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Robert E MacLaren

One of the major problems still confounding advances in
modern ophthalmology is the seemingly irreversible and
permanent nature of damage to the optic nerve.1 Severed
axons of retinal ganglion cells, like the long tracts of the
spinal cord, have no capacity for functional repair under
normal physiological circumstances. This is most unfortunate, since a capacity for successful optic nerve regeneration is a necessity for restoration of vision following
damage to the anterior visual pathway and might also open
the door to future strategies of human whole eye
transplantation. Influenced also by the tragic result of spinal cord transection, the topic of neuronal regeneration
within the central nervous system (CNS) as a whole has
become a most important area of medical research.
Moreover, in the past few years, the extensive advances in
neuroscience have made optic nerve (and spinal cord)
regeneration a reality in laboratory mammals—either along
existing pathways,2 3 through peripheral nerve bridges,4 5
from embryonic transplants,6 7 or at certain critical stages
of CNS development.8–10 The significance and implications
of these advances should be considered in relation to
developing a future clinical strategy for optic nerve regeneration in humans.
In this review I shall discuss the various problems associated with optic nerve regeneration. There are certain
structural diVerences between optic nerve and spinal cord
pathways, but regeneration studies in both systems have so
far correlated well. In either case, three key issues remain
the same: (1) if a lesioned neuron can survive the eVects of
axotomy; (2) if the surviving neuron can regrow an axon
through the CNS environment; and (3) if the regrowing
axon can be guided back appropriately to its original target
to reform patterned connections. As we shall see, the first
two of these criteria have been successfully overcome in
various experimental models of mammalian optic nerve
regeneration, although the last question of axon guidance
has not yet been fully addressed. In some non-mammalian
vertebrates (for example, frogs and fish) optic nerve regeneration occurs naturally and regrowing axons are guided
back to original targets.11 It might therefore be helpful to
start this review by considering first some of the properties
of successful optic nerve regeneration witnessed in these
non-mammalian vertebrates.
Optic nerve regeneration in lower vertebrates
The protracted period of growth of the CNS during metamorphosis and adult maturation of some lower vertebrates
provides an unusual CNS environment in which established and functioning axons need to co-exist with new and
actively growing axons.12 In mammals, however, these
events occur at diVerent times. Development of the retinal
projection is complete before eye opening and further
axonal growth is not necessary within the functioning optic

nerve.13 These developmental factors may therefore partly
explain why optic nerve regeneration in frogs is so successful when compared with mammals.14 Of greater relevance
perhaps, is that the successful optic nerve regeneration
witnessed in lower vertebrates (after cessation of ganglion
cell neurogenesis)12 has provided us with an ideal model in
which to investigate how the properties of axon navigation
and retinal map formation might be replicated during
regeneration.
In the adult stage, the optic nerve of the frog (Rana pipiens) projects predominantly to the contralateral optic
tectum in a precise retinotopic order (Fig 1A). In the
experiments performed by Sperry,11 15 one eye was rotated
through 180 degrees and the optic nerve was cut without
disturbing the blood supply (Fig 1B). After a few weeks’
delay to allow for regeneration, the contralateral optic
nerve was cut to exclude inputs from the opposite eye, and
a lure was presented in various quadrants of the visual field
of the regenerated optic nerve. It was found that the frogs
consistently aimed for the quadrant diametrically opposite
the lure, and further lesions of the tectum confirmed that
the regenerated retinotopic map had been completely
inverted around the optical axis.11 This was an important
result because it showed that the regeneration of retinotopic maps was not dependent upon how the cut optic nerve
axons were surgically aligned, but was still determined by
the retinal origin of the regenerating axons. Further
experiments confirmed that individual regenerating ganglion cell axons retained an intrinsic ability to locate their
appropriate central targets and reform retinotopic patterns, thus successfully replicating the normal events of
development.16
Later experiments by Constantine-Paton and Law
involved the transplantation of a third eye primordium into
the forebrain region of a frog embryo (Fig 1C). The optic
nerve of the transplanted eye innervated the nearest
tectum where it too terminated in a retinotopic order.
