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Abstract: Diverse insults to the optic nerve result in partial to total vision loss as the axons of retinal 
ganglion cells are destroyed. In glaucoma, axons are injured at the optic nerve head; in other optic 
neuropathies, axons can be damaged along the entire visual pathway. In all cases, as mammals cannot 
regenerate injured central nervous system cells, once the axons are lost, vision loss is irreversible. However, 
much has been learned about how retinal ganglion cells respond to axon injuries, and many of these 
crucial discoveries offer hope for future regenerative therapies. Here we review the current understanding 
regarding the temporal progression of axonal degeneration. We summarize known survival and 
regenerative mechanisms in mammals, including specific signaling pathways, key transcription factors, and 
reprogramming genes. We cover mechanisms intrinsic to retinal ganglion cells as well as their interactions 
with myeloid and glial cell populations in the retina and optic nerve that affect survival and regeneration. 
Finally, we highlight some non-mammalian species that are able to regenerate their retinal ganglion cell 
axons after injury, as understanding these successful regenerative responses may be essential to the rational 
design of future clinical interventions to regrow the optic nerve. In the end, a combination of many different 
molecular and cellular interventions will likely be the only way to achieve functional recovery of vision and 
restore quality of life to millions of patients around the world.
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Introduction

As the sole connection between eye and brain, the axons 
of retinal ganglion cells (RGCs), which make up the optic 
nerve, are indispensable for visual function. Unfortunately, 
unlike many other vertebrates, mammals cannot regenerate 
damaged axons in their central nervous system (CNS), 
including those of RGCs, meaning that any damage 
sustained is irreversible. However, knowledge about 
axonal destruction and regeneration is fast accumulating, 
bringing us closer to developing regenerative therapies 
for CNS tissues. Many other excellent reviews have 
covered the topic of RGC regeneration (1-5), each from 
its own perspective. Some discuss the generation and 

transplantation of new RGCs; others investigate potential 
pro-regenerative paracrine effects of mesenchymal stem 
cell replacement therapies (6,7). These topics will not 
be covered here, and the reader is referred to the other 
excellent reviews and work cited for an in-depth analysis of 
these other exciting areas of work. In this review, we will 
touch on various clinical scenarios in which RGC axonal 
regeneration therapies might be applied clinically, and then 
provide a more detailed description of the fundamental 
principles and pathways involved in the axonal injury as 
well as the survival and axonal regrowth of RGCs, including 
both mechanisms intrinsic to the RGCs themselves and 
extrinsic factors that may be more readily harnessed for  
translation.
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Common optic neuropathies with injury to 
retinal ganglion cell axons

Glaucoma is the most common optic neuropathy resulting 
from RGC axonal damage and the leading cause of 
irreversible blindness worldwide, projected to affect over 
100 million people by 2040 (8). Glaucoma is frequently, 
though not always, associated with elevated intraocular 
pressure, and the optic nerve head is generally believed 
to be the site of the axonal injury (Figure 1) (9). However, 
much remains to be learned about changes occurring in the 
retina and the optic nerve and how they affect progression. 
Current glaucoma treatment focuses on lowering of 
intraocular pressure using eye drops or surgical procedures. 
Even with treatment, however, progression of vision loss 
still occurs in many patients (10). For this reason, there 
are ongoing efforts to develop treatments for glaucoma 
based on neuroprotection, neuroenhancement, and 
neuroregeneration.

Other optic neuropathies can occur at the optic nerve 
head but have much shorter time-courses. Ischemic optic 
neuropathies, either nonarteritic (NAION) or arteritic 
(AION), involve sudden visual loss, sometimes worsening 
over days or weeks as the ischemia continues, accompanied 
by painless edema of the optic disc (11). AION is typically 

caused by giant cell arteritis and results in severe visual 
damage, while NAION may stem from small-vessel disease 
in the nerve and some visual improvement within months is 
common (11-13). 

Other insults affect other parts of the visual pathway. 
Optic neuritis, acute inflammation of the optic nerve (ON), 
is characterized by abrupt central vision loss and pain with 
eye movement. Most commonly associated with multiple 
sclerosis, patients often recover full vision but can progress 
to irreversible vision loss (11,13). Interestingly, color vision 
loss is disproportionately affected in optic neuritis compared 
to ischemic optic neuropathies, suggesting different RGC 
populations may be affected in each (11). Traumatic optic 
neuropathy, while relatively rare, typically occurs following 
head injuries. It is severe and most often irreversible, similar 
to the optic nerve crush procedure utilized for laboratory 
studies (14). Besides head trauma, the ON can sustain 
acute or progressive physical damage as a result of tumors, 
compression, and infections (11,13). Increased intracranial 
pressure can also cause optic neuropathy, for example in 
pseudotumor cerebri syndrome and space-flight associated 
neuro-ocular syndrome (15,16). The pathophysiology in 
the traumatic situations, and quite likely all optic atrophies, 
is likely to be multifactorial, involving a primary injury 
followed by a response to this injury which further damages 

Figure 1 Simple schematics of the retina and human brain emphasizing cells and areas relevant to optic nerve regeneration. Various optic 
neuropathies affect different parts of the optic nerve; for example, glaucoma and arteritic ischemic optic neuropathy (AION) affect the 
optic nerve head, while other insults can affect the optic nerve, optic tract and optic radiation. Visual information carried by RGC axons 
is processed by multiple regions of the brain, in addition to the lateral geniculate nucleus (LGN) that carries most image forming visual 
information to the visual cortex. Among these other brain nuclei are the superchiasmatic nucleus (SCN), pretectal nuclei (PN) and superior 
colliculi (SC), which mediate diverse non-image-forming aspects of vision. In the retina, RGCs receive synapses from amacrines and bipolar 
cells, and are in close contact with glia (Müller cells and astrocytes) as well as microglia.
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other axons (17,18).
Several hereditary disorders also result in ON damage, 

including the mitochondria related Leber’s hereditary optic 
neuropathy and various genetic dominant optic atrophies 
(19,20). In addition, other common neurodegenerative 
diseases such as Alzheimer’s disease, Parkinson’s disease, 
and Huntington’s Disease all appear to affect RGCs, quite 
possibly through axonal damage (21,22). While treatments 
of these conditions ideally address the underlying etiology, 
in principle all optic neuropathies might benefit from other 
treatments that promote the regrowth of RGCs axons.

In summary, RGC damage can result from many 
diseases, occur at various speeds and severities, and may 
even affect different RGCs subgroups. Unfortunately, once 
any significant damage to RGC axons has occurred, the 
RGCs will die, and no treatment currently exist to either 
halt RGC death or initiate axonal regrowth. Importantly, as 
we describe below, the clinical window for neuroprotection 
and regeneration-based interventions is very limited, as the 
interventions need to act after axonal damage but prior to 
somal death.

