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Overview
The visual system of the goldfish has been the subject of intensive studies for over a quarter of a century. It differs 
from the visual system of most other vertebrates, including mammals, in that it continues to grow by the 
addition of new neurons throughout much of the animal's life. This unusual characteristic has presented 
neuroscientists with an opportunity to examine how the existing visual pathway accommodates the new growth, 
for example as the axons of the newly born retinal ganglion cells exit the eye to join the older axons in the optic 
nerve tract—a conduit that carries visual impulses from the retina to the brain. Furthermore, for largely 
unknown reasons, the visual system of the goldfish is endowed with the capacity for repair if injured, 
culminating in the recovery of vision. Much research has been undertaken to identify the cellular and molecular 
components that support this phenomenon, not least because the knowledge gained may be helpful in the quest 
to understand why a similar injury in mammals—including humans—invariably leads to an irreversible loss of 
function.

The following commentary is a pictorial journey through the visual system of the common strain of the goldfish, 
Carassius auratus. It highlights, by the use of species-specific immunocytochemical markers and electron 
microscopy (EM), the system's many unique structural features, which are quite unlike those in other 
vertebrates, and are thus of interest because of the likelihood that they reflect a patterning better suited for the 
restoration of its cytoarchitecture after injury.

In this commentary, I first describe the organization of the normal goldfish visual system and point to those 
features that distinguishe it from the visual system of other vertebrates. This will be the foundation for the main 
theme of the commentary, in which I describe some of the cellular events that accompany the process of repair 
in the injured optic nerve of the goldfish.

General Features of the Goldfish Visual System
Like the brain and the spinal cord, the visual system of the vertebrates is a component of the central nervous 
system (CNS). In the goldfish, the visual system is made up of three distinct compartments (Fig. 1):

• the retina
• the optic nerve
• the tectal target in the brain
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The retina lines the posterior of the eye. Axons of retinal ganglion cells emerge from the back of the eye, acquire 
myelin sheath, and become grouped into bundles, thus forming the optic nerve. The two optic nerves cross 
bodily at the midline—a region known as chiasm—where they enter the skull to join the tectal target in the 
brain contralaterally, not ipsilaterally as in most other vertebrates. Thus, axons of retinal ganglion cells represent 
the only structure that is common to all three compartments, which are, nevertheless, distinguished by different 
types of astrocytes, or astroglia cells, which form the principal framework, locally adapted to serve the needs of 
the tissue, as described below.

Astrocytes in the Retina
The Muller cells are the principal glia (Latin: "glue") cells of the teleost retina. They form architectural support 
structures stretching radially across the thickness of the retina. At the turn of last century, Cajal (1) described the 
fine structure of Muller cells in several species using Golgi staining, a technique that bathes the tissue in silver 
salts to reveal the fine details of individual cells. The Muller cell bodies lie in the inner nuclear layer of the retina 
and project thick and thin processes in either direction to the outer and inner limiting membranes. Muller cell 
processes insinuate themselves between cell bodies of neurons in the nuclear and plexiform layers and enwrap 
neuronal cell bodies (2). Through this extensive system of cell processes, Muller cells are believed to provide 
metabolic support to the retinal neurons, as well as remove their waste.

The Muller cells are considered to be a type of astrocyte because their processes are filled with intermediate 
filaments, so-called because their diameter is intermediate between myosin filaments (15 nm) and actin 
filaments (6 nm), that stain dramatically with antibodies to glial fibrillary acidic protein (GFAP), the subunit 
protein of the filaments found in astrocytes (reviewed by Traub (3). The GFAP subunit is well conserved across 
the vertebrate phylum, and in goldfish, as in rat, it has a molecular weight of 51,000, as determined by SDS-
polyacrylamide elctrophoresis (4). The antiserum to goldfish GFAP, when applied to sections of goldfish retina, 
specifically recognizes Muller cells' radial processes, which at the basal end enwrap retinal ganglion cell 
perikarya and form end-feet at the vitreal surface of the retina, while at the other extremity, they elaborate a 
network of fine processes that terminate at the photoreceptors (Fig. 2). The Muller cells perikarya and lateral 
processes, both of which are readily seen by the Golgi method, are not revealed by anti-GFAP, possibly because 
these structures do not contain GFAP in detectable amounts. Nevertheless, the specificity of the antiserum is 
nicely demonstrated by the absence of staining elsewhere in the retina. In this context it is interesting that "free" 
astrocytes, of the type described in the nerve fiber layer of mammalian retina (5), are absent from the teleost 
retina.

Astrocytes in the Optic Nerve
The structure of the fish optic nerve has been described by several workers using various methodologies (6-8). 
This author intends to add another dimension to these reports, by describing the pattern of glial cells and optic 
fibers in the normal goldfish optic nerve as revealed by goldfish-specific antibodies to GFAP and neurofilament 
protein, respectively. These studies are complemented by ultrastructural studies to provide a detailed picture of 
the optic nerve structure and, therefore, a template with which to compare the structure of the repaired nerve 
following injury.

In the goldfish, the optic nerve is cylindrical in shape, measuring 0.5 mm in diameter and 2.5 mm in length (in a 
5-cm long fish). The optic nerve is white in appearance because of the lipid-rich myelin sheath that enwraps its 
fibers (Fig. 1). For the purpose of this discussion, the optic nerve will be divided into two parts: 1) the 
intraocular optic nerve, and 2) the intraorbital optic nerve, through to the chiasm.
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The Intraocular Optic Nerve
The tip of the optic nerve, which lies within the retina, has a conical shape. Axons of retinal ganglion cells 
converge onto the optic disc to be funneled into the optic nerve head by a resident population of GFAP-positive 
astrocytes whose radial orientation corresponds to the trajectories of the axons (Fig. 2). This arrangement 
implies that astrocytes at the optic nerve head direct the axons away from the rest of the retina and into the optic 
nerve head, perhaps through the expression of a combination of attractant and repellant molecules on their 
surface (9-11). Astrocytes, additionally, envelop the surface of the optic nerve head in a characteristic fashion 
known as glia limitans, thus forming a tube-like structure through which the axons are funneled (Fig. 3). 
Running through the center of the optic nerve head is the central artery, which is also enwrapped by astrocyte 
processes. It is thus reasonable to assume that the manner with which the astrocytes envelop the vasculature and 
the axons signifies some primitive disposition of blood-brain barrier, as well as providing a nutritive service, 
much like the Muller cells in the retina.

The Intraorbital Optic Nerve
After the optic nerve leaves the retina and passes through the globe's outer layer, the sclera, its tightly packed 
fibers more than double in size as they enter the orbit. This transition is a landmark, for it signifies that the 
hitherto naked fiberes have acquired myelin sheath. Thereafter, the glial cells sculpt the optic nerve into an 
intricate pattern, the fine details of which are beautifully revealed by immunocytochemistry.

