were cut on a freezing
microtome and stored in O.IM 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 durai 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 - 40qm 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
O.IM 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 O.IM PBS for 1 hr, frozen sections were
preincubated in blocking solution (0.5% bovine serum albumin (BS A), 2% normal horse
serum, 0.01% Triton X -100 in O.IM 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 O.IM PBS for a total of 12 hrs at 4 °C. The sections were
incubated with biotinylated secondary anti mouse antibodies, (dilution 1 : 200 in O.IM
PBS, pH 7.5) for 2 hrs at RT. The sections were then washed again (3 x 10 minute
washes) in O.IM PBS at RT, followed by incubation in a solution containing a
preformed avidin/biotin - peroxidase complex, at a dilution of 1 : 100 in O.IM PBS, pH
7.5, for 2 hrs at RT with gentle agitation. The sections were then washed in O.IM PBS
again and incubated with 3,3' - diaminobenzidine tetrahydrochloride (DAB) reaction
solution (40 - 50mg DAB in 100ml of O.IM PB, pH 7.5) with 33|l i 1 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 - IE 12 has replaced by normal mouse
serum ( 1 : 10,000 dilution).
(ii) The retina
The wholemount retina was rinsed by floating in O.IM 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 O.IM PBS) for 1 hr followed by incubation in monoclonal anti - GAP - 43
antibody, 9 - IE 12 (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 O.IM PBS, and 60 - 80 jam longitudinal
sections were cut for subsequent processing.

HRP processing
HRP histochemical proceduies 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
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water for 15 minutes, and briefly washed in distilled water again. They were then rinsed
in O.IM 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 O.IM cacodylate buffer at pH 5.1 to which
5|il of 30% H2 O2 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. O.IM phosphate buffer at RT

2 X 10 mins

2. l% 0 s0 4 a t4 °C

45 - 60 mins

3. O.IM phosphate buffer at RT

2 x 5 mins

4. O.IM sodium acetate at RT

2 X 10 mins

5. 2% aqueous uranyl acetate at 4 °C

45 mins

6. O.IM 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 1 0 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 -12 hrs

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 Ilford 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 Ilford HP5 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 Ilford PQ Universal at 20 °C, fixed for 4 mins with Ilford
Hyp am 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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R E G E N E R A T IV E AND O T H E R E A R L Y

R ESPO N SES TO IN JU RY IN TH E R E T IN A L STU M P O F T H E
O P T IC N E R V E IN ADULT R A T : T R A N S E C T IO N O F T H E
IN T R A O R B IT A L O PT IC NERV E

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). It is
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 at., 1982; HaU & 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;
Ben*y 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 ai, 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 - 20|im
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 - 30|im 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 - 5.00|im 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 whorls 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
evident 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 - 30|im 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 20|im 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 0.60|xm 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 80)im from the cut end of the nerve. Both astrocytes and oligodendrocytes
were present 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 5.00|im 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 40|im deep, dominated by macrophages. The macrophages were swollen
with engulfed 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 - l.ljitm 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 - 60)Lim deep zone, proximal to the zone of macrophages, there were many
bundles of nonmyelinated, sprout - like axons, ranging in diameter from c. 0.2 to c.
1.5|im 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 macrophages, 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 60|im thick.
Proximal to this zone was a zone about 20jim 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 - l.l|im 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 - 3.50|im 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 0.75|im 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)
Most 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 - 50|im 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 small 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 30fxm 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.

HR? 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 enlaigements (Figs. 3.30A - D) some of which resembled growth
cones with fine filopodia - like processes emerging from them (Figs. 3.30B - D). At 3
and 5 dpo similar processes, sometimes long enough to resemble collaterals, emerged
from many such axons 100 - 300|xm 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 ).

D ISCU SSIO N
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
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of postoperative week. In the approximately 25 - 30|im 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 ceUs. 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 (banners & 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 ai, 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 et 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 ROC 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 Oil 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 a i, 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 a i, 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 a i, 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 ai, 1986a, b; Vidal - Sanz et al., 1987;
Hall & Berry, 1989) or fetal mammalian CNS tissue (Sievers et a i, 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 scai* at the lesion site in adult mammals has been thought to act
as a mechanical barrier which restiicts 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 a i, 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 a/., 1974; Reier et a i, 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 myehn sheaths.
The moiphological 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 Kieman (1985). Highly permeable blood vessels have been associated with axonal
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regeneration in mammalian peripheral nerve (Olsson, 1966; Sparrow, 1980), chicken
peripheral nerve (Mellick & Cavanagh, 1968), and goldfish optic nerve (Kieman &
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 (Kieman,
1978, 1979). Proteins derived from blood plasma might have either nutritive or specific
neurotrophic effects on the regrowth of axonal processes (Kieman & Contestabüe,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 a l, 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 at., 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 cellulai* 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 (Swl) 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 myehn and by an oligodendrocyte (O), is partially compartmentalized (a, b,
c) 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 1 dpo; 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 myehn and cellular debris (at least in this plane of section), x 27,000.

90

/

%

ê
91

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.

94

Ji

V.

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
junction (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.
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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 myehnated 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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Fig. 3.25 7 dpo; within the scar zone, a large bundle of sprouts is present. Two
astrocytes (A) send out sheet - like processes between axons. An astrocyte process
surrounding the axonal bundle is partially covered by basal lamina (arrows). Close to the
bottom right of the figure is a small bundle of axons (empty arrow) apparently unrelated
to glial cell processes, x 10,080.

Fig. 3.26 7 dpo; shows astrocyte processes (As) inside and at the surface of a bundle of
axonal sprouts. Some basal lamina (arrows) covers the external surface of the astrocyte
processes at the periphery of the bundle. Part of the bundle is in contact with
collagenous extracellular matrix without an intervening basal lamina (arrowheads), x
28,800.
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Fig. 3.27 7 dpo; proximal to the scar zone, an axon containing microtubules and
neurofilaments and incompletely surrounded by astrocyte processes (As) emits a thinner
branch or collateral (arrows), x 22,500.

Fig. 3.28 5 dpo; a bundle of sprouts in contact with an oligodendrocyte (O) within the
macrophage zone of the proximal stump of the optic nerve in an animal which received an
intravitreal injection of HRP, 48 hours before perfusion. One HRP labelled sprout
(arrow), containing mitochondria and microtubules is present among other, unlabelled
sprouts. X 27,000.

Fig. 3.29 5 dpo; in another part of the macrophage zone in the same material as Fig.
3.28, a bundle of axonal sprouts contains at least three profiles anterogradely labelled
with HRP (arrows), x 28,125.
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Fig. 3.30 3 - 7 dpo, fluorescent axons at the cut end of the optic nerve after injection of
Dil into the retina. In all the figures the cut end of the optic nerve is to the left. Figs. A,
B, C, and E are conventional fluorescence micrographs; Fig. D is a confocal microscope
image. A: 3 dpo, a beaded axon ending in a terminal expansion. A narrow side branch
(arrow heads) emerges about 150|Ltm proximal to the terminal swelling, x 850. B - D: 5
dpo, these three axons all end in terminal swellings, which in Figs. B and D display
some growth cone - like features. Arrows show fine terminal protrusions (Figs. B & D)
and arrow heads show lateral branches (Figs. C & D). Fig. B x 950, Fig. C x 850, Fig.
D X 750. E and F: 7 dpo, a labelled axon (E, photomicrograph; F, drawing) emits a
series of fine branches which follow an irregular course around the terminal portion of
the axon. Fig. E x 450.
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CHAPTER

4 -

REGENERATIVE AND OTHER EARLY

RESPONSES TO INJURY IN THE RETINAL STUMP OF THE
OPTIC NERVE IN ADULT RAT: TRANSECTION OF THE
INTRACRANIAL OPTIC NERVE

INTRODUCTION
Previous studies have reported that injury to the optic nerve in the cranial cavity and in
the orbit have very different effects on the nerve itself and on the retina. Interruption of
the intraorbital part of the optic nerve of adult rats is normally followed by extensive cell
death in the retina: about 90% of the axotomized RGC disappear within one month of
injury (Allcutt et al., 1984; Villegas - Perez et ai, 1988a). Notwithstanding the ultimate
fate of the majority of RGC, the axotomized RGC re-express GAP - 43 (Doster et at.,
1991) and in the first few days after injury produce large number of axonal sprouts close
to the cut retinal stump of the nerve (Hall & Berry, 1989 and see Chapter 3). These
sprouts are abortive: they do not elongate over significant distances and they are greatly
reduced in number by 4 - 5 weeks after injury (Richardson et a i, 1982).
Following intracranial lesion of the optic nerve a much higher proportion of the
injured RGC survive (Madison et at., 1984; Misantone et al., 1984), but it has been
reported that RGC fail to upregulate GAP - 43 after injury to this part of the optic nerve
(Doster et al., 1991). Light and electron microscopic studies of intracranially transected
optic nerve suggest that there is limited sprouting from the injured axons and that there is
considerable degeneration of the proximal (retinal) stump, perhaps because of damage to
the vasculature (Richardson et al, 1982; Grafstein & Ingoglia, 1982; Giftochristos &
David, 1988). The difference between the effects of intraorbital and intracranial
transection are also reflected in the responses of the injured axons to peripheral nerve
grafts. Grafts attached to the proximal stump of the optic nerve transected in the orbit are
invaded by many regenerating optic axons (Berry et al, 1986a, b; Vidal - Sanz et al,
1987; Berry et al., 1988; Hall & Berry, 1989). Peripheral nerve grafts anastomosed to
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the intracranial optic nerve are penetrated by only a very small number of retinal axons
(Richardson et al, 1982).
In this chapter the results of an ultrastructural investigation of the events in the first
seven days following intracranial transection of the optic nerve are described, particular
attention is given to the degenerative events in the proximal stump and on the production
of sprouts by the injured axons. The aim of this study was to compare the events
following intracranial optic nerve transection with those that occur following intraorbital
transection (see Chapter 3).

RESULTS
The organization of the proximal stump of the intracranially transected optic nerve was
similar at 3, 5 and 7 dpo and is illustrated in Figs. 4.1-2. The central region invariably
showed signs of ischaemic necrosis. The necrotic region was cone - shaped and
extended from a base occupying most of the cross sectioned area of the nerve at the cut
end, to an apex about 2 - 3mm from the eyeball and thus located within the orbital portion
of the nerve. At the periphery of the proximal stump, along its entire length, was a
region of relatively intact axons which was often thicker in regions adjacent to pial blood
vessels. Between the peripheral zone and the cential core was an intermediate zone
containing damaged but surviving axons.

THREE DAYS FOLLOWING OPTIC NERVE TRANSECTION (n=3)
Within the degenerative core, degenerate axons, axonal or glial debris and
unidentifiable floccular material, frayed myelin, and a few macrophages were present:
there were no intact axons in this region (Fig. 4.3). The most common pattern of axonal
degeneration was almost complete disintegration of axoplasmic organelles (Fig. 4.3).
The myelin sheath associated with many such axons had collapsed; in others however, it
retained its original form although the myelin lamellae were decompacted and
disorganized. No intact astrocytes or oligodendrocytes were observed. The extracellular
space, containing cellular debris, was enormously increased due to the disappearance and
shrinkage of injured axons and glial cells (Fig. 4.3). The blood vessels in this zone had
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collapsed or their lumen was blocked and most of their endothelial cells appeared to be
dead or dying, suggesting serious damage to the blood supply of the core. However the
basal laminae of the blood vessels were intact (Fig. 4.4).
The intermediate zone, surrounding the degenerate core, contained both living and
degenerate cellular components. Many nerve fibres were in the early stages of
degeneration, with electron - dense or shrunken axoplasm and/or decompacted myelin
with collapsed axoplasm (Fig. 4.5). There was an abnormally large extracellular space.
Also present in this zone were swollen axons, some of which were enclosed within a thin
myelin sheath (Fig. 4.6). Most swollen axons were organelle - rich and contained
lysosome - like dense bodies and swollen mitochondria. Some axons contained
numerous clear vesicles, dense core vesicles, and SER (Fig. 4.7). Scattered individually
or in small groups between organelle - rich swollen axons and astrocyte processes in the
intermediate zone near the cut end of the optic nerve were nonmyelinated axons between
0.30|im (arrow in Fig. 4.7) and 4.0|im in diameter, most of these axons contained
microtubules. Although neither astrocyte nor oligodendrocyte cell bodies were
encountered, astrocyte processes containing bundles of intermediate filaments,
occasionally linked by adherens - like junctions or gap junctions, were identified in this
zone (Fig. 4.7). Astrocyte processes in this zone also surrounded blood vessels, where
they were covered by a basal lamina. Although some blood vessels with abnormal
endothelial cells (Fig. 4.8) and apparently blocked lumens, were encountered in this
zone, most of the blood vessels had patent lumens and endothelial cells of healthy
appearance, suggesting that the blood supply of this zone might have been substantially
preserved. At the apex of the intermediate zone, which was located approximately 3mm
behind the eyeball at this stage, bundles of small nonmyelinated, putative regenerating
axonal sprouts were present (Fig. 4.9). These putative axonal sprouts were of relatively
small size, contained many microtubules, and were tightly packed together.
Macrophages containing myelin debris and lipid droplets and astrocyte cell bodies and
processes were present in this area, but there were no oligodendrocytes. Large blood
vessels were present in many areas of the intermediate zone. Putative sprouts were more
frequently seen close to such blood vessels than elsewhere.
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In the peripheral zone, myelinated axons of normal appearance predominated, but
degenerating fibres with electron dense axonal cytoplasm, and swollen axons surrounded
by distorted and partially decompacted myelin were also present. A few individual
nonmyelinated axons, about 0.50 - 0.85|im in diameter, containing microtubules,
neurofilaments and SER were present between the myelinated axons and astrocyte
processes near the cut end. Oligodendrocytes were found in this zone as were large
blood vessels, especially at the periphery of the nerve, close to the gha limitans.

FIVE DAYS FOLLOWING OPTIC NERVE TRANSECTON (n=4)
In the degenerative core, the extracellular spaces near the cut end were no longer as
extensive as at 3 dpo due to the presence of axonal sprouts, macrophages, astrocytes,
fibroblasts and collagen. Most of the debris present in the extracellular spaces at 3 dpo
had by now been phagocytosed mainly by macrophages (Fig. 4.10). Small bundles of
sprout - like axons were present predominantly at the periphery of the core close to the
cut end and commonly close to blood vessels. These axons contained mitochondria,
SER, microtubules and numerous dense core vesicles. They varied in size and were
found in contact with other sprout - like profiles, as well as with a variety of other
structures including astrocyte processes, fibroblasts or collagen (Fig. 4.11).
Macrophages were numerous and very active in the degenerative core: their cytoplasm
contained large amounts of engulfed myelin debris. There were many fibroblasts within
the degenerative core and collagen, presumably produced by these cells. Astrocyte cell
bodies were present in this region and astrocyte processes containing large numbers of
intermediate filaments extended from the intermediate zone into the degenerate core and
were commonly in close relation to the putative axonal sprouts (Figs. 4.11 -12). Some
of the astrocyte processes in this region were overlain by basal lamina. Oligodendrocyte
cell bodies were not detected. Newly formed blood vessels were prominent within the
core. The lumens of the blood vessels within the core were patent and the endothelium
of the walls of most blood vessels in this region was intact (Fig. 4.10), suggesting that
the blood supply of the degenerative core might have been restored at this stage.
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Within the intermediate zone, many bundles of putative axonal sprouts were present
near the cut end. These sprouts were small in diameter, and contained tightly packed
microtubules, dense core vesicles, and mitochondria. In close relation to these bundles
of sprouts there were astrocyte processes, degenerate axons and myelin debris. Some
large bundles of nonmyehnated axons were found 4mm behind of the eyebaU in this zone
in one animal. These bundles contained both axon - like and growth cone - like profiles
(Fig. 4.13). Most of the axons were very small and tightly packed. There was little
penetration of glial cell processes into these bundles (Fig. 4.13). Large numbers of
macrophages, packed with electron-dense ingestion vesicles, and myelin remnants,
occurred in this zone. Swollen myelinated fibres were also still present in this zone.
Oligodendrocytes were rarely encountered. Blood vessels with patent lumens and
healthy endothehum, loosely surrounded by astrocyte processes, were found in this zone
(Fig. 4.14). At the apex of the intermediate zone, clusters of swollen and degenerate
axons, nerve fibres of normal appearance and sprout - like profiles were
compartmentalized by astrocyte processes packed with intermediate filaments. The
axonal sprouts often contained accumulations of small clear vesicles. Blood vessels were
more prominent at the apex of the intermediate zone than at 3 dpo.
At the peripherv of the optic nerve, myelinated fibres of normal appearance
predominated (Fig. 4.15), although some degenerate axons were present. Astrocytes
and oligodendrocytes were seen as frequently as in control optic nerve and were
organized as in control optic nerve.

SEVEN DAYS FOLLOWING OPTIC NERVE TRANSECTION (n=3)
In the degenerative core, at 7 dpo were large numbers of macrophages packed with
engulfed myelin debris and containing numerous lipid droplets within their cytoplasm.
Most of the myelin and axonal cytoplasmic debris had disappeared from the extracellular
spaces, presumably as a result of the activity of the macrophages (Fig. 4.16).
Astrocytes, some extending from the periphery of the optic nerve to the degenerative
core, and containing prominent bundles of intermediate filaments were frequently seen
(Fig. 4.17). Some were partially covered by basal lamina. They contacted or partially
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surrounded the axonal sprouts, degenerate and swollen axons (Fig. 4.17). The axonal
sprouts had abundant microtubules and neurofilaments. Some sprouts were orientated
parallel with the longitudinal axons of the optic nerve while others appeared to be
coursing in the transverse plane. Sprouts were often in contact with astrocyte processes
or macrophages. Blood vessels were present throughout much of the core and appeared
to be essentially normal.
In the intermediate zone, the number of sprout - like axons had greatly increased. At a
distance of 6mm behind the eyeball, axonal sprouts about 0.42 - 1.46|im in diameter
were found in small bundles and contacted or indented the surface of macrophages (Fig.
4.18), astrocyte processes or in some cases appeared not to be in contact with any
recognizable structures. Axonal sprouts were also abundant 3 - 3.5mm behind the
eyeball as small bundles associated with macrophages, myelinated axons or astrocytes
(Fig. 4.19). The sprouts contained microtubules, neurofilaments and sometimes
mitochondria. Although some myelinated axons were of normal appearance most
showed some degree of abnormality, including, in many cases, electron density of the
axonal cytoplasm and disruption of the myelin sheath. Astrocyte cell bodies were
present, sometimes partially covered by basal lamina (Fig. 4.20) and their processes
were numerous in the intermediate zone, especially near the cut end and contacted sprouts
and degenerate axons. Oligodendrocytes were first encountered in this zone at 7 dpo.
They contacted degenerate myelinated axons or astrocyte processes. Blood vessels were
present throughout this zone. At the tip of the intermediate zone, 2mm behind the
eyeball, there was a mixture of axonal sprouts, degenerate axons, glial cells, and
macrophages (Fig. 4.21). The axonal sprouts were much more numerous than at 3 or 5
dpo. The reactive astrocytes extended thin processes, sometimes linked by adherens like junctions. Macrophages were located predominantly at the periphery of this zone.
The peripheral zone, showed a majority of intact myelinated fibers (Fig. 4.22),
although irregularities of myelin sheaths were more common than at 3 and 5 dpo.
Scattered among the intact fibres were myelinated fibres with electron dense axoplasm.
Some oligodendrocytes in this zone appeared to be unusually active with well developed
granular ER and hypertrophic or dilated Golgi apparatus.
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D ISCU SSIO N
During the first week after intracranial transection, the retinal stump of the optic nerve
in adult rats displays a massive core of severely degenerate (necrotic) tissue, which is
cone -shaped, the base of the cone occupying most of the cross - sectional area of the cut
end of the retinal stump, and the apex extending to within the orbit 2mm behind the
eyeball. At the periphery of the retinal stump was a zone of intact optic nerve fibres and
associated glia and between the degenerative core and the peripheral layer of intact axons
and glia was an intermediate zone containing a mixture of apparently living and dead or
dying profiles.

Although no viable cellular elements (except for the occasional

macrophages) were present within the degenerative core at 3 dpo, putative axonal
sprouts, first seen in the intermediate zone at 3 dpo, were present at the periphery of the
degenerative core by 5 dpo. By 7 dpo large numbers of putative axonal sprouts were
present in the intermediate zone, particular at its apex, and had penetrated to the centre of
the core of degeneration. Thus these findings show that after intracranial optic nerve
transection there occurs an early axonal sprouting response which may be no less
extensive than the sprouting response elicited by intraorbital section of the optic nerve
(Hall & Berry, 1989). This is surprising in view of the reported failure of RGC to
upregulate GAP - 43 protein following intracranial axotomy (Doster et al., 1991),
although it is completely compatible with our own immunocytochemical study (see
Chapter 4) and with reports that both intracranial and intraorbital transection have similar
effects on GAP - 43 mRNA synthesis by RGC (Jones & Aguayo, 1991).
The cone - like central core of degeneration within the proximal stump of the optic
nerve after intracranial transection is almost certainly of ischaemic origin. First, there is
no comparable degeneration following transection of the optic nerve within the orbit so
long as care is taken at operation not to damage the ophthalmic artery (personal
observation). Second, the pattern of the degeneration resembles the ischaemic necrosis
previously described as resulting from the interruption of the centrifugally coursing
branches from the circle of Willis that supply the intracranial portion of the optic nerve
(Polyak, 1957; Anderson, 1970). Upon transection of the intracranial optic nerve, the
durai sheath vessels would have been disrupted resulting in local areas of ischaemia.
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Thus following vascular disruption one would expect to see a pattern of necrosis such as
this. Third, Misantone and colleagues (1984) performed intracranial crush lesions of the
rat optic nerve using jewellers' forceps. They were able to achieve complete transection
of the optic nerve axons without disruption of the durai sheath or the pial blood vessels.
Their results revealed "little indication of retrograde axonal degeneration" up to one
month post operatively within the proximal stump, which lends further support of the
conclusion that the necrosis in the central core of the optic nerve found in this study was
ischaemic in origin. Although the distal part of the proximal stump became necrotic, the
2mm of optic nerve adjacent to the eye was spared, presumably because it receives its
blood supply from the central artery of the retina, which pierces the optic nerve just
behind the eyeball (Grafstein & Ingoglia, 1982; Richardson et al., 1982). This also
explains why the extent of retrograde degeneration of the optic nerve following
intraorbital transection was limited to about 100|im from the site of transection (Hall &
Berry 1989).
It has been reported that when the adult rat optic nerve was interrupted intracranially,
the retrograde loss of 60% of RGC occurred between 3 and 7 months postoperation
(Misantone et a i, 1984). In contrast, more than 90% of RGC have disappeared by one
month after intraorbital axotomy (Villegas - Perez et a l, 1988a). These contrasting
findings suggest that the distance between the cell bodies and the lesion site is a
significant factor in determining the severity and timing of retrograde cell death. It also
seems to influence post - axotomy cell size changes since it has been reported that RGC
show greater shrinkage after intraorbital optic nerve section than after intracranial optic
nerve transection (compare Villegas - Perez et ai, 1988a ,b and Misantone et al., 1984).
There are also marked differences in the extent of regrowth from axotomized RGC into
peripheral nerve grafts inserted close to the RGC bodies and into similar grafts placed far
from their cell bodies. Thus there is extensive axonal regeneration into peripheral nerve
segments inserted into the retina(So & Aguayo, 1985) or anastomosed to the intraorbital
optic nerve (Vidal - Sanz et al., 1987; Berry etal., 1987, 1988; Hall & Berry, 1989), but
very tittle regeneration takes place into similar grafts anastomosed to the intracranial optic
nerve (Richardson et al., 1982). Grafstein & Ingoglia (1982) have reported that as early
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as 1 day after intracranial optic nerve transection in the mouse, the proximal stump
showed a central core of degenerate axons, extending from the cut end of the nerve for
1.2 to 1.8mm toward the eye: this region contained no intact axons, at least so far as such
axons could be identified by light microscopy. It is curious that despite the extensive
axonal degeneration which follows intracranial optic nerve transection, which reaches
even into the orbit, more RGC survive such a lesion than survive following direct
intraorbital optic nerve section (Grafstein & Ingoglia, 1982; Misantone et aL, 1984;
Villegas - Perez et a i, 1988a).
In the present study, some putative sprouts were present in the intermediate zone
particularly the tip of the degenerative core as early as 3 days after intracranial optic nerve
transection. Axonal sprouts were found at an earlier stage following intraorbital
(Chapter 3) rather than intracranial optic nerve transection; the density of sprouts in EM
sections at corresponding survival times was also greater following intraorbital (Chapter
3) rather than following intracranial transection. One of the reasons for these differences
between intraorbital and intracranial transection might be that, as discussed above, the
intraorbitally transected optic nerve suffers much lesser effects on its blood supply. The
microenvironment of the intraorbital optic nerve may also be more conducive to
regeneration. On the other hand, the cone of degeneration which is formed effectively
severs some axons in the cranial cavity, some in the optic canal and some in the orbit,
greatly increasing the area over which regenerating sprouts might be expected to form.
Consequently the reduced density of axonal sprouts following intracranial rather than
intraorbital transection may not reflect the absolute numbers of sprouts produced.
Astrocytes outside the cone of degeneration respond to intracranial optic nerve
transection by undergoing hypertrophy (evident at 3 dpo in the peripheral zone) and by
extending processes and migrating into the degenerative core at 5 dpo. By contrast,
oligodendrocytes were not seen in the degenerative core at any time during the first 7
days after operation, but it is open to question whether fine processes from
oligodendrocytes would have been identified even if present. The pattern of astrocyte
response is very similar to that following intraorbital optic nerve transection (see Chapter
3). It is noteworthy that the regenerative sprouts identified at 5 and 7 dpo were
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commonly associated with astrocyte processes. It has been reported that the content of
glial cells is different along the length of the rat optic nerve: for example the cross sectional area occupied by astrocytes is 34% in the orbit and only 8% near the chiasm
(Skoff et al., 1986). It is possible that the regional differences in glial content may
partially contribute to the different responses of optic nerve axons to intraorbital and
intracranial lesions. For example, there is evidence from both in vivo and in vitro studies
that astrocytes may play a role in the growth and regeneration of CNS neurons (Lindsay,
1979; Mathewson & Berry, 1985; Gage et at., 1988; Giftochristos & David, 1988),
perhaps because they are stimulated by injury to make and secrete neurotrophic factors
that can subsequently support cell survival and axonal outgrowth (Banker, 1980; Noble
et a i, 1984; Gage et al., 1988). In contrast, it is well established that astrocytes form a
thick cellular scar at the sites of traumatic damage of the CNS, which may act as an
impediment to regeneration (Reier et a/.,1983,1989) of the CNS, perhaps by activating a
physiological growth-arresting mechanism (Liuzzi & Lasek, 1987). The present study
supports the hypothesis that in the early phases of the response to the injury, astrocytes
within the proximal stump of the optic nerve are not essential for the initial sprouting of
axons. They may maintain or develop the ability to act as a permissive substratum for the
elongation of some axons since they often become associated with the growing sprouts
(Hall & Berry, 1989; Campbell et al, 1992), but there is no evidence that they lead the
regenerating sprouts. Astrocytes may also secret neurotrophic factors to initiate or
promote axonal elongation (Gage et al., 1988), but the morphological evidence produced
by an electron microscopical study would be unlikely to shed light on such a process. At
postoperative survival times of more than 7 days, a subset of astrocytes presumably
undergoes reactive changes which lead to the formation of a scar which may hinder
axonal growth. However, it remains particularly difficult to understand why RGC which
have been subjected to intracranial axotomy, followed by rapid axonal degeneration into
the intraorbital part of the optic nerve, do not behave as though they have sustained an
intraorbital axotomy.
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Fig. 4.1 A diagram shows the degenerative core (DC, stipple), intermediate zone (IZ,
hatch) and peripheral regions (P) of the optic nerve between 3 and 7 dpo after intracranial
transection. The main figure represents a longitudinally sectioned optic nerve, the others
represent cross sections of the optic nerve at levels A, B and C.

Fig. 4.2a 3 dpo; a toluidine blue - stained semithin section of the proximal stump close
to the cut end of the optic nerve illustrates the extensive central necrotic core of the
proximal stump, x 135.

Fig. 4.2b 7 dpo; a toluidine blue - stained semithin section of the optic nerve 2 -3mm
behind the eyeball showing the degenerative core, the intermediate zone and a peripheral
zone of essentially normal appearance. The level corresponds to an level intermediate
between B and C in Fig. 1. x 135.
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Fig. 4.3 3 dpo; degenerative core, containing myelin debris, axonal remnants and large
extracellular spaces, together with a macrophage (M) within which lipid droplets and
debris are apparent, x 8,775.

Fig. 4.4 3 dpo; part of a degenerating blood vessel within the degenerative core of an
intracranially transected optic nerve. Note that the lumen is blocked, probably by
polymorphonuclear cells (Pm), and there are gaps in the endothelium (large arrows).
Where endothelium is present, the cytoplasm contains swollen mitochondria and poorly
defined organelles. Two or more layers of basal lamina (arrow heads) surround the
vessels. Presumptive degenerating astrocyte processes (small arrows) are associated
with the basal lamina, x 28,125.

Fig. 4.5 3 dpo; axons in various stages of degeneration can be seen in the intermediate
zone. Some myelin sheaths surround electron dense axoplasm (Da), while others appear
empty (*) or have disintegrated (arrow heads). Regenerating or demyelinated axons are
present (arrows), mainly in the vicinity of astrocyte processes (As), x 18,000.
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Fig. 4.6 3 dpo; a swollen myelinated axon (Ma) in the intermediate zone containing
degenerating mitochondria can be seen. Near it are other regenerating or demyelinated
axons (arrows), some of which contain dense - cored and other vesicles. No astrocyte
processes are in contact with these axons, x 18,450.

Figs. 4.7 - 8 3 dpo; the intermediate zone. Fig. 4.7 Several profiles of regenerating or
demyelinated axons (Ax) can be seen. They contain many vesicles and are in contact
with astrocyte processes (As) between which adherens - like (arrows) and gap junctions
(arrow heads) are present, x 28,125. Fig. 4.8

Astrocyte processes (As) covered by

basal lamina (arrow heads) surround a blood vessel (Bv). The endothelial cells (arrows)
are probably viable and the lumen is patent, x 15,300.
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Fig. 4.9 3 dpo; apex of the intermediate zone. Putative axonal sprouts (Sp) among
abnormal myelinated fibers and swollen axons, partially surrounded by astrocyte
processes (As), x 22,500.

Fig. 4.10 5 dpo; the degenerative core. Macrophages (M), fibroblasts (F), blood
vessels (Bv), and small bundles of putative sprouts (arrows) are present, x 7,425.
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Fig. 4.11 5 dpo; the degenerative core. A small bundle of axons (small arrows)
associated with an astrocyte process (As) and a fibroblast (F). Cell processes (large
arrows) perhaps from astrocytes are intimately associated with some axons, x 36,000.

Fig. 4.12 5 dpo; at the periphery of the degenerative core, close to cut end of the optic
nerve, putative sprouts (Sp) containing numerous dense core vesicles and mitochondria,
are present, in close association with astrocyte processes (As) partially covered by basal
lamina (arrow), x 36,000.

Fig. 4.13 5 dpo; bundles of sprout - like axonal profiles (Sp) in the intermediate zone
4mm behind the eyeball. Glial cell processes are not prominent in this bundle, x 28,125.
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Fig. 4.14

5 dpo; the intermediate zone. A blood vessel (Bv) with endothelium of

normal appearance, surrounded by a large perivascular space containing collagen and
fibroblasts. Astrocyte processes (As) overlain with basal limina (arrows) form a glia
limitans around the blood vessels, x 10,125.

Fig. 4.15 5 dpo; the periphery of an optic nerve following intracranial axotomy.
Myelinated fibers show only mild abnormality of myelin and no sign of axonal
degeneration. Astrocyte processes (As) compartmentalize the fiber bundles, x 8,775.

Fig. 4.16 7 dpo; macrophages (M), astrocyte processes (As), fibroblasts (F) and
collagen at the centre of the degenerative core. Regenerating axons are too small to be
identified at this magnification, x 15,300.
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Fig. 4.17 7 dpo; the centre of the degenerative core close to cut end of the optic nerve,
showing putative sprouts (Sp) accompanied by astrocyte processes (As). Some sprouts
are more intimately related to the surface of the macrophage (M) than to the astrocyte
processes, x 36,000.

Fig. 4.18 7 dpo; the intermediate zone 2mm from the cut end of the optic nerve. An
astrocyte cell body (A) and macrophage (M) are associated with sprouts (Sp). x 28,125.