Since the innervated tectum was also developing connections from the normal contralateral optic nerve, some reorganisation took place such that sites were shared. This
resulted in a form of ocular dominance column with alternating stripes of projection from either transplanted or
contralateral eye (Fig 1C).17 The transplanted embryonic
eye therefore had the capacity to interact with appropriate
regions of a host tectum to form a retinotopic map.18
The frog experiments are therefore interesting models of
optic nerve repair and provide information about two
important aspects of retinal map formation. Firstly, it
would seem that the re-establishment of a retinotopic map
(which is most likely a requirement for functional recovery
of vision) does not require a precise realignment of the two
cut ends of the optic nerve. The retinotopic map is
independently reformed by an interaction of regrowing
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Figure 1 Optic nerve regeneration in the frog and the recreation of visual
maps. (A) In normal circumstances, the left visual field maps precisely to
the right optic tectum. Movement of a fly lure detected in the visual field
will elicit a response at a corresponding location in the contralateral tectum.
The tongue (blue arrow) will thus be directed appropriately towards the
target. (B) If the left optic nerve is rotated about 180 degrees and cut
(preserving the blood supply), following regeneration, an inverted map of
visual space is reformed on the contralateral tectum. With the normal right
optic nerve disconnected, the frog will perceive the lure to be in the opposite
quadrant of visual space and will repeatedly miss the target with its tongue
(blue arrow). This experiment therefore shows that regenerating ganglion
cells in the frog retain an intrinsic ability to navigate back to appropriate
central targets, despite complete misalignment of cut optic nerve fibres.
Similar processes of axon pathfinding would most likely be necessary for
successful optic nerve regeneration in primates. (C) A third eye
transplanted to the top of the head at embryonic stages can become fully
functional (arrow). The transplanted eye (shown in blue) connects with
correct retinal topography to the optic tectum, although tectal sites are
shared with the host eye in an arrangement similar to ocular dominance
columns (blue stripes). This observation suggests that guidance cues within
a host tectum are also able to direct ganglion cells from a transplanted eye
to appropriate targets.

Pathology of optic nerve injury in mammals
After optic nerve transection (avoiding retinal infarction), a
cascade of inflammatory events is initiated, leading to
degeneration of ganglion cell terminals and phagocytosis
of somata in the retina.21–23 While a full review is beyond the
scope of this article, it appears that the result of axotomy is
to cause ganglion cells in the retina to undergo programmed cell death (apoptosis), such that only a small
percentage remain after about 2 weeks.24 25 The axotomised ganglion cells express molecular antigens that signal microglial cells in the retina to aid this organised process of self destruction.26 The apoptosis resulting from
axotomy is therefore not dissimilar to the normal
ontogenetic elimination of aberrant projections during the
period of neuronal remodelling,27 when ganglion cell
terminals projecting to incorrect targets cannot access
appropriate growth factors at critical stages in
development.9 13 28 One particular target derived growth
factor, brain derived neurotrophic factor (BDNF) has been
identified and cloned from the porcine superior
colliculus.29 Not surprisingly, BDNF can also prevent ganglion cells from undergoing apoptosis if injected into the
eye at the time of optic nerve lesion.30 31 Peptides applied in
vitro32 and growth factors isolated from peripheral nerves
(where regeneration is more successful than in the CNS)
have also been shown to increase survival of lesioned ganglion cells, although their molecular structure is currently
unknown.33 34 Some of these growth factors may also
induce the expression of â tubulin mRNA in ganglion cells,
which has been shown to be important for axonal
extension.35 This eVect is probably independent of
BDNF.36 Indirectly, the axotomy related apoptosis can also
be further reduced by the intraocular injection of
molecules that directly inhibit the activity of microglia in
the retina.37 The expression of the bcl-2 proto-oncogene
also appears to be important for ganglion cell regeneration
in vitro, although surprisingly this does not appear to be
directly related to apoptosis.38
In conclusion, the normal programmed degeneration of
ganglion cells that occurs after axotomy can now be interrupted in some cases with a variety of molecular methods
(Fig 2A and B). If a ganglion cell can survive the eVects of
axotomy, one must now consider how this cell might
re-extend an axon along the former pathway.
Axon regrowth within the CNS environment
It is well established that peripheral neurons can regenerate
successfully over long distances within peripheral nerves.
However, if a peripheral nerve is cut and the proximal end
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axons and guidance cues along the visual pathway.