Figure 1. The visual system of the goldfish. Note the complete crossover of the two nerves at the chiasm. (Dissected by Carole Bartlett).
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An unexpected finding, reported nearly simultaneously by several laboratories, revealed that astrocytes in the 
normal fish optic nerve do not contain an appreciable amount of GFAP (4), the universal marker for astrocytes 
(12). Rather, astrocytes of goldfish optic nerve (7, 13) and cichlid optic nerve (8) are composed largely of 
cytokeratin polypeptides—proteins that are normally found in epithelial tissue. This finding led some workers to 
propose that the absence of GFAP is a reflection of the immaturity of the tissue and is, therefore, the reason why 
fish optic nerve has the capacity for robust regeneration (13). However, this suggestion has been mooted by the 
author and his colleagues, who were the first to demonstrate that the attenuated level of GFAP in the goldfish 
optic nerve (14) is greatly enhanced following an injury to the visual system (Fig. 4).

Interestingly, the dramatic response of fish optic nerve astrocytes to injury, although in keeping with what is 
generally observed in all damaged CNS tissue, was to be followed by more dramatic cellular responses in the 
optic nerve that set this tissue apart from its mammalian counterpart, and offered an explanation for its 
spontaneous recovery after injury.

The response of the goldfish optic nerve to injury reveals a striking pattern underlying the tissue's framework: it 
shows that the first one-quarter of the optic nerve is made up of GFAP-positive astrocytes that are organized as a 
dense, lace-like pattern with no evidence of segmentation into discrete domains, an observation that is reflected 
in the organization of the fibers that appear closely bundled, with no discernible spaces between them (15). 
Further along the nerve, however, up to the nerve-tract boundary, myelinated axons are organized into discrete 
domains, known as fascicles (Fig. 5). In longitudinal profile, the fascicles appear as linear channels or tubes 
bound by parallel astrocyte processes (glia limitans), and each fascicle is separated from its neighbors by parallel 
rows of connective tissue septae. The pattern shows greater intricacy in transverse profile, with the astrocytes-

Figure 2. Longitudinal section of goldfish retina and optic nerve head stained for GFAP. Note the radial orientation of Muller cells in 
the retina and astrocytes in the optic nerve head (N). Bar = 50 μm.
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bound fascicles being further divided into smaller compartments by fine processes (Fig. 6), a pattern that is also 
seen with an antibody to goldfish cytokeratin (7).

Ultrastuctural studies of the optic nerve are in complete agreement with these observations (6, 16). They show 
the optic nerve to be made up of bundles of myelinated axons enclosed by astrocyte processes, thus forming 
discrete fascicles that are separated from adjacent fascicles by septae, containing collagen, fibroblasts and 
capillaries. Furthermore, each fascicle is divided into smaller compartments by astrocyte processes that form 
characteristic desmosomal junctions. The close correspondence between ultrastructural and 
immunocytochemical findings is depicted in Fig. 6.

EM analyses additionally reveal that the optic nerve contains microglia, which equate to the macrophages 
normally found in the peripheral nervous system (PNS), and become phagocytic if the tissue is damaged, as well 
as a unique class of non-phagocytic granular cells that reside normally within the sheath/septae. A full 
complement of the cells and structures that make up the goldfish optic nerve is given in Fig. 7.

It is instructive to return briefly to the epithelioid characteristics of the fish optic nerve by referencing the cichlid 
optic nerves, which are formed as ribbons rather than discrete fascicles seen in the goldfish. The tissue pattern in 
the cichlid optic nerve appears to be more elaborate, with the longitudinally oriented astrocyte processes being 
connected at regular spacing by a lace-like network of finer astrocytes processes, laid out as sheets running at 
right angles to the optic fibers. Scholes and colleagues have proposed that this astrocytic pattern is linked 
throughout with desmosomal junction, thus providing the fish optic nerve with mechanical resilience needed 
during rapid eye movement. Astocytes in the cichlid optic nerves have been described as reticular astrocytes 
because they form a network pattern that complements the wavy pattern of the optic axons, enabling them to 

Figure 3. Cross-section of goldfish optic nerve head stained for GFAP. Astrocytes (→) enwrap the nerve head and the central artery (O). 
Bar = 50 μm.
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accommodate small stretches reversibly in a concertina-like action (17). And, as if to emphasize that eye 
movement in the fish can only be accommodated by a framework made up of an atypical phenotype 
(epithelioid) astroglia, both in terms of its organization and protein composition, the domain of the cytokeratin-
expressing astrocytes in the optic nerves comes to an abrupt end at the nerve-tract boundary, beyond which, and 
throughout the brain, astrocytes are typically of radial morphology and express GFAP only (4).

Taken together, the above results demonstrate that astrocytes in the fish optic nerve express both cytokeratins 
and GFAP intermediate filaments, in contrast to the mammalian optic nerve astrocytes, which express GFAP 
only. One possible explanation is that astrocytes may have a relict evolutionary status (18). For example, the 
most primitive of extant vertebrates, the cyclostomes, have astroglia with similar cytology throughout the CNS, 
showing dense intermediate filaments linked with desmosomes (19). Scholes has suggested that fish optic nerve 
has retained elements of an ancient glial pattern that became outmoded as the CNS became armored in bone, 
but still appropriate in the orbit (17).

Astrocytes in the Brain
Just beyond the chiasm, at the optic nerve-optic tract boundary, the astrocyte's phenotype changes abruptly in 
two respects. First, whereas before astrocytes were of reticular morphology, now they have a radial morphology. 
Second, whereas reticular astrocytes expressed strongly cytokeratin proteins and only faintly GFAP, radial 
astrocytes show a pronounced expression of GFAP, and there is an absence of cytokeratin expression (4, 7, 20).

Astrocytes in the Optic Tract
Astrocytes in the goldfish optic tract appear to arise from two sources. The radial astrocytes that are seen at the 
commencement of the tract arise from cells whose perikarya line the optic recess. Evidence for this comes from 
the staining pattern of two adjacent sections of the optic tract, with anti-GFAP and anti-S-100 protein, 
respectively. Although the former marker recognizes a profusion of radial processes, the latter additionally 
highlights a population of brightly stained round cell bodies at the nerve-tract boundary, extending into the 
optic recess (Fig. 8). The validity of S-100 protein as a marker for astrocytes has been documented for 
mammalian astrocytes (21, 22).