Axonal response to injury: a timeline

Understanding when to implement an axonal regeneration 
strategy clinically requires understanding the progression 
of degeneration after RGC axon injuries. Here we focus 
mainly on insight gained from the most widely used 
experimental models, those based on optic nerve crush 
(ONC) in rodents, though some insight derives from other 
models, including spinal cord injuries (noted below). ONC 
involves controlled crushing of the ON with forceps several 
millimeters behind the globe, where nearly all axons are 
myelinated, leaving the ON sheath and the vasculature 
supplying the ON intact (23). Though some degeneration 
mechanisms are context and injury dependent, as noted 
elsewhere (24,25), most ON injury scenarios likely unfold 
through similar mechanisms to what is outlined here. 

Milliseconds to hours after injury

Immediately following injury in both in-vivo spinal cord 
and neuronal cell culture models, calcium (Ca2+) enters the 
injury site through voltage-gated calcium channels (26-28).  
An ex vivo murine spinal cord model also found that 
Ca2+ is released from the axoplasmic reticulum, possibly 
contributing to a secondary degenerative signal (29). 
Removal of this extracellular Ca2+ by a chelator delays 

axonal degeneration (27,28). Ca2+ influx may be dependent 
on concurrent Na+ entry in some types of injuries, though 
in a neuroinflammatory model the majority of Ca2+ enters 
instead through nanoruptures in the plasma membrane 
(26,28). Importantly, live spinal cord imaging found that 
a “recoverable period” exists for hours after the initial 
insult; either Ca2+ clearance or nanorupture resolution 
protects axons from later swelling and degeneration (30). 
This increased Ca2+ activates calpains, ubiquitous cysteine 
proteases, mechanistically linking injury-induced calcium 
signaling to subsequent axonal degeneration by cytoskeletal 
degradation (31). Live-imaging of rat ON shows that within 
hours of injury, the axons swell and fragment on both 
sides of the injury (32). In murine spinal cord, the same 
fragmentation process can be completely blocked by calpain 
inhibitors (33). 

First days after injury

At this point the proximal (closest to the eye) and distal 
axonal segments begin distinct degenerative processes. In 
both CNS and peripheral nervous system (PNS) axons, 
the distal axon segments fragment through a process called 
Wallerian degeneration (explained further below), in 
which the cytoskeleton is degenerated, the axon first forms 
swellings and then fragments into self-enclosed units, and 
the myelin disintegrates into elliptical structures (34,35). 
The proximal axonal segment forms a retraction bulb, 
elliptical in shape and several times the axonal diameter. 
This bulb grows progressively larger over weeks as the 
axonal cytoskeleton depolymerizes and the axon dies 
back towards the soma (36,37). The retraction bulb is the 
antithesis of the well-organized growth cones typical of 
developing or regenerating neurons. In a growth cone, actin 
structures (lamellipodia and filopodia) at the growing tip are 
separated from elongating microtubule “beams” by a clearly 
defined transitional zone (36). In contrast, studies on sciatic 
nerves found that retraction bulbs feature disorganized, 
mis-oriented microtubules and no clear separation between 
microtubule and actin structures (37). Polymerization of 
both actin and microtubules are critical. Pharmacologic 
stabilization of microtubules promotes regeneration of 
CNS spinal cord neurons (37,38). Additionally, combined 
knockdown in RGCs of two non-muscle myosin II isoforms 
(motor proteins involved in the movement and restructuring 
of actin, and normally present in the growth cone 
transitional zone) promoted marked regeneration persisting 
for weeks after injury (39). In murine spinal cord following 
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injury, some axons attempt regeneration by neurite 
sprouting, but these sprouts lack directionality, grow only a 
small distance past the injury site, and ultimately retract (33).  
Axonal transport of mitochondria also increases in the 
proximal stump of injured murine intercostal neurons, and 
this increase in mitochondria axonal localization may be 
important in neuronal regeneration, as is observed in C. 
elegans motor neuron regeneration (40,41). 

Around the first day after injury, the cell’s injury response 
machinery has already been triggered, and studies in sciatic 
neurons, motor neurons, and RGCs all found that similar 
molecular injury signals travel from the axonal injury site 
back to the soma (42-45). Infiltrating neutrophils arrive on 
the first day post-ONC and are reported to express at least 
one pro-regenerative factor, oncomodulin (46,47).

The critical first week

In the first week following ONC the inflammatory response 
reaches its peak. Infiltrating monocyte-derived macrophages 
arrive at the optic nerve after the first day (5,48). Of 
note, immunohistochemical classification of microglia vs. 
macrophages (and thus, their relative contributions) remains 
difficult, as macrophages take on a microglia-like molecular 
profile upon infiltration and activation in the CNS (49,50); 
however, recent retinal single-cell profiling experiments 
have made huge strides in determining the full complement 
of different myeloid cells involved in injury responses (51). 
Astrocytes at the injury site in the ON degenerate by 3 days  
and begin to repopulate by day 7 (52). Optic nerve head 
astrocytes become reactive, losing many fine processes 
and shrinking in total area covered, but thickening both 
their soma and primary processes (53). Retinal microglia 
increase in number, presumably through proliferation (54). 
The retinal ganglion cell soma receives the signal that it 
has been damaged within the first week, and many stress 
responses are subsequently activated (43,55,56). Whether 
the RGC will die or regenerate is determined in that first 
week after injury, and this fate depends on various intrinsic 
and extrinsic factors, described next.

Response of RGCs to axonal damage: intrinsic 
and extrinsic mechanisms

Upon receiving the axon injury signal, the cell eventually 
will either complete a self-destruction program or 
successfully regenerate its axons. As discussed below, these 
are related but separable processes. Both intrinsic (internal 

to the RGC) and extrinsic (mediated by other cell types) 
factors affect these two decisions, and as such, they will be 
discussed separately.

Intrinsic pathways

The fact that RGCs exhibit very different regrowth 
capacities at different developmental stages demonstrates 
the importance of intrinsic factors to RGC regeneration. 
When embryonic or post-natal hamster retinal explants 
were cultured with either embryonic or post-natal tectal 
explants, the embryonic retinas showed far greater neurite 
innervation into the tectal tissues, regardless of the tectal 
tissue age (57). Similarly, rat RGCs purified prior to 
birth show markedly greater neurite extension than those 
harvested after birth. Furthermore, amacrine-conditioned 
media, but not bipolar conditioned media, converted 
embryonic retinal explants into a reduced-growth, 
postnatal-like state, suggesting that biochemical signals 
from amacrines may cause a postnatal “switch” in RGC 
regenerative ability (58). A molecular understanding of this 
innate programming is therefore critical. Interestingly, the 
innate programming of survival and regeneration appear 
to be controlled by at least partially distinct pathways, as 
discussed next.

