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Abstract
The adult central nervous system (CNS) has a remarkable ability to repair itself. However, severe
brain and spinal cord injuries cause lasting disability and there are only a few therapies that can
prevent or restore function in such cases. In this review, we provide an overview of traumatic CNS
injuries and discuss several emerging pharmacological options that have shown promise in
preclinical and early clinical studies. We highlight therapies that modulate mammalian target of
rapamycin (mTOR) signaling, a pathway that is well known for its roles in cell growth,
metabolism and cancer. Interestingly, this pathway is also gaining newfound attention for its role
in CNS repair and regeneration.
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Damage to the CNS can be caused by traumatic injuries to the brain or the spinal cord. In
most cases, spontaneous recovery occurs. For example, most individuals recover
substantially after a first stroke and those with ‘incomplete’ spinal cord injuries (SCI)
recover the ability to walk. However, severe and repeated injuries can cause lasting
impairments and disabilities that threaten to surpass many diseases as the major cause of
death and disability. In the USA, traumatic brain injury (TBI) is the leading cause of death
for those under the age of 45, and an estimated 1.4 million are living with devastating
consequences of TBI [1,2]. Common causes of traumatic CNS injury include motor vehicle
accidents, falls, assaults, self-inflicted injuries and sports-related concussions. Moreover,
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mild brain injuries from improvised explosive devices are common during military conflicts.
In fact, recent reports indicate that a large number of soldiers fighting in Iraq and
Afghanistan have sustained mild TBIs [3]. In addition to brain injuries, approximately 2.5
million people worldwide suffer from injuries to the spinal cord and, in the USA, as many as
12 000–15 000 people suffer traumatic SCI each year [4]. Clearly, TBI and SCI are a
pressing public health concern and medical issue. Despite considerable efforts to develop
treatments for severe traumatic CNS injuries, therapies that prevent or restore functional loss
after severe traumatic injuries are still lacking. Here, we review promising pharmacological
agents and highlight emerging strategies for the treatment of such injuries.

CNS injuries
TBI, also known as intracranial injury, is generally classified as severe, moderate or mild,
based on the severity and disruption of normal brain function. Given that TBI can cause a
wide range of short- and long-term changes to behavioral and cognitive functions, diagnoses
of moderate to severe TBI are currently done by traditional behavioral measures and
functional MRI [5]. By contrast, mild TBI is difficult to diagnose because neurological
imaging techniques are unable to detect minor changes in brain function. Additionally,
repetitive mild TBI can have serious consequences, including epilepsy and increased
incidence of age-related brain diseases, such as Alzheimer’s disease [6]. Thus, it is
imperative that diagnoses of brain injuries are done as soon as warning signs or symptoms
appear. Clinical symptoms of brain injuries can include cognitive impairments, such as loss
of memory, attenuation of speech and deficits in learning ability. These clinical symptoms
are often accompanied by behavioral and psychiatric symptoms, such as depression, anxiety,
post-traumatic epilepsy (seizure), sleep disorders, irritability, aggression and motor deficits.
Mild TBI (e.g. concussions) is defined by symptoms of headaches, dizziness, sleep
disturbances and a transient loss of consciousness. Moderate to severe TBIs can display
more dramatic impairments, such as slurred speech, repeated vomiting, loss of bladder
control and seizures. Patients with TBI can also experience internal hemorrhaging [7]. To
minimize the complications and maximize the quality of life, severe brain injuries require
early treatment. Even after a long recovery period, stress conditions can reinvoke TBI-
related symptoms [8]. Additionally, many of these symptoms have a delayed onset, which
makes accurate diagnosis challenging. The US Food and Drug Administration (FDA) has
not yet approved any drug or therapies that improve functional outcomes, such as
amelioration of memory loss, cognitive deficits, paralysis, sensory loss and other sequelae,
of TBI.

