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Retinal ganglion cells (RGCs) generally fail to regenerate axons, resulting in
irreversible vision loss after optic nerve injury. While many studies have shown
that modulating specific genes can enhance RGCs survival and promote optic
nerve regeneration, inducing long-distance axon regeneration in vivo through
single-gene manipulation remains challenging. Nevertheless, combined multi-gene
therapies have proven effective in significantly enhancing axonal regeneration. At
present, research on promoting optic nerve regeneration remains slow, with most
studies unable to achieve axonal growth beyond the optic chiasm or reestablish
connections with the brain. Future research priorities include directing axonal
growth along correct pathways, facilitating synapse formation and myelination, and
modifying the inhibitory microenvironment. These strategies are crucial not only
for optic nerve regeneration but also for broader applications in central nervous
system repair. In this review, we discuss multifactors therapeutic strategies for optic
nerve regeneration, offering insights into advancing nerve regeneration research.

KEYWORDS

optic nerve, axon regeneration, retinal ganglion cells, immune microenvironment,
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1 Introduction

The optic nerve transmits signals from RGCs to the brain’s visual processing regions, a
pathway that does not regenerate when injured or in degenerative diseases such as glaucoma.
RGCs play a crucial role in receiving the initial light signals and transmitting them to the
brain’s visual perception process. The layered structure of the retina consists of different
cellular arrangements. The nuclei of photoreceptor cells, particularly the rods and cones, are
located in the outer nuclear layer (ONL), while the nuclei of various interneurons including
amacrine cells, bipolar cells, and horizontal cells are mainly located in the inner nuclear layer
(INL). RGCs are situated in the ganglion cell layer (GCL), and their axons project through the
nerve fiber layer (NFL). RGCs constitute approximately 1% of the total number of cells in the
human retina (about 1.2 million) (1). RGCs consist of a cell body, dendritic structure, and a
single axon. The dendrites are essential structures for receiving signal inputs from bipolar and
amacrine cells, converting the signals from photoreceptors into action potentials, and
conducting them along the long axons, ultimately reaching the lateral geniculate nucleus
(LGN) in the thalamus, which then relays the signals to the cerebral cortex. The retina contains
multiple types of RGCs, which can be distinguished based on their unique morphological and
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physiological characteristics. Single-cell RNA sequencing has revealed
over 46 distinct subtypes of RGCs in the adult retina (2), yet they are
fundamentally similar in overall morphology and synaptic structure.
Each specific subtype of RGC contributes differently to various aspects
of visual perception. Axonal regeneration is only observed in less than
10% of RGCs after retinal injury, and these neurons are primarily
a-RGCs. They have larger cell bodies and larger dendritic branches,
and they have fast axonal conduction capabilities, transmitting visual
information to the brain more quickly than other RGCs (3).

Optic neuropathies primarily include inflammatory optic
neuropathy, ischemic optic neuropathy, toxic/nutritional optic
neuropathy, hereditary optic neuropathy and traumatic optic
neuropathy (4). Traumatic optic neuropathy like Optic nerve crush
(ONC) leads to a rapid and transient influx of Ca2+ from the
extracellular space into the damaged axons, triggering a signaling
cascade from the axon to the cell body (5). This is followed by early
cytoskeletal disruption (6, 7) and autophagy-mediated axonal
degeneration (6), ultimately resulting in the progressive degeneration
of axons distal to the injury site (8). The optic nerve, as a critical
component of the central nervous system (CNS), faces significant
barriers to regeneration following injury. In response to CNS injury,
glial cells form scar tissue, and reactive astrocytes produce and release
chondroitin sulfate proteoglycans, along with myelin-associated
inhibitory factors (9), which impede axonal regeneration by disrupting
the extension and navigation of growth cones (10). Moreover, the
extracellular matrix (ECM) within the CNS influences cellular
adhesion, migration, and signaling, presenting complex inhibitory
properties that further hinder regeneration (11).

Prior research has demonstrated that the alteration of specific
genes in RGCs markedly improves the axonal regeneration potential
of mature RGCs. While these genes have been demonstrated to
regulate optic nerve regeneration, the majority do not facilitate long-
distance axon growth, preventing the axons from forming connections
with brain structures including the suprachiasmatic nucleus (SCN),
lateral geniculate nucleus (LGN), superior colliculus (SC), and other
visual regions (12). Gradually, combinatorial techniques designed to
prolong the regeneration of axons, including Zymosan/cAMP/PTEN
deletion (13), CNTF/PTEN deletion/SOCS3 deletion (14), and UTX/
PTEN (15), have produced encouraging regenerative results. During
regeneration, RGC axons typically extend directly towards the brain
but often demonstrate sudden U-turns, which we denote as “U turns.”
Among the regenerating axons that reach the chiasm, the majority are
located in the ipsilateral optic tract, indicating axonal misdirection,
with just a minority crossing the midline into the contralateral optic
tract or continuing into the undamaged optic nerve on the other side.
There are considerable environmental disparities between the regions
of the optic chiasm and the optic nerve, which present additional
obstacles. The subsequent phase after long-distance optic nerve
regeneration should concentrate on directing newly regenerated axons
through the optic chiasm and into the brain (16).

2 Multifactorial combination inhibit
axonal misguidance (U-turns) within
the optic nerve

Significant breakthroughs have been made in inducing axon
regeneration in mature RGCs, successfully initiating the regeneration
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process. However, the next challenge is to correctly guide axon growth
and establish new synapses and connections within the brain. Despite
the initial success in inducing axon regeneration, many regenerated
axons exhibit less-than-ideal growth patterns after reaching a certain
length (12, 14, 17, 18), Optical nerves exhibit a bend in growth, known
as a U-turn, when they are about to reach or have crossed the optic
chiasm (Figure 1).

Tissue clearance and light sheet fluorescence microscopy (LSFM)
are among the most precise methods for evaluating RGC axon
regeneration, as they allow for clear assessment of axonal trajectories
and growth patterns within the optic nerve (17). Our findings indicate
that while RGC axons tend to project relatively straight towards the
brain during regeneration, many axons take convoluted paths, with a
significant number making abrupt U-turns. The proportion of U-turns
is notably higher in proximal nerve regions compared to distal ones,
with regions of high axonal misguidance likely corresponding to areas
of intense astrocyte activation (17). The combination of tissue clearing
techniques with retrograde trans-synaptic viral tracing provides a
comprehensive and objective assessment of changes in retinal target
areas receiving projections from RGCs following optic nerve injury.
This approach may prove valuable for future evaluations of optic nerve
injury and regeneration (19).

ROCK inhibition has a powerful effect on axon regeneration
activated by AAV2.Stat3-ca. The suppression of axon regeneration is
largely mediated by myelin-associated growth inhibitory proteins,
which activate the Rho-A/ROCK pathway within neurons. To block
ROCK in neurons, electric and magnetic stimulation can be effectively
applied in the field of nerve regeneration. While stem cells are
becoming a promising approach for regenerating RGCs, applied
electric fields (EF) have been shown to guide RGC axons, with axons
exhibiting cathode-directed growth in the presence of an EE This
effect is partially mediated by the Rho GTPase signaling cascade (20).
Magnetic fields can induce currents, and the advantage of transcranial
magnetic stimulation therapy is its ability to stimulate peripheral
nerves and muscles without the pain caused by electrical stimulation
(ES) and without the need for electrode placement (21, 22).

Following the administration of the cell-permeable ROCK
inhibitor Y27632 into the vitreous chamber at the moment of injury
and again 7 days later, subsequent analysis of axon regeneration
2 weeks post-injury revealed significant morphological alterations: the
regenerated axons exhibited increased straightness, reduced deviation
from the nerve pathway, and a decrease in U-turn frequency from
43% in the AAV2.Stat3-ca group decreased to 16% in the AAV2.
Stat3-ca/Y27632 cohort. The concurrent application of AAV2.Stat3-ca
and Y27632 similarly affected axon branching (23). In UTX/PTEN
double-knockout mice, many regenerated axons reached and entered
the optic chiasm, and the rate of U-turns was significantly lower
compared to PTEN knockout alone (15). A chemotactic CXCL12/
CXCR4-dependent mechanism traps growth-stimulated axons at the
injury site, thereby limiting axon extension within the nerve. The
CXCLI12-mediated attraction causes axons to return to the injury site,
but specific depletion of CXCR4 in RGCs reduces aberrant axon
growth and enables long-distance regeneration (24).

Using nanoimprinting technology, a scaffold mimicking the
microstructure of in vitro tissue was created to guide the growth and
orientation of RGC axons. Axons derived from human-induced
pluripotent stem cell (iPSC) RGCs elongated along the grooves of the
(25).

scaffold, demonstrating effective guidance Promoting
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FIGURE 1

Restoring connections to the brain. The optimal repair strategy begins with promoting substantial long-distance regeneration of injured RGC axons,
ensuring they reach their original targets. Next, the regenerating axons must be carefully guided through the optic chiasm to avoid U-turns and
correctly reach their intended brain targets, each responsible for different aspects of visual processing. Suprachiasmatic nucleus (SCN), thalamic ventral
or dorsal lateral geniculate nucleus (vVLGN, dLGN), Intergeniculate leaflet (IGL), the nucleus of the optic tract (NOT), superior colliculus (SC).
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long-distance regeneration of axons in damaged RGCs to ensure their
arrival at the original target is a critical initial step in reparative
strategies. Subsequently, the regenerated axons must be precisely
guided through the optic chiasm (OX), avoiding U-turns, and
correctly reaching the predetermined target areas in the brain
responsible for various aspects of visual processing, which will be the
focus of our subsequent research. Advances in ocular imaging
technology have greatly expanded our understanding of mitochondrial
retinopathies and optic neuropathies.

3 Combination of multiple factors can
promote optic nerve regeneration

3.1 Mitochondrial modulation

Mitochondrial dysfunction has been implicated in the damage of
retinal RGCs in optic neuropathies, as evidenced in Leber’s Hereditary
Optic Neuropathy (LHON) and Autosomal Dominant Optic Atrophy
(ADOA). The regeneration of the optic nerve necessitates an energy
supply, and there is a clear correlation between the intracellular
distribution of mitochondria and the process of nerve regeneration.
In Optic Nerve Crush (ONC), there is a reduction of mitochondria in
the dendrites during the retraction of dendrites, followed by an
enlargement of mitochondria in the optic nerve/optic tract during
axonal regeneration. A temporary increase in mitochondrial fission
and biogenesis occurs in the RGCs’ cell bodies as the retinal dendrites
regrow, with mitochondria transferring from dendrites to axons and
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then back again (26). Exogenous mitochondrial transplantation may
be a promising approach to slowing the progression of neurological
diseases. In a mouse model of ocular hypertension, an increase in the
mitochondrial-free area within RGC axons and a reduction in
mitochondrial transport with age have been observed. By
transplanting mitochondria isolated from the liver into the vitreous
body, the results showed a promotional effect on the survival and
axonal growth of RGCs after ONC (27).

Mitochondria-targeted treatments have shown encouraging
outcomes in facilitating optic nerve regeneration. M1, a tiny chemical
that facilitates mitochondrial fusion and transport, can increase the
length of mitochondria in peripheral axons of the sciatic nerve, as well
as the motility and transport speed of axonal mitochondria in vitro.
Subsequent to ONC, M1 markedly augmented the quantity of
regenerated axons, which extended via the superior colliculus into
several subcortical areas. This intervention reinstated local field
potentials in the superior colliculus following optogenetic activation
of RGCs, completely restored the pupillary light reflex, and facilitated
the recovery of responses to low-intensity visual stimuli (28). When
the key mitochondrial genes Opal or Mfn2 are knocked down, the
growth-promoting effect of M1 is significantly neutralized, confirming
the role of mitochondria in optic nerve regeneration. Multiple OPA1
isoforms form intricate homo-oligomers that constitute the structure
of the mitochondrial cristae, thereby forming the entire mitochondrial
network, which is closely related to optic nerve atrophy (29).