Intrinsic pathways: survival

BAX and the intrinsic apoptotic pathway

Some of the most powerfully neuroprotective measures 
characterized to date involve the intrinsic apoptotic pathway, 
which triggers programmed somal death in response to 
injury or stress signals [reviewed in (3,59)]. The pathway 
was discovered when developmental C. elegans screens found 
several ced (cell death abnormal) genes. Absence of these 
genes resulted in complete loss of programmed cell death 
during development (60-62). Mammalian homologs to most 
ced genes have now been found, including Ced-3/caspase-9, 
ced-4/Apaf1 and ced-9/Bcl-2 (60,63). Bcl-2 belongs to a 
large gene family which includes pro-apoptotic genes (e.g., 
Bax), anti-apoptotic genes (Bcl-2, Bcl-XL) and the BH3-
only genes (59). Following ER stress or extracellular death 
signals, BH3-only proteins interact with Bax and mediate 
translocation and insertion of Bax into the mitochondrial 
outer membrane (59,64,65) (Figure 2). Bax-mediated 
membrane permeabilization triggers the mitochondrion 
to release pro-apoptotic factors including cytochrome 
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c, which interacts with Apaf-1 to activate downstream 

caspases (cysteine protease effectors of cell death) (64,66). 

In the retina, the balance between Bax and Bcl-2 mediates 

somal survival after injury. Overexpression of Bcl-2 is 

neuroprotective both during development and after ON 

injury (67). Conversely, Bax is pro-apoptotic, so its absence 

is protective. Nearly 90% of RGC somas survive in the Bax 
knock-out mice up to 18 months following ONC. In these 
mice, RGC-specific gene markers are downregulated, the 
cells atrophy, and the surviving cells no longer function 
electrophysiologically as RGCs (68-70). However, within 
4–8 weeks of ONC, Bax knockout mice can still activate 
an apoptotic response if transfected with Bax, though 
this ability later disappears as the cells become entirely 
quiescent (70). These results show that RGC somal death 
can be slowed, thus offering the possibility of prolonging 
the therapeutic window for intervention.

DLK/LZK: a critical injury signal

While several pathways likely alert the soma of cell injury, 
among the most critical is a mitogen-activated protein 
kinase (MAPK) signaling cascade (71). MAPK cascades 
are diverse pathways that convey information to the cell 
in response to a wide range of extracellular signals (72). 
One of these cascades, the Jnk (c-Jun N-terminal kinases) 
cascade, is triggered by dual leucine zipper kinase/leucine 
zipper kinase (DLK/LZK) signaling in response to axonal 
injury in murine neurons from both peripheral nervous 
system (PNS) and CNS (42,43). In both C. elegans sensory 
neurons and murine RGCs, DLK/LZK are retrogradely 
transported from the axonal site of injury back to the soma, 
and the cascade (DLK > MAP2Ks > JNKs) ultimately 
phosphorylates the transcription factor Jun, which regulates 
key genes mediating the cellular injury response (43,73). 
DLK also mediates the retrograde transport of other 
potential injury-signaling molecules, including Stat3 
(signal transducers and activators of transcription 3) (42). 
Importantly, compared to wild type (WT) animals, DLK 
knockout mice show far fewer gene expression changes 
post-injury, pointing to the importance of this signaling 
factor (43,74). Along with Jun, profiling studies have 
placed DLK/LZK upstream of many transcription factors 
key to the fate of RGCs, including Klf6, Atf3, and Sox11 
(43,45). Also downstream of DLK and the Jnk cascade 
are the endoplasmic reticulum (ER) stress response genes 
CHOP (official name: DDIT3) and Atf3 (activating 
transcription factor 3), and the intrinsic apoptotic pathway 
already described (BH3s > Bax > caspases) (43,75-77). Atf3 
is associated with stress responses in both CNS and PNS 
tissues, and in the PNS, it has been linked to regenerative 
capacity (77). Atf3 and Atf4 are both upregulated following 
ON injury of various types (78,79). Functional studies on 
these genes, however, have yielded nuanced results. While 

Figure 2 Retinal ganglion cell (RGC) death pathways. Both 
pathways internal to RGCs and factors released from surrounding 
cell types contribute to the apoptotic cell death of injured RGCs. 
The signaling protein DLK is produced in injured axons and 
transported back to the RGC cell soma. There, it activates 
the intrinsic Jun/JNK signaling pathway, which regulates key 
genes mediating the cellular injury response. Among these, 
Jun activates BH3 proteins, which then interact with the cell-
death protein BAX, triggering BAX translocation to the 
mitochondrial outer membrane. This results in release of cell-
death promoting molecules including cytochrome C, which 
ultimately activate the caspases. Jun also activates the ER stress 
signaling molecules, ATFs, which contribute to intrinsic apoptotic 
cell-death pathways. Meanwhile, external to the cell, high levels 
of zinc (Zn2+) are released from amacrine cells, which synapse 
onto RGCs, contributing to RGC cell death. Additionally, the 
extrinsic apoptotic pathway is activated by the release of TNF-
alpha, FADD, and other cell-death promoting molecules released 
from nearby Müller glia and microglia. Finally, RGC cellular 
decay exposes specific membrane components to the external 
environment, and these components act as an ‘eat-me’ signal to 
recruit activated microglia and macrophages, which invade and 
phagocytose dying cell membranes and organelles.
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a dual Jnk2/3 knockout protects RGCs from somal death 
in the context of murine ONC, it does not offer similar 
protection in a mouse glaucoma model (80,81), though 
complete loss of all Jnks would likely have more pronounced 
effects (3,45). 

There are many reasons why the Jnk pathway may be 
more important in some types of injury. One reason is that 
there are other cell death pathways differentially activated 
by different types of injury. Autophagy, a program by which 
cells catabolize themselves, for example, can be activated 
by various insults, and can push towards or away from 
cell death, depending on the context. Autophagy-related 
genes (including Atgs and Lc3-II) are upregulated after 
ONC in mice (55,82). Genetic deletion of Atg5 or Atg4 
increases RGC death, and enhancement of autophagy via 
rapamycin decreased somal degeneration in a rat optic 
nerve transection model (82,83). Importantly, though 
the DLK-initiated Jnk cascade initiates cell death in 
mammalian RGCs, the same pathway also mediates the pro-
regenerative response seen in both mammalian PNS and in 
C. elegans (74,84). In both cases DLK also seems to mediate 
an increase in axonal transport of mitochondria to the 
injured proximal axonal segment, suggesting that increased 
metabolic capacity might be important for regeneration 
(40,41). Since the MAPK pathway is involved in both death 
and regenerative responses, it is believed to convey an 
injury “alert” to the soma, rather than directly determining 
whether a cell dies or regenerates.