Whereas TBI injuries impair brain function, SCI also represent a significant portion of
injuries to the CNS [4]. The spinal cord provides a route for communication between the
brain and the body, extending down from the base of the brain along the back. Trauma to the
spinal cord through injuries from motor vehicle accidents or falls can fracture or dislocate
the vertebrate column. This can lead to compression, stretching or severing of the spinal
cord and spinal roots situated in the spinal canal, as well as damage to neurons and glia in
the spinal cord. The spinal cord is remarkably resistant to injury. For example, in the USA
alone, over a million whiplash injuries occur every year, but fewer than 10 000 people suffer
severe SCI sufficient to require hospitalization. If a person has residual motor or sensory
function below the injury site, they are said to have a so-called ‘incomplete’ spinal cord
injury and are likely to recover substantial function, including walking. Approximately half
of SCI involve cervical (neck) spinal segments and the other half involve the thoracic and
lumbar segments. SCI cause not only paralysis and sensory loss below the injury site, but
also spasticity and neuropathic pain, as well as autonomic dysreflexia. Common clinical
symptoms of SCI include neuropathic pain, loss of sensation, muscle spasticity, weakness
and atrophy. Bladder and bowel dysfunction is common in patients with SCI. In addition to
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these symptoms, SCI can also affect a patient’s emotional status and many have depression
and loss of self-esteem.

Cellular and molecular responses to CNS injury
Functional recovery from a traumatic CNS injury is dependent on repair mechanisms that
promote axonal regeneration, remyelination, and reconnection of the neuronal circuitry for
restoration of neurotransmission (Figure 1). At the cellular level, a traumatic CNS injury
causes primary and secondary damage [9,10]. The primary insult induces significant
mechanical damage to neurons at the site of injury and to surrounding tissues, resulting in
massive neuronal cell death. In this acute phase, the mechanical damage involves the
immediate insult, diffuse axonal injury, hemorrhage, contusion and ischemia. At the
molecular level, calcium has an important role in detection of, and response to, acute axonal
injury. For instance, in cultured mammalian neurons subjected to axotomy, rapid calcium-
based currents propagate retrograde signals from the axonal injury site to the cell body [11].
Studies in Caenorhabditis elegans, Drosophila, and mice suggest that calcium signals
activate dual leucine kinase-1 (DLK-1), a member of the mitogen-activated protein kinase
(MAPK) pathway, to initiate regeneration in response to the CNS injury [12]. In addition,
retrograde transport of several other intracellular proteins functions as a signal for the
neuronal cell body to generate a response to the injury. The primary damage is typically
followed by a secondary phase, where greater neuronal damage occurs hours and days
following the initial insult. The secondary injury develops over the post-traumatic period
and is the result of a combination of vasogenic and cytotoxic edema, including glutamate
excitotoxicity, disturbance of ionic homeostasis, lipid peroxidation, generation of nitric
oxide and free radicals, and release of inflammatory regulators. Given that functional
recovery is modest in severely injured patients because of the limited capacity of injured
CNS neurons to regenerate, and that neurogenesis (birth of new neurons) is restricted to
certain areas of the adult CNS [13], prevention of secondary injury is crucially important.
For the much larger population of chronically impaired patients with SCI, regenerative and
neural replacement therapies are needed.

