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The age factor in axonal repair after spinal cord injury: a focus 
on neuron-intrinsic mechanisms

Cédric G. Geoffroy1,*, Jessica M. Meves1, and Binhai Zheng1,*

1Department of Neurosciences, University of California at San Diego, School of Medicine, La 
Jolla, California 92093-0691, USA

Abstract

Age is an important consideration for recovery and repair after spinal cord injury. Spinal cord 

injury is increasingly affecting the middle-aged and aging populations. Despite rapid progress in 

research to promote axonal regeneration and repair, our understanding of how age can modulate 

this repair is rather limited. In this review, we discuss the literature supporting the notion of an 

age-dependent decline in axonal growth after central nervous system (CNS) injury. While both 

neuron-intrinsic and extrinsic factors are involved in the control of axon growth after injury, here 

we focus on possible intrinsic mechanisms for this age-dependent decline.
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Introduction

Age is an important factor for spinal cord injury (SCI) and repair. SCI is increasingly 

inflicted in the middle aged and aging populations [21, 90]. The average age of incidence for 

SCI has risen substantially in recent years, from ~29 in the 1970s to ~42 since 2010 in the 

United States (National Spinal Cord Injury Statistical Center), partly due to an increasingly 

active older population. In a census study initiated by the Christopher and Dana Reeve 

Foundation, the average age of people in the United States who reported being paralyzed due 

to a SCI is now at ~48, with the peak age group of 40–49 followed closely by the 50–59 age 

group (Fig. 1). Together, the 40 and above age groups represent about 75% of all people 

with a paralyzing SCI. Thus, whereas SCI used to preferentially affect young individuals, 

today this condition most widely impacts older individuals and especially the middle-aged 

group. These changing demographics call for a critical need to better understand how age 

and aging impact recovery and repair after SCI.
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The field of SCI has certainly recognized the importance of age in both the basic and clinical 

arenas [24, 30, 38–40, 101]. However, our understanding of how age and aging impact repair 

and recovery after SCI is still rather limited. In particular, despite the critical importance of 

axon regeneration in central nervous system (CNS) repair and the rapid progress in 

understanding its molecular regulation [6, 9, 11, 61, 64, 73, 74, 80, 84, 89, 91, 93], a major 

gap exists in our knowledge of how age impacts CNS axon regeneration. This is in large part 

due to the fact that CNS axons even in young adult mammals have a very limited natural 

ability to regenerate after injury. Meanwhile, most of the studies in the field use young 

animals as the model system, corresponding at best to teenagers/young adults in humans. It 

is understandable that studying how aging impacts spinal cord repair can be intimidating: it 

is extremely time and resource consuming, and experimental manipulations may be less 

likely to have a detectable effect relative to experiments performed in young animals.

As this dichotomy in age between human spinal cord injury populations and experimental 

animal models will inevitably impede translational efforts for restorative therapies, it is of 

special importance to better understand the impact age has on spinal cord repair. A parallel 

can be drawn in the field of stroke research, where age has been recognized as an important 

variable in translating basic research findings into clinical practice [31]. In this review, we 

will discuss the evidence for an age-dependent decline in axon growth after CNS injury. 

Although both neuron-intrinsic and -extrinsic factors are likely to play significant roles in 

this age-dependent decline, here we focus on potential neuron-intrinsic mechanisms as the 

first step to start a discourse on this important topic.

Age-dependent decline in axon growth after injury in diverse systems

In model organisms, axon regeneration has been reported to decline with age. In aging 

zebrafish, axon regeneration occurs at a reduced speed with an increased latency, both of 

which were tentatively attributed to factors intrinsic to the neurons [37]. Similarly, in C. 
elegans, efficiency of axon regeneration declines with age, and intra-neuronal mechanisms 

seem to be at play [13]. An important question in the relationship between aging and axon 

regeneration is whether molecular pathways involved in lifespan and organismal aging also 

play a significant role in aging-associated alterations in regeneration. Indeed, worms 

deficient in the insulin/IGF1 (insulin-like growth factor 1) receptor DAF-2, which have an 

increased lifespan, exhibit enhanced regeneration in aged but not young adults [13]. These 

effects require the activity of the downstream forkhead transcription factor DAF-16/FOXO. 

