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Abstract: Background: Traumatic optic nerve injury is a leading cause of irreversible blindness 
across the world and causes progressive visual impairment attributed to the dysfunction and death of 
retinal ganglion cells (RGCs). To date, neither pharmacological nor surgical interventions are 
sufficient to halt or reverse the progress of visual loss. Axon regeneration is critical for functional 
recovery of vision following optic nerve injury. After optic nerve injury, RGC axons usually fail to 
regrow and die, leading to the death of the RGCs and subsequently inducing the functional loss of 
vision. However, the detailed molecular mechanisms underlying axon regeneration after optic nerve 
injury remain poorly understood. 

Methods: Research content related to the detailed molecular mechanisms underlying axon 
regeneration after optic nerve injury have been reviewed. 

Results: The present review provides an overview of regarding potential strategies for axonal 
regeneration of RGCs and optic nerve repair, focusing on the role of cytokines and their downstream 
signaling pathways involved in intrinsic growth program and the inhibitory environment together 
with axon guidance cues for correct axon guidance. A more complete understanding of the factors 
limiting axonal regeneration will provide a rational basis, which contributes to develop improved 
treatments for optic nerve regeneration. These findings are encouraging and open the possibility that 
clinically meaningful regeneration may become achievable in the future. 

Conclusion: Combination of treatments towards overcoming growth-inhibitory molecules and enhancing 
intrinsic growth capacity combined with correct guidance using axon guidance cues is crucial for 
developing promising therapies to promote axon regeneration and functional recovery after ON injury. 
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1. INTRODUCTION 

 In contrast to the peripheral nervous system (PNS), which 
shows a remarkable capacity for regenerative processes, 
where severed axons often will heal and successfully 
navigate back to their original targets, the adult mammalian 
central nervous system (CNS) is extremely limited [1]. One 
major difference between the CNS and PNS is the glial 
environment. Whereas peripheral nerve schwann cells are 
permissive substrate for axon regenerative outgrowth due to 
their secretion of neurotrophins and lack of associated 
inhibitory proteins, oligodendrocytes and reactive astrocytes 
in CNS are inhibitory to axon regeneration, expressing many 
inhibitory factors [2]. Moreover, the elimination capacity of 
axon fragments and myelin debris in the PNS after injury is 
much more efficient than that in the CNS, probably 
explained by the involvement of different cellular molecules 
as well as differential access to the immune system [3]. 

 Retinal ganglion cells (RGCs) are a population of CNS 
neurons located in the innermost layer of the retina and  
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convey visual signals from the retina along their axons to the 
brain. Following axotomy, massive retinal ganglion cell 
(RGC) loss (85%-90%) occurs within the first 2-3 weeks 
after optic nerve (ON) injury, effectively severing neuronal 
connections with the contralateral lateral geniculate nucleus 
and superior colliculus [4-6]. Axonal injury leads to the 
functional loss of RGCs and subsequently induces death of 
the neurons. Axon growth is essential for the restoration of 
neuronal connectivity as well as for the reestablishment of a 
functional visual system after ON injury. Achieving axonal 
regeneration with the recovery of function would truly be an 
extraordinary achievement. Similar to other CNS axons, the 
ON has a very limited regenerative capacity. To date, no 
therapeutic treatment has been effective in substantially 
stimulating long-distance axonal regeneration and functionally 
repairing axonal connections in the visual pathway. However, 
studies during the past two decades have shown that under 
certain circumstances, mature RGCs can transform into an 
active regenerative state, enabling these neurons to survive 
and to regenerate axons over long distances in the injured 
ON and into their correct target zones, resulting in partial 
recovery of vision. Important signalling pathways and 
molecules either limiting or facilitating axon regeneration 
have been identified, potentially providing novel therapeutic 
targets. It has become clear that stronger regeneration can be 
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achieved through combinatorial treatments, in which the 
inhibitory environment of the glial scar and of the myelin in 
the ON is overcome, the intrinsic growth program is activated, 
and correct guidance is provided by axon guidance cues, 
than through each single treatment alone. In this review, we 
aim to provide an updated overview of the cellular and 
molecular mechanisms limiting axon regeneration in the 
mammalian visual system after ON injury. 

2. OPTIC NERVE INJURY MODEL FOR STUDYING 
AXON REGENERATION 

 The optic nerve crush (ONC) model, a widely used 
experimental model for traumatic ON injury, has the 
strongest resemblance to the conditions produced by ON 
trauma. In this model, ONs are clipped 2 mm posterior to the 
globe for 9 s [7], 10 s [8], 30 s [9], or 60 s [10], with different 
clamping forces according to different methods. In addition 
to the ONC model, the ON transection or axotomy model is 
another widely used injury model. These models make the 
visual system ideal for studying regenerative failure because 
partial or complete damage of the ON blocks the connection 
between RGCs and their central targets and partially or 
completely severs all axons into proximal and distal segments 
[11]. Regenerating axons can be traced by anterogradely 
transported molecules, such as cholera toxin B after 
intravitreal injection [12-14]. Surviving RGCs after ONC 
can be evaluated by retrogradely transported Fluorogold, 
which is delivered into the region of the superior colliculus 
[15, 16]. Moreover, damaged axons can be visualized by 
staining with antibodies against growth-associated protein 43 
(GAP-43), which is highly expressed during axon regeneration 
after injury. Potential axon growth-promoting compounds 
can either be injected into the vitreous chamber or subretinal 
space or be directly applied at the lesion of the ON [17]. 
These different routes of application can also be exploited to 
test factors for potential effects on the somata or the growth 
cones of RGCs in vivo. Another beneficial characteristic of 
the visual system as a model in axon regeneration is the 
opportunity to transduce RGCs specifically and efficiently 
by using adeno-associated viruses and to study the effect of 
specific proteins or signalling pathways on axon regeneration. 
Furthermore, viral expression of Cre recombinase in RGCs 
can be applied to knockout specific genes [12, 13]. The 
favourable characteristics of the visual system have made the 
ON a popular and established paradigm for exploring the 
mechanisms underlying regenerative failure, and several 
encouraging findings with general relevance have been made 
in this model system. In addition, ON injury model is a 
classical model for neurodegeneration. It induces RGC death 
and regenerative failure, a process also occurring in glaucoma 
and other optic neurodegeneration. Moreover, ON injury model 
is also a good paradign in which to explore the mechanisms 
underlying regenerative failure after brain injuries. 

