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EXTRAVIEW

The role of mTOR signaling pathway in spinal cord injury
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he mammalian target of rapamycin

(mTOR) signaling pathway plays an
important role in multiple cellular func-
tions, such as cell metabolism, prolifera-
tion and survival. Many previous studies
have shown that mTOR regulates both
neuroprotective and neuroregenerative
functions in trauma and various diseases
in the central nervous system (CNS).
Recently, we reported that inhibition of
mTOR using rapamycin reduces neural
tissue damage and locomotor impair-
ment after spinal cord injury (SCI) in
mice. Our results demonstrated that
the administration of rapamycin at four
hours after injury significantly increases
the activity of autophagy and reduces
neuronal loss and cell death in the injured
spinal cord. Furthermore, rapamycin-
treated mice show significantly better
locomotor function in the hindlimbs fol-
lowing SCI than vehicle-treated mice.
These findings indicate that the inhibi-
tion of mTOR signaling using rapamycin
during the acute phase of SCI produces
neuroprotective effects and reduces sec-
ondary damage at lesion sites. However,
the role of mTOR signaling in injured
spinal cords has not yet been fully elu-
cidated. Various functions are regulated
by mTOR signaling in the CNS, and
multiple pathophysiological processes
occur following SCI. Here, we discuss
several unresolved issues and review the
evidence from related articles regarding
the role and mechanisms of the mTOR
signaling pathway in neuroprotection
and neuroregeneration after SCI.

Introduction
The mammalian target of rapamycin

(mTOR) is a serine/threonine protein
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kinase that plays a key role in the regu-
lation of cell metabolism, cell prolifera-
tion and cell death and survival and is
involved in physiological processes such
as transcription, mRNA turnover and
translation, ribosomal biogenesis, vesicu-
lar trafficking, autophagy and cytoskeletal
organization.'

The mTOR pathway is one of the
most studied signaling pathways and is
involved in trauma and various diseases
in the CNS. mTOR signaling is affected
in a number of neurodegenerative con-
ditions, including Alzheimer disease,
Parkinson disease, cerebral stroke and
Huntington disease, and inhibition of
mTOR activity can reduce the neuro-
degeneration associated with these con-
ditions.>® In addition, the inhibition of
mTOR can reduce neural tissue damage
in CNS injuries, such as traumatic brain
injury and neonatal hypoxia-ischemia-
induced brain injury.®” We recently
reported that inhibition of mTOR using
rapamycin reduces neural tissue damage
and locomotor impairment after spinal
cord injury (SCI).® Other previous stud-
ies have shown that mTOR regulates
axonal regeneration in response to SCI**°
and acts to limit astrocytic scar forma-
tion in the injured spinal cord."

Together, these observations highlight
the essential role of mTOR in neuro-
protection and neuroregeneration in the
CNS. However, the role of mTOR has
not yet been fully elucidated. A number of
cellular functions are regulated by mTOR
signaling, and multiple pathophysiologi-
cal processes are involved in CNS disease
and trauma. In this Extra View, we discuss
several unresolved issues and review the
evidence from related articles regarding
the role and mechanisms of the mTOR
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Figure 1. The time phase of the pathophysiological processes and neuroregeneration after SCI.
The black arrow indicates the initial onset of SCI (primary injury). Various pathophysiological
processes, including apoptosis, inflammation, microglia/macrophage activation, demyelination
and axonal degeneration, mainly occur in the secondary injury phase. Glial scar formation (astro-
gliosis) occurs between seven and 14 d after SCI. Processes of neuroregeneration, such as axonal
regeneration and remyelination, primarily start to appear at 7 days after SCI.

signaling pathway in neuroprotection and
neuroregeneration after SCI.

Inhibition of mTOR Reduces
Secondary Neural Tissue
Damage after SCI

Many previous studies have demonstrated
the inhibition of mTOR signaling have
a neuroprotective effect in the CNS. We
recently examined whether the inhibition
of mTOR by rapamycin reduces neural tis-
sue damage after acute SCI in mice.® Our
results demonstrated that the administra-
tion of rapamycin significantly decreases
the phosphorylation of the p70S6K pro-
tein and increases the expression levels
of LC3 and Beclin 1 in the injured spi-
nal cord. These findings indicate that
rapamycin promotes autophagy by inhib-
iting the mTOR signaling pathway after
SCI. In addition, we found that mTOR
inhibition significantly reduces neuronal
loss and cell death in the injured spinal
cord. Furthermore, the rapamycin-treated
mice showed significantly higher levels of
locomotor function. Our results support
those of previous reports suggesting that
neuroprotective effects are produced by
mTOR inhibition after CNS injury.®’
The actual molecular
underlying the neuroprotective effects
regulated by the mTOR signaling path-
way remain to be elucidated. The distinct
mechanisms of interaction between the

mechanisms

activation of autophagy and cell death are
also unknown. It is therefore important
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to clarify the potential neuroprotective
mechanisms underlying mTOR inhibition
following CNS injury.