Current and experimental CNS therapies
Pharmacological therapies for TBI are still at the preclinical stage or under clinical
investigation, and include neuroprotective drugs, antioxidants, neurotrophic factors, growth
hormones and anti-inflammatory agents (Figure 2). Although these therapies have shown
significant promise in preclinical studies, only a few agents have demonstrated efficacy in
clinical trials [14–17]. During the 1990s, the dominant theory of secondary injury after
trauma to the brain was glutamate excitotoxicity, which can damage cells, disrupt
metabolism and contribute to further ionic disequilibrium [18]. However, all trials of
glutamate receptor blockers have so far failed to show any benefit in patients with TBI even
though these drugs continue to show neuroprotection in preclinical studies [14,17]. The
reasons attributed to the failure of these clinical trials include insufficient mechanistic
understanding of secondary injuries, lack of adequate animal models and experimental
design in preclinical studies. These disappointing results have led to a reappraisal of clinical
trial study design, as well as recommendations for improving future data analysis and
standardization of data collection processes. Other neuroprotective compounds, including
erythropoietin (EPO) and tetracycline derivatives, have proved efficacious in early stages of
clinical investigation and several phase II and III trials are ongoing [14–16]. Numerous trials
are also underway to evaluate the efficacy of neurotrophic factors [e.g. nerve growth factor
(NGF)], hormone therapies (e.g. progesterone) and anti-inflammatory agents (e.g.
apolipoprotein E-mimetics) [16]. Although a selected few agents appear promising, none of
the pharmacotherapies tested so far have successfully reached phase III randomized

Arachchige Don et al. Page 3

Drug Discov Today. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



controlled clinical trials [16,19]. The FDA has yet to approve drugs or therapies that
improve the functional outcome of patients with TBI.

The ultimate challenge for scientists and clinicians investigating SCI is to discover and
develop effective therapies to prevent secondary injury, and to restore motor, sensory and
autonomic functions. At present, patients undergo rehabilitation after SCI, aimed at teaching
them how to manage their impairments and reduce disability. Although many solutions have
been developed to prevent SCI-related consequences and improve quality of life and
independence, no therapies are currently available that restore function [4,20–22].
Methylprednisolone sodium succinate (MPSS), a synthetic glucocorticoid, is widely used to
treat acute SCI world-wide and is FDA approved for the treatment of various inflammatory
conditions. In addition to its well-known anti-inflammatory actions, MPSS also has
neuroprotective and antioxidant properties. The second National Acute Spinal Cord Injury
Study (NASCIS) found that, when administered intravenously (i.v.) within 8 h of the injury
for a period of 24 h, MPSS improved neurological recovery by 20% in patients with SCI
[23]. MPSS is the only treatment shown to be beneficial for treatment of acute SCI in
clinical trials [23,24]. Other promising pharmacological therapies for acute SCI include EPO
and minocycline, both of which have reported benefits in animal studies of SCI [21,25].
These agents are currently being investigated in clinical trials for the treatment of SCI.
Several other drugs that are FDA approved for other indications are also being considered
for treatment of acute SCI [25]. Riluzole is an anticonvulsant agent used for treatment of
amyotrophic lateral sclerosis (ALS), a neurodegenerative motor neuron disease [26]. In
animal studies, a combination of riluzole plus MPSS promotes functional recovery
compared with either drug alone [27]. A phase I clinical trial is being planned to assess the
safety and efficacy of riluzole for acute SCI (NCT00876889). Lithium, an FDA-approved
drug for the treatment of bipolar disorders, can increase the levels of neurotrophic factors,
stimulate neurogenesis, promote axon growth and provide neuroprotection [28]. A phase II
trial is currently comparing lithium to MPSS using umbilical cord blood cell transplants
(NCT01046786). It remains to be seen whether these newer pharmacological agents will
effectively prevent the secondary injury process and restore function in patients with SCI.

Targeting mTOR as an emerging pharmacological strategy
Original studies on axonal regeneration revealed that, unlike the peripheral nervous system
(PNS), the adult human CNS environment contains extracellular inhibitory factors that limit
the ability of injured CNS neurons to repair themselves after a traumatic injury [29–31].
Owing to the modest effect of current pharmacological therapies that target extracellular
inhibitory factors [e.g. anti-NOGO-A monoclonal antibody (ATI355), MAG antagonist
(GSK249320) and Rho GTPase antagonist (cethrin)], more recent research has focused on
the role of intrinsic signaling mechanisms in promoting functional recovery after a traumatic
CNS injury. These studies have led to the current view that stimulation of intrinsic signaling
pathways might overcome the inhibitory extracellular CNS environment to promote
functional recovery following injury [32].

