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Abstract Within a few decades, the repair of long neuronal
pathways such as spinal cord tracts, the optic nerve or
intracerebral tracts has gone from being strongly contested
to being recognized as a potential clinical challenge. Cut
axonal stumps within the optic nerve were originally
thought to retract and become irreversibly necrotic within
the injury zone. Optic nerve astrocytes were assumed to
form a gliotic scar and remodelling of the extracellular
matrix to result in a forbidden environment for re-growth
of axons. Retrograde signals to the ganglion cell bodies
were considered to prevent anabolism, thus also initiating
apoptotic death and gliotic repair within the retina. Howev-
er, increasing evidence suggests the reversibility of these
regressive processes, as shown by the analysis of molecular
events at the site of injury and within ganglion cells. We
review optic nerve repair from the perspective of the prox-
imal axon stump being a major player in determining the
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successful formation of a growth cone. The axonal stump
and consequently the prospective growth cone, communi-
cates with astrocytes, microglial cells and the extracellular
matrix via a panoply of molecular tools. We initally high-
light these aspects on the basis of recent data from numerous
laboratories. Then, we examine the mechanisms by which
an injury-induced growth cone can sense its surroundings
within the area distal to the injury. Based on requirements
for successful axonal elongation within the optic nerve, we
explore the models employed to instigate successful growth
cone formation by ganglion cell stimulation and optic nerve
remodelling, which in turn accelerate growth. Ultimately,
with regard to the proteomics of regenerating retinal tissue,
we discuss the discovery of isoforms of crystallins, with
crystallin beta-b2 (crybb2) being clearly upregulated in the
regenerating retina. Crystallins are produced and used to
promote the elongation of growth cones. In vivo and in
vitro, crystallins beta and gamma additionally promote the
growth of axons by enhancing the production of ciliary
neurotrophic factor (CNTF), indicating that they also act
on astrocytes to promote axonal regrowth synergistically.
These are the first data showing that axonal regeneration is
related to crybb2 movement within neurons and to addition-
al stimulation of CNTF. We demonstrate that neuronal crys-
tallins constitute a novel class of neurite-promoting factors
that probably operate through an autocrine and paracrine
mechanism and that they can be used in neurodegenerative
diseases. Thus, the post-injury fate of neurons cannot be
seen merely as inevitable but, instead, must be regarded as a
challenge to shape conditions for initiating growth cone
formation to repair the damaged optic nerve.

Keywords Opticnerve -Regeneration - Crystallins - Injury -
Rat
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Introduction
The optic nerve

One of the marked features of the optic nerve, equally
advantageous for experimentalists and clinicians, is its ex-
tracranial location and its experimental accessibility from
the earliest stages of development and throughout life. The
optic nerve thus still serves as an outstanding model for
tackling fundamental questions in brain development, axo-
nal guidance, nerve injuries and nerve repair. The first
compartmentalization of the eye primordial and optic stalk
is visible at early developmental stages, when the prosence-
phalic neural tube protrudes bilaterally to form the optic
vesicles. The protrusion of the neural tube occurs at differ-
ent, yet corresponding, developmental stages in representa-
tive species, e.g. at about 12.5 days in mouse and rat, at
22 days in the human embryo and at about 30 h in the chick
embryo.

Retinal ganglion cell (RGC) axons grow out during the
early formation of the secondary eye cup and are immedi-
ately directed towards the optic stalk to form the optic nerve,
thereby preserving their intraretinal positional information,
which is then used to terminate axonal growth at topograph-
ically correct target areas. Much research and experimental
variations are devoted to unravelling the cellular and mo-
lecular mechanisms of retinal axon growth and guidance
and axonal interaction with cells and non-cellular cues along
the intraretinal course and within the optic stalk. Initial
retinofugal axons are first anatomically rearranged into a
tube-like order within the optic nerve. When approaching
the presumptive optic chiasm in the ventral diencephalons,
the axons interact with a scaffold of local glioblasts and glial
cells and, naturally, with retinal axons arriving from the
contralateral eye cup. After passing through the chiasm
midline, retinal axons continue to grow and form the optic
tract, which terminates within certain retinoreceptive nuclei
within the ventral, lateral and dorsal thalamus and more
caudally within the midbrain. Structural development of
the visual system is mainly completed at the time of birth
and during a species-specific postnatal critical period of
weeks to months.

The primary projection of retinal axons within thalamic
and midbrain centres maintains a topographic order (e.g.
retinotopy) both at structural (e.g. axons from neighbouring
ganglion cells terminate on neighbouring brain cells) and
functional levels (e.g. neighbouring visual field spots stim-
ulate neighbouring ganglion and brain cells). Because of the
differing degree of decussation observed among mammalian
species, some reorganization of the topography takes place
to assure binocular vision. This feature of the visual system,
however, involves higher cortical areas of vision. In the hu-
man optic nerve, ganglion cell axons segregate retinotopically
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at the level of the optic nerve head. This retinotopic segrega-
tion of axons arising from particular retinal regions changes
near the chiasm (Fitzgibbon and Taylor 1996). Nasal axons
(~52%) cross to the contralateral side and temporal axons
(~48%) remain ipsilateral (Schmid et al. 2000).

Quantitatively, the typical primate optic nerve consists in
about one million RGC axons, all of which are myelinated
by oligodendrocytes, surrounded by astrocytes, nutrified by
capillaries, in communication with microglial cells and in
contact with the extracellular matrix (ECM; Honjin et al.
1977; Drenhaus et al. 1997; Sadun and Wang 2011). In
rodents, fewer axons occur, with rats having numbers rang-
ing from 10° to 2x10° and with mice having even a fewer
number (Galindo-Romero et al. 2011); this is determined by
the transcription factor PAX2 (Alur et al. 2008). Approxi-
mately 20% of the volume of the adult central nervous
system (CNS) and hence comparably of the optic nerve, is
occupied by an extracellular space filled with a combination
of proteins and polysaccharides that comprises the ECM
(Nicholson and Sykova 1998). The cellular and non-
cellular organization of the optic nerve resembles that in
other regions of the cerebral and spinal white matter. The
oligodendrocyte-containing optic nerve differs from periph-
eral nerves, in that the latter contain myelinating Schwann
cells and is therefore considered a central tract located
outside the confines of the cranial grooves.

Anatomically, the optic nerve is formed at the ophthal-
mologically visible optic nerve head, travels within the
muscle conus formed by the extraocular muscles and, after
about 30 mm, passes into the optic canal (which is a 5- to
12-mm-long boney canal lying superonasal to the superior
orbital fissure) and enters the cranium. Some sympathetic
axons destined for the orbit and the dura-covered ophthalmic
artery located at the inferolateral aspect of the optic nerve lie
within the optic canal close to the nerve. Within the canal and
posterior to it, meningeal tissue is tethered to the optic nerve
with little free space. This tight packing of tissue within the
optic canal might be the reason that some traumatic optic and
compressive neuropathies occur without radiographically
detectable changes to the associated bone.

Developmental aspects of the optic nerve as related to injury
in adulthood

Ganglion cell birth and axonal outgrowth

In all vertebrates, the eye primordia arise as lateral protru-
sions from the prosencephalon, at about embryonic day 12.5
(E12.5) in the rat and mouse and at about E22 in the human
embryo. As the eye vesicles approach the ectoderm, they
induce the invagination of the lens placode and initiate the
formation of the secondary eye vesicle (e.g. eye cup). These
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processes are controlled by the Pax family of genes, which
encode transcription factors and in particular by Pax-6, the
homologue to the eye less gene in Drosophila (McDonald
and Wilson 1996). At around the time of primary optic
vesicle formation, retinal neuroblasts leave the cell cycle
in a specific order with respect to their prospective func-
tional cell type: the first cells to become post-mitotic are
RGCs followed by photoreceptors, horizontal cells, ama-
crines and bipolar cells. Of all retinal neurons, the RGCs
have received the greatest interest from developmental biol-
ogists and clinicians, because these neurons provide a model
system for the investigation of topographic projections (for a
review, see Thanos and Mey 2000), for nerve regeneration
and for their role in the sensory physiology of vision. After
their final mitosis, RGC neuroblasts detach from the outer
ventricular surface and migrate vertically towards the inner
limiting membrane where they form the ganglion cell layer.
One of the crucial steps towards the directed growth of
axons is the transition of non-polarized to polarized cells
by retraction of the vitreal process and extension of a process,
which is defined as the axon, towards the inner plexiform
layer. The polarization process is probably influenced by
chondroitin sulphate proteoglycans (CSPGs), whereas
growth-associated protein-43 (GAP-43) is expressed in these
earliest RGCs. Several factors are involved in the early cell
polarization and outgrowth of axons including laminin-1,
various collagens and growth factors (for a review, see Thanos
and Mey 2000).