Mitochondrial dynamics are regulated by gene expression, and
the mitochondrial protein armadillo repeat containing X-linked 1
(ARMCX]1) plays an important role in the anchoring process during
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mitochondrial transfer. When ARMCXI1 is overexpressed, it can
(0). A
pro-mitochondrial fission protein in the central nervous system,

effectively promote optic nerve regeneration
MTP18, the knockdown of which promotes axonal growth (31),
serves as a downstream molecule of neuregulin, regulated by KLE7
and KLF9. The combined application of mitochondrial gene
regulation and neurotrophic factors such as CNTF, which promotes
nerve growth, also yields good regenerative results, once again
proving the important role of regulating mitochondrial dynamics in

optic nerve regeneration.

3.2 Activating the immune system to
promote optic nerve regeneration

3.2.1 Glial cell modulation
Following ONC,
oligodendrocytes in adult murine models. To restore normal neural

there is a substantial depletion of
conduction following central nervous system injury, oligodendrocyte
precursor cells must swiftly multiply, develop into mature
oligodendrocytes, and myelinate regenerating axons. Astrocytes
differentiate into two separate subsets: C3-positive and C3-negative
reactive groups. Neuroprotective astrocytes generally function
upstream in this neurotoxic pathway, obstructing the recruitment of
detrimental microglia and macrophages, while mitigating the
mortality of C3-positive neurotoxic astrocytes and neurons (32). p21
is a direct major regulator of reactive astrocyte proliferation.
Neuroprotective astrocytes can inhibit the activation of microglia and
the differentiation of downstream neurotoxic astrocytes, thereby
promoting neural regeneration (32). In injured optic nerves,
oligodendrocyte Precursor Cells (OPCs) undergo a brief proliferation
but fail to differentiate into mature oligodendrocytes capable of
myelination. Inherent GPR17 signaling in OPCs and sustained
activation of microglia inhibit different stages of OPC differentiation.
Manipulation of GPR17 and microglia can lead to widespread
myelination of regenerating axons (33).

The astrocytic yes-associated protein (YAP) is pivotal in
neuroinflammation. The conditional deletion of YAP in astrocytes
results in exacerbated inflammatory infiltration and demyelination in
the optic nerves of experimental autoimmune encephalomyelitis
(EAE) mice, along with damage to RGCs. Astrocyte YAP can inhibit
neuroinflammatory infiltration and demyelination by enhancing
TGEF-f signalling (34). BDNE a factor secreted by astrocytes, has
neuroprotective effects on both RGC axons and somata but does not
affect axonal regeneration. Intravitreal injection of adenoviral vectors
containing the BDNF gene (Ad.BDNF) into adult rats results in
selective expression of the transgene by Miiller cells, enhancing
survival (35). New targeted gene therapy approaches have garnered
significant attention. By using AAV vectors targeted at glial cells,
damaged retinal neurons can be protected. CNTF released from glial
cells has been shown to support the regeneration of optic fibers after
optic nerve crush, allowing them to extend to the optic chiasm, with
regenerated axons surviving in the injured optic nerve for at least
6 months (18). Additionally, the use of neuroprotective astrocyte-
targeted AAV5 vectors directed at the optic nerve head has been
explored to balance neurotoxic and neuroprotective astrocytes by
modulating soluble adenylyl cyclase. This strategy has demonstrated
that neuroprotective astrocytes can inhibit microglial activation and
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prevent the differentiation of downstream neurotoxic astrocytes,
thereby promoting the survival of RGCs (32).

Following ONC, mobile zinc (Zn**) accumulates in amacrine
cells, which is thought to exacerbate microglial activation. Intravitreal
injection of Zn** chelators, which inactivate Zn*', has been shown to
promote axon regeneration and increase RGC survival (36).
Additionally, conditionally knocking out the zinc transporter 3 (ZnT3)
in amacrine cells or RGCs further enhanced RGC survival and axon
regeneration, leading to improved functional outcomes (36).

3.2.2 Neutrophils promotes the survival and
axonal regeneration of RGCs

Neutrophils are the primary responder of the innate immune
system and are activated by injury. Pro-inflammatory leukocytes
infiltrating the central nervous system are detrimental in multiple
sclerosis and neuromyelitis optica, as well as Alzheimer’s disease and
stroke (37, 38). Recent research indicates that granulocytes with
characteristics of immature neutrophils accumulate in the vitreous
fluid and exert neuroprotective and axonal growth effects by secreting
a cocktail of growth factors (39). Manipulating the immune
environment within the vitreous body can significantly impact the
survival of RGCs and axonal regeneration after optic nerve crush
(ONC). Oncomodulin (Ocm) is a calcium-binding protein secreted
by activated macrophages and neutrophils. Immune clearance of
neutrophils reduces Ocm levels in the retina, which inhibits axonal
regeneration. A sharp decline in regenerative capacity follows the
depletion of neutrophils. However, neutrophils typically stimulate the
release of relevant growth factors from other cells, affecting subsequent
inflammatory cascades (40). The co-injection of fluvastatin and MBV
into the vitreous body induced strong protection and axonal
regeneration of RGCs. Flow cytometry analysis revealed that the
infiltration of neutrophils was significantly stronger than that in the
control group. After blocking the action of neutrophils, the
regenerative effect of the optic nerve was significantly reduced,
indicating that neutrophils played an important role. However, this
effect was transient and usually did not last more than 7 days (41).

In addition, the efficacy of CNTF gene therapy requires the
activation of neutrophils. Ly6G is a neutrophil-specific surface protein,
and the depletion of neutrophils through systemic injection of Ly6G
antibodies significantly weakens the regenerative effects of CNTE, with
a reduction in axonal regeneration (42). Selectively targeting
neutrophils with anti-Ly6G can adjust the proportion of neutrophil
subtypes, preserving the blood-retinal barrier and promoting RGC
regeneration (43), and the functional knockout of complement
receptor 3 can reduce ocular inflammation and protect the blood-
retinal barrier. The combination of Ly6G+ bone marrow cells with
recombinant IL-4 and G-CSF shows consistent cell surface phenotypes
and transcriptomic features with immature neutrophils, which may
become a new method for neuroregeneration treatment.

3.3 Coordinating lipid metabolism to
promote axonal regeneration

Optic nerve regeneration is a complex process involving the
precise regulation of multiple intracellular signaling and metabolic
pathways. Lipid metabolism plays an essential role in optic nerve
regeneration, as lipids are the main components of cell membranes
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and axonal myelin sheaths, and they are also an important source of
cellular signal transduction and energy supply. Promoting axonal
regeneration by regulating lipid metabolism is a very promising
strategy. Neurons require a large amount of lipids to form cell
membranes during regeneration (44, 45). There are many lipids with
different functions in neurons, and not all lipids play a role in axonal
growth. Depletion of neuronal lipinl promotes axonal regeneration

2, Studies on neurons of

by regulating glycerolipid metabolism
Drosophila larvae have revealed the function of phospholipid balance
in dendritic morphogenesis (46). Triglycerides may provide lipid
precursors to generate Phospholipids (PLs) for membrane
phospholipids during axonal regeneration. Currently, there is relatively
little understanding of how lipid metabolism in neurons controls
axonal elongation and regeneration.

After optic nerve injury, the reprogramming of lipid synthesis
within neurons significantly affects regenerative capacity. Specifically,
the injury leads to the upregulation of lipin1, a key enzyme in lipid
synthesis, which drives neurons to preferentially synthesize
triglycerides. By inhibiting the expression of lipinl, steering lipid
synthesis in neurons from triglycerides to phospholipids can
significantly promote axonal regeneration (45). Blocking the
interaction between Neogenin and its ligand RGMa can reduce the
localization of Neogenin in lipid rafts, thereby lifting the inhibitory
effect on axonal growth. This strategy has not only demonstrated
effective repair of optic nerve injuries in the laboratory but also shows
potential for restoring motor function in spinal cord injury
models (47).

3.4 Neurotrophic factor combination
therapy

Activation of NF signalling represents a possible therapeutic
strategy for combating neurodegeneration. Neurotrophic factors
constitute a group of diffusible proteins that are essential for the
growth, differentiation, and development of neuronal cells (48). In the
field of optic nerve regeneration, neurotrophic factors such as ciliary
neurotrophic factor (CNTF), brain-derived neurotrophic factor
(BDNF), and glial cell line-derived neurotrophic factor (GDNF) have
been extensively studied (49) and are leading therapeutic candidates
for promoting neuroprotection and axon regeneration after CNS
injury (50). However, recombinant CNTF has shown limited
effectiveness in promoting axon regeneration (51). BDNF is one of the
most effective factors for enhancing RGC survival after axotomy (52),
though it cannot completely prevent RGC death. The effects of CNTF
are closely linked to cAMP levels, inflammatory stimuli, and STAT3
pathway activation. The limited efficacy of CNTF appears to be due to
the increased expression of SOCS3, which inhibits the Jak-STAT
signaling pathway as RGCs mature. SOCS3 deletion restores the
responsiveness of RGCs to CNTF (51, 53, 54). In recent years, CNTF
has often been combined with gene therapy to promote repair after
injury (49).

Although the optic nerve typically does not regenerate after injury
or in degenerative diseases such as glaucoma, this failure can
be partially reversed by inducing a controlled immune response
within the eye. Inflammatory stimuli have been shown to activate
RGCs into an active regenerative state (55). Stromal cell-derived factor
1 (SDF1) enhances the axon growth-promoting effects of the
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myeloid-derived protein oncomodulin (Ocm), which is expressed by
infiltrating myeloid cells (56). The combination of cAMP with SDF1
(13).

Oncomodulin is a calcium-binding protein secreted by activated

can further amplify Ocm’s neuroregenerative effects

macrophages and neutrophils in the vitreous and retina. Lens injury,
injection of dextran, or other inflammatory conditions trigger a
massive influx of inflammatory cells, producing high levels of
oncomodulin, which plays a crucial role in axon regeneration
following lens injury (57). Lens injury has neuroprotective effects on
RGCs, promotes axon growth, and partially alleviates inhibitory
conditions. Preconditioning with lens injury 2 weeks before optic
nerve crush (ONC) increases optic nerve regeneration threefold and
enhances RGC survival (58). However, in CNTF or LIF knockout
mice, the regenerative effects of lens injury are significantly
reduced (55).

3.5 Extracellular matrix combined therapy

In a study on the ECM of spinal cord cells, the decellularized
spinal cord ECM was extracted from newborn (DNSCM) and adult
(DASCM) rabbits and subjected to differential analysis. It was found
that decellularized newborn spinal cord matrix (DNSCM) not only
exhibits superior performance as neural progenitor cells (NPCs) and
organoids in spinal cord injury (SCI) models but also more effectively
promotes the proliferation, migration, and neural differentiation of
NPCs, as well as the axonal growth of spinal cord organoids compared
to decellularized adult spinal cord matrix (DASCM) (59). Similar to
optic nerve development, there must be certain differences in the
extracellular components of the optic nerve at the neonatal stage. For
instance, pleiotrophin (PTN) and tenascin (TNC) in DNSCM are
considered to play important roles in the spinal cord ECM, which are
lacking in the mature ECM. Unlike the spinal cord, the cell bodies of
RGCs may be regulated by the ECM within the retina, while the axons
surrounded by the axons may be regulated by the ECM within the
optic nerve sheath. There is currently no clear research on the ECM at
different stages.

