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Abstract: For most adult vertebrates, glaucoma, trauma, and tumors close to retinal ganglion
cells (RGCs) result in their neuron death and no possibility of vision reestablishment. For more
distant traumas, RGCs survive, but their axons do not regenerate into the distal nerve stump
due to regeneration-inhibiting factors and absence of regeneration-promoting factors. The
annual clinical incidence of blindness in the United States is 1:28 (4%) for persons >40 years,
with the total number of blind people approaching 1.6 million. Thus, failure of optic nerves to
regenerate is a significant problem. However, following transection of the optic nerve of adult
amphibians and fish, the RGCs survive and their axons regenerate through the distal optic
nerve stump and reestablish appropriate functional retinotopic connections and fully functional
vision. This is because they lack factors that inhibit axon regeneration and possess factors that
promote regeneration. The axon regeneration in lower vertebrates has led to extensive studies
by using them as models in studies that attempt to understand the mechanisms by which axon
regeneration is promoted, so that these mechanisms might be applied to higher vertebrates
for restoring vision. Although many techniques have been tested, their successes have varied
greatly from the recovery of light and dark perceptions to partial restoration of the optomotor
response, depth perception, and circadian photoentrainment, thus demonstrating the feasibility
of reconstructing central circuitry for vision after optic nerve damage in mature mammals.
Thus, further research is required to induce the restoration of vision in higher vertebrates. This
paper examines the causes of vision loss and techniques that promote transected optic nerve
axons to regenerate and reestablish functional vision, with a focus on approaches that may have
clinical applicability.
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Introduction

All forms of injury to an adult mammalian eye, including glaucoma, blunt or penetrat-
ing trauma, tumors, and optic nerve trauma, lead to irreversible loss of vision. Central
nervous system (CNS) axons cannot regenerate, and there is no effective means of
preventing optic nerve degeneration. Sports-related injuries, such as in baseball or
boxing, frequently cause secondary glaucoma. However, following injury to the
visual system of the embryonic mammal and adult fish and lower vertebrates, retinal
ganglion cells (RGCs) proliferate, their axons regenerate, and vision can be restored.
The major questions regarding this are why the mammalian CNS changes from being
permissive to inhibiting neuron proliferation and axon regeneration, and what can be
learned about the mechanisms that allow and promote axon regeneration in the fish
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and lower vertebrate CNS that may be applicable to the adult
mammalian CNS to both allow and promote axon regenera-
tion. Thus, extensive studies have been performed aimed at
understanding which trophic factors and other bioactive
molecules promote cell neuron survival and axonal regenera-
tion, which might be applied to the adult mammalian CNS
to allow for axon regeneration and recovery of neurological
function. To date, no successful therapeutic interventions
for restoring vision in the adult mammalian visual system
have been found.

Loss of vision: causes and incidences
Glaucoma is a progressive optic neuropathy due to RGC
degeneration and is one of the leading causes of irreversible
blindness. Primary open-angle glaucoma (POAG) is the sec-
ond most common cause of blindness in the United States,!
with approximately 2.5 million Americans having POAG,
with approximately half being unaware of'it.2 Untreated glau-
coma is the leading cause of human blindness. Because there
are virtually no symptoms or pain associated with increased
eye or intraocular pressure (IOP), it is difficult to recognize
its presence. And even with treatment, approximately 10%
of people with glaucoma lose their vision.? Its first indica-
tions are loss of peripheral vision, but this is typically not
recognized because individuals compensate by using a less
central portion of the retina for their vision. Thus, the physical
deficits are not diagnosed until vision has been lost signifi-
cantly.* Although medication and/or surgery can slow down
the progression of glaucoma-induced vision loss, the lost
vision cannot be recovered. Therefore, the most important
mechanism for preventing glaucoma-induced vision loss is
early glaucoma diagnosis and treatment.

Glaucoma strikes at all ages although increasing age brings
a higher risk with approximately one in 10,000 babies in the
United States born with glaucoma.> Worldwide, approximately
6% of children are blind because of glaucoma. However, open-
angle glaucoma (OAGQG) is also a hereditary problem with the
presence of glaucoma in one’s family increasing the risk of
developing glaucoma four- to nine-fold over that of individuals
with no hereditary glaucoma background.¢

Among young adults, especially African-Americans,
glaucoma is the leading cause of blindness,” which is 6-8
times more common than in Caucasians.? The American
Hispanic population has the greatest risk of developing
glaucoma more rapidly and at a younger age,® while people
of Asian descent appear to have no significant risks of devel-
oping glaucoma.’ Therefore, it is urgent to develop improved
methods of screening and therapy for glaucoma.