The second source of astrocytes in the optic tract are the cells that line the walls of the third ventricle, from 
where one subpopulation of radial astrocytes runs along the dorsal aspect of the tract, parallel to the optic fibers, 
while a second population of radial astrocytes traverses the tract to terminate as end-feet on its surface. Where 
the optic tract bifurcates, at the nucleus rotundus, before it joins the optic tectum, radial astrocytes are no longer 
discernible immunocytochemically (4).

Astrocytes in the Optic Tectum
In the optic tectum of the teleost, there are two distinct populations of GFAP-positive astrocytes. The ependymal 
region contains an extensive meshwork of astrocyte processes that border on the ventricular margin and extend 
dorsally toward the neuronal stratum periventricular layer (4). Arising prominently from this region and 
extending across all of the tectal layers is a well-organized system of radial processes that terminate as end-feet 
on the pia surface (Fig. 9). There has been much debate as to the source of these two astrocyte populations, with 
some authorities suggesting that they arise from a common cell body (23). However, studies conducted by the 
author, using anti-S-100 protein, have revealed two distinct populations of cell bodies: one that is scattered in the 
ependymal region, and another, one or two cells deep, that is interposed between the ependymal and the stratum 
periventricular regions. It is from this second population of perikarya that fine radial processes emerge to 
traverse the tectum (4, 24), a finding that is supported by EM studies (25). A curiosity is that in fish, neither the 
astrocytes in the brain nor those in the optic nerve conform to the classical description of astrocytes.
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What Are Astrocytes?
Strictly speaking, astrocytes are the star shaped GFAP-positive glia cells (Fig. 10) (26) in the adult mammals and 
birds, which have end-feet on CNS blood vessels (for an excellent review, see Bignami (12). They lack 
desmosomes, and they appear late in development by proliferation of radial glia, following withdrawal of the pial 
and ependymal contacts (27). In the fish, on the other hand, GFAP-positive glia cells in the brain (4) and spinal 
cord (28) retain their radial morphology in the adult. The persistence of radial astrocytes may signify some 
dependence on cell contact with the ependymal lining of the CNS ventricle. The absence of the ependymal 
structure from the optic nerve of the fish, therefore, explains nicely why astrocytes here differentiate as a 
specialized form—the reticular astrocytes (17).

Axon Regeneration in Injured Goldfish Optic Nerve
The literature abounds with studies that confirm an observation made by Ramon y Cajal (29) almost a century 
ago that, with a few exceptions, severed axons of the neurons in the mammalian CNS are capable only of 
abortive sprouting that provides little functional recovery. In contrast, neurons in the PNS have a greater 
capacity for regrowing their damaged axons, and under appropriate conditions, there is a recovery of function. It 
has not been possible to put forward a direct and simple explanation of this difference in regenerative capacity. 
Recent studies, however, give credence to Cajal's notion that the fault in CNS regeneration lies with the extrinsic 
environment surrounding the neuron. Such explanation clearly does not encompass lower vertebrates, in 
particular the fish, whose CNS axons are endowed with a remarkable capacity for spontaneous repair after 
injury, despite having an extrinsic environment that shares many of the features found in mammalian CNS.

Figure 4. GFAP staining of normal (left) and injured (right) goldfish optic nerves at the chiasm. Astocytes are more prominent in the 
injured nerve. Astrocytes of the optic tract (T) are normally GFAP+. Bar = 50 μm.
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Set out below is a brief description of the components that make up the environment of the CNS and PNS in 
mammals and how their reaction to injury is perceived to impact upon the failure and success of axonal 
regeneration, respectively. This is followed by a detailed analysis of the events that accompany the repair process 
in the injured goldfish optic nerve, highlighting the environment of the lesion and distal nerve and how each 
region adapts over a period of several months to accommodate first axonal regrowth and later myelination. 
Immunocytochemical and ultrastructural evidence will be presented to show that regeneration in fish optic 
nerve is accompanied by several events that are common to regeneration in mammalian PNS, and that the CNS 
environment surrounding the regenerating axons actively supports, rather than inhibits, axonal outgrowth.

Glial Environment of Axons in Mammalian CNS
One of the components of the milieu that surrounds an axon in the CNS is the astrocyte. During embryonic 
development, astrocytes act in guiding axon growth and neuronal development (30, 31). This capacity appears to 
be lost in the adult, with the consequence that an injury to the CNS induces tissue damage that creates barriers 
to regeneration. One of the main barriers is the glial scar, which consists primarily of hypertrophied (enlarged/
reactive) astrocytes. Reactive astrocytes are perceived to form a physical wall that wards off any further damage 
to the tissue. The process leads, however, to the formation of the glial scar, beyond which axons cannot 
regenerate (32). Recent studies have sought to identify the molecular constituents of the glial scar that may play 
an additional role in inhibiting axon regeneration. It is recognized that although astrocytes can produce growth-
promoting molecules, such as laminin, which aid in attachment and migration of neurons during development, 

Figure 5. Longitudinal section of goldfish optic nerve stained with neurofilament marker IF145 (a) and myelin marker 6D2 (b). The 
optic fibers are contained within fascicles, separated by negatively stained septae (S). Bar = 50 μm.
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it appears that adult astrocytes also produce a heterogeneous class of molecules known as proteoglycans—
proteins to which are attached large sugar residues—whose expression increases in the glial scar, and as a result 
are thought to act as chemical barriers to axon regeneration in the CNS (33, 34).

A second protagonist in axon regeneration failure in the CNS appears to be myelin-producing oligodendrocytes, 
an idea first proposed by Berry (35). Studies based on tissue culture assays have shown that oligodendrocytes, 
and at least two different molecules that are associated with oligodendrocyte myelin, lead to the collapse of the 
growing axon tip, the growth cone (36). In molecular terms, growth cone arrest is attributed to the unfavorable 
interaction of growth cone receptors with ligands (myelin proteins) that are bound to oligodendrocyte 
membrane, and that neutralization of the proteins promotes regeneration in vivo (37). From these and related 
observations, it is concluded that myelin-associated molecules are one of the principal causes of failure of 
regeneration of cut axons in the intact adult CNS (reviewed by Filbin (38).