Fig. 4.19 7 dpo; the intermediate zone 3.5mm behind the eyeball shows a macrophage
(M) surrounded by many putative sprouts and containing myelin debris, x 18,450.
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Fig. 4.20 7 dpo; in the intermediate zone close to the cut end of the optic nerve, an
astrocyte cell body (A) partially covered by basal lamina (arrows), is adjacent to a
phagocytic cell surrounding a degenerate axon (*). x 8,100.

Fig. 4.21 At the apex of the intermediate zone, 7 dpo. Astrocyte processes (As) packed
with intermediate filaments compartmentahze a mixture of putative sprouts (arrows) and
myelinated axons (Ma) some of which are degenerate (arrow head), x 18,450.

Fig. 4.22 7 dpo; myelinated axons of normal appearance at the periphery of the optic
nerve. Astrocyte processes (As) covered by basal lamina (arrows) form a glia limitans.
X 24,480.
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CHAPTER

5 -

A QUALITATIVE COMPARISON OF THE

LONGER TERM RESPONSES TO INTRAORBITAL AND
INTRACRANIAL OPTIC NERVE TRANSECTION

INTRODUCTION
In Chapters 3 and 4, the early stages of the responses of optic nerve axons to optic
nerve transection both in the orbit and in the cranial cavity, were described. It was
confirmed that the onset of the regenerative response of optic nerve axons transected
intraorbitally is slightly more rapid than that of optic nerve axons transected
intracranially. The topographical arrangement of zones of degeneration and regeneration
was also found to be different and the numerical density of regenerating axons during the
first seven days is lower following intracranial transection than intraorbital transection.
None the less, the formation of axonal sprouts and their relationship to other cells and the
extracellular matrix appeared basically similar following the two types of injury.
During the periods between 1 week and a few months after optic nerve transection
there is, however, a great difference in RGC survival following intracranial as opposed
to intraorbital injury (Misantone et a i, 1984; Allcutt et al., 1984; Barron et al., 1986;
Villegas - Perez et al., 1988a, b, 1989; Sievers et al., 1989).

A study of the

ultrastructure of the proximal stumps of cut optic nerves during this period is therefore
important since on the one hand, differences in the rate of cell death may effect the
regenerative response and, on the other hand, difference in the events in the proximal
stump could influence the survival of RGC. Here I described an ultrastructural study of
the cellular responses of the proximal stump of the optic nerve between 2 and 8 weeks
following optic nerve transection in the orbit and in the cranial cavity, focusing in
particular on axonal sprouts.

RESULTS
OPTIC NERVE TRANSECTION IN THE ORBIT
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Two Tn = 2^ and four fa = 2) weeks after operation, scar - like tissue capped the cut
end of the retinal stump of the optic nerve to a depth of about 50 - 70jam. This region
resembled the scar - like region at 7 days postoperation and consisted of astrocyte cell
bodies and processes packed with intermediate filaments, fibroblasts and collagen.
Macrophages were occasionally seen in this region at 2 weeks after operation, but
oligodendrocyte cell bodies were not observed. The number of regenerating optic nerve
axonal sprouts in this region had declined sharply, compared to 1 week after operation.
Bundles of small sprout - like axons (from 2 or 3 up to 20 profiles/bundle), were present
in this region at 2 weeks (Fig. 5.1), but only individual axon or small clusters of 2 to 3
sprouting fibres were seen by 4 weeks (Fig. 5.2). The sprout - like axons at both 2
weeks and 4 weeks contained microtubules, neurofilaments, mitochondria and dense
core vesicles. A few large nonmyelinated axons containing vacuoles and mitochondria
were encountered. All nonmyelinated axons were completely surrounded by, but not
necessarily invaginated into, astrocyte processes.
Proximal to the scar - like region was a zone, about 30 - 50jJ.m deep, where collagen
and fibroblasts were less frequently seen. Astrocyte processes were prominent in this
region. Small sprout - like axons were still observed in this region but they were less
frequent than in the distal scar - like region at 2 weeks (Figs. 5.3-4), and were hardly
seen by 4 weeks after operation. Myelinated axons, some swollen and/or degenerate
with electron dense cytoplasm or decompacted myelin sheath were present in this region.
Oligodendrocytes were occasionally seen.
Approximately 1mm behind the eyeball, myelinated axons of relatively normal
appearance were commonly seen in cross - section, but a higher proportion of myelinated
axons with irregular myelin sheath and electron dense cytoplasm were more commonly
seen than at 7 dpo (Fig. 5.5). Astrocyte processes were seen extending to the bundles of
myelinated axons. Astrocyte cell bodies and oligodendrocytes were observed in this
region.

Six (n = 3) and eight fn = 2) weeks after operation, reactive strocyte processes with
tightly packed intermediate filaments were prominent in the scar - like region. A few
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nonmyelinated axons were observed in this region. They were tightly enveloped by
astrocyte processes. These axons varied in size and contained dense core vesicles,
swollen mitochondria, vacuoles and lysosome - like structures (Fig. 5.6). Occasionally,
micro tubules or neurofilaments were seen in some small nonmyelinated axons,
presumably axonal sprouts. Neither oligodendrocyte cell bodies nor macrophages were
observed in this region.
In the region 1mm behind the eyeball, filament - containing astrocyte processes
occupied most of the cross - sectional areas . The number of myelinated axons had
declined sharply by comparison with 2 - 4 weeks after injury. Most of the remaining
myelinated fibres were degenerate with electron dense cytoplasm (Fig. 5.7). Only a few
myelinated axons with relatively normal appearance were observed. Empty myelin
sheaths were seen in many areas of this region.

Astrocyte cell bodies and

oligodendrocytes were present.

OPTIC NERVE TRANSECTION IN THE CRANIAL CAVITY
Two (n = 21 and four In = 21 weeks after operation, three distinct zones: the
degenerative core, the intermediate and the peripheral zones were still visible at 2 - 4
weeks after injury. Near the cut end of the nerve, approximately 7.0 - 7.5mm behind the
eyeball, the degenerative core was basically similar in structure to that seen at 1 week
after operation, i.e. many macrophages containing lipid droplets and engulfed myelin
debris, fibroblasts, collagen fibres and large extracellular spaces were present (Fig. 5.8).
However, more small bundles of sprout - like axons were present in many parts of this
zone than at 7 dpo (Fig. 5.8). The axonal sprouts varied in size and contained organelles
which often included microtubules, neurofilaments, mitochondria, dense core vesicles or
clear vesicles.

The axonal sprouts were associated with astrocyte processes,

macrophages and/or fibroblasts. Neither oligodendrocytes nor astrocyte cell bodies were
observed. Blood vessels with intact endothelial walls were present in many areas of this
zone.
Bundles of regenerating axons associated with astrocyte processes were prominent in
the intermediate zone near the cut end of the nerve. The sprouts varied in size and their
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ultrastructure was similar to that of axons in the degenerative zone (Fig. 5.9). Large
nonmyelinated axons containing lysosome - like structures and vacuoles were observed
among the sprouts. Astrocyte processes surrounded the axonal fibres and astrocyte cell
bodies were frequently seen in this region. Macrophages and fibroblasts were less
frequently seen at 2 weeks than at 7 dpo and were scarcely seen by 4 weeks.
Oligodendrocytes were not observed.
In the peripheral zone, myelinated axons of relatively normal appearance were present
at 2 weeks, but were less frequently seen by 4 weeks after operation. Bundles of
regenerating axonal sprouts were seen in many parts of the peripheral zone (Fig. 5.10).
Hypertrophic astrocyte processes became progressively more prominent in this region
from 2 weeks to 4 weeks after operation and surrounded the axonal profiles (Fig. 5.11).
Degenerate axons with electron dense cytoplasm and decompacted myelin sheaths were
observed in this zone at 2 weeks and became more frequently seen by 4 weeks (Fig.
5.12). Neither oligodendrocytes nor macrophages were observed in this zone.
At approximately 2.5mm behind the eyeball, at the level of the apex of the
degenerative core, the regenerating axonal sprouts at 2 weeks after operation, were
prominent throughout the cross - sectional area of the nerve, from the central area to the
periphery. The sprouts varied in size and often contained microtubules, mitochondria,
and neurofilaments (Fig. 5.13).

Large nonmyelinated axons filled with swollen

mitochondria and lysosome - like structures were seen among the sprouts. Myelinated
axons of normal appearance were present among the sprouts at the periphery of the optic
nerve (Figs. 5.14 - 15). Occasionally, empty myelin sheath or degenerate axons with
decompacted myelin sheaths were observed. Astrocyte cell bodies and processes
enveloping the sprouts were observed in this region.

Oligodendrocytes were

occasionally encountered in this region. By 4 weeks after operation, hypertrophic
astrocyte processes had become predominant in this region and the number of
regenerating axonal sprouts declined. Small bundles or individual regenerating axons
were scattered in this region (Fig. 5.16). Although many myelinated axons with
relatively normal appearance were still present, degenerate axons with irregular myelin
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sheaths were much more common in this region than at 2 weeks postoperation (Fig. 5.
17). Oligodendrocytes were frequently seen.

Six tn = 21 and eight tn = 11 weeks after operation, the differences between the
degenerate core and the intermediate zone were less apparent because hypertrophic
astrocyte processes were more frequently observed, macrophages were less frequently
seen in the central part near the cut end, and the number of regenerating axonal sprouts
had declined sharply at the cut end of the intermediate zone at 6 weeks after operation.
Small bundles of sprouts were still observed in the central area (the degenerate core and
the intermediate zone) near the cut end (Figs. 5.18-19). They were small in size and
were surrounded by astrocyte processes or fibroblasts. By 8 weeks after operation,
living and dead macrophages occupied the central area of the cut end.

Living

macrophages contained a lot of lipid droplets and some engulfed myelin debris. Axonal
sprouts, astrocytes and fibroblasts were no longer present in the central area.
In the peripheral region, hypertrophic astrocyte processes were predominant by 6
weeks. Small bundles of sprout - like profiles were seen surrounded by astrocyte
processes (Fig. 5.20). A higher proportion of myelinated axons were degenerate, with
electron dense cytoplasm, at 6 weeks than 4 weeks after injury. By 8 weeks, reactive
astrocyte processes occupied the periphery of the cut end. Occasionally, empty myelin
sheaths, myelin debris and macrophages were found at the periphery. Myelinated axons
had disappeared from this zone.
Approximately 2.5mm behind the eyeball, reactive astrocyte processes were
predominant throughout the cross - sectional area of the nerve at 6 weeks postoperation.
Small bundles of sprout - like axonal profiles were encountered among the astrocyte
processes at 6 weeks (Fig. 5.21), but were not observed at 8 weeks after operation. A
much higher proportion of myelinated axons was degenerate at 6 - 8 weeks than at 4
weeks after operation. These fibres displayed with irregularities of their myehn sheaths
and electron dense cytoplasm (Fig. 5.22), A few myelinated axons with a relatively
normal appearance still remained.
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D ISCU SSIO N
The regenerating axonal sprouts in the scar - like tissue at the distal end of the
proximal stump of intraorbitally transected optic nerve declined in numbers sharply at 2
weeks and only a few sprout - like axonal profiles were present by 4 weeks after
operation.

However, much larger numbers of axonal sprouts were identified in

intracranially transected nerve at 2 and 4 weeks after operation. These sprouts were
found in the intermediate zone near the cut end of the nerve and at the level of the apex of
the degenerative core (ca. 2.5mm behind the eyeball). The latter is the same distance
from the eyeball as the cut end of the proximal stump of optic nerves transected in the
orbit. Between 6 and 8 weeks after transection, only a few sprout - like axons were
present in the scar - like tissue following intraorbital lesion; however, small bundles of
sprouting axons were still present near the cut end of the nerve and in the region
approximately 2.5mm behind the eyeball at 6 weeks following intracranial lesion. The
results of this study and the short term studies described in Chapters 3 and 4, indicate
that both the formation and the regression of regenerating axons is quicker in the
intraorbital lesion group than in the intracranial lesion group.
It has been reported that approximately 80% of RGC survived 1 to 3 days following
intracranial optic nerve transection in adult mice and, 40 to 50% of RGC were still alive
even 2 to 3 months after operation (Grafstein & Ingoglia, 1982). By comparison about
20% of large - and intermediate - sized RGC and 40 - 60% of small - sized RGC
survived 10 days after intraorbital optic nerve crush in adult mice and, only 10% of RGC
remained 30 days after crush injury (Allcutt et a i, 1984). Experiments with adult rats
showed that approximately 55 - 70% RGC survived one month following intracanial
optic nerve transection (Villegas - Perez et a i, 1988b), but, in contrast, only 10% of
RGC survived the same intei’val following intracranial optic nerve transection (Villegas Perez et a i, 1988a; Sievers et al, 1989). In addition, Doster and colleagues (1991) have
recently shown that the position of axotomy also determines the extent of expression of
GAP - 43, as determined by immunohistochemistry and axonal transport studies. These
observations indicate that when the lesion is close to the eye, the response of RGC is
stronger. Thus on the one hand, proximal lesions cause more RGC to die (Lieberman,
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1974; Villegas - Perez et al., 1988a); but on the other hand, the surviving RGC would be
able to synthesis GAP-43 and transport it quickly to the lesion site (Doster et al., 1991).
When lesion sites were more than 3mm behind the eyeball or were made intracranially,
the weaker response of RGC resulted in substantially less death of RGC but a lower rate
of either apparent synthesis or axonal transport of GAP-43. The investigations of GAP 43 immunostaining in whole mounted retinas after intraorbital and intracranial optic nerve
transection reported in Chapter 6 using a different antibody from that used by Doster et al
(1991) show a considerable increase in the number of immunoreactive RGC after
intraorbital lesion but only a small increase in immunoreactive RGC after intracranial
lesions. However, an in situ hybridization study by Jones & Aguayo (1991), published
in abstract form, has reported that there is no difference between the effects of intracranial
and intraorbital transection on GAP - 43 mRNA production by RGC.
Richardson and colleagues (1982) found regenerating retinal axons were present near
the cut end of the retinal stump by 2 weeks after intracranial optic nerve transection, and
became most abundant 2 - 4 weeks after lesion which is entirely compatible with the
present results. Grafstein and Ingoglia (1982), using light microscopy, failed to observe
any unequivocal regrowing axons from 1 - 9 0 days after intracranial optic nerve
transection. It is difficult to reconcile our results and those of Richardson et al (1982)
with the observations of Villegas - Perez et al (1988a, b) that approximately 5 times as
many RGC survived one month following intracranial lesion as survived one month
following intraorbital lesion. Furthermore, the changes in the numbers of axonal sprouts
present in the intraorbital lesion group did not correspond to those in the number of GAP
- 43 immunoreactive RGC counted in the retina, which reached its maximum level 4
weeks after operation as described in Chapter 6 (see further discussion in Chapter 9). It
has been reported that the long - term survival of the RGC is not affected by the distance
of the optic nerve transection from the eye in the adult rat; for example, 32% of
axotomized RGC survived up to 6 months following intraorbital optic nerve crush
(Barron et al., 1986) and, about 40% of normal RGC was still visible between 3 and 7
months following intracranial optic nerve crush (Misantone et al., 1984). Moreover,
approximately 5 - 10% of the normal RGC population survived 6 months after
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intraorbital and intracranial optic nerve transection (Villegas - Perez et al., 1989). Yet,
only about 100 unmyelinated axons and a mean of 230 myelinated axons were counted in
a cross - section of the rat optic nerve 8 months after intracranial transection (Richardson
et al., 1982). Taking these experiments together, the long - term survival of the RGC is
apparently greater than that of optic nerve axons. The reason for these differences are not
clear yet, but the microenvironment surrounding optic axons may be partially responsible
for their retraction.
One of the observations of the present study is that the response of astrocytes is
slower in the intracranial lesion group than in the intraorbital lesion group. Hypertrophic
astrocyte processes packed with intermediate filaments capped the cut end of the optic
nerve at 2 weeks following intraorbital lesion, but astrocyte processes were less
frequently seen in the degenerate core near the cut end of the nerve, and were not
prominent at the apex of the degenerate core after the same interval following intracranial
lesion. Thus it appears as though intracranial lesion of the optic nerve results in an
astrocyte response in the intraorbital part of the optic nerve (as well as in the intracranial
part of the optic nerve) which is different from the astrocyte response in the same part of
the nerve follow intraorbital optic nerve section. On the other hand, it should be noted
that there is a significant difference in the content of astrocytes between the orbit and the
cranial cavity, in the orbital part of the optic nerve 34% of the glial cells are astrocytes,
whereas, in the intracranial part of the optic nerve only 8% are astrocytes (Skoff et al.,
1986).

143

Figs. 5.1 - 2 Intraorbital transection. Fig. 5.1 2 wpo; a small bundle of sprout - like
profiles (Sp), enveloped by astrocyte processes (As) which are covered by basal lamina
(small arrow), is present within the scar - like region. A myelinated axon (Ma)
containing micro tubules, neurofilaments and a mitochondrion is also seen near the
sprouts. The inner loop of an oligodendrocyte process is seen within the myelin sheath
(large arrow),

x 22,500. Fig. 5.2

4 wpo; two nonmyelinated axons (arrows)

surrounded by astrocyte processes (As) are present within the scar - like region. Note
the small dense - cored and clear vesicles within the axon, x 22,500.

Figs. 5.3 - 4 Intraorbital transection, 2 wpo. Fig. 5.3 Many putative axonal sprouts
(large arrows) containing clear vesicles, dense - core vesicles and mitochondria are seen
within a myelin sheath (small arrows), surrounded in turn by astrocyte processes (As),
ca. 30 - 50|im proximal to the scar - like region. This may indicate that sprouts are
sometime unable to escape from the myelin sheath of the parent axon, x 18,000. Fig.
5.4 A few sprout - like axons (arrows) are present at the same level as in Fig. 5.3. Four
myelinated axons of relatively normal appearance (Ma) are also seen. Astrocyte
processes (As) are in contact with the axonal sprouts but some sprouts are also in contact
with myelin, x 18,000.

Figs. 5.5 - 6 Intraorbital transection. Fig. 5.5 2 wpo; a bundle of myelinated axons is
present ca. 1mm behind the eyeball. Some axons have a relatively normal appearance
(M), but others are degenerate with electron dense cytoplasm (Da). Astrocyte (A) and
oligodendrocyte cell bodies (O) are also present, x 9,180. Fig. 5.6 6 wpo; a
nonmyelinated axon (arrow) in the scar - like region, contains many organelles including
lysosome - like structures and dense - cored vesicles and is surrounded by astrocyte
processes (As) largely filled with intermediate filaments, x 14,060.
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Fig. 5.7 Intraorbital transection, 6 wpo. Approximately, 1 mm behind the eyeball, most
axons are degenerate with electron dense cytoplasm (large arrows). A few myelinated
axons of relatively normal appearance (small arrows), an oligodendrocyte (O) and an
astrocyte (A) are also present, x 6,075.

Figs. 5.8 - 10 Intracranial transection, 2 wpo. Fig. 5.8 A small bundle of sprout - like
profiles (Sp) surrounded by astrocyte processes (As) covered by basal lamina (arrows) is
seen in the degenerative core near the cut end. A macrophage (M), fibroblast (F) and
collagen fibres are also present, x 9,180. Fig. 5.9 Bundles of sprouts (Sp) surrounded
by astrocyte processes (As) are present in the intermediate zone near the cut end. Two
astrocyte cell bodies (A), a macrophage (M) and fibroblast processes (F) are also seen, x
10,080. Fig. 5.10 Bundles of sprouts (Sp) enveloped by astrocyte processes (As) in
the peripheral region of the nerve near the cut end. A few myelinated axons of relatively
normal appearance (arrows) are seen within the bundles of sprouts, x 10,400.

Fig. 5.11 Intracranial transection, 4 wpo. A bundle of axons (Sp) is present in the
peripheral region of the nerve near the cut end. The bundle is surrounded by astrocyte
processes (As) between which adherens - like junctions (arrows) are present, x 30,000.
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Fig. 5.12 Intracranial transection, 4 wpo. Degenerate myelinated axons with electron
dense cytoplasm (Da) or lacking axoplasm (E) are present, together with a few sprout like fibres (arrows), in the peripheral zone of the proximal stump close to the cut end.
X 30.000.

Figs. 5.13 - 15 Intracranial transection, 2 wpo. Fig. 5.13 A mixture of axonal sprouts
(Sp) and swollen nonmyehnated axons (Sw) are in contact with astrocytes (A) at the apex
of the degenerative core, ca. 2.5mm behind the eyeball. The swollen nonmyelinated
axons contain lysosome - like structures, x 12,240. Fig. 5.14

A bundle of axonal

sprouts (Sp), myelinated axons of relatively normal appearance (arrows) and swollen
nonmyelinated axons (Sw) are surrounded by astrocyte processes (As) in the peripheral
region of the optic nerve ca. 2.5 mm behind the eye. x 12,240. Fig. 5.15 A bundle of
sprouts (Sp) is in contact with astrocyte processes (As) in the same level as in Fig. 5.14.
Three normal myelinated axons (arrows) are present among the sprouts, x 22,500.

Fig. 5.16 Intracranial tiansection, 4 wpo. A few sprout - like profiles (small arrows),
irregular myelin sheaths (large arrow), a myelinated axon of normal appearance (empty
arrow), and hypertrophic astrocyte processes (As) are present at the apex of the
degenerative core, x 20,000.
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Fig. 5,17 Intracranial transection, 4 wpo. An oligodendrocyte (O) is in contact with
apparently normal myelinated (Ma) and grossly degenerate myelinated axons (arrows) in
the peripheral region of the optic nerve ca. 2.5mm behind the eyeball, x 20,000.

Figs. 5.18 - 22 Intracranial transection, 6 wpo. Fig. 5.18 Two bundles of sprouts (Sp)
are surrounded by thin processes of unidentified cells (arrows) in the degenerative core
near the cut end. Collagen is present in the extracellular spaces, x 11,016. Fie. 5.19
Small bundles of sprouts (Sp) surrounded by astrocyte processes (As) are present at the
same level as in Fig. 5.18. x 14,760.

Fig. 5.20 A small bundle of sprouts (Sp) is in

contact with astrocyte processes (As), near a degenerate myelin sheath (arrow), and a
putative astrocyte (A) in the peripheral region of the nerve close to the cut end. x 18,450.
Fig. 5.21

A few small sprouts (arrows), a degenerate myelinated axon with a

decompacted myelin sheath (Da) and an astrocyte (A) ca. 2.5mm behind the eyeball.
X22,500. Fig. 5.22 Degenerate myelinated axons with electron dense cytoplasm (small
arrows), empty irregular myelin sheaths (large arrows) and astrocytes (A) ca. 2.5mm
behind the eyeball, x 7,650.
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CHAPTER 6 -

GAP - 43 IN RETINAL GANGLION CELLS

AND OPTIC NERVE AXONS AFTER INTRAORBITAL AND
INTRACRANIAL AXOTOMY
INTRODUCTION
GAP - 43, a rapidly - transported phosphoprotein of the presynaptic membrane, is a
major component of growth cones and is expressesed at high levels during the
development of the nervous system especially at the stages when axons elongate (see
chapter 1; Benowitz and Routtenberg, 1987; Skene, 1989). Its synthesis and axonal
transport persist throughout axogenesis and synaptogenesis, and then decline
precipitously with the establishment of stable synaptic relationships (Benowitz et a i,
1981; Skene and Willard, 1981a, b; Kalil and Skene, 1986). GAP - 43 is also present at
high levels in mature peripheral neurons of mammals and in lower vertebrate CNS
neurons that are regenerating following injury (Skene & Willard, 1981a; Tetzlaff et al.,
1989). The correlation between the ability of axons to regenerate and the increased
synthesis and transport of GAP - 43 has given rise to the hypothesis that it may play an
important role in axon outgrowth, although the function of GAP - 43 in both normal and
growing neurons remains unknown.
The transected optic nerve of adult mammals shows only transient regeneration (see
Chapters 3, 4; Hall & Berry, 1989), but injured RGC in adult rats will regenerate axons
long distances into a segment of peripheral nerve that has been anastomosed to the cut
end of the optic nerve (Berry et al, 1986a, b; Aguayo et at., 1986). Recent reports in
vivo and in vitro have shown that there is an up - regulation of the synthesis and
increased axonal transport of GAP - 43 in transected optic nerves of adult rats with or
without a PNS graft (Lozano et al., 1987; Doster et al., 1988, 1991; Miotke et al.,
1989), and in the lesioned brain of adult rats with or without a peripheral nerve graft
(Oestreicher et al., 1988; Tetzlaff et al., 1990; Campbell et al., 1991). It was suggested
that the up - regulation of GAP - 43 depended upon the position of injury; RGC became
GAP - 43 immunoreactive only when their axons were injured within 3 mm of the
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eyeball (Doster et a l, 1991). On the other hand Jones and Aguayo (1991) showed that
GAP - 43 mRNA levels in RGC were elevated in the same degree after both intracranial
and intraorbital axotomy. These results are clearly difficult to explain. Furthermore
since intracranial optic nerve section leads to many optic nerve fibers dying back into the
orbit, many RGC are in fact effectively axotomized in the orbit (see Chapter 4;
Richardson et a i, 1982). It would be reasonable therefore to expect such cells to behave
like RGC which have been subjected to intraorbital transection. To clarify these matters,
I have therefore studied GAP - 43 expression in RGC and in the optic nerve axons after
intracranial and intraorbital axotomy using a monoclonal antibody, 9 - IE 12, which
reacts with all known forms of the protein (Schreyer & Skene, 1991).
RESULTS
GAP - 43 IN RETINAL GANGLION CELLS
Intraorbital optic nerve lesion group
At 3 dpo, GAP - 43 - like immunoreactivity was not detectable in the RGC bodies of
retinal wholemounts, but by 5 dpo, GAP - 43 immunoreactivity could be visualized in
many RGC bodies (Fig. 6.1). The number and intensity of staining of GAP - 43
immunoreactive RGC increased at 7 dpo, appeared to reach its maximum level at 4 weeks
(Figs. 6.2 - 5), and then declined sharply by 6 weeks. Some GAP -43 labelled RGC
were still detectable at 8 weeks after axotomy (Fig. 6.6). GAP - 43 immunoreactivity
was found in RGC with a range of somal sizes. The labelled RGC were distributed
evenly in the retinal wholemounts and often showed a highly irregular shape resembling
similar axotomized RGC in silver stained preparations of the hamster retina (Cho & So,
1992). The nuclei of many of the large labelled RGC had a very eccentric position (Figs.
6.3 - 4). Axons in the optic fibre layer of the retinas were, however, immunoreactive for
GAP - 43 at 3 dpo (Fig. 6.7). The distribution of the axons in the retinas was distinctly
radial. The immunoreactivity of the retinal axons within the intraorbital lesion group
intensified at 7 dpo, peaked by 4 weeks, and then declined by 6 weeks following
operation.
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Intracranial optic nerve lesion group
At 3 dpo no RGC bodies were GAP - 43 immunoreactive. Immunoreactive RGC
were seen at 5 dpo but they were much less intensely stained than RGC in the intraorbital
group after the same interval. Immunoreactive cells were maximum in number at 4
weeks (Fig. 6.8), then diminished by 6 weeks. At 8 weeks, only a few immunostained
RGC could be identified (Fig. 6.9). Immunoreactive retinal axons were found at 3 dpo
in the intracranial lesion group and remained GAP - 43 positive even 8 weeks following
the injury, but they were less intensely stained than in the intraorbitally transected
animals. Fig. 6.10 and Table 6.1 shows the number of GAP - 43 labelled RGC in retinal
wholemounts following intraorbital and intracranial lesions.
Control groups
To investigate whether the increase in GAP - 43 immunostaining of RGC after
intracranial transection of the optic nerve was a consequence of axotomy rather than other
factors associated with the surgical procedure, e.g. local trauma to the vasculature, the
following experiments were carried out. The optic nerve in some animals was crushed
intracranially using forceps to completely axotomize the RGC whilst the integrity of durai
sheath was maintained and pial blood vessels were not disrupted. The number of
fluorescent labelled RGC in the intracranial optic nerve crush group was not significantly
different from the intracranial transection group (133 GAP - 43 immunostained RGC
were counted in the intracranial optic nerve crush experiments, compared to 112 GAP 43 immunostained RGC in the intracranial optic nerve transection). Thus, RGC in both
the optic nerve crush and the optic nerve transection experiments become GAP - 43
positive as a consequence of the axotomy.
In other control experiments, in which contralateral retinas were incubated in
monoclonal GAP - 43 antibody, the immunostaining of retinal axons was similar to that
in introrbital and/or intracranial operated retinas at 3 dpo (Fig. 6.11). However, no
immunofluorescent RGC bodies were found at any stage. A quadrant of each retina
ipsilateral to the lesion incubated in normal mouse serum instead of anti - GAP - 43
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antibody showed neither immunoreactive RGC nor immunostained retinal axons at any
stage.
GAP - 43 IN OPTIC NERVE AXONS
Light microscopy
Light microscopic observation of frozen sections showed that GAP - 43
immunoreactivity was localized to the cut end of the optic nerve in the intraorbital lesion
experiments. At 3 dpo, immunoreactivity was low and, a few immunostained fibres
were present near and at the cut end. Immunoreactivity was higher by 5 dpo (Fig. 6.12)
and increased up to 7 dpo (Fig. 6.13). Immunostained axons were present at the cut end
of the optic nerve and some extended to the junctional zone between the retinal stump and
the distal stump. Immunoreactivity gradually decreased at the cut end from 28 dpo to 56
dpo; however some immuostained axons were still present at the cut end. In addition,
some such axons were observed in the distal part of the retinal stump at 42 dpo, and in
the more proximal part of the retinal stump by 56 dpo.
In the intracranial lesion experiments, GAP - 43 immunoreactivity was very low and
localized to the apex of the degenerative core (described in Chapter 4) at 3 dpo. At 5
dpo, GAP - 43 immunoreactivity was higher and was present at the apex of the core and
between degenerative core and the relatively normal surrounding optic nerve tissue (Fig.
6.14), and increased up to 14 dpo (Fig. 6.15). Many immunostained axons extended
into the degenerative core from its margins and more from the apex of the core. At 28
dpo GAP - 43 immunoreactivity decreased and was low by 42 dpo. No staining of the
degenerative core was apparent at 42 dpo.
Immunoelectron microscopy
Immunoelectron microscopic study of GAP - 43 was performed in animals with
intraorbital optic nerve transection at 5 days. GAP - 43 immunoreactivity was revealed
by the presence of electron - dense DAB reaction product. Reaction product was located
within some medium - sized non - myelinated axonal profiles, but mainly within small
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(0.22 - 0.54|im) non - myelinated profiles (Figs. 6.16 - 17) with similar ultrastructural
characteristics to those of profiles interpreted as newly regenerated axonal sprouts (see
Chapter 3). Reaction product was never found within large non - myelinated and
myelinated axons. Immunoreactive sprouts were present in the proximal part of the
macrophage zone and the distal part of the abnormal axon zone (see Chapter 3). Some
however, were seen within the distal part of the macrophage zone. Immunoreactive
profiles were observed within the bundles of axonal sprouts in contact with other sprout like axons displaying no apparent immunoreactivity. However, some small clusters or
individual immunoreactive sprouts were scattered in the extracellular spaces (Fig. 6.18).
They were round in cross - sectional profile, contained microtubules, mitochondria,
elements of smooth ER, vesicles and sometimes floccular cy to skeletal components.
Immunoreactive sprouts were seen in contact with astrocyte processes; some, however,
were in contact with astrocyte cell bodies, with macrophages and with fibroblasts.
Occasionally, they were observed in contact with oligodendrocytes (Fig. 6.19).
The ultrastructural localization of reaction product within the axonal sprouts was
associated with the plasmalemma, with microtubules, and with the outer surfaces of
vesicles and mitochondria (Figs. 6.16 - 17). However reaction product in some axonal
sprouts appeared to be associated with the axon cytoplasm.
No GAP - 43 immunoreactivity was detected in control material in which the primary
antibody was replaced by noiTnal mouse serum. The optic fibres on the unoperated side
displayed no immunoreactivity by light or electron microscopy.

DISCUSSION
GAP - 43 immunoreactivity was investigated in retinal wholemounts and in optic
nerve axons following intraorbital and intracranial lesions of the optic nerve in adult rats.
RGC axons with GAP - 43 - like immunoreactivity were present in retinas of both the
operated side and the unoperated side. GAP - 43 labelled RGC bodies were found in all
retinas of the operated side within both the intraorbital and the intracranial axotomy
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groups from 5 days to 8 weeks following lesion.

RGC with GAP - 43 - like

immunoreactivity were always evenly distributed in the retinas, but the number of such
cells varied dramatically with postlesion survival time, peaking at 4 weeks and declining
sharply by 6 weeks after operation. At all time periods from 5 days to 8 weeks, the
number of immunoreactive RGC was greater in animals with intraorbital rather than
intracranial axotomy. The GAP - 43 immunoreactive axons were present at the cut end
of the retinal stump within the intraorbital lesion group, and at the tip and the edge of the
degenerative core within the intracranial lesion group.
A recent study has shown that some injured RGC are GAP - 43 positive. GAP - 43
immunoreactive RGC were present in the retinas of adult rats after intraorbital transection
of the ipsilateral optic nerve (Doster et al., 1991).