Extracellular growth-inhibitory factors, such as chondroitin
sulfate proteoglycans (CSPGs), present significant challenges to axonal
regeneration. After central nervous system (CNS) injury, CSPGs,
which are part of the scar tissue, form an inhibitory environment that
hinders optic nerve regeneration by binding to neuronal receptors and
promoting an astrocyte-secreted inhibitory matrix that impedes nerve
regeneration (60-63). Myelin-associated substances like Nogo,
myelin-associated glycoprotein (MAG), and oligodendrocyte-myelin
glycoprotein (OMgp) also interact with neuronal receptors to activate
the RhoA/ROCK signaling cascade, further impeding axonal
development (64-66). The ECM is essential in tissues like the retina
and optic nerve, providing a dynamic network for remyelination
support and cellular regulation. The accumulation of CSPGs post-
injury often leads to an inhibitory environment that can be mitigated
by deleting protein tyrosine phosphatase sigma (PTPo), which reduces
neuronal sensitivity to CSPGs and allows regenerating RGCs axons to
penetrate the glial scar at the injury site (67, 68). Furthermore,
modulating the interaction between amacrine cells (ACs) and RGCs,
especially through dopamine receptor activation or by increasing
dopamine release with levodopa in dopaminergic amacrine cells
(DAC:s), has shown neuroprotective effects and moderately improved
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axon regeneration (69). These findings underscore the complex
interplay between various cellular components and the ECM in neural
regeneration, highlighting potential therapeutic targets for overcoming
the inhibitory effects of the CNS injury environment. Neighboring
cells such as astrocytes, Miiller glia, microglia, and neutrophils play a
crucial role in neural regeneration (Figure 2).

In an ischemic retinal model, the expression of ECM-related
proteins such as fibronectin, laminin, and tenascin C in the retina and
optic nerve of ischemia/reperfusion rat models was analyzed. The
ECM components are dysregulated in the retina and optic nerve, with
fibronectin showing significantly elevated mRNA and protein levels
in the ischemic retina, while laminin and tenascin C exhibit enhanced
immunoreactivity in the ischemic optic nerve (70).

3.6 Electromagnetic stimulation induces
regeneration direction

Effective directional axonal development and neural cell
migration are essential for neural regeneration in the central
nervous system (CNS) when the length of optic nerve regeneration
extends to the optic chiasm or beyond. Appropriate guidance is
essential for the restoration of the entire optic nerve projection
system. Applied direct current (DC) electric fields (EFs) can direct
axonal growth in vitro, and in vivo studies have sought to improve
the regeneration of injured spinal cord axons utilising DC electric
fields (71-73). Exploring effective methods for neural cell migration
and directional regeneration, as well as understanding their
underlying mechanisms, is of great significance. Endogenous
electric fields (EFs) are widely present in the developing nervous
system and play an important role in CNS development. The
presence of electric currents may influence cellular behavior during
nervous system development, depending on the size, location, and
timing of the electric fields (74-77). When endogenous electric
fields are selectively disrupted, developmental defects in neural
structures such as the neural tube, notochord, and somites can
be observed (78). Electrical stimulation has also been shown to

10.3389/fneur.2024.1526973

assist in the survival of RGCs, with the application of exogenous EFs
immediately after optic nerve transection resulting in an RGC
survival rate 1.5 times higher than that of the control group (79). A
significant biological effect of electric fields is the induction of
directional cell migration. Applied electric fields have profound
effects on neurite growth as well as the migration of neurons and
stem cells. Both endogenous and applied electric fields may serve as
guiding signals, aiming to activate endogenous transcription and
molecular signaling pathways (80) to guide neural tissue
regeneration and enhance functional connectivity (81, 82). Electric
fields can activate voltage-sensitive calcium channels, and the influx
of calcium can initiate transcriptional programs that trigger
important intracellular signaling pathways related to regeneration.
Inhibitors of Rho GTPase signaling can neutralize this effect (83).
However, these techniques have not yet reached clinical treatment,
as DC current can cause charge accumulation and oxidative tissue
damage, though electrical stimulation remains a feasible approach
for directing optic nerve regeneration.

In recent years, magnetic stimulation, particularly repetitive
transcranial magnetic stimulation (rTMS), has shown potential as a
non-invasive brain stimulation technique in neural repair. rTMS
generates a time-varying magnetic field through coils placed on the
scalp, which induces electrical currents beneath the cortex via
Faraday induction, thereby modulating neural activity. rTMS has
been widely applied in the treatment of neurological and psychiatric
disorders, with therapeutic effects lasting from hours to days (21).
Tang et al. used low-intensity repetitive transcranial magnetic
stimulation (LI-r'TMS) to study its effects on the survival of RGCs and
axonal regeneration in a mouse optic nerve crush injury model (84).
The study found no significant improvement in RGC survival
compared to the control group, nor was axonal regeneration
observed. Although existing research indicates that low-intensity
rTMS has limited direct effects on optic nerve regeneration, it still
holds potential in modulating neural plasticity and promoting neural
circuit reorganization in healthy tissue. Future research should
explore the application of high-intensity rTMS to maximize its
neuroregenerative effects. Additionally, the combined use of rTMS
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with other treatments, such as electrical stimulation, should
be investigated to achieve better therapeutic outcomes at different
stages of neural injury.

4 Epi%ene_tic and protein
modifications in long-distance
regeneration

4.1 DNA methylation regulates robust
regeneration

Regulating  DNA methylation is crucial in epigenetic
modifications; it alters the compact chromatin structure, thereby
releasing the cell’s transcriptional capacity (85, 86). The TET enzyme
family, responsible for DNA demethylation, regulates optic nerve
regeneration with TET1 and TET2 being critical in this process (46,
87, 88). The ectopic expression of Oct4, Sox2, and Klf4 genes (OSK)
in mouse RGCs can reinstate youthful DNA methylation patterns and
transcriptome, thereby enhancing axonal regeneration post-injury
and reversing visual impairment in a glaucoma mouse model and
elderly mice. This epigenetic reprogramming results in an increase in
axonal density compared to control mice not treated with OSK (89),
highlighting the potential of epigenetic modifications in facilitating
long-distance axonal regeneration. X-chromosome associated gene
encoding a histone demethylase, as a new regulator of neural
regeneration in mammals. UTX has been shown to inhibit
spontaneous axon regeneration in the peripheral nervous system
(PNS), and when knocked out or pharmacologically inhibited in
retinal ganglion cells (RGCs) of the central nervous system (CNYS), it
significantly enhances neuronal survival and optic nerve regeneration
(15). DNA methyltransferase 3a (DNMT3a) significantly inhibits
axonal regeneration in mouse and human retinal explants. By
genetically regulating the selective suppression of DNMT3a expression
in RGCs, the reactivation of the regenerative genetic program is
achieved, leading to a robust regeneration response.

4.2 Histone modifications

Histone deacetylases (HDACs) become more active following
optic nerve injury, contributing to the death of RGCs (90). In
particular, the activity of HDAC3 significantly increases after injury,
leading to the deacetylation of histone H4 and the suppression of gene
expression relevant to regeneration (91, 92). Oxidative stress, present
in both the early and sustained stages after optic nerve injury, causes
damage to RGCs and further inhibits axonal regeneration through
multiple pathways. HDAC inhibitors have been shown to promote
nerve regeneration by mitigating oxidative stress-induced damage to
RGCs. Additionally, inflammatory responses can further suppress
regeneration by upregulating HDAC3 (93, 94). Histone
methyltransferases establish repressive chromatin structures by
catalyzing the trimethylation of histone H3 at lysine 27 (H3K27me3).
Overexpression of Ezh2 in RGCs within the central nervous system
facilitates optic nerve regeneration via both histone methylation-
dependent and methylation-independent pathways. Ezh2 promotes
axonal regeneration by coordinating the transcriptional repression of
genes that regulate synaptic function and impede axonal regeneration,
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while simultaneously activating several factors that enhance axonal
regeneration (94).

4.3 mRNA modification

N6-methyladenosine (m6A) plays a crucial molecular role in
RNA maturation and is the most abundant internal modification of
mRNA, including RNA splicing, localization, decay, and translation
(95). Changes in m6A modification detected after optic nerve crush
(ONC) indicate that genes related to m6A, such as METTL3, WTAP,
FTO, and ALKBHS5, are all upregulated post-injury (96). An enzyme
called Alkbh5 removes the m6A modification and controls the
amount of axonal regeneration after peripheral nerve injury. In the
brain and spinal cord, decreasing the expression of Alkbh5 can
improve the survival rate and axonal regeneration capacity of RGCs
in mice after an eye injury (97). Specific ribosomal interacting
proteins, such as huntingtin (HTT), can selectively control the
translation of specific subsets of mRNAs. Selective translation through
the customization of translational complexes is a key mechanism for
axonal regeneration and holds significant importance for the
development of therapeutic strategies for central nervous system
repair (98).

4.4 Ubiquitination in optic nerve
regeneration

Ubiquitination is essential for numerous physiological processes,
including cell survival, differentiation, and both innate and adaptive
immunity. It is a dynamic, multidimensional post-translational
alteration that encompasses nearly all elements of eukaryotic
organisms and significantly influences human development, disease,
and ageing (99). Ubiquitination begins with the attachment of a single
ubiquitin molecule to the lysine residue of a target protein. Ubiquitin
is conjugated to target proteins via three sequential steps: activation
by ubiquitin-activating enzymes (Els), conjugation by ubiquitin-
conjugating enzymes (E2s), and ligation by ubiquitin ligases (E3s)
(99). Once attached to the substrate, the 76-amino acid ubiquitin
protein undergoes further modifications, generating a variety of
distinct signals that produce different cellular outcomes (100). The
ubiquitin proteasome system (UPS) effectively addresses various
proteostasis requirements by coordinating the functions of over 500
components, removing misfolded or damaged proteins, facilitating
receptor signalling pathways, responding to DNA damage and
oxidative stress, and promoting the cell cycle (101). The UPS is
required for the dynamic remodeling of synaptic structures following
synaptic activity (102). Pharmacological inhibition of the UPS leads
to a marked reduction in activity-dependent synaptic plasticity and a
dose-dependent loss of synaptic connections (103). Mitochondrial
activity is essential for brain regeneration and is intricately linked to
the process of ubiquitination. Mitochondria possess their own
genome; nevertheless, the majority of mitochondrial proteins are
encoded by the nuclear genome, synthesised by cytosolic ribosomes,
and subsequently transported from the cytosol into the mitochondria
(104). Since the identification of the UPS, many key cellular metabolic
pathways, including the AMPK pathway, have been found to
be modulated by the UPS (105). Recent studies have shown that the
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depletion of cellular amino acids alone or in combination leads to the
ubiquitination of mTOR, thereby inhibiting the activity of mMTORC1
kinase through the GCN2-FBXO22-mTOR pathway by preventing
substrate recruitment (106). During the process of cardiac fibrosis,
PDCD5 is upregulated by SMAD3, and PDCD5 promotes the
ubiquitination of HDAC3, thus inhibiting it, and subsequently
improves progressive fibrosis and cardiac dysfunction by inhibiting
HDACS3 (107). The inhibition of HDAC3 also helps promote neuronal
regeneration, but this has not yet been verified in models of optic
nerve injury (93, 94). Apoptosis of photoreceptors is an important
pathogenic mechanism of retinal degeneration. Hypoxia-induced
hypoxia-inducible factor-lae (HIF-1ax) activation prevents the
ubiquitination and degradation of GAP43 mediated by the tripartite
motif protein 25 (TRIM25), leading to the upregulation of GAP43 in
Hyp-sEVs, thus achieving the effect of photoreceptor protection (108).