However, DAF-16 appears to regulate axon regeneration independently of its role in lifespan 

as it is required in different cell/tissue types for these two functions. On the other hand, 

DAF-18/PTEN inhibits regeneration in both young and old worms via the TOR pathway 

independently of age. Unlike in organismal aging, the DAF-2/DAF-16 pathway does not 

appear to cross-talk with DAF-18/TOR in regulating age-dependent regeneration. These 

complex relationships, which remain to be fully elucidated, indicate that the molecular 

pathways involved in organismal aging can regulate axon regeneration in aging adults, but 

the same molecular machinery can regulate lifespan and regeneration independently.

In the mammalian peripheral nervous system (PNS), where axons regenerate robustly 

compared to in the CNS, an age-dependent decline in regeneration has been known for over 
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30 years [83, 99, 100]. There has been a debate on whether this age-dependent decline is 

mediated by neuron-intrinsic or extrinsic mechanisms [32, 53, 57]. Recent evidence from in 

vivo imaging and reciprocal nerve graft experiments between young and old animals 

implicates a neuron-extrinsic mechanism in which Schwann cells have a reduced ability to 

clear up axon and myelin debris in aging adults, thus impeding regeneration [51, 79]. 

However, the molecular underpinnings for the proposed extrinsic mechanism have not been 

identified and it remains possible that manipulating neuron-intrinsic factors may alleviate 

this age-dependent decline in PNS regeneration.

In experimental models of mammalian spinal cord injury, relatively few studies have 

assessed the relationship between age and various outcome measures. Aging reduces 

locomotor recovery after SCI and is linked to changes in inflammation and myelination [33, 

40, 55, 88]. Even fewer studies have examined the effect of age or aging on axon growth 

after injury. Obviously, since CNS axons have a very limited natural ability to regenerate, it 

would be difficult, if not impossible, to detect a further reduction in regeneration at an 

increased age. One study reported that aging impacts axon growth in a tract-specific manner, 

reducing sprouting of the corticospinal tract (CST), serotonergic (5-HT), raphespinal and 

catecholaminergic (TH) coerulospinal tracts rostral to the injury site, while the regenerative 

growth of 5-HT, TH and calcitonin gene-related peptide positive (CGRP+) sensory axons 

into the lesion site is not impaired by aging [47]. However, this study did not examine true 

axon regeneration beyond a lesion site.

The recent identification of neuron-intrinsic factors whose manipulation reproducibly 

promotes axon regeneration in the CNS [64] makes it now possible to address the impact 

that age has on CNS axon regeneration. One of the most effective targets to promote 

regeneration to date is the PTEN/mTOR pathway. PTEN (phosphatase and tensin homolog) 

is a negative regulator of the mTOR (mammalian target of rapamycin) signaling pathway 

[66]. mTOR activity undergoes developmental decline and is further down-regulated after 

axonal injury in CST neurons [61]. PTEN deletion in young animals prevents axotomy-

induced reduction of mTOR activity and promotes the regeneration of retinal ganglion and 

CST axons after injury [35, 61, 80].

In collaboration with Dr. Wolfram Tetzlaff’s lab at the University of British Columbia, we 

have examined the effect of age on CST and rubrospinal tract (RST) axon regeneration 

induced by PTEN deletion [34]. Somewhat surprisingly, as in young mice, PTEN deletion in 

older mice (12–18 month old for the CST study and 7–8 month old for the RST study) 

remains effective in preventing axotomy-induced decline in neuron-intrinsic growth state, as 

assessed by phospho-S6 (p-S6) immunoreactivity (an indicator of mTOR activity, but see 

below), neuronal soma size and axonal growth proximal to a spinal cord injury. However, 

axonal regeneration distal to the injury is greatly diminished in both the CST (Fig. 2) and the 

RST. This decrease in regeneration is accompanied by increased expression of astroglial and 

inflammatory markers at the injury site such as GFAP and CD68, suggesting neuron-

extrinsic mechanisms underlying the age-dependent decline. In essence, PTEN deletion 

unmasked an age-dependent decline in axon regeneration in the adult mammalian CNS. Two 

research teams, each working on a different experimental system (the CST in the Zheng lab 

and the RST in the Tetzlaff lab), reached the same conclusion, supporting the general 
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applicability of this finding [34]. Thus, just as in model organisms and the mammalian PNS, 

the mammalian CNS also exhibits an age-dependent decline in axon regeneration after 

injury.