In addition, GAP - 43

immunoreactivity has been shown to be present as early as 24 hours in all neurites which
grew out from in vitro explants of retinas from adult mice which had had their optic nerve
crushed in the orbit. The neurites remained positive for up to 1 month after operation
(Miotke et a i, 1989).
One of the novel results of the present study was the observations that GAP - 43
immunoreactive RGC were found in the retinas of animals with intraorbital lesions and
those with intracranial lesions, although fewer GAP - 43 positive cells were identified in
the latter. This is in marked contrast with the findings of Doster et al (1991) who found
no GAP - 43 positive RGC in rats with intracranial optic nerve transection. In view of
the morphological evidence that, following intracranial lesions, many optic nerve axons
died back into the orbital region (Grafstein & Ingoglia, 1982; Richardson et al., 1982;
see Chapter 4), the present study is more easily understood. Those axons which die
back into the orbit would be expected to cause upregulation of GAP - 43 in their
perikarya in a similar manner to those sectioned intraorbitally, even if axons which
retained their full extent into the cranial cavity did not. Perhaps the GAP - 43
immunoreactive perikarya in the intracranially transected optic nerve experiments were
entirely those of axons which died back into the orbit. However, since some injured
optic nerve axons even sprout in the cranial cavity (Richardson et al., 1982; see Chapter
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4) and since Jones and Aguayo (1991) have shown that GAP - 43 mRNA is upregulated
in RGC similarly after both intraorbital and intracranial axotomy, it might be expected
that levels of GAP - 43 would increase in RGC after intracranial lesions. The present
study confirms that the response to the intracranial lesion, in terms of GAP - 43
accumulation by RGC, is weaker than that in RGC after intraorbital lesion. Therefore, it
seems likely that the antibody used by Doster et al (1991) was less effective at detecting
GAP - 43 than 9 - IE 12 which detects all forms of the protein (Schreyer & Skene,
1991). The in situ hybridization results of Jones and Aguayo (1991) suggest that there
are differences in the extent of translation or axoplasmic transport after intracranial versus
intraorbital lesion. Their data, in conjunction with the study of Doster et al (1991),
suggest that translation of GAP - 43 mRNA is less effective following intracranially
transection of optic axons. The findings of Doster et al (1991) showing that axoplasmic
transport of GAP - 43 after intracranial lesion is slower than after intraorbital lesion,
appear to come from only one animal in which the 3mm of optic nerve nearest the eyeball
was not analyzed. Those 3mm segment of the optic nerve would be expected to contain
many of the terminal segments of the transected fibers. There are differences in the
response of RGC to intraorbital rather than intracranial transection, principally that
intraorbital injury produces more cell death (Berry et a/., 1987; Villegas - Perez et al.,
1988a) and more rapid degradation of the retinal response to patterned stimuli (pattern
electroretinogram) than does intracranial injury (Dominici et a i, 1991). It is not obvious
how this relates to GAP - 43 synthesis but it has been reported that motor neurons in
patients with amyotrophic lateral sclerosis express GAP - 43 and GAP - 43 mRNA (Neut
et al., 1991; Parhad et a i, 1992) which might therefore be an indicator of the onset of
cell death in some neurons as well as of regenerative events.
In the present study no GAP - 43 immunoreactive RGC were detectable until 5 days
following optic nerve injury. This delay, when presumably the axotomized neurons
receive signals from the lesion site to begin GAP - 43 synthesis, is similar to that found
in other studies on rats, studies on the visual system of other species and studies on other
types of CNS neurons. Doster et al (1991) have shown that GAP - 43 immunoreactivity
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appears in RGC of adult rats 6 days after optic nerve transection in the orbit. Skene and
Willard (1981a) have reported that GAP - 43 synthesis begins to increase in toad RGC
between 3 and 8 days after optic nerve injury. Adult mouse RGC in explant culture take
4 - 6 days to turn on GAP - 43 expression (Miotke et al., 1989), but the delay is much
reduced if the explants are taken from animals with a previous optic nerve injury. In the
present investigation the period before axotomized RGC and the optic nerve axons
became GAP - 43 immunoreactive was not dependent on the position of the injury; GAP
- 43 positive RGC were found at 5 dpo in both intraorbital and intracranial transection
experiments. This is not surprising since it is unlikely that such a substantial delay could
be a result of the time required for a signal to be transported from the injury site.
Furthermore, axonal sprouting in the injured optic nerve is first seen 2 - 3 days after
injury (see Chapters 3,4). Consequently it appears to be the case that the upregulation of
GAP - 43 synthesis is not required for the initial production and elongation of axonal
sprouts. However, the possibility that GAP - 43 is mobilized from other parts of the
RGC to supply the sprouting region cannot be excluded. GAP - 43 immunoreactivity in
the optic nerve fibres of animals with both intraorbital and intracranial lesions and in the
optic nerve fibre layer of undamaged retinas would support this as a possibility.
Alternatively, GAP - 43 could be upregulated earlier than 5 days but the entire production
exported from the perikarya so that no accumulation would be found in the RGC bodies.
This is likely with regard to the presence of immunoreactive fibres at 3 dpo. However,
the in vitro study of Miotke et al (1989) supports the suggestion that there is a real and
substantial delay before increased GAP - 43 levels are found in the injured optic axons.
The reduced numbers of GAP - 43 positive RGC after 28 dpo could have several
explanations. Firstly, the immunoreactive RGC could die and be removed from the
retina. There are widely differing figures for RGC death following axotomy. Berry et al
(1987) and Villegas - Perez et al (1988a) have reported that 90% of the RGC die by one
month after intraorbital axotomy in adult rats, whereas Villegas - Perez et al (1988b)
reported only a 45% loss one month after an intiacranial lesion at the site used in the
present study. Since numbers of GAP - 43 immunoreactive RGC peaked at 28 dpo in
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both the intraorbital and intracranial transection experiments the loss of such cells would
clearly follow very different kinetics from RGC death in general. Secondly, GAP - 43
export from the perikarya or degradation within the perikarya could increase after 28
days, thus reducing the concentration of GAP - 43 in the cell bodies. However Doster et
al (1991) reported that axonal transport of GAP - 43 peaks 12 days after intraorbital optic
nerve section and is considerably reduced by 21 days. Thirdly, the reduced numbers of
GAP - 43 immunoreactive RGC could reflect a down regulation of expression of its gene
causing less of the protein to be made. This might be expected to reduce the ability of
sprouting optic nerve fibers to elongate after 28 dpo. The numbers of sprouts in
intraorbitally transected nerves appeared to be greatly reduced by 28 dpo (see Chapter 5)
although rather more sprouts remained identifiable in intracranial transection experiments
after the same period of time. It is obvious that the time course of the appearance of GAP
- 43 immunoreactive RGC following optic nerve section is very different from the time
course of the abortive sprouting which accompanies such experiments.
In the present study, unexpected GAP - 43 immunostaining was observed in RGC
axons in the retina on the unoperated side of adult rats. This finding is consistent with
other reports that GAP - 43 is expressed in many regions of the adult rat brain in vivo
(Jacobson et al., 1986; Benowitz et ai, 1988; Bendotti et al., 1991). GAP - 43 is found
at high levels in the neuropil of layer 1 of the cortex, the CAl field of the hippocampus
(Benowitz et a i, 1988) and in the raphe dorsalis nucleus (RDN), substantia nigra
compacta (SNc) (Bendotti et al., 1991) and remains detectable at a lower level in superior
colliculi and thalamic region (Bendotti et al., 1991). The present result shows that 9 IE 12 antibody is sufficiently sensitive to detect the presence of GAP - 43 in the axons of
the intact adult rat retina. The presence of GAP - 43 in mature neurons of many regions
of CNS is thought to reflect the contribution of GAP - 43 to some aspect of normal
synaptic function and neuronal plasticity (Benowitz et al., 1990).
GAP - 43 immunoreactivity was most prevalent in small non - myelinated axons of
the transected optic nerve. Similar axons were GAP - 43 positive in thalamus of adult
rats following implantation of peripheral nerve grafts (Campbell et al., 1991), in
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regenerating axons of the PNS (Tetzlaff et a i, 1989), and in immature axons of
developing rat pyramidal tract (Gorgels et al., 1989). The immunoreactivity in the
regenerative sprouts in the present study supports the hypothesis that GAP - 43 plays a
role in axon regeneration. Furthermore this is in keeping with the upregulation of GAP 43 in RGC following axotomy.
The present work has demonstrated that the reaction of adult rat RGC to axotomy is
not initially regressive, but regenerative, with an increase in GAP - 43 which is
apparently relatively independent of the injury position along the optic nerve. The ability
of the RGC to express GAP - 43 appears not to be correlated with their capacity to grow
injured axons into a peripheral nerve transplant (Lozano et at., 1987). Although RGC
initially respond appropriately to axon injury by increased GAP - 43 expression and
production of the protein, this is not sufficient to permit their regeneration in the absence
of a supportive environment.
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Figs. 6.1 - 15 GAP - 43 immunoreactivity in wholemounts of retina following optic
nerve injury. Figs. 6 .1 -4 Intraorbital optic nerve transection. Fig. 6.1 5 dpo; GAP 43 immunoreactive RGC (arrows) are present in the retina and many bundles of
immunoreactive axons can be seen, x 250. Figs. 6.2 - 4 4 wpo; many immunoreactive
RGC, some with eccentric nuclei (large arrows), are present. The RGC axons (small
arrows) emerge from cell bodies and join the axon bundles. Primary dendrites (arrow
heads) are immunoreactive close to their origin from the cell bodies, x 250.
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Fig, 6.5

4 wpo; immunoreactive RGC and axons in the retina on the operated

(experiment) side following intraorbital optic nerve transection. The large arrows show
an axon from a labelled RGC which contains a central nucleus. The small arrows show
primary dendrites emerging from cell bodies, x 250.

Fig. 6.6 8 wpo; intraorbital optic nerve transection. One immunoreactive RGC (arrow)
contains an eccentric nucleus and has an axon emerging from the cell body. A few other
immunoreactive axons can be seen, x 250.

Fig. 6.7A- B Immunoreacted retinas from animals with either intraorbital transection (A)
or intracranial transection (B), both 3 dpo. No immunoreactive cell bodies are apparent
and there is only weak immunoreactivity of axonal bundles comparable with that in the
unoperated retina in Fig. 6.11. x 250.

Figs. 6.8 - 9

Intracranial optic nerve transections.

Fig. 6.8

4 wpo; a few

immunoreactive RGC (arrows) and axons are present in the retina, x 250. Fig. 6.9 8
wpo; an immunoreactive RGC (arrow) from which primary dendrites emerge, and a few
axons are present in the retina, x 250.

Fig. 6.11 Control experiment; wholemount of right retina (unoperated side) incubated in
monoclonal GAP - 43 antibody. Note the immunoreactivity of the retinal axons is similar
to that in Fig. 6.7A - B. x 250.
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Fig. 6.10 Graph based on Table 6.1 showing the numbers of GAP - 43 immuno
-reactive RGC somata in retinal wholemounts 3 - 5 6 days after intraorbital (o) or
intracranial (o) transection of the optic nerve.

Table 6.1 Table showing the numbers of GAP - 43 immunoreactive RGC in retinal
wholemounts. Data are based on systematic counts, from the peripheral area to the
central part of each retina. RGC somata were defined by the following morpological
criteria: (a) the presence of a distinct nucleus; (b) the presence of primary dendrites
emerging from the soma. Note the sharp increase in the number of GAP - 43
immunoreactive RGC by 4 wpo in both intraorbital and intracranial lesion groups.
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43

180

26
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Figs. 6.12 - 13 The cut ends of proximal stumps of intraorbitally transected optic
nerves. Fig. 6.12 5 dpo; some GAP - 43 immunoreactive optic axons (arrows) are
present at the cut end. x 160. Fig. 6.13 7 dpo; many more GAP - 43 immunoreactive
fibres (arrows) are present near the cut end and at more proximal levels, x 96.

Figs. 6.14 - 15 Intracranially transected optic nerves. The cut ends of the proximal
stumps of the optic nerves are beyond the left edge of each micrograph. Fig. 6.14 5
dpo; numerous GAP - 43 immunoreactive fibres (*) are located at the apex of the
degenerative core and some (arrows) are present between the degenerative core and the
surrounding relatively normal optic nerve tissue, x 80. Fig. 6.15 2 wpo; many GAP 43 immunoreactive fibres (*) are still located at the apex of the degenerative core and
some (arrows) extend into the centre of the degenerative core, x 115.

Figs. 6.16 - 17 5 dpo; electron micrographs of GAP - 43 immunoreactive axonal sprouts
within the distal portions of the proximal stumps of optic nerves transected in the orbit.
Fig. 6.16 One small, heavily GAP - 43 immunoreactive axonal sprout (large arrow),
containing mitochondria and GAP - 43 immunoreactive material condensed around the
mitochondria, the microtubules and beneath the axon membrane, is in contact with
another, larger, lightly GAP - 43 immunoreactive axon (*) and with membranous debris
(small arrows), x 22,500. Fig. 6.17 a small, moderately GAP - 43 immunoreactive
axonal sprout (arrow), containing GAP - 43 immunoreactive material condensed around
the microtubules, is associated with an astrocyte process (As), x 48,600.
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Figs. 6.18 -19 5 dpo; electron micrographs of the distal portions of the proximal stumps
of intraorbitally transected optic nerves. Fig. 6.18 Three moderately to heavily GAP - 43
immunoreactive axons (arrows) are in contact with axons (Ax) displaying no apparent
immunoreactivity, and with astrocyte processes (As), x 15,300. Fig. 6.19 GAP - 43
immunoreactive axonal sprouts (some are arrowed), associated with two
oligodendrocytes (O) and other axonal sprouts displaying no apparent immunoreactivity.
X 15,300.
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CHAPTER

7 -

EFFECTS OF ACELLULAR PERONEAL

NERVE GRAFTS ON THE SURVIVAL AND

REGENE

RATION OF TRANSECTED OPTIC NERVE AXONS

INTRODUCTION
Failure of regeneration into acellular peripheral nerve grafts has shown the importance
of non - neuronal cells, presumably Schwann cells, for the promotion of CNS axonal
regeneration. Freeze - killed grafts initially contain no living cells but do contain the
extracellular matrix of peripheral nerve, including basal lamina tubes. Essentially when
such grafts are inserted into the brain (Smith & Stevenson, 1988; Hagg et al., 1991) or
attached to the proximal stump of severed optic nerve (Berry et a i, 1987, 1988; Hall &
Berry, 1989), they have been reported to support little or no axonal regeneration. This is
one of the most powerful arguments against the hypothesis that inhibitory factors or
oligodendrocytes are the only or the major obstacles to CNS axonal regeneration, since
there are no oligodendiocytes in freeze - killed nerve grafts.
The absence of CNS axonal regeneration into freeze - killed grafts is in some ways
curious since the basal lamina tubes remain intact after such treatment, and such basal
lamina tubes have been claimed to support regeneration of peripheral nerve axons in the
absence of Schwann cells (Ide et al., 1983).

Basal lamina tubes contain

immunohistochemically detectable laminin even when the neiwes are freeze - killed (Berry
et al., 1988). Laminin is an adhesive glycoprotein produced by Schwann cells,
astrocytes and other cells, which promotes the attachment of neurons to surfaces in vitro
and subsequent axonal elongation (Rogers e ta l, 1983; Liesi etal., 1984a, b; Carbonetto
et a i, 1987). Laminin is difficult to detect in the adult CNS except at the glia limitans
and around blood vessels and its low levels of expression might partially explain the
inability of CNS tissue to support axonal elongation. Obviously, the extent to which
basal lamina tubes might be expected to support axonal elongation from the optic nerve
depends upon the number of regenerating axons which are able to make initial contact
with the tubes. This matter was not clearly resolved in the previous studies (Berry et ai.
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1988; Hall & Berry, 1989) and was one of the subjects of the present study.
Furthermore, even freeze - killed grafts apparently have some effect on RGC survival
after axotomy (Berry et al., 1987) and might consequently be expected to affect the
survival and behavior of axons in the retinal stump of the optic nerves to which they are
attached. The aim of this investigation was, by using EM and fluorescence LM, to study
the effect of the acellular peroneal grafts on the survival and the regeneration of injured
adult rat optic nerve axons, with particular attention given to the relationship between the
regenerating axonal sprouts and the Schwann cell basal lamina tubes. This was done by
removing a piece of common peroneal nerve and submerging it in liquid nitrogen for 2
mins X 5 times, a procedure which killed all living cells but left basal laminin tubes intact.
Then, the acellular peroneal nerve graft was sutured on to the cut end of the optic nerve.

RESULTS
ELECTRON MICROSCOPY
One week postoperation (n = 2), at the distal end of the proximal stump of the optic
nerve, was a band approximately 100|im wide, characterised by the presence of large
number of regenerating axonal sprouts (Figs. 7.1 - 2). The axonal sprouts varied in size
and appeared to be similar in ultrastructure to those described in previous Chapters (3, 4
and 5) i.e. containing microtubules, neurofilaments and mitochondria.

Large

nonmyelinated axons containing lysosome - like structures were sometimes seen among
the axonal sprouts. Bundles of sprout profiles were partially or completely surrounded
by astrocyte processes. Astrocyte cell bodies were identified, and oligodendrocytes were
occasionally observed in this region. Also present were fibroblasts and macrophages. In
most respect this region was very similar to the scar - like zone formed at the ends of
optic nerves transected in the orbit in the absence of a graft.
In the junctional zone intervening between the cut end of the optic nerve and the
acellular nerve graft, many bundles of axonal sprouts were present (Figs. 7.3 - 4). The
axons were often associated with astrocyte processes and with fibroblasts, but sometimes
contacted only collagen fibres. A continuous basal lamina was not always seen covering
the outer surface of the astrocyte processes where these faced the collagenous matrix.
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Individual axons or small clusters of axonal sprouts were occasionally seen in direct
contact with and/or surrounded by basal lamina (Fig. 7.5). Fibroblasts were commonly
seen, whereas oligodendrocytes were not found in this region. Collagen fibres were
prominent in the extracellular spaces.
In the most proximal 200 - 300|im of the acellular nerve graft, many intact or
collapsed Schwann cell basal lamina tubes were present (Fig. 7.6). Small bundles of
axonal sprouts containing a few micro tubules were identified in this region (Figs. 7.7 8). Growth cone - like structures were sometimes present within the bundles of axonal
sprouts. Some axonal sprouts were seen in contact with macrophages (Fig. 7.7). Others
were not found to be in contact with any cellular elements but were adjacent to collagen
fibres (Fig. 7.8). Some bundles of axons were separated from empty Schwann cell basal
lamina tubes by macrophages (Fig. 7.7) or fibroblasts (Fig. 7.8). Some small bundles
of axons were found within Schwann cell basal lamina tubes in this region (Figs. 7.7, 9 11). Some cells within Schwann cell basal lamina tubes were difficult to identify with
certainty. Fibroblasts and macrophages were frequently seen outside the basal lamina
tubes in this region, but oligodendrocytes were not present.

Two weeks postoperation (n = 2), the numbers of axonal sprouts near the distal end
of the optic nerve appeared to be almost the same as in the corresponding region at 1
week after operation. Nonmyelinated axons of small size were most numerous at the
distal end of this region (Fig. 7.12). Large nonmyelinated axons were more common
than at 1 week after operation. Also present in the proximal part of this region were
some myelinated axons with relatively normal appearance. Occasionally, degenerate
axons with electron dense cytoplasm were identified in the proximal part of this region
(Fig. 7.13). Astrocyte cell bodies and oligodendiocyte cell bodies were more frequently
seen in this region than at 1 week after operation.
Bundles of axonal sprouts were identified in the junctional zone. Many axons,
contained numerous clear vesicles and dense cored vesicles and were often found in
contact with putative astrocyte processes (Fig. 7.14). In the most proximal part of the
acellular grafts, within approximately 50 - lOOjLim of the proximal end, nonmyelinated
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axonal sprout - like profiles were present close to Schwann cell basal lamina tubes.
Occasionally, sprout - like structures were seen partially surrounded by collapsed basal
lamina tubes (Fig. 7.15).

Three (n = 21 and four (n = 21 weeks postoperation, the number of axonal sprouts
near the cut end of the optic nerve progressively decreased from 2 weeks after operation.
Large nonmyelinated axons containing swollen mitochondria and lysosome - like
structures were much more commonly seen than at previous stages. Myelinated axons,
swollen or degenerate with irregularities of their myelin sheaths and electron dense
cytoplasm, were more frequently seen. Astrocyte processes packed with intermediate
filaments became prominent. Oligodendrocytes were less frequently observed.
Small bundles of axonal sprouts were still present between 3 and 4 weeks after
operation in the junctional zone and were associated with astrocyte processes and
fibroblasts. A few bundles of axonal sprout - like structures associated with putative
astrocyte processes were observed in contact with the external surface of collapsed
Schwann cell basal lamina tubes at the edge of the acellular graft at 3 weeks (Fig. 7.16),
but not at 4 weeks after operation. No axons were identified inside the tubes at this
stage.

RTTC LABELLING OF ROC AXONS
At 12 days after operation and 2 days after RITC injection, large number of RITC
labelled optic nerve axons were present in cryostat sections of the proximal stump of the
optic nerve (Fig. 7.17). Many RITC labelled regenerating RGC axons were observed
extending into the junctional zone and a few RITC labelled axonal profiles were identified
in the proximal part of the acellular graft extending approximately 200 - 300|im deep into
the acellular nerve tissue. These results provided strong evidence that at least some and
probably most of the axonal sprouts described above in the EM study, are of RGC
origin.

DISCUSSION
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Large numbers of axonal sprouts were present near the distal end of the proximal
stump of the optic nerve between 1 and 2 weeks following optic nerve transection and
implantation of a segment of acellular peroneal nerve adjacent to the cut end of the optic
nerve. The RITC labelling studies described in the present work (and other evidence in
Chapter 3) confirm that at least some and probably most of these sprouts originate from
RGC axons. Bundles of axonal sprouts extended into the junctional zone by 1 week
after operation. Small clusters of axonal sprouts grew ca. 200 - 300pm into the acellular
nerve graft. Some of these clusters were seen within Schwann cell basal lamina tubes
between 1 and 2 weeks following operation. However, such axons were not observed
within the basal lamina tubes of the acellular graft after longer periods, being only seen at
the edge of the acellular graft at 3 weeks, and being absent from the graft by 4 weeks
after operation. None the less, the number of axonal sprouts present at the distal end of
the optic nerve and the junctional zone by 2 wpo, compared to a few sprout - like profiles
present at the cut end of optic nerve in the same interval following optic nerve transection
without a graft, indicated that acellular graft promoted the survival of many severed optic
axons.
The effect of acellular nerve grafts on neurite outgrowth and survival has been studied
previously in vivo. Berry et al (1987) reported that when a piece of acellular sciatic nerve
was grafted onto the cut end of the optic nerve, a few axonal sprouts were seen to
penetrate a short distance into the collapsed basal lamina tubes by 15 days. They did not
advance further into the graft by 30 days after operation. The precise distance the RGC
axons invaded into the acellular grafts at 15 days postoperation was not mentioned. In
addition. Berry et al (1987) have shown that acellular nerve grafts enhance the survival of
RGC (27, 800 RGC survived 30 days after operation, compared to 10, 700 at the same
interval following optic nerve transection without a graft).
In the present study, small bundles of sprouts invaded into the acellular graft between
1 and 3 wpo, and some of those axons penetrated into the basal lamina tubes between 1
and 2 wpo. To investigate whether the effect on the invading sprouts in the graft and the
survival of injured optic axons after operation is due to the acellular nerve graft rather
than the grafting proceduie, the control experiment described in Chapter 8 was carried
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out. Briefly, the distal tip of the proximal stump of the transected optic nerve was
inserted into the proximal end of a sterile empty silastic tube; the distal end of the tube
was left open and without a peripheral nerve graft attached to it. At 2 wpo, the
morphological changes in the distal portion of optic nerve were not significantly different
from those seen in the same region of the optic nerve transected in the orbit (without a
graft) at the same postoperative interval (see Chapter 8). Thus, these results confirmed
that the effect on the sprouting axons is from the acellular nerve graft.
The present findings make it clear that the grafts were only acellular when initially
implanted and that they were subsequently invaded (by 1 wpo) by fibroblasts,
macrophages and endothelial cells which individually or in combination could produce a
variety of factors including NGF and FGF. Thus the regeneration - promoting effect of
the acellular graft could be due to one or both of the following factors. First, laminin
might help to maintain those axons which make contact with the basal lamina tubes.
Second, the effect might be due to trophic factors such as NGF and FGF. FGF is
known to affect RGC survival after lesion (Sievers et al., 1987). Carmignoto et al.
(1989, 1991) have provided evidence that NGF may also influence RGC survival.
These trophic factors might be produced by the cells which repopulate the freeze - killed
nerve segment. However, the time course over which axonal sprouts invaded the
acellular grafts makes the first possibility seem unlikely, because only a relatively few
sprouts penetrated the basal lamina tubes (between 1 and 2 weeks following operation).
After 2 wpo, they withdrew from the basal lamina tubes and retreated to the proximal end
of the graft. Furthermore, the astrocytes which followed regenerating axonal sprouts
into the scar tissue (see Chapter 3) were capable of synthesising a basal lamina,
presumably containing laminin. Thus, laminin was in the vicinity of regenerating sprouts
even in the absence of a freeze - killed graft, but most axons were not found in direct
contact with astrocyte secreted basal lamina. If trophic factors were secreted by the
invading cells such as macrophages, fibroblasts and endothelial cells, their influence on
the sprouts was limited to the first 2 weeks after injury. It might be expected that living
grafts would be a more potent source of trophic factors and the amount of trophic factor
(s) produced by the invading cells in killed grafts might not be enough to support axonal
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sprouts for a prolonged period. None the less, large numbers of axonal sprouts were
present at the cut end of the optic nerve 2 weeks after operation (compared to only a few
unmyelinated axons present at the comparable region in the same interval after optic nerve
transection without a graft). Presumably this reflects the presence of similar factors to
those responsible for the increased survival of RGC perikaryon after freeze - killed
grafting (Berry et a l, 1987).
In recent years, many studies have suggested that laminin in vivo and in vitro
supports the survival and outgrowth of injured CNS axons. Politis (1989) reported that
exogenous laminin induces regenerative changes in crushed optic nerve. Following optic
nerve crush in the orbit, a pellet containing a high - dose of laminin (2mg/pellet) was
inserted through a longitudinal slit distal to the crush site. Large bundles of neurofilament
positive axons were found 4.5 weeks after operation in regions of the optic nerve
adjacent to the implanted laminin pellets. This seems to suggest that the laminin
enhanced the regenerative responses of the transected optic nerve axons.
In vitro studies have shown the laminin as a supportive substratum for mammalian
CNS neurite outgrowth after injury. Ford - Holevinski et al (1986) have reported that
when explants, taken from adult rat retina 10 days after crush lesion of the optic nerve,
are cultured on laminin - coated coverslips, apparent neurite outgrowth from the RGC in
the explants is observed and extends over a distance of 0.1 - 1mm between 2 and 7 days
in culture. Furthermore, neurite outgrowth from explants of newborn rat brain tissue
(Liesi, 1984a) and of embryonic chick spinal cord and retina on laminin - coated
coverslips (Rogers et al, 1983) is extensive, reaching a maximum 48 hrs after seeding
and is maintained for up to 6 days in culture, whereas neurite outgrowth was not visible
on fibronectin - coated coverslips. This regeneration - promoting effect of laminin is
completely inhibited by preincubation of laminin - coated coverslips with antibody
against laminin (Liesi, 1984a). Cohen et al (1986) reported that more 75% of RGC
from chick E6 retina (identified by Thy - 1 immunostaining) extended neurites for more
than 600|im on laminin - coated coverslips after 48 - 72 hrs in culture. By contrast, less
than 10% of Thy - 1 positive cells in cultures of E ll retina extended neurites on laminin.
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They suggested that mature chick RGC might lose their responsiveness to laminin in
vitro.
One of the observations in the present investigation was that some clusters of axons
penetrated into the basal lamina tubes 1 wpo,and retracted 2 wpo. This might be because
of infiltration of the acellular graft by macrophages containing a laminin - degrading
proteases (Liotta et al., 1981): laminin, degraded by these proteases, might be expected
to lose its capacity to attract and support regenerating axons. Alternatively, it might be
reseanable to speculate that laminin was degraded to some extent either by the
freeze/thawing procedure or by enzymes released from the killed Schwann cells.
It has been reported that laminin is present in the optic nerve of rats from E14 to
postnatal day 10 (PIO), and by PI2, the laminin is only present in association with blood
vessels and that P12 is the latest time at which retinal axons grow through the optic nerve
(McLoon et al., 1988). In the normal adult rat optic nerve, laminin is located only
around blood vessels and in the glia limitans, and the amount and the distribution of the
laminin is not changed following optic nerve crush (Ford - Holevinski et al., 1986; Berry
et al., 1988). In other words it appears as if optic nerve injury does not result in the
production of a laminin - rich environment comparable to that seen during early
development. Since it has been shown that the glial cells of the embryonic rat optic nerve
(McLoon et al., 1988) and the embryonic brain can express laminin (Liesi et al., 1984a),
one could suppose that the glial cells of the adult rat optic nerve have lost the ability to
produce laminin in response to a signal from the injured axons. The supporting evidence
is that explants of DRG or sympathetic ganglia of chick embryos fail to extend nerve
fibres onto sections of adult rat optic nerve but do so on sections of sciatic nerve; and
laminin immunoreactivity was not detected in the optic nerve sections, but was detected
in the sciatic nerve sections (Carbonetto et al., 1987). Liesi (1985) has reported that the
laminin immunoreactivity colocalizes with GFAP immunoreactivity in sections of normal
goldfish optic nerve and that sections of normal and enucleated guinea pig and adult rat
optic nerves are GFAP positive, but laminin negative. Thus, while optic nerves of both
goldfish and rat contain GFAP reactive glia, only the goldfish glia express laminin.
Although laminin is transiently expressed by glia cells in some areas of adult rat CNS,
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e.g. astrocytes in kainic acid lesioned neostriatum (Liesi et al., 1984b) and in hemisected
rat spinal cord (Bernstein et a i, 1985), the visual system of adult mammals might have
specialized glia incapable of making laminin available to regenerating axons in an
appropriate form.
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Fig. 7.1 -1 7 Unless otherwise stated, all figures are electron micrographs of the distal
portion of the proximal stump of the optic nerve or of the proximal portion of a freeze killed peripheral nerve graft anastomosed to the proximal stump of the optic nerve.

Figs. 7 .1 -2 1 wpo; in the proximal stump of the optic nerve. Fig. 7.1 About 100|am
from the cut end, axonal sprouts (Sp) and astrocyte processes (As) are seen. Basal
lamina (small arrows) covers the surface of astrocyte processes. A large nonmyelinated
axon (large arrow) containing many lysosome - like structures is also seen. 18,000. Fig.
7.2 A bundle of sprouts (Sp) is in contact with astrocyte processes (As), x 27,000.

Fig. 7.3 1 wpo; in the junctional zone between the cut end of the optic nerve and the
acellular nerve graft is a bundle of sprouts (Sp). Unidentifiable cell processes (arrows)
contact one side of the bundle of sprouts. Some collagen fibres are in contact with other
sprouts. X 11,070.

Fig. 7.4 1 wpo; in the junctional zone, a bundle of axonal sprouts (Sp) contacting an
astrocyte cell body (Al) and/or astrocyte processes (As) is seen. Basal lamina only
covers the surface of astrocyte processes (arrows). Another astrocyte (A2) is not in
contact with the sprouts, x 14,760.
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Fig. 7.5 1 wpo; in the junctional zone are axonal sprouts (Sp) incompletely surrounded
by astrocyte processes (As). Basal lamina covers the astrocyte processes (large arrows)
as well as axons (small arrows), x 22,500.

Fig. 7.6 The proximal portion (within 200 - 300|im of the proximal end) of an acellular
nerve graft, 1 week after insertion. At the top and bottom are basal lamina tubes
containing macrophages. In the centre is an endoneurial macrophage and a collapsed,
empty basal lamina tube in a collagenous matrix. No axons are present, x 13,500.

Fig. 7.7 - 8 In the most proximal portion of the acellular peripheral nerve graft, 1 wpo.
Fig. 7.7 A bundle of axonal sprouts (Sp) and a collapsed basal lamina tube (*) are
separated by a macrophage (M) containing much myelin debris, x 15,300. Fig. 7.8 A
cluster of axonal sprouts (Sp) and part of a collapsed basal lamina tube (*) are separated
by a fibroblast - like cell (F). Three sprout - like profiles (Sp) and a portion of an
unidentifiable cell process (large arrow) have invaded a basal lamina tube (small arrows).
X 20,700.
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Fig. 7.9 In the most proximal, ca. 150|xm, of an acellular peripheral nerve graft, 1 wpo.
A bundle of sprouts (Sp) containing many clear versicles is seen within a basal lamina
tube (arrows), x 22,500.