Factors supporting axonal growth

Instructive molecules account for growth cone guidance
within the retina and within the optic stalk. Either such local
cues are present on neuroepithelial cells, glial endfeet and
neighbouring axons or they can be secreted into the ECM.
Anatomically, growth cones are located adjacent to Miiller
glia endfeet, whereas in the optic nerve, tract and beyond,
they seem to grow along preformed adhesive pathways on
neuroepithelial endfeet (Silver and Rutishauser 1984). In
addition to interacting with their neighbouring axons and
growth cones, an intimate interaction occurs with the neuro-
epithelial endfeet, with the ECM and with soluble ligands,
which might cause directed growth or repulsion. In this
respect, the highly complex composite of various factors
and of different species (e.g. mouse, rat, chick, human)
represents only a fragment of the knowledge in this field
and further factors have been described in former reviews
(e.g. Thanos and Mey 2000). Evans and Gage (2005) have
proposed that sonic hedgehog diffuses from the midline to
activate Pax2 into the optic stalk and forms a boundary
between the optic stalk and the optic cup to repress Pax6.
Later in the development of the optic stalk, Pitx2 is
expressed in the neural-crest-derived mesenchyme cells

around the optic stalk to activate signaling that induces the
elongation of the optic stalk (Evans and Gage 2005).
Receptor-type-protein phosphatases (RPTPs) are also re-
quired for the growth of axons in Drosophila. The vertebrate
homologues, protein tyrosine phosphatases (PTPs), have
also been implied to regulate axonal growth in the limb
(Stepanek et al. 2005) but whether they operate in a similar
fashion within the optic nerve remains to be shown.

Although new cells are born within the retina and al-
though axons enter the optic stalk, the elongation of axons
within the presumptive optic nerve is accompanied by the
addition of more axons rendering the nerve a fasciculated
structure. Parallel to the fibre invasion, the development of
glioblasts proceeds in the retina-diencephalic direction of
the optic nerve. Axons elongate through the extracellular
space, which is organized by a framework of radial glial
processes (Silver 1984; Navascués et al. 1987). The direc-
tionality of axonal growth is probably determined by CSPG-
containing ECM, specific proteolytic processes involving
glioblast- and growth-cone-derived enzymes and cell death
within the ventral optic stalk wall. Growth-permissive and
growth-supporting molecules such as laminin-1 and the
laminin alpha-2 chain are expressed on the endfeet of neuro-
epithelial cells along the developing optic nerve and the
chiasm (Morissette and Carbonetto 1995). In addition, a
number of cell adhesion molecules and cadherins are
expressed in the chiasm and are putative candidates to
influence chiasm development. The homeobox gene Pitx2
is also required for the normal development of the optic
stalk, ocular anterior segment and neural crest (Evans and
Gage 2005). We can therefore plausibly assume that Pitx2
co-regulates the microenvironment to influence the growth
of axons, because mutations in the gene result in changed
optic nerve phenotypes. Moreover, a number of integrins are
expressed on the axons and seem to bind to ECM molecules
during development. With maturation of the optic nerve,
RGCs lose the response to laminin (Cohen et al. 1986).
Fibroblast growth factor (FGF) signaling sustains the
expression of guidance cues such as semaphorin 3A
and xslitl throughout Xenopus optic tract development sug-
gesting a sustained role of morphogens (Atkinson-Leadbeater
et al. 2010).

Molecules inhibiting axonal growth

In addition to the molecules supporting growth cone move-
ment, repellent molecules are involved in axonal navigation.
Such repulsive ligands, which might also be of cellular or
ECM origin, bind to membrane-bound receptors and acti-
vate, within the growth cones, the RhoA-GTpases, which
control Rho-kinases and result in the depolymerization of
actin and the collapse of growth cone filopodia. Repulsive
ligands might be cell-specific (Kapthammer and Raper
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1987) and can alter the growth direction of axons by selec-
tively inhibiting filopodia across the growth cone area
(Walter et al. 1990). Several molecules have been identified
to mediate collapse such as collapsing 1, neuropilin and
semaphorins (for a review, see Thanos and Mey 2000). The
data summarized over the last four decades converge to give
the “multifactorial” axon navigation theory through the optic
nerve.

More recently, additional inhibitors to axonal growth
have been identified. The lipid sulphatide, a major con-
stituent of CNS myelin, is inhibitory to mice optic nerve
axons and contributes to axon-regenerative failure in vivo
(Winzeler et al. 2011). In addition, transactivation of the
epidermal growth factor receptor (EGFR) with pharmacolog-
ical inhibitors has shown that the phosphorylated-EGFR is not
present on regenerating axons, suggesting a role in signaling
inhibition mediated by glial cells (Berry et al. 2011). In
addition to known growth inhibitors, such as neurite out-
growth inhibitor (Nogo), oligodendrocyte glycoprotein
and myelin-associated glycoprotein (MAG), the paired
immunoglobulin-like receptor B responds to myelin-
associated inhibitors and mediates the inhibition of axon
growth by requiring the P75 receptor for signal-
transduction as shown in mice carrying a mutation in
the P75 gene (Fujita et al. 2011; Akbik et al. 2011).
Several additional inhibitors probably remain to be
discovered.

Target-dependent axonal guidance: retinotopy

One of the basic features of visual field representation is the
precise cellular topographic projection of neighbouring gan-
glion cell axons on the thalamic and mesencephalic centres.
RGCs residing in close proximity within the retina will send
axons in neighbouring thalamic neurons thereby keeping the
retinal coordinates both in relationship to each other and in
relationship to the visual field represented by the total
number of RGCs. However, neither the retina nor the
thalamus provides a simple two-dimensional area. Both
areas have different sizes, different metric coordinates
and different curvatures and hence do not allow us to
devise a simple Cartesian model. The endeavour to
construct such models requires a synthesis of several
methodological approaches. These include an under-
standing of the intraretinal growth mechanisms, the guid-
ance of axons through the optic nerve, the segregation of
axons at the chiasm, the navigation and reorganization within
the optic tract and the target-dependent guidance of axons
within the three-dimensional thalamic nuclei. To this end,
ephrins and ephrin-receptors have been identified to be
relevant within the targets (for a review, see O’Leary and
Wilkinson 1999; see also Marler et al. 2008; Suetterlin et al.
2012).
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Disturbances of the optic nerve and some clinical aspects
of traumatic optic neuropathy

Traumatic optic neuropathy (TON) is the injury-induced
damage of the optic nerve function that results in sudden loss
of vision and can occur after direct or indirect injury along the
ascending optic pathway, with an incidence of 2%—5% after
facial injury. Direct injuries result from either section or
compression (boney pieces, oedemas, haemorrhages) and
are caused by penetrating stab wounds and orbit-penetrating
foreign bodies such as bullets, knives and sharp bone frag-
ments derived from periorbital bone fractures (Acheson
2004). Indirect injuries result from shearing forces that are
transmitted through the bones and from abnormal eye shak-
ings in relation to the nerve or blood vessels (Levin et al.
1999) and from secondary vasospasm and swelling within the
rigid optic canal. The confines of the optic canal can result in
a compartment syndrome that accounts for most of the indi-
rect optic neuropathies, because the nerve is tethered to the
dural sheath and, hence, has a higher sensitivity to shearing.
At the cellular level, the damage resulting from either direct
or indirect injury consists in bidirectional (anterograde/
ascending and retrograde/descending) Walerian degeneration
of axons and RGCs, followed by glial scarring. The optic
nerve head is considered the most vulnerable part of the optic
nerve, most probably because of the anatomical transition
from the eye cup to the narrow optic nerve, passing through
the netlike lamina cribrosa, or the transition from the non-
myelinated intraretinal state to the myelinated state within the
optic nerve.