Although glaucoma is often associated with elevated IOP,
IOP elevation is not detected in a significant subset of glau-
comas such as normal tension glaucoma (NTG). Moreover,
in some glaucoma patients, significant IOP reduction does
not prevent the progression of the disease. Thus, understand-
ing [OP-independent mechanisms of RGC loss is important.
Glutamate transporters are active during RGC degeneration,
and the loss of glutamate transporters leads to the death of
the RGCs due to glutamate neurotoxicity and oxidative stress.
Mice deficient in the glutamate transporters GLutamate
ASpartate Transporter (GLAST) and Excitatory Amino Acid
Transporter 1 (EAAT1) show spontaneous RGC and optic
nerve degeneration without elevated IOP. In GLAST-deficient
mice, the glutathione level in Miiller glia is decreased, and the
administration of glutamate receptor blocker prevents RGC
loss. In EAAC]1-deficient mice, RGCs are more vulnerable to
oxidative stress. Glutamate transporters are necessary to pre-
vent excitotoxic retinal damage and to synthesize glutathione,
amajor cellular antioxidant and tripeptide of glutamate, cyste-
ine, and glycine.'* Thus, glutamate transporter KO mice can be
used as NTG models for the experiments of neuroprotection.

Various glaucoma etiologies based

on genetic backgrounds

While considering the impact of optic disc topography (optic
disc area, cup area, rim area, cup volume, rim volume, cup-
to-disc area ratio, mean cup depth, maximum cup depth, cup
shape measure, height variation contour, mean retinal nerve
fiber layer thickness, and retinal nerve fiber layer cross-sectional
area) in NTG and POAG of different patients, it is important to
consider their genetic backgrounds and even variability seen for
populations within various Southeast Asian countries. The optic
disc parameters in patients with NTG and POAG in Malaysia
differed from those in other Asian countries with the eyes for
NTG patients having significantly larger optic disc areas and
cup areas, respectively. A comparison of other parameters
between the two groups revealed no significant differences.?
However, patients with moderate and severe NTG showed sig-
nificantly deeper cups and larger disc and cup areas compared
with moderate and severe POAG patients. Similar differences
were seen in the studies of NTG and POAG in Korean patients. '
The deeper cups and larger disc and cup areas may serve as
indicators of severity when comparing NTG with POAG.!?

Optic nerve regeneration in lower

vertebrates
In Meyer and Sperry,'® Sperry (1943, 1944) showed that
in lower vertebrates, fish and frogs, precise vision can be
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reestablished following complete optic nerve transection and
removal and replacement of the eye, even when reinserted
after a 180° rotation. Thus, in lower vertebrates, RGC axons
have an intrinsic ability to locate their appropriate central
targets and reform retinotopic patterns.'* These experiments
provide important information about retinal map formation.
The reestablishment of a retinotopic map does not require a
precise realignment ofthe two cut ends of the optic nerve,
and the appropriate axon trajectories appear to be established
by interactions between the regenerating axons and guidance
cuesalong the visual pathway. Therefore, most of the research
studies are aimed at promoting recovery of vision on adult
mammalian animal models.

Inhibition of optic nerve axon

regeneration

Although axons in the developing mammalian CNS can
regenerate, the same axons in the developed mammalian CNS
cannot regenerate.”” Severed RGC axons, such as the spinal
cord long tracts, have no capacity to regenerate under normal
physiological circumstances. This is due to the virtually ubig-
uitous presence of factors that inhibit axon regeneration, such
as Nogo, chondroitin sulfate proteoglycan (CSPG), and myelin-
associated glycoprotein (MAG)."* Similarly, although axons of
embryonic RGCs can grow axons into the superior colliculus,
RGC axons of postnatal animals fail to extend into CNS tissue,
even when it is derived from the embryonic tectum.'® Thus, the
failure to reestablish vision is a multifactorial phenomenon:

1. Most RGCs die if they are axotomized close to the RGCs.!”

2. Adult RGCs lose their intrinsic potential to regenerate.'®

3. Axon lesions induce the upregulation of factors that inhibit
axon regeneration.'®

4. Glial cells at the site of injury produce scars that inhibit
axon regeneration."

Thus, in this cellular environment, induction of vision
following RGC axon injury requires maintaining RGC viabil-
ity, blocking the upregulation and activity of regeneration-
inhibiting factors, providing axon regeneration-promoting
factors, and preventing scar tissue formation.

