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Abstract
Purpose of Review Acute and chronic optic neuropathies lead to irreversible vision loss, prompting considerations of regener-
ative therapy. Th e insult commonly occurs primarily in the anterior optic nerve, which leads to degeneration of retinal ganglion
cells (RGCs) and their axons and loss of oligodendrocytes. We review important aspects of optic nerve regeneration and animal
models of disease.
Recent Findings Preclinical studies in animals showed that approaches that improve RGC survival and axon regeneration include
neurotrophic factor delivery, genetic manipulation, visual stimulation, and cell therapies, but impact on glia must be also
considered. While intravitreal delivery of molecules has been most commonly used, direct targeting of the optic nerve should
be considered.
Summary Treatment can differ if targeting acute or subacute vs. chronic optic neuropathies, depending on whether
most RGC axons and somata are still present and salvageable, or if somata and axons are gone and need to be
replaced. Combined neuron- and glia-directed treatments may lead to more successful vision restoration.
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Introduction

The Human Optic Nerve and Limited Endogenous
Regeneration After Injury

The optic nerve is the only output of the eye. It is a
central nervous system (CNS) white matter tract that
sends visual information captured by the eye to the
brain for interpretation. The human optic nerve is composed
of 1.2 million axons of the retinal ganglion cells (RGCs),
whose cell bodies are located in the inner layer of the retina

inside the globe [1]. Once the unmyelinated axons of the
RGCs exit the globe beyond the lamina cribrosa, they become
ensheathed by oligodendrocytes [2].

Injury of the optic nerve or optic neuropathy is one of the
most common causes of vision loss [3]. Patients with optic
neuropathies experience a disconnection syndrome because
once the optic nerve is damaged, the visual information can
no longer be sent from the eye to the brain for interpretation.
Optic neuropathies can occur suddenly or progressively. Insult
to the optic nerve leads to disconnection of the RGCs and its
axons to the rest of the brain, which means the visual infor-
mation captured by the retina is no longer transmitted to the
brain. In addition, optic nerve insult leads to progressive ret-
rograde and anterograde degeneration, leading to
transsynaptic degeneration and thinning of the entire visual
pathway [3–5].

In mammals, there is limited endogenous ability for the
CNS to regenerate, while cold-blooded vertebrates can spon-
taneously regenerate an injured spinal cord [6]. After axonal
damage, the distal portion of the nerve undergoes progressive
degeneration, a phenomenon named Wallerian degeneration
(WD), after August Waller’s observations made in 1849. In
the peripheral nervous system (PNS) of mammals, where
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severed axons regenerate rapidly, WD takes from 7 to 14 days
to be concluded. In the CNS, this process is much slower and
takes months to years, leading to a prolonged permanence of
myelin debris and associated growth-inhibitory proteins [7].

In 1907, Tello, a student of Santiago Ramon y Cajal, stud-
ied CNS and PNS regeneration by transecting the optic nerve
of adult rabbits and intercalating a piece of autologous sciatic
nerve to the nerve stump. He observed that optic nerve axonal
sprouts oriented toward the graft and, in one case, the sprouts
crossed the scar and penetrated the graft, extending longer
distances within it [8, 9]. Aguayo and coworkers confirmed
these observations in the 1980s, demonstrating that the ab-
sence of regeneration in the CNS was not necessarily due to
an intrinsic inability of central neurons, but rather to the pres-
ence of an inhibitory environment [10].

Most Common Optic Neuropathies

Glaucoma is the leading cause of irreversible blindness world-
wide [11], affecting 111.8 million people by 2040 [12]. Vision
loss typically occurs in both eyes and often involves periph-
eral visual field first (e.g., arcuate visual field defect) but can
also involve paracentral areas early. As a progressive disease,
treatment of glaucoma is focused on chronic lowering of in-
traocular pressure using eye drops or surgical procedures.
However, in some cases, progression of vision loss can occur
over years despite maximal medical and surgical intervention
to control intraocular pressure, prompting the need for novel
neuroprotective and regenerative therapies [13, 14].