Axonal and somal death mechanisms are separable: WLDs 
and NMAT

While both somal and axonal loss occur in the same injured 
neurons, distinct mechanisms control the self-destruction 
of cell bodies and their still-connected proximal axonal 
segments versus the distal disconnected side of axons. For 
example, BAX itself, while highly protective to the RGC 
soma, is only slightly neuroprotective of the distal axon 
segments (3,85). Much of the understanding of the axonal-
specific degeneration comes from study of a mouse mutant 
termed Wallerian Degeneration Slow (WLDs), which 
exhibits a tenfold delay in axon degeneration, accompanied 
by delayed macrophage recruitment, and delayed clearance 
of axon and myelin debris. However, WLDs mice display 
no somal protection after acute injury and variable 
protection in glaucoma models (35,86-88), demonstrating 
(like the Bax results) that somal and axonal self-destruction 
programs are distinct. WLDs is a fusion of the Nmat1 

gene with the ubiquitin ligase UBE4B (89,90). All Nmat 
isoforms catalyze NAD+ synthesis, and overexpression of 
any Nmat isoform, or other enzymes that make NAD+, 
delays axonal degeneration (35). Typically, both Nmat2 and 
NAD+ levels are rapidly depleted following an injury, but 
WLDs mice exhibit protection from this NAD+ depletion 
(91,92). As such, the current model holds that the WLDs 
fusion protein substitutes for the rapidly-lost Nmat2 to 
confer axonal neuroprotection [reviewed in (35)]. The 
toll-like receptor adaptor protein Sarm1 (sterile alpha and 
TIR motif containing 1) has also been linked to Wallerian 
degeneration, and it degrades NAD+ (93). Activation of 
Sarm1 promotes axonal degeneration, and deletion protects 
axons (but not somas) from degeneration after murine 
ONC (94,95). Interestingly, inhibiting DLK increases 
axonal Nmat2 and is thus also neuroprotective of axons; 
in fact, an in-vitro mouse sensory neuronal model found 
that DLK may contribute to degradation of both Nmat2 
and Scg10 (96,97). Scg10 (superior cervical ganglion 10) is 
a microtubule-binding protein which loses its affinity for 
tubulin when phosphorylated by Jnk. In vitro models have 
also linked Scg10 expression to both axonal protection 
and preservation of mitochondrial transport (98). Taken 
together, these data suggest that the crosstalk between 
Nmat2, Sarm1 and the MAP3Ks are key determinants 
of whether axons degenerate or not, and are thus highly 
promising targets for neuroprotective strategies, as reviewed 
in (99). However, since it is still unclear whether WLDs itself 
affects regeneration (100), it remains to be seen whether 
any of these genes are good targets for neuroregenerative 
interventions.

Intrinsic mechanisms: regeneration

While the axonal injury signal—namely the MAPK 
(Jnk) cascade initiated by DLK and culminating on the 
phosphorylation of Jun—initiates the decision between 
somal death or regeneration, distinct molecular pathways 
control those processes. Several of the most prominent 
known regenerative mechanisms are discussed below.

Jak/Stat pathway

The Janus kinase/signal transducers of transcription (Jak/
Stat) pathway is activated by the binding of extracellular 
ligands (growth factors, cytokines, and others) and 
culminates in various Stats binding to specific DNA 
sequences to alter gene expression (101). Of the four Jak 
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and seven Stat genes found in mammals, Stat3 seems to be 
particularly critical for regulation of regeneration. AAV-
mediated expression of Stat3 in RGCs promotes axonal 
regeneration (102). The growth factor ciliary neurotropic 
factor (CNTF), among the most potent pro-regenerative 
stimuli, works in part by activation of Jak/Stat3. CNTF 
upregulation coincides with Stat3 upregulation, and direct 
CNTF application to RGCs in vitro activates the Stat3 
pathway (Figure 3) (103,104). A long-established observation 

that inflammatory stimulation, such as that induced by lens 
injury, is pro-regenerative (105), was eventually connected 
to IL-6 family cytokines, CNTF and leukemia inhibitory 
factor (LIF), both of which signal through Stat3 (1). 
Conditional deletion of Socs3, a Jak/Stat negative inhibitor, 
results in an increase in ON regeneration (106). The 
Kruppel-like signaling factors (Klfs), transcription factors 
that regulate the regenerative response, also affect Jak/Stat 
signaling (107,108). However, how activation of Jak/Stat3 
affects regeneration is not fully understood; it probably 
regulates multiple processes. In addition to its own direct 
modulation of gene expression, Stat3 interacts with c-Jun 
(downstream of the MAPK (Jnk) cascade initiated by DLK) 
and potentially other transcription factors as well (109,110). 
However, there are also some non-nuclear mechanisms 
through which Stat3 might also affect regeneration. 
For example, cytoplasmic Stat3 inhibits autophagy in-
vitro (111), and in both cortical neurons and RGCs it 
localizes to mitochondria in addition to nuclei, though the 
significance of this mitochondrial localization is not yet well 
understood (112). The robustness of the RGC response to 
CNTF has led to several clinical trials involving CNTF-
secreting implants in various retinal diseases. The most 
promising has been trials involving macular telangiectasia, 
which have advanced into a current Phase 3 trial; studies 
of the same implant in glaucoma patients are also ongoing 
(NCT04577300, NCT02862938).

PI3K/AKT/mTOR

The other pathway known to be critical for the regulation of 
regeneration is the mammalian target of rapamycin (mTOR) 
pathway, a node regulating key cellular processes such as 
translation and metabolism (113). Upregulation of the 
mTOR pathway has been found to stimulate regeneration in 
RGCs, though the results are complex. Activation of PI3K 
by CNTF/LIF may stimulate the pathway in inflammatory 
retinal injuries, signaling downstream through AKT onto 
mTOR (104). IGF-1, another growth factor which signals 
through P13K/AKT, is downregulated after ONC in rat, 
and IGF-1 application to the rat retina increases neurite 
outgrowth (114). Deletion of a negative inhibitor of the 
mTOR pathway, pten (phosphatase and tensin homolog), 
stimulates one of the most significant RGC regenerative 
responses seen to date, and deletion of a second negative 
inhibitor, TSC1 (tuberous sclerosis 1), is almost as effective 
(115,116). Similarly, pharmacological inhibition of mTOR 
by rapamycin inhibits inflammation-induced long-distance 