Changing cellular environment

from one that inhibits to one that
promotes axon regeneration

Axon regeneration in the CNS requires reactivating intrinsic
growth state of the injured neurons and enabling growth in
an inhibitory environment. CAST/Ei mouse adult dorsal root
ganglion neurons extend axons more extensively on CNS

myelin than the other strains, especially following a pre-
injury. Injury-primed CAST/Ei neurons also regenerate mark-
edly within the spinal cord and optic nerve more than those
from C57BL/6 mice and show greater sprouting following
ischemic stroke. The extent of growth of CAST/Ei neurons
on myelin is genetically determined, and two whole-genome
expression screens yield the Activin transcript Inhba as the
most correlated with this ability. Inhibition of Activin sig-
naling in CAST/Ei mice diminishes their CNS regenerative
capacity, while its activation in C57BL/6 animals increases
regeneration. Thus, mammalian CNS regeneration can take
place, and modulation of part of the related molecular path-
way contributes to this ability.?

The use of a length of vascularized peripheral nerve to
the transected optic nerve results in enhancing the number
of RGC axons that regenerate and the percent of myelinated
RGC axons versus the number that regenerate and are myelin-
ated when nonvascularized grafts are used.?!

Although separate mechanisms can induce optic nerve
regeneration singly, combining different therapies allows
for synergistic actions that activate the intrinsic growth state
of RGCs and enables them to regenerate their axons to the
full length of the optic nerve, across the optic chiasm, and
into the brain, where they establish synapses in appropriate
target zones and restore limited visual responses.*>** These
treatments involve the induction of a limited inflammatory
response in the eye, which increases the levels of onco-
modulin and other growth factors, elevates intracellular
Cyclic-adenosine-monophosphate (¢cAMP), and deletes the
pten gene in RGCs. Although these approaches cannot be
applied clinically, they indicate different approaches that
may eventually be applied clinically.??

The optic nerve has been widely used to investigate
factors that regulate axon regeneration in the mammalian
CNS. Although RGCs show little capacity to regenerate
their axons following optic nerve damage, studies show
that some RGCs can regenerate axons through a segment of
peripheral nerve grafted to the optic nerve.?* More recently,
some degree of regeneration has been achieved through
the optic nerve itself by factors associated with intraocular
inflammation (oncomodulin) or by altering levels of par-
ticular transcription factors (Klf-4, -9, c-myc), cell-intrinsic
suppressors of axon growth (PTEN, SOCS3), receptors to
cell-extrinsic inhibitors of axon growth (Nogo receptor,
LAR, PTP-sigma) or the intracellular signaling pathway
activated by these receptors (RhoA). Regeneration partially
restores the optomotor response, depth perception, and cir-
cadian photo-entrainment, demonstrating the feasibility of
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reconstructing central circuitry for vision after optic nerve
damage in mature mammals.

In some cases, regenerating axons have been shown to
innervate the appropriate central target areas and elicit post-
synaptic responses. Many discoveries made in this system
have been found to enhance axon regeneration after spinal
cord injury. Thus, progress in optic nerve regeneration holds
promise not only for visual restoration but also for improv-
ing outcome after injury to other parts of the mature CNS.%

Trauma-induced RGC apoptosis

RGC apoptosis occurs following optic nerve transection near
the retina and after acute elevation of IOP that damages the
retina.?® RGC apoptosis is also triggered by increased intra-
retinal levels of glutamate?” with the consequent abnormal
activation of N-methyl-D-aspartic acid (NMDA) and non-
NMDA subtypes of glutamate receptors, leading to excito-
toxic, glutamate-mediated, RGC death in the rat retina.?® The
role of glutamate excitoxicity is demonstrated by the reduc-
tion in RGC apoptosis when glutamate release from injured
RGC:s is inhibited, inhibiting glutamate uptake, or blocking
glutamate receptors on both injured and uninjured cells.?®
RGC apoptosis can be prevented by injecting brain-derived
neurotrophic factor (BDNF) into the eye at the time of the
optic nerve lesion.” Some growth factors induce the expres-
sion of B-tubulinmRNA in ganglion cells, which is important
foraxonal extension,*® and its effect appears independent of
that of BDNE.*! Growth factors such as BDNF increase the
phosphorylation of Akt, which may have potential therapeutic
implications in the treatment of glutamate-related diseases.*
Autocamtide-2-related inhibitory peptide, a specific inhibitor
of CaMKI]I, is also a neuroprotectant for RGC-5 cells against
glutamate toxicity.*

BDNF regulates neural cell survival principally by
activating TrkB receptors, and BDNF-TrkB signaling is
important for RGC survival following optic nerve injury
(ONI).3* Although the neuroprotective effect of exogenous
BDNEF is transient, glial cells act as mediators for neural cell
survival, and TrkB expression in retinal glia suggesting its
role in neuroprotection and that glial TrkB signaling plays
an important role in the early stage of neural protection after
traumatic injury.>*

Glia are mediators of neuron survival and promotors
of neural regeneration. For TrkB(GFAP) and TrkB(c-kit)
knockout mice in which TrkB, a receptor for BDNF, is
deleted in retinal glia or inner retinal neurons, the extent
of glutamate-induced retinal degeneration is similar to that
in the two mutant mice. For TrkB(GFAP) knockout mice,