In spite of the relatively uniform structure along the
prechiasmatic optic nerve path, traumatic optic neuropathies
exhibit substantial variations in their clinical outcome. Clear
cuts of optic nerve axons are relatively rare in the human
optic nerve, even during accidental penetration by bullets or
knives or iatrogenic cuts during the removal of nerve infil-
trating tumors in the surroundings; compressive TONs are
more common and result from haematomas and oedemas.
Although TONS resulting from acute cuts and compression
share common clinical implications, the former typically
result in immediate complete or incomplete loss of vision,
whereas the latter may also result in delayed and slower
visual impairment. Experimental cuts have been performed
over the last century in order to examine the mechanisms of
optic nerve degeneration (Ramoén y Cajal 1928) or to study
neurotrophic and neuroprotective agents (for a review, see
Isenmann et al. 2003) and neural regeneration (Heiduschka
et al. 2005).

Ophthalmologically, TONs result in changes of virtually
all optic nerve functions including visual acuity, visual
fields, pupillary reflexes and funduscopically detectable
morphological changes (especially after injuries close to
the optic nerve head and the peripapillary vessels). Usually,
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the injuries are not restricted to the optic nerve and involve
ocular muscles thereby influencing ocular motility. Depend-
ing on the patient’s medical condition and the circumstances
of examination, the evaluation may be restricted to some
basic procedures but should always include an assessment
of pupillary reflexes to disclose an afferent pupillary defect.
Incomplete TONSs are characterized by a moderate-to-severe
reduction of visual acuity. No visual acuity is expected when
the temporal half of the optic nerve is affected, for it
comprises axons from the fovea and macula.

The body of bibliography on the case series relating to
TON includes hundreds of eyes treated in neuroophthalmo-
logical service centres and departments of plastic and recon-
structive surgery, orbital surgery, neurological surgery,
otorhinolaryngology, neurosurgery and general ophthalmol-
ogy. Most of the prospective studies are nonrandomized and
lack control groups. Difficulties are therefore encountered
when comparing the studies, even qualitatively, because of
the relatively isolated information provided by each study
on the spontaneous visual recovery that appears with a
relatively high frequency after TON. The effects and safety
of surgical interventions such as decompression in the man-
agement of TON between 1966 and August 2005 have not
been beneficial according to the Cochrane Central Register
of Controlled Trials (Yu Wai Man and Griffiths (2005).
Moreover, surgery is associated with a risk of defined
complications such as leakage of cerebrospinal fluid and
meningitis.

The International Optic Nerve Trauma Study (IONTS)
was designed as a comparative and nonrandomized inter-
ventional study with concurrent treatment groups involving
a total of 133 TON cases (Levin et al. 1999) whose visual
function was assessed within 3 days of injury. On the basis
of treatment received within 7 days of trauma, the authors
concluded that neither the dosage nor the timing of cortico-
steroid treatment nor even the timing of surgery was asso-
ciated with an increased probability of visual improvement.
The study found that visual acuity recovered in 57% of the
untreated group, 32% of the surgery group and 52% of the
steroid group and found no clear benefit for either steroid
therapy or decompression surgery (Levin et al. 1999). The
authors recommended that it is clinically reasonable to de-
cide upon treatment on an individual/case-by-case basis.

Cellular changes within the optic nerve
and histopathology of TON

The onset of cellular changes following various types of
injury to the optic nerve might be influenced by both the
severity of the lesion and its distance from the ganglion cell
bodies. The responses to injury are suggested to be more
rapid for transection of the optic nerve at the globe than for
those at a more posterior location involving the intracranial

optic tract or the chiasm. Radius and Anderson (1978) found
that disc pallor developed as early as 2 weeks after a prox-
imal photocoagulation-induced injury in the monkey. How-
ever, the ganglion cells and the intraretinal axon segments
survived longer. By 3 weeks, changes were perceptible in
the ganglion cells and the nerve fibre layer, leading to a
decrease in ganglion cell population, with this becoming
significant after 4 weeks. The time of onset and the progres-
sion of the ganglion cell atrophy were similar after optic
nerve transection in the posterior orbit in owl monkeys
(Quigley et al. 1977). Both of these studies show that the
timing of the atrophy of the ganglion cell bodies is indepen-
dent of the location of injury along the optic nerve.

The optic atrophy of the later stages of TON is charac-
terized by the loss of axons in both directions from the site
of injury and by the gradual loss of oligodendrocytes in-
cluding their myelin sheaths. The typical organization of
glial columns between the parallel nerve fascicles is
disrupted and the astrocytes begin to proliferate (gliosis)
together with a profound thickening of the interseptal pial
membranes. In spite of gliotic proliferation and meningeal
thickening, the optic nerve diameter decreases and the sub-
arachnoid space widens. The ramified resident microglial cells
phagocytose degenerating neuronal debris and myelin, there-
by transforming themselves into lipid-loaded ameba-shaped
macrophages.

Retrograde apoptosis of ganglion cells and atrophy occur
as early as 2 weeks after injury, whereas adjacent cells such
as astroglial and microglial cells respond earlier. Very early
changes have been demonstrated in an eye enucleated 30 h
following optic nerve transection, 24 mm behind the globe.
Immunohistological changes culminate in responses of
astrocytes, macrophages and microglial cells. However, no
apoptotic profiles or disruption of the retinal layers occur.
As expected, a necrotic zone is present in the vicinity of the
optic nerve transection, with an accumulation of macro-
phages and axonal debris and the disruption of myelin. In
the rare case of a foreign body within the optic nerve,
Prokosch et al. (2011) have reported that, even 30 years
after lesion, complex cellular reactions can be identified.

Retrograde degeneration of the RGCs is the final com-
mon outcome underlying TON, wherever the initial site or
whatever the mechanism of the injury. The axon injury
initiates ganglion cell disease and death. The molecular
responses at the site of axon injury involve an interruption
of axonal transport, local excitotoxicity from physiological
or pathological levels of glutamate, the formation of free
radicals, a decrease in the flow of neurotrophic factors from
targets to the ganglion cells, a leakage of potentially toxic
constituents at the axonal stump, the activation of microglial
cells, the proliferation of astrocytes, an accumulation of
retrogradely transportable molecules and the local break-
down of the blood—brain barrier. Multiple mechanisms
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certainly account for the axonal response and the influence
of diverse factors can also be assumed.

Further, the presence and post-traumatic expression of
receptors to neurite inhibitors such as Nogos (NogoR; Wang
et al. 2002), which are myelin-associated glycoproteins, can
be seen as an additional mechanism leading to the death of
ganglion cells. Evidence is accumulating that additional
inhibitors are located within the ECM of the optic nerve
and belong to the CSPGs that prevent repair of the damaged
CNS (for reviews, see Busch and Silver 2007; Sherman and
Back 2007). These inhibitors prevent the successful forma-
tion of axonal growth cones at the tips of cut axons and
thereby convert a primarily anabolic response (e.g. chroma-
tolysis; Cragg 1970) into a suicide response. This might
occur in conjunction with the deprivation of neurotrophic
factors, which are blocked by the injury and by additional
factors that are normally retrogradely transported to the
ganglion cell body.

Apoptosis of the ganglion cell body seems to be the final
fate. Whereas proteases are activated in typical cascades to
allow for clearance of cytoplasmic proteins, DNases are
activated within the nucleus to prevent further translation
and transcription. At the same time, calcium homeostasis is
disturbed both intracellularly and extracellularly. Neigh-
bouring microglial cells are activated to become phagocytic,
ingesting disintegrating ganglion cells (Thanos et al. 1993).
There is actually no possible replacement of dying ganglion
cells, despite the recent hopes that intraretinal or other
intraocular stem cells can be used to substitute the ganglion
cell layer.

Diagnosis of TON

Advanced TON is visible ophthalmoscopically at the optic
nerve head, which shows a differential pattern of pallor
depending on the location and severity of the injury. Al-
though loss of vision can occur immediately after injury,
pallor of the optic nerve head occurs with a delay of weeks
(Fig. 1). Ophthalmoscopy is therefore not the diagnostic tool
of first choice, although it is recommendable for examining
the status immediate after injury. Assessments of the visual
acuity, visual field (in conscious and cooperative patients)
and pupillary reflexes are essential to determining further
management. Examination of both eyes with comparative
evaluations of visual acuity, visual field and fundoscopic
status are necessary to exclude the bilateral TON that results
from injury to both optic nerves at the optic canal level.
Intraorbital injuries close to the optic nerve head result in
a descending atrophy of the ganglion cells within 2 to
4 weeks and ascending atrophy within 4 to 6 weeks. Oph-
thalmoscopically visible atrophy of the nerve head becomes
apparent at a few weeks after injury proximal to the optic
canal and is clearly visible 3 months later, even in the case
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of a partial lesion (Fig. 1). Examination of experimentally
induced TON in monkeys has shown a similar chronological
sequence of cellular responses, with the ganglion cells
degenerating by 4-5 weeks after optic nerve section and
the intraretinal glial cells proliferating over the same period.
Optic nerve myelin degenerates more slowly, some rem-
nants of myelin being still detectable at 6 months after injury
(Kupfer 1963). Although these changes might also occur in
the human TON, the diagnosis of TON should be based on
various investigative methods, including trauma history,
assessment of visual function, ultrasonography, magnetic
resonance imaging (MRI) and computed tomography (CT).

