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Repairment of nerve injury is a thorny challenge in modern 
medicine, as nerve damage often leads to varying degrees 
of functional loss and even to paralysis. For example, after 
optic nerve injury, the patient's visual function is usually 
permanently lost despite some reports discovering a 
recovery of a tiny part of visual function in very few patients 
occasionally (1). Successful functional recovery of damaged 
nerves depends on both the number of surviving neurons 

and the regeneration of neuronal axons, as well as successful 
re-innervation to its effectors (2). It is not difficult to 
understand that survival of neurons is a prerequisite 
condition for axon regeneration. However, in absence 
of particular axon regeneration stimulators, they cannot 
grow even though the neuron has successfully survived (3).  
Actually, there are distinct regulatory mechanisms for the 
survival of neurons and the regeneration of axons. For 
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example, knocking out p53 in retinal ganglion cells only 
improves the survival rate of neurons, but produce no 
effect on axon growth (4). Similarly, consistent activation 
of GTPase Rheb in injured spinal cord significantly greatly 
promote neurite outgrowth as well as axon elongation 
instead of survival rate (5). Several key steps need to be 
accomplished during a successful axon regeneration, 
including prolongation of axons, crossing cell debris barrier, 
reinnervating with the target (6). Interestingly, we found 
distinct repairing mechanisms exist between central and 
peripheral nervous system, that is why nerve regeneration 
in peripheral nervous system is usually much more difficult 
than in central nervous system. In the early days, this 
difference was recognized as poor micro-environment in 
central nervous system where there is a low concentration 
of neurotrophic factors. Therefore Schwann cells were 
implanted at nerve crush site as they can secrete a variety 
of neurotrophic factors, and it is gladly to observe that 
many axons successfully thread the envelope formed by 
Schwann cells and further stretch into the distance (7). In 
subsequent study, a large number of axon regeneration 
related inhibitory molecules were identified in the micro-
environment of central nervous system. Some of them 
are named as myelin-associated inhibitors (MAIs), which 
is thought to be the major ingredients of this inhibitory 
microenvironment (8). Classic MAIs include myelin-
associated glycoprotein (MAG), oligodendrocyte myelin 
glycoprotein (Omgp) and Nogo protein (9,10), also 
newly discovered netrin-1 (11). However, removing of 
inhibitory molecules only has a slight increasement on 
axon regeneration. Thus more and more researchers 
assert it is the intrinsic capacity, a regeneration capacity 
that diminishes with age, especially for mature neurons of 
which mitotic capacity completely lost, that accounts for 
regeneration failure (12,13).

Regeneration-associated transcription factors 
(TFs) play key roles in axon regeneration

Recently a large number of researches have proved 
that activating some intracellular signaling pathways in 
neurons can robustly promote axon regeneration (14). The 
mechanisms under which are quite complex, but they can 
be basically summarized as following process: activation 
of relevant signaling pathways in neuronal somatic bodies; 
up-regulation of regeneration-associated TFs; synthesis 
of growth-associated proteins such as GAP-43 and 
SPRR1A; finally promotion of axon regeneration (15). 

The importance of TFs can be proved by the following 
experiment. First, it was found the expression of TFs in 
central nervous system was significantly lower than that in 
peripheral nervous system. Subsequently, overexpression of 
VP16-Stat3CA cross-linkers (the role of VP16 here is just 
to recruit transcriptional co-factors to the DNA-binding 
domain to enhance the transcriptional activity of Stat3CA) 
in both RGCs and cerebral cortex neurons showed much 
more prominent promotion effect on axon growth than 
Stat3CA overexpression alone (16).