Secondly, the mechanisms that guide the formation of retinotopic projections are not restricted to host eyes, but can
be equally eVective in connecting transplanted eyes. Quite
how these properties apply to optic nerve regeneration in
mammals is unclear, and would depend on the extent to
which developmental molecules remain or could be
re-expressed along the visual pathway to guide
regeneration.19 20 An independent ability to reform retinotopic maps would be an important factor for successful
mammalian optic nerve regeneration, since it is hard to
imagine that accurate surgical realignment of individual
nerve fibres would be possible, either within the optic
nerve or in central targets. For this reason it is highly likely
that successful optic nerve regeneration in mammals, as in
lower vertebrates, would require some form of replication
of the normal events of development. Before extending the
discussion of map formation to the regenerating mammalian optic nerve, we should first consider the basic mechanisms of regeneration failure in the mammalian CNS.
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pal source of inhibitory molecules within the CNS
environment.

Figure 2 Optic nerve regeneration in mammals by the neutralisation of
myelin associated inhibitory proteins. (A) Ganglion cell axons in the optic
nerve are surrounded by oligodendrocytes which normally inhibit axon
growth. (B) After axotomy, the distal axon will degenerate but the soma
can be prevented from undergoing cell death by the intravitreal injection of
certain growth factors and immunosuppressants. (C) In order to re-extend
an axon along the optic nerve, the inhibitory myelin proteins in
oligodendrocytes need to be neutralised. This can be done experimentally by
the surgical implantation of hybridoma cells continually secreting
monoclonal antibodies (IN-1) directed against and blocking the inhibitory
proteins. The axon can then regenerate a significant distance along the
optic nerve, although reconnection to central targets has not yet been
achieved (MIF = macrophage inhibitory factor; BDNF = brain derived
neurotrophic factor; PNTF = peripheral nerve trophic factors).

is turned back and implanted into the CNS, the peripheral
neurons are only able to regenerate as far as the peripheral/
CNS junction and will not penetrate into the substance of
the CNS.39 Conversely, some CNS neurons have been
observed to have the capacity to regenerate into peripheral
nerves when the latter are implanted into their central
tracts.40 These observations led to Cajal’s early conclusion
that the failure of CNS regeneration was not due to an
intrinsic inability for CNS neurons to regenerate, but was
more the result of a CNS environment that totally
inhibited any axonal growth within it.23 Cajal also noted
that a transient sprouting of lesioned ganglion cells
occurred before apoptosis in the mammalian retina. The
sprouting axons were able to grow randomly a fair distance
within the neural retina, but none could pass into the
myelinated region of the optic nerve (Fig 3A).23 Further
experiments have verified these early observations41 42 and
together with cell culture techniques,43 44 have also
confirmed that the myelin of oligodendrocytes is a princi-

Inhibitory eVects of astrocytes
A second environmental factor that needs to be overcome
is the inhibitory eVect of gliosis.49 50 Gliosis is the scar reaction around a site of CNS injury, mediated mainly by the
proliferation of astrocytes.51 The astrocytes form a dense
plug of gliotic tissue in an attempt to wall oV the CNS from
pathogens and re-establish the blood-brain barrier.52 Gliosis inhibits axon regeneration directly by presenting a
physical barrier to regrowing axons, and also indirectly by
the synthesis of inhibitory molecules.53 One particular
inhibitory molecule that has been characterised in detail is
chondroitin sulphate proteoglycan (CSPG).54 This molecule is also expressed during development where it has a
putative role in axon guidance by forming barriers to direct
growth cones.55–57 Quite why CSPG is also expressed
within a glial scar is uncertain, and direct neutralisation
with antibodies (as with myelin) has not yet been achieved
in vivo. In contrast with myelin, however, gliosis is only
present around the site of injury, and regrowing axons can
in some cases simply detour around the glial scar to grow
within undisrupted CNS tissue.58 59
Within the retina, the inhibitory eVects of gliosis may not
be as marked as elsewhere in the CNS.60 Astrocytes
migrate into the retina through the optic nerve head at
early stages of development (Fig 3B), but remain only very
sparsely populated within the nerve fibre layer (Fig
3C).61 62 The gliotic reaction to retinal injury is minimal
and resulting CSPG expression is barely detectable.60 This
may partly explain why ganglion cells regenerate readily
into peripheral nerve transplants when the latter are
implanted into the retina in the presence of appropriate
growth factors. This may be an important finding when
considering the possibility of using peripheral nerve
bridges to bypass the myelinated optic nerve and lead
regenerating axons into central targets (see below).