BDNF does not prevent photoreceptor degeneration and fails
to stimulate Muller glial cell proliferation and expression
of neural markers in the degenerating retina. Thus, BDNF
signaling in glia has important roles in neural protection and
regeneration, particularly in the conversion of Miiller glia to
photoreceptors.*

Scar tissue formation: inhibitory

effects of astrocytes

Gliosis is the scar reaction around a CNS injury site and is
mediated mainly by the proliferation of astrocytes.!’ Trauma
leads to reactive gliosis and failure of optic nerve axons to
regenerate.’® Axon regeneration requires a second factor
to overcome the inhibitory barrier produced by gliosis.”’
Within the CNS, activated astrocytes form a dense plug of
gliotic tissue in an attempt to wall off the CNS from patho-
gens and reestablish the blood—brain barrier.>® Thus, gliosis
inhibits axon regeneration directly by presenting a physical
barrier to regrowing axons and indirectly by the synthesis of
regeneration-inhibiting molecules.*

Nogo

As stated earlier, the failure of axon to regenerate in the adult
CNS is in part due to the presence of inhibitory molecules
Nogo-A and MAG and repulsive guidance molecules Eph-
rins, Netrins, and Semaphorins.*® The long-term release of
an antibody that blocks the regeneration-inhibiting activity of
oligodendrocyte Nogo-A near a spinal cord lesion site allows
approximately 10% of injured axons to regenerate into and
within the CNS,*! while the intrinsic ability of adult mouse
optic nerve RGCs to regenerate can be restored by blocking
astrocyte-derived CSPGs or oligodendrocyte-derived Nogo
receptor (NgR1) ligands.*

In zebrafish, Rtn4b, the homologue of mammalian
Nogo-A/RTN4-A, is upregulated in axotomized RGCs and
is primarily associated with the endoplasmic reticulum.
Rtndb serves as a neuron-intrinsic determinant required for
axon regeneration in the zebrafish visual system. The lesion-
induced upregulation of Rtn4b in fish correlates with an
increase in endoplasmic reticulum, soma size, biosynthetic
activity, and growth. This suggests that providing mamma-
lian neurons with the same upregulation is required for the
regeneration of RGC axons.*

Sema5A

RGC axons are also inhibited from regenerating within
the optic nerve past postnatal day 4 due to the expression
of sema5A expressed by optic nerve oligodendrocytes.*
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Eliminating or neutralizing sema5A results in axon regenera-
tion into and within the CNS,* in which results in facilitating
axon regeneration of lesioned optic nerve.

Promoting RGC survival

By postnatal day 4, RGC axons fail to regenerate within the
optic nerve,*® which is correlated with the down regulation of
Bcl-2 an anti-apoptotic gene* required for neuronal survival
during brain development*® while providing neuroprotection
against axotomy-induced death.*” By inducing the overex-
pression of Bcl-2 axotomized, RGCs remain viable and their
axons regenerate over long distances and innervate appropri-
ate brain targets in postnatal mice of up to 2 weeks of age.*®

Hypoxia-ischemia-induced neuronal death is an impor-
tant pathophysiological process associated with ischemic
stroke and represents a major challenge in preventing isch-
emic stroke. Exposing primary neurons to sodium dithionite
and glucose deprivation (SDGD) mimics hypoxic-ischemic
conditions. Exposing these neurons to N,N,N’,N’-tetrakis
(2-pyridylmethyl) ethylenediamine (TPEN), a specific
Zn**-chelating agent, significantly suppresses increased cell
death, apoptosis, neuronal glutamate release into the culture
medium, NR2B protein expression, and I K and decreased
GluR2 protein expression and Na* channel activity in primary
cultured neurons exposed to SDGD. These results suggest
that TPEN could inhibit SDGD-induced neuronal death by
modulating apoptosis, glutamate signaling (via ligand-gated
channels such as AMPA and NMDA receptors), and voltage-
gated K+ and Na* channels in neurons. Hence, Zn?* chelation
might be a promising approach for counteracting the neuronal
loss caused by transient global ischemia. Moreover, TPEN
could represent a potential cell-targeted therapy.*®

The ability of fish RGC axons to regenerate requires the
reexpression of the proteins reggie-1 and -2, but mammalian
RGCs fail to upregulate reggie expression and regenerate
axons after a lesion,* but adult rat RGCs will regenerate
following a lesion if reggie-1 expression is induced 14 days
prior to ONL* Since RGCs grow long axons on CSPG and
Nogo-A, this suggests that reggie-1 provides neurons the
ability to override inhibitors of neurite growth.*