Arguably more devastating than glaucoma, acute optic
neuropathies often occur in the setting of ischemia (ischemic
optic neuropathies), trauma (traumatic optic neuropathy), ele-
vated intracranial pressure (papilledema), inflammation (optic
neuritis and neuromyelitis optical spectrum disorders), tu-
mors, and infections [15]. The most common cause of acute
optic neuropathy in those younger than 50 years of age is optic
neuritis and in those older than 50 years old, anterior ischemic
optic neuropathy (AION) [16–18]. Optic neuritis typically
presents in the second and third decades and is associated with
sudden central vision loss in one eye, pain with eye move-
ment, and overall good visual prognosis despite thinning of
the optic nerve. Treatment involves high-dose intravenous
corticosteroids in order to improve vision and reduce risk of
developing multiple sclerosis. Nonarteritic AION presents as
sudden altitudinal (inferior or superior) visual field loss that
may or may not involve central vision in one eye. The vision
loss is typically severe and irreversible, and sequential in-
volvement of the second eye occurs in about 25% of patients
(10.5–73%) within 5 years [18]. Like AION, traumatic optic
neuropathy typically occurs suddenly without pain in one eye
and is typically severe and irreversible. There is currently no
effective treatment for AION or traumatic optic neuropathy. In
addition to these common optic neuropathies, the optic nerve

can also be damaged by compression, inflammation, neopla-
sia [19, 20], hereditary disorders related to mitochondrial dys-
function such as Leber’s hereditary optic neuropathy [21, 22],
and various neurological disorders including stroke and mul-
tiple sclerosis [23, 24]. Treatment for these issues is typically
focused on addressing the underlying etiology but no matter
what the cause, once atrophy of the optic nerve occurs in all of
these conditions, there is currently no treatment that can re-
verse this atrophy and the corresponding vision loss.

Axonopathy Precedes RGC Death in Optic
Neuropathies

In optic neuropathies, the initial injury occurs in the axons of
RGCs, and axonopathy precedes death of the soma [25]. In
glaucoma, elevated IOP leads to impaired axonal transport,
including transport of brain-derived neurotrophic factor
(BDNF) [26], which then lead to somatic degeneration [14,
27]. In AION animal model, massive axonal degeneration
occurs within 7 days after onset [28•], which precedes the first
peak of RGC death at day 10 [29].

After axonal injury, retrogradely transported signals
from the lesion site and lack of trophic support from
glia and central targets likely lead to cell death [30,
31]. Other mechanisms of RGC death after axonal dam-
age include excitotoxicity mediated by glutamate recep-
tors and oxidative stress [32]. Retrograde degeneration
of axons leads to apoptosis of RGC soma, culminating
in irreversible visual loss [20]. The exact mechanism leading
to RGC death is still a matter of intense investigation, and
several molecular pathways likely converge to result in the
loss of RGCs, mainly by apoptosis [14].

Importance of Optic Nerve Glia

Classically, vision loss associated to optic neuropathies is solely
attributed to damage to the neuron due to axonal injury and loss
of RGC soma. Because of the focus on neurons, much of the
effect of these diseases on glia, including oligodendrocytes,
astrocytes, and microglia, is unknown. Glial cells provide sup-
port to neurons and axons that is essential for their survival. The
visual system is particularly amenable to studies of CNS axons
and glia because of the unique anatomy of the optic nerve. The
optic nerve contains a tightly packed bundle of optic nerve
axons surrounded by differentially distributed populations of
glia in the unmyelinated and myelinated portions.

In the unmyelinated optic nerve, astrocytes provide cellular
and metabolic support to RGC axons and form the interface
between connective tissue surfaces and blood vessels. In optic
neuropathies such as glaucoma, there is disrupted intercellular
communication between the astrocyte network and gap junc-
tions, reactive astrocytosis, and disruption of metabolic sup-
port to axons [33]. Reactive astrocytes encapsulate the lesion
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core forming the “glial scar,” which constitutes a barrier to
axon regeneration [34]. Astrocytes can acquire protective or
deleterious phenotypes [35•], and a better understanding of
how these cells behave in different optic neuropathies will
help unravel new disease mechanisms and therapeutic targets.

In the myelinated optic nerve, both oligodendrocytes and
astrocytes support the RGC axons. While myelination is critical
for rapid, saltatory condition of visual information, this means
99% of the axons’ surface area is covered in myelin and there is
limited access to glucose and nutrients in the extracellular space.
RGC axons are heavily dependent on oligodendrocytes for met-
abolic support [36]. To meet the high-energy demands of RGC
axons, myelin sheath formed by oligodendrocytes is directly
coupled to the axons to allow direct transport of energy source
for oxidative phosphorylation from glia to axons [37–39].