The mTOR pathway
The phosphatidylinositol 3′-kinase (PI3K)–Akt–mTOR pathway responds to growth factors
and mitogenic signals (Figure 3) [33,34], and emerging evidence suggests that modulation
of this pathway promotes axonal regeneration and neuronal survival [32,35]. Briefly, growth
factors and mitogen signals activate receptor tyrosine kinases present on the cell membrane
that, in turn, activate PI3K, catalyzing the conversion of phosphatidylinositol 4,5-
bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3). Phosphatase and
tensin homolog deleted on chromosome ten (PTEN) is responsible for negative regulation of
PIP2 to PIP3 conversion. PIP3 recruits Akt, protein kinase B (PKB) and 3-phosphoinositide-
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dependent protein kinase 1 (PDK1) to the cell membrane. As a result, Akt is phosphorylated
and activated by PDK1. Once activated, Akt inactivates tuberous sclerosis protein complex
(TSC), a heterodimer comprising tuberous sclerosis protein 1 (TSC1) and TSC2, by directly
phosphorylating TSC2. TSC2 acts as a GTPase-activating protein (GAP) for Ras homolog
enriched in brain protein (Rheb), which is immediately upstream of the mTOR and is
responsible for stimulation of its activity. mTOR forms two functionally distinct complexes,
referred to as mTORC1 and mTORC2. These complexes phosphorylate downstream
substrates to regulate various growth-related cell processes. Known substrates of these two
complexes include ribosomal protein S6 kinase 1 (p70S6K), inhibitor of eukaryotic
translation initiation factor 4E (4E-BP1) and CLIP-170 for mTORC1 and Akt and protein
kinase C (PKC)α for mTORC2. mTORC1 controls transcription, translation, ribosome
biogenesis and autophagy, whereas mTORC2 regulates cell survival and actin dynamics.

mTOR has an important role in several physiological functions of the nervous system,
including regulation of neuronal cell growth, survival, axonal and dendritic development
during differentiation, and synaptic plasticity [36,37]. Neuronal mTOR regulates protein
synthesis in cell bodies and axons, which is important for cellular growth. It also controls the
size of cell soma. The formation of a new growth cone requires mTOR activity, which is
also responsible for axonal protein synthesis. Generation of a new growth cone is dependent
on this axonal protein synthesis. Moreover, mTOR function has been implicated in dendrite
development and morphogenesis of dendritic spines, which also requires protein synthesis
and actin organization [38]. mTOR is required for neurotrophin-induced dendrite and spine
development through activation of the PI3K–Akt pathway and Ras [39,40]. In addition,
other factors, such as the extracellular protein Reelin, induce mTOR activity via the PI3K–
Akt pathway, thereby promoting dendritic outgrowth in dissociated neurons [41,42]. Finally,
mTOR function is also linked to various forms of synaptic plasticity. These mTOR-
dependent physiological functions are also important during CNS repair and regeneration;
therefore, mTOR is likely to have an instrumental role in the functional recovery process
following a traumatic CNS injury.

Stimulation of the mTOR pathway
Several recent studies have revealed that activation of the intrinsic growth signal in adult
CNS neurons can significantly reduce neuronal death and promote repair and regeneration.
In a rat model of TBI, phosphorylation of mTOR and its downstream targets (p70S6K, S6
and 4E-BP1) increased within 30 min of a moderate injury to the parietal cortex and lasted
up to 24 h [43]. This increase in phosphorylation and activation of mTOR pathway could
provide a mechanism to respond to, and recover from, the TBI. In fact, Park et al.
demonstrated that activation of mTOR signaling pathway in adult retinal ganglion cells
(RGCs) induced robust axon regeneration after optical nerve injury [35]. Moreover, a
follow-up study from the same research group using corticospinal tract (CST) axonal injury
models demonstrated that mTOR activity was also a crucial regulator of the regenerative
capacity in corticospinal neurons [44]. The CST is essential for voluntary movements and
CST axons are often injured during SCI. These investigators showed that conditional
deletion of PTEN enhances axon regeneration from both spared axons (compensatory
sprouting) and injured axons (regenerative growth). The regenerating injured axons were
able to pass through the lesion site and form synapses past these sites. Therefore,
upregulation of mTOR pathway might be sufficient to promote axon regeneration in the
adult CNS after brain injuries and SCI [35,44].