High-resolution MRI is the preferred imaging technique
for evaluating soft tissue lesions, in particular those within
the orbital apex and intracranially. CT is necessary to search
for bone fractures around the orbit (Tsai et al 2005; Leung et
al. 2006), in the optic canal, at the orbital apex (Yeh and
Foroozan 2004) and intracranially in order to plan surgical
intervention or when MRI is contra-indicated. Ultrasonog-
raphy can assess anterior orbital fractures including rim and
zygoma injuries, in particular when combined with ocular
trauma.

A complete ophthalmic examination is essential, includ-
ing slit-lamp microscopy, fundoscopy and the pupillary
reflexes to light, the latter being especially useful in
assessing an unconscious patient. However, most partial
(Fig. la-c) or total (Fig. 1d) atrophies of the optic nerve
can be easily diagnosed by fundoscopy. Measurement of
visually evoked potentials is recommendable for function-
ality assessments in conscious and motile patients, in
particular if remnant potentials can be detected. Recent
introduced methods of scanning laser polarimetry might be
helpful in assessing the optic nerve fibre layer after TON.
Whenever possible, the measurement of the nerve fibre
layer is a reliable and specific parameter for detecting
intraretinal changes after TON.

Summary of current clinical therapeutic concepts of TON

Surgical and pharmacological tools are available for the fast
treatment of TON. Surgical decompression at the optic canal
has been recommended as having beneficial effects on vi-
sual acuity and is considered by some authors to be the
therapy of choice after an initial unsuccessful use of ste-
roids, either alone or in combination with decompression.
However, a critical evaluation of retrospective case series
has revealed that most of the studies are nonrandomized and
lack reliable control groups, such as an untreated group.
Such inclusions are mandatory, since there is a high inci-
dence of spontaneous recovery of visual acuity in untreated
TON. New approaches might be developed as new surgical
techniques evolve and research into the pathophysiology of
TON progresses. Endoscopic optic nerve decompression
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Fig. 1 Examples of traumatic
optic neuropathy (TON). a
Freshly injured optic nerve with
intrapapillar bleeding (arrow)
and subretinal bleeding in

the fundus. b Partial atrophy
(arrow) of the temporal optic
nerve with visible lamina
cribrosa. ¢ Larger partial
retrograde atrophy of the optic
nerve head (arrow) attributable
to injury at the optic canal.

d Complete palor of the
atrophied optic nerve head
(arrow) caused by cutting

of the prechiasmatic

optic nerve

has been considered a minimally invasive procedure with no
adverse cosmetic effects but this remains to be verified
given that nonrandomized studies have been used to dem-
onstrate its efficacy. Specifically, any new therapy has to be
assessed in a prospective and randomized clinical trial in
order to avoid ill-founded recommendations with a potential
risk of deleterious effects.

Steroids have often been cited to be effective in treating
CNS injuries including spinal cord, head trauma and TON
by inhibiting oxygen free-radical-induced lipid peroxida-
tion. Papers published in the 1990s and thereafter often cite
the National Acute Spinal Cord Injury Study (NASCIS) 2
and 3 trials as evidence that high-dose methylprednisolone
is an effective therapy in acute spinal cord injury. However,
these trials are questionable from various points of view and
the evidence therefrom is now insufficient to support the use
of prednisolone in the standard treatment of acute spinal
cord injury. Steroids continue to be given to individuals
suffering acute spinal cord injury and some adverse effects
have been reported (Hurlbert 2006). Steroids are also given
to TON patients, even though a critical review of their
effects by the IONTS (Levin et al. 1999) has found no

significant visual acuity improvement compared with either
spontaneous recovery or surgical treatment. Further, Stein-
sapir et al. (2000) have demonstrated that high-dose meth-
ylprednisolone exacerbates axonal loss following optic
nerve damage in animals. The concept of using high-dose
steroids must thus be reconsidered until prospective, con-
trolled and randomized trials deliver decisive lines of
evidence.

Neuroprotecting substances form a heterogeneous group
of treatments derived from a wealth of studies involving
experimental models on ganglion cell death under various
circumstances, including glaucoma, ischaemia and the crush
and cut of the optic nerve. Neurotrophic factors have been
introduced to enhance the survival of axotomized RGCs in
rats (Mey and Thanos 1993). However, none of these agents
has successfully entered the clinical phase of testing, al-
though some are still considered to have positive effects in
diverse models. In our opinion, the potential of neurotrophic
therapy is limited to its use as a complementary therapy.

Both conservative and surgical treatments of TON re-
main controversial despite numerous reports in favour of
either approach and, hence, a prospective, randomized and
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multicentric study appears mandatory for drawing definite
conclusions. Prompt and accurate ophthalmic diagnosis is
essential. Results of initial ophthalmic examination (visual
acuity, ophthalmoloscopy and visual field defects) might
influence the choice of therapy and are necessary for the
inclusion/exclusion of the patient in a prospective and ran-
domized study. The necessity for further research into the
pathophysiology of both ganglion cell death and TON and
the development of low-risk surgical techniques and neuro-
protection is obvious in the current state of controversy.

Experimental injuries to the optic nerve
Injury, survival and regeneration at postnatal stages

Maturation of the visual system is different at the time of
birth when compared between species. Newborn rodents
have an immature optic nerve with retinal maturation
extending up to the second week of life. Rat RGCs are
generated between E13 and E19 and the first axons reach
the midbrain at E16/16.5. The latest peripheral axons born at
E19 reach the midbrain at P4/P5 (Dallimore et al. 2002).
Development is similar in the mouse. At the day of eye
opening (P14), the retinofugal system is considered mature.
In addition to the retinal differentiation and formation of
synapses, both within the retina and within visual centres,
the intraretinal microglial network is formed during the first
postnatal days in mice. Optic nerve cut in mice at postnatal
day 5 is not associated with regenerative axon growth. Even
the overexpression of antiapoptotic bcl-2 in transgenic mice
is not sufficient to increase the regenerative potential of
RGCs (Lodovichi et al. 2001), indicating a programmed
irreversible decay of ganglion cells.

However, concurrent induction of bcl-2 at P4 and atten-
uation of reactive gliosis in mice result in rapid axonal
regeneration over long distances and thus bcl-2 is only
important in association with the maturation of astrocytes
and post-traumatic reactive gliosis (Cho et al. 2005). One
further reason for postnatal optic nerve response to injury is
the reaction of oligondrocytes, which upregulate specific
white matter markers such as N-acetylaspartate (Bjartmar
et al. 2002). The postnatal glial reaction to injury is also
mediated by calcium signalling involving purinoreceptors as
shown at P1 in the rat optic nerve (James and Butt 2001).
The typical gliotic scar formation observed in mature optic
nerves resulted in marked controversial discussions in the
past. However, astrocytes in the postnatal optic nerve have
the ability to form a scar as in the adult (Trimmer and
Waunderlich 1990). Neuroprotective measures at postnatal
nerves might involve oxidative modification of sulphhydro-
gel groups as shown at 8 weeks of life in rats (Swanson et al.
2005). Regeneration-supporting measures in rat optic nerves

@ Springer

Fig. 2 Experimental TON. a Section through the rat optic nerve at the >
level of the optic nerve head with growth-associated protein-43 (GAP-
43)-stained axonal stumps (green), which form “clubs” at the site of
injury. b Higher magnification of the boxed area in a showing the
axonal stumps with terminal clubs (blue nuclear counterstaining). ¢
Representation of the molecular panoply required for growth cone
formation and movement. Two hypothetical retinal axonal growth
cones express a number of molecules to interact with each other, with
the extracellular matrix of neuroepithelical cell end feet and with
soluble ligands within the extracellular space; the latter might be
attractive or repulsive. Modified from Thanos and Mey (2001)

at P8/P9 involve the neutralization of myelin-associated
neurite growth inhibitors, which allow axons to grow dis-
tances of between 2.5 and 3.2 mm (Weibel et al. 1994). By
the day of eye opening, e.g. at P14, retinal axons show a
“regenerative window” that lasts until the end of the third
postnatal week. This growth window is characterized by
continuous down-regulation of GAP-43, which seems to
be controlled by the transcription factor translin-associated
protein-X (Trax; Schréer et al. 2007). After the third week of
life, the rodent retinofugal projection gains mature features
and any kind of axotomy results in bidirectional degenera-
tion of RGCs and their axons. However, the postnatal rat
retina is populated with nestin-positive Miiller glial cells
whose number increases after the cutting of the optic nerve
(Xue et al. 2006). Likewise in humans and monkeys, no
spontaneous regeneration of axons has been reported to
occur. In analogy to rodents, a decline in the regenerative
ability has been observed in the monkey retina (Rose et al.
2008). In contrast to rodents, monkey ganglion cells contin-
ue to express GAP-43 throughout life and possess a certain
degree of axonal regrowth without preconditioning lesions.