5 Multi-gene combined therapy
promotes long-distance optic nerve
regeneration

In the early stages of visual system development, RGCs rapidly
extend their axons both in vivo and in culture, and they can achieve
short-distance regeneration after injury (109, 110). However, this
capacity for axonal growth and regeneration declines postnatally, with
the damaged optic nerve struggling to regenerate due to various
intrinsic neuronal limitations and external environmental barriers,
leading to irreversible vision loss (45, 109, 111, 112). RGCs exhibit
markedly different regenerative capacities at various developmental
stages, with those during the embryonic period or just after birth
exhibiting stronger regenerative capabilities (109). The ECM during
early development may significantly enhance the regenerative capacity
of the central nervous system (59), and the activation of specific
signaling pathways, such as the MAPK cascade, is critical for injury
response (33). Genetic manipulation via multiple signaling pathways,
including the PTEN/mTOR pathway, JAK/STAT3 pathway, KLF
pathway, Sox11 pathway, and RhoA/ROCK pathway, has shown
notable advancements in optic nerve axon regeneration (12, 113).
Combination therapies utilizing diverse routes have shown synergistic
effects, enhancing regenerative outcomes in optic nerve regeneration
(12, 113). Despite this, only a small subset of PTEN-deleted RGCs
actually regenerate, while most surviving RGCs still lack regenerative
capacity (114). PTEN deletion remains the most effective single-gene
manipulation strategy, and combining it with other signaling
molecules is crucial for developing clinically viable neural repair
strategies (12, 114, 115). For instance, combining zymosan,
CPT-cAMP, and PTEN deletion has resulted in robust long-distance
axon regeneration, allowing axons to extend from the back of the eye
through the entire optic nerve and cross the optic chiasm (13).
Additionally, combining Anxa2 and tissue plasminogen activator
(tPA) with PTEN knockdown enables axons to cross the optic chiasm
and grow into the optic tract 8 weeks post-optic nerve injury, with
some axons even crossing into the contralateral optic nerve (114).
Furthermore, simultaneous deletion of PTEN and SOCS3 in RGCs
allows optic nerve axons to reinnervate the hypothalamus, forming
new synapses with neurons in the suprachiasmatic nucleus (SCN)
(116). The transcriptional function of STAT3 is crucial for CNS axon
regeneration, and MEK regulates the localization and function of
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STATS3, with PTEN deletion enhancing its role in promoting optic
nerve regeneration (117). Moreover, combining PTEN deletion with
gene overexpression, such as B-RAF, DCLK2, and Sox11, has yielded
promising regenerative outcomes (118-120). Identifying genes or
pathways that protect RGCs or specific subtypes from cell death is
equally important, as Sox11 promotes regeneration in non-a-RGCs,
which are resistant to PTEN deletion-induced regeneration (2, 120).
Figure 3 illustrates the signaling pathways involved in axon
regeneration after optic nerve injury, highlighting the key regulatory
factors and their associated downstream signaling pathways that are
integral to the intrinsic growth mechanisms driving axon regeneration.

One of the genes induced after JAK/STAT?3 activation is SOCS3
(suppressor of cytokine signaling 3), which inhibits the JAK/STAT3
pathway by acting on gp130 (121, 122). Elimination of SOCS3 results
in pathway activation and significant axon regrowth. Researchers have
found that the concurrent elimination of PTEN and SOCS3 produces
a synergistic effect, markedly improving both the strength and
durability of axon regeneration (116). PTEN acts as a negative
regulator of the mTOR pathway, while SOCS3 negatively regulates the
JAK/STAT3 pathway. Furthermore, substantial axon regeneration
beyond the superior colliculus has been observed in animals treated
with PTEN and SOCS3 gene deletions combined with c-Myc gene
overexpression (14). Co-overexpression of c-Myc and CNTE
alongside PTEN and SOCS3 co-deletion, allows regenerated optic
nerve axons to cross the optic chiasm and extend within the optic tract
(123). Additionally, drugs that elevate cAMP levels have been shown
to enhance CNTF- and immune-induced axon regeneration, possibly
by suppressing SOCS3 expression through increased cAMP levels
(53). We have summarized the current classic multi-gene
combinations for long-distance optic nerve regeneration, as well as
whether the length of regeneration reaches the optic chiasm and brain
Regions (Table 1).

6 Discussion

Significant progress has been made in promoting the survival of
RGCs and the regeneration of the optic nerve. However, new
challenges have also emerged. Despite identifying many genes that can
be manipulated to enhance optic nerve regeneration, our
understanding of the cellular and molecular mechanisms regulating
axon regeneration remains incomplete. The use of multifactorial
strategies that combine different genes and cellular pathways offers
new avenues for research.

The formation of new synapses and connections within brain
tissue will be a key focus of future research. During early development,
RGC axons grow rapidly, enabling them to extend from the retina to
distant targets in the brain (124). However, as RGCs transition from
an embryonic to a postnatal state, critical steps and signaling pathways
that once supported axon growth begin to shut down. Unlike neurons
in the peripheral nervous system (PNS), which can reawaken their
intrinsic regenerative capacity, the central nervous system (CNS) fails
to regenerate. Understanding the differences between these two
systems will be crucial. The optic chiasm, a critical relay station
between the retina and the brain, presents a significant challenge for
nerve regeneration. When regenerating axons reach the optic chiasm,
many make misdirected turns, preventing further extension.
Investigating whether the optic chiasm presents an inhibitory
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FIGURE 3
Signaling pathways involved in axon regeneration after optic nerve injury. Successful axonal regeneration involves intrinsic pathways of RGCs and
factors from surrounding cell types. The schematic illustration highlights key regulatory factors and their associated downstream signaling pathways
that are involved in the intrinsic growth mechanisms driving axon regeneration following optic nerve injury.

environment and exploring ways to modulate this environment could
help axons successfully cross the chiasm and reach the brain. Does the
ECM within the optic chiasm share the same regenerative mechanisms
as other regions? The immune microenvironment of the optic chiasm
during regeneration, and whether targeted modulation of glial cells
could improve this environment, remains an unexplored area.

Optic nerve injury is a multi-stage complex process involving
various cell types and molecular mechanisms. At different stages of
injury, changes in gene expression patterns and the structural
components of the microenvironment occur, which are crucial for
the repair and regeneration of the injury. Therefore, understanding
the specific characteristics of each stage and developing targeted
therapeutic strategies based on this is a current focus of research. In
the early stages of optic nerve injury, which are usually caused by
physical impact, ischemia, or other forms of trauma, cells may
experience immediate mechanical damage, leading to ruptured cell
membranes and destruction of the cytoskeleton. In addition,
inflammatory responses are quickly initiated, and microglia and
macrophages begin to accumulate in the area of injury, releasing
inflammatory mediators such as cytokines and chemokines to clear

Frontiers in Neurology

09

damaged cells and debris. The therapeutic strategy at this stage may
focus on controlling inflammatory responses and protecting cells
from further damage. As the injury progresses to the middle stage,
cell death and tissue destruction may intensify, while the potential for
neural regeneration begins to emerge. At this stage, glial cells such as
astrocytes and oligodendrocytes may be activated, forming a glial
scar that limits the spread of injury to some extent but also hinders
axonal regeneration. The treatment strategy may need to consider
how to modulate the response of glial cells to reduce scar formation
while promoting neural regeneration. In the late stage, the area of
injury may stabilize, but the possibility of neural function recovery
decreases. At this stage, the focus of treatment may be to promote
neural regeneration and remodeling, as well as to improve neural
function. This may involve stimulating axonal growth, promoting
remyelination, and enhancing synaptic plasticity. In addition, it may
also be necessary to consider how to support the survival and
function of neurons through neurotrophic factors or other molecular
means. In order to achieve the maximum salvage at different stages
of injury, researchers are exploring various methods, including drug
therapy, gene therapy, cell transplantation, and the application of
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TABLE 1 Multi-gene combined therapy for promoting the survival and axonal regeneration of RGCs are listed.

Author

Year of

publication

Gene

Interventions

Phenotype

10.3389/fneur.2024.1526973

Optic
chiasm

Brain Regions
restoration

Wang et al. (8) 2023 Pten/Socs3/ Deletion Promoted axon regeneration Y N
ptpn2 + CNTF+IFNy

O’Donovan et al. 2014 B-RAF/Pten Expression/deletion Promoted axon regeneration N N

(118)

Nawabi et al. (119) 2015 DCLK2/Pten Expression/deletion Promoted axon regeneration Y N

Lietal. (116) 2015 Pten and Socs3 Deletion Promoted axon regeneration Y

Lim et al. (125) 2016 RHEBI/visual Overexpression Promoted axon regeneration Y Y
stimulation

Lietal. (126) 2017 Zinc/Pten Deletion Promoted axon regeneration Y N

Norsworthy et al. 2017 SOX11/Pten Overexpression/ Promoted axon regeneration Y

(120) deletion

Yungher et al. 2017 Bax/CNTF Knockout Promoted axon regeneration Y Y

(127)

Bennett Au et al.

28) 2022 Pten/M1 Deletion Promoted axon regeneration Y N

Trakhtenberg 2018 Zinc/KIf9 Knockdown Promoted axon regeneration Y N

(128)

Kurimoto et al. 2010 Zymosan/cAMP/Pten Deletion Promoted axon regeneration Y Y

(13), de Lima et al. 2012

(129), Luo et al. 2013

(17), and Goulart 2018

etal. (130)

Sun et al. (14) 2011 Pten and Socs3/CNTF Deletion Promoted axon regeneration Y Y

Yungher et al. 2015 Pten/cAMP/ CNTF Knockdown/ Promoted axon regeneration Y Y

(131) overexpression

Luoetal. (117) 2016 STAT3 and MEK/Pten Co-activation/deletion Promoted axon regeneration Y

Leibinger et al. 2017 CRMP2 and GSK3/Lens | Co-activation Promoted axon regeneration Y N

(132) injury

Belin etal. (123) 2015 c-Myc/CNTF/Pten and Overexpression/ Promoted axon regeneration Y N
Socs3 deletion

Lietal (114) 2022 Anxa2/tPA/Pten Knockdown Promoted axon regeneration Y N

Jacobi et al. (122) 2022 Pten/Atf4 Knockdown Promoted axon regeneration Y N

Xie etal. (133) 2023 Zymosan/ArmC10 Combination Promoted axon regeneration N N

Xie et al. (56) 2022 Pten/SDF1/Zymosan/ Knockdown Promoted axon regeneration Y N
cAMP

Leaver et al. (134) 2023 BCL2/CNTF Overexpression Promoted axon regeneration Y N

Logan et al. (135) 2023 FGF/NT3/ BDNF Combination Promoted axon regeneration N N

Cen etal. (63) 2017 CNTF/RhoA silencing Knockdown Promoted axon regeneration N N

Wang et al. (94) 2023 Ezh2/omg2 Knockdown Promoted axon regeneration N N

Wang et al. (136) 2018 Lin28a/Pten Overexpression/ Promoted axon regeneration N N

Knockdown

biomaterials. These methods aim to achieve therapeutic effects by Currently, the most commonly used animal model for studying

regulating inflammatory responses, promoting cell survival, optic nerve regeneration following injury is the optic nerve crush
enhancing neural regeneration, and improving neural function.  model. However, it is crucial to validate the efficacy of multifactorial
However, due to the complexity of optic nerve injury, interdisciplinary ~ gene therapy strategies in models of clinically relevant optic nerve
collaboration and innovative research methods are needed to better ~ diseases, such as glaucoma, optic neuritis, optic neuropathy, and optic
understand the mechanisms of injury and develop effective  atrophy. Although multifactorial gene therapy has shown promising

treatment strategies. regenerative effects in animal models, many challenges remain,
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including the efficiency of gene delivery, precise control of gene
expression, and the safety of these therapies. Advances in gene editing
technologies (such as CRISPR-Cas9) and gene delivery systems (such
as AAV viral vectors) hold the potential for significant breakthroughs
in clinical applications. Future research should continue to explore the
optimal combinations of different genes and their applicability to
various types of optic nerve injuries. Additionally, combining gene
therapy with other treatment modalities, such as cell transplantation
and pharmacotherapy, deserves further investigation to develop more
effective and safer strategies for optic nerve regeneration.