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Inhibitory eVects of oligodendrocytes
In order for axons to regenerate within the myelinated
regions of the CNS, these inhibitory proteins need
somehow to be overcome or neutralised. Antibodies to the
oligodendrocyte inhibitory proteins have been developed
and successfully applied to the lesioned rat spinal
cord.3 45 46 In the presence of hybridoma cells continually
producing the monoclonal antibody “IN-1”, a small
proportion of lesioned spinal neurons are able to grow
some distance along the spinal cord when supported by
appropriate growth factors.47 These antibodies have also
facilitated regeneration in the lesioned optic nerve,
although the neutralising eVect is reduced. Myelination in
the optic nerve (Fig 3A) is very dense indeed when
compared with the spinal cord,48 and the inhibitory eVects
of myelin proteins may therefore be much greater.
Nevertheless, although not reconnecting to central targets,
lesioned ganglion cells can regenerate considerable distances within the optic nerve in the presence of IN-1, when
supported by BDNF in the retina (Fig 2C).2 It may be that
future technical advances to allow greater penetration of
antibody into the optic nerve and tracts will neutralise the
entire pathway and allow ganglion cells access to central
targets. Recently it has also been shown that ganglion cells
may be able to regenerate along the myelinated optic nerve
if driven by certain growth factors isolated from peripheral
nerves. Theoretically at least, these growth factors may
downregulate growth cone receptors for inhibitory molecules on regenerating ganglion cells, thus facilitating passage through myelinated tissues.34
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Peripheral nerve transplants
Since the CNS environment contains molecules inhibitory
to axonal growth, an alternative to antibody mediated neutralisation of these inhibitory molecules is to simply bypass
the CNS tract altogether with a bridge fashioned from a
peripheral nerve (Fig 4).63 Experimentally the graft is typically sciatic nerve, connected proximally to viable neurons
at the site of lesion, and distally to the relevant CNS target
region. Growth factors are also applied to the lesioned
neurons to augment axonal regrowth. Initial results suggest
that multiple grafts across descending projections in the
lesioned spinal cord have been successful in returning
locomotion to paraplegic rats.5 Regeneration occurs naturally within peripheral nerves and there is also evidence of
as yet undefined growth factors originating from within the
substance of the grafts.33 34
In the visual system, regeneration through peripheral
nerve grafts has been of equal success.64 65 Typically, the
optic nerve is lesioned close to the optic nerve head but
avoiding damage to the central retinal artery (Fig 4A). A
peripheral nerve can then be connected either to the optic
nerve head or directly into the retina. With appropriate
intravitreal growth factors22 and as yet undefined growth
factors diVusing from the peripheral nerve,33 34 ganglion
cells survive the eVects of axotomy and re-extend axons
into the graft (Fig 4B). If the distal end of the graft is connected to central visual relays, functional reconnections
can be made.66–68 A most remarkable example of this is the
return of the light pupil constriction reflex when the graft
is connected to the pretectal nucleus in rats (Fig 4C).69 The
return of visually evoked behavioural responses in rodents
after grafting also implies functional connection with
higher visual centres.64 65 Similar experiments have shown
that regeneration is also possible distally in the retinotectal
projection; through peripheral nerve grafts placed across
lesions of the optic tracts.70
The nerve grafting experiments are very encouraging
because they demonstrate unequivocally that lesioned retinal ganglion cells are able to regenerate and reform
functional connections. It should be remembered, however, that most of these experiments have been conducted
in the visual system of rodents, and that recovery has been

defined as the return of a reflex or visually evoked
potentials in the tectum. Although there is some indirect
evidence that optic nerve regeneration may also contribute
to visual perception, from recent behavioural studies into
the capacity for optic nerve grafted rats to discriminate
between horizontal and vertical patterns.65 In reality,
extrapolation of these findings into the human visual
system is very speculative, mainly because of our dependence on the retinogeniculate projection. The geniculate
input of this projection is precisely retinotopically
ordered,13 and one must assume that this would also have
to be re-established after regeneration for any meaningful
return of visual function. The success of peripheral nerve
grafts still needs to be assessed in primates, with particular
emphasis on examining the potential for re-establishment
of retinotopic order within a regenerating retinogeniculate
projection.