The human retina and optic nerve express neurotrophin
receptors (Trk A, Trk B and Trk C) in fetal stages, at 1 month
after birth and in adult stages (Nag and Wadhwa 1999) indi-
cating that, in humans, development of the visual system is
responsive to growth-stimulating neutrophins. Although the
human visual pathway might be different from that in rodents,
as shown by the example of the formation of the chiasm at the
midline (Neveu and Jeffery 2007), genetic models of animals
with changed routes of axons should greatly improve our
understanding of the mechanisms of chiasmal decussation
(for a review, see Herrera an Garcia-Frigola 2008).

Injury, survival and regeneration in adulthood

Injury to the adult optic nerve caused mechanically or by
diseases can be studied in a common model in order to
understand mechanisms of axonal response to injury, retro-
grade death of RGCs and potential measures to support
regeneration of axons. As for clinical TON, we shall distin-
guish between direct and indirect traumatic injury. Direct
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TON includes complete or incomplete optic nerve transection
(Fig. 2a, b), compression (e.g. crush) through the meninges or
after sheath opening, ischaemia and compression at the optic
nerve head (e.g. glaucoma). Indirect TON has been rarely
used experimentally in monkeys (Quigley et al. 1977). Sec-
ondary TON occurs after lesions are placed within the thala-
mus, the midbrain or the cortex. Of relevance to whether axon
regeneration is expected to occur are, however, direct injuries
associated with axotomy along the prechiasmal optic nerve
course, e.g. cuts or crushes (Fig. 2a, b).

The early signs of traumatic degeneration, as accurately
described by Ramon y Cajal (1928) and later by Liebermann
(1971), are observed within the cut optic nerve. One can
distinguish a necrotic zone within 24 h after lesion and a
metamorphic axonic region with the stumps is thickened
and intensely labelled with antibodies against GAP-43.
Within the metamorphic region, the axon stumps are vari-
cose and elongated into Ramon y Cajal’s “clubs™ or retrac-
tion buds. The phenomenon of club formation is similar
within the proximal and distal portion of the optic nerve,
with the varicosed segments becoming shorter with time and
retracting towards the eye. According to the vast bibliogra-
phy on the optic nerve, clubs, rings, bead-like formations,
disruption of myelin, glial scarring, activation of microglial
cells and phagocytosis of axomic remnants and lipoid bodies
can be seen in both portions of the optic nerve (Fig. 2b).

A review of the literature makes it clear that little unifor-
mity exists between the types of optic nerve lesion employed,
ranging from a simple mechanical crush during which the
ensheathed nerve is exposed (Barron et al. 1986; Stevenson
1987) to complete axotomy during which the nerve sheath is
opened (Lavie et al. 1990; Sivers et al. 1987); sometimes, the
type of crush is not even specified. The apparent lack of
conformity between various crush studies makes a compari-
son of the merits of these studies difficult. All future reports
should therefore include an exact description of the mode of
the crush, e.g. temporal versus dorsal exposure of the optic
nerve, mechanical or other form of crush, crush through the
optic nerve sheath versus opened sheath, duration of crush and
exact distance of the crush behind the optic lobe. Concerning
the RGCs size with regard to the various methods of optic
nerve lesion, a crush (open or blind) increases the sizes of
RGCs, whereas axotomy reduces the size of RGCs (Moore
and Thanos 1996). This indicates the crucial role of the
meningeal sheath in the response of RGCs to injury.

One of the most accurate descriptions with regard to the
response of the optic nerve to injuries was given by Ramon
y Cajal (1928), who examined various regions of the pe-
ripheral and central nervous system including the injured
optic nerve: “It is to be assumed that the retina and optic
nerve will react to violence not like peripheral nerves but
like the brain or spinal cord ... that is with small frustrated
acts of growth ... because of the absence of cells of
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Schwann which emit powerful neurotrophic agents...”
RGCs indeed exhibit only a limited and transient sprouting
reaction after transection and they fail to regrow axons
through the interior of the optic nerve. This failure of regen-
eration has been attributed to inhibitory factors associated
with optic nerve myelin (e.g. Nogo) and/or glial scarring,
which also produces growth-inhospitable ECM proteins (for
reviews, see Chen et al. 2000; Busch and Silver 2007). Most
likely, multiple factors cooperate to inhibit the regrowth of
axons. Therefore, an accurate examination of both stumps of
the optic nerve is mandatory, in order to understand the
cause(s) of non-regeneration.

The question as to why the axons do not regrow after
being cut can therefore be separated into four aspects. The
first involves the RGCs, which receive retrograde signals
and respond accordingly. This aspect has been addressed in
a comprehensive review (Isenann et al. 2006). The second
concerns the proximal stump of the axon, which responds
immediately by forming a necrotic and a metamorphic zone
with irregular varicosities and clubs (see above). Under-
standing the molecular events within this proximal portion
will enhance our chances of “forcing” such clubs to become
growth cones. The third aspect, which is considered to
represent an obstacle to growth cone formation, is the site
of the cut, which is associated with multiple glial, neuronal,
myelin, macrophages, microglial and vascular reactions that
direct the ECM towards scar formation. The fourth aspect to
be considered is the distal optic nerve, which is separated
from the retina. Within this distal nerve, the first signs of
axomic irregularities appear 3 to 4 days after injury and
neurofibrillar granulations become visible by 1 week after
transection. Signs of degradation are evident by 2 weeks
after cutting and myelin is phagocytosed by macrophages
and microglial cells.

Axonal regeneration after optic nerve injury

The ephemeral sprouting of ganglion cell axons within the
cut optic nerve, together with the subsequent cascades of
degeneration and scarring has prompted numerous studies to
gain an understanding of the mechanisms of failure to
achieve permanent optic nerve repair. Various hypotheses
have been postulated from the very onset of experimental
neurology (for a review, see Ramon y Cajal 1928). The
attempts of axons to form growth cones and arborizations
within the scar suggest that the inherent ability of RGCs to
repair their axons is not lost during maturation but is down-
regulated for reasons as yet to be defined. The requirements
for the successful formation of growth cones might replicate
the formation of growth cones during development and are
schematically shown in Fig. 2¢. At the descriptive level, the
frequent presence of voluminous “balls” and “buds” in
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the cut nerve and at the edges of the scar shows that the
sprouts experience difficulties in progressing and that they
additionally suffer the onset of atrophy before they are able
to move past the scar. The numerous free “rings” and axomic
balls within the scar and the nerve itself represent exploratory
sprouting, as if the nerve edge itself presents an obstacle that
the cones are unable to cross. Re-activation of axonal growth
by providing hospitable environments would show that this
assumption is plausible.

In the following, the strategies applied to examine regen-
erative ability are reviewed starting with the RGCs in vitro
and then moving on to deal with complex models such as
the grafting of peripheral nerves and the stimulation of optic
nerve repair in situ.

Axonal growth in dissociated RGC cultures

Deciphering whether the mature RGCs retain or regain the
molecular machinery for axonal regeneration is a daunting
task. Therefore, the dissociation of RGCs to analyse these
neurons in vitro has narrowed this focus and promises to
provide insights into the mechanisms of, hopefully, success-
ful regeneration. However, sooner or later, the lessons
learned from such reductive approaches have to be integrated
into an understanding of the way that the RGCs behave in the
intact retina.