Figure 6. The fascicular pattern of the goldfish optic nerve is defined by the tissue's astrocytes. (a) and (b) show the pattern in 
longitudinal and transverse profiles, respectively, stained for GFAP. Note the fine details of each fascicle in (b). The pattern is nicely 
reproduced in EM sections (c) and (d), which correspond to (a) and (b), respectively. (S) septae, (→) astrocyte processes, (A) astrocytes 
cell body. Bar = 50 μm for (a) and (b). (c) ×3.5K; (d) 8K.
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Glial Environment of Axons in Mammalian PNS
The extrinsic environment of the PNS, on the other hand, contains neither astrocytes nor oligodendrocytes. 
Instead, one cell type, the Schwann cell, performs the dual task of axon guidance and myelination. The Schwann 
cell also produces basal lamina (cf. laminin in CNS), a protein-rich membrane that surrounds the Schwann cell-
axon unit, forming a tubular structure along the entire length of the nerve. A substantial amount of additional 
matrix, particularly fibrous collagen that imparts tensile strength to the peripheral nerve, is deposited between 
these tubular structures. The Schwann cell is believed to impart trophic support to the regenerating axon, which 
extends to its target by adhering to the substrate made up of the matrix molecules, in a recapitulation of the 
events that take place during development. The cellular and extracellular components are retained during 
peripheral axon regeneration (reviewed by Martini (39)); their absence from the CNS has long been thought as 
the reason why this system lacks the regenerative capacity. To this end, a number of laboratories have recently 
reported that the usually abortive axonal sprouting near the lesion site in the injured rat optic nerve can be 

Figure 7. Composition of normal goldfish optic nerve as revealed by EM. Axons are myelinated and appear in transverse and 
longitudinal profiles due to the sinusoidal pattern of the fibers. Astrocyte processes (→), joined by desmosomes, arrange the fibers into 
bundles. Astrocytes also form a continuous limiting membrane (L) that excludes the septae contents from the interior of the CNS 
tissue. (A) astrocyte, (O) oligodensrocyte, (m) microglia, (g) granular macrophage, (v) blood vessel. ×15K.
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mobilized to trigger a limited axonal regeneration if an autologous peripheral nerve containing viable Schwann 
cells is anastomosed to the cut end of the optic nerve (40-42).

Glial Environment of Axons in Goldfish Optic Nerve
Interestingly, failure of axon regeneration in the CNS is not common to all vertebrates. In lower vertebrates, 
particularly the fish, axon regeneration in the CNS is the norm, and this is accompanied by the recovery of 
function. Much research has focused on the visual system of the goldfish in search of a direct explanation as to 
why it is endowed with the capacity for functional regeneration, especially because it appears that its glial 
environment is made up of the same agencies, namely astrocytes and oligodendrocytes, which are believed to be 
responsible for the inhibition of regeneration in adult mammalian CNS.

The Optic Nerve as a Model for Axon Regeneration Studies
The optic nerve has been a popular morphological model for the study of central nerve regeneration. It 
represents a circumscribed, unidirectional white matter tract, supported by astrocytes and oligodendrocytes, and 
composed almost entirely of fibers of one origin, namely optic axons arising from the retinal ganglion cells. In 
the goldfish, injury of the optic nerve induces an anabolic response in the ganglion cells that is the prelude to the 
regenerative response. The metabolic response, known as chromatolysis, is associated with increased 
biosynthesis of cytoskeletal proteins (43-45), so-called growth-associated or GAP proteins (46, 47) and lipid 

Figure 8. Astrocytes in goldfish optic tracts (T) stained for GFAP (a) and S100 protein (b). Astrocytes have a radial morphology (→) 
and arise from cells at the optic recess (O1) and the walls of third ventricle (O2). Bar = 100 μm.
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products in the cell body. GAPs and lipids are transported by the cytoskeletal proteins to the cut end of the axon, 
where they are incorporated into the membrane of the growth cone (48). Such a response by retinal ganglion 
cells to axotomy is crucial if the damaged axons are to traverse the lesion and reach the brain. In the goldfish, 
this feat is accomplished through the survival of more than 90% of the axotomized retinal ganglion cells (49). In 
the frog, retinal ganglion cells also undergo chromatolysis, but only around 50% of retinal ganglion cells survive 
axotomy and reach the brain; the remainder of the retinal ganglion cells attempt to regenerate, but their axons 
fail to cross the lesion and consequently die (50). Significantly, in mammals only a minimal number of damaged 
axons cross the lesion unaided; virtually all of the axotomized retinal ganglion cells undergo atrophy through 
programmed cell death or apoptosis (51, 52). The programmed cell death is caused by several factors, including 
absence of chromatolysis, excitotoxicity to glutamate transmitter (53) as well as loss of endogenous and target-
derived neurotrophins. Furthermore, a significant number of retinal ganglion cells seem to die because their 
axons fail to overcome the lesion. The evidence for this comes from studies in which the cut end of rat optic 
nerve is grafted to a segment of peripheral nerve: axons are able to extend several millimeters beyond the 
junctional zone, i.e., the lesion, even in the absence of agents that prevent cell death (40, 42).

The above comparative studies, while highlighting the gradation of responses of retinal ganglion cells to axotomy 
across the vertebrate taxa, also offer a clear indication that survival of axotomized retinal ganglion cells is 
dependent to an appreciable degree on their axon overcoming a major hurdle—the site of lesion. Rather 
surprisingly, however, even in regeneration competent systems there has not been a systematic study of the site 
of lesion, possibly because the region is considered too disorganized for meaningful analyses. We have taken 

Figure 9. Sagittal section of fish tectum stained for GFAP. Radial astrocytes arising from near the ventricle (V) span the entire width of 
the tectum, terminating as end feet at the surface. Bar = 100 μm.
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advantage of the recent availability of several specific antibodies (4, 15, 54) to examine the cellular composition 
of the lesion in the goldfish optic nerve, from shortly after optic nerve crush to several months after injury. Our 
aim has been to discover if endogenous glial cells, or cells arising from the sheath/septae, reoccupy the lesion 
shortly after injury, possibly serving as scaffolding for the regenerating axons to traverse the lesion. In the course 
of the study, it became apparent that instructive changes also take place as the regrowing axons extend beyond 
the lesion, through the CNS environment of the distal nerve, and these events will also be described. Throughout 
the study, the term proximal is used to denote that portion of the optic nerve between the eye and the lesion site, 
and the term distal to denote the nerve between the lesion and the brain.

Events That Follow a Crush to Goldfish Optic Nerve
Immediately after the optic nerve has been crushed, and for at least 4 days thereafter, the lesion appears as a gap 
between the two nerve stumps, which are held in position by the intact sheath. The tissue-free constriction at the 
center of the lesion becomes flanked by a region 200 μm wide that is devoid of astrocytes, as noted by the 
absence of GFAP, B7, and Pax-2 immunoreactivity, and contains only a tiny number of cells, most of which are 
mitotic (bromodeoxyuridine positive, BrdU+) and appear to be derived from the sheath/septae where similar 
cells are present. At this stage, myelin disruption is barely noticeable, either in the proximal stump or distally 
(55). It is important to recognize that a lesion of the type described in this study leads not only to the severance 
of axons but also to the destruction of local astrocytes. In other words, the continuity of the nerve's fascicular 
structure is disrupted as a result of crush injury (Fig. 11).