While axons depend on oligodendrocytes for support, oli-
godendrocytes also depend on interactions with axon to sur-
vive. When axon-glial interactions are lost following axonal
damage, oligodendrocytes fail to breakdown myelin and be-
come quiescent or die by necrosis, apoptosis, or autophagy [7,
40]. Indeed, inefficient myelin clearance is seen as one of the
reasons why CNS axons do not regenerate. In contrast, PNS
Schwann cells and blood-borne macrophages collaborate to
clear myelin and allow neuronal regeneration [41].
Therefore, more studies regarding the impact of axonal injury
on oligodendrocyte function and survival are needed to pro-
mote CNS axonal regeneration and functional recovery.

Animal Models of RGC Axonal Injury

There are many animal models of optic neuropathies.
Although optic nerve crush or transection is relatively rare
clinically, these approaches are used in animal models and
have shed light on important events after optic neuropathy in
general. Other animal models of optic neuropathies include
glaucoma induced by the elevation of the intraocular pressure
through cauterization of the trabecular meshwork or intraocu-
lar injection of hypertonic solution [42, 43], AION [28•,
44–46], posterior ischemic optic neuropathy (PION) [47],
and optic neuritis [48, 49]. Photochemical thrombosis animal
models of AION produce severe optic nerve head edema and
swelling [44–46, 50–53] and abnormal visual evoked poten-
tial responses 24 h after the insult [44–46]. Acutely, there is
also prominent microglial activation and post-ischemic in-
flammatory response, apoptosis of the optic nerve oligoden-
drocytes within 6 days, and demyelination [44, 50, 53, 54]. By
week 1, there is prominent, progressive optic nerve demyelin-
ation that marches toward the distal optic nerve, more apopto-
sis of optic nerve oligodendrocytes, and massive degeneration
of RGC axons (annexin V+) [44, 45, 50, 55]. By week 3, there
is relatively stable, irreversible loss of oligodendrocytes, RGCs,
and thinning of the ganglion cell complex on optical coherence
tomography and in optic nerve histology [29, 44–46, 50, 51, 55,

56], and the severity of the acute retinal swelling seems to
correlate with the extent of chronic thinning [57].

In these animal models of optic neuropathies, we know that
optic nerve injury leads to early and massive anterograde and
retrograde axonal degeneration of the RGC axons, early loss
of optic nerve oligodendrocytes, and loss of RGC somata
[44–46, 48, 50, 58]. This means that in order to restore vision,
regenerative therapy has to facilitate regrowth of almost the
entire length of the optic nerve and these axons need to be
supported by healthy optic nerve glia. Depending on the type
of injury and distance from the cell body, RGC degeneration
varies in intensity and speed. For instance, if axonal injury
occurs close to RGC cell body, the degeneration is faster and
more devastating, likely as a consequence of the time of trans-
port of retrograde signals, as well as of the loss of the trophic
support from the distal nerve [31]. Therefore, animal models
of optic nerve injury can differently affect RGC survival. For
instance, in rats, intraorbital optic nerve transection results in
fast loss of RGCs, starting at 4 days post injury, and reducing
the RGC number to less than 5% in 2 weeks [31], while
intraorbital optic nerve crush reduces RGC population to
10–25% in 2 weeks and to 2–15% in 4 weeks, and the vari-
ability is probably due to different methods used to count
RGCs [59, 60]. Similarly, in mice, intraorbital optic nerve
crush reduces RGC population to ~ 50% after 1 week, to ~
25% in 2 weeks, and to less than 10% in 8 weeks [61].