Expanding on experience gained from embryonic neuron
cultures on laminin (Manthorpe et al. 1983), Wigley and
Berry (1988) have dissociated RGCs from the adult rat
retina and shown that the regeneration of axons depends
on the presence of either cortical or indigenous neonatal
retinal glial monolayers. The major outcome of this ap-
proach is the demonstration that adult RGCs can regenerate
axons in culture. In spite of some limitations of cultured
RGCs, they provide some advantages. Numerous later stud-
ies have revealed that the receptors to various neurotrophins,
such as high-affinity TrkA, TrkB and TrKc and P75, are
expressed in cultured RGCs (Garcia et al. 2002, 2003)
indicating the responsiveness of the cells to neurotrophins
(Fig. 3a). Factors secreted by retinal Miiller cells also appear
to have beneficial effects on the survival of RGCs; factors
such as ciliary neurotrophic factor (CNTF) or brain-derived
neurotrophic factor (BDNF) have specific effects on axon
outgrowth and these effects are dissociable from effects on
cell survival, thus indicating that they have axonogenesis
effects on RGCs (Jo et al. 1999). Further molecules control-
ling axonogenesis are cAMP, calcium and extracellular-
signal-regulated kinases (Chierzi et al. 2005). RGCs in vitro
seem to remain invulnerable to glutamate or N-methyl-D-
aspartate (Ullian et al. 2004), thus providing an excellent
cellular model for axonogenesis. However, the responsive-
ness to excitotoxic influences or growth inhibitors is age-
dependent (Fig. 3b). In addition to the optic-nerve-derived

myelin and ECM inhibitors (for a review, see Goldberg and
Barres 1998), loss of the amacrine-signaled axon growth
ability is responsible for regeneration failure (Barres et al.
1988; Goldberg et al. 2002a, 2002b). Moreover, the loss of
responsiveness to trophic agents after axotomy (Shen et al.
1999) might be restored by cAMP elevation, which rapidly
recruits TrkB to the plasma membrane in CNS neurons
including RGCs (Meyer-Franke et al. 1988, 1995). These
studies indicate that the strategy of dissociating and cultur-
ing RGCs in vitro is an unavoidable approach that enriches
our molecular knowledge and allows us to tackle a number
of mechanisms concerning neurotrophins and their cellular
control.

Regeneration in organotypic retinal cultures and crystallins

In vitro models of retinal regeneration have also been de-
veloped (Béhr et al. 1988; Wizenmann and Béhr 1998;
Johnson et al. 1988, 1989; Stupp et al. 2005). They allow
the exploration of the mechanisms of axonal growth on
various substrates, the testing of neurotrophins and the ex-
amination of the effects of lens injury, as revealed by co-
culture experiments (Fischer et al. 2000, 2008; Stupp et al.
2005). Moreover, primate tissue can be examined in vitro
(Fig 3a, c); recent experiments have indeed revealed that
monkey RGCs also have a reasonable potential to regrow
their axons from retinal explants. Although the rate of
axonal regeneration declines physiologically with increas-
ing age of the monkey, axonal regeneration is still possible
to a certain degree, even in adulthood (Rose et al. 2008).
The advantage of retinal organotypic explants is the oppor-
tunity to examine the contribution of retinal glial cells. As an
example, Fischer et al. (2008) have shown that glial-derived
CNTF is produced in explants in response to substitution with
crystallins.

The results of injuring the lens (Fischer et al. 2000, 2001;
Leon et al. 2000; Yin et al. 2003) were simultaneously
published by two different groups. Whereas in the hands
of one of the groups, axonal growth seemed to be stimulated
with lentogenic crystallins (Fischer et al. 2000, 2001, 2008),
the second group emphasized the importance of inflamma-
tion and macrophage-derived factors (Leon et al. 2000; Yin
et al. 2003, 2000).

Based on the mutual inflammatory mechanism of lens
injury, stimulation of ocular macrophages with intravitreal
injections of zymosan (Yin et al. 2003) was also found to
support axonal growth. Explorations of alternative nonin-
flammatory mechanisms have revealed that the co-culturing
of dissociated RGCs with injured lens tissue devoid of
macrophages also improves the growth of axons (Lorber et
al. 2002). In an attempt to localize the growth factors within
the lens, a co-culture of retinal stripes with intact lens
epithelium cells has also been shown to support axonal

@ Springer



60

Cell Tissue Res (2012) 349:49-69

regenerating

axo
&

ns
hN

|
\

neurolrophins
(NTs)

glial cells
(Schwann'cells)

Nogos

MAGs
MAls
Noa P e e € "/ PiRe
peripheral RhoA clin filaments

Z0ne o MLCP 3 b,

gowth . central  acindopoly- X filopodia

merization

—_,// * zone “A  lamdlipodia
g -.-:i g et
b % ¥ collap

@@

Ainin-1 extracellular matrix
(laminin)

@ Springer




Cell Tissue Res (2012) 349:49-69

61

<« Fig. 3 Molecules decorating regenerating growth cones and respond-

ing to repulsive and supporting ligands. a Modified representation
showing the relationship when retinal axons are confronted with
growth-promoting Schwann cells and growth-promoting laminin. As
examples, a6-integrin, GAP-43 and crystallin beta b2 (crybb-2) are
encircled to illustrate their expression. In particular, crybb-2 has been
shown to traffic in and out of regenerating growth cones (Liedkte et al.
2007a, 2007b). b Crybb-2 expression in growth cone protrusions
(arrows) in cultured RGC-5 cells. ¢ GAP-43 expression (green) in a
retinal section of an aged human. The expression of GAP-43 is asso-
ciated with the ability of the aged retina to regenerate axons in culture

growth in vitro (Stupp et al. 2005), suggesting that independent
mechanisms can operate. Consequently, axon regeneration in
RGCs might require multiple approaches, such as (1) the
inactivation of growth-inhibiting signals, since this naturally
occurs in the aforementioned models; (2) the activation of the
intrinsic growth state of neurons, as this occurs by injuring the
lens; and (3) the adjustment of the microenvironment to permit
the formation of growth cones, since this occurs in vitro. The
gene cohort that is activated when mature RGCs are trans-
formed from a degenerative to a regenerative state in the lens
injury model in vivo has recently been investigated in fluores-
cently prelabelled, dissociated and enriched RGCs (Fischer et
al. 2004).

Numerous lens-derived factors can be considered to be
operative in this context. In addition to potential trophic
factors, the transparent lens of vertebrates contains large
amounts of crystallins, which are grouped into various classes
according to their size, structure and function. Alpha-
crystallins include two subunits with molecular masses of 20
and 22 kDa. The ocA-subunit is expressed mainly in lens
fibres, whereas the aB-subunit is found predominantly in
the epithelium of the lens. The function of aA-crystallin is
the maintenance of lens transparency, whereas «B-crystallin
acts as an antiphotooxidant (Sax and Piatigorsky 1994; Wis-
tow 1990). The 3- and <y-crystallins belong to the second
major class of lens proteins. Because of their high homology,
they form a common superfamily. The exceptional stability of
these proteins is attributable to their relationship to stress
proteins. Some members of this superfamily are also
expressed outside the lens and, in particular, within retinal
and hippocampal neurons (Liedtke et al. 2007a, 2007b). Their
functional role in these neurons is still unknown. Several 3-
crystallin isoforms are secreted by cultured retinas during
axonal regeneration and seem to be involved in the elongation
process of RGC axons (Liedtke et al. 2007a, 2007b). The
addition of crystallin 3b2 (crybb2) to the culture medium
enhances the growth of axons in retinal explants, in the
RGC-5 cell line and in primary hippocampal neurons. These
results suggest that some crystallins constitute a new group of
factors that operate either directly or indirectly on neurons and
promote axon outgrowth (Liedtke et al. 2007a, 2007b).