Author contributions

Z-GL: Conceptualization, Data curation, Investigation, Writing —
original draft, Writing - review & editing. L-YZ: Conceptualization,
Investigation, Methodology, Software, Writing — review & editing.
Y-QS: Conceptualization, Data curation, Writing - review & editing.
Y-HM: Conceptualization, Formal analysis, Writing - review &
editing. C-ML: Conceptualization, Data curation, Investigation,
Methodology, Supervision, Writing - review & editing. B-YZ:
Methodology, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was

References

1. Watson AB. A formula for human retinal ganglion cell receptive field density as a
function of visual field location. J Vis. (2014) 14:15. doi: 10.1167/14.7.15

2. Tran NM, Shekhar K, Whitney IE, Jacobi A, Benhar I, Hong G, et al. Single-cell
profiles of retinal ganglion cells differing in resilience to injury reveal neuroprotective
genes. Neuron. (2019) 104:1039-55.e12. doi: 10.1016/j.neuron.2019.11.006

3. Boycott BB, Wissle H. The morphological types of ganglion cells of the domestic
cat's retina. J Physiol. (1974) 240:397-419. doi: 10.1113/jphysiol.1974.sp010616

4. Cen LP, Park KK, So KE Optic nerve diseases and regeneration: how far are
we from the promised land? Clin Experiment Ophthalmol. (2023) 51:627-41. doi:
10.1111/ce0.14259

5. Newman NJ, Yu-Wai-Man P, Biousse V, Carelli V. Understanding the molecular
basis and pathogenesis of hereditary optic neuropathies: towards improved diagnosis
and management. Lancet Neurol. (2023) 22:172-88. doi: 10.1016/S1474-4422(22)00174-0

6. Knoferle ], Koch JC, Ostendorf T, Michel U, Planchamp V, Vutova P, et al.
Mechanisms of acute axonal degeneration in the optic nerve in vivo. Proc Natl Acad Sci
USA. (2010) 107:6064-9. doi: 10.1073/pnas.0909794107

7. Lo ], Mehta K, Dhillon A, Huang YK, Luo Z, Nam MH, et al. Therapeutic strategies
for glaucoma and optic neuropathies. Mol Asp Med. (2023) 94:101219. doi: 10.1016/j.
mam.2023.101219

8. Wang X, Yang C, Wang X, Miao J, Chen W, Zhou Y, et al. Driving axon regeneration
by orchestrating neuronal and non-neuronal innate immune responses via the IFNy-
c¢GAS-STING axis. Neuron. (2023) 111:236-55.¢7. doi: 10.1016/j.neuron.2022.10.028

9. Tsai NY, Welsbie DS, Duan X. Live, die, or regenerate? New insights from multi-
omic analyses. Neuron. (2022) 110:2516-9. doi: 10.1016/j.neuron.2022.07.026

10.Liu Y, Lee RK. Cell transplantation to replace retinal ganglion cells faces
challenges - the switchboard dilemma. Neural Regen Res. (2021) 16:1138-43. doi:
10.4103/1673-5374.300329

11. Shen WC, Huang BQ, Yang J. Regulatory mechanisms of retinal ganglion cell death
in normal tension glaucoma and potential therapies. Neural Regen Res. (2023) 18:87-93.
doi: 10.4103/1673-5374.344831

12. Yang SG, Li CP, Peng XQ, Teng 7Q, Liu CM, Zhou FQ. Strategies to promote long—
distance optic nerve regeneration. Front Cell Neurosci. (2020) 14:119. doi: 10.3389/
fncel.2020.00119

Frontiers in Neurology

11

10.3389/fneur.2024.1526973

funded by Beijing Medical Award Foundation Project (yxjc-2023-
0950-0186); Jilin Province Health Research Talent Special Project
(ZXSY2023079); Jilin University Bethune Plan Project (2023B22);
Youth Research Grant of China-Japan Union Hospital of Jilin
University (2024CL08); Education Innovation Project of Jilin Province
(2024L5L8109000H, 2024L5LOJK00017).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

13. Kurimoto T, Yin Y, Omura K, Gilbert HY, Kim D, Cen LP, et al. Long-distance
axon regeneration in the mature optic nerve: contributions of oncomodulin, cAMP, and
pten gene deletion. J Neurosci. (2010) 30:15654-63. doi: 10.1523/J]NEUROSCI.
4340-10.2010

14. Sun E, Park KK, Belin S, Wang D, Lu T, Chen G, et al. Sustained axon regeneration
induced by co-deletion of PTEN and SOCS3. Nature. (2011) 480:372-5. doi: 10.1038/
naturel0594

15. Yang SG, Wang XW, Li CP, Huang T, Li Q, Zhao LR, et al. X chromosome encoded
histone demethylase UTX regulates mammalian axon regeneration via microRNA-124.
bioRxiv. (2023)

16. Williams PR, Benowitz LI, Goldberg JL, He Z. Axon regeneration in the
mammalian optic nerve. Annu Rev Vis Sci. (2020) 6:195-213. doi: 10.1146/annurev-
vision-022720-094953

17. Luo X, Salgueiro Y, Beckerman SR, Lemmon VP, Tsoulfas P, Park KK. Three-
dimensional evaluation of retinal ganglion cell axon regeneration and pathfinding in
whole mouse tissue after injury. Exp Neurol. (2013) 247:653-62. doi: 10.1016/j.
expneurol.2013.03.001

18. Pernet V, Joly S, Dalkara D, Jordi N, Schwarz O, Christ E, et al. Long-distance
axonal regeneration induced by CNTF gene transfer is impaired by axonal misguidance
in the injured adult optic nerve. Neurobiol Dis. (2013) 51:202-13. doi: 10.1016/j.
nbd.2012.11.011

19.Zhan ZY, Huang YR, Zhao LW, Quan YD, Li Z], Sun DF, et al. Use of a tissue
clearing technique combined with retrograde trans-synaptic viral tracing to
evaluate changes in mouse retinorecipient brain regions following
optic nerve crush. Neural Regen Res. (2023) 18:913-21. doi: 10.4103/1673-5374.
353852

20. Wareham LK, Risner ML, Calkins DJ. Protect, repair, and regenerate: towards
restoring vision in Glaucoma. Curr Ophthalmol Rep. (2020) 8:301-10. doi: 10.1007/
540135-020-00259-5

21. Markov MS. Expanding use of pulsed electromagnetic field therapies. Electromagn
Biol Med. (2007) 26:257-74. doi: 10.1080/15368370701580806

22. Khalili MR, Shadmani A, Sanie-Jahromi F. Application of electrostimulation and
magnetic stimulation in patients with optic neuropathy: a mechanistic review. Dev
Neurobiol. (2024) 84:236-48. doi: 10.1002/dneu.22949

frontiersin.org


https://doi.org/10.3389/fneur.2024.1526973
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1167/14.7.15
https://doi.org/10.1016/j.neuron.2019.11.006
https://doi.org/10.1113/jphysiol.1974.sp010616
https://doi.org/10.1111/ceo.14259
https://doi.org/10.1016/S1474-4422(22)00174-0
https://doi.org/10.1073/pnas.0909794107
https://doi.org/10.1016/j.mam.2023.101219
https://doi.org/10.1016/j.mam.2023.101219
https://doi.org/10.1016/j.neuron.2022.10.028
https://doi.org/10.1016/j.neuron.2022.07.026
https://doi.org/10.4103/1673-5374.300329
https://doi.org/10.4103/1673-5374.344831
https://doi.org/10.3389/fncel.2020.00119
https://doi.org/10.3389/fncel.2020.00119
https://doi.org/10.1523/JNEUROSCI.4340-10.2010
https://doi.org/10.1523/JNEUROSCI.4340-10.2010
https://doi.org/10.1038/nature10594
https://doi.org/10.1038/nature10594
https://doi.org/10.1146/annurev-vision-022720-094953
https://doi.org/10.1146/annurev-vision-022720-094953
https://doi.org/10.1016/j.expneurol.2013.03.001
https://doi.org/10.1016/j.expneurol.2013.03.001
https://doi.org/10.1016/j.nbd.2012.11.011
https://doi.org/10.1016/j.nbd.2012.11.011
https://doi.org/10.4103/1673-5374.353852
https://doi.org/10.4103/1673-5374.353852
https://doi.org/10.1007/s40135-020-00259-5
https://doi.org/10.1007/s40135-020-00259-5
https://doi.org/10.1080/15368370701580806
https://doi.org/10.1002/dneu.22949

Liu et al.

23.Pernet V, Joly S, Jordi N, Dalkara D, Guzik-Kornacka A, Flannery JG, et al.
Misguidance and modulation of axonal regeneration by Stat3 and rho/ROCK signaling
in the transparent optic nerve. Cell Death Dis. (2013) 4:e734. doi: 10.1038/cddis.2013.266

24.Hilla AM, Baehr A, Leibinger M, Andreadaki A, Fischer D. CXCR4/CXCL12-
mediated entrapment of axons at the injury site compromises optic nerve regeneration.
Proc Natl Acad Sci USA. (2021) 118:e2016409118. doi: 10.1073/pnas.2016409118

25. Yang TC, Chuang JH, Buddhakosai W, Wu W], Lee CJ, Chen WS, et al. Elongation
of axon extension for human iPSC-derived retinal ganglion cells by a Nano-imprinted
scaffold. Int ] Mol Sci. (2017) 18:18. doi: 10.3390/ijms18092013

26. Beckers A, Masin L, Van Dyck A, Bergmans S, Vanhunsel S, Zhang A, et al. Optic
nerve injury-induced regeneration in the adult zebrafish is accompanied by
spatiotemporal changes in mitochondrial dynamics. Neural Regen Res. (2023) 18:219-25.
doi: 10.4103/1673-5374.344837

27. Nascimento-Dos-Santos G, De-Souza-Ferreira E, Lani R, Faria CC, Aratjo VG,
Teixeira-Pinheiro LC, et al. Neuroprotection from optic nerve injury and modulation of
oxidative metabolism by transplantation of active mitochondria to the retina. Biochim
Biophys Acta Mol basis Dis. (2020) 1866:165686. doi: 10.1016/j.bbadis.2020.165686

28. Au NPB, Chand R, Kumar G, Asthana P, Tam WY, Tang KM, et al. A small
molecule M1 promotes optic nerve regeneration to restore target-specific neural activity
and visual function. Proc Natl Acad Sci USA. (2022) 119:€2121273119. doi: 10.1073/
pnas.2121273119

29. Lenaers G, Neutzner A, Le Dantec Y, Jiischke C, Xiao T, Decembrini S, et al.
Dominant optic atrophy: culprit mitochondria in the optic nerve. Prog Retin Eye Res.
(2021) 83:100935. doi: 10.1016/j.preteyeres.2020.100935

30. Cartoni R, Norsworthy MW, Bei F, Wang C, Li S, Zhang Y, et al. The mammalian-
specific protein Armcx1 regulates mitochondrial transport during axon regeneration.
Neuron. (2016) 92:1294-307. doi: 10.1016/j.neuron.2016.10.060

31. Kreymerman A, Buickians DN, Nahmou MM, Tran T, Galvao J, Wang Y, et al.
MTP18 is a novel regulator of mitochondrial fission in CNS neuron development, axonal
growth, and injury responses. Sci Rep. (2019) 9:10669. doi: 10.1038/s41598-019-46956-5

32. Cameron EG, Nahmou M, Toth AB, Heo L, Tanasa B, Dalal R, et al. A molecular
switch for neuroprotective astrocyte reactivity. Nature. (2024) 626:574-82. doi: 10.1038/
541586-023-06935-3

33. Wang J, He X, Meng H, Li Y, Dmitriev P, Tian E et al. Robust myelination of
regenerated axons induced by combined manipulations of GPR17 and microglia.
Neuron. (2020) 108:876-86.e4. doi: 10.1016/j.neuron.2020.09.016

34. Wu Q, Miao X, Zhang ], Xiang L, Li X, Bao X, et al. Astrocytic YAP protects the
optic nerve and retina in an experimental autoimmune encephalomyelitis model
through TGF-f signaling. Theranostics. (2021) 11:8480-99. doi: 10.7150/thno.60031