ATP is an important regulator of signaling pathways and is thought to have a central role in
recovery after CNS injuries; therefore, Hu et al. investigated the role of ATP-induced
alterations in mTOR signaling pathway for repair of SCI using a rat compression model
[45]. Exogenous administration of ATP significantly increased protein and mRNA levels as
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well as the phosphorylation and activation of mTOR pathway components in the spinal cord.
Activation of mTOR pathway was associated with improvements in locomotor function
recovery after the injury and increases in expression of neuronal genes, nestin, neuronal
nuclei (NeuN) and neurofilament 200 (NF200). These findings suggest that stimulation of
mTOR pathway provides beneficial effects for locomotor functional defects associated with
SCI. In another study, Ning et al. depleted PTEN in SMN7-deficient mice (an animal model
of spinal muscular atrophy) using a adeno-associated virus serotype 6 (AAV6)-mediated
knockdown approach. Depletion of PTEN in spinal motor neurons rescued axonal growth
defect and prevented motor neuron cell death [46]. Park et al. further demonstrated that
TSC1 knockout does not mimic the effects of PTEN knockout, suggesting that other mTOR-
independent pathways are involved in stimulating axon regeneration [35]. Nevertheless,
mTOR activity is crucial for axonal regenerative response in adult CNS injuries.

In addition to neuroprotection and axon regeneration, stimulation of mTOR activity might
be beneficial in other aspects associated with TBI. For instance, mTOR activity reduces the
cytotoxic effect of TBI-induced glutamate excitotoxicity. mTOR activity is required for
glutamate transporter expression in cultured astrocytes [47]. Given that the amount of
glutamate transporter is associated with glutamate clearance, it is possible that
pharmacological activation of mTOR reduces glutamate-induced excitotoxicity induced by
TBI. Moreover, mTOR activity is required for insulin-induced neuronal differentiation of
neural progenitors in primary culture [48]. These data suggest that modulation of mTOR
promotes neurogenesis. Therefore, pharmacological activation of mTOR pathway might
significantly improve the condition of patients with traumatic CNS injuries.

Inhibition of the mTOR pathway
Interestingly, inhibition of mTOR with rapamycin in animal models of TBI is beneficial for
ameliorating TBI-associated symptoms, including epilepsy and adverse inflammatory
responses [49–53]. TBI-induced epilepsy is characterized by numerous abnormalities,
including molecular, cellular and synaptic activities in the brain [53]. mTOR might also be
involved in these cellular processes, which cause epileptogenesis following brain injuries.
First, mTOR regulates various cellular functions, such as protein synthesis and synaptic
plasticity, that might cause abnormally excited electrical signals, thereby contributing to
epileptogenesis in the injured brain. Second, TSC is one of the most common genetic causes
of epilepsy [54]. It is caused by mutation of the genes TSC1/2, which encode the upstream
negative regulators of mTOR [33]. The role of mTOR in epilepsy pathogenesis has been
demonstrated using the mTOR inhibitor rapamycin in a variety of mouse models of epilepsy
[53,55,56]. Therefore, pharmacological inhibition of mTOR to alleviate TBI-induced
epilepsy could represent a novel anti-epileptogenic therapy for patients with TBI.