The Functional Differences
in mTOR Signaling between the
Acute and Subacute/Chronic
Phases Following SCI

SCI involves multiple pathophysiological
and regenerative processes. These pro-
cesses vary depending on the time phase
after the initial onset of injury (Fig. 1)."?
First, the spinal cord suffers critical dam-
age from the primary mechanical trauma
(primary injury) and develops hemorrhagic
necrosis. As a result, the tissue damage
expands over time due to the activation of
secondary injury processes.”® The second-
ary injury mainly occurs between 24 h and
three days after the initial onset of SCL.11
Numerous studies have reported the pres-
ence of multiple cellular and molecular
events, such as cell death, inflammation,
macrophage/microglia activation, axonal
degeneration and demyelination, during
the secondary injury.!>!*1¢1 Following
the secondary injury, various regen-
erative processes are observed. Axonal
regeneration mainly begins one week
after SCL." Remyelination of axons also
begins to appear one week after injury.”
Additionally, the formation of reactive
astrogliosis around the lesion site primar-
ily occurs 1 to 2 weeks after injury.?
Because these various pathophysiologi-
cal and regenerative processes depend
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on the time phase following injury, it is
important to consider the functional dif-
ferences in mTOR signaling between the
acute phase, including secondary injury,
and the subacute/chronic phase, includ-
ing neuroregeneration.

During the acute phase of SCI, mTOR
regulates crucial functions related to
secondary injury, such as cell death,
inflammation and macrophage/microglia
activation. Our previous study showed
that inhibition of mTOR reduces cell
death in damaged neural tissue follow-
ing SCL.* Another study showed that
inhibition of mTOR reduces the levels of
pro-inflammatory markers and NO syn-
thase (NOS) activity that are induced by
cytokines in microglia.?* Furthermore, it
has been suggested that inhibition of the
mTOR signaling pathway reduces induc-
ible NOS expression and microglial acti-
vation that causes neuronal injury.”

In the subacute/chronic phase, mMTOR
signaling regulates the regeneration of
damaged neural tissue. Previous stud-
ies have suggested that the inhibition
of mTOR by rapamycin suppresses new
protein synthesis and cell proliferation
to promote axonal regeneration after
SCI>* mTOR signaling regulates both
CNS myelination and oligodendrocyte
differentiation.”?*¢ Additionally, mTOR
inhibition can reduce reactive astroglio-
sis at lesion sites following spinal cord
ischemia.l!

Together, these observations suggest
that the role of mTOR in injured spinal
cords may differ depending on the time
phase following SCI. Therefore, func-
tional differences based on the time phase
should be considered when conducting
future studies to clarify the role of the
mTOR signaling pathway in neuroprotec-
tion and neuroregeneration after SCI.

The Neuroprotective Mechanisms
Regulated by mTOR during the
Acute Phase Following SCI

Many studies have shown that inhibi-
tion of mTOR induces neuroprotective
functions following CNS injury.>¢%%
However, the actual cellular and molecu-
lar mechanisms underlying the neuro-
protective effects regulated by mTOR
signaling has not yet been fully elucidated.
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One potential mechanism underly-
ing these neuroprotective effects is the
blocking of apoptosis by the activation of
autophagy.”?®? Interestingly, it has been
suggested that mMTOR inhibition enhances
the clearance of mitochondria by induc-
ing autophagy, thereby reducing cytosolic
cytochrome c release and downstream
caspase activation.’® Previous studies have
demonstrated that inhibition of mTOR
upregulates autophagy and shows cyto-
protective functions by reducing apoptosis
in various disease models, including the
myocardial ischemia-reperfusion model*
and neonatal hypoxia-ischemia-induced
brain injury model.”

Recently, the essential role of mTOR
in the activation of macrophages and
microglia has been clarified, as described
above. Macrophages from the peripheral
circulation and those derived from resi-
dent microglia are the primary effector
cells of the inflammatory response that
follows SCI.*' Especially in the acute
phase after injury, activated macrophages
and microglia produce various pro-
inflammatory cytokines, such as IL-1B
and TNFa,*>% and contribute to sec-
ondary tissue damage, neuronal loss and
demyelination.***¢ Recent studies have
demonstrated that inhibition of mTOR
suppresses macrophage/microglia activa-
tion and reduces neuroinflammation.??
These findings suggest that inhibition of
mTOR can suppress macrophage/microg-
lia activation and reduce the inflam-
mation that causes secondary damage

following SCI.