Identification of TOR, structure and function

Mammalian target of rapamycin (mTOR) has been found 
an important signal transduction pathway that promotes 
nerve regeneration. In fact, mTOR has long been known 
for its extensive biological and physiological roles in various 
cell types (17,18). It controls cell proliferation, cell growth 
as well as other important life activities. As early as the 
1970s, a group of macrolide antibiotics with anti-fungal 
effects, namely rapamycin, was found in the soil of Easter 
Island (19). Further research found that the antibiotics can 
inhibit the proliferation of eukaryotic differentiation and 
have an immunosuppressive effect. The TOR receptor 
was then identified in the subsequent pharmacological 
mechanism research of rapamycin (20). TOR receptors 
are widely expressed in eukaryotic cells, and all eukaryotic 
genomes contain the TOR gene (21). For mammals, 
mTOR is quite conserved in biological evolution. Under 
stress condition, cells can maintain energy metabolism 
balance by adjusting mTOR (22-24). Some study has 
found that mTOR signaling disorder may lead to obesity, 
diabetes (25), some deadly malignant tumor (26). Now the 
structure of mTOR is clear, mTOR belongs to the family 
of phosphatidylinositol kinase-related kinase (PIKK), which 
has a serine/threonine kinase activity domain at its carboxy 
terminus and is complexed with rapamycin-FKBP12 body-
bound domains. mTOR contains two different protein 
complexes, mTORC1 and mTORC2, and both have own 
distinct regulating mechanism. The mTORC1 complex 
contains mTOR, proteins Raptor, PRAS40, Deptor and 
GβL, and it is sensitive to rapamycin (27,28). Rapamycin 
inhibits the catalytic activity of mTORC1 by forming a 
complex with FKBP12 as described above. mTORC1 
is mainly involved in cell cycle-dependent regulation of 
cell proliferation (29,30). In addition to Deptor, GβL, 
mTORC2 also contains specific Rictor, mSIN1 and 
Protor-1 (27). The most remarkable difference between 



Biotarget, 2018 Page 3 of 9

© Biotarget. All rights reserved. Biotarget 2018;2:18biotarget.amegroups.com

mTORC1 and mTORC2 is their sensitivity to rapamycin, 
although it has also been reported that long-term rapamycin 
treatment also can inhibit its activity recently (31). 
mTORC2 plays an important regulatory role in neuronal 
morphology and synapse formation by regulating actin 
cytoskeleton (32). It was found that mTORC2 can promote 
the formation of long-term memory (LTM) and take part in 
the establishment of cognitive function (33).

A classic pathway PI3K-Akt-TSC1/TSC2-mTOR

A variety of extracellular signals can participate in physical 
processes such as ribosome biosynthesis, protein synthesis, 
energy metabolism, apoptosis, autophagy through the 
mTOR (34). These extracellular stimuluses are widely 
distributed, including amino acids, ATP/AMP, growth 
factors, hormones, neurotransmitters, etc. (35). The 
TSC1/2 complex is a key node through which many 
molecules activate or inhibit mTOR. An important 
pathway called PI3K-Akt-TSC1/TSC2-mTOR can be 
initiated by extracellular signals including fibroin, BDNF, 
insulin, etc. (18). Phosphorylation of PI3K is the main 
step of this signaling pathway, it phosphorylates TSC2 by 
phosphorylated Akt, which forms a GAPase-interacting 
protein GAP with TSC1. GAP binds to Rheb and thus 
activates mTORC1 to exert its major physical effects 
(36-38). However, it is intriguing to note that recent 
research has found that Rheb-GTP can inhibit mTORC2 
as well (39). Activated mTOR turn on transcription and 
translation by activating downstream proteins. The more 
studied are pS6K and 4E-BP1/2. The kinase activity of 
S6K requires phosphorylation at two key sites, Thr389 on 
the hydrophobic motif and Thr229 on the T loop. While 
activated S6K further activates 40s ribosomal protein S6, 
which encodes multiple transcription-related factors by 
up-regulating a group of mRNAs known as TOP (5' tract 
of oligopyrimidine) (21). Dephosphorylated 4E-BP1 is 
its activated form, while mTORC1 phosphorylates 4E-
BP1, then the latter is released from the binding of eIF4E 
to initiate the translation of the protein (40). In addition, 
other pathways, such as the Ras pathway, also phosphorylate 
TSC2 by activating MAPK, finally contribute to activation 
of mTOR (41). When cells lack energy, AMPK will be 
activated by intracellular high concentration of AMP or 
decrease of rate of ATP/AMP. Activated AMPK can slow 
down the cellular protein synthesis rate by inhibiting 
mTOR, so as to ensure the minimum energy requirement 
of cells (42). Hypoxia can also directly activate TSC 

through RTP801 to inhibit mTOR. Interestingly, in 
addition to acting directly on mTOR, the above AMPK 
pathway can also inhibit mTOR by upregulating RTP801, 
thus achieve multiple and complicated inhibition effect (43). 
Recently, it has also been found that activated mTORC2 can 
phosphorylate the downstream PKB/Akt, PKCα, at the same 
time, phosphorylated Akt can also affect the expression of 
mTORC1 through PRAS40, therefore the two complexes of 
mTOR do not function independently (44).