While our study [34] implicated the importance of neuron-extrinsic mechanisms for the age-

dependent decline in CNS regeneration, the molecular pathways involved are not known. 

More importantly, the involvement of neuron-intrinsic factors cannot be excluded for several 

reasons: 1) An enhanced sensitivity to extrinsic inhibitory cues can manifest itself as 

increased extrinsic inhibition, e.g. by changes in receptor compositions and/or 

concentrations at the neuronal or axonal surface, which are neuron intrinsic in nature; 2) 

There are likely changes in other aspects of neuron-intrinsic growth state in aging neurons 

that we did not examine in our published study; 3) Even if extrinsic influence were the 

dominant force in the age-dependent decline in CNS regeneration, manipulating other 

neuron-intrinsic pathways in combination with PTEN deletion may still reverse at least some 

of the age-dependent decline in regeneration.

In a study examining CST regeneration in a chronic injury, Du et al. compared PTEN 
deletion at 1 month and 12 months after thoracic crush injury in 8-week old young mice 

[25]. The authors found that while deleting PTEN one month after injury (gene deletion at 

~12 weeks of age) promoted CST regeneration as assessed 4 months later, very little 

regeneration was observed at the same time point after gene deletion when PTEN deletion 

was performed 12 months after injury (i.e., at the age of ~14 months). Interestingly, 

however, regeneration was observed in the chronic injury model if they assessed 

regeneration 7 months after PTEN deletion. This result indicates that CST regeneration in 

older animals is still possible after PTEN deletion but either the speed of regeneration is 

reduced or the latency between axotomy and the initiation of regeneration is increased, both 

of which are consistent with diminished regeneration. However, in this study it is not clear 

whether the diminished regeneration was due to the greater amount of time between injury 

and PTEN deletion or simply the advanced age. Indeed, this study illustrates the complexity 

associated with age when studying the effects of chronic injury in axonal repair after CNS 

injury with rodent models. Future studies need to take into consideration this complexity in 

order to tease out the effects of chronic injury versus age.

Together, the studies discussed above indicate that an age-dependent decline in axon 

regeneration exists in C. elegans, and in both the mammalian PNS and CNS. While either 

neuron-intrinsic or extrinsic mechanisms have been emphasized in different experimental 

systems, neither could be excluded. Without a careful exploration of both intrinsic and 

extrinsic mechanisms, we may miss important opportunities to counteract this age-

dependent decline. Below we focus on one aspect, the intrinsic aspect, and will consider 

extrinsic influences elsewhere.

Candidate neuron-intrinsic signaling pathways in the age-dependent 

decline

As discussed above, PTEN deletion has recently been used to create an enhanced axonal 

growth state in order to demonstrate an age-dependent decline in CNS regeneration after 
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SCI [34]. This reduced regeneration in older mice may be due to a slower speed of 

regeneration or a prolonged latency between axonal injury and regeneration [25], although 

this remains to be firmly established. Regardless, regeneration is diminished in older mice 

with PTEN deletion. While changes in neuron-extrinsic factors likely contribute to this 

phenomenon, manipulating neuron-intrinsic pathways may also counteract this age-

dependent decline. Here we discuss relevant literature and speculate on signaling pathways 

that may be involved in such mechanisms, focusing on neuron-intrinsic regulators (Fig. 3 

and Fig. 4).