Figure 3 Retinal ganglion cell (RGC) regeneration pathways. 
Successful axonal regeneration involves both RGC-intrinsic 
pathways and factors derived from surrounding cell types. Within 
RGCs, activation of the mTOR and STAT3 pathways both 
stimulate axonal regrowth. The mTOR pathway is inhibited by 
AKT, TSC1, and PTEN, and removal of any of those three genes 
stimulates pathway activation and regeneration. The STAT3 
signaling pathway is partly activated by external factors, including 
the neurotrophins CNTF, LIF, and IGF-1, all secreted from cells 
near the RGCs (Müller glia, microglia, and monocyte-derived 
macrophages). Either application of these neurotrophins, removal 
of SOCS3 (a Stat3 inhibitor), or other methods of activating the 
Stat3 signaling pathway induces regeneration. Activated Stat3 
localizes to both nucleus and mitochondria and is known to 
stimulate downstream gene expression changes in the nucleus. 
Also intrinsic to RGCs, a de-differentiation event occurs involving 
downregulation of differentiation genes (DGs) and upregulation 
of regeneration-associated genes (RAGs), involving diverse 
transcription factors which reprogram RGCs to a growth-capable 
state.
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RGC axonal regeneration in vivo (117). Interestingly, 
downregulation of mTOR has also been linked to dendrite 
degeneration and retraction, another physiological effect 
of RGC injury, and insulin application activates the mTOR 
pathway to promotes robust dendritic regrowth (118). 
Several clinical studies have targeted the mTOR pathway 
by various means. Despite one study which was able to 
increase plasma IGF-l levels in patients, a second study 
did not find any benefit to IGF-1 injection in ALS patients 
(NCT00871455, NCT00035815). Another currently active 
study is testing oral administration of the mTOR inhibitor 
rapamycin, also in ALS patients (NCT03359538).

Reprogramming factors

A long-standing question regarding regeneration is whether 
reversion of cells to a fully or partially de-differentiated 
state is a necessary precursor to regrowth. Two potent 
transcription factors, c-myc and its target p53, are 
upregulated in successful PNS regeneration, and promote 
axonal regeneration when overexpressed in CNS neurons, 
including RGCs (119,120). As previously mentioned, 
certain members of the Klf transcription factors are pro-
regenerative, while others, including Klf4, seem to act 
as transcriptional repressors of RGC axon growth (107). 
Notably, both c-myc and Klf4 are among the original 
Yamanaka factors discovered to induce pluripotency by de-
differentiating mouse adult fibroblasts (121). Recently, viral-
based induction of OCT4, SOX2, and KLF4 (three of the 
four Yamanaka factors) has been shown to stimulate axonal 
regrowth and to promote a “youthful” mRNA profile in the 
treated eyes (122). Another gene that can broadly induce 
cellular reprogramming, Lin28, an RNA-binding protein 
that regulates microRNA processing, is typically expressed 
in undifferentiated cells and thus seems to be a marker 
of “stem-ness” (123,124). Lin28 too is upregulated in 
regenerating PNS neurons after injury, and overexpression 
of Lin28 in the murine retina enhances regeneration 
(39,125), perhaps in an amacrine-dependent manner which 
enhances RGC responsiveness to IGF (126). The potency 
of these “reprogramming factors” in inducing regeneration, 
coupled to RGC down-regulation of many genes and 
functions associated with a fully differentiated state, 
suggest that RGC regeneration may require partial de-
differentiation into a more stem-like state. One possibility is 
that the injury signal conveyed from the axon, mediated by 
the MAPK (JNK) cascade initiated by DLK, provides such 
a signal to de-differentiate. Whether that reprogramming 

leads to death or regeneration, then, might be mediated by 
the right balance of mTOR and Jak/Stat pathways together 
with the inhibition of the cell-death pathways. 

Combinatorial approaches: successes and challenges

Unless there is a major conceptual breakthrough, 
combinatorial approaches will almost certainly be 
necessary for clinically meaningful regeneration of RGC 
axons. Indeed, such combination treatments often result 
in improved regrowth in the mouse ONC model. Some 
examples include: (I) Conditional deletion of both Socs3 
and PTEN enhances regrowth above single deletion of 
either gene (115); (II) Intraocular application of CNTF 
yields only limited regeneration, but Socs3 deletion plus 
CNTF application strongly increases regrowth (106). (III) 
Expression of c-myc, viral-mediated CNTF expression, and 
dual PTEN/Socs3 conditional deletion promotes the most 
extensive axonal growth seen to date even past the optic 
chiasm for some axons (127,128)—although still a small 
percentage of all RGCs. (IV) Combined lens injury and 
PTEN deletion allowed for limited brain re-innervation and 
even reported partial recovery of visually guided behaviors 
(128,129). However, sometimes factors improve either 
survival or regeneration, but inhibit the other—creating 
a push-pull effect in combinatorial interventions. Some 
examples of this are as follows. (I) In a conditional PTEN/
DLK dual knockdown model, RGC survival was increased 
but regrowth was decreased compared to a PTEN knockout 
alone (43). (II) Lens injury combined with brain-derived 
neurotrophic factor (BDNF) administration enhanced 
survival but decreased regeneration compared to a lens-
injury paradigm alone (130). Such situations illustrate the 
need to understand not only the role of individual pathways, 
but the cross-talk between them as well.

RGC heterogeneity and regeneration

RGCs exhibit significant heterogeneity, with over 30 
subtypes currently recognized in mice. Early morphological 
characterization of these subtypes was later correlated with 
distinct physiological signatures and, later, distinct molecular 
profiles (131-134). Different RGCs display different sizes, 
respond to either increases or decreases in light or motion, 
and receive their innervation at different sub-lamina of 
the inner plexiform layer (135,136). Importantly, RGC 
subtypes also differentially innervate the brain: in primates 
most RGCs innervate the image forming pathway (thalamic 
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lateral geniculate nucleus, the relay for most information 
flow to the visual cortex), but other RGCs and, indeed many 
of the same RGCs, also innervate the superior colliculus, 
pretectal nucleus, superchiasmatic nucleus (Figure 1). These 
various brain nuclei and others mediate many non-image 
forming functions, such as the pupillary reflex and circadian 
entrainment (137,138), whose disruption severely affect 
quality of life. Thus, any translational strategy should take 
into consideration the heterogeneity of RGCs and their 
effects on vision. Translational strategies should also take 
into consideration that the targets of RGC axons also likely 
atrophy and re-wire after the degeneration of RGCs (139).

Recent work has made it clear that RGC subtypes 
respond differently to both injury and regenerative 
therapies. Two weeks following ONC, some subtypes 
survive nearly completely, while others are decimated (140). 
Regarding regeneration, the mouse alpha-RGCs regenerate 
more successfully in response to PTEN deletion than other 
subtypes, in large part because of their responsiveness 
to osteopontin and IGF (141), but those same cells are 
preferentially killed by Sox11 overexpression, which 
promotes regeneration of a different RGC subtype (142). 
Unfortunately, no individual molecular characteristic seems 
to confer regenerative capacity, and genes which promote 
survival in one subtype do not reliably translate to other 
subtypes (140). Interestingly, different RGC subtypes also 
respond differently to the effect of visual stimulation on 
regeneration. Subjecting ONC-lesioned mice daily to a 
high-contrast visual stimulus for several weeks post-injury 
increases regeneration of alpha-RGCs. Visual stimulus 
appears to enhance the effect of mTOR pathway elevation, 
and strikingly, also results in limited target-specific 
reinnervation of visual targets in the brain and return of 
simple visual responses, though not the image-forming 
functions we typically refer to as “vision” (143).