Fig. 7.10 - 11 In the most proximal portion, ca. 250|im, of the acellular peripheral nerve
graft, 1 wpo. Fig. 7.10 Two putative axonal sprouts (Sp) are seen within a basal lamina
tube (arrows), x 36,450. Fig. 7.11 A cluster of sprouts (Sp) has invaded a basal lamina
tube (arrows), x 28,125.

Fig. 7.12 The most distal region of the proximal stump of the optic nerve at 2 wpo,
immediately adjacent to the acellular graft. A bundle of sprouts (Sp) in contact with
astrocyte processes (As) is present. A growth cone - like profile (Gc) partially covered
by basal lamina (arrows) is also seen, x 28,800.
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Fig. 7.13 A more proximal level of the distal portion of the optic nerve proximal stump
at 2 wpo. Axonal sprouts (Sp) associated with astrocyte processes (As) are present. An
oligodendrocyte (O) with engulfed myelin debris and a degenerate axon with electron
dense cytoplasm (arrow) are also in contact with the sprouts, x 12,240.

Fig. 7.14 The junctional zone between optic nerve and acellular nerve graft at 2 wpo. A
bundle of sprouts (Sp) containing many vesicles and dense - core vesicles, an astrocyte
cell body (A) and astrocyte processes (As) are present. Basal lamina (arrows) covers the
surface of some astrocyte processes, x 18,000.

Fig. 7.15 The most proximal, ca. lOOjim, of the acellular nerve graft at 2 wpo. One
nonmyelinated axon (large arrow) and putative astrocyte processes (As) are partially
surrounded by basal lamina (small arrows). A bundle of collagen fibres is seen at top
left. X 30,375.

Fig. 7.16 The proximal tip of the acellular peripheral nerve graft at 3 wpo. One
collapsed basal lamina tube (Bl) is in contact with a small cluster of axonal sprouts (Sp).
Another (B2) is in contact with macrophage processes (M). x 11,250.

Fig. 7.17 2 wpo; fluorescence micrograph of a cryostat section of the distal portion of
the optic nerve (right side of the broken line) and the junctional zone (left side of the
broken line). Many fluorescent axons (large arrows) are present following injection of
RITC into the retina, 48 hours before perfusion. Some RITC labelled axons (small
arrows) extend into the junctional zone, x 50.
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CHAPTER 8 - REGENERATION OF OPTIC NERVE AXONS
INSIDE A SILASTIC TUBE

INTRODUCTION
In the previous chapters the ultrastructure and the time course of the vigorous
sprouting responses of cut optic nerve fibres were described. It was confirmed that
ultimately these sprouts regress and by 2 weeks after intraorbital optic nerve transection
the number of sprouts had begun to decline. It has been shown in several studies that
anastomosis of a living peripheral nerve segment to the retinal stump end of the
intraorbitally transected optic nerve leads to the survival of and prolonged regenerative
growth of axons from substantial numbers of RGC (Berry etaL, 1986a, b; Villegas Perez et a i, 1988a; Hall & Berry, 1989), and it has also been established that this
regeneration promoting effect depending on living cells in the peripheral nerve graft
(Berry et al., 1988).
Silastic tubes (silicone chambers) have been extensively used to bridge gaps in the
transected sciatic nerve (Lundborg etal., 1982a; Williams etaL, 1983, 1985, 1987) and
to study the axonal growth promoting substances released by injured peripheral nerve
(Lundborg et at., 1982b, c; Longo et ai, 1983a, b). In particular it has been shown that
the distal stump of a severed nerve is capable of promoting axonal regeneration from the
proximal stump even when separated from it by a gap of up to 10mm within a silastic
tube (Williams et a i, 1983, 1985). In the experiments described here, an attempt was
made, using a segment of silastic tubing, to investigate if the regeneration - promoting
effect of a peroneal nerve graft sutured to the cut end of the optic nerve was still
observable when the peripheral nerve was separated from the optic nerve stump by a
5mm gap. Approximately 1mm of the proximal stump of a transected optic nerve was
sutured into the proximal end of a silastic tube and approximately 1mm of a peroneal
nerve autograft was sutured into the distal end of the silastic tube. Thus, a 5mm gap was
formed within the tube between the nerve ends. This special environment allowed
investigation of the detailed time course of the biological events within the silastic tube
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including the outgrowth of transected optic nerve axons, the migration into the tube of
central and peripheral glia, and the interactions between the axonal sprouts and glia.
Such information would permit the selection of appropriate time points with which to
monitor favourable or adverse effects on the regenerative response of the optic nerve
axons caused by subsequent experimental manipulation of the chamber contents. The
retinal stump of the transected optic nerve, contents of the silastic tube and the peroneal
nerve autograft were examined by LM and EM at 1mm intervals at 1 ,2 ,3 and 5 weeks
postoperation (wpo).

RESULTS
LIGHT MICROSCOPY
At one wpo, the cut end of the retinal stump of the optic nerve had been extensively
revascularized and some macrophages were present in this region. Several layers of
flattened cells resembling meningeal cells surrounded the cut end of the retinal stump. A
cone - like outgrowth, approximately 0.5mm in length, extended from the cut surface of
the optic nerve into the tube and a similar outgrowth, approximately 0.5 - 1.5mm length,
extended from the proximal end of the peroneal nerve graft into the distal part of the
silastic tube. A gap of about 3 - 4mm remained between the proximal and the distal
outgrowth. By 2 wpo, the cut end of the retinal stump of the optic nerve was more
heavily vascularized than at 1 wpo and the outgrowths had become continuous to
constitute a tissue cable between the optic nerve and the peroneal nerve graft (Fig. 8.1).
The tissue cable was approximately 0.5 - 0.7mm in diameter, smaller than the internal
diameter of the silastic tube which was approximately 1mm. Cellular elements,
resembling fibroblasts, were identifiable in the tissue cable. At 5 wpo, the density of
ceUs and blood vessels within the tissue cable was much greater (Fig. 8.2).

ELECTRON MICROSCOPY
One week postoperation (n = 2), in the more proximal portion of the retinal stump of
the optic nerve, approximately 1.5 - 2mm behind the eye, the majority of myelinated
axons displayed a relatively normal appearance. Some degenerate axons with electron
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dense cytoplasm and some swollen myelinated axons were interspersed among the
normal myelinated axons. Both astrocytes and oligodendrocytes were identified in this
region.
The morphology of the distal part of the retinal stump (i.e. within ca 150 - 200pm of
the cut end) was basically similar to that of the comparable region described in Chapter 3
with the exception that it was difficult to define the cut end because of the outgrowth of
meningeal cells into the tube. Also, degenerative and regenerative changes were
observed over a much greater longitudinal extent than after simple transection alone .
Many bundles of regenerating axonal sprouts were present in the most distal 100 180pm region of the retinal stump (Figs. 8.3 - 4). The sprout - like axons varied in size.
They contained microtubules, neurofilaments, mitochondria and smooth ER. Some
sprouts containing many clear and/or dense core vesicles were observed in the most distal
part of this region.

Also present among the sprout - like axons were swollen

nonmyelinated axons, some of which were organelle - rich and contained lysosome - like
dense bodies and swollen mitochondria. The bundles of axonal sprouts were surrounded
by astrocyte processes or macrophages. Some, however, were observed in contact with
basal lamina or with collagen. Astrocyte cell bodies were sometimes seen in this region,
whereas ohgodendrocytes were not. At the distal end of this region, astrocyte processes
became less common and bundles of axonal sprouts were seen more frequently in contact
with macrophages, with fibroblasts, or with basal lamina (Fig. 8.5). Some individual
sprouting fibres were observed in contact with unidentifiable structures (Fig. 8.6). Many
blood vessels with patent lumens and endothelial cells of healthy appearance were present
in the region containing axonal sprouts (Fig. 8.7).
The outgrowth of the tissue from the retinal stump into the proximal part of the silastic
tube consisted of elongated cells which appeared to be of meningeal origin and/or other
fibroblasts and clusters of collagen fibres (Fig. 8.8). No axons and glia were seen
except where this tissue merged with the proximal stump of the optic nerve. Within the
distal part of the silastic tube, an outgrowth from the peroneal nerve graft, approximately
0.5 - 1mm in length, was present containing many Schwann cells of normal appearance
together with many blood vessels and some macrophages with engulfed cytoplasmic and
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myelin debris and their digestive products. Some myelin and cytoplasmic debris were
present in the extracellular spaces.
Two weeks postoperation (n = 2), although some demyelinated or degenerated axons
were interspersed among them, the myelinated axons of normal appearance were still
prominent at the more proximal part of the retinal stump at 2 wpo. Reactive astrocyte
processes were observed in contact with myelinated axons. Astrocyte cell bodies and
oligodendrocytes were observed in this region.
Numerous regenerating sprouts were still present in the distal part of the retinal stump
of the optic nerve within the tube (Figs. 8.9 -10). Although no counts of axonal sprouts
were carried out, sprout - like profiles were encountered with a much greater frequency
than in optic nerve transected in the orbit without an attached tube and graft, at the same
interval after operation (see Chapter 5). The bundles of axonal sprouts were of various
of size and had similar ultrastmctural characteristics to those previously described. In
addition, clusters of closely packed clear vesicles were present in some axonal sprouts
(Fig. 8.10). The sprouting axons were mostly accompanied by astrocyte processes. The
behaviour of the astrocyte processes varied greatly; some astrocyte processes enveloped
the axonal sprouts and penetrated into bundles of sprouts (Fig. 8.11), others merely
contacted or incompletely surrounded sprout profiles. However astrocyte cell bodies and
oligodendrocytes were rarely encountered. There were large extracellular spaces and
many blood vessels at the cut end of the retinal stump.
Within the most proximal portion of the tissue cable which extended through the tube
at 2 weeks after operation, bundles of sprout - like axonal profiles were observed up to
approximately 200 - 300jim beyond the apparent cut end of the retinal stump (Fig. 8.13).
Some of them contained numerous clear vesicles, some dense-cored vesicles. Others,
however, contained mitochondria and lysosomes. Some axons were observed to be
connected by a punctum adhaerens (Fig. 8.13). Axons were accompanied by astrocyte
processes and/or were in contact with various elements including swollen axons,
macrophages and collagen fibres. Some individual growth cone - like profiles were also
seen in this region (Fig. 8.14). Cells resembling Schwann cells were observed in the
periphery of the cross - section of the tissue cable in this region (Fig. 8.15). These cells
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possessed a nucleus with medium density and contained short segments of rough ER,
often continuous with smooth ER, in their cytoplasm. Intermediate filaments and
polyribosomes were also common in the cytoplasm of these cells. Schwann cells had
presumably migrated from the peroneal nerve and reached the most proximal portion of
the tissue cable by 2 wpo. Schwann cells formed columns with overlapping processes
sometimes covered by basal lamina, and were occasionally seen in contact with astrocyte
processes (Fig. 8.16), but were not associated with any axonal sprouts.
Beyond the most proximal portion of the tissue cable, reactive astrocyte processes,
collagen fibres, and blood vessels were still present in the proximal part of the tissue
cable. No axons could be found and the extension of astrocyte processes was limited to
about 300 - 500|Lim beyond the apparent cut end of the retinal stump. Oligodendrocytes
were not seen. Schwann cells were prominent in this part of the tissue cable from the
central part to the periphery. Large extracellular spaces were observed in this region. At
the middle (Figs. 8.17 - 18) and the distal part of the tissue cable, Schwann cells,
fibroblasts and collagen were much abundant.

Three weeks postoperation (n = 2), the more proximal part of the retinal stump still
displayed a relative high proportion of intact myelinated fibres, although irregularities of
myelin sheaths and myelinated fibres with electron dense axoplasm were much more
common than at 1 and 2 wpo.
The number of regenerating axonal sprouts in the distal part of the retinal stump
declined precipitously between two and three weeks after operation. Astrocyte processes
packed with intermediate filaments were predominant. Large nonmyelinated fibres
containing mitochondria, lysosomes, vacuoles and neurofilaments were still seen among
the astrocyte processes (Fig. 8.19). Schwann cells, oligodendrocytes were not seen in
those regions and macrophages were rarely found.
A few putative regenerating axonal profiles were seen in contact with putative
Schwann cell processes, approximately 200|im beyond the cut end in the most proximal
portion of the tissue cable (Figs. 8.20 - 21). The axonal sprouts and Schwann cells were
arranged in small fascicles and were orientated in the proximal - distal axis of the tissue
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cable. Collagen fibres, fibroblasts and astrocyte processes were present within this
region.

Schwann cell columns partially covered by basal lamina and partially

compartmentahzed by fibroblasts were prominent in the proximal and the middle parts of
the tissue cable (Fig. 8.22). Other elements including collagen and fibroblasts were also
seen, but axons, astrocytes or macrophages were not found beyond the most proximal
parts of the tissue cable. Within the distal part of the tissue cable Schwann cell columns
were much more predominant.

Five weeks postoperation (n = 3), although some myelinated fibres of healthy
appearance were still present in the more proximal part of the retinal stump of the optic
nerve, a much higher proportion of myelinated axons displayed signs of degeneration
with electron dense cytoplasm or had a decompacted myelin sheaths. Astrocytes with
hypertrophic processes full of intermediate filaments were common.
Schwann cell columns covered by basal lamina were found in contact with a few
putative axonal sprouts at the cut end of the retinal stump (Fig. 8.23). Many axonal
profiles with swollen mitochondria and irregularly arranged neurofilaments were seen
near and at the cut ends of the retinal stump.

Some axons were enveloped by

hypertrophic astrocyte processes, others with loose myelin sheaths were accompanied by
some unidentifiable structures (Fig. 8.24). Also found in those regions were fibroblasts,
collagen fibres and many blood vessels. Fibroblasts were sometimes observed in contact
with axon - like profiles.
Schwann cell columns separated by fibroblasts were common from the proximal to
the distal parts of the tissue cable at this stage. Collagen fibres and many blood vessels
were present along the tissue cable but no axons, astrocytes or oligodendrocytes were
apparent.

Control experiment (without a nerve graft in the tube; n = 1, 2 wpo), the morphology
of the distal end region of the retinal stump, ca. 150 - 200|im of the cut end, was
basically similar to that of the comparable region of the optic nerve following intraorbital
optic nerve transection at 2 wpo, described in Chapter 5. Reactive astrocyte processes
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tightly packed with intermediate filaments capped the cut end of the optic nerve. A few
small bundles of or individual sprout - like fibres were present at the cut end (Fig. 8.25)
but much less than seen in the graft experiment. Many large nonmyelinated axons were
also seen among the astrocyte processes. Neither oligodendrocytes nor Schwann cells
were found. The tissue outgrowth from the cut end of the optic nerve into the silastic
tube consisted of elongated cells which appeared to be of meningeal origin, fibroblasts
and collagen fibres. No axons were apparent in this tissue outgrowth.

D ISCU SSIO N
The main results of the present experiments are: ( 1 ) Following the insertion of a
silastic tube between the cut end of the optic nerve and a peroneal nerve graft, survival
and regeneration of the axotomized optic nerve axons could be sustained at least up to
two weeks after operation, whereas after optic nerve section alone axonal sprouts
declined after 1 week. This effect was presumably due to the influence of the peroneal
nerve graft, and furthermore the cells or other factors responsible for this effect must be
capable of crossing a 5mm nerve gap. ( 2 ) By 2 wpo, regenerating optic nerve axons
appear to have lost the ability to elongate even along columns of Schwann cells. This
suggests that the regenerative capacity of injured optic nerve axons might be limited to a
short critical period after injury. ( 3 ) Schwann cells from living peroneal nerve grafts,
unaccompanied by axons, are able to migrate over a distance of approximately 5mm
within the silastic tube by two weeks after lesion.
The prolongation of the survival and outgrowth of axotomized optic nerve axons
produced by the graft in these experiments is indicated by the following observations.
( a )Abundant small nonmyehnated axonal sprouts were present in the experimental optic
nerve for a longer period of time (two weeks) after injury than in the experiments in
which the optic nerve was transected in the orbit without the placement of a graft (see
Chapter 5). ( b ) The appearance of growth cone - like profiles in the most proximal
portion of the silastic tube two weeks after lesion. Supportive evidence is that the
survival of the axotomized RGC appeared to be 10% higher in the retinas connected to
the experimental optic nerves than in the retinas of animals with severed optic nerves not
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linked to a peripheral nerve graft (study of survival of RGC after optic nerve transection
with or without tube and graft was in collaborated with K. von Bussmann).
Tube implantation has been used previously to study the degeneration and
regeneration of axotomized RGC in the rat and rabbit. Madison et al (1983) performed
experiments in which adult rat optic nerve was transected in the cranial cavity and the
proximal and distal stumps of the optic nerve were inserted into a 1.5mm length of a
bioresorbable nerve guide tube (synthetic L - polylactates) filled with a collagen matrix.
They reported that many nonmyelinated axons were present in the tube from 4 to 12
weeks after operation even when they performed bilateral superior cervical
ganglionectomies 3 weeks prior to the sacrifice of the 12 week animals. However,
Richardson et al (1982) have reported that only a few anterogradely labelled
nonmyelinated axons are found at the tip of the proximal stump of an optic nerve severed
in the cranial cavity, even when the nerve is anastomosed to a graft of peroneal nerve.
Gilbert & Madison (1986) have performed other complicated experiments in which a
segment of sciatic nerve graft was anastomosed to the retinal stump of intraorbitally
transected optic nerve in adult rats, and the distal end of the nerve graft was then sutured
into the proximal end of a 6mm length polyethylene tube filled with a laminin - containing
gel. Another short segment of the sciatic nerve graft was used as a 'distal stump' at the
distal end of the polyethylene tube and there was a 4mm gap between the nerve graft
within the tube. Using HRP applied to the distal end of 'distal stump' nerve graft, they
reported that 2 - 7 2 RGC could be retrogradely labelled in the experimental retina
between 1 and 3 months after operation. In this type of experiment Schwann cells were
free to enter the tube from both ends. However no HRP labelled RGC were observed if
the tube was initially empty. Lavie et al (1987) crushed the intraorbital optic nerve of
adult rabbits and surrounded the crush site with a wrap implant comprising a silicone
tube coated with collagen and neonatal optic nerve conditioned medium. The implants
apparently produced increased regeneration past the crush site compared with rather
poorly defined controls, but this experiment did not show how far the axons extended
into the distal part. It has been reported that when a nerve guide tube filled with type 1
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collagen gel was attached to the cut end of the intraorbitally transected optic nerve in
rabbits, a qualitative enhancement of RGC survival was produced (Rosario et al., 1989).
One of the observations of the present study is that the abundant regenerating sprouts
surviving up to 2 weeks after operation were never found in contact with Schwann cells,
even though such cells were able to migrate through the tube to reach the environments of
the retinal stump. This observation suggests that the survival and growth promoting
effects of peroneal nerve grafts may have been mediated by a neurotrophic factor (s)
capable of diffusing along a 5mm gap between the retinal stump and the peroneal nerve
segment. In recent years many neurotrophic factors have been examined. Lundborg et al
(1982b) have reported that fluid taken from silicone chambers through which sciatic
nerves of adult rat were regenerating contained certain trophic factors which are capable
of supporting survival and growth of neonatal mouse DRG neurons in vitro. The same
kind of fluid has been shown to support the survival of embryonic chick sympathetic and
lumbar spinal neurons (Longo et al., 1983a, b) and neurite outgrowth from adult rat
retinal explants (with precrushing of the optic nerve, Thanos & Vanselow, 1989).
However, these trophic factors could not be blocked by anti - NGF serum (Lundborg et
al., 1982c). On the other hand, exogenous NGF has been used to prevent the death of
axotomized sensory neurons and promote the regeneration of severed PNS axons. For
example, local administration of exogenous NGF within a silicone chamber, after adult
rat sciatic nerve transection, is capable of preventing the expected 15 - 30% cell death in
the ipsilateral DRG after axotomy (Rich et a i, 1987) and also increases the number of
myelinated axons that grow into the distal end of the chamber (Rich et al., 1989) and the
intrafascicular axon density in transected adult rat facial nerve (Chen et al., 1989). It has
been reported that pre - incubation of cryostat sections of the distal stump of previously
severed sciatic nerve with NGF enhances the growth of neonatal DRG neurites over its
surface in vitro (Sandrock & Mathew, 1987b). Furthermore, NGF has been shown to
prevent the death of axotomized chohnergic neurons in the forebrain of adult rats (Hefti,
1986; Hagg et al., 1989). However, morphological analysis of the transected sciatic
nerve showed no differences between the NGF - treated and control groups in the size of
regenerated nerves within the chambers, or in the diameters of myehnated axons or in the
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counts of the nonmyelinated axons from the distal nerve segment (Rich et al., 1989). It
has been reported that CNTF, expressed in high quantities in Schwann cells of rat
peripheral nerves during postnatal development, promotes the survival of a variety of
neurons (Eckenstein et at., 1990; Arakawa et a l, 1990; Sendtner et a l, 1991). For
example, Sendtner et al (1990) reported that, following local administration of CNTF to
the proximal part of the transected facial nerve in newborn rats, more than 80% of facial
neurons survived up to one week after operation. Thus, it is very likely that many
trophic factors may contribute to successful nerve regeneration.
The increased size of the degenerative zone at the distal end of the retinal stump (150 200|im, compared to 70 -80|im in the experiment described in Chapter 3) was obviously
produced by suturing the silastic tube to the cut end of optic nerve. The extensive injury,
caused by this procedure, produced extensive degenerative but not regenerative changes
in the optic nerve axons, i.e. many large nonmyelinated axons were present in this large
degenerate region.
Schwann cells migrated to the most proximal portion of the tissue cable by 2 weeks
after operation. However, they were observed only in the peripheral area of the cable
tissue and were not found contacting axonal sprouts (which were completely surrounded
by astrocyte processes). The possible explanation is that astrocyte scar tissue became
mature by this stage (Maxwell et a l, 1984; Mathewson & Berry, 1985), largely
preventing contact between the RGC axonal sprouts and the migrated Schwann cells.
Alternatively, the Schwann cells which migrated out from the peripheral nerve tissue
might not be as good at attracting axonal sprouts as they are when resident in the
peripheral nerve.
It is interesting that the Schwann cells which migrated from the peroneal nerve grafts
into the gap and reached the proximal part of the tissue cable showed no sign of axonal
contact. This was very reminiscent of the results of the studies of Schwann cell
outgrowth from the distal stump of the transected sciatic nerve of adult rat into a freeze dried nerve graft by Anderson et al{\99\) or across gaps in peripheral nerve by Thomas
(1966). However, Anderson et al (1991) reported that the migrating Schwann cells
formed columns and were mostly found inside the pre - existing basal lamina tubes left
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behind by the killed fibres. The tubes used in the present study contained no pre existing basal lamina tubes that Schwann cells could follow but the Schwann cells did
form columns. Williams et al (1983) have reported that, following the suture of a
silicone chamber between transected proximal and distal stumps of the sciatic nerve in
adult rats, an acellular matrix containing fibrin polymers formed within the silicone
chamber before Schwann cell migration took place. This was probably the case, in the
present study: an acellular fibrin matrix may have provided the substratum for the
migration of Schwann cells. It is interesting to speculate that a chemotactic or trophic
influence may guide or enhance the migration of Schwann cells toward the optic nerve.
Regenerating axons in the present study were only sustained up to 2 weeks after
operation (perhaps by the putative diffusible trophic factor (s)) and declined sharply by 3
weeks even though some axons were by then directly in contact with Schwann cells.
Schwann cells present at the cut end of an optic nerve within a critical time following
lesion, provoke an extensive, vigorous growth by the injured optic axons (Berry et at.,
1986a, b, 1987; Hall & Berry, 1989). One of the most interesting observations in the
present study was that those axons which had made contact with Schwann cells by about
3 wpo did not elongate very far along the columns of Schwann cells toward the nerve
graft. Thanos & Vanselow (1989) have shown that when a PNS graft was anastomosed
to the cut end of the retinal stump within one week after the optic nerve was crushed in
the orbit (in adult rats), large numbers of axonal sprouts were found in both the optic
nerve and the graft.

However, the number of regenerating axons decreased

progressively if the graft was inserted later than one week postcrush. The present
experiment also suggest that by 3 wpo the optic nerve axonal sprouts were incapable of
responding to the Schwann cells with the vigour that would be expected of then at an
earlier stage. Indeed there was no evidence that optic nerve axons regenerated through
the tubes even though their lumens were spanned by columns of Schwann cells. The
indications are, then, that a window of regenerative potential exists for injured optic
axons, a window which is closed by 3 wpo. The work of Thanos & Vanselow (1989)
would certainly suggest that the problem does indeed reside with the optic axons
themselves rather than with the migrated Schwann cells, which are in any case known
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from studies of peripheral nerve injury to be capable of supporting regeneration. Villegas
- Perez et al (1988a) reported that the density of surviving RGC in peripheral nerve grafted retina decreased significantly between 1 and 3 months after operation. Thus,
both observations are in line with the suggestion that regenerating CNS axons are not
able to maintain their regenerative growth or viability indefinitely in peripheral nerve graft
situations. Thus, following the insertion of a peripheral nerve graft into the thalamus of
an adult rat, 50 HR? retrogradely labelled neurons were found in the thalamus 4 months
post - grafting. However, no HR? labelled neurons were found in the animals with a
post - grafting time of more than 5 months (Morrow et aL, 1993). This suggests that
axons which initially grow into the graft degenerate between 4 and 5 months later. The
results of Benfey et al (1985) also show, in basically similar experiments, that many
neurons could be retrogradely labelled with HR? in animals with post - grafting times
between 6 and 19 weeks, but almost none in those with post - grafting times between 12
and 15 months.
In this study, putative diffusible trophic factors have been shown to prolong the
survival of the regenerating optic axonal sprouts following axotomy. Further studies
using this model system will involve the manipulation of the microenvironment within
the tubular lumen to identify the trophic factors that support the survival of CNS neurons
after lesion.
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Figs. 8.1 -2 Light micrographs of toluidine blue stained l|im thick plastic sections of
the cut end of the optic nerve (ON) and the tissue cable (T) in animals in which one optic
nerve was transected in the orbit, and ca. 1mm of the retinal stump of the optic nerve
sutured into the proximal end of a sterile 7mm silastic tube, with ca. 1mm of the proximal
stump of a living peroneal nerve graft sutured into the other end of the tube. There is an
initially empty gap of about 5 mm between the proximal stump of the optic nerve and the
peroneal nerve graft within the tube. Fig. 8.1 2 wpo; a tissue cable (T) extends to the
left from the cut end of the optic nerve. Note that the most distal portion of the proximal
stump of the optic nerve is extensively vascularized, x 60. Fig. 8.2 5 wpo; near the
midpoint of the silastic tube. The tissue cable is highly cellular and contains numerous
blood vessels (small arrows), x 150.

Figs. 8.3 - 4 1 wpo; in the most distal region of the proximal stump,100 - 180|im from
the cut end of the nerve. Fig. 8.3 Large bundle of axonal sprouts (Sp), Macrophages
(M), fibroblasts (F) and astrocytes (A) are also present, x 10,125.

Fig. 8.4 a higher

magnification of part of the bundle of sprouts from Fig. 8.3. The sprouts vary in size
and contain many organelles including mitochondria, dense - core vesicles, and clear
vesicles, microtubules and neurofilaments, x 19,125.

Fig. 8.5 1 wpo; near the distal end of the optic nerve. Small bundles of axonal sprouts
(Sp) are in contact with a fibroblast (F), macrophages (M) and basal lamina (arrows).
X 10,080.
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Figs. 8.6 - 7 1 wpo; near the distal end of the optic nerve. Fig. 8.6 A small bundle of
axonal sprouts (Sp) partially surrounded by astrocyte (As) and macrophage (M)
processes. The latter is identified because of continuity with a macrophage cell body (not
shown in this picture). An individual axon (arrow) is surrounded by collagen fibres.
X 21,600. Fig. 8.7 A blood vessel with a patent lumen and apparently healthy
endothelial cells is present. Basal lamina (arrows) encloses the endothelial cells. A
fibroblast cell body and process (F) and collagen he close to the blood vessel, x 7,560.

Fig. 8.8 Putative meningeal cells (Mg), and clusters of collagen fibres are present in the
tissue growing out fi’om the retinal stump into the proximal part of the silastic tube.
X 11,070.

Figs. 8.9 -11 2 wpo; in the distal end of the retinal stump of the optic nerve. Fig. 8.9
A bundle of axonal sprouts (Sp) enveloped by astrocyte processes (As) is seen. Basal
lamina covers the outer surface of astrocyte processes (small arrows). Some axons
(large arrows) contain many clear vesicles, x 13,500. Fig. 8.10 Astrocyte processes
(As) partially surround the axonal sprouts (Sp). Some (arrows) are seen extending
among the axons, x 22,500. Fig. 8.11 Astrocyte processes (As) covered by basal
lamina (arrows) envelope a bundle of axonal sprouts (Sp). x 18,000.
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Figs. 8.12 - 14 2 wpo; in the most proximal portion of the tissue cable. Fig. 8.12
Axonal sprouts (small arrows) surrounded by astrocyte processes (As) are seen. Myelin
(large arrows) is also seen folded in a complicated manner around an axon in an
abnormal configuration, x 14,760.

Fig. 8.13

A bundle of axonal sprouts (Sp)

containing numerous clear vesicles interconnected by puncta adhaerentia (arrows), is
seen in contact with a large nonmyelinated axon (Na), macrophage (M) and collagen
fibres. X 16,875. Fig. 8.14 A growth cone - like (Gc) profile is seen in contact with
putative astrocyte processes (As), part of a macrophage (M) and collagen fibres, x
22,500.

Fig. 8.15 2 wpo; in the periphery of the most proximal portion of the tissue cable, a
Schwann cell body (Sc) and several processes are covered by basal lamina (arrows).
Fibroblast processes (F) surround the Schwann cell, x 5,265.

Fig. 8.16 2 wpo; in the central part of the most proximal portion of the tissue cable,
several Schwann cell processes (Sc) are seen close to reactive astrocyte processes (As).
Basal lamina covers the astrocyte processes (large arrows), but is only present in patches
over the Schwann cell processes (small arrows), x 21,600.
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Figs. 8.17 - 18 2 wpo; Close to the midpoint of the tissue cable. Fig. 8.17 Schwann
cells (Sc) and fibroblast (F) are present No axons or astrocytes are observed. Note the
large extracellular spaces, x 13,500. Fig. 8.18 Schwann cells (Sc) and Schwann cell
processes are present near the midpoint of the tissue cable; basal lamina (arrows) covers
the surface of the Schwann cell processes, x 18,000.

Fig. 8.19 3 wpo; in the distal part of the retinal stump, a few nonmyelinated axons (large
arrows) and some myelin debris (small arrows) surrounded by astrocyte processes (As)
are present, x 6,075.

Fig. 8.20 3 wpo; within about 200|im beyond the cut end of the optic nerve in the most
proximal portion of the tissue cable, a few putative axonal sprouts (Sp) are associated
with astrocyte processes (As) and Schwann cell processes (Sc), x 24,750.
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Fig. 8.21 3 wpo; higher magnification of axonal sprouts and glia in Fig. 8.20. The
axons contain neurofilaments, microtubules and mitochondria. The Schwann cell
process contains microtubules, ribsomes, membranous cistemae and intermediate
filaments, x 48,600.

Fig. 8.22 3 wpo; Schwann cell columns (Sc) compartmentalized by a fibroblast (F), in
the proximal portion of the tissue cable, x 12,240.

Fig. 8.23 - 24 5 wpo; near the cut end of the optic nerve, Schwann cell processes (Sc)
are in contact with a few putative axonal sprouts (arrows), x 22,500. Fig. 8.24 One
axon (Ax), surrounded by a loose myelin sheath (arrows ), is in contact with an
unidentified cell process (empty arrow), x 22,500.