1. Components of the PTEN/mTOR signaling pathway

We previously demonstrated that PTEN deletion in older animals remains effective in 

elevating p-S6 levels and neuronal soma size [34]. However, other aspects of PTEN-mTOR 

signaling may be compromised in older animals that could still contribute to the age-

dependent decline in regeneration, a hypothesis that has not yet been tested. After PTEN 
deletion, mammalian target of rapamycin complex 1 (mTORC1) is activated via Akt, leading 

to both the activation of ribosomal protein S6 kinase 1 (S6K1) and the inhibition of the 

eukaryotic translation initiation factor 4E-binding protein (4E-BP). Although PTEN deletion 

in aged animals may activate S6K1 to a level similar to that in young animals [34], a recent 

study indicates that at least in the optic nerve, inhibition of 4E-BP is also required for PTEN 
deletion-induced axon regeneration [107]. Therefore, it remains possible that 4E-BP is still 

active in old mice with PTEN deletion, thereby reducing the effect of S6K1. It would be 

interesting to assess the expression pattern and activity of 4E-BP in old animals after PTEN 
deletion and determine its role in the age-dependent decline in regeneration.

A second downstream effector of PTEN is mTORC2. Only recently has its role in 

regeneration been studied [70]. Miao et al. elegantly demonstrated the complexity of the 

PTEN-mTORC1-mTORC2 balance in controlling axon regeneration in the optic nerve, with 

Akt as the central point. They found that mTORC2 inhibits regeneration by inhibiting the 

inactivating phosphorylation of Glycogen Synthase Kinase 3 beta (GSK3β). GSK3β 
phosphorylation has been suggested to promote peripheral axons regeneration [87, 109]. 

Additionally, inactivation of the GSK3β-CRMP-2 pathway in dorsal root ganglion (DRG) 

neurons enhances axon regeneration via increasing microtubule dynamics in the growth cone 

[63]. Intriguingly, a decrease in p-Akt and p-GSK3β in the hippocampus has been reported 

in aged mice [78]. One interesting theory to test would be that in aged animals, a decrease of 

p-GSK3β results in regeneration decline, counterbalancing the regenerative effect of S6K1 

activation following PTEN deletion.

2. IGF signaling

Among the intrinsic pathways, insulin/IGF signaling is unusual because of evidence for its 

apparently contradictory roles in axon growth in the developing versus aging nervous 

system. In the developing CNS, IGF-1 promotes CST axon growth, although IGF-1 delivery 

in adult rodents does not promote CST regeneration, likely because of the lack of IGF-

receptor expression in axons [2, 44]. Indeed, re-expression and activation of the IGF-1 

receptor is required for axon regeneration in adult retinal ganglion cells in vitro [26]. As 

discussed above, IGF-1-recepor DAF2 in C. elegans has been implicated in an age-
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dependent decline in axon regeneration, via daf-16/FOXO [13]. This mechanism is 

independent of PTEN and mTOR. If this finding can be extrapolated to the mammalian 

CNS, IGF signaling would be expected to inhibit axon regeneration in aged mice. In 

mammals, Akt directly inhibits activity of FOXO and FOXO can also inhibit mTORC1 [17, 

42]. It is noteworthy that IGF-1/IGF-1-R also acts, through Akt, on mTOR and GSK3-β 
activity [85]. Interestingly, IGF-1/IGF-1-R signaling is altered in the aging mammalian 

CNS, and has been linked to aging-related dysfunction such as memory impairment, 

cognitive dysfunction and synaptic dysfunction [20, 92]. Altogether, these data suggest a 

role of IGF-1/IGF-1-R in axon regeneration at an advanced age and it remains to be seen 

whether this signaling pathway promotes or inhibits axon regeneration in old mammals.

3. SOCS3/STAT3

SOCS3 has recently been identified as another neuron-intrinsic inhibitor of axon growth in 

the mammalian CNS [91]. Deleting SOCS3 increases axon regeneration and sprouting via 

promoting STAT3 activity. Interestingly, PTEN and SOCS3 co-deletion synergistically 

increase optic nerve regeneration and CST sprouting, at least in young animals [49, 93]. In 

the PNS, STAT3 deletion decreases regeneration and STAT3 over-expression promotes axon 

growth [5]. Intriguingly, STAT3 expression level is specifically decreased in mature and 

aging brains [19] and STAT3 phosphorylation is decreased in hippocampal neurons of mice 

modeling Alzheimer’s disease and patients with the disease [18]. Moreover, STAT3 is 

activated by IGF-1 signaling [111] and, in addition, PTEN/SOCS3 co-deletion increases 

IGF-1 expression [93]. Finally, STAT3 is inhibited by FOXO [76]. Altogether, these data 

support SOCS3/STAT3 signaling as an attractive target to dissect the relationship between 

axon growth and aging in SCI paradigms.