The mTOR signaling pathway plays a crucial role in the 
development and physical activity in nervous system, such as 
the development of the nervous system, synaptic plasticity 
and axon growth process (34). In the early development 
of neurons, mTOR is involved in the regulation of axon 
formation and directional growth, dendritic development 
and dendritic spine formation. In mature neurons, mTOR 
take part in several pathways that regulate synaptic plasticity, 
which is essential to the formation and development of 
memory and cognition. Several groups demonstrated the 
important role of TSC2-mTOR in the development of 
central neurons such as targeting of retinal ganglion cells, 
synthesis of motor neurons growth cone, neuron axon 
differentiation, and neuronal cells body polarization (45-49). 
In the peripheral nervous system, TSC2-mTOR signaling 
pathway also regulate axon targeting and bifurcation. 
Significant defects in sensory distribution of the skin and 
the axon distal over-bifurcation as well as other anomalies 
were found in the TSC2KO mouse model (50). Therefore, 
it is not surprising to know that mTOR signaling pathways 
are directly related to multiple neurological diseases, such as 
brain tumor formation, tuberous sclerosis, cortical dysplasia 
and neurodegenerative diseases such as Parkinson’s disease, 
Huntington’s disease and Alzheimer’s disease (51,52).

mTOR regulate axon regeneration in central 
nervous system

In a central nervous system study, mTOR was first found 
have an important role in axon regeneration. In 2008, using 
RGCs injured mice model, Park et al.  found that PTEN 
(phosphatase and tensin homolog) knocked out RGCs have 
a strong ability to regenerate axons and prolong even across 
the rupture site. The longest optic nerve fibers can reach 
almost 4.0 mm. PTEN, as one of the negative regulators 
of mTOR signaling, converts PIP3 (phosphatidylinositol 
3,4,5 triphosphate) into PIP2 (phosphatidylinositol 4,5 
diphosphate), while decrease in PIP3 activates Akt and 
further activates mTOR. Whereas in the control group, 
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mTOR as one of the PTEN downstream effectors was found 
to have decreased along with decreased neuronal protein 
synthesis. At the same time, if another negative regulator 
of the mTOR, TSC1 (tuberous sclerosis complex 1)  
is knocked out, the enhanced ability of axon regeneration 
can be significantly observed again (4). In fact, in a study 
of axonal growth and development, it has been already 
confirmed that activated mTOR can recruit SAD kinases 
to synthesize particular proteins which axon formation 
need, thereby allowing shift from neurites to axons (48). 
It is easy to see activation of mTOR signaling pathway 
has the ability to enhance axonal regeneration, and shortly 
thereafter, similar role of mTOR was found in spinal cord 
injury. Liu et al. successfully regenerate the corticospinal 
tract in damaged spinal cord by silencing PTEN. They 
found that silencing PTEN not only allow uninjured axons 
to penetrate into axonal buds hence exert compensatory 
functions, but also regenerate damaged axons and even 
traversed across spinal cord injuries. In previous studies, 
there was no effective ways to get damaged axons across 
the crush sites (53). Sun et al. attempted to knock out both 
PTEN and SOCS3 in RGCs (SOCS3, an inhibitor of the 
JAK/STAT pathway, down regulation SOCS3 enhances 
axonal regeneration), enhanced and sustained regeneration 
was more obvious than knocking out PTEN/SOCS3 alone. 
Interestingly, a more detailed gene analysis reports that 
these two originally independent pathways eventually work 
synergistically (54). Another team used both zymosan and 
CPT-cAMP in PTEN knocked out mice, as a result, they 
pleasantly found a small fraction of the optic nerve fibers 
succeeded in reaching the lateral knee of the thalamus after 
passing through the optic chiasm body, more surprisingly 
some visual function recovered (55). However, complete 
visual function recovery is still a hard challenge, the main 
difficult lie in axon regeneration failure of optic nerve and 
the formation of abnormal synapsis connections (56). Du  
et al. found that activation of mTOR can even regenerate 
the axons of rat corticospinal tract one year after injury (57). 
Wyatt et al. also demonstrated that the activation of mTOR 
promotes neurite regeneration on human embryonic stem 
cell-derived neuronal precursor cells (58).