35. Di Polo A, Aigner L], Dunn RJ, Bray GM, Aguayo AJ. Prolonged delivery of brain-
derived neurotrophic factor by adenovirus-infected Miiller cells temporarily rescues
injured retinal ganglion cells. Proc Natl Acad Sci USA. (1998) 95:3978-83. doi: 10.1073/
pnas.95.7.3978

36. Liu Z, Xue J, Liu C, Tang J, Wu S, Lin J, et al. Selective deletion of zinc transporter
3 in amacrine cells promotes retinal ganglion cell survival and optic nerve regeneration
after injury. Neural Regen Res. (2023) 18:2773-80. doi: 10.4103/1673-5374.373660

37.Segal BM. CNS chemokines, cytokines, and dendritic cells in autoimmune
demyelination. J Neurol Sci. (2005) 228:210-4. doi: 10.1016/j.jns.2004.10.014

38.Shi K, Tian DC, Li ZG, Ducruet AF, Lawton MT, Shi FD. Global brain
inflammation in stroke. Lancet Neurol. (2019) 18:1058-66. doi: 10.1016/
S1474-4422(19)30078-X

39. Sas AR, Carbajal KS, Jerome AD, Menon R, Yoon C, Kalinski AL, et al. A new
neutrophil subset promotes CNS neuron survival and axon regeneration. Nat Immunol.
(2020) 21:1496-505. doi: 10.1038/s41590-020-00813-0

40. Li HJ, Sun ZL, Yang XT, ZhuL, Feng DF. Exploring optic nerve axon regeneration.
Curr Neuropharmacol. (2017) 15:861-73. doi: 10.2174/1570159X14666161227150250

41. Campbell GP, Amin D, Hsieh K, Hussey GS, St Leger AJ, Gross JM, et al.
Immunomodulation by the combination of statin and matrix-bound nanovesicle
enhances optic nerve regeneration. NPJ Regen Med. (2024) 9:31. doi: 10.1038/
541536-024-00374-y

42.Xie L, Yin Y, Benowitz L. Chemokine CCL5 promotes robust optic nerve
regeneration and mediates many of the effects of CNTF gene therapy. Proc Natl Acad Sci
USA. (2021) 118:€2017282118. doi: 10.1073/pnas.2017282118

43. Passino R, Finneran MC, Hafner H, Feng Q, Huffman LD, Zhao XF, et al.
Neutrophil-inflicted vasculature damage suppresses immune-mediated optic nerve
regeneration. Cell Rep. (2024) 43:113931. doi: 10.1016/j.celrep.2024.113931

44. Bradke F, Fawcett JW, Spira ME. Assembly of a new growth cone after axotomy:
the precursor to axon regeneration. Nat Rev Neurosci. (2012) 13:183-93. doi:
10.1038/nrn3176

45.Yang C, Wang X, Wang J, Wang X, Chen W, Lu N, et al. Rewiring neuronal
Glycerolipid metabolism determines the extent of axon regeneration. Neuron. (2020)
105:276-92.e5. doi: 10.1016/j.neuron.2019.10.009

46. Ashok A, Pooranawattanakul S, Tai WL, Cho KS, Utheim TP, Cestari DM, et al.
Epigenetic regulation of optic nerve development, protection, and repair. Int ] Mol Sci.
(2022) 23:23. doi: 10.3390/ijms23168927

Frontiers in Neurology

12

10.3389/fneur.2024.1526973

47. Tassew NG, Mothe AJ, Shabanzadeh AP, Banerjee P, Koeberle PD, Bremner R, et al.
Modifying lipid rafts promotes regeneration and functional recovery. Cell Rep. (2014)
8:1146-59. doi: 10.1016/j.celrep.2014.06.014

48. Shum JW, Liu K, So KE The progress in optic nerve regeneration, where are we?
Neural Regen Res. (2016) 11:32-6. doi: 10.4103/1673-5374.175038

49. Miiller A, Hauk TG, Fischer D. Astrocyte-derived CNTF switches mature RGCs
to a regenerative state following inflammatory stimulation. Brain ] Neurol. (2007)
130:3308-20. doi: 10.1093/brain/awm257

50. Leibinger M, Miiller A, Andreadaki A, Hauk TG, Kirsch M, Fischer D.
Neuroprotective and axon growth-promoting effects following inflammatory stimulation
on mature retinal ganglion cells in mice depend on ciliary neurotrophic factor and
leukemia inhibitory factor. J Neurosci. (2009) 29:14334-41. doi: 10.1523/
JNEUROSCI.2770-09.2009

51. Smith PD, Sun F, Park KK, Cai B, Wang C, Kuwako K, et al. SOCS3 deletion
promotes optic nerve regeneration in vivo. Neuron. (2009) 64:617-23. doi: 10.1016/j.
neuron.2009.11.021

52. Mansour-Robaey S, Clarke DB, Wang YC, Bray GM, Aguayo AJ. Effects of ocular
injury and administration of brain-derived neurotrophic factor on survival and regrowth
of axotomized retinal ganglion cells. Proc Natl Acad Sci USA. (1994) 91:1632-6. doi:
10.1073/pnas.91.5.1632

53. Park KK, Hu Y, Muhling J, Pollett MA, Dallimore EJ, Turnley AM, et al. Cytokine-
induced SOCS expression is inhibited by cAMP analogue: impact on regeneration in
injured retina. Mol Cell Neurosci. (2009) 41:313-24. doi: 10.1016/j.mcn.2009.04.002

54.Qin S, Zou Y, Zhang CL. Cross-talk between KLF4 and STAT3 regulates axon
regeneration. Nat Commun. (2013) 4:2633. doi: 10.1038/ncomms3633

55. Leibinger M, Miiller A, Gobrecht P, Diekmann H, Andreadaki A, Fischer D.
Interleukin-6 contributes to CNS axon regeneration upon inflammatory stimulation.
Cell Death Dis. (2013) 4:e609. doi: 10.1038/cddis.2013.126

56. Xie L, Cen LP, Li Y, Gilbert HY, Strelko O, Berlinicke C, et al. Monocyte-derived
SDF1 supports optic nerve regeneration and alters retinal ganglion cells' response to
Pten deletion. Proc Natl Acad Sci USA. (2022) 119:e2113751119. doi: 10.1073/
pnas.2113751119

57.Yin Y, Cui Q, Gilbert HY, Yang Y, Yang Z, Berlinicke C, et al. Oncomodulin links
inflammation to optic nerve regeneration. Proc Natl Acad Sci USA. (2009) 106:19587-92.
doi: 10.1073/pnas.0907085106

58. Feng Q, Wong KA, Benowitz LI. Full-length optic nerve regeneration in the
absence of genetic manipulations. JCI Insight. (2023) 8:8. doi: 10.1172/jci.insight.164579

59. Sun Z, Chen Z, Yin M, Wu X, Guo B, Cheng X, et al. Harnessing developmental
dynamics of spinal cord extracellular matrix improves regenerative potential of spinal
cord organoids. Cell Stem Cell. (2024) 31:772-87.e11. doi: 10.1016/j.stem.2024.03.007

60. Zhang S, Liu B, Zhu H, Jin H, Gong Z, Qiu H, et al. A novel rat model with long
range optic nerve injury to study retinal ganglion cells endogenous regeneration.
Neuroscience. (2021) 465:71-84. doi: 10.1016/j.neuroscience.2021.04.014

61. He Z, Jin Y. Intrinsic control of axon regeneration. Neuron. (2016) 90:437-51. doi:
10.1016/j.neuron.2016.04.022

62. Benowitz LI, He Z, Goldberg JL. Reaching the brain: advances in optic nerve
regeneration. Exp Neurol. (2017) 287:365-73. doi: 10.1016/j.expneurol.2015.12.015

63. Cen LP, Liang JJ, Chen JH, Harvey AR, Ng TK, Zhang M, et al. AAV-mediated
transfer of rho a sh RNA and CNTF promotes retinal ganglion cell survival and axon
regeneration. Neuroscience. (2017) 343:472-82. doi: 10.1016/j.neuroscience.2016.12.027

64. Liu K, Tedeschi A, Park KK, He Z. Neuronal intrinsic mechanisms of axon
regeneration. Annu Rev Neurosci. (2011) 34:131-52. doi: 10.1146/annurev-
neuro-061010-113723

65. Tedeschi A, Bradke E. Spatial and temporal arrangement of neuronal intrinsic and
extrinsic mechanisms controlling axon regeneration. Curr Opin Neurobiol. (2017)
42:118-27. doi: 10.1016/j.conb.2016.12.005

66. Kaplan A, Bueno M, Hua L, Fournier AE. Maximizing functional axon repair in
the injured central nervous system: lessons from neuronal development. Dev Dyn.
(2018) 247:18-23. doi: 10.1002/dvdy.24536

67. Shen Y, Tenney AP, Busch SA, Horn KP, Cuascut FX, Liu K, et al. PTPsigma is a
receptor for chondroitin sulfate proteoglycan, an inhibitor of neural regeneration.
Science (New York, NY). (2009) 326:592-6. doi: 10.1126/science.1178310

68. Sapieha PS, Duplan L, Uetani N, Joly S, Tremblay ML, Kennedy TE, et al. Receptor
protein tyrosine phosphatase sigma inhibits axon regrowth in the adult injured CNS.
Mol Cell Neurosci. (2005) 28:625-35. doi: 10.1016/j.mcn.2004.10.011

69. Zhang Q, Xue ], Tang J, Wu S, Liu Z, Wu C, et al. Modulating amacrine cell-derived
dopamine signaling promotes optic nerve regeneration and preserves visual function.
Sci Ady. (2024) 10:eado0866. doi: 10.1126/sciadv.ado0866

70. Reinhard J, Renner M, Wiemann S, Shakoor DA, Stute G, Dick HB, et al. Ischemic
injury leads to extracellular matrix alterations in retina and optic nerve. Sci Rep. (2017)
7:43470. doi: 10.1038/srep43470

71.Yao L, Li Y. The role of direct current electric field-guided stem cell migration in
neural regeneration. Stem Cell Rev Rep. (2016) 12:365-75. doi: 10.1007/
512015-016-9654-8

frontiersin.org


https://doi.org/10.3389/fneur.2024.1526973
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1038/cddis.2013.266
https://doi.org/10.1073/pnas.2016409118
https://doi.org/10.3390/ijms18092013
https://doi.org/10.4103/1673-5374.344837
https://doi.org/10.1016/j.bbadis.2020.165686
https://doi.org/10.1073/pnas.2121273119
https://doi.org/10.1073/pnas.2121273119
https://doi.org/10.1016/j.preteyeres.2020.100935
https://doi.org/10.1016/j.neuron.2016.10.060
https://doi.org/10.1038/s41598-019-46956-5
https://doi.org/10.1038/s41586-023-06935-3
https://doi.org/10.1038/s41586-023-06935-3
https://doi.org/10.1016/j.neuron.2020.09.016
https://doi.org/10.7150/thno.60031
https://doi.org/10.1073/pnas.95.7.3978
https://doi.org/10.1073/pnas.95.7.3978
https://doi.org/10.4103/1673-5374.373660
https://doi.org/10.1016/j.jns.2004.10.014
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1038/s41590-020-00813-0
https://doi.org/10.2174/1570159X14666161227150250
https://doi.org/10.1038/s41536-024-00374-y
https://doi.org/10.1038/s41536-024-00374-y
https://doi.org/10.1073/pnas.2017282118
https://doi.org/10.1016/j.celrep.2024.113931
https://doi.org/10.1038/nrn3176
https://doi.org/10.1016/j.neuron.2019.10.009
https://doi.org/10.3390/ijms23168927
https://doi.org/10.1016/j.celrep.2014.06.014
https://doi.org/10.4103/1673-5374.175038
https://doi.org/10.1093/brain/awm257
https://doi.org/10.1523/JNEUROSCI.2770-09.2009
https://doi.org/10.1523/JNEUROSCI.2770-09.2009
https://doi.org/10.1016/j.neuron.2009.11.021
https://doi.org/10.1016/j.neuron.2009.11.021
https://doi.org/10.1073/pnas.91.5.1632
https://doi.org/10.1016/j.mcn.2009.04.002
https://doi.org/10.1038/ncomms3633
https://doi.org/10.1038/cddis.2013.126
https://doi.org/10.1073/pnas.2113751119
https://doi.org/10.1073/pnas.2113751119
https://doi.org/10.1073/pnas.0907085106
https://doi.org/10.1172/jci.insight.164579
https://doi.org/10.1016/j.stem.2024.03.007
https://doi.org/10.1016/j.neuroscience.2021.04.014
https://doi.org/10.1016/j.neuron.2016.04.022
https://doi.org/10.1016/j.expneurol.2015.12.015
https://doi.org/10.1016/j.neuroscience.2016.12.027
https://doi.org/10.1146/annurev-neuro-061010-113723
https://doi.org/10.1146/annurev-neuro-061010-113723
https://doi.org/10.1016/j.conb.2016.12.005
https://doi.org/10.1002/dvdy.24536
https://doi.org/10.1126/science.1178310
https://doi.org/10.1016/j.mcn.2004.10.011
https://doi.org/10.1126/sciadv.ado0866
https://doi.org/10.1038/srep43470
https://doi.org/10.1007/s12015-016-9654-8
https://doi.org/10.1007/s12015-016-9654-8

Liu et al.