3. SPATIAL AND TEMPORAL CHARACTERISTICS 
OF REGENERATION OF AXONS AFTER OPTIC 
NERVE INJURY 

 RGCs are normally unable to regenerate axons after ON 
injury [18]. However, with adequate stimulation, some 
mature RGCs can transform into a robust regenerative state, 

enabling RGCs to survive and to regenerate axons over long 
distances in the injured ON [1]. In response to ON injury, the 
damage-associated signals are retrogradely transported to the 
RGC body, and only <10% of RGCs become hypertrophic 
[19]. The hypertrophic ganglion cells initiate a molecular 
event and motivate a growth program resulting in 
regeneration [19]. The successful ON regeneration process in 
non-mammalian species, such as fish, takes more than 4 
months after injury and comprises four stages. The first stage 
in fish is the neurite-sprouting period (1-4 days), which is 
thought to consist of the degeneration of distal ON axons and 
the new synthesis of RNAs and proteins for neurite 
sprouting. The second stage is the axonal elongation period 
(5-30 days), which is considered to include elongation of the 
axon towards the tectum and the formation of synaptic 
connections between regrowing axons and tectorial neurons. 
The third stage is the synaptic refinement period (35-80 
days), which is considered to include synaptic refinement of 
ON axons with tectal neurons, relying on attractive or 
repulsive guidance cues for retino-tectal connections. The 
last stage is the functional recovery period (100-120 days), 
which includes the complete restoration of visual function 
and obviously requires reinnervation of the relevant targets 
with sufficient numbers of the appropriate types of retinal 
axons [19-22]. 

 Similar to non-mammalian species, ON axon regeneration 
in mammals roughly comprises four analogous stages; 
however, the regeneration process is more complicated, more 
difficult and more time consuming and, worse, is unsatisfactory. 
In response to ON injury in mice, massive axonal sprouting 
forms a dense plexus of neurites at the inner surface of the 
retina [23]. Axons are observed to undergo transient growth 
responses to injury, so-called 'abortive regeneration'. Sprouting 
of injured axons occurs as early as 14 h post-lesion with an 
average growth rate of 20 µm/day, continuing until 10 days 
post-injury at the lesion site in the adult albino mouse. Then, 
the overall growth rate declines over time, presumably once 
regenerated sprouts begin to degenerate. Without any 
treatment, the few axons that spontaneously extend short 
distances beyond the lesion site are mostly unbranched and 
occasionally form U-turns. Ideal regeneration needs to 
regenerate axons over long distances to reinnervate their 
proper target areas, form synapses in a topographically 
organized fashion, and restore function. However, the 
aberrant sprouting in the retina is noneffective regeneration. 
Many aberrant sprouting fibers return toward the lesion site in 
the optic nerve, even towards the retina [24]. Some fibers were 
even found to turn at the optic chiasm and project into the 
contralateral optic nerve, growing toward the contralateral 
retina [25]. To convert such abortive local events to sustained 
axon extension, a set of injury signals generated locally must 
be retrogradely transported to the cell body and must initiate 
injury responses. However, not all axons show this abortive 
response; unfasciculated axons continue in a random growth 
pattern until at least 100 days post-lesion but do not show 
long-range growth [26]. After 1 month post-injury in mouse, 
fewer than 120 axons per ON reach the optic chiasm, which 
represents only approximately 0.2% of all axons based on 
the high number of regrowing axons in the ON (assuming a 
total of 60,000 RGCs) [25]. Regenerating RGC axons are 
located in the optic chiasm and on both sides of the optic 
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tract. Small but nearly equal numbers of axons are observed 
at short distances beyond the chiasm ipsi- and contralaterally 
after 6 weeks [27], and regenerating fibres cross the midline 
of the chiasm within 10 weeks of ON injury [28], indicating 
that in response to guidance signals, many of the ipsilaterally 
projecting axons that enter early are subsequently 
withdrawn. Then, the vast majority of the axons crossing the 
chiasm innervate the ipsilateral side of the hypothalamus, 
including ectopic regions, instead of bilaterally, and they 
largely avoid the core region of the suprachiasmatic nucleus 
[23, 25]. At approximately 2 months post-injury, regenerating 
axons converge onto suprachiasmatic nucleus neurons that 
connect with existing brain circuitry and reform glutamatergic 
excitatory synapses [29], and the growth pattern of the 
regenerating axons changes continuously for up to 4 months 
after injury [23]. Functional recovery of vision requires that 
damaged axons regenerate into the lateral geniculate nucleus 
and the superior colliculus, a distance of more than 8 mm 
from the ON lesion [24]. However, during the process of 
axonal projection, regenerating axons project into the brain 
ectopically, and many regenerating axons undergo one or 
several sharp U-turns along their course. In this case, the 
main impediments to axonal growth seem to be axonal 
misguidance and the weak intrinsic growth capacity of adult 
RGCs [30]. For successful regeneration, the cell bodies of 
injured RGCs must acquire accurate and timely information 
regarding the site and extent of the axonal damage and then 
initiate a transcription program to enhance their intrinsic 
growth ability [31]. 