Figure 10. Astrocyte of stellate morphology in rat cerebellum stained with antibody to goldfish GFAP. ×100.
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During the following 10 days, there is a large accumulation of mitotic cells in the sheath/septae extending into 
the core of the lesion (Fig. 12) which, nevertheless, remains devoid of astrocytes, unlike in the proximal and 
distal stumps (and the retina), where astrocytes express an elevated level of GFAP immunoreactivity compared 
with that in the uninjured nerve—a response that is indicative of injury to CNS tissue.

The appearance of mitotic cells in the lesion coincides with a strong regrowth of axons (IF145+) from the 
proximal stump into the lesion, apparently unperturbed by a sea of punctate myelin debris that is scattered 
throughout the area (Fig. 12). However, by 14 days after injury, debris is no longer present in the lesion, which 
takes on a translucent appearance, in contrast to the opacity of the two nerve stumps (55, 56).

An important question to address relates to the cellularity of the early lesion and the means by which the 
regenerating axons traverse the lesion. The cells in the astrocyte-free lesion stain strongly with isolectin IB4 (Fig. 
13), which has been used as a general marker for microglia/macrophages in rat (57) and amphibians (58).

However, in the absence of a more specific marker, a careful study was conducted using EM, with the aim of 
identifying the cells in the lesion. The study revealed unequivocally that the majority of cells in the early lesion 
are phagocytic macrophages, as distinct from microglia residing in the distal stump, on account of their 
morphology as well as the substantial amount of myelin debris present within their cytoplasm (Fig. 14).

The phagocytes are first seen at 4 days after injury, peaking 3 days later, coincidental with the appearance of 
regenerating axons across the lesion. The number of BrdU+ cells also peaks at this time, indicating that the 
increase in the number of macrophages is attributable to proliferation as well as recruitment, possibly mediated 
by mitogenic signals from the necrotic tissue. Indeed, macrophages are confined to the lesion where CNS tissue 
has been destroyed and do not infiltrate the degenerating distal stump, where CNS environment prevails, an 
observation that has been confirmed by other workers (59). By week 3, the cellularity of the lesion is minimal, 
phagocytes loaded with myelin debris are noted only in the sheath/septae, and naked axons are the hallmark of 
the lesion. The cells found among the naked axons have several characteristics that are reminiscent of immature 
glia cells—a well-structured nucleolus and short cytoplasmic processes that extend into the axons domain (Fig. 
15). The cells have since been identified as precursor Schwann cells, as will be shown later.

The early appearance of macrophages at the lesion may be important for the outgrowth of axons in several 
respects: 1) if myelin debris were inhibitory to axonal outgrowth in the fish optic nerve in vivo, as it is in vitro 
(60) (see also Bastmeyer et al. (9)), then macrophages are playing a crucial role by removing inhibitory 
molecules from the path of regrowing axons; 2) the outgrowth of the axons may be further enhanced by 
macrophages releasing growth-assisting molecules such as NGF, the expression of which is noted in all of the 
IB4+ cells in the lesion (Nona, unpublished results). NGF is known to promote regeneration in mammalian PNS 
(61, 62); 3) macrophages may be aiding axonal extension across the lesion in a more direct manner: clusters of 
regenerating axons ranging from a few to 100 or more per cluster, often associated with a growth cone, are seen 
abutting the perimeter of the macrophages, which appear to be acting as a bridging substrate or carpet for the 
growing axons, in a manner akin to that observed in the lesioned optic nerve of the frog (50). In other words, 
macrophages in the lesion, in addition to their phagocytic role, also present growth-promoting and physical 
substrate to assist the axons to overcome the lesion. Significantly, the absence of astrocytes from the lesion means 
that endogenous glial cells are not acting as bridges for regenerating axons, as noted also by other workers 
(63-65).

The above results appear to suggest functional parallels between fish optic nerve lesion site and the mammalian 
PNS, where an injury is characteristically followed by a rapid influx of phagocytic macrophages, as a prelude to 
successful regeneration (66-68). By contrast, only limited recruitment of macrophages, and by implication debris 
clearance, is noted in lesioned rat optic nerve (69), a phenomenon that has been attributed to inhibitory factors 
released by resident glial cells (67). To overcome this imbalance, Schwartz and colleagues have introduced 
monocytes, previously cultured in the presence of fragments of sciatic nerve, into transected optic nerve of rat, 
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to assess the effect of efficient debris clearance by macrophages on axon regeneration. The study showed that 15 
times as many retinal ganglion cell axons regenerated in the treated nerve compared with untreated control 
nerve, thus confirming the importance of macrophages in axon regeneration (70, 71). In the injured fish optic 
nerve, in addition to the phagocytic macrophages, the early lesion also contains non-phagocytic granular 
macrophages, a unique class of cells found in goldfish optic nerve (72, 73). As shown in Fig. 7, these cells 
normally reside in the sheath/septae; their appearance in the lesion is attributable to the local disruption of the 
nerve's fascicular pattern and, by implication the astrocytic integrity, and strongly suggests that the phagocytic 
macrophages too are derived from the sheath/septae (Fig. 14). Interestingly, the status of the early lesion as a 
tissue with PNS characteristics was placed beyond doubt when Schwann cells took up residence in older lesion 
(see later).

It is instructive to add that the prompt clearance of debris in injured goldfish CNS is not confined to the optic 
nerve but also takes place in the optic tract (20) and spinal cord (28). And as is the case in the injured optic 
nerve, regenerating axons in the optic tract and spinal cord use phagocytic cells, not astrocytes, as scaffolding to 
traverse the lesion.

Fish Optic Nerve versus Rat Optic Nerve
The apparent ease with which injured axons in fish optic nerve traverse the site of lesion is in stark contrast to 
the events in injured rat optic nerve, where attempts by the damaged axons to cross the lesion invariably end in 
failure. As noted earlier, much emphasis has been placed on the role of myelin proteins as one of the principal 
causes of failure of regeneration of damaged axons in the adult CNS. However, several recent observations favor 
the contention that inhibition of axon growth by oligodendrocytes/CNS myelin is not the entire answer to the 
question of why mammalian CNS axons do not regenerate after injury. For example, the myelin inhibitory 
hypothesis does not explain why axons fail to regenerate through the gray matter, where there is no myelin. 
Similarly, optic fibers of BW mutant rat, in which both oligodendrocytes and CNS myelin are absent, fail to 
regenerate in an exclusively astrocytic environment (74). Several authorities have, therefore, reopened the 
"inhibitory" debate, by asserting that astrocytes rather than oligodendrocytes are the main cause of axon 
regeneration failure in the CNS (75, 76).

