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Are mitochondria the key to reduce 
the age-dependent decline in axon 
growth after spinal cord injury?

Spinal cord injury (SCI) is a debilitating condition 
result ing in varying degrees of functional 
impairment and exhibits only limited repair. 
Currently there is no cure for SCI, and no proven 
treatment to promote restoration of function. 
One area that has received extensive attention, 
with the goal of promoting functional recovery, 
is promoting axonal regeneration and growth 
in the injured cord. However, one factor that 
is likely to impede the translation of promising 
restorative therapies from the bench to the clinic 
is the lack of consideration of the aging factor in 
SCI research and its impact on axon regeneration 
in particular. In the United States, the average 
age of occurrence of SCI is 43 years old (National 
Spinal Cord Injury Statistical Center), with a peak 
in incidence in young (20–30 years) and in aging 
(≥ 65 years) adults (GBD 2016 Traumatic Brain 
Injury and Spinal Cord Injury Collaborators, 2019). 
Patients are also living longer with the injury, with 
approximately 80% of all people with a SCI being 
over 40 (One Degree of Separation, Christopher 
& Dana Reeve Foundation). This demographic 
change has largely not been addressed in pre-
clinical research. Indeed, the bulk of pre-clinical 
research is performed in young adult rodents 
(2–4 months), despite 6 month old mice more 
appropriately representing the 20–25 year old 
population in humans, and less than 0.35% of 
experimental rodents being 12 months or older, 
mimicking 40 years of age in humans (Fouad et al., 
2020). In fact, an age-dependent decline in axon 
growth has been reported in a variety of model 
organisms, mediated by both neuron-intrinsic 
(Geoffroy et al., 2017) and extrinsic mechanisms 
(Sutherland and Geoffroy, 2020). While there has 
been significant progress made in understanding 
and manipulating axon growth after injury, even 
genetic manipulations promoting growth seem 
age-sensitive (Geoffroy et al., 2017), suggesting 
that other factors are needed to enhance axon 
growth in aging neurons. One of these factors 
is mitochondria. The mitochondrial theory of 
aging is one of the main mechanisms proposed 
to explain the biological process of aging. With 
age, mitochondrial function is reduced, which has 
been associated with a wide range of age-related 
diseases, including neurodegeneration (Haas, 
2019). Importantly, mitochondria are essential 
for axonal growth and cell maintenance. Both 
normal aging and traumatic injury to the central 
nervous system (CNS) are highly associated with 
mitochondrial dysfunction and oxidative stress, this 
poses a great challenge for an aging SCI population 
as the two elements can compound one another 
to worsen injury outcomes. Observations from 
our laboratory has found detrimental changes in 
mitochondria in the aging CNS across a range of 
functional areas that will have a significant effect 
on neuronal health and ability to promote axonal 
growth in the event of injury. These observations 
suggest an important role for mitochondria in the 
age-dependent decline in axon growth potential 
that has been previously observed, and also may 
suggest targeting mitochondria as a promising 
therapeutic avenue for SCI regardless of age.

While aging has been associated with a decline 
in mitochondrial  act iv ity,  successful  axon 
regeneration requires an increase in energy 
and mitochondrial  dynamics.  The primary 
role of the mitochondria is the generation of 
intracellular energy via the production of ATP 
through oxidative phosphorylation. Cortical 
neurons rely on significant ATP production to 
maintain normal biological functions, and even 
higher energy production in active axonal growth 

cones to promote growth, which is essential for 
regeneration and restoration of any functionality 
after  in jury  (Vaarmann et  a l . ,  2016).  The 
disruption of mitochondrial energy production 
is a significant detriment to axon growth in 
both aging and injury. Observations from our 
laboratory suggest decreases in the expression of 
significant oxidative phosphorylation complexes 
in the mitochondrial electron transport chain in 
aging mice, compared to young adults (Figure 
1B). This may have a significant impact on the 
mitochondrial bioenergetics, and subsequently 
the ability to produce sufficient energy to support 
axon sprouting and growth. 

The body’s response to SCI comprises a wide range 
of injury cascades, mechanisms and disfunctions. 
Among these is  mitochondrial  disfunction 
and oxidative stress. Oxidative stress occurs in 
cells when there is an imbalance between the 
production of reactive oxygen species (ROS) and 
the antioxidant systems required to detoxify these, 
in which mitochondria play a central role. Oxidative 
stress and the formation of free radicals, such as 
reactive oxygen and nitrogen species, and their 
significant proposed role in the pathophysiology of 
SCI have long been acknowledged and previously 
described in detail (Jia et al., 2012). Mitochondrial 
bioenergetics decreases with age in the brain and 
spinal cord and is associated with a detrimental 
increase in ROS (Yonutas et al., 2015). Unbalanced 
oxidative phosphorylation and antioxidant systems 
is a feature seen in both aging and injury, and may 
compound when the two intersect. Increased ROS 
in the injury environment and oxidative stress has 
been seen to inhibit axonal transport and promote 
degeneration of axons (Islam, 2017; Sheng, 2017). 
Increased ROS, especially superoxide anions, 
has been linked to mitochondrial DNA damage 
and down-regulation of the electron transport 
chain, and therefore subsequent mitochondrial 
dysfunctions as well  as further promoting 
metabolic oxidative stress in mitochondria (Figure 
1A). 