 As mentioned above, axon regeneration after ONC is a 
complex process that exhibits spatial and temporal 
characteristics. It differs depending on the zone and severity 
of the injury as well as during the different phases of the 
response. The achievable development of strategies for ON 
regeneration requires the consideration of these factors. 

4. MECHANISMS OF RGC AXON REGENERATION  

 RGCs of adult mammals normally fail to switch into an 
active regenerative state after injury, and only a few 
dissociated neurons can extend axons or regrow into the 
growth-permissive environment of sciatic nerve grafts 
transplanted adjacent to the proximal end of the ON [32-34]. 

Regenerative failure has been mainly attributed to the 
growth-inhibitory environment of the ON and to the 
insufficient intrinsic ability of mature RGCs to regrow 
axons. Recent studies have also shown axon navigation 
defects in the ON and at the optic chiasm under conditions of 
strong growth stimulation. Counteracting or removing the 
external inhibitory molecules results in incomplete axon 
regeneration in vivo, emphasizing the necessity of better 
understanding the cell-intrinsic mechanisms regulating axon 
growth after injury [35]. Inactivation of the external inhibitory 
molecules is insufficient for long-distance axon regeneration, 
as demonstrated in studies on functional interference with 
chondroitin sulfate proteoglycans (CSPGs) or myelin-based 
inhibitors [36]. In addition, the optic nerve has shown axon 
misguidance even accompanied by misrouting at the optic 
chiasm and by aberrant sprouting in the retina, which 
thoroughly blocks axon regeneration. Thus, successful 
regeneration of the ON requires simultaneously overcoming 
inhibitory signalling and activating the intrinsic ability of 
mature RGCs to regrow axons with correct axon guidance. 

4.1. Intrinsic Ability of Mature RGCs to Regrow Axons 

 Evidence from multiple studies is accumulating to support 
the viewpoint that the weak intrinsic regenerative ability of 
mature neurons is a major impediment to axon regeneration 
(Fig. 1). Enhancing the intrinsic growth capacity of adult 
RGCs to reactivate a growth program after ON injury is 
proposed to be an important strategy for axonal regrowth. 

4.1.1. Intrinsic Regulatory Factors for Promoting Axon 
Regeneration 

4.1.1.1. mTOR 

 After ON injury, elevated expression levels of ciliary 
neurotrophic factor (CNTF) and leukemia inhibitory factor 
(LIF) in RGCs activate the phosphoinositide-3-kinase/ 
activated protein kinase (PI3K/Akt) signalling pathway. A 
downstream signalling target of Akt is mammalian target  
of rapamycin (mTOR), which controls protein translation  
via E4-binding protein 1 (E4-BP1) and can be specifically 
blocked by rapamycin [36]. mTOR is rapidly and persistently 
suppressed in injured RGCs in wild-type mice, and its 

 

Fig. (1). Intrinsic signaling pathways for axon regeneration towards optic nerve injury. Schematic drawing depicting regulatory factors and 
their downstream signaling pathways involved in intrinsic growth program in the axon regeneration following optic nerve injury. 
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expression level is highly correlated with the extent and time 
course of ON regeneration. Activation of the mTOR 
pathway seems to potently enhance neuroprotection and 
axon regeneration [12]. Activation of mTOR signalling in 
axotomized retinal ganglion cells promotes axonal growth 
over several millimetres, with some axons reaching the optic 
chiasm, the midpoint of the visual pathway [24]. However, 
the effects of mTOR on CNTF and inflammatory stimulation 
(IS)-mediated axon regeneration of RGCs are more complex. 
Although CNTF treatment and IS block the downregulation 
of mTOR activity in RGCs in a PI3K-dependent manner, 
inhibiting mTOR activity by rapamycin does not prevent the 
outgrowth of CNTF-induced neurites in culture, the 
transformation of RGCs into a regenerative state, or the 
neuroprotective effects of IS in vivo. Rapamycin treatment 
generates mainly long-distance rather than short-distance 
axon regeneration in the ON following IS [37], suggesting 
that mTOR activity is significant for maintaining RGCs in 
the regenerative state. Moreover, mTOR activity is involved 
in mediating disinhibitory effects, as has been previously 
shown for the PI3K/AKT axis [38]. Neurite outgrowth of 
cultured RGCs on a growth-permissive substrate is not 
reduced by rapamycin, but mTOR inhibition markedly 
reduces growth on inhibitory substrates containing myelin or 
CSPGs, indicating that mTOR is downstream of specific 
inhibitory receptors and may affect a common converging 
point [37]. Similarly, upregulation of mTOR pathway is 
sufficient to promote axon regeneration in the adult CNS 
after brain injuries [12]. The mTOR pathway contributes to 
the protective effects of ischemic postconditioning against 
stroke [39]. 