The meticulous studies of axon regeneration in rat optic nerve by Berry and colleagues have highlighted the fact 
that astrocytes and mesodermal elements (fibroblasts and collagen) become organized into an impenetrable glia 
limitans of the scar that envelops the proximal and distal stump ends, largely because injured axons appear 
unable to initiate an early attempt to regrow, generally within 5 days of injury (77). Furthermore, injured optic 
axons can be made to overcome the glial scar and extend into the environment of myelin debris, if provided with 
sufficient trophic support. By inserting segments of peripheral nerve containing viable Schwann cells as a source 
of trophic support into the vitreous and simultaneously crushing the optic nerve, Berry and colleagues have 
observed that 10% of the injured axons are able to cross the lesion and extend 4 mm into the distal segment (77). 
It is proposed that peripheral nerve implants secrete trophic factors into the vitreous that are then taken up by 
the retinal ganglion cells and transported to the axon tip, thus stimulating its rapid growth across the lesion 
before there is a build up of astroglial scar. Earlier studies, in which peripheral nerve containing viable Schwann 
cells was grafted to the cut end of rat optic nerve, yielded similar results in terms of retinal ganglion cell survival 
and axon regrowth beyond the site of anastomoses, that is, into the peripheral nerve (40, 42, 51). These results do 
not argue against the view that glial scarring may, in some way, curtail axonal outgrowth. They do, however, 
suggest that the effect of trophic influences derived from viable Schwann cells are capable of nullifying the 
inhibitory effects on axonal outgrowth exerted by a scar of limited dimension. Put another way, the ability of a 
cut axon to regrow is dependent on the balance between the intrinsic ability of the axon to regrow and the 
permissiveness of the environment surrounding it.
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In the injured fish optic nerve, the conditions appear to favor retinal ganglion cell survival and vigorous axonal 
outgrowth in the absence of external manipulations. The clearance of myelin debris is entrusted to phagocytic 
macrophages whose presence stimulates an early and robust axonal regrowth, which ensures that astrocytes 
around the stump ends, although markedly hypertrophied and showing an elevated expression of proteoglycans 
(72), do not become organized into an impenetrable, limiting membrane. On the contrary, both at the edge of 
the proximal nerve and throughout the degenerating distal nerve, the disrupted fascicular pattern of the optic 
nerve is gradually restored, as the regenerating axons encounter the awaiting astrocytes, in a recapitulation of 
events occurring in normal development and growth of the fish optic nerve (cf. Scholes et al. (17)).

Regeneration in Goldfish Optic Nerve Distal to Lesion
By around 10 days after injury, regenerating axons begin to emerge from the lesion proper into the distal nerve 
to be confronted by an environment dominated by hypertrophied astrocytes, myelin, and axonal debris. The 
progress of the regenerating axons through this apparently chaotic environment is best followed using EM (55).

At first, small groups of new axons appear among radial processes of hypertrophied astrocytes where there is 
also a scatter of myelin debris. Astrocyte processes, connected by desmosomal junctions, form a myriad of 
irregular loops that enclose the newly arrived axons into loosely organised bundles (Fig. 16).

By 14 days, these have swollen into large bundles of tightly fasciculated axons, surrounded and separated from 
one another by cordons of lamellar astrocyte processes. Myelin debris, which was haphazardly distributed at 
earlier times, now is neatly confined to the periphery of these fascicles, alongside and within the astrocytic 
cordon (Fig. 17a).

Between 14 and 25 days after being crushed, the appearance of the distal edge of the nerve is reminiscent of the 
proximal edge at an earlier time after crushing: 1) astrocyte radial processes have enwrapped the axon bundles, 
thus demarcating the new fascicles; and 2) myelin debris is largely confined to the margins of the fascicles 
alongside the interposing astrocyte processes. More distally, the old fascicular structure is completely lost, and a 
substantial amount of debris still remains, present mostly within astrocyte processes, with surprisingly little 
debris seen in microglia, a finding that has been confirmed by other studies (59). The early axons that have 
reached the chiasm are invariably seen in debris-free areas or enveloped by astrocyte processes.

Figure 11. Longitudinal section of goldfish optic nerve 4 days after crushing, stained for GFAP. Astrocytes are nicely revealed along the 
length of the nerve, except at the site of lesion, where they are destroyed by the crush injury. Bar = 100 μm.
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By around 43 days, little myelin debris remains, and the cytoarchitecture of the regenerated nerve begins to 
resemble that of the normal nerve, with astrocyte processes dividing the tissue into glial channels/compartments, 
thus restoring the fascicular pattern of the nerve. The patterning precedes axon remyelination (Fig. 17b)), which 
is known to be a protracted process, taking several weeks for near completion, and is rarely observed before 
around 40 days after nerve injury, that is, several weeks after the regenerating axons have crossed the lesion (16, 
72, 73). In this study, there was little evidence of remyelination before around 50 days after the crushing injury. 
By 90 days, however, virtually all of the new axons in the distal nerve were myelinated by oligodendrocytes, 
much like the normal tissue (Fig. 21b), but in total contrast to remyelination in the lesion (see below).

It is important to emphasize that although there are structural similarities between the peripheral nerve and the 
optic nerve of the goldfish, in that both nerves consist of a multitude of cylindrical tubules or compartments, the 
mechanisms of axon regeneration in the two systems are quite different. In the regeneration of the peripheral 
nerve, growth cones are found exclusively in contact with the inner surface of the basal lamina of the Schwann 
tube (78). During regeneration of the optic nerve, however, new axons (this study), preceded by their growth 

Figure 12. Seven days after the optic nerve crush, regenerating axons (a) extend into the crush site (C), coincidental with the arrival of 
mitotic cells from the sheath/septae (b). Bar = 40 μm. Compare with Fig. 13.
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cone (79) are only found deep within astrocyte fascicles, among other axons. This suggests that astrocytes, rather 
than basal lamina, support axonal growth during regeneration, and this pattern forming interaction with the 
astrocytes, forming glial channels that exclude the degenerating myelin debris, may greatly facilitate the growth 
of the many axons that follow (55).

In this study, it is assumed that the pioneering axons emerging into the distal optic nerve will, in all probability, 
encounter not only astrocytes but also myelin debris. That this mixed environment appears not to disrupt the 
progress of regenerating axons owes much to the vigorous growth of the growth cone as well as, perhaps, myelin 
debris characteristics. In the trout, for example, CNS myelin lacks the mammalian protein PLP but contains two 
proteins, IP1 and IP2, which are immunologically related to PNS myelin protein P0 (80). On this basis, it may be 
argued that fish myelin proteins have similar properties to myelin proteins found in the PNS, which are known 
not to inhibit neurite extension in vitro (36). However, more recent studies have established that CNS myelin in 
fish does contain proteins that inhibit axonal extension in vitro, much like their mammalian counterparts (60).