Fig. 8.25 2 wpo; a control experiment in which the distal end of the silastic tube was
open, no graft being present. Only a few sprout - like profiles (arrows), surrounded by
astrocyte processes (As), are observed at the cut end of the optic nerve. Compare with
the large numbers of axonal sprouts present in the comparable region after the same
postoperative interval in Figs. 8.9 - 11 . x 18,000.
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CHAPTER 9 -

GENERAL DISCUSSION

OVERVIEW OF MAIN FINDINGS
It has been shown, in this study, that following transection of the optic nerve in adult
rats, large numbers of axonal sprouts are produced by the injured optic fibres at and/or
close to the cut end of the retinal stump. Because the optic nerve consists of a
homogeneous bundle of axons, ^ of which are severed by optic nerve transection, there
can be no doubt that the sprouts were produced by severed axons and could not have
been produced by sprouting from intact nerve fibres. Intracranial transection produced a
sprouting response similar to but slower than that produced by intraorbital injury and
with a markedly different topographical arrangement as a result of secondary ischaemic
injury. The sprouts survived much longer in the intracranial transection experiments than
in the intraorbital transection experiments, but even in the former they had largely
disappeared by 4 weeks postoperation. The anastomosis of the intraorbitally transected
optic nerves to a segment of peripheral nerve, via an empty silastic tube, prolonged
sprout survival, but the surviving sprouts were apparently unable to grow through the
columns of Schwann cells which reached the cut end of the optic nerve by 2 weeks
postoperation. Attaching an acellular peripheral nerve graft to the retinal stump of optic
nerves severed in the orbit also prolonged the survival of the axonal sprouts.

GAP - 43

immunoreactive RGC were present in the retina following both intraorbital and
intracranial optic nerve transection, but the number and intensity of staining of GAP - 43
immunoreactive RGC was lower following optic nerve transection in the cranial cavity
than after optic nerve transection in the orbit. These results have been discussed at the
end of each experimental chapter. They will now be considered in the context of the
following two general issues: the role of GAP - 43 in axonal regeneration and the nature
of the factors which prevent functional regeneration in the CNS.

GAP - 43 EXPRESSION AND AXONAL REGENERATION
GAP - 43 immunoreactive RGC were first visualized 5 days after both intraorbital and
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intracranial optic nerve transection. In both cases the largest numbers of immunoreactive
cells were seen at 28 dpo after which their numbers declined sharply. This pattern was
similar after both intraorbital and intracranial lesion although the formation and regression
of axonal sprouts were both delayed in the latter case. This suggests that GAP - 43
accumulation in RGC bodies is not important for axonal sprouting. Furthermore, GAP 43 was found in RGC bodies within the retina at times after lesioning when very few
sprouts or even established axons remained within the optic nerve. Clearly, the
production of immunohistochemically - detectable amounts of GAP - 43 is not, on its
own, enough to ensure continued axonal elongation. Neither does it seem likely that
GAP - 43 expression in RGC perikarya indicates that the neurons are healthy; indeed,
GAP - 43 expression reached a peak following intraorbital transection at 28 days after
operation, at a time when massive neuronal cell death has occurred. Nonetheless, GAP 43 is reexpressed by some RGC following injury and may play a part in the abortive
axonal elongation which takes place in the first seven days after intraorbital lesion, since
the functional GAP - 43 is presumably that which is found in the axonal sprouts rather
than in the cell bodies.
A possible explanation of the pattern of GAP - 43 expression in RGC perikarya is that
severed optic axons underwent progressive retrograde degeneration or shrinkage, so that
GAP - 43 exported to the distal parts of RGC axons accumulated nearer and nearer the
RGC bodies. Because the intraorbital lesion is relatively close to the RGC bodies, this
process would occur more quickly and GAP - 43 would pile up in more RGC bodies.
On the another hand, the intracranial lesion was far from the RGC bodies and retrograde
degeneration of the peripheral parts of axons in the optic nerve was slow following
intracranial lesions, which would allow a high proportion of the GAP - 43 synthesized
by RGC to be transported to the distal paits of the RGC axons even 4 weeks after
operation. Thus, GAP - 43 would accumulate in fewer RGC bodies at 4 weeks after
intracranial lesion. If this were the case it might be expected that GAP - 43 labelled RGC
would be found in intracranial transection experiments after periods in excess of 4 weeks
when most axons had died back towards the retina. However, the number of GAP - 43
immunostained RGC decreased sharply after 4 weeks postoperation even in intracranial

212

transection experiments. Most GAP - 43 immunoreactive RGC disappeared after 4
weeks postoperation, and this may indicate that there is a time - limited mechanism
controlling GAP - 43 synthesis in the injured RGC. Indeed, the fact that the time course
of the appearance of GAP - 43 containing RGC is similar in both intraorbital and
intracranial experiments suggests that this processes must be an intrinsic feature of the
RGC response to injury. This speculation is supported by another report in which most
GAP - 43 immunoreactive RGC within the retina were only present between 8 and 20
days following intraorbital optic nerve transection (Doster et aL, 1991), but curiously, in
that study no GAP - 43 was detected in the RGC following intracranial axotomy.
Furthermore, Doster et al (1991) reported that much less GAP - 43 was transported along
the optic nerve following intracranial rather than intraorbital transection.
On the other hand similar elevated levels of GAP - 43 mRNA were detected in an in
situ hybridization study 3 to 21 dpo, following both intraorbital and intracranial optic
nerve transection (Jones & Aguayo, 1991).

The difference between the

immunohistochemical and in situ hybridization results may indicate that the translation of
GAP - 43 is slower in the intracranial lesion group than in the intraorbital lesion group.
The molecular mechanisms governing GAP - 43 expression are unclear and
controversial. Perrone - Bizzozero et al (1991), using Northern blots, measured the
levels of synthesis and accumulation of GAP - 43 mRNA in ( 1 ) developing rat cortical
neurons, ( 2 ) NGF - treated PC 12 cells, ( 3 ) regenerating goldfish optic nerve, and
reported that ( a ) GAP - 43 mRNA is transcribed at the same rate even when cells are not
growing processes and contain low levels of the mRNA, ( b ) the number of nascent
transcripts from this gene did not appear to increase when neurons were actively growing
axons and accumulating significant amounts of GAP - 43 mRNA. They suggest that
GAP - 43 mRNA levels are regulated by post - transcriptional mechanisms. However,
based upon the abundance of GAP - 43 nuclear transcripts in neonate and adult rat
brains, Basi et al (1987) suggest that the expression of GAP - 43 mRNA is regulated by
the rate of gene transcription. The intracellular factors governing the rate of translation of
GAP - 43 mRNA are unfortunately not known.
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GAP - 43 immunostained nerve fibres in the optic nerve followed a quite different
topographical pattern after intraorbital and intracranial optic nerve transection. In the
former, GAP - 43 immunostained fibres were present mainly near the cut end of the optic
nerve; in the latter GAP - 43 immunoreactive axons were initially found surrounding the
degenerative core and were later found extending into that region. Thus, the location of
GAP - 43 labelled fibres was correlated with regions of sprout formation and elongation
as determined by EM study, which might be expected from the previous reports that
GAP - 43 is concentrated in axonal growth cones (Skene, 1989). The density of GAP 43 immunolabelled axons in the optic nerve reached its maximum levels by 7 dpo
following transection in the orbit, and by 14 dpo following optic nerve transection in the
cranial cavity. Subsequently, the density of GAP - 43 immunostained fibres in both
intraorbital and intracranial lesion groups followed the same pattern: it gradually declined
up to 4 wpo, and decreased sharply thereafter. The time course of the appearance of
GAP - 43 immunostained nerve fibres and their distribution in the transected optic nerve
support the hypothesis that the presence of the protein in axons is correlated with the
time course of sprout formation following both intraorbital and intracranial axotomy and
that the accumulation of GAP - 43 in the RGC soma is due to the effects of the retrograde
axonal degeneration superimposed on an intrinsically timed reexpression of the gene
produced by axon injury. It is notable, however, that only about 5% of axotomized
RGC are reported to upregulate GAP - 43 mRNA production (Jones & Aguayo, 1991).
It is interesting to speculate whether it is only this relatively small population of RGC
which produce regenerative sprouts.
GAP - 43 was originally discovered as a fast axonally transported protein in
regenerating toad RGC axons, where its biosynthetic incorporation of radiolabel
increased 20 fold beyond the levels found in the intact nerve (Skene & Willard, 1981a).
It was subsequently found in the nervous systems of many species including goldfish,
rat, mouse, hamster, cow and man (Skene, 1989). The elevation of synthesis of GAP 43 occurs just before axonal outgrowth and is highly correlated with it, both during
development and successful regeneration (Skene, 1989). Once axons reach their targets,
the production and transport of GAP - 43 decreases by 5 - 10 fold in the case of the
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pyramidal tract in rats (Gorgels et ai, 1987). GAP - 43 expression does not appear to be
a secondary effect of axon growth, since if colchicine is applied to a regenerating nerve,
it prevents axon elongation (Bamburg et aL, 1986) but does not affect the timing or level
of GAP - 43 synthesis (Skene, 1989). GAP - 43 may be required for the rapid
outgrowth of axons. In embryonic hippocampal neurons in vitro, GAP - 43 is initially
distributed equally amongst the many small neuritic growth cones and it is only once the
axon begins to extend that GAP - 43 becomes preferentially restricted to the axonal
growth cone, even though the dendrites are still growing (Goslin et aL, 1988; Goslin &
Banker, 1990). However, in vivo, neonatal rat olfactory neurons have been shown to
express GAP - 43 in both their axonal and dendritic processes (Verhaagen et aL, 1989).
Perhaps the most convincing evidence for a link between GAP - 43 and neurite
outgrowth comes from the work on the transfection of nonneuronal NTH - 3T3 and COS
cells with a GAP - 43 cDNA expression vector. This work demonstrated that soon after
transfection and expression of GAP - 43, these cells produced long processes
reminiscent of extending neurites (Zuber et aL, 1989). Similarly when normal PC12
cells were exposed to NGF, their GAP - 43 content increased by 2.5 fold and they
produced neurites, but if they were given the abihty to produce additional GAP - 43, by
transfection with a GAP - 43 cDNA vector, then they produced neurties more rapidly and
in response to 10 fold lower concentrations of NGF than non - transfected PC12 cells
(Yanker et aL, 1990). Conversely, if GAP - 43 antiserum is intracellularly injected into
PC12 cells, then they fail to produce neurites (Shea et aL, 1991).
There are also several examples of nerve regeneration apparently in the absence of
GAP - 43. For instance, although both the central and peripheral processes of the rat
DRG can regenerate following injury (Bignami et al., 1984; Liuzzi & Lasek, 1987), it is
only section of the peripheral projection which leads to an increased synthesis of GAP 43 (Schreyer & Skene, 1988; Woolf et aL, 1990). However, a subpopulation of DRG
neurons contain high levels of GAP - 43 even in intact animals (Chong et aL, 1992). In
addition, GAP - 43 is not found in dendrites, even though they possess growth cones
and elongate in a similar manner to axons (Goslin et aL, 1988; but see Verhaagen et aL,
1989). Baetge and Hammang (1991) have described a mutant PC12 cell line which
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produces neurites in response to NGF and bFGF but contains 500 times less GAP - 43
and 1000 times less GAP - 43 mRNA than other PC12 cell lines. Both cell lines (normal
PCI2 and mutant) expressed NGF receptors and had identical immunoreactivities with a
number of neurofilament and microtubule - associated protein antibodies. Conversely,
the present study and Doster et al (1991) have shown that in lesioned adult rat RGC
axons (which fail to regenerate) the synthesis of axonally transported GAP - 43 is
transiently increased. These axons, however, would have presumably been able to
regenerate given a suitable environment (Berry, 1989). None the less GAP - 43
expression remains the best correlate of the ability of neurons to grow axons (Skene,
1989). The specific function of the molecule in elongating axons is unknown but it is a
substrate for protein kinase C (Aloyo et al, 1983; Akers & Routtenberg, 1985) interacts
with G - proteins (Strittmater et ai, 1990), binds calmodulin (Anderson e ta l, 1983) and
is closely linked to the cytoskeleton. GAP - 43 has also been suggested to play a role in
axonal adhesion to substrates, since small patches of membrane rich in GAP - 43 were
left on culture dish surfaces after superior cervical ganglia were dislodged (Meiri &
Gordon - Weeks, 1990) and PC 12 cell lines deficient in GAP - 43 were less adherent to
culture dishes than normal PC12 cells (Baetge & Hammang, 1991). Elucidating the
mechanisms of action of GAP - 43 in growth cone, and the molecular signals controlling
its expression are likely to be important steps towards an understanding of axonal
regeneration.

AXONAL REGENERATION IN THE ADULT MAMMALIAN CNS
As described in previous Chapters, theories about the failure of CNS axon to
regenerate can be classified in 3 categories: ( a ) CNS neurons are intrinsically incapable
of regeneration, ( b ) inhibitory factors are present in the CNS, ( c ) there is a lack of
trophic factors or other growth promoting substances in the CNS.
There can be no doubt that many RGC are intrinsically capable of supporting
regeneration of their axons. This conclusion is supported by the substantial literature on
RGC axonal growth through nerve grafts and by the observations in this and other
studies of substantial axonal sprouting following injury to the optic nerve. Also, as this
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and other studies have shown, this intrinsic sprouting response is clearly independent of
the presence of Schwann cells or other grafted tissue. None the less, in the absence of a
graft of peripheral nerve or other suitable materials, the elongation and persistence of the
regenerating sprouts is very limited.
It has been suggested that oligodendrocytes and damaged central myelin express
axonal growth - inhibitory factors which prevent the regeneration of injured CNS
neurons (Schwab et a/., 1988). Two cell - surface - associated proteins of 35kD and
250kD found on oligodendrocytes have been reported to be responsible for the
nonpermissive nature of the mammalian CNS environment for neurite outgrowth from
sympathetic or DRG neurons, CNS neurons and even for goldfish RGC (Caroni &
Schwab, 1988a, b; Bastmeyer et a l, 1991). An antibody (IN - 1) to these proteins
neutralizes the inhibition allowing neurite outgrowth and cell attachment to
oligodendrocytes (Caroni & Schwab, 1988b). In vivo, X - irradiation of newborn rats
inhibits myelination, and subsequent sectioning of the corticospinal tract in these animals
results in relatively long distance regeneration (distance of 5 - 8mm) of a minority of
axons (Savio & Schwab, 1989). In another study, Schnell & Schwab (1990) reported
th a t, following intracerebral injection of IN - 1 secreting tumors into young rats, and
then ipsilateral transection of the corticospinal tract, large numbers of sprouts were
present at the lesion site, and fine axons and fascicles could be observed up to 7 - 11mm
caudal to the lesion site within 2 - 3 weeks.

These studies suggested that the

nonpermissive properties of oligodendrocytes at least partially contribute to the failure of
CNS regeneration. However, there was no apparent evidence in the present study that
oligodendrocytes and/or central myelin could have been responsible for blocking the
outgrowth from the severed axons (see Chapters 3 - 5). Following optic nerve
transection in the orbit, numerous axonal sprouts were observed in direct contact with
injured myelin sheath material in the debris zone near the cut end of the optic nerve at 2
dpo, but this association did not prevent the sprouts reaching the cut end.
Oligodendrocyte - growth cone interactions are unlikely to be the cause of the
disappearance of most axonal sprouts from the scar which forms at the cut end of the
intraorbitally transected optic nerve; oligodendrocytes were never identified in this
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region. Following optic nerve transection in the cranial cavity, sprouts extended from the
intermediate zone to the necrotic zone where myelin debris was abundant between 3 and
5 dpo. Moreover, acellular peripheral nerve grafts, where oligodendrocytes and central
myelin are absent, anastomosed to the cut end of the optic nerve (see Chapter 7), could
not promote extensive elongation of injured RGC axons even though some sprouts did
enter the extreme proximal ends of such grafts. Although acellular peripheral nerve
grafts also initially lack the perineurial cells, macrophages, endothelial cells and
fibroblasts of living peripheral nerve, this result probably indicates that Schwann cell
contact and/or trophic factors, secreted by Schwann cells within the living peripheral
nerve grafts, rather than the absence of inhibitory oligodendrocytes are important for the
successful regeneration of injured RGC into living grafts. Furthermore, when the
intraorbitally transected optic nerves were anastomosed to a hving peripheral nerve graft
using a silastic tube, large numbers of axonal sprouts persisted until 14 dpo but failed to
regenerate through the tube along the columns of migrating Schwann cells which made
contact with the optic nerve axons about that time. There were no oligodendrocytes in
the outgrowth of axonal sprouts along the Schwann cells in the tubes. Berry et al (1988)
and Hall & Berry (1989) have made equivalent observations on intraorbitally severed
optic nerves using immunohistochemistry and electron microscopy. They reported that
oligodendrocytes were not present in bundles of sprouts after transection without grafting
but did accompany axons regenerating towards peripheral nerve grafts (when extensive
axonal regeneration occurs). Consequently, it would appear that ohgodendrocytes do not
prevent the formation of axonal sprouts from injured optic axons or their initial
outgrowth. However, this does not exclude the possibility that oligodendrocytes and/or
myelin debris might be able to inhibit axonal elongation through the distal stump of an
injured optic nerve should the regenerating axons ever penetrate that tissue.
Astrocytes have also been credited with the ability to block axonal regeneration (Reier
et a i, 1983, 1989). However, neither in the present study nor in the studies by Berry et
al (1988) and Hall & Berry (1989) is there much evidence that astrocytes block the
formation of axonal sprouts or their elongation from their site of formation in the
proximal stump. It is quite possible that an astrocyte scar or a reformed glia hmitans may
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provide a considerable barrier to axonal regeneration but in the present study and those of
Berry et al (1988) and Hall & Berry (1989) there was little or no occasion to observe the
interaction of regenerating sprouts with such tissue (with the exception of the tube
experiments). The inability of axons to grow along the columns of Schwann cells which
reached the proximal stump of the optic nerve in the tube experiment by 14 dpo may have
been related to by their inability to penetrate the newly formed or forming glia limitans,
but could also have been the result of an intrinsic failure of regeneration at that time.
CNS microglia and invading macrophages release interleukins which may have a
facilitating effect on axonal sprouting in the area of a lesion (David et a i, 1990, and see
Chapter 3), but interleukins released by macrophages may also stimulate astrocyte
proliferation (Giulian et aL, 1989). However, unlike the bands of Bünger formed by
Schwann cells, proliferating astrocytes form a disorganized mass bordered by a glia
limitans where they meet mesenchymal cells (Liuzzi & Lasek, 1987). Many studies have
described how astrocytes impede the outgrowth of neurites. Rudge & Silver (1990)
reported that, when purified rat hippocampal neurons were plated onto adult rat reactive
glia (glial cells clinging to nitrocellulose filters which had been implanted into the brain
and subsequently removed) or onto neonatal rat cerebral cortical glia obtained in the same
way, the adult rat glia allowed only minimal neurite growth over their surface when
compared to immature glia. Fawcett et al (1989) have shown that three - dimensional
aggregates of cultured astrocytes from neonatal rat or mouse forebrain impede neurite
outgrowth of postnatal rat DRG and adult mouse retina. Furthermore, two ECM
molecules, tenascin and chondroitin sulfate proteoglycan, which in some circumstances
may inhibit neurite outgrowth, were found on the surface of reactive astrocytes in adult
rat brain (Crossin et a i, 1990). CNS tissue transplanted to the periphery forms an
astrocytic scar, covered by a glia limitans, which is almost impenetrable even to
vigorously regenerating peripheral nerve fibres (Reier et a i, 1983; Anderson &
Turmaine, 1986; Hall & Kent, 1987). Thus, astrocyte scars may discourage sprouting
axons by forming a cellular barrier, the cell processes of which are coated with
substances inhospitable to growth.
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The adult CNS has little laminin or fibronectin compared with the PNS. A pair of
interactive ECM molecules, tenascin (also called cytotactin or J1 or myotendinous
antigen) and chondroitin sulfate proteoglycan are found in some parts of the CNS (adult
cerebral cortex, cerebellum) following injury and there is evidence that both of these
molecules may retard CNS axonal regeneration. Tenascin has been reported to be non permissive for neurite outgrowth (Faissner, 1990; Crossin et al., 1990). On substratum
- bound tenascin, in vitro, the extension of DRG neurites was very poor, inferior even to
that observed on bovine serum albumin (Crossin et a i, 1990). When DRG cells were
cultured on tenascin mixed with laminin or fibronectin, the extent of neurite outgrowth
decreased with increasing amount of tenascin on both laminin and fibronectin as the
permissive substratum (Crossin et al., 1990). Moreover, tenascin in solution, rather than
bound to the substratum, also inhibited neurite outgrowth at a concentration of 10|ig/ml
(Crossin et al., 1990). These results suggest that tenascin is not simply a poor yet
inactive substratum, but that it actually inhibits neurite outgrowth on an otherwise
permissive substratum. However tenascin has also been reported to be capable of
promoting neural elongation under some circumstances (Martini et al., 1990).
Furthermore, there is little evidence for the expression of tenascin in the lesioned optic
nerve (Bartsch et al., 1992).
The amount of chondroitin sulfate proteoglycans in the ECM of the mammalian brain
increases as it matures. Some reports suggest that condroitin sulfate proteoglycans from
brain inhibit PC 12 neurite outgrowth (Oohira et al., 1991), and a mixture of keratan
sulfate and chondroitin sulfate proteoglycans coated onto culture substrata are non permissive to neurite outgrowth (Snow et al., 1990). However, the mechanism by
which chondroitin sulfate proteoglycans inhibit neurite extension is unclear and there is
no information available about its presence and/or distribution in the lesioned optic nerve.
The effect of trophic factors on the regeneration of injured CNS neurons has been
discussed in detail in Chapter 1. It has been reported that, following intracranial optic
nerve transection and regular, repeated, long term intraocular injections of NGF, a much
higher proportion of RGC survive axotomy than in control experiments (injection of
cytochrome C) and quantitative ultrastructural studies showed that the number of
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myelinated optic nerve axons present at 5 and 7 weeks after lesion was significantly
greater in the NGF treated group (24,700/5 wpo; 19,500/7 wpo) than in the control
group (12,500/5 wpo; 8,700/7 wpo) (Carmignoto et al., 1989). Moreover, NGFr
mRNA is expressed by fetal, neonatal and adult rat retina, and NGFr is localized on
RGC as well as Müller cells (Carmignoto et al., 1991). Following intraorbital ligation of
the optic nerve in adult rat, NGFr immunoreactive optic nerve fibres accumulated both
distal and proximal to the site of ligation (Carmignoto et a i, 1991). NGFr is also
expressed in other areas of brain and spinal cord (Yan & Johnson, 1989; Pioro & Cuello,
1990a, b). It is abundant in the basal forebrain cholinergic neurons as detected by
immunocytochemistry (Pioro & Cuello, 1990a) or receptor autoradiography (Richardson
et a i, 1986). It has been reported that BDNF, in vitro, promotes the survival of Thy - 1
labelled rat RGC in E17 retinal explants probably by a direct action on these cells
(Johnson et al., 1986). Furthermore, the survival of chick RGC in response to BDNF
depends on their embryonic age in vitro (Rodriguez - Tebar et al., 1989): at E5, RGC
survived on a laminin substrate irrespective of the presence or absence of BDNF. At E6,
the ganglion cells began to show a dependency on BDNF for survival; with increasing
age the dependence on BDNF for survival increased, and at E ll, the majority of the
ganglion cells plated were dependent on BDNF for survival (Rodriguez - Tebar et al.,
1989). Meyer et al (1992) have reported that transection of rat sciatic nerve leads to a
very marked increase in BDNF mRNA in the nerve distal to the lesion site, the final
levels being as much as ten times higher than the level of NGF mRNA 4 weeks after
operation. In the present study, diffusible factors, presumably from the peripheral nerve
graft, appeared to promote the survival and outgrowth of some injured RGC axons (see
Chapter 8). It is likely that an insufficient or inadequate supply of neurotrophic factors
after injury in the CNS partially contributes to the failure of CNS neuron regeneration.
In injured peripheral nerves, Schwann cells in the distal stump express NGFr on their
plasma membranes (Taniuchi et al., 1986, 1988; Raivich & Kreutzberg, 1987) and
increase production of NGF (Taniuchi et al., 1986) and NGF - mRNA (Heumann et al.
1987). Raivich & Kreutzberg (1987), using radioiodinated 6 - NGF as a radioactive
probe, reported that there was a massive increase in the level of specific 6 - NGF binding
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by the Schwann cells of chicken sciatic nerve distal to the site of injury between 4 and 12
dpo and suggested this increase was due to the local induction of NGFr expression. By
contrast, there is no report that oligodendrocytes produce NGFr, NGF and BDNF,
although a few reports have shown that astrocytes release trophic factors to support CNS
and PNS neuron survival in vitro (Lindsay, 1979; Banker, 1980; Rudge etal., 1992).
It is well known that immature animals are sometimes able to recover from CNS
injury which would cause permanent functional impairment in the adult. It has always
been a problem to decide if functional recovery in immature animals is attributable to a
greater capacity for regenerative axonal growth in the immature CNS or to vigorous
collateral sprouting of undamaged axons and the establishment of aberrant pathways
(review by Berry, 1985). This uncertainty stems from the difficulty of distinguishing
fibres which aie actually regenerating from undamaged late - developing fibres growing
through the lesion site after injury. This problem has been overcome in a study on the
response to injury of pyramidal tract fibres in neonatal hamsters using a tracer technique
(Kalil & Reh, 1979). In these experiments, the pyramidal tracts were sectioned in the
medulla at various ages (at 2, 3, 4, 5, 8, 12, 20 days) after birth. Radioactive leucine
was injected into the ipsilateral motor cortex 3 months later. Autoradiographs showed
that, in the animals lesioned within the first week of life, corticospinal axons had
sprouted above the lesion, decussated and taken an aberrant contralateral course to
establish an apparently normal innervation pattern in the ventral horn. Subsequent
studies on the normal development of corticospinal tracts in hamsters have shown that the
pathway is established fully soon after birth (Reh & Kalil, 1981, 1982), so that although
some uncertainty remains, Kalil & Reh's (1979) observations represent persuasive
evidence for regeneration of central axons in neonates. There is also evidence that
following lesions of the optic tracts just anterior to the superior colliculus in hamsters up
to 4 days old, extensive regeneration of retinal axons across the site of the lesion occurs,
leading to reinnervation of the denervated superior colliculus (So et at., 1981). Because
most retinal axons have reached the superior colliculus by P3, the evidence that this is
true regeneration is, again, persuasive. These studies aie not only important in that they
reveal a genuine regenerative capacity in the immature brain but also for what they may
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be able to tell us about failure of regeneration of these same systems (and of CNS axons
as a whole) in mature animals. It would certainly seem reasonable to conclude that the
regenerative response to axotomy of at least some CNS neuronal populations changes in
the course of maturation. What this change or these changes may be is obscure.
The reduction/disappearance of the capacity for axonal regeneration may be related to
changes in the nuclear and/or perikaryal synthetic responses to axotomy (Lieberman,
1971), in axonal transport mechanisms, in the retrograde signalling capacity of the
damaged axons, or in mechanisms for transducing such signals into changes in gene
expression. In the cytoskeleton, the pattern of expression of tubulin and neurofilament
genes is very similar in embryonic and regenerative growth. Expression of the specific 6
- tubuUn gene encoding the class II isotype was induced to high levels in the adult and in
5 - day - old and 10 - week - old rats following sciatic nerve crush; conversely,
expression of the NF 68 gene is relatively low during development and regeneration
(Hoffman et a/., 1988). a - tubulin mRNA, Tal, is rapidly induced in axotomized motor
neurons of the facial nerve, remains elevated level during the period of axonal growth
and is subsequently down - regulated at the approximate time of target contact which is
reminiscent of the pattern of changes in T al mRNA that occur during neuronal
development (Miller et al., 1989). However, using the monoclonal antibody GIO against
an epitope on a high molecular weight microtubule - associated protein (MAP) MAP Ix,
Woodham et al (1989) showed that MAP Ix is expressed in axons in embryos but not in
normal adult sciatic axons, or in axons regenerating after crushing of the sciatic nerve in
adult rats, or in axons growing from grafts of septal tissue transplanted into the adult
hippocampus following lesion of the fimbria - fornix. The different MAPs may play a
critical role in controlling the assembly and stabilization of microtubules just behind the
axon growth cone (Matus, 1988).
The failure of regeneration in some adult CNS neurons may also relate to changes in
the environment of axons, such as changes in the appearance of inhibitory factors which
prevent axonal regeneration or in the scar tissue of the lesion site. For example, when a
penetrant lesion is made in the cerebral hemisphere of rats less than 8 days old, no scar
tissue is detected by immunohistochemistry and the cerebral tissue grows together and no
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trace of the lesion remains; whereas, when such lesion is made in the same region of
adult rat, glial (astrocytic) scar tissue is formed 4 days after lesion (Berry et al., 1983),
and collagen fibres are deposited in the scar (Maxwell et at., 1984); in the intact brain,
collagen is found only in the meninges and around the larger blood vessels of the CNS
tissue. The sialic acid - rich embryonic form of N - CAM is widespread in the embryonic
brain and sciatic nerve, and appears in the area surrounding the lesion site after crushing
or cutting the adult rat sciatic nerve (Daniloff et ai, 1986) but there is httle information on
its distribution in the injured adult CNS. Similarly, neonatal retinal axons grow
excellently in vitro on retinal astrocyte monolayers (Wigley & Berry, 1988), but axons
from adult retina have a different substrate specificity, growing poorly on adult
astrocytes, and only really well on neonatal cortical astrocytes and/or on laminin (Ford Holevinski et at., 1986; Wigley & Berry, 1988). Proteases secreted by embryonic DRG
axons are involved in facilitating axonal penetration of astrocyte tissues (Fawcett &
Housden, 1990), and might also be a factor in enabling embryonic axons to resist the
inhibitory effects of oligodendrocytes (Paganetti et at., 1988); it is possible, though not
yet proved, that these may differ between embryonic growth and regeneration.
Although, the regeneration of adult mammalian CNS neurons is ultimately abortive,
there is an exception. Within the olfactory epithelium, basal epithelial cells continue to
divide throughout life to replace primary olfactory neurons that degenerate as part of a
continuous process of cell renewal; axons of the newly - generated neurons are fully
capable of growing within the olfactory nerve to reach an appropriate target and form
synapses in the olfactory bulb. Thus when the olfactory nerve cut there is ultimately
complete regeneration and reestablishment of normal olfactory connections (Graziadei &
Graziadei, 1978). However, the mechanisms for maintained mitosis in the olfactory
system, and for enabling new axons to grow and make correct connections in the adult
olfactory bulb are not clear. It has been reported that the glial environment of olfactory
(and vomeronasal axons) is highly specialized (Raisman, 1985) and that olfactory
neurons in adult CNS continue to express the embiyonic forms of MAP (Viereck et ai,
1989), and to produce the embiyonic form of N - CAM (Miragall et at., 1988).
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RGC AND THEIR RESPONSES TO INJURY
The mammalian retina contains a well - characterized group of neurons which are
tightly grouped within a circumscribed region of the CNS. The glia in the retina are
Müller cells, astrocytes and microglia. There are no oligodendrocytes in the retina of
normal rats and aU RGC axons in the retina are nonmyehnated fibres. Following a lesion
in the mouse retina, Goldberg & Frank (1979,1980) reported that RGC axons displayed
only abortive regeneration. However, McConnell & Berry (1982a, b) reported th a t,
following a scratch lesion to mouse retina, RGC axons continue to regrow for at least
100 days after injury. They found that sprouts emerged from proximal parts of injured
RGC axons as early as 14 hrs after lesion. This was followed by rapid growth
(20|im/day) of the regenerating axons which continued until 10 dpo, after which there
was a decline in overall growth rate, which they presumed to be the result of some
sprouts beginning to degenerate, but the length of the regenerating retinal axons, which
were orientated randomly, continued to increase up to approximately 450|im by 100 dpo.
Some RGC are therefore capable of maintaining a regenerative response for considerable
periods even when the axotomy is very close to the RGC body and in the absence of any
form of graft. There is little numerical evidence concerning the long term survival of
RGC following intraretinal axotomy. However, there is some consistent evidence that
more RGC survive for at least one month if the optic nerve is transected in the cranial
cavity rather than the orbit (Misantone et al., 1984; Berry et ai, 1987; Villegas - Perez et
a i, 1988a, b, 1989; Slevers et a i, 1989). If RGC survival is reduced by a proximal
axotomy then intraretinal injury would be expected to have a particularly drastic effect,
yet this has not been reported. Although peripheral nerve grafts attached to the optic
nerve have been found to increase RGC survival after axotomy , similar grafts in the
eyeball do not have the same effect (Cho & So, 1987). It is unknown why some RGC
survive after axotomy even without a peripheral nerve graft; it is possible that there is
subpopulation of RGC with different requirements for survival, that some retinal neurons
might be sustained by intraietinal collaterals (Dacey, 1985), or that there are sources of
trophic molecules available in the retina. For example, Müller cell conditioned medium
promotes the survival of 85% of RGC plated from E17 rat retina (Armson et ai, 1987).
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THE OPTIC NERVE AS A MODEL FOR STUDIES OF CNS
REGENERATION
Nerve fibres in the optic nerve are myelinated CNS axons of almost uniform origin
and direction of passage. The optic nerve axons, connecting RGC somata to their target,
the superior colliculus, are isolated from other CNS fibres, and are readily transectable.
Peripheral nerve and other grafted material can be readily and accurately apposed to the
severed end of the optic nerve. The parent neurons of the optic nerve axons are also
separated from other parts of CNS and can be easily exposed to substances injected
intraocularly. Thus, anterograde labelling of the optic nerve is relatively easy. Trophic
influences on RGC perikarya can similarly be investigated with fewer problems than
would be encountered with other CNS neurons. The targets of RGC in the brain and the
morphology and physiology of RGC synapses on those targets are well defined.
Perhaps the greatest advantage of the optic nerve model of CNS injury is that it is
possible to be certain that all the axons are severed. This advantage was emphasized by
Berry et al (1986a, b) who pointed out that the evidence for genuine CNS axonal
regeneration through peripheral nerve grafts in other sites was largely circumstantial; the
axons which grow through the graft could have been sprouts from uninjured fibres.
When a peripheral nerve graft is placed end to end with a severed optic nerve, the retinal
axons which grow in must all originate from transected fibres (Berry et a l, 1986a, b).
However, there are also disadvantages inherent in the use of the optic nerve as a model
for studying regeneration. CNS neurons differ greatly in their ability to regenerate axons
(Aguayo, 1985; Morrow et aL, 1993) and the very homogeneity of optic nerves could
consequently preclude their use for studying some types of regenerative phenomena, for
example, the factors which prevent some types of neurons from regenerating axons even
into peripheral nerve grafts. Purkinje neurons never regenerate axons into peripheral
neiwe graft in the cerebellum (Dooley & Aguayo, 1982; unpublished work by E
Vaudano). Moreover, when peripheral nerve segments are inserted into the thalamus of
adult rats, only a few thalamocortical projection neurons regenerate into the grafts,
whereas, large numbers of neurons in the thalamic reticular nucleus grow axons into the
grafts. Thalamic reticular nucleus axons regenerate in much larger numbers into large
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(tibial) nerve grafts than into small (peroneal) nerve grafts (Morrow et al., 1993).
Similarly the glial populations of various parts of the brain, particularly astrocytes, vary
enormously in their morphology and perhaps in their responses to CNS injury. This
variability is difficult to model using the optic nerve. None the less the optic nerve model
has enabled considerable progress to be made in the understanding of CNS regeneration.
The unique nature of optic nerve fibres has provided an ideal model for studying the
formation and elongation of regenerative sprouts by injured CNS axons, the regeneration
of axons through nerve grafts, the effects of peripheral nerve grafts on RGC survival
(Aguayo et al., 1986; Berry et al., 1986a, b; Villegas - Perez et al., 1988a, b), the
electrical activity of regenerated CNS axons (Keirstead et al., 1989), the abilities of
regenerated CNS axons to form functional synapses (Carter et al., 1989; Vidal - Sanz et
al., 1991), and the reformation of a physiological reflex by regenerated CNS axons
(Thanos, 1992).