4.1.1.2. bFGF 

 Basic fibroblast growth factor (bFGF, also termed FGF-
2) has been isolated in relatively high concentrations from 
the brain and retina [40] and, in the visual system, has been 
implicated as a trophic factor that protects against injury and 
stimulates regeneration [41-43]. It has been demonstrated 
that, in embryonic Xenopus, elevating the level of bFGF in 
the optic tract stimulates RGC axonal elongation [44, 45], 
and the mechanisms underlying this effect appear to involve 
the diacylglycerol lipase and Ca2+/calmodulin kinase II 
pathway [46]. The lower levels of bFGF in the tectum may 
signal the growth cones, via the FGF receptor tyrosine 
kinase, to slow down and enter their target region [44]. bFGF 
accelerates the growth of early regenerating axons in 
peripheral nerves [47]. Therefore, one possible explanation 
for this phenomenon is that the application of bFGF to the 
cut ON stump accelerates axonal growth. More rapid growth 
through the distal stump allows the axons to reinnervate their 
targets sooner and to regain their supply of target-derived 
neurotrophic factors, thus reducing cell death. After axotomy, 
bFGF mRNA levels increase sevenfold, the level of GAP-43 
protein significantly increases, and the upregulation of GAP-
43 is sustained through the period during which retinal axons 
reconnect with their targets in the tectum. The application of 
bFGF to the injured nerve but not to the eyeball increases 
GAP-43 mRNA levels in the retina but decreases both GAP-
43 protein levels and the number of immunopositive cell 
bodies [43]. In the tectum, bFGF application to the axotomized 
ON increases GAP-43 protein in regenerating retinal 

projections [43]. These results suggest that bFGF upregulates 
the synthesis and alters the distribution of the axonal growth-
promoting protein GAP-43, indicating that bFGF may 
promote axon regeneration. 

4.1.1.3. CXCL12/SDF-1 

 CXC chemokine ligand-12 (CXCL12), also called 
stromal-derived factor 1 (SDF-1), was first defined as a 
stimulatory factor for B-lymphocyte precursor cells [48]. It 
has recently been demonstrated that CXCL12 is a moderate 
neurite growth-promoting factor for mature RGCs, exerts 
disinhibitory effects towards myelin and facilitates axon 
regeneration in the ON [8, 49]. Furthermore, the neurite 
growth-promoting and disinhibitory effects of CXCL12 are 
blocked by a specific antagonist of its receptor, CXCR4 and 
by inhibition of the PI3K/AKT/mTOR signalling pathway 
but not the Janus kinase/Signal transducer and activator of 
transcription (JAK/STAT3) pathway [12]. Intravitreal 
application of CXCL12 sustains mTOR activity in RGCs 
upon ON injury and moderately stimulates axon regeneration 
in the ON without affecting RGC survival [37]. In addition, 
intravitreal application of CXCL12 significantly promotes 
IS-triggered axon regeneration in vivo. Co-treatment of 
RGCs with CXCL12 promotes CNTF-stimulated neurite 
growth of RGCs on myelin but not on neurocan. The promotion 
of neurite growth by CXCL12 is moderate compared to  
that induced by CNTF but is significantly stronger on myelin 
[8], suggesting that the disinhibitory effect of CXCL12 
towards myelin may facilitate ON regeneration. Promoting 
role of CXCL12 on axon regeneration is ahead and more 
comprehensively explored by using spinal cord injury (SCI) 
model. Several studies have demonstrated that CXCL12 is 
an interesting compound for regenerative medicine for its 
ability to attract different kinds of stem/progenitor cells and 
promote axon growth after SCI [50]. The CXCL12:CXCR4 
pathway regulates homing of engrafted stem cells to sites of 
tissue damage within the spinal cord [51], which improved 
recovery processes in SCI. Local infusion of SDF-1 into the 
injured spinal cord resulted in enhanced sprouting of the 
CST axons [52, 53], possibly through counteracting myelin 
inhibitors, suggesting that the ability of SDF-1 to neutralize 
myelin inhibition is highly desirable for SCI. 

4.1.2. Intrinsic Regulatory Factors for Inhibiting Axon 
Regeneration 
4.1.2.1. SOCS3 

 Suppressor of cytokine signalling 3 (SOCS3) has been 
studied as a critical negative regulatory factor in regulating 
intrinsic growth capacity of RGC neurons. Pharmacological 
inhibition of JAK by AG490 blocks CNTF-induced neurite 
outgrowth from mature RGCs in culture and significantly 
reduces the regenerative response of RGCs to IS in vivo, 
suggesting that the JAK/STAT3 pathway plays significant 
roles in initiating axonal growth [32, 54]. SOCS3, whose 
upregulation is detected in mature axotomized RGCs after IS 
[55], acts as a critical feedback suppressor of the JAK/ 
STAT3 signalling pathway through binding to JAK and/or 
specific phosphotyrosine residues on cytokine receptors and 
is crucial for tight control of the strength and duration of 
signalling in this pathway [56, 57]. Thus, elevated expression 
of SOCS3 blocks the JAK/STAT3 pathway and thereby 
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limits some of the physiological consequences of STAT3-
mediated signalling [58, 59]. Consistently, viral over- 
expression of SOCS3 in RGCs markedly compromises the 
promotion of axon growth by intravitreally applied recombinant 
CNTF [60, 61]. In addition, conditional knockout of SOCS3 
in RGCs allows regenerated axons to cross the lesion site of 
injured optic nerves and enhances the effects elicited by 
intravitreal injection of recombinant CNTF, indicating that 
SOCS3 functions as an intrinsic inhibitor for CNTF-
mediated regeneration [13, 62]. In SOCS3-deleted mice, the 
additional knockout of gp130 significantly slows axon 
regeneration, suggesting that axon regeneration induced by 
SOCS3 deletion is largely dependent on gp130-mediated 
signalling [13]. SOCS3 expression is suppressed by cAMP 
elevation [63], which may account for the ability of cAMP-
elevating drugs to enhance CNTF- and IS-induced axon 
regeneration [27, 32, 64]. SOCS3 also negatively regulates 
JAK/STAT3 pathway [65] and is regarded as a common 
target for neuronal protection and axon regeneration after 
SCI [66]. Although SOCS3 was earlier verified as a key 
negative regulator of reactive astrocytes in the healing 
process for SCI [67], researches about the effect of SOCS3 
in understanding CNS axon regeneration by SCI model is 
behind in time compared to ONI. 