Growth factors required in vitro

An intermediate strategy between dissociated cells in culture
and in vivo is provided by the examination of RGCs in their
natural environment, the retina. To this purpose, the multilay-
ered mammalian retinal tissue can be cultured organotypically.
The method was previously established for goldfish retina
(Landreth and Agraroff 1979), which is a tissue that possesses
an indigenous ability for axonal growth. The potential for
axonal growth from adult rat retinal explants was shown in
chemically defined media following a protocol of in vivo
preconditioning by optic nerve crush and the prelabelling of
RGCs with fluorescent dyes (Béhr et al. 1988). According to a
similar approach by Johnson et al. (1989), the outgrowth
process was not laminin-dependent but was related to the
“priming” caused by the crush in vivo (Béhr et al. 1988;
Johnson et al. 1988). When different substrates were used,
however, laminin-1 turned out to be the optimal substrate to
facilitate axonal regeneration in culture (Béhr et al. 1988,
1991). Among the cells supporting this regenerative growth,
Schwann cells appeared to produce neurotrophic factors and
laminin and to myelinate regenerating axons in culture (Béahr
etal. 1991; Leaver etal. 2006a, 2006b). One of the advantages
of this culture system is its ability to be replicated in other
species including the human and the monkey retina (Thanos
and Thiel 1990; Rose et al. 2008). A second advantage is that
purified neurotrophic factors can be tested (Mey and Thanos
1993; Thanos et al. 1993; Fischer et al. 2000, 2008; Bocker-
Meffert et al. 2002; Stupp et al. 2005; Wong et al. 2006). A
third advantage is that retinal tissue from subjects with defined
diseases such as diabetes (Takano et al. 1999) and glaucoma
(Lasseck et al. 2007) can be used for examining their effects
on axonal regeneration. Last but not least, indirect effects
mediated by chemotaxis (Cen et al. 2007) or neutralization
of inhibitory MAGs (Fischer et al. 2004; Wong et al. 2003)
can be monitored in retinal explants. Our understanding of the
mechanisms of axonal regeneration has benefited from retinal
explants at both the molecular and cellular levels (Fig. 3) but
many central questions of regenerative failure in vivo remain
unanswered, mainly because additional factors operate within
the intact and injured optic nerve in vivo.

The regrowth of axons in vitro has been demonstrated to
be associated with the release of intraretinal factors that in
turn trigger growth. This was accomplished by using either
optic nerve crush or combined optic nerve crush with lens
injury in vivo to transform RGCs into a regenerative state
(Fischer et al. 2004). The retinas were then explanted and
cultured in vitro to allow them to regrow their axons, thus
transforming them into a state of axonogenesis. After the
quantification of successful axonal regeneration, the culture
supernatants were collected, concentrated and subjected to
proteomic analysis to obtain the profiles of proteins that
were released from the retina during axonal regeneration.
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Several proteins were reproducibly identified and analysed,
among which retinal crystallins showed a remarkable abun-
dance. Examination of the most-upregulated crystallin,
crybb2, revealed that it promoted axonal growth. This was
the first study that indicated that the process of axonal
regrowth from RGCs is associated with releasable neuronal
crystallins that operate through an autocrine mechanism
facilitating axonal growth from explants and dissociated
neurons from the retina and the hippocampus.

The strong neuroprotective and axon-growth-promoting
effects of lens injury on axotomized RGCs are well docu-
mented (Fischer et al. 2000, 2001, 2004; Miiller et al. 2007;
Yin et al. 2003, 2006). The complex cellular responses to
lens injury in the inner eye comprise the activation of
several cell types including an infiltration of activated mac-
rophages into the inner eye and the activation of microglia,
retinal astrocytes and Miiller cells (Hauk et al. 2008; Leon et
al. 2000; Lorber et al. 2002; Miiller et al. 2007; Pernet and
Di Polo 2006; Pernet et al. 2005). Activated macrophages
have recently been suggested to be the source of factors
mediating these effects (Yin et al. 2003). However, next to
macrophage-derived factors, lens-derived factors have also
been previously shown to facilitate axon regrowth of RGCs
in culture, suggesting that lens-derived factors either directly
or indirectly exert additional effects on retinal neurons,
effects that are triggered by a macrophage-independent
mechanism (Liedtke et al. 2007a, 2007b; Lorber et al.
2008; Stupp et al. 2005). Lens injury effects have also been
shown to occur in the absence or presence of low numbers
of macrophages (Hauk et al. 2008) and that astrocyte-
derived CNTF, which is upregulated in retinal glia and
released after lens injury or zymosan injection, is a key-
contributing factor mediating the beneficial effects of intra-
ocular inflammation (Miiller et al. 2007). However, the lens-
derived factors that either induce intraocular inflammation
or CNTF expression in vivo or that facilitate axon out-
growth in macrophage-free cultures have not yet been iden-
tified. To address this issue, lens proteins were separated
into their characteristic crystallin fractions by gel filtration
chromatography and their identity and purity were confirmed
by using SDS-polyacrylamide gel electrophoresis and West-
ern blot analysis. The purification results and the identification
of lens proteins were consistent with those of earlier reports
(Srivastava et al. 1994). As for lens injury, intravitreal injec-
tions of crystallins of the beta/gamma (b/g)-superfamily in-
duced inflammatory reactions associated with an infiltration
of macrophages and activation of retinal glia, whereas com-
parable amounts of lenticular a-crystallins or bovine serum
albumin (BSA) failed to induce inflammation. Similarly, only
crystallins of the b/g-superfamily induced CNTF upregulation
in retinal astrocytes. Thus, intravitreal application of the puri-
fied fractions of b- and g-crystallins was correlated with the
characteristic hallmarks that have been associated with the
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Fig. 4 Molecular decoration of retinal growth cones within a periph- >
eral nerve graft (a) and within a distal part of the optic nerve (b). a
Growth is supported by Schwann cells and a growth-permissive extra-
cellular matrix (ECM). Attractive ligands are associated with growth
cone movement. b In spite of the repulsive factors derived from
oligodendrocytes and the inhospitable environment formed by the
central ECM, astrocytes and microglia, growth is facilitated when
RGC bodies are stimulated, e.g. after lens injury (Fischer et al. 2000;
Leon et al. 2000) or by modifying the genes controlling growth (Park et
al. 2008)

beneficial effects of lens injury or zymosan treatment. Con-
sistently, the intravitreal application of b- or g-crystallins
switched RGCs to a robust regenerative state, whereas treat-
ment with BSA or a-crystallins remained mostly ineffective.
When the regenerative state of RGCs was assessed 5 days
after surgery by measuring axon outgrowth from retinal
explants, a single intravitreal injection of b- or g-crystallins
at the time of nerve injury was as or even more effective than
lens injury. Intravitreal injections were also sufficient to in-
duce a vigorous growth of axons within a peripheral nerve
graft. However, a single application resulted in the regenera-
tion of fewer axons than that observed after lens injury. This
was probably the result of differences in the bioavailability of
crystallins, since a single injection of 1 mg water-soluble
crystallins represents only about 12% of the total amount of
lens crystallins available and, in contrast to a single injection,
native lens crystallins are continuously released from the
injured lens over several days into the vitreous body, main-
taining high intravitreal concentrations and making the pro-
teins available to retinal cells. In accordance with this idea, we
found that intravitreal injections of b-crystallins were almost
as effective as lens injury regarding the number of axons
regenerating into the crushed optic nerve when the first appli-
cation was delayed by 3 days and the injection repeated 7 days
after oncomodulin treatment. Next to in vitro explants, re-
placement of the inhospitable optic nerve environment has
been performed.

Based on the effects of lens injury, oncomodulin pro-
duced by attracted macrophages was identified as one of
the factors stimulating axonal regrowth (Yin et al. 2003,
2006, 2009). The induction of a controlled intraocular in-
flammatory response, combined with the elevation of intra-
cellular cAMP and deletion of the gene Pten (phosphatase
and tensin homologue; Park et al. 2008) enabled RGCs to
regenerate axons to the full length of the optic nerve in
mature mice (Kurimoto et al. 2010; Filbin 2006). The
asumed mechanism is that an elevation of intracellular
cAMP increased the ability of oncomodulin to bind to
receptors and therefore to augment inflammation (Kurimoto
et al. 2010). In addition to the PTEN/target of rapamycin
(TOR) pathway (Park et al. 2008), Kriippel-like-factor-4
(KLF4) seems to be crucially involved in axon regeneration.
RGCs lacking KLF4 show increased axonal growth both in
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vivo and in vitro (Moore et al. 2009). Further regulators of
axonal growth seem to be enzymatic responses within the
cell, as shown in the example of Rho/ROCK (Rho-associated
kinase; Linger et al. 2008) and with antagonists or Rho
(Bertrand et al. 2005, 2007).

Lengthy axonal elongation within autologous peripheral
nerve grafts

This model has now been applied to the rat, hamster, mouse
and cat optic nerve and shows the intrinsic ability of gan-
glion cells to regenerate axons and rebuild synaptic contacts
with functional significance (Vidal-Sanz et al. 1987; Carter
etal. 1989; Heiduschka et al. 2005). As predicted by Ramén y
Cajal (1928), the possibility of using peripheral nerve grafts to
“bridge” the distance between the proximal optic nerve stump
and brain is a realistic approach. Tello (1907) was the first who
undertook such experiments and grafted peripheral nerves in
the wounds of the optic nerve of the rabbit to examine whether
cut axons can sprout through the scar and enter the bands of
Biingner in the grafted peripheral nerve. Because of technical
problems, such as the dislocation of the grafts, Leoz Ortin and
Arcaute (1914) who repeated this experiment saw “in one
case, by chance, the graft remained very close to the edge of
the optic nerve stump, by means of an embryonic bridge of
small extent, one could clearly see some bundles of sprouts
which had grown considerably and which, after a few turns,
crossed the scar and insinuated themselves into the graft,
within which they travelled for long distances” (cited in
Ramon y Cajal 1928).