Figure 13. The absence of astrocytes (GFAP−) from the 7-day-old lesion (a) attracts IB4+ monocytes from the sheath (b). Bar = 100 
μm.
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Myelination of Regenerating Goldfish Optic Nerve Axons in the 
Lesion by Schwann Cells
Thus far, much emphasis has been placed on the paucity of cells in general, and that of astrocytes in particular, in 
the lesion. The substantial number of mitotic cells that accumulate in the lesion by day 7, and identified as 
macrophages, is much attenuated a week later, as the phagocytes quickly clear the debris and then disperse into 
the sheath/septae (see above). In the following weeks, the rate of division in the lesion is no greater than in the 
rest of the nerve.

Consistently, however, a second wave composed of large numbers of dividing BrdU+/S100− cells appear in the 
lesion at around 43 days after nerve injury (16, 56, 81). Over a period of several weeks, the number of dividing 
cells gradually decreases, to be replaced concomitantly by S100+ cells, whose spindly nuclei and bipolar 

Figure 14. EM of a typical phagocytic macrophage in 7-day-old optic nerve lesion. Whorls of myelin as well as lipid droplets fill the 
phagocyte's cytoplasm. In the top right corner, a large group of regenerating axons (a) abut the phagocyte's membrane. The phagocyte 
lies close to a stretch of limiting membrane that is bruised and leaky (→). ×19K.
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morphology match precisely that of Schwann cells in the peripheral nerve. By 90 days, BrdU+ cells are virtually 
absent from the lesion, which, nevertheless, is packed with S100+ cells (Fig. 18).

Antibodies to two fish-derived myelin proteins (central myelin 36K, and peripheral/central myelin 6D2) (82) 
have proved invaluable in confirming the identity of these previously unreported cells in the optic nerve lesion 
(16, 81). In sections from 90-day-old optic nerve, 36K antibody fails comprehensively to recognise myelin in the 
lesion, which is nevertheless flanked by bright central staining in both proximal and distal nerves. 6D2 antibody, 
on the other hand, recognizes myelin in the lesion and throughout the optic nerve. It is noteworthy that the 
appearance of S100+ cells coincided with the expression of 6D2 in the lesion, with a striking correspondence 
between the two labels. That the expression of 6D2 heralds the beginning of axonal remylination is supported by 
studies that show that the earliest expression of myelin-related antigens in dissociated cell populations of trout 
CNS coincides with the first appearance of myelinated fibers in defined brain regions (80). Our observations are 
also in agreement with those from the developing mammalian PNS, in which the expression of S100 marks the 
transition from precursor to mature Schwann cells and coincides with the commencement of myelination (83).

Figure 15. EM of 3-week-old lesion. Regenerating axons make up the bulk of the lesion, save for the presence of the odd cell with a 
well-structured nucleolus and short cytoplasmic processes (→). ×28K. Compare with Fig. 19.
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Further evidence in support of the identity of the cells in the lesion as Schwann cells comes from ultrastructural 
studies. First, the cells form a 1:1 association with myelinated axons, and each cell:axon unit is enclosed by basal 
lamina, thus resembling Schwann cells of the PNS. Second, in contrast to the compact arrangement of the tissue 
in proximal and distal stumps, the lesion contains considerable collagen and extracellular space, characteristic of 
PNS tissue. Third, the environment in the lesion contains none of the elements, namely astrocytes, that define a 
CNS environment elsewhere in the nerve (Fig. 21a).

Source of Schwann Cells in Regenerating Goldfish Optic Nerve
Although the appearance of Schwann cells in the lesion has been observed in every injured optic nerve studied 
by the author and his colleagues, the source of the Schwann cells and their arrival in the lesion have only recently 
been addressed. In normal CNS tissue, ectopic Schwann cells are rarely seen. They are excluded by astrocyte 
processes that are arranged as a glia limitans, forming a boundary between CNS and PNS. It is, therefore, not 
unreasonable to suggest that in the present study the colonization of the lesion by Schwann cells, much as its 

Figure 16. Processes of hypertophied astrocytes (A) at the tip of the distal nerve joined via desmosomes (→) to enclose the regenerating 
axons emerging from the lesion into discrete bundles. Astrocytes, not microglia (m), contain myelin whorls. Note the intactness 
(double→ ) of the limiting membrane (L). ×20K.
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earlier colonization by macrophages, is the result of disruption of the astrocytic glia limitans (see Fig. 14). 
Support for this notion comes from studies of optic nerves that have received two or more adjacent lesions, 
which show that the larger the area over which astrocytes are destroyed, the greater is the Schwann cell invasion. 
Such correlation between Schwann cell invasion and the extent of astrocyte destruction has also been described 
in rat spinal cord following local injection of gliotoxic agents (84, 85).

As stated earlier, a characteristic feature of the goldfish optic nerve is that it is interleaved by connective tissue 
septae, which are an integral part of the nerve sheath. This arrangement brings a network of mesenchymal cells 
and capillaries within the outline of the fiber array. This poorly understood mix, elsewhere excluded from the 
interior of the CNS tissue, could well contain cells of neural crest origin and, in the event of glia limitans 

Figure 17. Reconstruction of the CNS envirnment in the distal optic nerve, 14 days (a) and 50 days (b) after the lesion. In (a), bundles 
of regenerating axons are enclosed by astrocytic cordons (→) that confine myelin debris to the periphery. In (b), the fascicular pattern 
defined by astrocyte processes (→) is the hallmark of the tissue, and myelination of the regenerated axons is commencing. a, ×5.4K; b, 
×13.5K.
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disruption, the pattern is well deployed to supply them locally as precursor Schwann cells (see Fig. 15). In this 
context, it is interesting that ectopic Schwann cells are never observed beyond the nerve-tract boundary, a line 
that also defines the limit of the reticular astrocytes in the optic nerve (20). We have carried out a detailed 
ultrastructural study of the lesion site to track down the precursor Schwann cell in the goldfish optic nerve.

Careful studies of the injured optic nerve, ranging from 14 days to 3 months of age, have confirmed that the 
younger lesions do indeed contain the occasional cell (Fig. 15) having several elongated cytoplasmic sheets that 
insinuate between the regenerated naked axons, which they enwrap communally (Fig. 19). In this respect, these 
cells have a striking resemblance to precursor Schwann cells found in the nerve of rat hind leg (see Fig. 1 in 
Jessen et al. (86). Connective tissue spaces and extracellular matrix are absent from the early lesion, and the 
tissue here remains compact because of the large number of axons it contains. In older lesions, individual cells 

Figure 18. Appearance of Schwann cells at the site of lesion in goldfish optic nerve. Staining for S100 showing that at around 45 days 
after the injury, several weeks after regenerating axons cross the lesion, cells in a head-to-tail arrangement (a) appear in the lesion. The 
number of cells increases gradually, so that by 90 days after the injury (b), the lesion is colonized by a solid band of Schwann cells (→). 
Bar = 40 μm.