Further, synaptic mitochondria are involved 
i n  b u f fe r i n g  c a l c i u m  ( C a 2 +)  t o  r e g u l a t e 
neurotransmission (Islam, 2017). In previous work 
from Murchison and Griffith (2017), mitochondria 
in aged neurons have been observed to have Ca2+ 
buffering deficits as well as reduced membrane 
potential. Altered Ca2+ homeostasis associated 
with neuronal excitotoxicity and oxidative stress 
is one significant mechanism in axonal damage 
and also a barrier to axonal growth (Islam, 
2017). Altered membrane permeability in aging 
mitochondria may be attributed to multiple 
disfunctions, and impact antioxidant balance and 
Ca2+ buffering. With increased ROS and oxidative 
stress the mitochondrial permeability transition 
pore is more active and through prolonged 
opening of this channel will effect both ROS 
balance as well as Ca2+ homeostasis (Figure 1D). 
Alteration in expression and function of membrane 
complexes involved in the translocation of proteins 
to the mitochondria, such as TOM and TIM, and 
decreases in membrane potential also affect 
mitochondrial ability to effectively buffer calcium 
and import essential molecules (Figure 1C). Our 
own observations suggest that there is a decrease 
in the expression of mitochondrial transmembrane 
proteins in aging neurons. This may be suggestive 
of decreased mitochondrial functionality or 
productivity, and show a diminished ability of 
mitochondria to shuttle necessary molecules into 
the mitochondrial matrix. 
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The very active oxygen metabolism and high lipid 
content of the CNS leave it particularly vulnerable 
to oxidative stress and subsequent free-radical 
mediated damages, such as lipid peroxidation 
(Jia et al., 2012). The effects of oxidative stress 
and neuronal excitotoxicity after injury are wide 
reaching and seen in a range of cells, especially 
the supporting glia. Increased ROS has been 
associated with pro-inflammatory microglia and 
reactive astrocytes involved in the detrimental 
progression of the SCI lesion (Sutherland and 
Geoffroy, 2020). The increase in ROS, in both aging 
and SCI, is coupled with a decrease in antioxidant 
capacity with aging to create a greater vulnerability 
to oxidative stress and damage in aged individuals 
after an injury to the CNS (Sutherland and 
Geoffroy, 2020). To date there have been several 
clinical and pre-clinical trials of different anti-
oxidant therapies for SCI (Rabchevsky et al., 
2020), however, the aging factor has received little 
attention. Observations from our own research 
suggest that mitochondria in both aging cortical 
neurons and astrocytes, in dissociated conditions, 
exhibit an increased stress and dysfunctional 
state. This is likely to impair the ability of these 
mitochondria to efficiently produce the necessary 
energy and also contribute to increases in 
oxidative stress. The increased oxidative stress 
observed in the injury environment is also seen, 
more subtly in the normal aging CNS, once again 
leading to an additive effect when age and injury 
meet.

Axonal trafficking is essential for growth, shuttling 
necessary supplies to the extending axon, including 
organelles, cytoskeletal proteins and other 
necessary components. The cellular morphology 
of neurons, and especially projecting motor 
neurons with extremely long axons, presents 
unique challenges for energy homeostasis and 
distribution. Mitochondrial energy production 
is particularly in demand at the growth cones 
of axons and in synapses, requiring efficient 
mitochondrial trafficking and axonal transport to 
these areas (Sheng, 2017). Axonal trafficking has 
been seen to decline with age (Figure 1). In aged 
peripheral nervous system, the reduced speed of 
axon growth has been correlated with a diminished 
rate of axonal transport. There is an age-related 
decline in mitochondrial transport, both in the 
peripheral nervous system and the CNS, that may 
have significant implications for the age-related 
decline in axon growth potential (Geoffroy et al., 
2017). Mitochondrial biogenesis and turnover 
of proteins is important for the maintenance 
of bioenergetics, the prevention of detrimental 
ROS bui ld-up,  and mitochondr ia l  f i ss ion/
fusion. Disfunctions in mitochondrial biogenesis 
and fission/fusion have been associated with 
aging. This may be linked to changes in protein 
expression or potentially to the maturation of the 
final products within the mitochondrial matrix 
resulting in decreased functionality as well as 
decreased turnover of dysfunctional mitochondria 
(López-Lluch et al., 2008). Therefore, an important 
strategy to enhance axon growth in aging neurons 
is to promote mitochondrial trafficking, in addition 
to promoting biogenesis.