72. Hamid S, Hayek R. Role of electrical stimulation for rehabilitation and regeneration
after spinal cord injury: an overview. Eur Spine J. (2008) 17:1256-69. doi: 10.1007/
500586-008-0729-3

73. Tator CH. Phase 1 trial of oscillating field stimulation for complete spinal cord
injury in humans. Journal of neurosurgery. Spine. (2005) 2:1; discussion 1. doi: 10.3171/
spi.2005.2.1.0001

74. Jaffe LE, Nuccitelli R. An ultrasensitive vibrating probe for measuring steady
extracellular currents. J Cell Biol. (1974) 63:614-28. doi: 10.1083/jcb.63.2.614

75. Robinson KR. Electrical currents through full-grown and maturing Xenopus
oocytes. Proc Natl Acad Sci USA. (1979) 76:837-41. doi: 10.1073/pnas.76.2.837

76. Jaffe LE, Stern CD. Strong electrical currents leave the primitive streak of chick
embryos. Science (New York, NY). (1979) 206:569-71. doi: 10.1126/science.573921

77. Robinson KR. Endogenous electrical current leaves the limb and prelimb region
of the Xenopus embryo. Dev Biol. (1983) 97:203-11. doi: 10.1016/0012-1606(83)90077-5

78. Hotary KB, Robinson KR. Evidence of a role for endogenous electrical fields in
chick embryo development. Development. (1992) 114:985-96. doi: 10.1242/dev.114.4.985

79. Morimoto T, Miyoshi T, Matsuda S, Tano Y, Fujikado T, Fukuda Y. Transcorneal
electrical stimulation rescues axotomized retinal ganglion cells by activating endogenous
retinal IGF-1 system. Invest Ophthalmol Vis Sci. (2005) 46:2147-55. doi: 10.1167/
iovs.04-1339

80. Sharf T, Kalakuntla T, Lee D], Gokoffski KK. Electrical devices for visual
restoration. Surv Ophthalmol. (2022) 67:793-800. doi: 10.1016/j.survophthal.2021.08.008

81. Politis MJ, Zanakis MF, Albala B]. Mammalian optic nerve regeneration following
the application of electric fields. J Trauma. (1988) 28:1548-52. doi:
10.1097/00005373-198811000-00005

82. Politis MJ, Zanakis MF, Albala BJ. Facilitated regeneration in the rat peripheral
nervous system using applied electric fields. J Trauma. (1988) 28:1375-81. doi:
10.1097/00005373-198809000-00012

83. Gokoffski KK, Jia X, Shvarts D, Xia G, Zhao M. Physiologic electrical fields direct
retinal ganglion cell axon growth in vitro. Invest Ophthalmol Vis Sci. (2019) 60:3659-68.
doi: 10.1167/i0vs.18-25118

84. Tang AD, Makowiecki K, Bartlett C, Rodger J. Low intensity repetitive transcranial
magnetic stimulation does not induce cell survival or regeneration in a mouse optic
nerve crush model. PLoS One. (2015) 10:e0126949. doi: 10.1371/journal.pone.0126949

85. Watanabe A, Yamada Y, Yamanaka S. Epigenetic regulation in pluripotent stem
cells: a key to breaking the epigenetic barrier. Philos Trans R Soc Lond Ser B Biol Sci.
(2013) 368:20120292. doi: 10.1098/rstb.2012.0292

86. Powell C, Elsaeidi F, Goldman D. Injury-dependent Miiller glia and ganglion cell
reprogramming during tissue regeneration requires Apobec2a and Apobec2b. ] Neurosci.
(2012) 32:1096-109. doi: 10.1523/J]NEUROSCIL.5603-11.2012

87.Yao B, Christian KM, He C, Jin P, Ming GL, Song H. Epigenetic mechanisms in
neurogenesis. Nat Rev Neurosci. (2016) 17:537-49. doi: 10.1038/nrn.2016.70

88. Vanden Bosch LS, Reh TA. Epigenetics in neuronal regeneration. Semmin Cell Dev
Biol. (2020) 97:63-73. doi: 10.1016/j.semcdb.2019.04.001

89.Lu Y, Brommer B, Tian X, Krishnan A, Meer M, Wang C, et al. Reprogramming
to recover youthful epigenetic information and restore vision. Nature. (2020) 588:124-9.
doi: 10.1038/s41586-020-2975-4

90. Biermann J, Boyle J, Pielen A, Lagréze WA. Histone deacetylase inhibitors sodium
butyrate and valproic acid delay spontaneous cell death in purified rat retinal ganglion
cells. Mol Vis. (2011) 17:395-403.

91. Huang X, Wu DY, Chen G, Manji H, Chen DE. Support of retinal ganglion cell
survival and axon regeneration by lithium through a Bcl-2-dependent mechanism.
Invest Ophthalmol Vis Sci. (2003) 44:347-54. doi: 10.1167/i0vs.02-0198

92. Phiel CJ, Zhang F, Huang EY, Guenther MG, Lazar MA, Klein PS. Histone
deacetylase is a direct target of valproic acid, a potent anticonvulsant, mood stabilizer,
and teratogen. ] Biol Chem. (2001) 276:36734-41. doi: 10.1074/jbc.M101287200

93. Schmitt HM, Pelzel HR, Schlamp CL, Nickells RW. Histone deacetylase 3
(HDACS3) plays an important role in retinal ganglion cell death after acute optic nerve
injury. Mol Neurodegener. (2014) 9:39. doi: 10.1186/1750-1326-9-39

94. Wang XW, Yang SG, Hu MW, Wang RY, Zhang C, Kosanam AR, et al. Histone
methyltransferase Ezh2 coordinates mammalian axon regeneration via regulation of key
regenerative pathways. J Clin Invest. (2024) 134:e163145. doi: 10.1172/JCI163145

95. Xiao W, Adhikari S, Dahal U, Chen YS, Hao YJ, Sun BE et al. Nuclear m (6) a
reader YTHDCI regulates mRNA splicing. Mol Cell. (2016) 61:507-19. doi: 10.1016/j.
molcel.2016.01.012

96.Qu X, Zhu K, Li Z, Zhang D, Hou L. The alteration of M6A-tagged transcript
profiles in the retina of rats after traumatic optic neuropathy. Front Genet. (2021)
12:628841. doi: 10.3389/fgene.2021.628841

97. Wang D, Zheng T, Zhou S, Liu M, Liu Y, Gu X, et al. Promoting axon regeneration
by inhibiting RNA N6-methyladenosine demethylase ALKBHS. eLife. (2023) 12:12. doi:
10.7554/eLife.85309

98. Schaefer J, Vilallongue N, Decourt C, Blot B, El Bakdouri N, Plissonnier E, et al.
Customization of the translational complex regulates mRNA-specific translation to

Frontiers in Neurology

13

10.3389/fneur.2024.1526973

control CNS regeneration. Neuron. (2023) 111:2881-98.e12. doi: 10.1016/j.
neuron.2023.06.005

99. Komander D, Rape M. The ubiquitin code. Annu Rev Biochem. (2012) 81:203-29.
doi: 10.1146/annurev-biochem-060310-170328

100. Swatek KN, Komander D. Ubiquitin modifications. Cell Res. (2016) 26:399-422.
doi: 10.1038/cr.2016.39

101. Bernassola F, Ciechanover A, Melino G. The ubiquitin proteasome system and
its involvement in cell death pathways. Cell Death Differ. (2010) 17:1-3. doi: 10.1038/
¢dd.2009.189

102. Atkin G, Paulson H. Ubiquitin pathways in neurodegenerative disease. Front Mol
Neurosci. (2014) 7:63. doi: 10.3389/fnmol.2014.00063

103. Hanus C, Schuman EM. Proteostasis in complex dendrites. Nat Rev Neurosci.
(2013) 14:638-48. doi: 10.1038/nrn3546

104. Sulkshane P, Ram J, Glickman MH. Ubiquitination of intramitochondrial
proteins: implications for metabolic adaptability. Biomolecules. (2020) 10:1559. doi:
10.3390/biom10111559

105. Zungu M, Schisler JC, Essop MF, McCudden C, Patterson C, Willis MS.
Regulation of AMPK by the ubiquitin proteasome system. Am J Pathol. (2011) 178:4-11.
doi: 10.1016/j.ajpath.2010.11.030

106. Ge MK, Zhang C, Zhang N, He P, Cai HY, Li S, et al. The tRNA-GCN2-FBXO22-
axis-mediated mTOR ubiquitination senses amino acid insufficiency. Cell Metab. (2023)
35:2216-30.€8. doi: 10.1016/j.cmet.2023.10.016

107. Weng L, Ye ], Yang E, Jia S, Leng M, Jia B, et al. TGF-B1/SMAD3 regulates
programmed cell death 5 that suppresses cardiac fibrosis post-myocardial
infarction by inhibiting HDAC3. Circ Res. (2023) 133:237-51. doi: 10.1161/
CIRCRESAHA.123.322596

108. Sun Y, Sun Y, Chen S, Yu Y, Ma Y, Sun E. Hypoxic preconditioned MSCs-derived
small extracellular vesicles for photoreceptor protection in retinal degeneration. J
Nanobiotechnol. (2023) 21:449. doi: 10.1186/s12951-023-02225-2

109. Chen DF, Jhaveri S, Schneider GE. Intrinsic changes in developing retinal
neurons result in regenerative failure of their axons. Proc Natl Acad Sci USA. (1995)
92:7287-91. doi: 10.1073/pnas.92.16.7287

110. Fague L, Liu YA, Marsh-Armstrong N. The basic science of
optic nerve regeneration. Ann Transl Med. (2021) 9:1276. doi: 10.21037/atm-
20-5351

111. Mahar M, Cavalli V. Intrinsic mechanisms of neuronal axon regeneration. Nat
Rev Neurosci. (2018) 19:323-37. doi: 10.1038/s41583-018-0001-8

112. Wong KA, Benowitz L. Retinal ganglion cell survival and axon regeneration after
optic nerve injury: role of inflammation and other factors. Int ] Mol Sci. (2022) 23:10179.
doi: 10.3390/ijms231710179

113. Nieuwenhuis B, Barber AC, Evans RS, Pearson CS, Fuchs ], Mac Queen
AR, et al. PI 3-kinase delta enhances axonal PIP (3) to support axon regeneration
in the adult CNS. EMBO Mol Med. (2020) 12:e11674. doi: 10.15252/emmm.
201911674