Protection of Retina vs. Optic Nerve: Lessons
from Neuroprotection

Treatment of optic neuropathies like glaucoma has primarily
focused on neuroprotection, i.e., rescuing RGC somata.
However, increased neuronal survival is not consistently
linked with proportionately greater axon regeneration, which
has been shown in several studies using neurotrophic factor
deliveries [62]. Following axonal damage, blockade of axonal
transport of proteins may impair the arrival of neurotrophic
factors and other essential molecules for RGC survival. The
consequent neurotrophic factor deprivation is one of the current
hypotheses to explain CNS neuronal death following axonal
damage. During development, these factors are produced in a
limited amount by neuronal targets, and only neurons that are
exposed to sufficient levels of these molecules survive, a pro-
cess that is essential for correct innervation [1]. Adult retinal
neurons receive trophic support from glial cells as well as from
their targets, and loss of connections may affect neuronal fate.
Indeed, several studies using exogenous neurotrophins im-
proved RGC survival, although not always this resulted in in-
creased axonal regeneration [63–67].

For instance, exogenous BDNF, whether delivered
intravitreally as recombinant protein or by gene transfer, de-
lays RGC death but does not salvage axons [64]. BDNF binds
to tyrosine kinase B (TrkB) receptor to trigger intracellular
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pathways related to cell survival, including phosphorylation
of cyclic adenosine monophosphate (cAMP) response
element-binding protein and transcription of survival genes
Bcl-2 and Bcl-x [14, 68].

Exogenous delivery of nerve growth factor (NGF)
protected RGCs in models of axotomy, ischemia, and ocular
hypertension [69–71], whereas other studies did not observe
therapeutic effects [72, 73]. Complex effects of NGF are at-
tributed to the variable activation of its receptors, which can
lead to cell survival or death. NGF receptors are tyrosine ki-
nase A (TrkA), which is specific to NGF, and p75NTR, which
binds to all neurotrophins and precursors [74, 75]. Increased
levels of NGF precursor proNGF associated with a low
TrkA/p75NTR ratio are currently associated to cell death sig-
naling through p75NTR activation [14, 76, 77].

Topical administration of highly purified murine NGF im-
proved visual field in three advanced glaucoma patients [65],
and recombinant human NGF (rhNGF) can be delivered as
eye drops to exert biological function in the posterior segment
of the eye. Indeed, in a rat model of optic nerve crush, rhNGF
eye drops reduced the co-expression of NOGO-A and
p75NTR at glial scar-forming cells at crush site borders, and
improved TrkA/p75NTR and proNGF/NGF ratios, thus
resulting in activation of survival and regeneration program
during the first 2 weeks after injury [66]. Importantly, rhNGF
eye drops were well tolerated in clinical trials [78, 79] and
therefore can be a potential treatment of optic neuropathies.
Nevertheless, although rhNGF counteracted the enhancement
of p75NTR, NOGO-R, and ROCK2 in the retina 7 days after
injury, it had a modest effect on axon regrowth by 14 days
after crush. Future studies may better determine the optimal
dosage and duration of treatment, and likely combine it with
additional axon regenerative approaches.

Endogenous vs. Exogenous Approaches
in Regenerative Therapy

Strategies to improve axonal growth include attempts to shift
the CNS inhibitory environment to a permissive one [10, 80],
and to stimulate intrinsic regenerative programs of RGCs. One
of the first approaches to stimulate robust axon regeneration
was to increase ocular inflammation after lens injury or intra-
ocular injection of zymosan, a yeast cell wall preparation
[81–83]. The regenerative effects were associated to the re-
cruitment of neutrophils and macrophages that release
oncomodulin and require cAMP elevation [81, 84], while a
divergent line attributed it to the activation of signal transducer
and activator of transcription 3 in RGCs and to glial-derived
ciliary neurotrophic factor and leukemia inhibitory factor [85].
In the past decade, gene deletion approaches, cell therapies,
visual stimulation, and combined approaches were described
to be more efficient in achieving robust axonal regeneration.

Genetic Approaches

The intrinsic ability of RGCs to regenerate has been stimulat-
ed by genetic approaches to manipulate cell growth-related
molecules such as the mammalian target of rapamycin
(mTOR), Kruppel-like family transcription factors, and the
suppressor of cytokine signaling 3 (Socs3) [86–89].
Phosphatase and tensin homolog (Pten) deletion as a way to
activate phosphatidylinositol-3-kinase-AKT-mTOR pathway
has been intensively explored in the past 10 years and AKT
was identified as the nodal point that regulates adult CNS
axon regeneration. However, a yet unidentified AKT-
independent pathway is required for stimulating more robust
axonal growth [62]. Co-deletion of Pten and Socs3 has stim-
ulated RGC axons to grow up to the suprachiasmatic nucleus
and reintegrate with the local circuitry after optic nerve crush
[86, 90]. After overexpression of C-myc plus co-deletion of
Pten and Socs3, several axons crossed the optic chiasm
4 weeks after crush, but the number of regenerated axons
was reduced after 8 weeks, possibly due to the elimination
of axons that have not formed synaptic connections [91].
Limited reconnection and functional recovery following gene
deletion experiments could be also due to the differential re-
sponse of RGC subtypes. Indeed, alpha-RGCs accounted for
nearly all regeneration following deletion of Pten [92], sug-
gesting that the modulation ofmultiple pathways is required to
induce a higher number of RGCs to regenerate.