Mitochondria have been investigated as a 
potential  therapeutic target in a range of 
disorders, especially cancers, and in recent 
years has begun to be explored in CNS injury. A 
mitochondrial approach, ‘MitoCeuticals’, may be 
promising in treating SCI for an assortment of 
reasons (Rabchevsky et al., 2020). The secondary 
injury phase of SCI is complex and multifaceted, 
with many of the signaling cascades involved 
intersecting and diverging, and effecting multiple 
targets. This complexity has led to the proposition 
that targeting a single specific pathway or 
cascade may prove a less effective approach to 
promote recovery of function after an injury, 
and a broader subcellular approach is necessary 
(McEwen et al.,  2011). There are a variety 
of ways that mitochondria may be used and 
manipulated, genetically and pharmacologically, 
in  SC I  therapeut i cs .  These  inc lude  ant i -
apoptotic strategies, boosting mitochondrial  
bioenergetics, alternative biofuels, mitochondrial 
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permeability transition pore, Ca2+ signaling and 
transmembrane channels, as well as antioxidant 
strategies (McEwen et al., 2011; Rabchevsky et 
al., 2020). ‘MitoCeuticals’ may be an effective 
strategy to improve neuroprotection after SCI, 
as well as potentially promote axon growth. 
Our pilot experiments indeed demonstrate that 
pharmacologically enhancing mitochondrial 
biogenesis increases neurite outgrowth of adult 
cortical neurons in vitro. To our knowledge, 
enhancing mitochondrial biogenesis to stimulate 
axon growth in vivo in a more chronic injury phase 
and in older animals has not been attempted to 
date.

An interest ing idea in recent years is  the 
transplantation of mitochondria as a therapeutic 
agent. There is evidence that transplantation 
of autologous mitochondria, either directly or 
systematically, is beneficial in a variety of models 
such as neurodegeneration and cardiac ischemia. 
The transplantation of mitochondria in SCI is based 
on the emerging idea that mitochondria released 
from cells after CNS injury may transfer between 
cells to assist in oxidative phosphorylation. It 
is postulated that transplanted mitochondria 
supplement endogenous antioxidant systems 
allowing for increased Ca2+ buffering and greater 

energy production (Rabchevsky et al., 2020). One 
particularly interesting proposition arising from 
this may be to transplant mitochondria from young 
mice into aging mice to promote mitochondrial 
bioenergetics and improve axon growth. These 
therapeutic strategies may be promising but have 
yet to be explored in SCI in an aging paradigm. 

It is clear that mitochondria play important 
roles in normal aging, in both axon regeneration 
and sprouting, and in the progression of SCI.  
We contend that alterations in mitochondrial 
functioning and bioenergetics with age is 
detrimental to axon growth potential, and will 
compound the mitochondrial  disfunctions 
occurring after a SCI. Conversely, this also makes 
them an interesting target for potential therapeutic 
manipulation to improve SCI outcomes, regardless 
of the age of the patient. The promotion of 
mitochondrial function may be a key element 
to promote axon growth in injured neurons 
regardless of age or time post injury, a contention 
that we will be assessing in the context of SCI. 
However, to effectively harness mitochondria as a 
therapeutic target in the wider SCI population we 
must more fully understand what impact both age 
and injury has on mitochondrial function, and how 
this will correlate to axon growth. 
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Figure 1 ｜ Mitochondria in aging neurons show decline from their young counterparts in a range of 
functional areas. 
(A) Antioxidant homeostasis: aged mitochondria produce excessive reactive oxygen species and show decreased 
antioxidant capability, leading to oxidative stress. (B) Bioenergetics: aged mitochondria exhibit decreased 
ability to efficiently and effectively meet the high energy demand of the cell especially in the growing axon. (C) 
Transmembrane transport: decreased expression and/or function of transmembrane transport channels in aged 
mitochondria may result in decreased transport of essential molecules into the matrix and impaired protein 
turn-over. (D) Calcium buffering and the mitochondrial permeability transition pore (mPTP): with increased 
ROS and an oxidative stress state the mPTP in aged mitochondria is more active and shows prolonged opening, 
effecting calcium buffing ability and contributing to mitochondrial membrane depolarization. All of these 
elements are detrimental to neuronal health and may contribute to the age-dependent decline in axon growth 
potential. ADP: Adenosine diphosphate; ATP: adenosine triphosphate; C: cytoplasm; CI-CV: OXPHOS complex 
1–5; Δφ: membrane potential; IM: inner membrane; IMS: inter-membrane space; M: mitochondrial matrix; 
mPTP: mitochondrial permeability transition pore; OM: outer membrane; ROS: reactive oxygen species; TIM: 
translocase inner membrane; TOM: translocase outer membrane.