4. KLF

The Krüppel-like factors have been identified in retinal ganglion cells (RGCs) as mediators 

of a developmental stage-dependent decline in axonal growth [36, 73]. KLF-4 was identified 

via an in vitro screen as a repressor of axon growth and KLF-7 as an activator, which in an 

artificially activated form promotes CST regeneration and sprouting [9, 73]. In that same 

screen, another KLF member, KLF-1, was also found to inhibit axon growth at a level 

similar to KLF-4 [73]. This inhibitory effect of KLF-1 was recently confirmed in C. elegans 
[75]. Intriguingly, KLF-1 was recently implicated in lifespan and longevity in C. elegans 
[15]. Indeed, knockdown of KLF-1 suppresses the extended lifespan induced by dietary 

restriction whereas its overexpression in the intestine is sufficient to extend the lifespan of 

wild-type animals. It is not known if these findings apply to mammals. Finally, in the cancer 

field, KLFs have been associated with p53 and IGF-1 signaling [7, 108]. It will be 

interesting to address the relation between KLFs, axon growth and aging in the CNS.

5. Wnt signaling

Wnt/Ryk is another attractive target to promote axon growth after SCI. Indeed, Wnt has been 

shown to inhibit axon regeneration and its blockade to promote CST growth and plasticity 

[45, 62]. Although an extrinsic molecule, its intracellular signaling pathways may be 

implicated in the effect of age on axon regeneration. Indeed, one downstream effector of 

Wnt signaling is GSK3-β (discussed above as part of the PTEN signaling pathway)[104]. 
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This is interesting, as Wnt signaling has previously been linked to aging. Indeed, Wnt 

signaling is increased during aging, and plays a central role in tissue-specific stem cell aging 

and age-related increases in tissue fibrosis [10]. In an accelerated mouse model of aging, 

increased Wnt activity induces senescence [60]. Interestingly, Ryk has been shown to 

repress activity of the longevity-promoting factor FOXO in C. elegans, which is involved in 

axon regeneration through the IGF-1 signaling pathway [13, 28, 96]. Altogether, these data 

would suggest that inhibition of the Wnt/Ryk pathway may be beneficial in promoting axon 

growth in aging mice. However, contradictory results are found in the literature. Indeed, 

some studies reported a decrease in Wnt/β-catenin signaling in hippocampal cells of aged 

rats, which may be involved in a decline of neurogenesis with age [77, 78]. Additionally, 

Wnt deficiency is associated with another age-associated disease, Alzheimer disease [14]. 

Therefore, Wnts may have divergent, yet unexplored, roles in axonal responses to injury in 

the aging CNS [67].

6. p53

Another strong candidate in mediating the age-dependent regeneration decline is the tumor 

suppressor p53, as it has been implicated in both axon regeneration and the aging process. 

Indeed, p53 is required for neurite outgrowth and axonal regeneration in the CNS [22, 23]. 

Additionally, the role of p53 in aging is well established and documented [86]. Interestingly, 

in cancer and aging, p53 is linked to IGF-1 and mTOR pathways [29, 58]. Not only does p53 

down-regulate IGF-1, but IGF-1 can also mediate p53 activation [97]. Recently, Di 

Giovanni’s group identified IGF-1-R as a key player in mediating the regenerative effect of 

p53, as its activity and expression was found to be required for axon growth [50]. 

Altogether, these studies suggest a complex relationship between p53, IGF-1 and mTOR in 

controlling the decline of axon regeneration in aged animals that remains to be explored.