4.1.2.2. PTEN 

 Phosphatase and tensin homologue (PTEN) functions as 
a negative regulator of cellular growth, as evidenced by its 
designation as a tumour suppressor gene [68, 69]. PTEN 
counteracts the activation of AKT by catalysing the 
conversion of PIP3 to PIP2 and thereby negatively regulates 
the PI3K/AKT pathway. Studies have demonstrated that 
PTEN, a key downstream target of Nedd4, plays an important 
role in regulating RGC terminal arborization in vivo [70]. 
Additionally, the genetic deletion of PTEN is reportedly 
neuroprotective and potently promotes RGC axon 
regeneration, and the stimulatory effects of PTEN deletion 
on axon growth are blocked by inhibiting mTOR [12, 62]. In 
PTEN-knockout mice, numerous sprouts grow out of the 
interrupted ON fibres and elongate to variable distances in a 
range of 0.5-4 mm in the ON; furthermore, the co-deletion of  
SOCS3 and PTEN has synergistic effects on the number and 
length of regenerating axons [12, 62]. Combining PTEN 
gene deletion with the application of zymosan, which 
induces inflammatory responses, and of cAMP permits ON 
fibres to regrow to their full length to innervate visual brain 
areas, including the dorsal lateral geniculate nucleus and 
superior colliculus. Consistently, PTEN depletion in mice in 
combination with IS allowed some axons to regenerate over 
approximately 5 mm through the whole ON and to reach 
their central targets in the brain [27]. Inflammatory 
stimulation, cAMP elevation and PTEN knockout have a 
synergistic effect on the promotion of axon regeneration, 
which is the optimal method for promoting long-distance 
regeneration of the ON [27]. 

4.2. Inhibition of Axonal Regeneration by Extracellular 
Environment 

 In addition to the intrinsic insufficiency of RGCs to 
regrow axons, the tissue microenvironment mainly composed 

of the glial scar and myelin in the ON is inhibitory to axonal 
growth, particularly at the injury site, to which the axonal 
tips are exposed, representing another obstacle for axonal 
regeneration (Fig. 2). 

4.2.1. Inflammatory Stimulation 

 After ON injury, intraocular inflammation activates 
retinal astrocytes and Müller cells, stimulating them to 
secrete multiple factors [71], including the neurotrophins 
nerve growth factor, brain-derived neurotrophic factor, 
neurotrophin 4/5, and neurotrophin 3 and cytokines such as 
IL-6, CNTF, and LIF [72]. IS can transform RGCs into a 
regenerative state, which is characterized by altered gene 
expression [73], enabling these neurons to survive after ON 
injury and to regenerate lengthy axons into the injured ON 
[1, 74]. IS can be induced by intravitreal application of toll-
like receptor 2 agonists such as Pam3Cys [14, 75], which 
induce retinal astrocytes and Müller cells to express and 
release neuroprotective and axon growth-promoting cytokines 
such as CNTF, LIF and IL-6 [32, 76]. The key role of CNTF 
and LIF in promoting the beneficial effects of IS upon injury 
has been demonstrated in experimental studies of knockout 
mice [1]. 

 IS increases the expression of neuroprotective CNTF and 
LIF in RGCs and activates their downstream signalling 
pathways, namely the JAK/STAT3 and PI3K/AKT pathways, 
in RGCs [32, 76]. IS-mediated neuroprotective and axon 
growth-promoting effects are significantly reduced by 
intravitreal injections of CNTF antibodies to neutralize the 
CNTF released from retinal glia or by the genetic knockout 
of CNTF, and all the beneficial effects of IS are absent in 
mice deficient for CNTF and LIF [76], underlining the 
essential role of these two cytokines in this context. In vitro, 
CNTF and LIF potently enhance the neurite outgrowth of 
mature RGCs in a concentration-dependent manner [34, 77]. 
These effects require activation of the JAK/STAT3 and 
PI3K/AKT signalling pathways [54, 78]. Moreover, the 
elevation of cAMP potentiates the beneficial effects of 
CNTF in vitro and in vivo [32, 34, 54, 64]. However, due to 
its short half-life, the neuroprotective and axon growth-
promoting effects of intravitreally applied recombinant 
CNTF are less pronounced than those observed after IS or 
when CNTF is continuously provided to RGCs after viral 
expression in the retina [32, 54, 79, 80]. Moreover, the 
expression of Apolipoprotein E (ApoE), which potentiates 
the biological activity of CNTF [81], is reportedly 
upregulated in Müller cells after IS, and the IS-induced 
neuroprotective and axon growth-promoting effects are 
significantly reduced in ApoE-deficient mice [82]. 