These are tremendous advances in our understanding of CNS

regeneration and represent perhaps the greatest hope for developing techniques to repair
injury to the brain and spinal cord.

227

C H A P T E R 10 - R E FE R E N C E S:

Abercrombie, M. & Johnson, M. L. (1946) Quantitative histology of Wallerian
degeneration. I. Nuclear population in rabbit sciatic nerve. J. Anat.

37 - 50.

Adams, J. H., Daniel, P. M., & Prichard, M. M. L. (1971) Changes in the
hypothalamus associated with regeneration of the hypothalamo - neurohypophysial tract
after pituitary stalk section in the ferret. J. Comp. Neurol. 142. 109 - 123.

Aguayo, A. J. (1985) Axonal regeneration from injured neurons in the adult
mammalian central nervous system. In: Synaptic Plasticity and Remodeling, ed. by
Cotman, C. W., Guilford Press, NY. pp 457 - 483.

Aguayo, A. J., Vidal-Sanz, M., Villegas-Perez, M. P., K eirstead, S. A.,
Rasminsky, M. & Bray G. M. (1986) Axonal regrowth and connectivity from
neurons in the adult rat retina.

In: Retinal Signal Systems, Degeneration and

Transplants, ed. by Agardh, E. & Ehinger, B., Elsevier Science Publishers pp 257 270.

Akers, R. F. & Routtenberg, A. (1985) Protein kinase C pphosphorylates a 47 Mr
protein (FI) directly related to synaptic plasticity. Brain Res. 334. 147 - 151.

Aldskogius, H., Barron, K. D. & Regal, R. (1980) Axon reaction in dorsal
motor vagal and hypoglossal neurons of the adult rat. Light microscopy and RNA cytochemistry. J. Comp. Neurol. 193. 165 -178.

Allcutt, D., Berry, M. & Sievers, J. (1984) A quantitative comparison of the
reactions of retinal ganglion cells to optic nerve crush in neonatal and adult mice. Dev.
Brain Res. 16, 219- 230.

228

Aloyo, V. J., Zwiers, H. & Gispen, W. H. (1983) Phosphorylation of B - 50
protein by calcium - activated, phospholipid - dependent protein kinase and B - 50
protein Kinasa. J. Neurochem. 41, 649 - 653.

Anderson, D. R. (1970) Vascular supply to the optic nerve of primates. Am. J.
Ophthalmol. 70, 341- 357.

Anderson, P. N., Mitchell, J., Mayor, D. & Stauber, V. V. (1983) An
ultrastructural study of the early stages of axonal regeneration through rat nerve grafts.
Neuropath. Appl. Neurobiol. 9, 455 - 466.

Anderson, P. N., Nadim, W. & Turmaine, M. (1991) Schwann cell migration
through freeze - killed peripheral nerve grafts without accompanying axons. Acta
Neurophath. 82, 193 - 199.

Anderson, P. N. & Turmaine, M. (1986) Axonal regeneration through living and
freeze - dried CNS tissue. Neuropath. Appl. Neurobiol. 12, 389 -399.

Anderson, P. N., Woodham, P. & Turmaine, M. (1989) Peripheral nerve
regeneration through optic nerve grafts. Acta Neuropath. 77, 525 - 534.

Anderson, T. J., Luetje, C. W., Heidman, W. & Storm, D. R. (1983)
Purification of a novel calmodulin binding protein from bovine cerebral cortex.
Biochem. 22, 4615-4618.

Ard, M. D. & Bunge, R. P. (1988) Heparan sulfate proteoglycan and laminin
immunoreactivity on cultured astrocytes: relationship to differentiation and neurite
growth. J. Neurosci. 8, 2844 - 2858.

229

Arakawa, Y., Sendtner, M. & Thoenen, H. (1990) Survival effect of ciliary
neurotrophic factor (CNTF) on chick embryonic motoneurons in culture: comparison
with other neurotrophic factors and cytokines. J. Neurosci. 10, 3507 - 3515.

Armson, P. F., Bennett, M. R. & Raju, T. R. (1987) Retinal ganglion cell
survival and neurite regeneration requirements: the change from Müller cell dependence
to superior colliculi dependence during development. Dev. Brain Res. 32,207 - 216.

Baetge, E. E. & hammang, J. P. (1991) Neurite outgrowth in PC 12 cells deficient
in GAP - 43. Neuron 6 , 2 1 - 30.

Baichwal, R. R., Bigbee, J. W. & DeVries, G. H. (1988) Macrophage mediated myelin - related mitogenic factor for cultured Schwann cells. Proc. Natl. Acad.
Sci. USA M , 1701 - 1705.

Bamburg, J. R., Bray, D. & Chapman, K. (1986) Assembly of microtubules at
the tip of growing axons. Nature 321. 788 - 790.

Banker, G. A. (1980) Trophic interactions between astroglial cells and hippocampal
neurons in culture. Science 209, 809 - 810.

B arr, M. L. & Ham ilton, J. D. (1948) A quantitative

study ofcertain

morphological changes in spinal motor neurons during axon reaction. J. Comp. Neurol.
M , 93 - 122.

Barron, K. D. (1983a) Comparative observations on the cytologic reactions of central
and peripheral nerve cells to axotomy. In: Spinal Cord Reconstruction, ed.by Kao, C .
C., Bunge, R. P. & Reier, P. J., Raven Press, NY. pp 7 - 40

230

Barron, K. D. (1983b) Axon reaction and central nervous system regeneration. In:

Nerve, Organ, and Tissue Regeneration: Research Perspectives, ed. by Seil, F. J.,
Academic Press, NY. pp 3 - 36.

Barron, K. D. (1989) Neuronal responses to axotomy: consequences and possibilities

for rescue from permanent atrophy or cell death.

In: Neural Regeneration and

Transplantation, ed. by Seil, F. J., Alan R. Liss, Inc. pp 79 -99.

B arron,

K.

D ., C o v a , J ., S c h e ib ly , M . E.

& K oh b erger,

R.

Morphometric measurements and RNA content of axotomized feline

(1982)
cervical

motoneurons. J. Neurocytol. Ü , 707 - 720.

B a rro n , K. D ., D en tin g er, M . P., N elson , L. R. & M in cy , J. E. (1 9 7 5 )

Ultrastructure of axonal reaction in red nucleus of cat. J. Neuropath. Exp. Neurol. 34,
222 - 248.

B arron , K. D ., D en tin g er, M . P., K roh el, G ., E aston , S. K. & M a n k es,
R. (1986) Qualitative and quantitative ultrastructural observations on retinal ganglion cell

layer of rat after intraorbital optic nerve cmsh. J. Neurocytol. 15, 345 - 362.

B arron , K. D ., D oolin , P. F. & O ld ersh aw , J. B. (1 9 6 7 )

Ultrastructural

observations on retrograde atrophy of lateral geniculate body. I. Neuronal alterations. J.
Neuropath. Exp. Neurol. 26, 300 - 326.

B a rro n , K. D ., M cG u in n ess, G. M ., M isa n to n e, L. J ., Z a n a k is, M . F .,
G rafstein, B. & M urray, M . (1985) RNA content of normal and axotomized retinal

ganglion cells of rat and goldfish. J. Comp. Neurol. 236. 265 - 273.

B arron , K. D ., S ch reiber, S. S., C ova, J. L. & S ch eilb y, M . E. (1977)

231

Quantitative cytochemistry of RNA in axotomized feline rubral neurons. Brain Res.
130. 469-481.

Bartsch,

U.,

Bartsch,

S.,

Dorries,

U.

& Schachner,

M.

(1992)

Immunohistological localization of tenascin in the developing and lesioned mouse optic
nerve. Eur. J. Neurosci. 4, 338 - 352.

Basi, G. S., Jacobson, R. D., Virag, I., Schilling, J. & Skene, J. H. P.
(1987) Primary structure and transcriptional regulation of GAP - 43, a protein associated
with nerve growth. Cell 49, 785-791.

Bastmeyer, M., Beckmann, M., Schwab, M. E. & Stuermer, C. A. O.
(1991) Growth of regenerating goldfish axons is inhibited by rat oligodendrocytes and
CNS myelin but not by goldfish optic nerve tract oligodendrocyte - like cells and fish
CNS myelin. J. Neurosci. H , 626 - 640.

Beck, D. W., Roberts, R. L. & Olson, J. J. (1986) Glial cells influence
membrane - associated enzyme activity at the blood - brain barrier. Brain Res. 381. 131
- 137.

Bendotti, C., Servadio, A. & Samanin, R. (1991) Distribution of GAP-43
mRNA in the brain stem of adult rats as evidenced by in situ hybridization: localization
within monoaminergic neurons. J. Neurosci. Ü , 600-607.

Benfey, M. & Aguayo, A. J. (1982) Extensive elongation of axons from rat brain
into peripheral nerve grafts. Science 296.150 - 152.

Benfey, M., Biinger, U. R., Vidal - Sanz, M., Bray, G. M. & Aguayo,
A. J. (1985) Axonal regeneration from GABAergic neurons in the adult rat thalamus. J.
Neurocytol. 14, 279 - 296.
232

Benowitz, L. I., Apostolides, P. J., Perrone-Bizzozero, N., Finklestein,
S. P. & Zwiers, H. (1988) Anatomical distribution of the growth-associated protein
GAP-43/B-50 in the adult rat brain. J. Neurosci. 8, 339-352.

Benowitz, L. I., Perrone - Bizzozero, N. I., Neve, R. L. & Rodriguez,
W. (1990) GAP - 43 as a marker for structural plasticity in the mature CNS. Prog.
Brain Res. M, 309 - 320.

Benowitz, L. I., Perrone - Bizzozero, N. I. & Finklestein, S . P. (1987)
Molecular properties of the growth - associated protein GAP - 43 (B - 50). J.
Neurochem. 48, 1640 - 1647.

Benowitz, L. I. & Routtenberg, A. (1987) A membrane phosphoprotein
associated with neural development, axonal regeneration phopholipid metabolism, and
synaptic plasticity. TINS 10, 527-531.

Benowitz, L. I., Shashoua, V. E. & Yoon, M. G. (1981) Specific changes in
rapidly transported proteins during regeneration of the goldfish optic nerve. J. Neurosci.
3, 300 - 307.

Bernstein, J. J. (1967) The regenerative capacity of the telencephalon of the goldfish
and rat. Exp. Neurol. 17, 44 - 56.

Bernstein, J., Getz, R., Jefferson, M. & Kelemen, M. (1985) Astrocytes
secrete basal lamina after hemisection of rat spinal cord. Brain Res. 327,135 - 141.

Berry, M. (1982) Post - injury myelin - breakdown products inhibit axonal growth: an
hypothesis to explain the failure of axonal regeneration in the mammalian central nervous
system. Bibl. Anat., 23, 1 - 11.

233

Berry, M. (1983) Regeneration of axons in the central nervous system. In Prog, in
Anat. Vol. 3, ed. by Navaratnam, V. & Harris, R. J., Cambridge University Press,
Cambridge, pp 213 - 233.

Berry, M. (1985) Regeneration and Plasticity in the CNS. In: Scientific Basis of
Clinical Neurology, ed. by Swash, M. & Kennard, C., Chap

47, Livingstone,

Edinburgh, pp 658 - 679,

Berry, M. (1989) Transplantation and regeneration of neural tissue in the central
nervous system. In: Current Opinion in Neurology and Neurosurgery., 2, 946 - 952.

Berry, M., Hall, S. M., Rees, L., Yiu, P. & Sievers, J. (1987) The role of
basal lamina in axon regeneration. In: Mesenchymal - Epithelial Interactions in Neural
Development, ed. by Wolff, J. R., Sievers, J. & Berry, M., NATO ASI Series H,
Springer - Verlag, Berlin, pp 361 - 383.

B erry, M., Hall, S. M., Follows, R., Rees, L., Gregson, N. & Sievers,
J. (1988) Response of axons and glia at the site of anastomosis between the optic nerve
and cellular or aceUular sciatic nerve grafts. J. Neurocytol. 17,727 - 744.

B erry, M., Knowles, J., Willis, P., Riches, A. C., M organ, G. P. &
Steers, D. (1979) A reappraisal of the effects of ACTH on the response of the central
nervous system to injury. J. Anat. 128. 859 - 871.

B erry, M., Maxweel, W. L., Logan, A., Mathewson, A., McConnell, P.,
Ashhurst, D. E. & Thomas, G. H. (1983) Deposition of scar tissue in the central
nervous system. Asta Neurochirurgica, Suppl.

31 - 53.

B erry, M., Rees, L. & Sievers, J. (1986a) Regeneration of axons in the
mammalian visual system.. Exp. Brain Res. Suppl. 113. 18 -33.
234

Berry, M., Rees, L. & Sievers, J. (1986b) Unequivocal regeneration of rat optic
nerve axons into sciatic nerve isografts. In: Neural Transplantation and Regeneration,
ed. by Das, G. D. & Wallace, R. B., Springer - Verlag, NY. pp 63 - 79.

Beuche, W. & Fried, R. (1985) Millipore diffusion chambers allow dissociation of
myelin phagocytosis by non - resident cells and of allogenic nerve graft rejection. J.
Neurosci. Sci.

231 -246.

Bignami, A., Chi, N. H. & Dahl, D. (1984) Laminin in rat sciatic nerve
undergoing Wallerian degeneration. J. Neuropath. Exp. Neurol. 43, 94 - 103.

Bleier, R. J. (1969) Retrograde transsynaptic cellular degeneration in mamillary and
ventral tegmental nuclei following limbic decortication in rabbits of various ages. Brain
Res. 15, 365 - 393.

B jorklund, A. & Stenevi, U. (1979) Regeneration of monoaminergic and
cholinergic neurons in the mammalian central nervous system. Physiol. Rev.

62 -

100.

Bohn, R. C., Reier P. J. & Sourbeer, E. B. (1982) Axonal interaction with
connective and glial substrata during the optic nerve regeneration in Xenopus larvae and
adults. Am. J. Anat. 165. 397-419.

Bothwell, M. (1991) Keeping track of neurotrophin receptors. Cell

915 - 918.

Bradley, W. G. & Asbury, A. K. (1970) Duration of synthesis phase in
neurilemma cells in mouse sciatic nerve during degeneration. Exp. Neurol. 26,275 282.

235

Bray, D. (1987) Growth cones: do they pull or are they pushed?

TINS 10. 431 -

434.

Bray, G. M. & Aguayo, A. J. (1974) Regeneration of peripheral unmyelinated
nerves. Fate of the axonal sprouts which develop after injury. J. Anat. 117. 517 - 529.

Bray, G. M. & Aguayo, A. J. (1989) Exploring the capacity of CNS neurons to
survive injury, regrow axons, and form new synapses in adult mammals. In: Neural
Regeneration and Transplantation., ed. by Seil, F. J., Alan R. Liss, Inc. pp 67-78.

Bray, G. M., Peyronnard, J. & Aguayo, A. J. (1972) Reactions of
unmyelinated nerve fibers to injury. An ultrastructural study. Brain Res. 42, 297 - 309.

Brightman, M. W. & Reese, T. S. (1969) Junctions between intimately apposed
cell membranes in the vertebrate brain. J. Cell Biol. 40, 648 - 677.

Brown, M. C. & Lunn, E. R. (1988) Mechanism of interaction between
motoneurons and muscles. In: Plasticity of the Neuromuscular System, Ciba Symp.,
Chichester: Wiley, 138. 78 -96.

Brown, M. C., Perry, V. H., Lunn, E. R., Gordon, S. & Heum ann, R.
(1991) Macrophage dependence of peripheral sensory nerve regeneration: possible
involvement of nerve growth factor. Neuron 6, 359 - 370.

Bruesch, S. R. & Arey, L. B. (1942) The number of myelinated and unmyelinated
fibres in the optic nerve of vertebrates. J. Comp. Neurol. 77, 631 - 665.

Bugge, J. (1970) The contribution of the stapedial artery to the cephalic arterial supply
in muroid rodents. Acta Anat. 76,313- 336.

236

Butt, A. & Ransom, B. R. (1989) Visualization of oligodendrocytes and astrocytes
in the intact rat optic nerve by intracellular injection of lucifer yellow and horseradish
peroxidase. Glia 2, 470 - 475.

Cadelli, D. & Schwab, M. E. (1991) Regeneration of lesioned septohippocampal
acetylcholinesterase - positive axons is improved by antibodies against the myelin associated neurite growth inhibitors NI - 35/250. Eur. J. Neurosci. 3, 825 - 832.

Campbell, G., Anderson, P. N., Turmaine, M. & Lieberman, A. R. (1991)
GAP-43 in the axons of mammalian CNS neurons regenerating into peripheral nerve
grafts. Exp. Brain Res.

67-74.

Campbell, G., Lieberman, A. R., Anderson, P. N. & Turmaine, M. (1990)
Axonal sprouting in the thalamus of adult rats following implantation of a peripheral
nerve graft. J. Anat. 170. 229 - 230.

Campbell, G., Lieberman, A. R., Anderson, P. N. & Turmaine, M. (1992)
Regeneration of adult rat CNS axons into peripheral nerve autografts: ultrastructural
studies of the early stages of axonal sprouting and regenerative axonal growth. J.
Neurocytol. 21. 755 - 787.

Cajal, S. Ramon Y (1928) Degeneration and Regeneration of the Nervous System,
(trans. by May, R.M.) London: Hafner (facsimile of 1928 edition), Vol. 1, pp 1 -2,
141 -150, Vol. 2, pp 527 - 530, 558 - 595.

Carbonetto, S., Evans, D. & Cochard, P. (1987) Nerve fibre growth in culture
on tissue substrata from central and peripheral nervous system. J. Neurosci. 7, 610 620.

237

Carlstedt, T. (1985) Regenerating axons form nerve terminals at astrocytes. Brain
Res. M2, 188 - 191.

Carmignoto, G., Comelli, M. C., Candeo, P., Cavicchioli, L., Yan, Q.,
Merighi, A. & Maffei, L. (1991) Expression of NGF receptor and NGF receptor
mRNA in the developing and adult rat retina. Exp. Neurol. 111. 302 - 311.

Carmignoto, G., Maffei, L., Cornell:, M. & Candeo, P. (1989) Effect of
NGF on the survival of rat retinal ganglion cells following optic nerve section. J.
Neurosci. 9, 1263 - 1272.

Caroni, P. & Schwab, M. E. (1988a)Two membrane protein fractions from rat
central myelin with inhibitory properties for neurite growth and fibroblast spreading. J.
Cell Bio. 106, 1281 - 1288.

Caroni, P. & Schwab, M. E. (1988b) Antibody against myelin - associated
inhibitor of neurite growth nuetralizes nonpermissive substrate properties of CNS white
matter. Neuron 1, 85 - 96.

Carter, D. A., Bray, G. M. & Aguayo, A. J. (1989) Regenerated retinal
ganglion cell axons can form well - differentiated retinal ganglion cell axons in the
superior colliculus of adult hamsters. J. Neurosci. 9, 4042 - 4050.

Chen, Y.- S., Wang - Bennett, L. T. & Coker, N. J. (1989) Facial nerve
regeneration in the silicone chamber: the influence of nerve growth factor. Exp. Neurol.
103, 52 - 60.

Chiquet, M. (1989) Neurite growth inhibition by CNS myelin proteins: a mechanism
to confine fibre tracts? TINS 12, 1-3.

238

Cho, E. Y. P. & So, K. F. (1987) Rate of regrowth of damaged retinal ganglion
cell axons regenerating in a peripheral nerve graft in adult hamsters. Brain Res. 419.
369 - 374.

Cho, E. Y. P. & So, K. F. (1992) Characterization of the sprouting response of
axon - like processes from retinal ganghon cells after axotomy in adult hamsters: a model
using intravitreal implantation of a peripheral nerve. J. Neurocytol. 21, 589 - 603

Chong, M. S., Fitzgerald, M., W inter, J., Hu - Tsai, M., Emson, P. C.,
Wiese, U. & Woolf, C. J. (1992) GAP - 43 mRNA in rat spinal cord and dorsal
root ganglia neurons: developmental changes and re - expression following peripheral
nerve injury. Eur. J. Neurosci. 4, 883 - 895.

Chow, K. L. & Dewson, J. H. (1966) Numerical estimates of neurons and glia in
lateral geniculate body during retrograde degeneration. J. Comp. Neurol.

1026 -

1041.

Clark, W. E. Le Gros (1942) The problem of neuronal regeneration in the central
nervous system. I. The influence of spinal ganglia and nerve fragments grafted in the
brain. J. Anat. 77, 20 - 48.

Clark, W. E. Le Gros (1943) The problem of neuronal regeneration in the central
nervous system. II. The insertion of peripheral nerve stumps into the brain. J. Anat.
77, 251 - 259.

Clemente, C. D. (1955) Structural regeneration in the mammalian central nervous
system and the role of neuroglia and connective tissue. In: Regeneration in the Central
Nervous System, ed. by Windle, W. F., chap. 14, Thomas, Springfield, Illionis, pp
147 - 161.

239

Clemente, C. D. (1964) Regeneration in the vertebrate central nervous system. Int.
Rev. Neurobiol. 6, 257 - 301.

Cohen, J., Burne, J. F., Winter, J. & Bartlett, P. (1986) Retinal ganglion
cells lose response to laminin with maturation. Nature 322.465 - 467.

Coomber, B. L. & Stewart, P. A. (1986) Three dimensional reconstruction of
vesicles in endothelium of blood - brain barrier versus highly permeable microvessels.
Anat. Rec. 215. 256 - 267.

Cooper, J. D. & Philipson, O. T. (1989) Evidence against central projections to
the retina in the albino rat: an anterograde and retrograde tracing study. J. Anat. 164.
242.

Cornbrooks, C. J., Carey, D. J., McDonald, J. A., Tempi, R. & Bunge,
R. P. (1983) In vivo and in vitro observation on laminin production by Schwann cells.
Proc. Natl. Acad. Sci. USA 80, 3850 - 3854.

Crang, A. J. & Blakemore, W. F. (1987) Observations on the migratory
behaviour of Schwann cells from adult peripheral nerve explant cultures. J. Neurocytol.
16, 423-431.

Crespo, D., O’Leary, D. D, M & Cowan, W. M.(1985) Changes in the number
of optic nerve fibres during late prenatal and postnatal development in the albino rat.
Dev. Brain Res. 19, 129 - 134.

Crespo, D. & Viadero, C. F. (1989) The microvascular system of the optic nerve
in control and enucleated rats. Microvascular Res. 38, 237-242.

240

Crossin, K. L., Hoffman, S., Tan, S. S. & Edelman, G. M. (1989)
Cytotactin and its proteoglycan ligand mark structural and functional boundaries in
somatosensory cortex of the early postnatal mouse. Dev. Biol. 136. 381 - 392.

Crossin, K. L., Prieto, A. L., Hoffman, S, Jones, F. S. & Friedlander,
D. R, (1990) Expression of adhesion molecules and the establishment of boundaries
during embryonic and neural development. Exp. Neurol. 109. 6-18.

Curtis, R., Stewart, H. J. S., Hall, S. M., Wilkin, G. P., Mirsky, R. &
Jessen, K. R. (1992) GAP - 43 is expressed by nonmyelin - forming Schwann cells
of the peripheral nervous system. J. Cell Biol. 116. 1455 - 1464

Dacey, D. M. (1985) Wide - spreading terminal axons in the inner plexiform layer of
the cat's retina: evidence for intrinsic axon collaterals of ganglion cells. J. Comp.
Neurol. 242. 247 - 262.

Daniloff, J. K., Levi, G., Grumet, M., Rieger, F. & Edelman, G. M.
(1986) Altered expression of neuronal cell adhesion molecules induced by nerve injury
and repair. J. Cell Biol. 103. 929 - 945.

David, S. & Aguayo, A. J. (1981) Axonal elongation into peripheral nervous
system "bridges" after central nervous system injury in adult rats. Science 214. 931 933.

David,

S.,

Bouchard,

C., Tsatas,

O.

& G iftochristos, N.

(1990)

Macrophages can modify the nonpermissive nature of the adult mammalian central
nervous system. Neuron 5, 463 - 469.

De La Monte, S. M., Federoff, H. J., Ng, S. - C., Grabczyk, E.,
Fishman, M. C. (1989) GAP - 43 gene expression during development: persistence in

241

a distinctive set of neurons in the mature central nervous system. Dev. Brain Res. 46,
161 - 168.

DiFiglia, M., Roberts, R. C. & Benowitz, L. I. (1990) Immunoreactive GAP 43 in the neuropil of adult rat neostriatum: localization in unmyelinated fibres, axon
terminals, and dendritic spines. J. Comp. Neurol. 302. 992 - 1001.

Dodd, J. & Jessell, T. M. (1988) Axon guidance and the patterning of neuronal
projections in vertebrates. Science 242. 692 - 699.

Domenici, L., Gravina, A., Berardi, N. & Maffei, L. (1991) Different effects
of intracranial and intraorbital section of the optic nerve on the functional responses of rat
retinal ganglion cells. Exp. Brain Res. M, 579-584.

Dooley, J. M. & Aguayo, A. J. (1982) Axonal elongation from cerebellum into
PNS grafts in adult rat. Ann. Neurol. 12, 221 (abstract).

Doster, S. K., Lozano, A. M., W illard, M B. & Aguayo, A. J. (1988)
Axonal transport of GAP - 43 in injured and regenerating retinal ganglion cell axons of
adult rats. Soc. Neurosci. Abstr. 14, 802.

Doster, S. K., Lozano, A. M., Aguayo, A. J. & W illard, M B. (1991)
Expression of the growth-associated protein GAP-43 in adult rat retinal ganglion cells
following axon injury. Neuron 6, 635-647.

Dràger, U. C. & Hofbauer, A. (1984) Antibodies to heavy neurofilament subunit
detect a subpopulation of damaged ganglion cells in retina. Nature 309, 624 - 626.

Duce, I. R. & Keen, P. (1976) A light and electron microcope study of changes
occurring at the cut ends following section of the dorsal roots of rat spinal nerves. Cell

242

Tiss. Res. 170. 491 - 505.

Dyson,

S. E.,

H arvey, A. R .,T rapp, B.

& H eath, J . W.

(1988)

Ultrastructural and immunohistochemical analysis of axonal growth and myelination in
membranes which form over lesion sites in the rat visual system. J. Neurocytol. 17.
797-808.

Eckenstein, F.

P., Esch, F., H olbert, T., Blacker, R. W. & Nish:, R.

(1990) Purification and characterization of a trophic factor for embryonic peripheral
neurons: comparison with fibroblast growth factors. Neuron 4, 623 - 631.

Egan, D. A., Flumerfelt, B. A. & Gwyn, D. G. (1977) A light and electron
microscopic study of axon reaction in the red nucleus of the rat following cervical and
thoracic lesions. Neuropath. Appl. Neurobiol. 3, 423 - 439.

Faissner, A, & Kruse, J. (1990) Jl/Tenascin is a repulsive substrate for central
nervous system neurons. Neuron 5, 627 - 637.

Farrell, C. L. & Shivers, R. (1984) Capillary junctions of the rat are not affected
by osmotic opening of the blood - brain barrier. Acta Neuropath. 63, 179 - 189.

Fawcett, J. W.,

Housden, E., Smith - Thomas, L. & Meyer, R. L. (1989)

The growth of axons in three- dimensional astrocyte cultures. Dev. Biol.

135. 449 -

458.

Fawcett, J. W. & Housden, E. (1990) The effects of protease inhibitors on axon
growth through astrocytes. Dev. 109, 59 - 66.

Fawcett, J. W. & Keynes, R. (1990) Peripheral nerve regeneration. Ann. Rev.
Neurosci. 13, 43 -60.

243

Ferguson, I. A., Schweitzer, J. B. & Johnson, E. M. Jr. (1990) Basic
fibroblast growth factor: receptor - mediated internalization, metabolism, and anterograde
axonal transport in retinal ganglion cells. J. Neurosci. 10, 2176 - 2189.

ffrench - Constant, C. & Raff, M. C. (1986) Proliferating bipotential glial
progenitor cells in adult rat optic nerve. Natuie 319.499 - 502.

Fitzgerald, M., Wall, P. D., Goedert, M. & Emson, P. C. (1985) Nerve
growth factor counteracts the neurophysiological and neurochemical effects of chronic
sciatic nerve section. Brain Res. 332. 131 - 141.

Ford - Holevinski, T. S., Hopkins, J. M., McCoy, J. P. & Agranoff, B.
W. (1986) Laminin supports neurite outgrowth from explants of axotomized adult rat
retinal neurons. Dev. Brain Res. 28, 121 - 126.

Forrester, F. & Peters, A. (1967). Nerve fibres in optic nerve of the rat. Nature
214. 245 - 247.

Fukuda, Y., Sugimoto, T. & Shirokawa, T. (1982) Strain differences in
quantitative analysis of the rat optic nerve. Exp. Neurol. 75, 525 - 532.

Fulton, B. P., Burne, J. F. & Raff, M. C. (1991) Glial cells in the rat optic
nerve: the search for the type - 2 astrocyte. Ann. NY. Acad. Sci. 633. 27 - 34.

Fulton, B. P., Burne, J. F. & Raff, M. C. (1992) Visualization of O - 2A
progenitor cells in developing and adult rat optic nerve by quisqualate - stimulated cobalt
uptake. J. Neurosci. 12, 4816-4833.

Gage, F. H., Wictorin, K., Fischer, W., Williams, L. R., Varon, S. &
Bjorklund, A. (1986) Retrograde cell changes in medial septum and diagonal band
244

following fimbria - fornix transection: quantitative temporal analysis. Neurosci. 19,
241- 255.

Gage, F. H., Olejniczak, P. & Armstrong, D. M. (1988) Astrocytes are
important fro sprouting in the septohippocampal circuit. Exp. Neurol. 102. 2 - 13.

G iftochristos, N. & D avid, S. (1988) Laminin and heparan sulphate proteoglycan

in the lesioned adult mammalian central nervous system and their possible relationship to
axonal sprouting. J. Neurocytol. j/L 385-397.

Gilbert, J. & Madison, R. (1986) Axonal regeneration of rat retinal ganglion cells
into a sciatic nerve graft and then into polyethylene tubes containing protein additives.
Soc. Neurosci. Abstr. 12, 701.