mTOR regulate axon regeneration in peripheral 
nervous system

In the peripheral nervous system, does mTOR still play a 
decisive role in axon regeneration? Christie et al. found that 
silencing PTEN-mRNA increase the axon regeneration of 

peripheral sensory neurons, and PTEN-specific inhibitors 
acquired consistent results (59). Eickholt et al. found that 
in the p110δ PI3K-inactivated transgenic mice, axon 
regeneration of DRGs was significantly weaker than that 
of the control group. At the same time, the expression of 
Sprr1A, a gene associated with regeneration, was detected 
in transgenic mice (60). Saijilafu et al. hypothesize that 
PI3K may regulate the transcription of regeneration-related 
genes via GSK3, a downstream molecule of PI3K  (61). In 
subsequent experiments, knockdown of PTEN in sciatic 
nerve injury models also enhanced axon regeneration of 
peripheral neurons. However, this enhancement does not 
depend on mTOR, but on GSK3 signaling. Not only that, 
they also found that GSK3 promotes axonal regeneration via 
the TF Smad1. However, it is noteworthy that in Saijilafu’s 
experiment, electroporation of Smad1 plasmid only restored 
the regenerative capacity of no more than 50% of dnPI3K 
neurons, whereas in the control group, overexpression 
of Smad1 did not enhance axon regeneration (14).  
This suggests that there are other regulatory pathways 
downstream of PI3K. In fact, when Christie silenced 
rat PTEN, they also believe that this increase in axonal 
growth does not depend on mTOR (59). However, in 
the experiment of Abe et al., sciatic nerve injury in mice 
significantly enhanced the axon regeneration capacity 
of DRG neurons, at the same time, activating mTOR 
signaling pathway was detected in DRG neurons (50). 
mTOR regulates protein synthesis through the activation of 
downstream effectors. One of the possible ways to promote 
the regenerative enhancement of axon regeneration is 
through the up-regulation of GAP-43 expression, since 
overexpression of GAP-43 and overexpression of mTOR 
do not show the exactly same effect (62). In another word, 
there are other downstream effectors that participate in 
mTOR signaling.

mTOR regulate glial cells after nerve injury

Glial scar tissue not only constitutes a physical barrier 
but also secrete chemical components that inhibit nerve 
regeneration. mTOR signaling pathway also plays an 
important role in glial cells. During central nervous 
development, oligodendrocytes eventually participate 
in the formation of myelin after multiple transitional 
states. Oligodendrocyte differentiation and myelination 
are dependent on the activation of specific cellular 
signaling pathways. Akt and mTOR are important 
regulatory pathways in this process. Intact myelination of 
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oligodendrocytes depends largely on mTORC1, a small 
part on mTORC2 (63). Deletion of Raptor (a component 
of mTORC1) in oligodendrocytes will result in abnormal 
formation of myelin (64). Similarly, in the development 
of the peripheral nervous system, if knocking out mTOR 
in Schwann cells, the myelin formation of Schwann cells 
drastically decreases both in length and thickness. The 
defective myelin can also significantly slow down the speed 
of nerve signal transmission (65). Knocking out Rheb1 in 
the Rheb1f/f mouse brain, which is required in mTOR 
mediated myelination, greatly inhibited myelination (66). 
Likewise, the formation of scar tissue also depends on the 
activation of the PI3K/Akt/mTOR signaling pathway. It 
was observed astrocytes are involved in the formation of 
scars in spinal cord injury only after mTOR activation (67).  
At the same time, activated astrocytes can also secrete 
chondroitin sulfate proteoglycans (CSPGs), an important 
neuro-repressor, and this secretion per se depends on the 
activation of mTOR (68). Another inhibitory molecule 
secreted by astrocyte, interleukin-6 (IL-6), not only 
regulates the formation of scar tissue but also has the ability 
to promote axon regeneration. The secretion of IL-6 is also 
regulated by the mTOR signaling pathway (69). Astrocytes 
can also secrete ciliary neurotrophic factor (CNTF) to 
promote axon regeneration (70,71)，which is also regulated 
by mTOR (72). Recently, it has been reported that CNTF 
can stimulate the proliferation of RGCs and rapamycin can 
significantly reduce the growth of RGCs in the presence of 
myelin. However, in absence of these inhibitory molecules, 
rapamycin cannot affect the growth and regeneration of 
RGCs. More interestingly, exposure to inhibitory molecules 
such as myelin or neurocan could also decrease the mTOR 
activity of RGCs. This study suggests that mTOR activity 
may also affect RGCs' sensitivity to inhibitory molecules (73). 
In addition, mTORC1 can increase the sensitivity of RGCs 
to myelin-associated inhibitory molecules by up-regulating 
neurotrophic factor, which in turn induces RIP of p75NTR 
complex, then growth cone will not be recognized for 
regeneration-related signals (7,73,74).