7. Effects of miRNA

Literature on the roles of miRNA is quickly expanding and evolving in many fields, 

including neuroscience [27, 52, 54]. In neurons, several miRNAs have been associated with 

axon growth and regeneration [41, 46, 59]. miRNAs have been associated with axon 

regeneration via controlling the PTEN pathway [110], GSK3β inhibition [48] and even Wnt 

signaling [103]. The roles of miRNAs can be complex as some have been implicated in 

modulating astrogliosis [8] and others in angiogenesis [98]. Intriguingly, it has been 

suggested that miRNAs are involved in the developmental decline in neuronal regeneration 

in C. elegans [112]. The authors demonstrated that the balance between the miRNA let-7 
and its target lin-41 contributes to the decrease in axon regeneration in older neurons. 

Interestingly, in pancreatic cancer cells, let-7 can enhance SOCS3 expression, leading to a 

blockage of STAT3 activation [81]. It will be interesting to determine whether miRNAs play 

a part in regulating axon growth in aging.

Other neuron-intrinsic considerations

In addition to the specific neuron-intrinsic molecular species and pathways listed above, 

other neuron-intrinsic properties may influence axon regeneration specifically in aging 

adults (Fig. 3).
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1. Neuronal viscosity

In aging zebrafish, not only do axons regenerate slower but there is also an increase in the 

latency to regenerate [37]. In the aging mammalian PNS slower regeneration is also 

observed and has been linked to an increased viscosity (stiffness) of aged axons, which are 3 

times intrinsically stiffer than neonatal axons [56]. Generally speaking, axon stiffness 

correlates with increased neurofilament expression and decreased tubulin expression. The 

converse of this state, i.e. decreased neurofilament expression and increased tubulin 

expression, is associated with growth during development or regeneration [43]. It is possible 

that the increase of stiffness in aged axons results from an increased stability of 

neurofilaments or reduced microtubule dynamics. Indeed, levels of neurofilaments and 

tubulins are altered in aging pyramidal neurons, with microtubule density and assembly 

decreasing with aging [16, 102]. Changes associated with aging in the relative composition 

of these proteins and in their assembly/disassembly may explain, at least in part, the slower 

regeneration observed in different models of axon injury and even after genetic manipulation 

of PTEN after SCI in mammals. This also highlights that, no matter how much the 

regenerative system is boosted by the intrinsic manipulations proposed above, the bottleneck 

may still be the physical limitation of aged neurons for growing. It would be interesting to 

test whether drugs modifying microtubule dynamics result in a modification in axon growth 

in aged animals.

2. Changes in axonal transport

Axonal transport is essential for the regeneration process, as it brings supplies necessary for 

growth to the axon tips, including organelles, cytoskeletal proteins and other necessary 

components. Speed of regeneration has been shown to depend on the rate of the slow 

component of anterograde transport in DRG neurons [105]. More recently, pre-conditioning 

lesion in the PNS, known to induce axon regeneration, has been linked to an increase in 

axon transport [68]. Perhaps not surprisingly, axonal transport has been reported to decline 

with age. In the optic nerve and sciatic nerve, the rate of slow anterograde transport declines 

with age [69, 95]. Similarly, fast axonal trafficking declines with age in both the PNS and 

CNS [71]. Nonetheless, PNS axon regeneration in aged mice can occur, albeit slower than in 

young animals, and has been linked to changes in axonal transport rate [71]. Fawcett and 

colleagues recently showed that axonal transport of growth-promoting, transmembrane 

integrins is both age and neuron-type dependent [1]. Although this study focused on the 

comparison between the postnatal and adult stages rather than different ages in adulthood, it 

provides an interesting example that differential transport of specific proteins can be 

involved in the age-dependent decline in regeneration. In addition to protein and vesicular 

transport, mitochondrial trafficking is also altered with aging. This is interesting because an 

increase in anterograde transport of mitochondria accompanies axon regeneration after PNS 

injury [72] and there is an age-related decline in mitochondrial transport in both the PNS and 

the CNS [71, 94]. Thus, one interesting hypothesis for future studies is that an age-

dependent decline in axonal transport is responsible, at least in part, for the decline in axon 

regeneration.
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3. Free radical theory and mitochondria activity