4.2.2. Glial Scarring 

 Glial cells play a prominent paradoxical role in axon 
regeneration after ON injury. Activated glial cells in the 
retina and ON generate multiple pro-regenerative neuro- 
trophic factors [32, 72], such as CNTF and LIF, contributing 
to axon regeneration. Glial cell activation also potentially 
contributes to the upregulation of SDF-1α after ONC in rats 
[49]. Additionally, a glial scar, primarily consisting of 
reactive astrocytes and microglia, represents a significant 
barrier for successful axon regeneration [83]. Inhibitory 
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extracellular matrix molecules identified in the glial scar 
include Slit-1, Tenascin-R, semaphorin 3A (sema3A), and, 
most importantly, chondroitin sulfate proteoglycans (CSPGs), 
which are the main component of the glial scar [84-90]. 
CSPGs are extracellular matrix proteoglycans that consist of 
a protein core with covalently attached glycosaminoglycan 
(GAG) side chains [91, 92]. After ON injury, CSPGs, which 
are secreted by astrocytes, neurons and oligodendrocytes, are 
strongly enriched at the glial scar, where they inhibit axon 
regenerative growth and restrict plasticity [83, 93, 94]. The 
release of CSPGs is triggered by the signalling downstream 
of various cytokines and growth factors associated with the 
process of scar formation [95]. For example, transforming 
growth factor-β, which is released into traumatic wounds by 
platelets and macrophages, induces the deposition of CSPGs 
from reactive astrocytes and fibrotic scarring [96-98]. 
Treatment with the bacterial enzyme chondroitinase ABC 
degrades the sulfated glycosaminoglycan side chains and can 
block this inhibition and enhance axon regeneration [99]. In 

addition to actively inhibiting axon growth, CSPGs can also 
transform growth-attracting proteins such as semaphorin 5A 
into repulsive cues [100] or mask growth-promoting proteins 
such as laminin [101]. Recent studies have reported that the 
transmembrane protein tyrosine phosphatase σ (PTPσ) is a 
functional receptor for CSPGs. Accordingly, neurons from 
PTPσ knockout mice displayed reduced sensitivity towards 
CSPGs in culture [102] and enhanced axonal regeneration 
beyond the glial scar in the ON [103]. Moreover, the Nogo 
receptors NgR1 and NgR3 have been proposed as additional 
receptors for CSPGs [104]. 

4.2.3. Myelin 

 Apart from triggering glial scar-derived inhibitors, 
damage to the ON environment also leads to the exposure of 
transected axons to inhibitory myelin molecules, which bind 
to their specific receptors on the axon, subsequently leading 
to destabilization of the actin cytoskeleton in filopodia and 
lamellipodia of the growth cone and thereby blocking axon 

 
Fig. (2). Extrinsic signaling pathways for axon regeneration towards optic nerve injury. Schematic drawing depicting regulatory factors and 
their downstream signaling pathways involved in extrinsic growth program in the axon regeneration following optic nerve injury. 
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regeneration [11, 105]. Inhibitory proteins of the ON myelin 
include molecules such as Nogo, myelin-associated glyco- 
protein (MAG), and oligodendrocyte-myelin glycoprotein 
(OMgp) [106, 107], which can bind with similar affinity to 
NgR despite being structurally heterogeneous [108-110]. 
NgR1, NgR2, and NgR3 are three isoforms of NgR that are 
present in neurons [111, 112]. NgR1 forms a functional 
ternary complex with the newly characterized leucine-rich 
repeat transmembrane protein LINGO-1 and members of the 
tumour necrosis factor receptor family, either p75 neuro- 
trophin receptor or TNF receptor orphan Y (TROY) [113-
116], because NgR lacks an intracellular domain and its 
downstream signalling depends on co-receptors. Recent 
studies have identified the paired immunoglobulin-like receptor 
B (PirB), a member of the leukocyte immunoglobulin 
receptor subfamily that is expressed in the ON and retina, as 
another novel functional receptor for Nogo, MAG, and OMgp 
[117, 118]. Furthermore, PirB and NgR1 are functionally 
linked and collaborate in signalling to inhibit neurite outgrowth 
[117]. The knockdown of NgR or the overexpression of a 
dominant-negative form of the receptor lacking the binding 
site to its co-receptors markedly enhances axon regeneration 
in the ON in vivo when RGCs are transformed into an active 
regenerative state after injury [119-121]. In contrast, 
expression of the dominant-negative form alone produces 
almost no improvement of axonal regeneration, implying 
that overcoming myelin inhibition alone is not sufficient to 
yield significant regeneration of the ON. However, other  
myelin-associated proteins may also contribute to axon growth 
inhibition in the injured ON. For example, oligodendrocytes 
and astrocytes express repellents [24], such as Ephrin-B3 
[122, 123], sema5A and sema4D [124, 125], and netrin-1 
[126], which prevent axons from targeting inappropriate 
areas during development and are upregulated in the adult 
ON. More recently, sulfatide, a major constituent of CNS 
myelin, has been proposed as another myelin-associated 
inhibitor of neurite outgrowth. Mice that are unable to produce 
sulfatide exhibit a small but significant enhancement of the 
extent of IS-induced regeneration of the ON [127]. 

4.2.4. Macrophages 

 In an in vitro model of transected adult rat ON, macro- 
phages have been suggested to change the nonpermissive 
environment to a permissive state supportive of regeneration 
[128]. The implantation of macrophages activated by 
incubation with peripheral nerve segments into the injured 
ON has been shown to stimulate axon regeneration and tissue 
repair [129]. Researchers have found that macrophages are 
recruited upon lens injury and elicit an 8-fold increase in 
RGC survival and a 100-fold increase in regeneration of 
RGC axons past the site of an ON injury [14, 74, 130]. 
Oncomodulin (Ocm), a low-molecular-weight (11.7 kDa) 
calcium-binding protein mainly secreted by activated 
macrophages [131], has been demonstrated to bind to a high-
affinity receptor on RGCs in a cAMP-dependent fashion and 
to stimulate extensive axon outgrowth in culture and in vivo 
[132]. When released from a slow-release polymer with a 
cAMP analogue, Ocm yields nearly as much regeneration as 
does intraocular IS; conversely, blocking the activity of Ocm 
immunologically or with an anti-Ocm neutralizing antibody 
blocks the effect of intravitreal inflammation on axon 