The inhibition of axon regeneration in mice by the rho
pathway can be neutralized by the enzyme C3, allowing
significant axon regeneration after optic nerve transection.*
The injection of cyclic adenosine monophosphate (cAMP)
into the vitreous of mice a day after the crush injury also
induces significant axon regeneration throughout an optic
nerve crush site.®

Neuroprotection

Following ONI, neuroprotection of RGCs can be provided by
recombinant human erythropoietin®? being injected into the
vitreous cavity of the eye, resulting in the expression in the
growth-associated protein 43, a marker for neuronal regenera-
tion indicating that rhRPO promotes axon regeneration and
functional restoration of the optic nerve.*> Axotomy-induced
RGC death can be reduced by intraocular injection of mole-
cules that inhibit the retinal microglia activity> and the delivery
of neurotrophic factors.** An alternative technique involves
applying growth factors directly onto the RGC axons.*

Fish: heat shock protein and insulin-

like growth factor-1

Following ONI in fish, the mRNAs for heat shock protein
70 and insulin-like growth factor-1 rapidly increase in RGCs
and act as neuroprotectors, which is also associated with a
rapid increase in purpurin gene expression and the synthesis
of purpurin in the photoreceptors. Purpurin promotes neurite
sprouting, which is closely mimicked by retinoic acid and
blocked by its inhibitor. Thus, purpurin appears to induce
axon regeneration by acting as a retinol transporter to supply
retinoic acid to damaged RGCs which in turn activates target
genes, such as transglutaminase and neuronal nitric oxide
(NO) synthase mRNAs, and retinoic acid genes.>

Neutrophils

ONI triggers the invasion into the eye and activation of neu-
trophils, the first responders of the innate immune system.
The neutrophils express high levels of the atypical growth
factor oncomodulin (Ocm). Immunodepletion of neutrophils
diminishes Ocm levels without altering the levels of ciliary
neurotrophic factor (CNTF), leukemia inhibitory factor, or
interleukin-6, while suppressing the regeneration-promoting
effects of inflammation. A peptide antagonist of Ocm also sup-
presses axon regeneration, indicating that neutrophils are a major
source of Ocm that promotes axon regeneration in the CNS.>’

NO

NO is a gaseous messenger molecule biosynthesized from
l-arginine and molecular oxygen by NO synthase, and
excess NO production plays a critical role in killing RGCs.
However, NO also mediates neuroprotection via the signal-
ing pathways, the NO/cyclic guanosine monophosphate
pathway, and S-nitrosylation.’® However, a reduction in nitric
oxide synthase or its production following ONI significantly
increases RGC survival.®* RGCs can be protected after injury
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by reducing the production of N-nitro-l-arginase, nipradilol,
and aminoguanidine, which reduce the production of NO or
inhibit NO synthase.*

Neural progenitor cells

Miiller glia may inhibit axon regeneration, but Miiller glia
produces trophic factors via BDNF-TrkB pathway, which
may lead to RGC protection after ONI. In addition, this
BDNF-TrkB pathway may stimulate the dedifferentiation
of Miiller glia into retinal neurons.

Human neural progenitors transplanted into the crushed
optic nerve of adult rats are induced to differentiate into
anterior specified neural progenitors by the administration of
Noggin and retinoic acid. This treatment provides significant
RGC neuroprotection while inducing axon regeneration.*

Miiller glia are resident radial glia in the vertebrate retina.
In response to mammalian retinal injury, the Miiller glia lead
to glial scar formation and prevent the replacement of lost
neurons. However, adult zebrafish Miiller glia act as tissue-
specific stem cells that generate neurogenic progenitors that
regenerate all retinal neurons after damage. The proliferative
response depends on the regulation of transforming growth
factor beta (TGFbeta) signaling by the corepressors Tgifl
and Six3b in the adult zebrafish retina. Thus, Tgifl expres-
sion and regulation of TGFbeta signaling are implicated in
the function of several types of stem cells and is necessary
for neuron regeneration.®’

Brimonidine

Brimonidine, an alpha2-adrenergic receptor agonist com-
monly used to lower IOP in glaucoma, exerts neuropro-
tective effects and brimonidine treatment promotes optic
nerve regeneration by inducing the activation of Erk1/2
after ONIL.%

Taxol

The local application of Taxol to the site of an ONI markedly
enhances neurite extension of mature RGCs and PC12 cells
by stabilizing microtubules and desensitized axons toward
myelin and CSPG inhibition in vitro without reducing RhoA
activation.® Taxol treatment also significantly increases lens
injury-mediated axon regeneration in vivo, delays glial scar
formation, suppresses CSPG expression, and transiently
reduces the infiltration of macrophages at the injury site.®
Thus, microtubule-stabilizing compounds such as Taxol may
be candidates for the treatment of CNS injuries particularly
when combined with interventions stimulating the intrinsic
regenerative state of neurons.®