Gispen, W. H., Leunissen, H. L. M., Oestreicher, A. B., Verkleij, A.J.
& Zwiers, H. (1985) Presynaptic localization of B - 50 phosphoprotein: The (ACTH)
- sensitive protein kinase substrate involved intact brain polyphosphoinositide
metabolism. Brain Res. 328. 381 - 385.

Giulian, D., Chen, J., Ingeman, J. E., George, J. K. & Noponen, M.
(1989) The role of mononuclear phagocytes in wound healing after traumatic injury to
adult mammalian brain. J. Neurosci. 9, 4416 - 4429.

Glass, D. J., Nye, S. H., Hantzopoulos, P., Macchi, M. J., Squinto, S.
P., Goldfarb, M. & Yancopoulos, G. D. (1991) TrkB mediates BDNF/NT - 3 dependent survial and proliferation in fibroblasts lacking the low affinity NGF receptor.
Cell 66, 405 - 513.

Goldberg, D. J. & Burmeister, D. W. (1986) Stages in axon formation:
observations of growth of Aplysia axons in culture using video - enhanced contrast -

245

differential interference contrast microscopy. J. Cell Biol. 103.1921 - 1931.

Goldberg, D. J. & Burmeister, D. W. (1989) Looking into growth cones. TINS
12, 503 - 506.

Goldberg, S. & Frank, B. (1979) The guidance of optic axons in the developing
and adult mouse retina. Anat. Rec. 193.763 - 774.

Goldberg, S. & Frank, B. (1980) Will central nervous systems in the adult mammal
regenerate after bypassing a lesion? A study in the mouse and chick visual systems.
Exp. Neurol. 70, 675 - 689.

Gorgels, T. G. M. F., Van Lookeren Campagne, M., Oestreicher, A. B.,
Gribnau, A. A. M. & Gispen, W. H. (1989) B - 50/GAP - 43 is localized at the
cytoplasmic side of the plasma membrane in developing and adult rat pyramidal tract. J.
Neurosci. 9, 3861 - 3869.

Gorgels, T. G. M. F., Oestreicher, A. B., de Kort, E. J. & Gispen, W.
H. (1987) Immunohistochemical distribution of the protein kinase C substrate B - 50
(GAP - 43) in developing rat pyramidal tract. Neurosci. Lett. 83, 59 - 64.

Goslin, K., Schreyer, D. J., Skene, J. H. P. & Banker, G. (1 9 8 8 )
Development of neuronal polarity: GAP - 43 distinguishes axonal from dendritic growth
cones. Nature 336. 672 - 674.

Goslin, K. & Banker, G. (1990) Rapid changes in the distribution of GAP - 43
correlate with the expression of neuronal polarity during normal development and under
experimental conditions. J. Cell Biol. 110. 1319-1331.

Gospodarowicz, D., Neufeld, G. & Schweigerer, L. (1986) Molecular and

246

biological characterization of fibroblast growth factor, an angiogenic factor which also
controls the proliferation and differentiation of mesoderm and neuroectoderm derived
cells. Cell Differentiation 19, 1-17.

Grafstein, B. & Ingoglia, N. A. (1982) Intracranial transection of the optic nerve
in adult mice: preliminary observations. Exp. Neurol. 76, 318 - 330.

Graziadei, P. P. C. &Graziadei, G. A. M. (1978) The olfactory system: a model
for the study of neurogenesis and axon regeneration in mammals.

In: Neuronal

Plasticity, ed. by Cotman, C. W., Raven Press NY. ppl31 - 153.

Guth, L. (1956) Regeneration in the mammalian peripheral nervous system. Physiol.
Rev. 36, 441 - 478.

Gwyn, D. G. (1971) Acetylcholinesterase activity in the red nucleus of the rat. Effects
of rubrospinal tractotomy. Brain Res. 35, 447 - 461.

Hagg, T., Manthorpe, M., Vahlsing, H. L. & Varon, S. (1988) Delayed
treatment with nerve growth factor reverses the apparent loss of chohnergic neurons after
acute brain damage. Exp. Neurol. 101. 303 - 312.

Hagg, T., Pass - Holmes, B., Vahlsing, H. L., Manthorpe, M., Conner,
J. M. & Varon, S. (1989) Nerve growth factor (NGF) reverses axotomy - induced
decreases in choline acetyltransferase, NGF receptor and size of medial septum
cholinergic neurons. Brain Res. 505, 29 - 38.

Hagg, T., Gulati, A. K., Behzadian, M. A., Vahlsing, H. L., Varon, S.
& Manthorpe, M. (1991) Nerve growth factor promotes CNS cholinergic axonal
regeneration into aceUular peripheral nei've grafts. Exp. Neurol. 112. 79 - 88.

247

Hall, S. M. (1986) Regeneration in cellular and aceUular autografts in the peripheral
nervous system. Neuiopath. Appl. Neurobiol. 12, 27 - 46.

Hall, S. M. & Berry, M. (1989) Electron microscopic study of the interaction of
axons and glia at the site of anastomosis between the optic nerve and cellular or aceUular
sciatic nerve grafts. J. Neurocytol. 18, 171 -184.

Hall, S. & Kent, A. P. (1987) The response of regenerating peripheral neurites to a
grafted optic nerve. J. Neurocytol. 16. 317 - 331.

Hanker, J. S., Yates, P. E., Metz, C. B. & Rustioni, A. (1977) A new
specific, sensitive and non - carcinogenic reagent for the demonstration of horseradish
peroxidase. Histochem. J. 9, 789 - 792.

Hausmann, B. Sievers, J. Hernanns, J. & Berry, M. (1989) Regeneration of
axons from the adult rat optic nerve: influence of fetal brain grafts, laminin, and artificial
basement membrane. J. Comp. Neurol. 281. 447 - 466.

Hefti, F., Jartikka, J., Salvatierra, A., Weiner, W. J. & Mash, D. C.
(1986) LocaUzation of nerve growth factor receptors in cholinergic neurons of the human
basal forebrain. Neurosci. Lett.

37-41.

Hempstead, B. L., Martin - Zanca, D., Kaplan, D. R., Parada, L. F. &
Chao, M. V. (1991) High - affinity NGF binding requires coexpression of the trk
proto - oncogene and the low - affinity NGF receptor. Nature 350. 678- 683.

Heumann, R., Korsching, S., Bandtlow, C. & Thoenen, H. (1987) Changes
of nerve growth factor synthesis in nonneuronal cells in response to sciatic nerve
transection. J. Cell Biol. 104. 1623 - 1631.

248

H inds, J. W . & H inds, P. L. (1972) Reconstruction of dendritic growth cones in

neonatal mouse olfactory bulb. J. Neurocytol. i , 169 - 187.

H ib b ard , E. (1963) Regeneration in the severed spinal cord ofchordate larvae of

Petromyzon marinus. Exp. Neurol. 7, 175 - 185.

H ibbard, E. & O rnberg, R. L. (1976) Restoration of vision in genetically eyeless

axolotls (Ambystoma mexicanum). Exp. Neurol. 50. 113- 123.

H o ffm a n , P. N ., C o llin s, G. H ., G riffin , J. W . L a n d es, P. W ., C o w a n ,
N. J. & Price, D. L. (1987) Neurofialment gene expression: A major determinant of

axonal caliber. Proc. Natl. Acad. Sci. USA M , 3472 - 3476.

H offm an , S., C rossin, K. L. & E delm an, G. M . (1 9 8 8 ) Molecular forms,

binding functions, and developmental expression patterns of cytotactin and cytotactin binding proteoglycan, an interactive pair of extracellular matrix molecules. J. Cell Biol.
106. 5 1 9 - 532.

H older, N. & C larke, J. D. W . (1988) Is there a correlation between continuous

neurogenesis and directed axon regeneration in the vertebrate nervous system? TINS,
i i , 94 - 99.

H ollan d er, H ., B isti, S & M affei, L (1985) Long term survival of cat retinal

ganglion cells after intracranial optic nerve transection. Exp. Brain Res. 59, 633 - 635.

H ollan d er, H ., B isti, S., M affei, L. & H ebei, R. (1984) Electroretinographic

responses and retrograde changes of retinal morphology after intracranial optic nerve
section, a quantitative analysis in the cat. Exp. Brain Res.

483 - 493.

H ooker, D. (1932) Spinal cord regeneration in the young rainbow fish, Lebistes

249

reticulatus. J. Comp. Neurol 56, 277 - 297.

H unter, A. & Bed:, K. S. (1986) A quantitative morphological study of interstrain

variation in the developing rat optic nerve. J. Comp. Neurol. 245.160 -166.

Id e, C., T oh y a m a , K ., Y o k ota, R ., N ita to ri, T . & O n o d era , S. (1983)

Schwann cell basal lamina and nerve regeneration. Brain Res. 288. 61 -75.

Itaya, S. T. (1980) Retinal efferents from the pretectal area in the rat. Brain Res. 201.

436 - 441.

Itaya, S. K. & Itaya, P. W. (1985) Centrifugal fibres to the rat retina from the

medial pretectal area and the periqueductal grey matter. Brain Res. 326. 363 - 365.

Jacob son , M. (1991) Developmental Neurobiology.

London, Plenum Press, 3rd.

edition, pp 174 -184.

Jacob son , R. D ., V irag, I. & Skene, J. H. P. (1986) A protein associated with

axon growth, GAP - 43, is widely distributed and developmentally regulated in rat CNS.
J. Neurosci. 6, 1843 - 185.

Jan es, R. G. & B ounds, G. W. Jr. (1955) The blood vessels of the rat' s eye.

Am. J. Anat. 96, 357 - 373.

Jan zer, R. C. & R aff. M. C. (1987) Astrocytes

induceblood -brain

barrier

properties in endothelial cells. Nature 325. 252 - 257.

J o h n so n , D ., L an ah an , A ., B uck, C. R ., S eh gal, A ., M o rg a n , C .,
M ercer, E ., B othw ell, M . & C hao, M . (1986) Expression andstructure

of the

human NGF receptor. Cell 47, 545 - 554.

250

Jones, P. S. & A guayo, A. J. (1991) Axotomy enhances GAP - 43 mRNA levels

in adult rat retinal ganglion cells. Soc. Neurosci. Abstr. 17, 555.

K alil, K. & R eh, T. (1979) Regrowth of severed axons in the neonatal central

nervous system: establishment of normal connections. Science 205. 1158 - 1161.

K alil, K. & Skene, J. H. P. (1986) Elevated synthesis of an axonally transported

protein correlates with axon outgrowth in normal and injured pyramidal tracts. J.
Neurosci. 6, 2563 - 2570.

K ao, C. C ., C h an g, L. W . & B lood w orth , J. M . B. Jr.

(1 9 7 7 )

Axonal

regeneration across transected mammahan spinal cords: an electron microscopic study of
delayed microsurgical nei*ve grafting. Exp. Neurol. 54. 591 - 615.

K ao, C. C ., W ra th a ll, J. R. & K yosh im a, K. (1983) Axonal reaction to

transection. In: Spinal Cord Reconstruction, ed. by Kao, C. C., Bunge, R. P. & Reier,
P. J., NY., Raven Press, pp 41 - 57.

K arns, L. R ., N g, S. C., Freem an, J. A. & F ishm an, M. C. (1987) Cloning

of complementary DNA for GAP - 43, a neuronal growth - related protein. Science
236. 597 - 600.

K aw aja, M . D. & G age, F. H. (1991) Reactive astrocytes are substrates for the

growth of adult CNS axons in the presence of elevated levels of nerve growth factor.
Neuron 7, 1019 - 1030.

K eirstea d , S. A ., R asm in sk y, M ., F u k u da, ¥ . , C arter, D. A ., A gu ayo,
A. J. & Vidal - Sanz, M. (1989) Electrophysiologic responses in hamster superior

colliculus evoked by regenerating retinal axons. Science 246. 255 - 257.

251

K eilhauer, G ., F aissner, A. & Schachner, M . (1985) Differential inhibition of

neuron - neuron, neuron - astrocyte and astrocyte - astrocyte adhesion by LI, L2 and N CAM antibodies. Nature 316. 728 - 730.

K iernan, J. A. (1978) An explanation of axonal regeneration in peripheral nerves and

its failure in the central nervous system. Med. Hypoth. 4, 15 - 26.

K iern an , J. A. (1979) Hypotheses concerned with axonal regeneration in the

mammalian nervous system. Biol. Rev.

155 - 197.

K iernan, J. A. (1985) Axonal and vascular changes following injury to the rat's optic

nerve. J. Anat. 141. 139 - 154.

K iernan, J. A. & C ontestabile, A. (1980) Vascular permeability associated with

axonal regeneration in the optic system of the goldfish. Acta Neuropath. M, 39 - 45.

K lein, R ., Jin g, S., N anduri, V., O 'R ourke, E. & B arb acid, M. (1991) The

trk proto - oncogene encodes a receptor for nerve growth factor. Cell 65, 189 - 197.

K leitm an , N ., W ood , P ., Joh n son , M . I. & B u nge, R . P. (1988) Schwann

cell surface but not extracellular matrix organized by Schwann cells support neurite
outgrowth from embryonic rat retina. J. Neurosci. 8, 653 - 663.

K op p an yi, T. (1955) Regeneration in the central nervous system of fishes. In:

Regeneration in the Central Nervous System., ed. by W. F. Windle, Springfield,
Illinois; Charles C. Thomas, pp. 3 - 1 9 .

K osaka, T. & H am a, K. (1986) Three - dimensional structure of astrocytes in the rat

dentate gyrus. J. Comp. Neurol. 249. 242 - 260.

252

Kumagai, H., Imazawa, M. & Miyamoto, K. (1986) Unusual morphological
changes in cultured oligodendrocytes induced by cytochalasin B. Dev. Brain Res. 27,
270 - 274.

Lai, C. & Lemke, G. (1991) An extended family of protein - tyrosine kinase genes
differentially expressed in the vertebrate nervous system. Neuron 6, 691 - 704.

Lampert, P. & Cressman, M. (1964) Axonal regeneration in the dorsal columns of
the spinal cord of adult rats. Lab. Invest. 13, 825 - 839.

Lanners, H. N. & Grafstein, B. (1980) Early stages of axonal regeneration in the
goldfish optic tract: an electron microscopic study. J. Neurocytol. 9,733-751.

Lasek, R. J. & Katz, M. J. (1987) Mechanisms at the axon tip regulate metabolic
processes critical to axonal elongation. Prog. Brain Res. 71, 49 - 60.

Lavie, V., H are, A., Doron, A., Solomon, A., Lobel, D., Belkin, M.,
Ben - Basat, S., Sharma, S. & Schwartz, M. (1987) Morphological response of
injured adult rabbit optic nerve to implants containing media conditioned by growing
optic nerve. Brain Res. 419. 166- 172.

Lee, K. - F., Li, E., Huber, L. J., Landis, S. C., Sharpe, A. H., Chao,
M. V. & Jaenisch, R. (1992) Targeted mutation of the gene encoding the low affinity
NGF receptor p75 leads to deficits in the peripheral sensory nervous system. Cell 69,
737 - 749.

Leinfelder, P. J. (1940) Retrograde degeneration in the optic nerves and tracts. Am.
J. Ophthalmol. 23, 796 - 802.

253

L etou rn eau , P. C. & R essler, A. H. (1983) Differences in the organization of

actin in the growth cones compared with the neurites of cultured neurons from chick
embryos. J. Cell Biol. 97, 963 - 973.

L ieberm an, A. R. (1971) The axon reaction: a review of the principal features of

perikaryal response to axon injury. Int. Rev. Neurobiol. 14, 49-124.

L ieberm an, A, R. (1974) Some factors affecting retrograde neruronal responses to

axonal lesion. In: Essays on the Nervous System, ed. by Bellairs, R and Gray, E. G.,
Clarendon, Oxford, UK., pp 71-105.

Liesi, P. (1985) Laminin - immunoreactive glia distinguish regenerative adult CNS

systems from non - regenerative ones. EMBO J. 4, 2505 - 2511.

Lies:, P., D ahl, D. & V aheri, A. (1984a) Neurons cultured from developing rat

brain attach to and spread preferentially on laminin. J. Neurosci. Res. Ü , 241 - 251.

Lies:, P ., K aak k ola, S., D ahl, D & V aheri, A. (1984b) Laminin is induced in

astrocytes of adult brain by injury. EMBO J. 3, 683 - 686.

L in d h o lm , D ., H en g erer, B., H eu m an n , R ., C a rro ll, P. & T h o en en , H .

(1990) Glucocorticoid hormones negatively regulate nerve growth factor expression in
vivo and in cultured rat fibroblasts. Eup. J. Neurosci. 2, 795 - 801.

L in d say, R. M. (1979) Adult rat brain astrocytes support survival of both NGF -

dependent and NGF - insensitive neurones. Nature 282. 80 - 82.

Lindsay, R. M. & H arm ar, A. J. (1989) Nerve growth factor regulates expression

of neuropeptide genes in adult sensory neurons. Nature 337. 362 - 363.

254

Liotta, L. A., Goldfarb, R. H., Brundage, R., Siegal, G. P., Terranove,
V. & Garbisa, S. (1981) Effect of plasminogen activator (urokinase), plasmin, and
thrombin on glycoprotein and collagenous components of basement membrane. Cancer
Res. 41, 4629-4636.

Liu, C. - N. (1955) Time pattern in retrograde degeneration after trauma of central
nervous system of mammals. In: Regeneration in the Central Nervous System, ed. by
Windle, W. P., chap. 14, Thomas, Springfield, Illinois, pp 84- 93.

Liuzzi, F. J. (1990) Proteolysis is a critical step in the physiological stop pathway:
mechanisms involved in the blockage of axonal regeneration by mammalian astrocytes.
Brain Res. 512. 277 - 283.

Liuzzi, F. J. & Lasek, R. J. (1987) Astrocytes block axonal regeneration in
mammals by activating the physiological stop pathway. Science 237. 642 - 645.

Loewy, A. D. & Schader, R. E. (1977) A quantitative study of retrograde neuronal
changes in Clarke's column. J. Comp. Neurol. 171. 65-81.

Longo, F. M., M anthorpe, M., Skaper, S. D., Lundborg, G. & Varon, S.
(1983a) Neuronotrophic activities accumulate in vivo within silicone nerve regeneration
chambers. Brain Res. 261. 109 - 117.

Longo,

F.

M.,

S kaper,

S. D., M anthorpe,

M., W illiam s,

L.

R.,

Lundborg, G. & Varon, S. (1983b) Temporal changes of neuronotrophic activities
accumulating in vivo within nerve regeneration chambers. Exp. Neurol.

756 - 769.

Lowrie, M. B., K rishnan, S. & Vrbova, G. (1987) Permanent changes in
muscle and motoneurones induced by nerve injury during a critical period of
development of the rat. Dev. Brain Res. 31, 91-101.
255

L ozan o, A. M ., D oster, S. K ., A gu ayo, A. J. & W illa rd , M . B. ( 1 9 8 7 )

Immunoreactivity to GAP - 43 in axotomized and regenerating retinal ganglion cells of
adult rats. Soc. Neurosci. Abstr. 13, 1389.

L u n d b o rg , G ., D a h lin , L. B ., D a n ielsen , N ., G elb erm a n , R . H ., L on go,
F. M ., P ow ell, H . C. & V aron, S. (1982a) Nerve regeneration in silicone

chambers: influence of gap length and of distal stump components. Exp. Neurol. 76,
361 - 375.

L undborg,

G .,

G e lb erm a n ,

R.

H .,

L ongo,

F.

M .,

P o w e ll,

H.

C.

&

V aron, S. (1982b) In vivo regeneration of cut nerves encased in silicone tubes. J.

Neuropath. Exp. Neurol. 41, 412 - 422.

L un db org, G ., L ongo, F. M. & V aron, S. (1982c) Nerve regeneration model

and trophic factors in vivo. Brain Res. 232, 157- 161.

M adison, R ., M oore, M. R. & Sidm an, R. L. (1984) Retinal ganglion cells and

axons survive optic nerve transection. Intern. J. Neurosci. 23, 15-32.

M a d iso n ,

R .,

S id m a n ,

R.

L .,

C h iu ,

T.

-

H.

&

N y ila s ,

E.

(1983)

Bioresorbable nerve guides bridge transected optic nerve. Soc. Neurosci. Abstr. 9,
770.

M a iso n p ie r r e , P. C ., B ellu sc io , L ., S q u in to , S., Ip , N. Y ., F u rth , M .
E ., L in d sa y , R . M . & Y a n co p o u lo s, G. D . (1990) Neurotrophin - 3: a

neurotrophic factor related to NGF and BDNF. Science 247. 1446 - 1451.

M artini, R. (1992) Expression and functional roles of neural cell surface molecules and

the extracellular matrix component tenascin during development and regeneration of
peripheral nerve. Habilitation Thesis, pp 8 -14, 18 - 24.
256

M artini, R. & Schachner, M. (1988) Immunoelectron microscopic localization of

neural cell adhesion molecules (LI, N - CAM, and Myelin - associated Glycoprotein) in
regenerating adult mouse sciatic nerve. J. Cell Biol. 106. 1735 - 1746.

M artini, R. & Schachner, M. & Faissner, A. (1990) Enhanced expression of the

extracellular matrix molecule Jl/tenascin in the regenerating adult mouse sciatic nerve. J.
Neurocytol. 19. 601 - 616.

M ason, A. & M uller, K. J. (1982) Axon segments sprout at both ends: tracking

growth with fluorescent D - peptides. Nature 296. 655 - 657.

M athew son, A. J. & Berry, M. (1985) Observations on the astrocyte response to a

cerebral stab wound in adult rats. Brain Res. 327. 61 - 69.

M atus, A. (1988) Microtubule - associated proteins: their potential role in determining

neuronal morphology. Ann. Rev. Neurosci. Ü , 29 - 44.

M axw ell, W . L ., D uan ce, V. C., L eh to, M ., A sh u rst, D. E. & B erry, M.

(1984) The distribution of types I, III, IV and V collagens in penetrante lesion of the
central nervous system of the rat. Histochem. J. 16, 1219 - 1229.

M a x w e ll,

W.

L .,

G ra h a m ,

A.

I.,

A d a m s, J.

H .,

G e n n a r e lli,

T.

A .,

T ip p erm an , R. & S tu ratis, M. (1991) Focal axonal injury: the early axonal

response to stretch. J. Neurocytol. 20, 157 - 164.

M axw ell, W . L ., Irv in e, A ., A dam s, J. H ., G raham , D. I. & G en n a relli,

T. A. (1988) Response of cerebral microvasculature to brain injury. J. Pathol. 155.
327 - 335.

257

M cC onnell, P. & B erry, M. (1982a) Regeneration of axons in the mouse retina

after injury. Bibl Anat. 23, 26 - 37.

M cC on n ell, P. & B erry, M . (1982b) Regeneration of ganglion cell axons in the

adult mouse retina. Brain Res. 241. 362 - 365.

M cK eo n , R. J ., S ch reib e r, R. C., R u d g e, J. S. & S ilv e r , J.

(1991)

Reduction of neurite outgrowth in a model of glial scarring following CNS injury is
correlated with the expression of inhibitory molecules on reactive astrocytes. J.
Neurosci. 11. 3398 - 3411.

M cK errach er, L ., V idal - Sanz, M ., E ssagian , C. & A guayo, A. J. (1990)

Selective impairment of slow axonal transporat after optic nerve injury in adult rats. J.
Neurosci. 10, 2834 - 2841.

M cL o o n , S. C., M cL oon , L. K ., P alm , S. L. & F u rch t, L .T .

(1988)

Transient expression of laminin in the optic nerve of the developing rat. J. Neurosci. 8,
1981 - 1990.

M cQ uarrie, I. G. (1985) Effect of a conditioning lesion on axonal sprout formation at

nodes of Ranvier. J. Comp. Neurol. 231. 239 - 249.

M eiri, K. F. & G ordon - W eeks, P. R. (1990) GAP - 43 in growth cones is

asociated with areas of membrane that are tightly bound to substrate and is a component
of a membrane skeleton subcellular fraction. J. Neurosci. 10, 256 - 266.

M eiri, K. F ., W illa rd , M. & J o h n so n , M . I.

(1 9 8 8 )

Distribution and

phosphorylation of the growth - associated protein GAP - 43 in regenerating sympathetic
neurons in culture. J. Neurosci. 8, 2571 - 2581.

258

M ellick, R. S. & C avanagh, J. B. (1968) Changes in blood vessel permeability

during degeneration and regeneration in peripheral nerves. Brain 91,141-160.

M eyer, M ., M atsu ok a, I., W etm ore, C ., O lson , L. & T h o en en , H . (1992)

Enhanced synthesis of brain - derived neurotrophic factor in the lesioned peripheral
nerve: different mechanisms are responsible for the regulation of BDNF and NGF
mRNA. J. Cell Biol. 119, 45 - 54.

M ihailovic, L. T ., C upic, D. & D ekleva, N. (1971) Changes in the numbers of

neurons and glial cells in the lateral geniculate nucleus of the monkey during retrograde
cell degeneration. J. Comp. Neurol. 142. 223 - 229.

M iller, F. D ., T etzla ff, W ., B lsb y, M. A., F a w cett, J. W . & M iln er, R.
J. (1989) Rapid induction of the major embryonic a - tubulin mRNA, T al, during nerve

regeneration in adult rats. J. Neurosci. 9, 1452 - 1463.

M iller, R. H ., F u lton , B. P. & R aff, M . C. (1989) A novel type of glial cell

associated with nodes of Ranvier in rat optic nerve. Eur. J. Neurosci. i , 172 - 180.

M iotk e, J., M eyer, R. L. & B en ow itz, L. I. (1989) GAP-43 expression in

regenerating adult optic fibers in vitro. Soc. Neurosci. Abstr. 15,1224.

M ir a g a ll,

F .,

K adnon,

G .,

H u sm a n n ,

M.

&

S chachner,

M.

(198 8)

Expression of cell adhesion molecules in the olfactory system of the adult mouse:
presence of the embryonic form of N - CAM. Dev. Biol. 129. 515-531.

M isan ton e, L. J ., G ershenbaum , M. & M urray, M. (1984) Viability of retinal

ganglion cells after optic nerve crush in adult rats. J. Neurocytol. 13,449 - 465.

M erest, D. K. (1969) The growth of dendrites in the mammalian brain. Z. Anat.

259

Entwickl. - Gesch. 128. 290 -317.

M orris, J. H ., H udson, A. R. & W eddell, G. (1972) A study of degeneration

and regeneration in the divided rat sciatic nerve based on electron microscopy. Z.
Zellforsch. 124. 131 - 164.

M o rr o w , D . R ., C a m p b ell, G ., L ieb erm a n , A . R . & A n d er so n , P. N .

(1993) Differential regenerative growth of CNS axons into tibial and peroneal nerve
grafts in the thalamus of adult rats. Exp. Neurol. 120. 60 - 69.

M orton, A. (1969) A quantitative analysis of the normal neuron population of the
hypothalamic magnocellular nuclei in man and of their projections to the
neurohypophysis. J. Comp. Neurol. 136. 143 - 157.

M urray, M. (1973)

- Uridine incorporation by regenerating retinal ganglion cells of

goldfish. Exp. Neurol. 39, 489 - 497.

M uchnich - M iller, N. & O berdorfer, M . (1981) Neural and neuroglial responses

following retinal lesions in neonatal rats. J. Comp. Neurol. 202. 493 - 505.

N adim , W ., A n d erson , P. N. & T u rm ain e, M . (1990) The role of Schwann

cells and basal lamina tubes in the regeneration of axons through long lengths of freeze killed nerve grafts. Neuropath. Appl. Neurobiol. 16, 411 - 421.

N athaniel, E. J. H. & N athaniel, D. R. (1973) Regeneration of dorsal root fibres

into the adult rat spinal cord. Exp. Neurol. 40, 333 - 350.

N elson, R. B. & R outtenberg, A. (1985) Characterization of Protein FI (47kDa,

4.5 pi): a kinase C substrate directly related to neural plasticity. Exp. Neurol. 89, 213 224.

260

Neugebauer, K. M., Tomaselli, K. J., Lilien, J. & Reichardt, L. F. (1988)
N - cadherin, NCAM, and integrins promote retinal neurite outgrowth on astrocytes in
vitro. J. Cell Biol. 107, 1177 - 1187.

Neut, R. Van Der, Gispen, W. H. & Bar, P. R. (1991) Serum from patients
with amyotrophic lateral sclerosis induces the expression of B - 50/GAP - 43 and
neurofilament in cultured rat fetal spinal neurons. Mol. & Chem. Neuropath. 14, 247 258.

Ng, S. - C., De la Monte, S. M., Conboy, F. L., Karns, L. R. &
Fishman, M. C. (1988) Cloning of human GAP - 43: growth association and
ischemic resurgence. Neuron i , 133 - 139.

Noble, M., Fok - Seang, J. & Cohen, J. (1984) Glia are a unique substrate for
the in vitro growth of central nervous system neurons. J. Neurosci. 4, 1892 - 1903.

Norris, C. & Kalil, K. (1991) Guidance of callosal axons by radial glia in the
developing cerebral cortex. J. Neurosci. Ü , 3481 - 3492.

Oblinger, M. M. & Lasek, R. J. (1988) Axotomy - induced alterations in the
synthesis and transport of neurofilaments and microtubules in dorsal root ganghon cells.
J. Neurosci. 8, 1747 - 1758.

Oestreicher, A. B., VanDjongen, C. J., Zwiers, H. & Gispen, W. H.
(1983) Affinity - purified anti - B - 50 protein antibody: interference with the function of
the phosphoprotein B - 50 in synaptic plasma membranes. J. Neurochem. 41. 331 340.

Oestreicher, A. B., Devay, P., Isaacson, R. L. & Gispen, W. H .(1988)
Changes in the distiibution of the neuron-specific B-50, neurofilament protein and glial

261

fibrillary acidic proteins following a unilateral mesencephalic lesion in the rat. Brain Res.
Bull. 21, 713-722.

Olsson, Y. (1966) Studies on vascular permeability in peripheral nerves. Acta
Neurophath. 7, 1 - 15.

Olsson, Y. & Kristensson, K. (1973) Permeabitity of blood vessels and connective
tissue sheaths in retina and optic nerve. Acta Neuropath. 26,147 - 156.

Oohira, A., Matsui, F. & Katoh - Semba, R. (1991) Inhibitory effects of brain
chondroitin sulfate proteoglycans on neurite outgrowth from PC 12 D cells. J. Neurosci.
11,822 - 827.

Paganetti, P, A., Caroni, P. & Schwab, M. S. (1988) Glioblastoma infiltration
into central nervous system tissue in vitro: involement of a metalloprotease. J. Cell Biol.
107. 2281 - 2291.

Par had, I. M., Oishi, R. & Clark, A. W. (1992) GAP - 43 gene expression is
increased in anterior horn cells of amyotrophic lateral sclerosis. Ann. Neurol. 31, 593 597.

Parnavelas, J. G., Luder, R., Pollard, S. G., Sullivan, K. & Lieberman,
A. R. (1983) A qualitative and quantitative ultrastructural study of glial cells in the
developing visual cortex of the rat. Phil. Trans. R. Soc. Lond. B 301. 55 - 84.

Penfield, W. (1924) Oligodendroglia and its relation to classical neuroglia. Brain 47,
430 - 452.

Perrone - Bizzonero, N. I., Neve, R. L., Irwin, N., Lewis, S., Fischer,
I. & Benowitz, L. I. (1991) Post - transcriptional regulation of GAP - 43 mRNA
262

levels during neuronal differentiation and nerve regeneration. Mol. Cell. Neurosci. 2,
402 - 409.

Perry, V. H. (1979) The ganglion cell layer of the retina of the rat: a golgi study.
Proc. R. Soc. Lond. B. 204. 363 - 375.

Perry, V. H. (1981) Evidence for an amaciine cell system in the ganglion cell layer of
the rat retina. Neurosci. 6, 931 - 944.

Perry, V. H., Brown, M. C. & Gordon, S.(1987) The macrophage response to
central and peripheral nerve injury. J. Exp. Med. 165. 1218 -1223.

Perry, V. H., Henderson, Z. & Linden, R. (1983) Postnatal changes in retinal
ganglion cell and optic axon populations in the pigmented rat. J. Comp. Neurol. 219.
356 - 368.

Perry, V. H. & Walker, M. (1980) Morphology of cells in the ganglion cell layer
during development of the rat retina. Proc. R. Soc. Lond. B 208. 433 - 445.

Peters, A., Palay, S. L. & W ebster, H. deF. (1991) The fine structure of the
nervous system. 3rd. edition, London, Saunders, W. B. Company,

Peters, A. & Vaughan, D. W. (1967) Microtubules and filaments in the axons and
astrocytes of early postnatal rat optic nerves. J. Cell Biol. 32, 113 - 119.

Pioro, E. P. & Cuello, A. C. (1990a) Distribution of nerve growth factor receptor
immunoreactivity in the adult rat central nervous system. Effect of colchicine and
correlation with the cholinergic system. I. Forebrain. Neurosci. M, 57 - 87.