regeneration, although not the effect on RGC survival. The 
increase in Ocm levels that occurs shortly after inducing 
intraocular inflammation appears to be due to the influx of 
both neutrophils and macrophages into the eye [27]. When 
intraocular inflammation is combined with treatments that 
enhance regeneration by other mechanisms, many RGCs can 
regenerate axons through the glial scar and myelin at the 
injury site, with some axons extending as far as the thalamus 
[55, 119]. P1, a small peptide that competes with Ocm for 
receptor occupancy, has been shown to eliminate most of the 
regeneration induced by intraocular inflammation but cannot 
diminish the effects of PTEN deletion [131]. Some studies 
argue that CNTF mediates these effects [54], but this seems 
highly unlikely considering the loss of regeneration caused 
by blocking Ocm and considering the many studies 
indicating that CNTF exerts relatively weak axon-promoting 
effects on RGCs in vivo in the absence of intraocular 
inflammation [4, 13, 130, 133]. In addition, as protamine has 
been reported to effectively deliver small interfering RNA 
(siRNA) into cells, researchers constructed an Ocm and 
truncated protamine (tp) fusion protein (Ocm/tp) expression 
vector, which has been used as a vehicle for the delivery of 
NgR siRNA into RGCs for gene therapy. Ocm/tp-NgR 
siRNA dramatically promotes axonal growth of RGCs 
compared with the application of Ocm/tp recombinant 
protein or NgR siRNA alone, implying that the combination 
of Ocm/tp and NgR siRNA promotes axonal growth in  
RGCs. In addition, Ocm/tp-NgR siRNA strongly elevates 
intracellular cAMP levels and inhibits activation of the Ras 
homologue gene family, member A (RhoA) [134]. 

4.2.5. Neutrophils: The Immune Response 

 Neutrophils are the primary responders of the innate 
immune system and are activated by injury [135]. Neural 
injury activates an inflammatory response that can 
profoundly influence the neurological outcome [136]. RGCs 
are normally unable to regenerate their axons following ON 
injury but become able to do so after the induction of an 
inflammatory reaction in the eye [130, 137]. Inflammation 
leads to a dramatic increase in the expression of Ocm, which 
plays a key role in inflammation-induced regeneration, as 
described above [27, 131, 132]. Numerous neutrophils are 
recruited into the eye by 12 h after zymosan injection, and 
they express high levels of Ocm mRNA and protein. The 
immunodepletion of neutrophils decreases Ocm levels in the 
retina and, most importantly, suppresses axon regeneration. 
The sharp reduction in regeneration observed after neutrophil 
depletion suggests that other cell types cannot induce 
extensive regeneration by themselves. It is possible, 
however, that neutrophils normally stimulate other cells to 
release relevant growth factors or that the loss of neutrophils 
affects the subsequent inflammatory chain of events [138]. 

4.2.6. Signalling Pathways Involved in the Extracellular 
Environment: The RhoA/ROCK Pathway 

 Intracellular signalling pathways downstream of myelin 
inhibitors as well as molecules associated with the inhibitory 
glial scar converge on the activation of the RhoA/rho-
associated protein kinase (RhoA/ROCK)-pathway, leading to 
actin depolymerization via LIM kinase and cofilin 
stimulation, thereby ultimately inducing immobility and/or 
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collapse of the growth cone [139-141]. It might, therefore, be 
more efficient to target the axon growth inhibitory signalling 
cascade at the level of RhoA and/or ROCK rather than  
to directly neutralize molecules or receptors. ADP 
ribosyltransferase C3 is a bacterial protein that efficiently 
and irreversibly inactivates RhoA. Treatment of primary 
retinal neurons with C3 protein reverses the inhibitory 
effects of myelin and MAG [142]. Application of C3 at the 
injury site of the ON or intravitreal injection of a cell-
permeable version of C3 leads to RGC axons crossing the 
lesion site and growing into the distal nerve segment [142, 
143]. Furthermore, viral expression of C3 in RGCs enables 
axons to regenerate in the distal part of the injured ON and 
further enhances the extent of axon regeneration after lens 
injury [55]. Similarly, treatment of RGCs with specific 
inhibitors for ROCK overcomes myelin and CSPG inhibition 
in vitro and allows axons to regenerate beyond the lesion site 
of the ON in vivo [141, 144]. 

4.2.7. Guidance Cues 

 Numerous axon misguidance events block RGC axons 
from extending into the brain and eventually to their 
corresponding targets during ON regeneration after injury. 
Some fibres have even been observed in the contralateral 
ON, making multiple turns, growing towards the contralateral 
retina [25], or blocking complete axonal regeneration in  
the visual system of adult mice, indicating that axon 
guidance cues affect ON axon regeneration [24]. Consistently, 
regenerative axonal growth induced by overexpressing 
STAT3 or CNTF is characterized by irregular axonal 
trajectories, such as kinks, which are frequent, and by 
approximately 40% of the axons showing U-turns, in which 
the growing axon extends back towards the lesion site [23, 
30]. Mice with the co-deletion of PTEN and SOCS3 mice 
have produced similar observations: more than half of the 
few regenerating axons crossing the optic chiasm join the 
ipsilateral optic tract and terminate in the ventral part of the 
hypothalamus [24, 25]. Studies have demonstrated two 
unexpected observations for regenerating fibres in the 
injured ON axon in 3D by light sheet microscopy: the return 
of many regrowing fibres towards the lesion site/retina in the 
ON and pronounced axonal misrouting at the optic chiasm 
[24, 25, 30]. These results suggest that the role of guidance 
cues for correct crossing is significant for ON axon 
regeneration and must be recognized as such. 