CSPG is expressed during development where it has a
putativerole in axon guidance by forming barriers to direct
growth cones.* In contrast with myelin, gliosis is present
only around the site of injury, and regrowing axons can sim-
ply detour around the glial scar to grow within undisrupted
CNS tissue.% However, several neurotrophic factors induce
axons to regenerate through scar tissue® or prevent scar
tissue formation by inhibiting collagen biosynthesis and
basement membrane deposition.*® Similarly, although the
axon outgrowth of dorsal root ganglion neurons is inhibited
by CSPG, the axons can be made insensitive to this inhi-
bition by exposure to a number of different neurotrophic
factors.®’

CNTF and fibroblast growth

factor-2 but not BDNF

Neurotrophins, such as CNTF, BDNF, and fibroblast
growth factor-2, support neuron survival and axonal out-
growth during development. However, following an optic
nerve crush in the adult frog, Rana pipiens, CNTF more
than doubles the axon regeneration rate, fibroblast growth
factor -2 increases regeneration, while BDNF has little
effect.®

EphB3 axon guidance, promoting
axon regeneration, and synapse

formation

EphB3 proteins govern axon pathway development, includ-
ing retinal axon projections to CNS targets. Thus, during
development, EphB proteins serve as axon guidance mol-
ecules for growth cones of RGC axons.® Retinal growth
cone responsiveness to EphB3 is regulated by co-impinging
signals from other axon guidance molecules involving the
SCG10-mediated regulation of the growth cone microtubule
cytoskeleton.” The loss of EphB3 does not affect the abil-
ity of injured RGC axons to elaborate complex terminal
branching, suggesting that additional EphB3-independent
mechanisms govern adult axon branching triggered by CNS
damage.”

Recruited macrophages upregulate mRNA, encoding
the axon regeneration guidance molecule EphB3, and
express EphB proteins capable of binding Ephrin B mol-
ecules in vivo and in vitro.”" Injured adult RGC axons in
turn expressed EphrinB3, a known receptor for EphB3,
and RGC axons bind recombinant EphB3 protein injected
into the optic nerve. Thus, optic nerve-derived EphB3 is
involved in regulating adult RGC axon plasticity after
ONIL.™
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Exposing optic nerve axons to sciatic nerve cells and
macrophages activates the macrophages and thus induces
regeneration of injured optic nerve axons.”? These results
are encouraging, but “vision” requires the establishment of
a vast number of connections to provide more information
than evoked potentials in the tectum, and achieving this goal
has been elusive.

Peripheral nerve grafts promoting

axon regeneration into the CNS
Some axon regeneration guidance molecules can be reex-
pressed in the adult,” and in vivo studies show that regen-
erating RGC axons can restore physiological function when
one end of a length of peripheral nerve is inserted into the
brain CNS and the other into the spinal cord. This results
in RGC axons regenerating many centimeters through the
nerve graft and into the spinal cord and superior colliculus
where the regenerating CNS axons connect to central visual
relays and restore light and dark perception vision sensi-
tivity’ by the establishment of synapses with appropriate
superior colliculus target cells™ when light-evoked synaptic
activity is elicited when light is shined into the eye,” to par-
tial restoration of the optomotor response, depth perception,
and circadian photoentrainment, thus demonstrating the
feasibility of reconstructing central circuitry for vision after
optic nerve damage in mature mammals.” Another example
is the reestablishment of appropriate RGC axon tectal
connections evoking the pupil constriction reflex when a
peripheral nerve graft is connected to the pretectal nucleus in
rats,” indicating the reestablishment of functional connec-
tion with higher visual centers.” The transplanted Schwann
cells appear to induce modifications of functional properties
in neighboring optic nerve glial cells. This is likely due to
their release of a number of axon regeneration-promoting
neurotrophic factors, such as nerve growth factor (NGF),
BDNE, neurotrophic factor (NT)-3, NT-4/5, and NT-6.”
The implanted Schwann cells also induce the invasion of
macrophages into the optic nerve, which is accomplished
by their release of oncomodulin, a calcium-binding protein,
and potent macrophage-derived growth factor with high
affinity in a cAMP-dependent manner.*° In vivo delivery of
oncomodulin stimulates up to a sevenfold increase in the
extension of optic nerve axons versus other trophic agents.®
Astrocytes, which usually form a glial scar, appear to
guide the regenerating axons in cooperation with Schwann
cells.” There is also a decrease in the oligodendrocyte marker
04 and migration of ED-1-positive macrophages into the
optic nerve stump.” Accordingly, the ability of RGC axons

to regenerate is not a simple phenomenon of axonal regen-
eration along the Schwann cell membrane, but results from
direct and dynamic communication between the axon and
the Schwann cells are accompanied by changes in the glial
cells induced by the Schwann cells.”