Embryonic CNS transplants
The transplantation of human fetal striatal grafts is now an
established clinical procedure in the treatment of Parkinson’s disease.71 Laboratory experiments have confirmed
that dopaminergic neurons transplanted from fetal substantia nigra are able to reform functional connections
with host brain targets some distance away.72 The
significance of this achievement should not be underestimated when considering therapeutic possibilities for optic
nerve and spinal cord repair.
There are several reasons why embryonic tissue
transplants are successful. Firstly, the neurons are in an
active growth phase and advance readily into host brain
without dependence on externally administered growth
factors.73 Secondly, it seems that the growth cones of
embryonic neurons are not inhibited by myelin proteins in
the same way as regenerating adult neurons. Thus embryonic neurons can grow and re-establish connections along
myelinated pathways of the host brain without the need for
exogenously introduced myelin inhibitors.59 74 Thirdly,
there is evidence that the gliosis around an embryonic
transplant is much reduced when compared with disrupted
adult tissue, and does not act as a barrier to growing
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Figure 3 Glial cells within the visual system. (A) The optic nerve is densely myelinated (orange) and is thus inhibitory to axonal growth, although the
optic nerve head and adjacent retina contain only astrocytes (green) and are therefore preferred regions for the insertion of peripheral nerve grafts.
(B) Astrocytes (red) migrate into the retina through the optic nerve head at early stages of development (INL = inner neuroblastic layer; ONL = outer
neuroblastic layer) to surround retinal blood vessels. (C) A mature astrocyte (green) shown close to the ganglion cell layer (blue nuclei) and perpendicular
to the radial processes of Müller cells (red). After CNS injury, astrocytes normally express inhibitory proteins to block regeneration, but this has not been
observed in the retina. Glial cell diVerences may therefore explain why the retina is probably a more favourable site for regeneration than elsewhere in the
CNS. Scale bars: A = 50 µm; B = 25 µm; C = 10 µm (opossum)
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neurons8 75 Finally, the neurons growing out of the embryonic tissue may possess some navigational properties that
direct them to appropriate targets some distance away in
the host brain.76
Intraspinal embryonic transplants have also been
successful in facilitating repair of the lesioned spinal cord
in neonatal rats.7 It should be remembered, however, that
functional repair of the adult spinal cord requires
regeneration of corticospinal connections from existing

Figure 5 Navigation of regenerating ganglion cells in the developing
mammalian CNS. (A) At early stages of development, ganglion cells can
regenerate across an incision made in the retina. The optic nerve (ON) is
shown to the right and an axon labelling dye is shown embedded in the
temporal retina to the left. (B) Under fluorescent light, the precise path of
regenerating axons can be seen. Some axons have regrown directly across
the incision (arrows) and all are appropriately guided into the optic nerve.
(C) At the chiasm, axons originating from the temporal retina turn
appropriately (arrow) to enter the ipsilateral optic tract (IOT), while the
remainder project to the contralateral optic tract (COT). This study not
only demonstrates that mammalian ganglion cells can regenerate at early
stages of development, but more importantly, also have a capacity for
navigation back to appropriate targets. Scale bars: A = 100 µm; B = 100
µm; C = 250 µm (opossum).

motor neurons in the cortex. Embryonic neurons emanating from the intraspinal graft may make local connections
but are unlikely to exert controlling influences in the same
way as neurons from higher motor areas. Functional
reconnections would have to come from existing lesioned
neurons, and these neurons are still unable to regenerate
across fetal grafts placed at the site of spinal cord injury.77
For similar reasons, it follows that embryonic grafts are
unlikely to facilitate repair of existing ganglion cells simply
by being placed at a site of interruption of the visual pathway. Transplantation of the whole embryonic retina is
required, totally substituting the damaged host retinofugal
projection.
Transplants of embryonic retinal tissue are successful
when placed directly onto host tectum, and can even
reform functional connections with host target neurons.