Combinatorial Approaches

The combination of Pten deletion with zymosan injection and
elevation of cAMP resulted in approximately 10-fold more
regeneration than Pten deletion or zymosan injection alone
[93•, 94]. After 10–12 weeks, regenerating fibers reached
the contralateral dorsal lateral geniculate nucleus, in associa-
tion to synaptic markers, and mice had improved depth per-
ception, circadian activity, and optokinetic reflex [93•].

In addition to gene deletion, biased visual stimulation
is a powerful approach. Goldberg and coworkers
showed that RGC axonal growth in response to trophic
factors is dramatically increased by electrical activity
[95]. Based on these evidences, Lim and coworkers
used visual stimulation to increase RGC electrical activ-
ity and induce regeneration after optic nerve crush
[96•]. In addition, based on activity-dependent behavior-
al recovery after forced use of the impaired limb after
corticospinal tract injury [97], they sutured the fellow
eye, creating a biased visual stimulation. After combin-
ing that with mTOR activation, regenerated axons
reached the optic chiasm, suprachiasmatic, ventral and
dorsal lateral geniculate nuclei, pretectum, and accessory
optic targets in the brainstem and superior colliculus.
Animals had improved optokinetic reflex and recovered
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the perception of an over-head looming stimulus, which
depends on the retino-collicular pathway. Pupillary light
reflex and depth perception were not recovered, al-
though reinnervation had been observed in the appropri-
ate targets [96•].

These experiments revealed a remarkable ability of adult
mammals RGCs to reenter the growth phase and find their
targets as during development. However, the incomplete visu-
al behavior recovery may be partially explained by incorrect
synapse formation and insufficient number of regenerating
axons. Another issue may be the lack of myelination of regen-
erated axons. Indeed, voltage-gated potassium channel
blocker 4-aminopyridine improved the conduction of RGC
axons and the performance of animals on the optokinetic re-
flex test after optic tract transection [98].

Cell Therapy Approaches

Different research groups have used embryonic stem cells or
induced pluripotent stem cells to generate RGCs that could
replace the lost cells [99–101]. Although these newly generated
cells express RGC markers, after injection of stem cell-derived
or postnatal purified RGCs into the vitreous chamber, integra-
tion into the retina is still not always achieved, although some
promising results have been described [99, 102]. The combi-
nation of cell transplantation with axon regenerative and guid-
ance approaches is likely the route for highly ambitious studies
aiming to replace lost RGCs in end-stage optic neuropathies.

Meanwhile, cell therapies performed to exert neuroprotec-
tion and support regeneration of RGCs have also emerged [43,
59, 60, 103], taking advantage of a possibly shorter road to the
clinic than cell replacement therapies [104] but so far showing
less robust results than gene manipulation approaches.
Importantly, the transplantation of cells into the eye without
supporting preclinical data and appropriate procedures can
lead to severe visual loss [105].

Bone marrow mononuclear cells, bone marrow-derived
mesenchymal stem cells (MSCs), and MSCs from other tis-
sues such as the adipose tissue and dental pulp have been
tested in animal models of optic neuropathies [103, 104,
106]. Most studies showed neuroprotective and axon regener-
ative effects of such cells [42, 43, 59, 107, 108], but their
mechanisms of action are still being investigated. The current
view is that MSCs exhibit neurotrophic effects and modulate
inflammation [109–112] through secretion of factors that tar-
get retinal cells as soluble factors [108, 113] or inside extra-
cellularly secreted vesicles containing a variety of
molecules—ranging from small regulatory microRNAs,
which are short noncoding RNA molecules, to trophic factors
[114, 115]. Because intravitreally injectedMSCs can persist in
the eye [59], a potential detrimental effect on light transmis-
sion should be investigated. A delivery system that introduces

the secretome of the MSCs without injecting the cells into the
vitreous can avoid these issues.