263

Pioro, E. P. & Cuello, A. C. (1990b) Distribution of nerve growth factor receptor
immunoreactivity in the adult rat central nervous system. Effect of colchicine and
correlation with the cholinergic system. II. Brainstem, cerebellum and spinal cord.
Neurosci. M» 89 - 110.

Pioro, E. P., Ribeiro - Da - Silva, A. & Cuello, A. C. (1991) Similarities in
the ultrastructural distribution of nerve growth factor receptor - like immunoreactivity in
cerebellar purkinje cells of the neonatal and colchicine - treated adult rat. J. Comp.
Neurol. 305, 189 - 200.

Polak, M. (1965) Morphological and functional characteristics of the central and
peripheral neuroglia ( light microscopical observations). Prog. Brain Res. 15, 12 - 34.

Politis, M. J. (1989) Exogenous laminin induces regenerative changes in traumatized
sciatic and optic nerve. Plastic and Reconstructive Surgery

228 - 235.

Polyak, S. (1957) The Vertebrate Visual System. Chicago, the Univ. of Chicago
Press, pp 597 - 602.

Potts, R. A., Dreher, B. & Bennett, M. R. (1982) The loss of ganglion cells in
the developing retina of the rat. Dev. Brain Res. 3,481 - 486.

Povlishock, J. T., Martinez, A. J. & Mossy, J. (1977) The fine structure of
blood vessels of the telencephalic germinal matrix in the human fetus. Am. J. Anat.
149. 439 - 452.

Prendergast, J. & Stelzner, D. J. (1976) Changes in the magnocellular portion of
the red nucleus following thoracic hemisection in the neonatal and adult rat. J. Comp.
Neurol. 166. 163 - 171.

264

Prieto, A. L., Jones, F. S., Cunningham, B. A., Crossin, K. L. &
Edelman, G. M. (1990) Localization during development of alternatively spliced
forms of cytotactin mRNA by in situ hybridization. J. Cell Biol. 111. 685 - 698.

Privât, A., Valat, J. & Fulcrand, J. (1981) Proliferation of neuroglial cell lines in
the degenerating optic nerve of young rats. J. Neuropath. Exp. Neurol. 40, 46 - 60.

Quigley, H. A., Davis, E. B. & Anderson, D. R. (1977) Descending optic
nerve degeneration in primates. Invest. Ophthalmol. Visual. Sci. 16, 841 - 849.

Raff, M. C. (1989) Glial cell diversification in the rat optic nerve. Science 243. 1450
- 1455.

Raff, M. C., Temple, S. & ffrench - Constant, C. (1987) Glial cell
development and function in the rat optic nerve. Prog. Brain Res. 71, 435 - 438.

Raisman, G. (1973) An ultrastructural study of the effects of hypophysectomy on the
supraoptic nucleus of the rat. J. Comp. Neurol. 147. 181 - 207.

Raisman, G. (1985) Specialized neuroglial arrangement may explain the capacity of
vomeronasal axons to reinnervate central neurons. Neurosci. 14, 237-254.

Raivich, G. & Kreutzberg, G. W. (1987) The localization and distribution of high
affinity 6 - nerve growth factor binding sites in the central nervous system of the adult
rat. A light microscopic autoradiographic study using

6 - nerve growth factor.

Neurosci. 20, 23 - 36.

Rasminsky, M., Aguayo, A. J., Munz, M. & Vidal - Sanz, M. (1985)
Electrical activity in axons regenerating along peripheral nerve grafts inserted into the rat

265

brainstem and sensory cortex. In: Neural Grafting in the Mammalian CNS., ed. by
Bjorklund, A. & Stenevi, U., Amsterdam, Elsevier, Vol. 5, pp 421 - 429.

Rees, R. P., Bunge, M. B. & Bunge, R. P. (1976) Morphological changes in
the neuritic growth cone and target neuron during synaptic junction development in
culture. J. Cell Biol.

240 - 263.

Reh, T. & Kalil, K. (1981) Development of the pyramidal tract in the hamster. 1. a
light microscopic study. J. Comp. Neurol. 200. 55 - 67.

Reh, T. & Kalil, K. (1982) Development of the pyramidal tract in the hamster. 11. an
electron microscopic study. J. Comp. Neurol. 205, 77 - 88.

Reier, P. J. (1986) Astiocytic scar formation following CNS injury: its microanatomy
and effects on axonal elongation. In: Astrocytes, Vol. 3: Cell Biology and Pathology of
Astrocytes, ed. by Fedoroff, S. & Vemadakis, A., Academic Press, NY., pp 263 - 324.

Reier, P. J., Lawrence, F. E. & Lyn, J. (1989) Reactive astrocyte and axonal
outgrowth in the injured CNS: is gliosis really an impediment to regeneration. In:
Neural Regeneration and Transplantation., ed. by Seil, F. J., Alan R. Liss, Inc., pp 183
- 209.

Reier, P. J., Stensaas, L. J. & Guth, L. (1983) The astrocytic scar as an
impediment to regeneration in the central nervous system.

In: Spinal Cord

Reconstruction, ed. by Kao, C. C., Bunge, R. P. & Reier, P. J., Raven Press, NY.,
pp 163 - 195.

Reier, P. J. & W ebster, H. deF. (1974) Regenration and remyelination of
Xenopus tadpole optic nerve fibers following transection or crush. J. Neurocytol. 3,
591-618.
266

Rich, K. M., Alexznder, T. D., Pryor, J. C. & Hollowell, J. P. (1989)
Nerve growth factor enhances regeneration through silicone chambers. Exp. Neurol.
105. 162 - 170.

Rich, K. M., Luszcxynski, J. R., Osborne, P. A. & Johnson, E. M. Jr.
(1987) Nerve growth factor protects adult sensory neurons from cell death and atrophy
caused by nerve injury. J. Neurocytol. 16, 261 - 268.

Richardson, P. M. & Issa, V. M. K. (1984) Peripheral injury enhances
regeneration of spinal neurons. Nature 309. 791 - 792.

Richardson, P. M. & Issa, V. M. K. & Aguayo, A. J. (1984) Regeneration of
long spinal axons in the rat. J. Neurocytol. 13, 165 - 182.

Richardson, P. M., Issa, V. M. K. & Shemie, S. (1982) Regeneration and
retrograde degeneration of axons in the rat optic nerve. J. Neurocytol. H , 949 - 966.

Richardson, P. M., McGuinness, U. M. & Aguayo, A. J. (1980) Axons
from CNS neurones regenerate into PNS grafts. Nature 284. 264 - 265.

Richardson, P. M., Verge, V. M. K. & Riopelle, R. J. (1986) Distribution of
neuronal receptor for nerve growth factor in the rat. J. Neurosci. 6, 2312 - 2321.

Rio, J. P., Repérant, J., Ward, R., Peyrichoux, J. & Vesselkin, N.
(1989) A preliminary description of the regeneration of optic nerve fibers in a reptile,
Vipera aspis. Brain Res. 479. 151-156.

Rodriguez - Tebar, A., Jeffrey, P. L., Thoenen, H. & Barde, Y. - A.
(1989) The survival of chick retinal ganglion cells in response to brain - derived
neurotrophic factor depends on their embryonic age. Dev. Biol. 136. 296 - 303.
267

Rogers, S. L., Letourneau, P. C., Palm, S. L., McCarthy, J. & Furcht,
L. (1983) Neurite extension by peripheral and central nervous system neurons in
response to substratum - bound fibronectin and laminin. Dev. Biol. 98,212 - 220.

Romanes, G. J. (1946) Motor localization and the effects of nerve injury on the
ventral horn cells of the spinal cord. J. Anat. 80. 117 -131.

Rosario, C. M., Fry, K. R. & Madison, R. (1989) Rabbit retinal ganglion cells
survive optic nerve transection and entubulation repair with type I collagen nerve guide
tubes. Restor. Neurol. Neurosci. i , 31 - 37.

Rosenfeld, J., Dorman, M. E., Griffin, J. W., Sternberger, L. A.,
Sternberger, N. H. & Price, D. L. (1987) Distribution of neurofilament antigens
after axonal injury. J. Neuropath. Exp. Neurol. 46, 269 - 282.

Rotter, A., Birdsall, N. J. M., Burgen, A. S. V., Field, P. M. &
Raisman, G. (1977) Axotomy causes loss of muscarinic receptors and loss of synaptic
contacts in the hypoglossal nucleus. Nature 266. 734 - 735.

Rotter, A., Birdsall, N. J. M., Burgen, A. S. V., Field, P. M., Smolen,
A. & Raisman, G. (1979) Muscarinic receptors in the central nervous system of the
rat. IV. A comparison of the effects of axotomy and deafferentiation on the binding of
propylabenzilylcholine umstard and associated synaptic changes in the hypoglossal and
pontine nuclei. Brain Res. Rev. 1, 207 - 224.

Routtenberg, A. (1986) Synaptic plasticity and protein kinase C. Prog. Brain Res.
69,211 -234.

268

Rudge, J. S. & Silver, J. (1990) Inhibition of neurite outgrowth on astroglial scars
in vitro. J. Neurosci. 10, 3594 - 3603.

Rudge, J. S., Alderson, R. F., Pasnikowski, E., McClain, J., Ip, N. Y.
& Lindsay, R. M. (1992) Expression ofciliary neurotrophic factor and the
neurotrophins - nerve growth factor, brain - derived neurotrophic gactro and
neurotrophin 3 - in cultured rat hippocampal astrocytes. Eur. J. Neurosci. 4, 459 - 471.

Sandrock, A. W. Jr. & Matthew, W. D. (1987) Identification of a peripheral
nerve neurite growth - promoting activity by development and use of an in vitro
bioassay. Proc. Natl. Acad. Sci. USA

6934 - 6938.

Savio, T. & Schwab, M. E. (1989) Rat CNS white matter, but not gray matter, is
nonpermissive for neuronal cell adhesion and fiber outgrowth. J. Neurosci. 9, 11261133.

Scalia, F. & Matsumoto, D. E. (1985) The morphology of growth cones of
regenerating optic nerve axons. J. Comp. Neurol. 231. 323 - 338.

Schnell, L. & Schwab, M. E. (1990) Axonal regeneration in the rat spinal cord
produced by an antibody against myelin - associated neurite growth inhibitors. Nature
343. 269 - 272.

Schnyder, H. & Künzie, H. (1984) Is there a retinopetal system in the rat. Exp.
Brain Res. 56, 502 - 508.

Schreyer, D. J. & Skene, J. H. P. (1988) GAP - 43 induction in regenerating
dorsal root ganglion cells: an analysis of sorting in axonal transport. Soc. Neurosci.
Abstr. 14, 803.

269

Schreyer, D. J, & Skene, J. H. P. (1991) Fate of GAP - 43 in ascending spinal
axons of DRG neurons after peripheral nerve injury: delayed accumulation and
correlation with regenerative potential. J. Neurosci. H , 3738 -3751.

Schwab, M. E. & Caroni, P. (1988) Oligodendrocytes and CNS myelin are
nonpermissive substrates for neurite growth and fibroblast spreading in vitro. J.
Neurosci. 8, 2381 - 2393.

Schwab, M. E. & Thoenen, H. (1985) Dissociated neurons regenerate into sciatic
but not optic nerve explants in culture irrespective of neurotrophic factors. J. Neurosci.
5, 2415 - 2423.

Sefton, A. J. & Dreher, B. (1985) Visual system. In: The Rat Nervous System,
ed. by Paxinos, G., Vol. 2, Academic Press, Sydney, pp 169 - 221.

Sendtner, M., Arakawa, Y., Stockli, K. A. Kreutzberg, G. W. &
Thoenen, H. (1991) Effect of ciliary neurotrophic factor (CNTF) on motoneuron
sruvival. J. Cell Sci. Suppl. 15, 102 - 109.

Sendtner, M., Kreutzberg, G. W. & Thoenen, H. (1990) Ciliary neurotrophic
factor prevents the degeneration of motor neurons after axotomy. Nature 345. 440 441.

Sendtner, M., Stockli, K. A. & Thoenen, H. (1992) Synthesis and localization
of ciliary neurotrophic factor in the sciatic nerve of the adult rat after lesion and during
regeneration. J. Cell Biol. 118. 139 - 148.

Shaw, G. & Bray, D. (1977) movement and extension of isolated growth cones.
Exp. Cell Res. 104. 55 - 62.

270

Shea, T. B., Perrone - Bizzozero, N. L, Beermann, M. L. & Benowitz,
L. I. (1991) Phospholipid - mediated delivery of anti - GAP - 43 antibodies into
neuroblastoma cells prevents neuritogenesis. J. Neurosci. Ü , 1685 - 1690.

Shelton, D. L. & Reichardt, L. F. (1984) Expression of the 6 - growth factor
gene correlates with the density of sympathetic innervation in effector organs. Proc.
Natl. Acad. Sci. USA

7951 - 7955.

Sievers, J., Hausmann, B., Unsicker, K. & Berry, M. (1987) Fibroblast
growth factors promote the survival of adult rat retinal ganglion cells after transection of
the optic nerve. Neurosci. Lett. 76, 157 - 162.

Sievers, J., Hausmann, B. & Berry, M. (1989) Fetal brain grafts rescue adult
retinal ganglion cells from axotomy - induced cell death. J. Comp. Neurol. 281. 467 478.

Silver, J., Lorenz, S. E., Wahlsten, D. & Coughlin, J. (1982) Axonal
guidance during development of the great cerebral commissues: descriptive and
experimental studies, in vivo, on the role of preformed glial pathways. J. Comp.
Neurol. 210, 10 - 29.

Silver, J. & Rutishauser, U. (1984) Guidance of axons in vivo by a preformed
adhesive pathway on neuroepithelial endfeet. Dev. Biol. 106.485 - 499.

Singer, P. A., Mehler, S. & Fernandez, H. L. (1982) Blockage of retrograde
axonal transport delays the onset of metabolic and morphologic changes induced by
axotomy. J. Neurosci. 2, 1299 - 1306.

Skene, J. H. P. (1989) Axonal growth-associated proteins. Ann. Rev. Neurosci. 12.
127-156.

271

Skene, J. H. P, Jacobson, R. D., Snipes, F. J. & McGuire, C. B. (1986)
A protein induced during nerve growth (GAP - 43) is a major component of growth cone membranes. Science 233.783 - 786.
Skene J. H. P. & Willard W. (1981a) Changes in axonally transported proteins
during axon regeneration in toad retinal ganglion cells. J. Cell Biol.

86-95.

Skene J. H. P. & Willard W. (1981b) Axonally transported proteins associated
with axon growth in rabbit central and peripheral nervous systems. J. Cell Biol. 89, 96103.

Skoff, R. P. (1975) The fine structure of pulse labeled (^H - Thymidine cells) in
degenerating rat optic nerve. J. Comp. Neurol. 161. 595 - 612.

Skoff, R. P. & Hamburger, V. (1974) Fine structure of dendritic and axonal
growth cones in embryonic chick spinal cord. J. Comp. Neurol. 153. 107 - 148.

Skoff, R. P., Knapp, P. E. & Bartlett, W. P. (1986) Astrocytic diversity in the
optic nerve: a cytoarchitectural study. In: Astrocytes, Vol. 1., ed. by Fedoroff, S. &
Vemadakis, A., pp 269 - 291.

Skoff, R. P. & Vaughn, J. E. (1971) An autoradiographic study of cellular
proliferation in degenerating rat optic nerve. J. Comp. Neurol. 141.133 - 156.

Small, R. K., Riddle, P. & Noble, M. (1987) Evidence for migration of
oligodendrocyte - type - 2 astrocyte progenitor cells into the developing rat optic nerve.
Nature 328. 155 - 157.

Smith, G. V. & Stevenson, J. A. (1988) Peripheral nerve grafts lacking viable
Schwann cells fail to support central nervous system axonal regeneration. Exp. Brain
Res. 69, 299 - 306.

272

Snow, D. M., Lemmon, V., Carrino, D. A., Caplan, A. I. & Silver, J.
(1990) Sulfated proteoglycans in astroglial barriers inhibit neurite outgrowth in vitro.
Exp. Neurol. 109. I l l - 130.

So, K. - F. & Aguayo, A. J. (1985) Lengthy regrowth of cut axons from ganglion
cells after peripheral nerve transplantation into the retina of adult rats. Brain Res. 328.
349 - 354.

So, K. - F., Schneider, G. E. & Ayres, S. (1981) Lesions of the brachium of
the superior colliculus in neonate hamsters: correlation of anatomy with behaviour. Exp.
Neurol. 72, 379 - 400.

Sorensen, R. G., Kleine, L. P. & Mahler, H. R.

(1981)

Presynaptic

localization of phosphoprotein B - 50. Brain Res. Bull. 7, 57 - 61.

Sparrow, J. R. (1980) Changes in vascular permeability following crughing or
ligation and transection of the rat sciatic nerve. Anat. Res. 196. 179A.

Sparrow, J. R. & Kiernan, J. A. (1981) Endoneurial vascular permeability in
degenerating and regenerating peripheral nerves. Acta Neuropath.

181 - 188.

Sperry, R. W. (1944) Optic nerve regeneration with return of vision in anurans. J.
Neurophysiol. 7, 57 - 69.

Stensaas, L. J., Partlow, L. M., Burgess, P. R. & Horch, K. W. (1987)
Inhibition of regeneration: the ultrastrucure of reactive astrocytes and abortive axon
terminals in the transition zone of the dorsal root. Prog. Brain Res. 71, 457 - 468.

Sternberger, N. H., Sternberger, L. A. & Ulrich, J. (1985) Aberrant

273

neurofilament phosphorylation in Alzheimer disease. Proc. Natl. Acad. Sci. USA
4272 - 4276.

Stevenson, J. A. (1987) Growth of retinal ganglion cell axons following optic nerve
crush in adult hamsters. Exp. Neurol. 97, 77 - 89.

Stewart, P. A. & Coomber, B. L. (1986) Astrocytes and the blood - brain barrier.
In: Astrocytes, Vol. 1, ed. by Fedoroff, S. & Vemadakis, A., pp 310 - 328.

Stockli, K. A., Lottspeich, F., Sendtner, M., Masiakowski, P., Carroll,
P., Gotz, R., Lindholm D. & Thoenen, H. (1989) Molecular cloning ,
expression and regional distribution of rat ciliary neurotrophic factor. Nature 342. 920 923.

Stoll, G. & Muller, H. W. (1986) Macrophages in peripheral nervous system and
astroglia in the central nervous system of rat commonly express apolipoprotein E during
development but differ in their response to injury. Neurosci. Lett. 72, 233-238.

Strittmatter, S. M., Valenzuela, D., Kennedy, T. E., Neer, E. J. &
Fishman, M. C. (1990) Go is a major growth cone protein subject to regulation by
GAP - 43. Nature 344, 836 - 841.

Sugar, O. & Gerard, W. (1940) Spinal cord regeneration in the rat.

J.

Neurophysiol. 3, 1 - 19.

Sunderland, S. (1950) Regeneration phenomena in human peripheral nerves. In:
Genetic Neurology., ed. by Weiss, P., Univ. of Chicago Press, pp 105, 127.

Sunderland, S. (1978) Nerves and Nerve Injuries. 2nd. edition, Churchill
Livingstone., Edinburgh, pp 85 -89.
274

Taniuchi, M., Clark, H. B. & Johnson, E. M. Jr. (1986) Induction of nerve
growth factors in Schwann cells after axotomy. Proc. Natl. Acad. Sci. USA

4094 -

4098.

Taniuchi, M., Clark, H. B., Schweitzer, J. B. & Johnson, E. M. Jr.
(1988) Expression of nerve growth factor receptor by Schwann cells of axotomized
peripheral nerves: ultrastructural location, suppression by axonal contact, and binding
properties. J. Neurosci. 8, 664 - 681.

Taylor, A. M., Anderson, P. N., Turmaine, M. & Lieberman, A. R.
(1989) Early regenerative growth of retinal axons following optic tract section in neonatal
hamsters. Neurosci. Lett. Suppl.

S68.

Tello, F. (1911) La influencia del neurotropismo en la regeneracion de los centros
nerviosos. Trabajos del Laboratorio de Investrigaciones Biologicas de la Universidad de
Madrid, 9, 123 - 159.

Tennyson, V. M. (1970) The fine structure of the axon and growth cone of the dorsal
root neuroblast of the rabbit embryo. J. Cell Biol. 44, 62-79.
Tetzlaff, W., Bisby, M. A. & Kreutzberg, G. W. (1988) Changes in
cytoskeletal proteins in the rat facial nucleus following axotomy. J. Neurosci. 8, 3181 3189.
Tetzlaff, W., Tsui, B. J. & Balfour, J. K. (1990) Rubrospinal neurons increase
GAP - 43 and tubulin mRNA after cervical but not after thoracic axotomy. Soc.
Neurosci. Abstr. 16, 338.
Tetzlaff, W., Zwiers, H., Lederis, K., Cassar , L. & Bisby, M. A. (1989)
Axonal transport and locahzation of B-50/GAP-43-like immunoreactivity in regenerating
sciatic and facial nerves of the rat. J. Neurosci. 9, 1303-1313.

275

Thanos, S. (1992) Adult retinofugal axons regenerating through peripheral nerve grafts
can restore the light - induced pupilloconstriction reflex. Eur. J. Neurosci. 4, 691 699.

Thanos, S., Bâhr, M., Barde, Y - A. & Vanselow, J. (1989) Survival and
axonal elongation of adult rat retinal ganglion cells in vitro effects of lesioned sciatic
nerve and brain derived neurotrohic factor. Eur. J. Neurosci. 1, 19 - 26.

Thanos, S. & Vanselow, J. (1989) Adult retinal ganglion cells retain the ability to
regenerate their axons up to several weeks after axotomy. J. Neurosci. Res. 22, 144 149.

Thoenen, H. (1991) The changing scene of neurotrophic factors. TINS 14, 165 - 70.

Thoenen, H., Bandtlow, C. & Heumann, R. (1987) The physiological function
of nerve growth factor in the central nervous system: comparison with the periphery.
Rev. Physiol. Biochem. Pharmac. 109. 145 - 178.

Thoenen, H. & Barde, Y. - A. (1980) Physiology of nerve growth factor.
Physiol. Rev. 60, 1285 - 1335.

Thomas, P. K. (1966) The cellular response to nerve injury. I. The cellular outgrowth
from the distal stump of transected nerve. J. Anat. 100, 287 - 303.

Turner, J. E. & Singer, M. (1974) The ultrastructure of regeneration in the severed
Newt optic nerve. J. Exp. Zool. 190. 249-268.

Van der Zee, C. E. E. M., Nielander, J. P., Vos, H. B., Lopes da, Silva.
S., Verhaagen, J., Oestreicher, A. B., Schrama, L. H., Schotman, P. &

276

Gispen, W. H. (1989) Expression of growth - associated protein B50 (GAP - 43) in
dorsal root ganglia and sciatic nerve during regenerative sprouting. J. Neurosci 9, 3505
- 3512.

Van Hooff, C. O. M., De Graan, P. N. E.., Oestreicher, A. B. &
Gispen, W. H. (1988) B - 50 phosphorylation and polyphosphoinositide metabolism
in nerve growth cone membranes. J. Neurosci. 8,1789 - 1795.

Vaudano, E., Woolhead, C., Campbell, G., Anderson, P. N., Emson, P.
& Lieberman, A. R. (1993) Upregulation of GAP - 43 mRNA in adult rat thalamic
and cerebellar neurons after lesion or peripheral nerve grafting. Eur. J. Neurosci. in
press.

Vaughn, J. E., Hinds, P. L. & Skoff, R. P. (1970a) Electron microscopic
studies of Wallerian degeneration in rat optic nerves. I. The multipotential glia. J. Comp.
Neurol. 140, 175 - 206.

Vaughn, J. E., Hinds, P. L. & Skoff, R. P. (1970b) Electron microscopic
studies of Wallerian degeneration in rat optic nerves. II. Astrocytes, oligodendrocytes
and adventitial cells. J. Comp. Neurol. 140. 207 - 226.

Vaughn, J. E. & Sims, T. J. (1978) Axonal growth cones and developing axons
form synaptic junctions in embryonic mouse spinal cord. J. Neurocytol. 7, 337 - 363.

Verge, V. M. K., Tetzlaff, W., Bisby, M. A. & Richardson P. M. (1990)
Influence of nerve growth factor on neurofilament gene expression in mature primary
sensory neurons. J. Neurosci. 10, 2018 - 2025.

Verhaagen, J., Oestreicher, A. B., Edwards, P. M. Veldman, H.,
Jennekens, F. G. I. & Gispen, W. H. (1988) Light - and electron microscopical

277

study of phosphoprotein B - 50 following denervation and reinnervation of the rat soleus
muscle. J. Neurosci. 8, 1759 - 1766.

Verhaagen, J., Oestreicher, A. B., Gispen, W. H. & Margolis, F. L.
(1988) The expression of the growth - associated protein B - 50/GAP - 43 in the
olfactory system of neonatal and adult rats. J. Neurosci. 9, 683 - 691.

Vidal - Sanz, M., Bray G. B., Villegas - Perez, M. P., Thanos, S. &
Aguayo, A. J. (1987) Axonal regeneration and synapse formation in the superior
coUiculus by retinal ganglion cells in the adult rat. J. Neurosci. 7, 2894 - 2909.

Vidal - Sanz, M., Bray G. B., & Aguayo, A. (1991) Regenerated synapses
persist in the superior colliculus after the regrowth of retinal ganglion cell axons. J.
Neurocytol. 20, 940 - 952.

Viereck, C., Tucker, R. P. & Matus, A. (1989) The adult rat olfactory system
expresses microtubule - associated proteins found in the developing brain. J. Neurosci.
9, 3547 - 3557.

Villegas - Perez, M. P., Vidal - Sanz, M., Bray G. B. & Aguayo, A. J.
(1988a) Influences of peripheral nerve grafts on the survival and regrowth of axotomized
retinal ganglion cells in adult rats. J. Neurosci. 8, 265 - 280.

Villegas - Perez, M. P., Vidal - Sanz, M., Bray G. B. & Aguayo, A. J.
(1988b) Retinal ganglion cell (ROC) death after axotomy is influenced by the distance
between the lesion and the neuronal somata. Soc. Neui'osci. Abstr. 14, 673.

Villegas - Perez, M. P., Vidal - Sanz, M., Bray G. B. & Aguayo, A. J.
(1989) The distance of axotomy from the neuronal cell body influences rate of retrograde

278

degeneration but not long - term survival of retinal ganglion cells (RGCs). Soc.
Neurosci. Abstr. 15, 457.

Vitkovic, L., Steisslinger, H. W., Aloyo, V. H. & Mesel, M. (1988) The
43 - KDa neuronal growth associated protein (GAP - 43) is present in plasma membranes
of rat astrocytes. Proc. Natl. Acad. Sci. USA

8296 - 8300.

Waldron, H. A. & Gwyn, D. G. (1969) Acetylcholinesterase activity in the red
nucleus of the rat and its response to axotomy. Brain Res. 13, 146 - 154.

Watson, W. E. (1968) Observations on the nucleolar and total cell body nucleic acid
of injured nerve cells. J. Physiol. Lond. 202, 611 - 630.

Wehrle, B. & Chiquet, M. (1990) Tenascin is accumulated along developing
peripheral nerves and allows neurite outgrowth in vitro. Development 110. 401-415.

Weinberg, E. L. & Raine, C. S. (1980) Reinnervation of peripheral nerve
segments implanted into the rat central nervous system. Brain Res. 198.1 -1 1 .

Weskamp, G. & Reichardt, L. F. (1991) Evidence that biological activity of NGF
is mediated through a novel subclass of high affinity receptors. Neuron 6, 649 - 663.

Wessells, N. K., Letourneau, P. C., Nuttall, R. P., Luduena - Anderson,
M. & Geiduschek, J. M. (1980) Responses to cell contacts between growth cones,
neuhtes and ganglionic non - neuronal cells. J. Neurocytol. 9, 647 - 664.

Wessells, N. K. & Nuttall, R. P. (1978) Normal branching, induced branching,
and steering of cultured parasympathetic motor neurons. Exp. Cell Res. 115. 111122 .

279

Wigley, C. B. & Berry, M. (1988) Regeneration of adult rat retinal ganglion cell
processes in monolayer culture: comparisons between cultures of adult and neonatal
neurons. Dev. Brain Res. 42, 85 - 98.

Williams, L. R., Longo, F. M., Powell, H. C., Lundborg, G. & Varon,
S. (1983) Spatial - temporal progress of peripheral nerve regeneration within a silicone
chamber: parameters for a bioassay. J. Comp. Neurol. 218. 460 - 470.

Williams, L. R., Danielsen, N., Muller, H. & Varon, S. (1987) Exogenous
matrix precusors promote functional nerve regeneration across a 15 - mm gap within a
silicone chamber in the rat. J. Comp. Neurol. 264. 284 - 290.

Williams, L. R. & Varon, S. (1985) Modification of fibrin matrix formation in situ
enhances nerve regeneration in silicone chambers. J. Comp. Neurol. 231. 209 - 220.

Williams, R. W., Bastiani, M. J., Lia, B. & Chalupa, L. M. (1986) Growth
cones, dying axons, and developmental fluctuations in the fiber population of the cat's
optic nerve. J. Comp. Neurol. 246. 32 - 69.

Williams, R. W., Borodkin, M. & Rakic, P. (1991) Growth cone distribution
patterns in the optic nerve of fetal monkeys: implications for mechanisms of axon
guidance. J. Neurosci. 11, 1081 - 1094.

Williams, R. W. & Rakic, P. (1985) Dispersion of growing axons within the optic
nerve of the embryonic monkey. Proc. Natl. Acad. Sci. USA

3906 - 3910

Windle, W. F. (1956) Regeneration of axons in the vertebrate central nervous system.
Physiol. Reviews 36, 427 - 440.

Windle, W. F. & Chambers, W. W. (1950) Spinal cord regeneration associated

280

with a cellular reaction induced by administration of a purified bacterial pyrogen. In:
Fifth Inter. Anat. Congress, Oxford, pl96.

Windle, W. F., Clemente, C. D. & Chambers, W. W. (1952) Inhibition of
formation of a glial barrier as a means of permitting a peripheral nerve to grow into the
brain. J. Comp. Neurol. 96, 359 - 369.

Wong - Riley, M. T. T. (1972) Changes in the dorsal lateral geniculate nucleus of
the squirrel monkey after unilateral ablation of the visual cortex. J. Comp. Neurol. 146.
519 - 548.

Wood, S. J., Pritchard, J. & Sofroniew, M. V. (1990) Re - expression of
nerve growth factor receptor after axonal injury recapitulates a developmental event in
motor neurons: differential regulation when regeneration is allowed or prevented. Eur. J.
Neurosci. 2, 650 - 657.

Woodhams, P. L., Calvert, R. & Dunnett, S. B. (1989) Monoclonal antibody
GIO against microtubule - associated protein Ix distinguishes between growing and
regenerating axons. Neurosci. 2 ^ 49 - 59.

Woolf, C. J., Reynolds, M. L., Molander, C., O'Brien, C., Lidnsay, R.
M. & Benowitz, L. I. (1990) The growth - associated protein GAP - 43 appears in
dorsal root ganglion cells anad in the dorsal horn of the rat spinal cord following
peripheral nerve injury. Neurosci. 34, 465 - 478.

Wooten, G. F., Park, D. H., Joh, T. H. & Reis, D. J.

(1978)

Immunochemical demonstration of reversible reduction in choline acetyltransferase
concentration in rat hypoglossal nucleus after hypoglossal nerve transection. Nature
275. 324 - 325.

281

Wujek, J. & Reier, P. (1984) Astrocytic membrane morphology: differences
between mammalian and amphibian astrocytes after axotomy. J. Comp. Neurol. 222.
607-619.

Yan, Q. & Johnson, E. M. Jr. (1989) Immunohischemical localization and
biochemical characterization of nerve growth factor receptor in adult rat brain. J. Comp.
Neurol. 290. 585 - 598.

Yankner, B. A., Benowitz, L. I., Villa - Komaroff, L. & Neve, R. L.
(1990) Transfection of PC 12 cells with the human GAP - 43 gene: effects on neurite
outgrowth and regeneration. Mol. Brain Res. 7, 39 - 44.

Yarden, Y. & Ullrich, A. (1988) Growth factor receptor tyrosine kinases. Ann.
Rev. Biochem.

443 - 478.

Zuber, M. Z., Goodman, D. W., Karns, L. R. & Fishman, M. C. (1989)
The neuronal growth - associated protein GAP - 43 induces filopodia in non - neuronal
cells. Science 244. 1193 - 1195.

Zwiers, H., Schotman, P. & Gispen, W. H. (1980) Purification and some
characteristics of an ACTH - sensitive protein kinase and its substrate protein in rat brain
membranes. J. Neurochem. M, 1689 - 1699.

282