114. Li L, Fang F, Feng X, Zhuang P, Huang H, Liu P, et al. Single-cell transcriptome
analysis of regenerating RGCs reveals potent glaucoma neural repair genes. Neuron.
(2022) 110:2646-63.¢6. doi: 10.1016/j.neuron.2022.06.022

115. Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, et al. Promoting axon
regeneration in the adult CNS by modulation of the PTEN/mTOR pathway. Science
(New York, NY). (2008) 322:963-6. doi: 10.1126/science.1161566

116. Li S, He Q, Wang H, Tang X, Ho KW, Gao X, et al. Injured adult retinal axons
with Pten and Socs3 co-deletion reform active synapses with suprachiasmatic neurons.
Neurobiol Dis. (2015) 73:366-76. doi: 10.1016/j.nbd.2014.09.019

117. Luo X, Ribeiro M, Bray ER, Lee DH, Yungher BJ, Mehta ST, et al. Enhanced
transcriptional activity and mitochondrial localization of STAT3 co-induce axon
regrowth in the adult central nervous system. Cell Rep. (2016) 15:398-410. doi:
10.1016/j.celrep.2016.03.029

118. O'Donovan KJ, Ma K, Guo H, Wang C, Sun F, Han SB, et al. B-RAF kinase drives
developmental axon growth and promotes axon regeneration in the injured mature CNS.
J Exp Med. (2014) 211:801-14. doi: 10.1084/jem.20131780

119. Nawabi H, Belin S, Cartoni R, Williams PR, Wang C, Latremoliére A, et al.
Doublecortin-like kinases promote neuronal survival and induce growth cone
reformation via distinct mechanisms. Neuron. (2015) 88:704-19. doi: 10.1016/j.
neuron.2015.10.005

120. Norsworthy MW, Bei F, Kawaguchi R, Wang Q, Tran NM, Li Y, et al. Sox11
expression promotes regeneration of some retinal ganglion cell types but kills others.
Neuron. (2017) 94:1112-20.e4. doi: 10.1016/j.neuron.2017.05.035

121. Li HB, Tong J, Zhu S, Batista PJ, Duffy EE, Zhao J, et al. M (6) a mRNA
methylation controls T cell homeostasis by targeting the IL-7/STAT5/SOCS pathways.
Nature. (2017) 548:338-42. doi: 10.1038/nature23450

122. Jacobi A, Tran NM, Yan W, Benhar I, Tian F, Schaffer R, et al. Overlapping
transcriptional programs promote survival and axonal regeneration of injured
retinal ganglion cells. Neuron. (2022) 110:2625-45.¢7. doi: 10.1016/j.neuron.2022.
06.002

frontiersin.org


https://doi.org/10.3389/fneur.2024.1526973
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1007/s00586-008-0729-3
https://doi.org/10.1007/s00586-008-0729-3
https://doi.org/10.3171/spi.2005.2.1.0001
https://doi.org/10.3171/spi.2005.2.1.0001
https://doi.org/10.1083/jcb.63.2.614
https://doi.org/10.1073/pnas.76.2.837
https://doi.org/10.1126/science.573921
https://doi.org/10.1016/0012-1606(83)90077-5
https://doi.org/10.1242/dev.114.4.985
https://doi.org/10.1167/iovs.04-1339
https://doi.org/10.1167/iovs.04-1339
https://doi.org/10.1016/j.survophthal.2021.08.008
https://doi.org/10.1097/00005373-198811000-00005
https://doi.org/10.1097/00005373-198809000-00012
https://doi.org/10.1167/iovs.18-25118
https://doi.org/10.1371/journal.pone.0126949
https://doi.org/10.1098/rstb.2012.0292
https://doi.org/10.1523/JNEUROSCI.5603-11.2012
https://doi.org/10.1038/nrn.2016.70
https://doi.org/10.1016/j.semcdb.2019.04.001
https://doi.org/10.1038/s41586-020-2975-4
https://doi.org/10.1167/iovs.02-0198
https://doi.org/10.1074/jbc.M101287200
https://doi.org/10.1186/1750-1326-9-39
https://doi.org/10.1172/JCI163145
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.3389/fgene.2021.628841
https://doi.org/10.7554/eLife.85309
https://doi.org/10.1016/j.neuron.2023.06.005
https://doi.org/10.1016/j.neuron.2023.06.005
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1038/cr.2016.39
https://doi.org/10.1038/cdd.2009.189
https://doi.org/10.1038/cdd.2009.189
https://doi.org/10.3389/fnmol.2014.00063
https://doi.org/10.1038/nrn3546
https://doi.org/10.3390/biom10111559
https://doi.org/10.1016/j.ajpath.2010.11.030
https://doi.org/10.1016/j.cmet.2023.10.016
https://doi.org/10.1161/CIRCRESAHA.123.322596
https://doi.org/10.1161/CIRCRESAHA.123.322596
https://doi.org/10.1186/s12951-023-02225-2
https://doi.org/10.1073/pnas.92.16.7287
https://doi.org/10.21037/atm-20-5351
https://doi.org/10.21037/atm-20-5351
https://doi.org/10.1038/s41583-018-0001-8
https://doi.org/10.3390/ijms231710179
https://doi.org/10.15252/emmm.201911674
https://doi.org/10.15252/emmm.201911674
https://doi.org/10.1016/j.neuron.2022.06.022
https://doi.org/10.1126/science.1161566
https://doi.org/10.1016/j.nbd.2014.09.019
https://doi.org/10.1016/j.celrep.2016.03.029
https://doi.org/10.1084/jem.20131780
https://doi.org/10.1016/j.neuron.2015.10.005
https://doi.org/10.1016/j.neuron.2015.10.005
https://doi.org/10.1016/j.neuron.2017.05.035
https://doi.org/10.1038/nature23450
https://doi.org/10.1016/j.neuron.2022.06.002
https://doi.org/10.1016/j.neuron.2022.06.002

Liu et al.

123. Belin S, Nawabi H, Wang C, Tang S, Latremoliere A, Warren P, et al. Injury-
induced decline of intrinsic regenerative ability revealed by quantitative proteomics.
Neuron. (2015) 86:1000-14. doi: 10.1016/j.neuron.2015.03.060

124. Goldberg JL, Espinosa JS, Xu Y, Davidson N, Kovacs GT, Barres BA. Retinal
ganglion cells do not extend axons by default: promotion by neurotrophic signaling and
electrical activity. Neuron. (2002) 33:689-702. doi: 10.1016/S0896-6273(02)00602-5

125. Lim JH, Stafford BK, Nguyen PL, Lien BV, Wang C, Zukor K, et al. Neural activity
promotes long-distance, target-specific regeneration of adult retinal axons. Nat Neurosci.
(2016) 19:1073-84. doi: 10.1038/nn.4340

126. Li Y, Andereggen L, Yuki K, Omura K, Yin Y, Gilbert HY, et al. Mobile zinc
increases rapidly in the retina after optic nerve injury and regulates ganglion cell survival
and optic nerve regeneration. Proc Natl Acad Sci USA. (2017) 114:E209-e18. doi:
10.1073/pnas.1616811114

127. Yungher BJ, Ribeiro M, Park KK. Regenerative responses and axon pathfinding
of retinal ganglion cells in chronically injured mice. Invest Ophthalmol Vis Sci. (2017)
58:1743-50. doi: 10.1167/i0vs.16-19873

128. Trakhtenberg EF, Li Y, Feng Q, Tso J, Rosenberg PA, Goldberg JL, et al. Zinc
chelation and KIf9 knockdown cooperatively promote axon regeneration after optic
nerve injury. Exp Neurol. (2018) 300:22-9. doi: 10.1016/j.expneurol.2017.10.025

129. de Lima S, Koriyama Y, Kurimoto T, Oliveira JT, Yin Y, Li Y, et al. Full-length
axon regeneration in the adult mouse optic nerve and partial recovery of simple
visual behaviors. Proc Natl Acad Sci USA. (2012) 109:9149-54. doi: 10.1073/
pnas.1119449109

Frontiers in Neurology

14

10.3389/fneur.2024.1526973

130. Goulart CO, Mendonga HR, Oliveira JT, Savoldi LM, Dos Santos HL, Dos Santos
RA, et al. Repulsive environment attenuation during adult mouse optic nerve
regeneration. Neural Plast. (2018) 2018:1-11. doi: 10.1155/2018/5851914

131. Yungher BJ, Luo X, Salgueiro Y, Blackmore MG, Park KK. Viral vector-based
improvement of optic nerve regeneration: characterization of individual axons' growth
patterns and synaptogenesis in a visual target. Gene Ther. (2015) 22:811-21. doi:
10.1038/gt.2015.51

132. Leibinger M, Andreadaki A, Golla R, Levin E, Hilla AM, Diekmann H, et al.
Boosting CNS axon regeneration by harnessing antagonistic effects of GSK3 activity.
Proc Natl Acad Sci USA. (2017) 114:E5454-e63. doi: 10.1073/pnas.1621225114

133. Xie L, Yin Y, Jayakar S, Kawaguchi R, Wang Q, Peterson S, et al. The oncomodulin
receptor ArmC10 enables axon regeneration in mice after nerve injury and neurite
outgrowth in human iPSC-derived sensory neurons. Sci Transl Med. (2023) 15:eadg6241.
doi: 10.1126/scitranslmed.adg6241

134. Leaver SG, Cui Q, Bernard O, Harvey AR. Cooperative effects of bcl-2 and AAV-
mediated expression of CNTF on retinal ganglion cell survival and axonal regeneration in
adult transgenic mice. Eur ] Neurosci. (2006) 24:3323-32. doi: 10.1111/1.1460-9568.2006.05230.x

135. Logan A, Ahmed Z, Baird A, Gonzalez AM, Berry M. Neurotrophic factor
synergy is required for neuronal survival and disinhibited axon regeneration after CNS
injury. Brain ] Neurol. (2006) 129:490-502. doi: 10.1093/brain/awh706

136. Wang XW, Li Q, Liu CM, Hall PA, Jiang J], Katchis CD, et al. Lin 28 signaling

supports mammalian PNS and CNS axon regeneration. Cell Rep. (2018) 24:2540-52.¢6.
doi: 10.1016/j.celrep.2018.07.105

frontiersin.org


https://doi.org/10.3389/fneur.2024.1526973
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.neuron.2015.03.060
https://doi.org/10.1016/S0896-6273(02)00602-5
https://doi.org/10.1038/nn.4340
https://doi.org/10.1073/pnas.1616811114
https://doi.org/10.1167/iovs.16-19873
https://doi.org/10.1016/j.expneurol.2017.10.025
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1155/2018/5851914
https://doi.org/10.1038/gt.2015.51
https://doi.org/10.1073/pnas.1621225114
https://doi.org/10.1126/scitranslmed.adg6241
https://doi.org/10.1111/j.1460-9568.2006.05230.x
https://doi.org/10.1093/brain/awh706
https://doi.org/10.1016/j.celrep.2018.07.105

	Unlocking the potential for optic nerve regeneration over long distances: a multi-therapeutic intervention
	1 Introduction
	2 Multifactorial combination inhibit axonal misguidance (U-turns) within the optic nerve
	3 Combination of multiple factors can promote optic nerve regeneration
	3.1 Mitochondrial modulation
	3.2 Activating the immune system to promote optic nerve regeneration
	3.2.1 Glial cell modulation
	3.2.2 Neutrophils promotes the survival and axonal regeneration of RGCs
	3.3 Coordinating lipid metabolism to promote axonal regeneration
	3.4 Neurotrophic factor combination therapy
	3.5 Extracellular matrix combined therapy
	3.6 Electromagnetic stimulation induces regeneration direction

	4 Epigenetic and protein modifications in long-distance regeneration
	4.1 DNA methylation regulates robust regeneration
	4.2 Histone modifications
	4.3 mRNA modification
	4.4 Ubiquitination in optic nerve regeneration

	5 Multi-gene combined therapy promotes long-distance optic nerve regeneration
	6 Discussion

	References