This differential response of RGCs can be viewed either 
as positive or negative. Understanding the differential 
regenerative response of different mouse RGCs may lead to 
new genes and pathways to affect regeneration. However, 
it is difficult to understand how to translate mouse studies 
to humans, since mice do not appear to have clear midget 
and parasol RGCs, corresponding to the parvo- and 
magno-cellular visual streams, which constitute the grand 
majority of RGCs of primates, including humans (144-146). 
Differential responses of RGCs also make it likely that any 
simple intervention will have an effect only on some types 
of RGCs, and may even be deleterious to others. This is 
yet another reason why we need to understand how some 

species appear to regenerate all their RGCs (discussed 
below).

Extrinsic factors 

The intrinsic ability of RGCs to survive insults and 
regenerate (or not) represents just one piece of the 
puzzle. Neighboring cells, including astrocytes, Müller 
glia, microglia, and infiltrating myeloid cells, also play 
crucial roles. Often, these cells affect both survival and 
regeneration. Here we discuss these cells separately based 
on their location and whether those cells affect RGC somas 
and proximal parts of axons in the retina or their axons in 
the optic nerve.

Extrinsic factors: retina neurons and glia

RGCs receive chemical and electrical synaptic inputs from 
both amacrine and bipolar cells, and recent work suggests 
that these interactions play a role in the decision as to die or 
regenerate. For one, amacrine and bipolar input are prime 
candidates to mediate the light-driven promotion of RGC 
regeneration (143), though, in principle this effect could 
be mediated by light-sensing molecules within RGCs (for 
example, melanopsin or chryptochromes). Another study, 
however, found that synapses onto RGCs are deleterious. 
Levels of Zn2+ increase in the inner plexiform layer (where 
amacrines synapse onto RGCs) within 1 day after injury, 
and is transferred to RGCs by 2–3 days, and this Zn2+ 
elevation negatively affects RGC survival (147). It also 
remains possible that glutamate excitotoxity contributes 
to RGC death, though this is no longer considered the 
central mechanism of cell death as it once was (148). 
The one major RGC neuroprotective clinical trial to 
take place (NCT00168350), which did not reach its end-
points, was a study based on this premise that glutamate 
excitotoxity was the key driver of RGC death. This premise 
is now considered flawed, highlighting how much our 
understanding of RGC’s response to injury has evolved in 
recent years.

In addition to these neuronal connections synapsing 
with RGCs, two major glial populations, Müller glia and 
astrocytes, enwrap RGCs and their axons and are a critical 
source of extrinsic signaling regulating both survival 
and regeneration. Like the intrinsic pathway previously 
discussed, the extrinsic apoptotic pathway ultimately 
converges on caspases which dismantle the cell, but is 
instead activated by extracellular ligands, including the fas-

https://clinicaltrials.gov/show/NCT00168350
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associated death domain protein (FADD) and tumor necrosis 
factor alpha (TNFα) (Figure 2) (66,149). Application of 
TNFα results in both oligodendrocyte degeneration and 
RGC death (150). Interestingly, TNFα is upregulated in 
human glaucoma patients, and in a rat glaucoma model, and 
Müller glia and microglia/macrophages secrete TNFα upon 
ocular hypertensive stress (151). Inhibition of either TNFα 
directly or via the calcium-permeable AMPAR receptors, 
which TNFα typically traffics to the membrane, resulted in 
substantially improved RGC survival (152).

RGCs also express receptors for many neurotrophins, 
small trophic factors involved in synapse formation, growth, 
differentiation, and proliferation within the CNS (153). 
Of these, BDNF is an astrocyte-secreted factor which is 
neuroprotective of both RGC axons and soma but does not 
affect axonal regeneration (130,154). Transfection of Müller 
cells with a BDNF encoding construct induced them to 
secrete BDNF and protected RGCs (155). Interestingly, 
transport of BDNF to the soma is impaired in several 
glaucoma mouse models (156,157). Additionally, the IL-6 
family cytokines CNTF and LIF are produced as part of 
the inflammatory response to injury by retinal astrocytes, 
activated microglia, and Müller glia cells in various retinal/
axonal injury models. Notably, of all the trophic factors, 
CNTF/LIF, are the only ones that confer both somal 
neuroprotection and axonal pro-regeneration effects on 
RGCs (103,104,158). 

Extrinsic factors: optic nerve glia 

Unlike CNS neurons, PNS neurons regrow and form 
functional synapses after injury; and Schwann cells, 
the myelinating cells of the PNS, are critical to this 
regeneration (159). Upon injury, Schwann cells de-
differentiate into a progenitor-like state with repair-
promoting characteristics including neurotrophic factor 
secretion, proliferation, and debris clearance (160). One of 
the earliest, and to date most effective, ON regeneration 
experiments was insertion of a peripheral nerve graft into 
the region of an ON transection, first done by Ramón 
y Cajal (161). This crude surgery allows RGCs not only 
to successfully regrow through the graft, but also to re-
innervate central brain targets and even lead to partial 
restoration of visual function (162-164). While this may 
somewhat be due to pro-regenerative trophic factors within 
the graft, it is widely accepted that the CNS environment 
also actively inhibits regeneration. 

In the CNS, it is oligodendrocytes that myelinate 

axons, and oligodendrocyte-derived myelin blocks  
regeneration (165). This inhibition is mediated by 
multiple myelin proteins, including membrane-associated 
glycoprotein (MAG), Nogo, and oligodendrocyte-myelin 
glycoprotein (OMgp)—all of which signal through the 
RGC-expressed NogoR receptor (166-171). While NogoR 
modulation increases optic nerve regeneration in various 
paradigms, the results are complex. By itself, viral-mediated 
NogoR knockdown in the ON is minimally effective; 
combined with lens injury, it evokes markedly stronger 
regeneration, and when all 3 isoforms of NogoR are 
genetically eliminated, moderate regeneration occurs after 
ONC even without other interventions (172,173). Recently, 
however, a clinical trial testing a NogoR antibody in spinal 
cord injury (SCI) found good tolerability but no functional 
recovery in para- or tetraplegic patients (174). Despite 
this, clinical trials using this particular drug are continuing 
(NCT0393532). Another trial in spinal cord injury patients 
testing a soluble protein “decoy” or “trap” which sequesters 
MAG, Nogo, and OMgp is also underway (NCT03989440). 