Regeneration in the Goldfish Visual System 23



are noted in a unitary relationship with an axon, but such encounters are rare prior to around 40 days after 
lesioning.

Consistently, however, the lesions around 50 days of age begin to take on characteristics that are unmistakably 
those of peripheral nerve tissue. Axons in a 1:1 association with cells begin to acquire myelin, and these units are 
invariably surrounded by collagen matrix that form "rivers" through the tissue (Fig. 20).

The delayed differentiation of precursor Schwann cells into myelinating cells corresponds nicely with the late 
appearance of S100+/6D2+ immunoreactivity in the lesion, which means that both central (discussed earlier) 
and peripheral myelination commence synchronously. Furthermore, as already described for the distal nerve, 
myelination in the lesion is also a protracted process. By 90 days, however, myelinating Schwann cells colonize 
the lesion (15, 16), building a perfect segment of peripheral nerve tissue intercalated into the regenerated visual 
pathway (Fig. 21).

Thoughts on Delayed Remyelination in Goldfish Optic Nerve
We interpret the observations relating to myelin formation in the regenerated fish optic nerve as follows. 
Schwann cells arise from a small number of continually dividing founder cells that colonize the lesion 
inconspicuously at an early stage, rather than by massive expansion at a late stage in regeneration. To distinguish 
between the two possibilities, established Schwann cells were challenged with renewed axonal regrowth from a 
second optic nerve injury, but again they only began to divide immediately before the onset of myelin formation, 
around 45 days, in synchrony with the peak of Schwann cell division in the new lesion (16). The failure of 
Schwann cells to respond to axotomy is, therefore, in contrast to the prompt response of injured axons in 
mammalian PNS, which show division at the first appearance of the regenerating axons (87). The observations 
in fish optic nerve, therefore, firmly identify a delayed wave of mitogenic signals occurring several weeks after 
initial axon outgrowth through the lesion.

The ectopic Schwann cells in the fish optic nerve thus conform to a schedule for myelin formation that is 
characteristic of CNS in general, whereby oligodendrocyte myelination begins late in development at widely 
different times in different pathways (88). The lengthy period over which myelination is taking place 
corresponds with the critical period in optic nerve regeneration when the initial disorderly pattern of axon 
terminals in the tectum is refined into an accurate point-to-point map (89).

Presumably, myelin formation is triggered by target-related changes in individual optic axons that occur at some 
stage during refinement. During the disorderly process of re-innervating the optic tectum, some axons may be 
better placed from the outset than others to retract their initial widespread branches into focused retinotopic 
arbors: these could be the axons that are myelinated first, whereas the less well-placed axons take longer (90). In 
other words, myelination proceeds on a fiber-to-fiber basis, and each fiber is continually myelinated throughout 
its length (16). The goldfish visual pathway is well suited to test this hypothesis (Fig. 22).

Conclusions
In this commentary, we have demonstrated the robustness of the fish visual system to manipulations. Severed 
retinal ganglion cells axons can initiate more than one round of regrowth through a glial environment that 
shares many of the physical and molecular properties of its counterpart in mammals, but with totally different 
outcome.

Neither astrocytes nor myelin, both of which are thought to contribute to axon regeneration failure in mammals, 
impede axonal regeneration in fish optic nerve. On the contrary, astrocytes show much plasticity in response to 
injury, not by forming a swathe of contiguous impenetrable membrane, but by enwrapping the new axons 

24 Webvision



intimately into bundles and in the process consigning myelin debris to the periphery, where it is phagocytosed, 
not by microglia, but by astrocytes.

However, none of this would be possible were it not for an early and robust response by the damaged axons, 
aided by invading macrophages, which clear the site of injury of debris and act as scaffolding for the regrowing 
axons. The versatility of fish optic fibers to accommodate more than one type of environment is further 
demonstrated in older lesions, which Schwann cells colonize to form a perfect PNS tissue intercalated within the 
CNS tissue. Thus, severed fish CNS axons make use of glial cells derived from CNS as well as PNS environments 
for their repair.

The findings may have implications for axonal regeneration in mammals. It is now recognized that by boosting 
the rate of phagocytosis in lesioned rat optic nerve, through implantation of reactive macrophages, there is a 
substantial increase in the number of regenerating axons beyond the lesion. A similar response in noted through 
the provision of factors derived from Schwann cells that are supplied either to the retinal ganglion cells or 
applied as implants to the cut end of the axons. Thus, insights from the fish and other regenerating species can 

Figure 19. EM of the site of lesion 28 days after optic nerve injury. Precursor Schwann cells extend cytoplasmic processes that engulf 
the regenerating naked axons unitarily as well as communally. ×19.8K.
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provide strategies to overcome the many obstacles of regrowth in mammals and ultimately lead to successful 
optic nerve repair in humans.

A major unresolved problem in the regrowth of retinal ganglion cell axons is that the initial axotomy results in 
the death of 90% of retinal ganglion cells. Clearly, substantially more cells must be rescued if a meaningful 
retinotopic map is to be formed (91). Evolution has already conducted an experiment along these lines, with 
results of great interest. The optic nerve of reptilians regenerates efficiently, but for some reason refinement of the 
tectal map fails to occur: the axon terminals persist indefinitely in a diffused array over the tectal surface and the 
animal never recovers sight (92).

Figure 20. The site of lesion 50 days after optic nerve injury. Commencement of myelination by Schwann cells, some in a 1:1 
association with their axon (a). Note the abundance of collagen (→) throughout. ×21.5K.
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Figure 21. EM of the site of lesion (a) and distal nerve (b) 90 days after goldfish optic nerve crush. In (a), axons are myelinated by 
Schwann cells (S), and the tissue contains much collagen matrix (*). In (b), myelination is of central type, and astrocytes (→) are 
prevalent throughout the tissue. ×26K.

Figure 22. Montage of goldfish optic nerve from just behind the eye (extreme left) to optic tract recess (right), to illustrate the 
manipulability of the tissue. There are three distinct areas of cells stained for S100. The central area contains Schwann cells that are the 
result of a lesion 180 days old. To the left is a younger lesion, 90 days old, that is also packed with Schwann cells. On either side of the 
Schwann cells areas are regions of CNS. Remyelination commences synchronously throughout the nerve. Beyond the dashed line (→) 
are cell bodies of astrocytes at the optic tract recess.
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