Intravitreal vs. Optic Nerve Targeting of Exogenous Therapies

The vast majority of the ocular approaches to treat optic neu-
ropathies use intravitreally targeted drugs, viral vectors, or cells,
which is in close proximity of the RGC somata but not the optic
nerve—the initial site of injury. This means these therapies are
not effectively treating the axons or the optic nerve glia, which
are crucial in shaping neuronal fate [35•]. Recent data have
shown that pharmacological enhancement of myelination and
axonal conduction [98] and transplantation of oligodendrocyte
progenitors [116] are promising therapeutic approaches in the
treatment of CNS injuries, including optic neuropathies.

Direct targeting of the optic nerve will be an important
approach in future treatment of optic neuropathies because this
approach delivers drug to the initial site of injury, has less CNS
and systemic side effects, and potentially be combined with
neuroprotective treatment that target the soma. Because exper-
imental delivery of drugs or cells to the optic nerve is difficult
in small animals, our grouped has collaborated with experts in
neurosurgery and glial cell biology to develop alternative
methods to target different portions of the mouse optic nerve
using injections intraorbitally, through the optic foramen, and
transcranially [117]. By directly targeting the optic nerve
(Fig. 1) with drugs, cells, or biomaterials containing biologi-
cally active molecules or even adhered cells, RGC long-
distance regeneration, axonal guidance, and myelination may
be more efficiently approached than with current strategies.

Considerations of Regenerative Therapies in Acute vs.
Chronic Optic Neuropathies

Treatment will likely be different when comparing acute (e.g.,
AION) and chronic (e.g., glaucoma) optic neuropathies. This
is in part because in acute disease the axons are still not
completely lost, so the therapeutic intervention will likely in-
volve control of inflammation, neuroprotective, axon-protec-
tive, and glia-protective therapies, or glial cell replacement.
On the other hand, in chronic conditions such as glaucoma
with advanced vision loss, it is assumed that several RGC
axons are already damaged, with loss of RGC somata. In that
case, it is necessary to develop therapies to stimulate the re-
generation of those axons from surviving RGCs and, at the
latest stage disease, cell therapies to replace lost RGCs. This is
amongst the most ambitious goals because it requires the in-
tegration of new cells, axon growth, and path finding.
However, by combining cell replacement with genetic or phar-
macological treatments promoting axon growth, new ap-
proaches may achieve successful results.

In addition, both acute and chronic optic neuropathies in-
volve axonal injury and cessation of visual transduction in the
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early phase and irreversible, progressive RGC and vision loss in
the second phase. In acute optic neuropathies, the first phase is
greater inmagnitude, while in chronic disease, the second phase
seems to be often more devastating. Therefore, the timing of
treatment should consider the type and stage of the disease.

Finally, if axon regeneration is a requirement to achieve
visual recovery, it is necessary to overcome the inhibitory
milieu of the CNS, by modulation of axon growth-inhibitory
signaling and cells that configure a toxic environment for neu-
rons to growth. The understanding of howmyelin is cleared in
the PNS and how CNS glia behaves in different conditions
that trigger neuronal degeneration can elucidate new therapeu-
tic targets to prevent irreversible vision loss.

Conclusions

Optic neuropathies are complex diseases involving damage to
RGC somata and axons that form the optic nerve, as well as
surrounding glia.While there is currently no clinically available
therapy to efficiently sustain RGC survival and promote axonal
regrowth after injury, preclinical studies in small rodents are
changing the way such diseases are seen as irreversible causes
of vision loss. Robust axonal regeneration and target reconnec-
tion have been achieved with combinatorial approaches, in-
volving gene deletion, pharmacological approaches, and visual
stimulation. On the other hand, cell therapies with paracrine
activity and more ambitious cell replacement strategies are also
being investigated. Future approaches should address treatment
of the axonopathy in acute and chronic optic neuropathies, in-
cluding axon-protective and glia-protective approaches, likely

in combination with existing approaches targeting RGC cell
bodies and intrinsic mechanisms of axon regeneration.
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