In addition to CNS myelin inhibition, the ON 
environment itself becomes regeneration-prohibitive 
following injury through formation of a glial scar. 
Astrocytes within the ON lose their ramified morphology, 
become proliferative and phagocytic, and secrete many 
extracellular matrix proteins that form a unique and 
disorganized matrix (175). Together with infiltrating 
non-resident macrophages (discussed next), a buildup of 
tissue forms which replaces the dying RGC axons within 
the ON. This glial scar produces various proteins which 
inhibit RGC regrowth, including ephrins and chondroitin-
sulfate proteoglycans (CSPGs) (176,177). Degrading 
these CSPG glycosaminoglycan chains enhances axonal 
regrowth, at least in a spinal cord injury model (178). 
However, other data suggest the glial scar may not inhibit 
CNS regeneration at all. In fact, inhibiting the formation 
of the glial scar was detrimental to spontaneous regrowth 
in a mouse SCI model (179).

Both glial-scar signaling and myelin/NogoR-associated 
inhibition ultimately converge on RhoA (ras-homolog 
gene A), which binds to its receptor ROCK (Rho-
associated protein kinase) and mediates actin cytoskeleton 
decay and growth cone collapse (180,181). Since many 
extrinsic inhibitory factors converge on RhoA/ROCK, 
several studies, including some clinical trials on a range of 
neurodegenerative diseases or injuries, have targeted them 
directly. The results have been mixed. RhoA inhibition 
resulted in modest axon outgrowth post-injury both in vitro 
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and in vivo; the effect was greatly increased when combined 
with lens injury (182,183). An active study is investigating 
the potential of the ROCK inhibitor, fasudil, to improve 
outcomes in amyotrophic lateral sclerosis (ALS) patients 
(NCT03792490). On the other hand, in late 2018 a clinical 
trial testing a third Rho inhibitor in spinal cord injury 
patients was halted due to futility (NCT02669849). Overall, 
blocking extrinsic inhibitory effects will likely need to be 
combined with the promotion of intrinsic pro-regenerative 
states in order to achieve clinically relevant results.

Extrinsic factors: inflammatory cells

The same C .  elegans developmental screens which 
discovered the intrinsic apoptotic ced pathway genes also 
discovered several extrinsic ced genes which mediate 
engulfment of apoptotic cells (61,184). Though C. elegans 
lacks professional (macrophage-like) phagocytes, many 
extrinsic ced genes expressed by engulfing cells in C. elegans 
have orthologs in mammalian phagocytes (185). Two 
of these are ced-7/ABCA1 and ced-1/Megf10. Ced-7 is a 
cholesterol transporter expressed in both dying and engulfing 
cells, and loss of ced-7 in either cell type completely blocks  
engulfment (184). ced-1/Megf10 is a receptor expressed by the 
infiltrating macrophages that arrive to phagocytose cellular 
debris (186,187). Exposed phosphatidylserine molecules, and 
other cellular components found on the inside of healthy 
cells, become externalized onto the surface of apoptotic cells, 
and act as a phagocytic “eat-me” signals which can then 
be bound by a variety of proteins including ced-1/Megf10, 
annexin-5, and Mfge8 (185,187,188). Indeed, there are 
clinical studies ongoing using labeled annexin-5 to visualize 
dying RGCs in human eyes, though the broad utility of this 
method is yet to be determined (189,190).

Microglia, the myeloid cells that reside within CNS 
tissues including retina and optic nerve, proliferate 
following injury (52). Microglia are capable of rapid 
activation in response to many extracellular changes (191). 
During development and injury, microglia selectively prune 
synaptic connections, and after injury, activated microglia 
become phagocytic and clear RGC debris (192,193). There 
is currently a lack of consensus as to whether microglia are 
more beneficial versus harmful after injury, and the answer is 
likely to be context dependent. In one study, microglia were 
neuroprotective during a prolonged experimentally induced 
injury but microglial presence following the injury hindered 
recovery (194). Suppression of microglial activation using 
minocycline treatment increased RGC survival in both 

optic nerve transection and glaucoma murine models 
(195,196). However, another study suggested that microglia 
are not critical for ON degeneration or regeneration (197).  
The difference may lie in a very specific balance of 
cytokines and chemokines secreted by activated microglia 
under different stimuli, but much more work is needed to 
determine whether these cells are good targets for pro-
regenerative interventions (5). In fact, different states 
and stages of activation, varied molecular mediators, and 
extensive crosstalk between cell types are characteristic of 
all inflammatory cells; for a comprehensive review of the 
inflammatory response to injury in the ON, the reader is 
referred to Andries et al. 2020 (5).

Learning from regenerative species

Unlike mammals, other vertebrates possess extraordinary 
natural regenerative abilities. Two of the more common 
models used in biomedical research, Dario renio (zebrafish) 
and Xenopus laevis (African clawed frogs), display both 
compelling similarities and notable differences in their 
response to axon injury relative to mammals. Given the 
conservation of retina structure, including all the major 
cell types in retina and optic nerve, and the high genomic 
conservation between humans and these species (84% 
and 79% of known human disease-associated genes 
have a zebrafish and Xenopus homologues, respectively), 
attaining clinically-relevant regeneration in human RGCs 
may depend on our first understanding the successful 
regenerative programs of these other species (198,199). 
These species’ ability to achieve regeneration is likely 
a combination of multiple pathways in multiple cells 
all deployed at the right time, as would be expected for 
processes maintained through selective pressure. 

Time to regrow

Functional studies assessing regeneration in teleosts 
and amphibians date back to the mid-twentieth century  
(200-202). Some dismiss studies of regeneration in these 
species because their retinas include a ciliary marginal 
zone of cells which continue to divide and differentiate 
throughout the animal’s lifetime, enabling the eye to 
grow with age (203,204), and because these species can 
regenerate all retina cell types after severe injuries from 
either Muller cells in zebrafish or retinal pigment epithelial 
cells in Xenopus (205-209), features not present in mammals. 
These retinal regeneration mechanisms notwithstanding, 
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however, most axonal regeneration after ON injury in 
both species comes from regeneration of existing RGCs, 
not by the generation of new cells (210). In fact, in fish 
and frog, 20–25% of RGCs do die after axon injury, like 
their mammalian counterparts; but the remaining RGCs 
survive and regrow their axons (210,211). Regrowth begins 
anywhere from days to weeks post-injury and re-innervation 
of brain targets occurs within weeks to months, depending 
on the size of the animals (212-216). While there are likely 
to be differences not translatable to humans, including some 
genes carried by these species which are absent in humans, 
exploring these naturally regenerative RGCs could yield 
enormous insight. 