Regulation of Angiogenesis
by mTOR in Injured Spinal Cord

The mTOR signaling pathway plays an
important role in regulating angiogenesis
in both normal tissues and cancers.”” The
mTOR pathway modulates the expres-
sion of angiogenic factors, such as vascular
endothelial growth factor (VEGF), nitric
oxide and angiopoietins.’”*
studies have shown that inhibition of the
mTOR pathway decreases angiogenesis
and the secretion of angiogenic factors.”
SCI results in the disruption of vascu-
lar structures during primary injury and

Previous

induces secondary pathogenic events in
the neuronal environment that collectively
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define axonal regeneration and the extent

of functional recovery.®® Numerous
reports have suggested that stimulation of
post-traumatic angiogenesis with angio-
genic factors such as VEGF promotes neu-
roregeneration and improves functional
recovery after SCL.#*> Optimizing treat-
ments to target vascularization after SCI
is a valuable therapeutic strategy.
Therefore, modulating the mTOR sig-
naling pathway to stimulate angiogenesis
may be a promising approach to promote

neuroregeneration after SCI.

Suppression of Cellular
Senescence and Organismal
Aging by mTOR Inhibitor
after SCI

Both the ability of injured axons to
resume growth after SCI and the various
neuronal functions associated with plas-
ticity decline with increasing age.!>#>%
Experimental studies of SCI demonstrated
an age-dependent decline in locomotor
recovery.’® In addition, the number of
motor neurons in the spinal cord has been
reported to decrease with increasing age in
mammals.¥

Spinal cord injury induces accumula-
tion of B-amyloid precursor protein and
B-amyloid peptide in the injured spinal
cord, which is associated with the neu-
rodegenerative processes of aging motor
neuron.”*® Reactive oxygen species (ROS)
that can induce DNA damage and accel-
erate cellular senescence are upregulated
in the damaged neural tissue after SCL.#*2

Recent studies revealed that an inhibi-
tion of mTOR decelerates cellular senes-
cence and increases the lifespan in diverse
organisms.”*> mTOR is involved in age-
related diseases, such as atherosclerosis,
metabolic syndrome, osteoporosis, neuro-
degeneration and macular degeneration.”*’
Previous studies have demonstrated that
rapamycin treatment reduces the pathology
of neurodegenerative disease in the CNS.%
Rapamycin treatment increases the expres-
sion of markers of autophagy in neurons
and reduces the levels of 3-amyloid peptide
in an experimental model of Alzheimer dis-
ease.>®! In addition, inhibition of TOR by
rapamycin may lead to increased antioxi-
dant defenses and reduced DNA damage

and tissue aging.*>®
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Therefore, the inhibition of the mTOR
signaling pathway is thought to deceler-
ate cellular senescence and tissue aging in
the CNS and thus prevent an age-depen-
dent decline in neuroregeneration abil-
ity. Rapamycin treatment may therefore
have beneficial effects on the regenera-
tive capacity of an injured spinal cord in
order to develop SCI therapies that remain
effective for older patients.

The Clinical Applications
of mTOR Inhibitors

The inhibition of mTOR produces both
immunosuppressive and tumor sup-
pressive effects.® ¢ To date, mTOR
inhibitors have been widely used as
immunosuppressants in patients who
undergo transplantation surgery and
as anticancer agents.””® Various phar-
macological immunosuppressants that
inhibit mTOR have been developed
and are used to prevent rejection and
graft dysmotility following organ trans-
plantation for renal, hepatic, intesti-
nal and cardiac diseases.”’”> mTOR
inhibitors can also be important clini-
cal treatment options for patients with
tumors, including those with advanced
renal cell carcinomas, mantle cell lym-
neuroendocrine

phomas, pancreatic

tumors, astrocytomas, sarcomas, breast
cancer and lung carcinomas.®®®737
Numerous mTOR inhibitors, including
rapamycin and its analogs (e.g., temsi-
rolimus, everolimus, deforolimus and
zotarolimus), have been developed and
are used clinically for treating various
diseases.”®””

On the other hand, the clinical appli-
cations of mTOR inhibitors for CNS
injury have not yet been established.
Many previous experimental studies using
CNS injury models have demonstrated
promising effects of mTOR inhibition to
reduce neural tissue damage. Therefore,
the pharmacological inhibition of mMTOR
may have clinical benefits for reducing
secondary damage in patients with SCI.
Further studies to clarify the neuroprotec-
tive and neuroregenerative mechanisms
regulated by mTOR signaling are needed
in order to approve the clinical use of
mTOR inhibitors in patients with acute
SCIL.
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