 Several members of the guidance molecule families, 
including netrins, slits, semaphorins, and ephrins, are 
expressed throughout adulthood in the CNS, and their roles 
in ON regeneration are only beginning to be illuminated 
[145, 146]. Guidance cues are not only involved in the 
axonal response but have also been shown to affect the 
responses of glial cells and the immune system after ON 
injury [145, 147]. While most classes of guidance cues can 
act bimodally, mediating attraction or repulsion dependent 
upon downstream signalling mechanisms, the response of 
injured axons to ephrins and semaphorins has been largely 
one of repulsion after injury [145, 146]. 

 Sema3A, whose receptors are neuropilin 1 (NRP-1) and 
plexinA1 [148], is a strong axonal chemorepellent that induces 
growth cone collapse and inhibits axonal regeneration after 

ON injury [149]. Semaphorin induced chemorepulsion inhibitor 
(SICHI), a stable N-alkylglycine peptoid, specifically 
interferes with sema3A binding to the NRP-1/plexinA1 
receptor complex and blocks sema3A-induced biological 
functions by blocking GSK-3 activation [150] in both the 
developing and the adult brain, and SICHI application 
enhances the regeneration of lesioned axons [149]. Moreover, 
the biological activity of SICHI is specific to sema3A 
because this compound does not affect chemorepulsion 
induced by sema3F or netrin-1. Like SICHI, SM-2162689 
(xanthofulvin) appears to be fairly specific for sema3A 
signalling; it inhibits binding of sema3A to NRP-1 and 
plexinA1 and promotes axonal regeneration [89, 149, 151]. 

 The transmembrane semaphorin sema4D, whose receptor 
is plexinB1, is expressed selectively by oligodendrocytes and 
myelin in the adult CNS and is upregulated in oligodendrocytes 
after ON injury. Sema4D/plexinB1 signalling inactivates 
PI3K and dephosphorylates Akt and GSK-3β through R-Ras 
GAP activity, triggering growth cone collapse and blocking 
axonal regeneration [152, 153]. EphB3, a transmembrane 
member of the EphB axon guidance molecule subfamily, 
reappears in the adult ON after injury, coincident with RGC 
axon sprouting and remodeling. In vitro assays demonstrate 
that adult RGC axon growth is stimulated by EphB3, and 
RGC axons in animals with reduced or absent EphB3 
function have dramatically decreased axonal regeneration 
after ON injury [154]. EphrinB3/EphA4, a single guidance 
system, is required for the guidance of both ascending and 
descending axon tracts [155]. The effect of EphrinB3/EphA4 
on ON regeneration remains unclear and merits further 
exploration. Sema5A, found on neuroepithelial cells 
surrounding the retinal axons, has been shown to induce 
growth cone collapse, and the application of antibodies 
against sema5A induces retinal axons to escape from the ON 
bundle [156]. 

 It is currently unclear whether and to what extent these 
guidance cues present in the injured ON contribute to 
aberrant axon trajectories shown in the adult ON. In 
addition, ROCK is an important mediator of many repulsive 
molecules, including ephrins [157, 158]. Inhibiting ROCK 
with a pharmacological blocker (Y27632) leads to longer 
regenerating axons, straighter fibre morphology, and a large 
reduction in the number of U-turns [30]. Ideally, controlling 
the enhancement of intrinsic growth ability and moderately 
overcoming the extrinsic inhibitory environment, in 
combination with correct guidance by axon guidance  
cues, will be necessary to ensure successful long-distance 
regeneration of adult ON axons. 

 Target finding and circuit formation for sprouting and 
regenerating fibers may be different in the optic nerve from 
other parts of the CNS [24]. In the spinal cord, for example, 
growing fibers have access to neuronal circuits in their 
immediate vicinity in the grey matter. Connections of 
regenerating axons to spinal circuits below a lesion have 
been shown to form even if the path of regeneration is 
anatomically abnormal. In addition, detour pathways can be 
formed, for example, via propriospinal neurons [159, 160]. 
Anatomical and biochemical plasticity, increased levels of 
neurotrophic factors [161] and decreased inflammation are 
positive features of spinal cord [162], which is not in line 
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with optic nerve. Such features could explain why functional 
recoveries have been frequently and reproducibly observed 
with several different regeneration enhancing treatments in 
partial spinal cord lesion paradigms, whereas they are much 
more difficult to obtain in the visual system, where 
regeneration over long distances and reconnection to specific 
targets are required. 

CONCLUSION 

 Axonal injury in the mammalian ON causes irreversible 
damage and functional loss of vision due to the limited 
capacity for axon regeneration, and to date, no clinical 
treatment has been markedly effective for patients. Recent 
studies on ON regeneration have shed light on a significant 
and, as of yet, neglected hurdle of axon regeneration: axon 
guidance. As summarized in this review, barriers to axon 
regeneration in the injured ON are attributable to various 
factors involved in intrinsic insufficiency for axonal growth, 
inhibitory signalling in the axonal growth cone induced by 
molecules associated with myelin and glial scarring, and 
guidance cues for correct axon navigation. Combinatorial 
treatments have been shown to yield stronger regeneration 
than individual treatments, supporting the possibility that in 
order to further optimize treatments to enhance the number 
and length of regenerating axons, strategies must be developed 
to guide and reconnect axons to their former targets in a 
topographically correct manner. Greater insight into the 
combination of treatments geared towards overcoming 
growth-inhibitory molecules and enhancing intrinsic growth 
capacity combined with correct guidance using axon 
guidance cues is crucial for developing promising therapies 
to promote axon regeneration and functional recovery after 
ON injury. 
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