The synaptic connections made in congenitally blind mice
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Figure 4 Utilisation of a peripheral nerve graft to connect regenerating
ganglion cells directly to central targets. (A) The normal light reflex is
mediated by ganglion cells through synapses in the pretectal nucleus
(PTN), Edinger–Westphal nucleus (EWN), and ciliary ganglion (CG) of
the oculomotor nerve (III). The positions of the superior and inferior
colliculi (SC and IC) and cerebellum (Cereb) are also shown. (B) After
optic nerve transection, intravitreal growth factors can sustain the lesioned
ganglion cells in the retina, provided that the retinal blood supply remains
viable (shown in red). A peripheral nerve transplant can provide a conduit
between the optic nerve head and pretectal nucleus. (C) Ganglion cell
axons are able to regenerate within the favourable environment of the
peripheral nerve graft to reform functional connections in the pretectal
nucleus and restore the light reflex. The graft thus facilitates regeneration
by bypassing the inhibitory CNS environment altogether.
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Regeneration of retinotopic maps
In all the above paradigms of mammalian optic nerve
regeneration, the question of specificity (recreation of
visual maps) remains unanswered. The lower vertebrate
experiments described at the beginning of this review
demonstrate the dependence of visual function on the restoration of retinotopic maps in the regenerating projection.
It is highly likely that functional return of vision in humans
would also require successful navigation of regenerating
ganglion cells to appropriate targets in the lateral
geniculate nucleus. In this respect, the requirements for
optic nerve regeneration are far more stringent than in the
spinal cord. Precise surgical reconnection of regenerating
axons to individual geniculate targets is clearly an improbability considering the vast number of axons within the
optic nerve. Instead we must hope that, as in the lower vertebrate model, some capacity to replicate the normal processes of development might exist in adulthood to guide
regenerating axons back to their targets or remodel
aberrant projections. In vitro observations of the regenerating connections between rodent retinal and tectal explants
have suggested that some guidance molecules can be
re-expressed in the adult.83 84 Similarly, our recent observations in the regenerating retinofugal projection of the
opossum have shown at early stages that regeneration of
ganglion cells is possible along the normal visual pathway
(Fig 5A and B), and that regenerating axons respond to
appropriate guidance cues within the optic chiasm (Fig
5C).85 Quite how these guidance cues might persist or be
re-expressed to guide regeneration in the adult visual pathway remains the critical issue.
Summary
Three separate experimental models of optic nerve regeneration have been presented—along the existing pathway
in the presence of antibodies to neutralise inhibitory molecules, along peripheral nerve grafts and from retinal
transplants. Each oVers a theoretical clinical strategy for
restoration of vision, if the mechanism of re-establishment
of maps and reconnection to appropriate targets during
regeneration can be determined. This is the process of
axon guidance, and underlines the importance of our
research into the molecular determinants that guide
normal development of the visual system.

Some of the experiments described in this review were funded by the Medical
Research Council at the University of Oxford, with additional support from the
Wellcome Trust. Jeremy Taylor kindly provided the photograph for Figure 1C. I
am grateful to Kwok-Fai So and Anson Cho for teaching me peroneal to optic
nerve transplantation.
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are very similar to normal, also suggesting that the ability
of a retinal transplant to innervate a host brain seems not
to depend on prior innervation of visual targets.6 The main
drawback of retinal transplants, however, is that they consist of only neural tissue, and cannot therefore confer the
optical properties of a whole eye. Interestingly, photoreceptors within the transplant are able to recruit local macrophages to take on a role similar to pigment epithelium,78
and visual function is suYcient at least to restore the light
pupil constriction reflex79 and certain behavioural
responses.80 There does not appear to be a retinotopic projection to host targets,81 but in any case, this is probably
irrelevant in the absence of any optical system to project a
visuotopic image onto the graft itself. In reality, therefore,
although the regeneration characteristics of retinal transplants are good, for functional return of vision, grafts
would most likely need to be sited within the host eye. The
subsequent requirement for regeneration over long distances through a host or transplanted optic nerve, and the
uncertainty of retinotopy in axons arriving at host targets
needs then to be considered.82 A clinical therapy using retinal grafts to restore vision, while theoretically possible,
would therefore be considerably more complicated than
currently successful transplantation strategies to treat
extrapyramidal disorders.
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