The challenge of studying axonal growth through periph-
eral nerves was revived in the 1980s when ganglion cell
axons were seen to regrow approximately their normal
length (2 cm) when autologous peripheral nerve segments
were inserted into the retina of adult rats (So and Aguayo
1985). When such segments were opposed and sutured at
the ocular stump of the cut optic nerve of rats, axons
extended throughout the peripheral nerve segment and pen-
etrated the superior colliculus forming synaptic contacts
(Vidal-Sanz et al. 1987). The presence of living Schwann
cells and their trophic influences within a peripheral nerve
segment (Fig. 4a) accounts for the lengthy regrowth of optic
nerve axons (Vidal-Sanz et al. 1987; Berry et al. 1988). In
accordance with their natural importance, the Schwann cells
myelinated optic nerve axons in rats (Vidal-Sanz et al. 1987)
and in cats, as shown later. Myelination is specifically
attributed to Schwann cells and no other engrafted cells
such as olfactory ensheathing cells can myelinate regenerat-
ing optic nerve fibres (Li et al. 2007) or astrocytes, which
appear to be non-supportive for growth (Campbell et al.
2003). The terminal arborizations formed within the SC
are responsive to light in hamster (Sauvé et al. 1995) and
rat (Thanos 1992). Reconnection of the retina with the brain
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results in type-specific stabilization of RGCs and target-
dependent survival of these cells in rats (Thanos and Mey
1995). Further cells influencing the regrowth of optic nerve
axons are intact sensory fibres (King et al. 2006), macro-
phages (Chen et al. 2008; Yin et al. 2003, 2006) and miroglial
cells (Thanos et al. 1993; Raibon et al. 2002). Undoubtedly,
trophic factors such as BDNF, CNTF and macrophage-
derived factors and the regulation of numerous factors within
the ganglion cell body and the surrounding cells co-determine
the fate of the cut axons (for a review, see Isenmann et al.
2003). The stimulation of RGCs is perhaps one of the most
promising approaches combining enhanced post-injury sur-
vival and the chance to form axons within a peripheral nerve
graft, as shown in the paradigm of multifactorial stimulation
by factors released into the vitreous body and retina after lens
injury (Fischer et al. 2000, 2001). Contemporary approaches
to analyse the gene expression in adult RGCs (Ivanov et al.
2006) and to address the role of certain pathways during the
period of axonal regrowth will certainly help to solve the
problem.

Notably, the use of peripheral nerve grafts within the
visual system has revolutionized the vast lines of evidence
of successful regeneration and greatly contributed to our
understanding that optic nerve repair is, in principle, possible.
The technical challenge is to find a means of translating this
knowledge into the regeneration of axons within the distal
optic nerve and tract.

Although the aspect of optic nerve regeneration has been
addressed only in experimental models, valuable lines of
evidence have been collected to encourage further research
into the mechanisms initiating and maintaining axonal
growth after TON. To this end, the challenge is to transfer
such studies into preclinical or clinical applications, for
instance by using autologous peripheral nerve grafts in
severe cases of optic nerve transections. Apposition of such
a peripheral nerve graft at the site of injury might result in
the ingrowth of the sectioned optic nerve axons and the
retrograde stabilization of the ganglion cell bodies, which
otherwise are inevitably lost. Stabilized and regenerating
ganglion cells might then be surgically reconnected with
the lateral geniculate body to rebuild synaptic contacts.

Regeneration within the distal optic nerve
and contribution of crystallins

Cutting of the optic nerve in rats and simultaneous injury to
the intraocular lens stimulate ganglion cell axons to grow
within their own distal optic nerve and to reach central
targets, thus eliciting positive visually-evoked potential
responses (Fischer et al. 2000, 2001). Both inflammatory
responses involving macrophages (Yin et al. 2003, 2006)
and direct lentogenic factors have been shown to facilitate
axonal regeneration (Lorber et al. 2002, 2008; Stupp et al.
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2005). These experiments have revealed that the intrinsic
ganglion cell ability to regrow an axon can be supported by
the external substitution of neurotrophic agents (Fig. 4b).
However, combinational treatments seem inevitable, in order
to overcome inhibitors (Fig. 4b) and to activate the RGCs-
intrinsic growth state (Benowitz and Yin 2007).

Crystallins were originally defined as a group of struc-
tural proteins of the vertebrate lens (Wistow 1990; Graw
2009) and of some extralenticular tissues, including the
nervous system and the retina (Sax and Piatigorsky 1994).
Within the lens, they are synergistically responsible for
refractive functions such as maintaining the transparency
of the lens throughout life via hydration and preventing
opacification and the formation of cataracts. The ubiquitous
occurrence of crystallins in several tissues and cell types
(including RGCs) and their homology and relationship to
heat-shock proteins have resulted in some of them being
classified as stress proteins, although they are also vital to
normal tissue differentiation (Wistow 1990; Graw 2009; Sax
and Piatigorski 1994). Various crystallins are also temporarily
expressed within the rat retina after injury (Vazquez-Chona et
al. 2004), indicating their involvement in post-injury repair.
The neuronal survival and neurite growth-promoting effects
of eye lens puncture on adult and early postnatal rat RGCs
(Leon et al. 2000; Fischer et al. 2000, 2001; Yin et al. 2003;
Lorber et al. 2002) have led to suggestions of a role for
crystallins. However, the exact mechanism for these effects
might involve either inflammatory events and the activation of
macrophages, as shown by the examination of macrophage
factors (Leon et al. 2000; Yin et al. 2003) or noninflammatory
effects postulated from the results of co-culturing lens and
retinal tissue (Lorber et al. 2002; Stupp et al. 2005).

Crybb2 protein has been detected within the retina, brain
and testis and crybb2 mRNA has been reported in various
tissues including the retina. Ganguly et al. (2008) have
identified a novel allele of crybb2 in the mouse and examined
its expression in the brain demonstrating the participation of
the protein in Ca®'—dependent pathological processes. Crybb2
is involved in both cAMP-dependent and cAMP-independent
phosphorylation within the lens. This coupling to phosphory-
lation pathways indicates its important functional roles in
retinal tissue. The results of the study of Ganguly et al.
(2008) are consistent with the above investigations and show
that various isoforms of crybb2 are present in adult retinal
tissue. In addition, their study has revealed the localization of
crybb2 within RGCs and their regenerating axonal processes,
especially in filopodia and growth cones. This is the first study
to show a nonrefractive role of crybb2 in regenerative axono-
genesis and to suggest that crybb2 moves from the RGCs into
the extracellular space and backwards into the cells, although
the underlying mechanisms remain to be elucidated. The
colocalization of crybb2 with synaptotagmin 1, which is a
leading calcium sensor within the retina and possibly triggers

exocytosis, indicates a similar mechanism of secretion into the
culture medium. Colocalization of crybb2 with calmodulin,
which is the major calcium-binding protein in the retinal
ganglion cell layer and in the RGC-5 cell line, provides further
evidence that crybb2 also operates through calcium binding.
Double-staining for crybb2 and tau-1 protein, which is a
specific marker for axons, has shown that crybb2 is trans-
located into the processes, whereas tau-1 remains confined to
the cell body. Finally, the similarity between RGCs and hip-
pocampal neurons indicates that similar functions can be
attributed to (3-crystallins within the CNS. Interactions be-
tween these and other proteins involved in the growth of axons
might be possible but they remain to be demonstrated
experimentally.

The known expression and function of crystallins are
changing in retinodegenerative disorders demonstrating the
potentially crucial role of these proteins. As demonstrated in
the model of optic nerve injury in axonal regeneration, an
emerging concept highlights (3- and +y-crystallins as key
factors supporting axonal repair. Crybb-2 is expressed in
RGCs and is upregulated in regenerating cells to participate
actively in the elongation of axons. An understanding of this
new role of the involvement of crystallins in nerve repair
could lead to novel therapeutic opportunities for a wide
range of nerve disorders.
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