mTOR as a new potential therapeutic target

In the current clinical treatment to nerve injury, methods 
are very limited to surgery, hormone therapy, neurotrophic 
medications and so on and all these treatments are 
mainly to reduce pressure and edema so as to alleviate 
symptoms (1,75). To days there is not any treatment 
aimed at improving the intrinsic regenerative ability 

of neuron itself. Since PTEN-PI3K-mTOR signaling 
pathway can directly enhance the regenerative capacity 
of neurons, up regulating intracellular protein synthesis 
may be a promising therapeutic treatment. However, 
some dilemmas need to be overwhelmed. One of the 
main reasons is that mTOR has multiple function in 
living organisms. In a CNS injury model, inhibition of 
mTOR not only failed to produce negative effect on 
the regeneration and nerve repair, but also attenuated 
the damage response and finally promoted functional 
recovery (76). An interesting phenomenon that inhibition 
of mTOR also showed a promotion to function recover, 
which may be explained to mTOR inhibitors can promote 
astrocyte proliferation, attenuate inflammatory reaction 
at injury site, reduce inflammatory cytokines released by 
macrophages, such as microglial IL-1β, TNFα and so on. 
Researchers also found inhibition of mTOR suppress NO 
synthase and regulates oligodendrocyte differentiation 
while the latter is involved in the formation of scars of 
nerve injury (77). In fact, inhibition of mTOR activates 
damaging neuron autophagy, which can block apoptosis 
by accelerating the clearance of mitochondria, decreasing 
cytochrome C and downstream caspase activity (78).  
As adequate blood supply is the footstone of nerve 
growth in vivo, mTOR also regulates the formation of 
newborn blood vessels through angiogenic factors such 
as vascular endothelial growth factor, NO, angiogenin 
and so on (79). Nevertheless, activating mTOR may 
appear to have encouraging results, is necessary to note 
that overexpression of mTOR may increase the incidence 
of malignant disease (80,81). Overexpression of mTOR 
may result in protein translation errors and deformities 
in development of nervous system, for instance, epilepsy, 
cognitive disorders such as autism, dementia, inflammation 
in brain trauma are all associated with overexpression 
of mTOR (82). Therefore, efforts should be devoted to 
eradicate the adverse effects during medical treatment. 
Recently, gene therapy has attracted much attention, since 
direct intervention of mTOR signaling pathway in neuron 
may be more efficient than merely drug administrating, 
moreover gene therapy can avoid the side effects of drugs. 
Therefore, some people conceive knockout of PTEN may 
be a useful treatment. However it is sadly to see PTEN 
as a tumor suppressor gene, the mutation can induce a 
variety of human malignant tumors such as skin cancer, 
breast cancer, etc., hence activation of mTOR by silencing 
PTEN may not be a safe way (83). In a long-term mouse 
PTEN knockout trial which enduring up to 18 months, no 
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other abnormal features were found except for neuronal 
hypertrophy (84). 

Conclusions

Our understanding of the role of mTOR in nerve 
regeneration is presently dramatically increasing. 
Considerable progress has been achieved about mTOR-
mediated regeneration after nerve injury. However, we are 
still far from understanding how modifications in mTOR 
activity contribute to regeneration progress. Due to mTOR 
plays important roles in various physiological processes 
and functions in different cell types, precise regulation of 
mTOR both in time and space may be the direction solving 
the problem completely. 