Morphological/anatomical comparison of post-injury 
response in mammals versus fish and frogs

In Xenopus, the initial progression of axonal injury occurs 
as it does in mammals: the distal axonal segment undergoes 
Wallerian degeneration, the proximal segment forms a 
retraction bulb which progressively degenerates towards 
the soma, and full brain de-innervation occurs (215,217). 
Two weeks following injury, the proximal stump shows 
near-complete demyelination, advanced degeneration 
of remaining axons, and major changes to the glial and 
astrocytic architecture. However, distinct growth cones 
have re-formed within the demyelinated fibers within weeks 
following injury, and fully regrown axons are largely re-
myelinated and have successfully re-innervated their brain 
targets within months (217). 

Interestingly, in both fish and frog, regenerating RGC 
axons make many pathfinding mistakes (218) and when 
the regenerating fibers initially reach their general target 
locations in the brain they do not exhibit precise connection 
patterns (219,220). The initial retinotopic “map” then 
undergoes an activity-dependent refinement process which 
recalls the developmental process of synaptic refinement 
(221,222). Also, it is important to note that both mammalian 
and fish neurons can regrow in vitro alongside either fish 
oligodendrocytes or fish-conditioned media, indicative of a 
growth-permissive ON environment in these species (223). 
These findings underscore the importance of tracing the 
contributions of individual cell types within the optic nerve. 

Perhaps most telling are the classic eye rotation 
experiments by Roger Sperry that formed the basis of the 
chemo-affinity hypothesis for neuronal connectivity. When 
the optic nerve of a frog was transected and the eye rotated 
180 degrees, full reinnervation and return of visual function 

was still achieved, but visual field perception was also exactly 
rotated (218). This demonstrated that individual RGCs are 
imprinted developmentally to recognize their specific brain 
target—and that even when disconnected, they “recall” that 
location and can return to it. Since similar spatial identity 
exists in mammals, it renders the quest for regenerative 
axonal therapies even more urgent, as stem-cell derived 
RGC transplants may not have the innate ‘foreknowledge’ 
of their desired innervation target, posing yet another 
barrier to clinical deployment.

Molecular comparison of post-injury response in mammals 
versus fish and frogs

Molecular profiling studies have found regulated pathways 
after ONC to be largely similar between mammals and 
pro-regenerative species, but there are also some striking 
differences. In the ER stress response pathway, Atf3 is 
strongly upregulated in fish, frogs, and mice, and ddit3/
CHOP, Atf4, and a putative downstream gene Chac1 are 
upregulated in frogs and mice (78,215,224). Additionally, 
c-Jun, upstream of several apoptotic pathways, is highly 
upregulated in both frogs and mice. However, most 
other canonical apoptotic players showed no change in 
frog profiling data (215). Another study revealed that 
inactivation of CDC42, Rac1, and RhoA by a Wnt-
signaling mechanism functions early on in zebrafish optic 
nerve regeneration, suggesting that de-inhibitory signaling 
may be as critical as activation of growth machinery (225).  
Many transcription factor families also show major 
changes after injury. As aforementioned, Sox11a/b (related 
to the reprogramming transcription factor Sox2) has 
been studied as a pro-regenerative factor in mice and is 
markedly increased after injury in both frogs and zebrafish 
(215,224). Klf6 and Klf7 are upregulated in RGC-specific 
profiling studies in zebrafish and X. laevis (215,224) and in 
mammalian (mouse/rat) retinal profiling studies (78,79). 
However, in zebrafish, Sox11a/b knockdown had no 
effect, and only combined knockdown of Klf6a and Klf7a 
decreased neurite outgrowth in retinal explants (224). 
Clearly, functional studies will be required to validate the 
role of any gene discovered via profiling methods. Work 
in Xenopus found a specific RNA-binding protein was 
required for optic nerve regeneration, suggesting that 
post-transcriptional regulation of specific programs may 
also be critical (211). More recently, several interesting 
connections between transcription factor binding sites and 
chromatin accessibility have been discovered in zebrafish; 
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the question of epigenetic mechanisms of regenerative 
control certainly deserve further exploration (226).

One interesting example of species differences is SOCS3, 
a Jak/Stat inhibitor which enhances regrowth when inhibited 
in mammalian systems. In Xenopus and zebrafish, SOCS3 
levels increase after injury (215). Additionally, in zebrafish 
retinal explants knockdown of SOCS3 did not affect neurite 
outgrowth (224). One study in Xenopus investigated this 
finding further and found that though SOCS3 mRNA levels 
were increased in RGCs post-injury, protein levels were 
increased in axons only. However, both mRNA and protein 
levels of SOCS2, which degrades SOCS3, were increased in 
the soma but not in axons—all of which suggests that spatial 
regulation of various signaling factors (in this case, restriction 
of SOCS3 by SOCS2 to axons-only post-injury) may be as 
important for regeneration as the presence or absence of the 
factors themselves (227). 

Future directions

In his book The Abolition of Man, C.S. Lewis proposed a 
new Natural Philosophy – one which, “when it explained, 
it would not explain away. When it spoke of the parts, 
it would remember the whole” (228). Such has been the 
intent of this review. The problem of ON regeneration is 
multifaceted and complex. Regeneration at its core is a race 
to regrow axons prior to soma death; and both regrowth 
and survival involve many cell types exerting multiple 
effects on the overall outcome. Though every contributing 
element will need to be understood separately, chances are 
that multiple of them will need to be addressed together for 
any intervention to be successful clinically. 

Clinically, the narrow window between nerve damage 
and soma death means that acute and traumatic ON 
injury, such as traumatic brain injury, would require 
immediate treatment initiation. Prolonged, asynchronized 
neurodegenerative processes, such as glaucoma, present 
a longer clinical window, potentially optimal for chronic 
pro-regenerative therapies. However, the still-unclear 
pathophysiology of glaucoma, slow progression and sub-
optimal means of tracking disease progression, make it a 
sub-optimal candidate for RGC regeneration clinical trials, 
which are likely better conducted in acute scenarios. In 
addition, different types of diseases may end up requiring 
different types of therapies. Those which strike at the 
optic nerve head, such as ischemic optic neuropathies 
and glaucoma, may need additional strategies to deal 
with a restructured optic nerve head and lamina cribosa 

or constricted vasculature; and congenital disorders 
which affect mitochondria may never be successful unless 
the underlying mitochondrial dysfunction is addressed 
concurrent to administration of axonal regrowth therapies.

Regenerative experiments habitually report success by 
distances or numbers of regenerating axons. However, 
the only clinically meaningful measure is restoration of 
visual function. By any metric, no experimental treatment 
in mammals to date has achieved much success. A truly 
successful intervention will likely require understanding 
what evolution has deemed necessary for the process, 
information that can only be gained from studying species 
with intrinsic regenerative capacity. Such understanding 
could hold the key to finally creating functionally significant 
regeneration in mammals. Using these insights to achieve 
success in optic axonal regeneration will not only enable 
life-altering improvements for millions of vision-impaired 
patients, but would also likely lead to treatments for a wide 
range of other diseases and injuries to the CNS.
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