Bone marrow stem cells

The application of stem cells, such as bone marrow mes-
enchymal stem cells (BM-MSCs), can be used to replace
lost neurons, restore neural circuits, or act as paracrine-
mediated therapies in which stem cell-derived trophic
factors protect compromised endogenous retinal neurons
from death and induce the growth of new connections. BM
contains a population of pluripotent cells that can differen-
tiate into a variety of cell lineages, including neural cells
that promote significant optic nerve axon regeneration and
remyelination following systemic delivery of BM-MSCs to
a site of contused spinal cord and in stroke models.?! Non
retinal-derived adult stem cells, in particular neural stem
cells, and dental pulp stem cells, together with embryonic
stem cells (ESC)/pluripotent stem cells (iPSC), can provide
trophic support, repair and replacement of retinal neurons,
retinal pigment epithelial cells, and glia in degenerative
retinal diseases.®! Thus, pluripotent stem cells ESCs/iPSCs
and endogenous retinal stem cells may replace lost pho-
toreceptors and retinal pigment epithelial cells leading to
restoration of vision in the diseased eye.®! The MSCs may
be a useful source of paracrine factors that protect RGCs
and stimulate regeneration of their axons into the injured
optic nerve.

Pathway selectivity: restoration of

functional retinotopic maps

The greatest challenge in restoring vision is to assure that
optic nerve axons take the correct pathway at the optic
chiasm and then form the appropriate synaptic connec-
tions in the lateral geniculate nucleus. In the peripheral
nervous system, regenerating motor axons show the
capacity to accurately select between a presented motor
and a sensory nerve.® This appropriate reinnervation of
the distal nerve bundle significantly increases the accuracy
of neurological recovery. The precision of the selection of
the appropriate distal nerve pathway can be significantly
enhanced by electrical stimulation.?3 Appropriate optic
nerve axon pathway selectivity and optic chiasm specificity
of regenerating lesioned RGC axons take place,” indicating
that RGC axons can make the appropriate major crossed
pathway selection, preferentially regenerating within the
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degenerating trajectories from their own eye, with minor
uncrossed projections into both the optic tracts.3* Elec-
trical stimulation of the optic nerve may enhance axon
regeneration and improve the specificity pathway selection
to distal neuronal targets.

Olfactory ensheathing cells

Olfactory ensheathing cells (OECs) are glial cells of the first
cranial nerve of the nasal mucosa where they accompany
and myelinate the axons of the olfactory neurons. OECs
exhibit phenotypic characteristics of both astrocytes and
Schwann cells and show plasticity. In vitro, OECs promote
axonal growth, while in vivo they promote remyelination
of damaged axons.® These OECs can serve as a source of
myelinating glia that remyelinate axons in demyelinating
diseases such as multiple sclerosis, which allows the axons
to survive and regenerate within the CNS.3¢ Thus, OECs
can serve clinically as an alternative to Schwann cells
for the treatment of spinal cord injury and for promot-
ing injured spinal cord axons.®” Additional cells that can
evoke myelination and induce axon regeneration in animal
models of demyelinaton are progenitor cells derived from
the subventricular zone of the brain and from BM that can
form myelin when transplanted into demyelinated lesions
in rodents.®® Furthermore, OECs cultured from the olfac-
tory lamina propria or pieces of lamina propria from the
olfactory mucosa transplanted into the transected spinal
cord promote regeneration of spinal cord axons and partial
recovery of movement of hind limbs.% Thus, transplant-
ing OECs stimulate axonal regeneration and sprouting,
increase remyelination, confer neuroprotection, enhance
neovascularization, and replace lost RGCs.

Clinically, following resection of a glial scar associated
with a spinal cord injury, cultured OECs transplanted into a
spinal cord lesion promote axonal regeneration, reorganize
the glial scar, remyelinate axons, stimulate blood vessel
formation, have phagocytic properties, and modulate the
immune response.”® When OECs are similarly implanted
into spinal cord stumps and the spinal cord gap is bridged
with lengths of autologous sural nerve, one patient recov-
ered partial voluntary movements of the lower extremities,
an increase of the muscle mass in the left thigh, and partial
recovery of superficial and deep sensation.’’ The simultane-
ous treatment of injuring adult rat optic nerve with OEC under
the nerve sheaths and injecting CNTF into the vitreous body
reduces apoptosis and induces optic nerve repair and axon
regeneration.”