Acknowledgements

Funding: This study was supported by National Natural 
Science Foundation of China (Grant No. 81871554, 
81671230, 81301628), National Basic Research Program 
of China (973 Program) (Grant No. 2014CB542202 and 
2014CB542203), a project funded by Jiangsu Provincial 
Key Medical Center, the Priority Academic Program 
Development of Jiangsu Higher Education Institutions 
(PAPD), Fund of Doctoral Start-up of Nantong University 
(Grant No. 15B18, 17ZZ040, 18ZXY192).

Footnote

Conflicts of Interest: The authors have no conflicts of interest 
to declare.

References

1. Wu N, Yin ZQ, Wang Y. Traumatic Optic Neuropathy 
Therapy: an Update of Clinical and Experimental Studies. 
J Int Med Res 2008;36:883-9. 

2. Shum JWH, Liu K, So KF. The progress in optic 
nerve regeneration, where are we? Neural Regen Res 
2016;11:32-6. 

3. Vigneswara V, Berry M, Logan A, et al. Pharmacological 
Inhibition of Caspase-2 Protects Axotomised Retinal 
Ganglion Cells from Apoptosis in Adult Rats. Plos One 
2012;7:e53473. 

4. Park KK, Liu K, Hu Y, et al. Promoting Axon 
Regeneration in the Adult CNS by Modulation of the 
PTEN/mTOR Pathway. Science 2008;322:963-6. 

5. Wu D, Klaw MC, Connors T, et al. Expressing 
Constitutively Active Rheb in Adult Neurons after 
a Complete Spinal Cord Injury Enhances Axonal 
Regeneration beyond a Chondroitinase-Treated Glial Scar. 
J Neurosci 2015;35:11068-80. 

6. Nawabi H, Belin S, Cartoni R, et al. Doublecortin-Like 
Kinases Promote Neuronal Survival and Induce Growth 
Cone Reformation via Distinct Mechanisms. Neuron 
2015;88:704-19. 

7. Ahmed Z, Suggate EL, Brown ER, et al. Schwann cell-
derived factor-induced modulation of the NgR/p75(NTR)/
EGFR axis disinhibits axon growth through CNS myelin 
in vivo and in vitro. Brain 2006;129:1517-33. 

8. Filbin MT. Myelin-associated inhibitors of axonal 
regeneration in the adult mammalian CNS. Nat Rev 
Neurosci 2003;4:703-13. 

9. He Z, Koprivica V. The Nogo signaling pathway for 
regeneration block. Annu Rev Neurosci 2004;27:341-68. 

10. Yiu G, He ZG. Signaling mechanisms of the myelin 
inhibitors of axon regeneration. Curr Opin Neurobiol 
2003;13:545-51. 

11. Löw K, Culbertson M, Bradke F, et al. Netrin-1 is a novel 
myelin-associated inhibitor to axon growth. J Neurosci 
2008;28:1099-108. 

12. Chen C, Liu Y, Liu Y, et al. mTOR Regulation and 
Therapeutic Rejuvenation of Aging Hematopoietic Stem 
Cells. Sci Signal 2009;2:ra75. 

13. Geoffroy CG, Hilton BJ, Tetzlaff W, et al. Evidence for 
an Age-Dependent Decline in Axon Regeneration in the 
Adult Mammalian Central Nervous System. Cell Rep 
2016;15:238-46. 

14. Saijilafu, Hur EM, Liu CM, et al. PI3K-GSK3 signalling 
regulates mammalian axon regeneration by inducing the 
expression of Smad1. Nat Commun 2013;4:2690.

15. Fischer D, Petkova V, Thanos S, et al. Switching mature 
retinal ganglion cells to a robust growth state in vivo: Gene 
expression and synergy with RhoA inactivation. J Neurosci 
2004;24:8726-40. 

16. Mehta ST, Luo X, Park KK, et al. Hyperactivated Stat3 
boosts axon regeneration in the CNS. Exp Neurol 
2016;280:115-20. 

17. Huang Z, Zhu J, Ma W, et al. Strategies and potential 
therapeutic agents to counter skeletal muscle atrophy. 
Biotarget 2018;2:8.