In addition to epilepsy, the secondary brain injury is frequently associated with neuro-
inflammatory responses owing to activation of immune cells, such as microglia and
astrocytes. These cause secondary neuronal damage by releasing cytotoxic molecules,
including reactive oxygen species (ROS) and cytokines [57]. In addition, early inflammatory
response (within hours) contributes to the later stages of brain injuries [58]. As a potent
immunosuppressant, rapamycin has been investigated for its neuroprotective effects in
closed head injury TBI models [50]. Rapamycin injection within 4 h following brain injury
reduced microglia and/or macrophage activation, increased survival of neurons and
significantly improved brain functional recovery [50]. Taken together, these encouraging
preclinical studies suggest that pharmacological modulation of mTOR pathway is an
attractive therapeutic strategy for treatment of traumatic CNS injuries.
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mTOR-independent signaling pathways
Although the mTOR pathway is important for axonal regeneration, other mTOR-
independent pathways are also essential for this process. Given that TSC1 knockout did not
mimic the effects of PTEN knockout, Park and colleagues suggested that other mTOR-
independent downstream targets of PTEN, such as 3′PIs, glycogen synthase kinase 3
(GSK-3), collapsin response modifier protein 2 (CRMP2), adenomatous polyposis coli
(APC) and MAP1b are involved in axon regeneration [59]. Moreover, deletion of suppressor
of cytokine signaling 3 (SOCS3), a negative regulator of the Janus kinase/signal transducer
and activator of transcription (JAK–STAT) pathway, also promotes axon regeneration of
injured optic nerves [60]. The JAK–STAT pathway is activated by cytokines, including
ciliary neurotrophic factor (CNTF) and interleukin 6 (IL-6) (Figure 3) [61]. These cytokines
are upregulated in response to CNS injury and can have a role in transmitting the injury
signal and promoting axon regeneration [62]. Exogenous CNTF treatment dramatically
increased the axon regeneration of injured optic nerves in SOCS3-deleted RGCs [60]. The
effect on axon regeneration was comparable to that observed in RGCs of PTEN-knockout
mice. CNTF has been investigated for use as an anti-obesity and type 2 diabetes mellitus
drug [63]; it is possible that exogenous CNTF treatment in combination with SOCS3
inhibitors could be used for treatment of CNS injuries.

Microtubule dynamics are integral for axon growth and regeneration. In the case of SCI, the
two main processes that impede SCI repair are hypertrophic scar formation and modest
ability to regrow injured axons, both of which require correct microtubule dynamics.
Notably, two recent reports demonstrate that paclitaxel at low concentrations might be
beneficial for CNS injuries [64–66]. Paclitaxel is a microtubule-stabilizing drug approved by
the FDA for treatment of cancer. At high concentrations, it stabilizes microtubules, which
prevents the dynamics necessary for cell division; thus, it is very effective as an anticancer
drug. However, at low concentrations, paclitaxel promotes polymerization at microtubule
plus-ends within the growth cone and provides a means for axon regeneration after injury.
Hellal and colleagues demonstrated that low-dose paclitaxel stimulated intrinsic axon
growth and decreased scar formation to facilitate axon regeneration in SCI [64]. Paclitaxel
also provided neuroprotection against ischemia and/or reperfusion-induced cell death in
brain injury [67]. These studies have made a strong case for the use of microtubule
stabilizers in the management of traumatic CNS injuries. The challenge with paclitaxel is
that it does not cross the blood–brain barrier (BBB); however, chemically modified
derivatives of this drug or chemically modified nanoparticle carriers could be used to
optimize delivery across the BBB [68]. Overall, it is evident that both mTOR-dependent and
-independent pathways have essential roles in repair and regeneration following CNS injury.
Therefore, pharmacological modulation of these pathways is emerging as a new strategy for
treatment of traumatic CNS injuries (Figure 3).