Lens injury promotes optic nerve

regeneration

Lens injury induces an inflammatory response, which causes
macrophage invasion of the vitreous humor. The invading
macrophages appear to release neurotrophic factors that
induce regeneration of injured RGC axons.”® Lens injury
also promotes the recovery of vision when the optic nerve
is cut and the stumps are anastomosed. Thus, natural events
induced by lens injury can induce some axons of the optic
nerve to regenerate and restore functional activation of the
visual cortex.* Part of this function of an injured lens is
the activation of retinal glia and their release of CNTF and
leukemia inhibitory factor ,which provide potent protection
of axotomized RGCs against apoptosis while also promoting
axon regeneration in the injured optic nerve.*

Novel technique for promoting
regeneration of injured optic nerve

axons

The clinical “gold standard” surgical technique used for
restoring neurological function of a peripheral nerve with
a gap when the nerve stumps cannot be anastomosed is to
bridge the gap with sensory (sural) nerve grafts. The con-
cept is that the Schwann cells within the graft will release a
cocktail of neurotrophic and the other factors will support
the survival of axotomized neurons, induce their regeneration
across the gap in association with the nerve graft, and pro-
mote axons to regenerate into the distal portion of the nerve,
into which they normally do not regenerate. However, such
grafts have significant limitations and are not very effective
for nerve gaps >2 cm, for repairs performed >2 months post
trauma, and in patients >25 years of age. Although motor
nerve grafts are more effective, they are not used due to
ethical reasons of sacrificing a motor function.”

Figure | An 8-cm long peipheral nerve gap bridged with a collagen tube filled with PRP.
Note: Axons regenerated entirely across the gap, through the distal nerve, and
reestablished good neurological function.
Abbreviation: PRP, platelet-rich plasma.
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Figure 2 Schematic representation of RGC axon pathways.
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Notes: (A) Intact RGC axon pathways. (B) Transected optic nerve stumps secured a collagen tube filled with autologous PRP to provide neurotrophic factors to promote

RGC survival and axon regeneration and enhance specificity of target reinnervation.
Abbreviations: PRP, platelet-rich plasma; RGC, retinal ganglion cell.

A recent clinical study showed that bridging nerve with
a length of sensory nerve graft within a collagen tube filled
with autologous platelet-rich plasma (PRP) or even with a
collagen tube containing only PRP induces axons to regener-
ate under conditions where other technique is effective: across
nerve gaps up to 16 cm in length, for repairs performed >3
years post-trauma, and in patients up to 58 years of age.”’
Figure 1 shows an example of an 8-cm long peripheral nerve
gap repaired with a collagen tube filled with PRP.

It is hypothesized that these techniques are effective
because the PRP provides an abundance of axon regeneration-
promoting factors that are taken up by the severed axons
and transported to their soma where they trigger neurons to
extend axons they would otherwise not extend, significantly
increase the distance axons regenerate, and promote the axons
to regenerate into the distal nerve stump, which is normally
inhibitory to axon in regeneration. It is reasonable to assume
that such techniques would be effective in promoting optic
nerve regeneration.

The success in inducing large number of axons to regen-
erate long distances when a nerve graft within a collagen
tube filled with PRP is used to bridge a peripheral nerve
gap, suggests that this approach would induce similar axon
regeneration by RGCs leading to the reestablishment of
vision. Figure 2 presents the proposed technique.

The advantage of this technique is that the collagen tube
prevents the invasion of fibroblasts that can form scar tis-
sue that inhibits axon regeneration, while PRP provides the

transected RGCs a host of neurotrophic and regeneration-
promoting factors that can promote axon regeneration
that wound not otherwise occur, enhance the extent of that
regeneration, and block the factors in the distal optic nerve
that inhibit axon regeneration, thereby creating a cellular
environment that strongly promotes axon regeneration and
restoration of functional vision.

Conclusion

Although in lower vertebrates RGCs survive optic nerve
trauma and the optic nerve axons regenerate and vision can be
restored, in higher vertebrates RGC survival and axon regen-
eration are poor to nonexistent. The underlying difference is
that in higher vertebrates there is 1) an absence of factors to
promote RGC survival, 2) a presence of factors that inhibit
axon regeneration, and 3) an absence of factors to promote
axon regeneration. Recovery of vision in higher vertebrates
requires changing the cellular environment from one that
inhibits to one that promotes axon regeneration. Although
many mechanisms have been tested in higher vertebrates for
their ability to restore vision, none has provided more than
minimal success with the greatest being using peripheral
nerve grafts. Although a peripheral nerve graft alone may
not be sufficient for promoting optic nerve axon regenera-
tion and restoring vision, bridging an optic nerve gap with a
peripheral nerve graft within a collagen tube filled with PRP
may create the cellular environment in which regeneration is
successful in inducing neurological recovery.
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