Free radical formation (including reactive oxygen species, or ROS, and reactive nitrogen 

species, or RNS) and oxidative damage after CNS injury have been extensively described 

and have been proposed to be key mediators of the pathophysiology in acute and secondary 

injury response [3]. Several antioxidant therapies are currently in pre-clinical and clinical 

trials after SCI [3]. In the aging field, the free radical theory is one of the main theories 

advanced to explain the biological process of aging [4]. In this model, mitochondria, a 

primary target of free radicals, exhibit a decrease in activity with aging [82]. Interestingly, 

after SCI, mitochondrial dysfunction is worsened by oxidative damage, which activates 

proteases and the degradation of cytoskeletal proteins [106]. Therefore, the combination of 

aging and injury could exacerbate mitochondrial malfunction, leading to a further reduction 

of regeneration in aging individuals. Indeed, an increase in oxidative-related mechanisms 

has been reported after SCI in aged rats [33]. Additionally, mitochondria dysfunction results 

in a decrease of ATP production. A likely connection could be that this decrease in energy 

production in aged cells directly impacts axon growth. Recently, it has been shown that 

enhancing mitochondrial activity via STAT3 activation increases axon growth in the CNS 

[65]. How free radicals, mitochondrial activity and aging are related in modulating the age-

dependent decline in axon growth remains to be better understood. Finally, it is noteworthy 

that other mechanisms in addition to the mitochondrial free radical theory of aging may play 

a role in the decrease of mitochondrial activity. Indeed, mTOR, IGF-1 and p53 signaling 

have recently been linked to changes in mitochondrial metabolism and aging [12, 82].

Conclusion

It is well accepted in several model organisms and the mammalian PNS that age negatively 

impacts axon regeneration after injury. This observation has now been extended to the 

mammalian CNS. Our knowledge of the age-dependent decline in axon regeneration in the 

context of spinal cord injury is rather limited, although testable hypotheses exist. As the 

average age of incidence of SCI and the average age of people living with a paralyzing SCI 

are increasing, there is a strong need to better understand the molecular and cellular players 

involved in the age-dependent hurdle for axonal repair. The spinal cord injury field can learn 

from the experience of the stroke field, where a mismatch in age between human patients 

and animal models has been recognized as an important barrier to the successful clinical 

translation of research findings. The relationship between age/aging and axon growth is 

complicated and multifactorial. Indeed, differences in a multitude of signaling pathways, 

cytoskeleton composition, axonal transport, mitochondrial activity and oxidative stress are 

likely at play. Furthermore, while this review focuses on neuron-intrinsic factors, it is 

noteworthy that extrinsic cues are also at play, including but not limited to, changes in the 

glial and fibrotic scar, inflammation, growth factor expression and extra-cellular matrix 

components.
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Figure 1. Spinal Cord Injury and Age
A: Average Age of Incidence for SCI increased from ~29 in the 1970s to ~42 since 2010 in 

the US (from National Spinal Cord Injury Statistical Center); B–C: Age distribution for 

people who live with a paralyzing spinal cord injury in the US. (Adapted From One Degree 
of Separation, 2009, Christopher and Dana Reeve Foundation).
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Figure 2. Age-dependent decline in axon regeneration after spinal cord injury
Age at the time of PTEN deletion influences axon regeneration of the CST 6 weeks after T8 

dorsal hemisection. In 12-month old WT animals (B) few CST axons are found at close 

proximity of the injury, similar to young WT animals (A). After PTEN deletion (C–D), a 

high number of CST axons grow rostral to the lesion all the way to the injury border, 

independently of the age PTEN deletion occurs. However, only animals with PTEN deleted 

at a young age (C) present strong regeneration caudal to the lesion site (Adapted from 

Geoffroy et al. 2016).
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Figure 3. Neuronal intrinsic changes occurring with age
Diagram of known or speculated intrinsic changes occurring with aging in neurons that may 

contribute to the age-dependent decline in axon growth. These changes include, but are not 

limited to, differences in signaling pathways, cytoskeleton composition, axonal transport and 

mitochondria activity.
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Figure 4. Schematic representation of possible molecular pathways involved in the age-
dependent regeneration decline
Simplified diagram of molecular pathways known or speculated to alter with aging, and 

potential interactions between them.
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