Perspectives and concluding remarks
Modulation of intrinsic signaling pathways, in particular, the mTOR signaling and the JAK–
STAT pathways, is central for promoting CNS repair and regeneration. Stimulation of the
mTOR signaling pathway provides neuroprotection, promotes neurogenesis and axon
regeneration while reducing the cytotoxic effects of TBI-induced glutamate release.
However, inhibition of mTOR activity with rapamycin also provides neuroprotection. It
might be that a delicate balance between inhibition and activation of mTOR pathway exists
to maintain neuronal survival while promoting axonal regeneration. Undoubtedly, this
paradoxical effect needs further investigation and clarification in preclinical and clinical
studies. SF1670 is a small molecule inhibitor of PTEN originally developed for treatment of
type 2 diabetes mellitus [69], and this, or other novel PTEN inhibitors, could be used to
investigate this further. Unlike PTEN inhibitors, TSC1 inhibitors might not be as beneficial
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because knockout of TSC1 did not have the same dramatic effect on axon regeneration as in
PTEN-knockout mice [35]. Finally, given that hyperactivation of the PI3K–Akt–mTOR
pathway is found in many different cancers [34], risks associated with the use of PTEN or
TSC1 inhibitors for TBI or SCI treatment should be evaluated further. Pharmacological
activation of the JAK–STAT pathway can be accomplished with cytokines such as CNTF or
SOCS3 inhibitors. Because CNTF treatment dramatically increased axon regeneration of
injured optic nerves in SOCS3-deleted RGCs, CNTF alone and in combination with SOCS3
inhibitors should be evaluated further in animal models and clinical trials. However,
activation of the JAK–STAT pathway can also cause cancer (importantly, a recent study
demonstrated that deletion of PTEN and SOCS3 together is able to sustain axon
regeneration [70]). Therefore, combination therapies of both the mTOR pathway and JAK–
STAT pathway could enhance functional recovery in injured patients.

Gene therapy has also gained considerable attention in recent years and is being increasingly
explored to promote neuronal growth and/or minimize neuronal death post-injury [71]. Viral
vector-mediated delivery of growth factors or cytokines that stimulate the mTOR and JAK–
STAT pathways directly into the injury site could be used to stimulate the intrinsic
regenerative capacity of injured neurons and promote axon regeneration. These approaches
have been studied in animal models [71]. Although gene therapy studies remain in the
preclinical stage of research, as more is understood about the signaling pathways that are
affected during brain injuries and SCIs, this approach could become a viable option for
treatment. However, gene therapy is still controversial because the benefits versus risks are
not yet known.

Despite the limitations and controversies, the number of therapeutic strategies to promote
CNS repair and regeneration is increasing, and the emerging pharmacological approaches
appear promising. Repair and regeneration of the injured CNS will be one of the most
challenging tasks to face the medical community over the next decade or so. Understanding
the physiology of the CNS as well as the pathophysiology of TBI and SCI will be crucial for
the development of effective CNS therapies.
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Highlights

We provide a brief overview of CNS injuries and current therapies

Currently few therapies are available to treat severe CNS injuries

Emerging evidence suggests intrinsic signaling pathways are central for CNS repair
and regeneration

mTOR pathway plays an important role in several physiological functions of the
CNS

Modulation of mTOR pathway could be an effective novel approach for treatment of
CNS injuries
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Figure 1.
[LM2][LM3]Mechanisms involved in functional recovery from a traumatic central nervous
system (CNS) injury.
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Figure 2.
[LM4]Current pharmacological therapies under investigation for the treatment of traumatic
brain injury (TBI). Abbreviation: CNS, central nervous system.
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Figure 3.
[LM5]Strategies for treatment of traumatic central nervous system (CNS) injuries. (a) The
phosphatidylinositol 3-kinase (PI3K)–Akt–mammalian target of rapamycin (mTOR)
pathway. (b) The Janus kinase/signal transducer and activator of transcription (JAK---
STAT) pathway. Abbreviations: PTEN, phosphatase and tensin homolog deleted on
chromosome ten; RTK, XXX[LM6]; SOCS3, suppressor of cytokine signaling 3; TSC1/2,
tuberous sclerosis protein 1/2.
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