18. Fang Q, Xu T, Wu C, et al. Biotargets in Neural 
Regeneration. Biotarget 2017;1:6.

19. Vézina C, Kudelski A, Sehgal SN. Rapamycin (AY-22,989), 
a new antifungal antibiotic. I. Taxonomy of the producing 



Biotarget, 2018 Page 7 of 9

© Biotarget. All rights reserved. Biotarget 2018;2:18biotarget.amegroups.com

streptomycete and isolation of the active principle. J 
Antibiot (Tokyo) 1975;28:721-6. 

20. Heitman J, Movva NR, Hall MN. Targets for cell-cycle 
arrest by the immunosuppressant rapamycin in yeast. 
Science 1991;253:905-9. 

21. Hay N, Sonenberg N. Upstream and downstream of 
mTOR. Genes Dev 2004;18:1926-45. 

22. Brugarolas J, Lei K, Hurley RL, et al. Regulation of 
mTOR function in response to hypoxia by REDD1 and 
the TSC1/TSC2 tumor suppressor complex. Genes Dev 
2004;18:2893-904. 

23. Corradetti MN, Inoki K, Guan KL. The stress-inducted 
proteins RTP801 and RTP801L are negative regulators of 
the mammalian target of rapamycin pathway. J Biol Chem 
2005;280:9769-72. 

24. Reiling JH, Hafen E. The hypoxia-induced paralogs 
scylla and charybdis inhibit growth by down-regulating 
S6K activity upstream of TSC in Drosophila. Genes Dev 
2004;18:2879-92. 

25. Haissaguerre M, Saucisse N, Cota D. Influence of mTOR 
in energy and metabolic homeostasis. Mol Cell Endocrinol 
2014;397:67-77. 

26. Guertin DA, Sabatini DM. An expanding role for mTOR 
in cancer. Trends Mol Med 2005;11:353-61. 

27. Maiese K, Chong ZZ, Shang YC, et al. mTOR: on target 
for novel therapeutic strategies in the nervous system. 
Trends Mol Med 2013;19:51-60. 

28. Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a 
key modulator of ageing and age-related disease. Nature 
2013;493:338-45. 

29. Hara K, Maruki Y, Long XM, et al. Raptor, a binding 
partner of target of rapamycin (TOR), mediates TOR 
action. Cell 2002;110:177-89. 

30. Gatica D, Klionsky DJ. New insights into MTORC1 
amino acid sensing and activation. Biotarget 2017;1:2. 

31. Sarbassov DD, Ali SM, Sengupta S, et al. Prolonged 
rapamycin treatment inhibits mTORC2 assembly and Akt/
PKB. Mol Cell 2006;22:159-68. 

32. Angliker N, Ruegg MA. In vivo evidence for mTORC2-
mediated actin cytoskeleton rearrangement in neurons. 
Bioarchitecture 2013;3:113-8. 

33. Huang W, Zhu PJ, Zhang S, et al. mTORC2 controls 
actin polymerization required for consolidation of long-
term memory. Nat Neurosci 2013;16:441-8. 

34. Bockaert J, Marin P. mTOR in brain physiology and 
pathologies. Physiol Rev 2015;95:1157-87. 

35. Wullschleger S, Loewith R, Hall MN. TOR signaling in 
growth and metabolism. Cell 2006;124:471-84. 

36. Inoki K, Li Y, Xu T, et al. Rheb GTPase is a direct target 
of TSC2 GAP activity and regulates mTOR signaling. 
Genes Dev 2003;17:1829-34. 

37. Tee AR, Manning BD, Roux PP, et al. Tuberous sclerosis 
complex gene products, tuberin and hamartin, control 
mTOR signaling by acting as a GTPase-activating protein 
complex toward Rheb. Curr Biol 2003;13:1259-68. 

38. Garami A, Zwartkruis FJ, Nobukuni T, et al. Insulin 
activation of Rheb, a mediator of mTOR/S6K/4E-
BP signaling, is inhibited by TSC1 and 2. Mol Cell 
2003;11:1457-66. 

39. Yang Q, Inoki K, Kim E, et al. TSC1/TSC2 and Rheb 
have different effects on TORC1 and TORC2 activity. 
Proc Natl Acad Sci U S A 2006;103:6811-6. 

40. Gingras AC, Kennedy SG, O'Leary MA, et al. 4E-BP1, 
a repressor of mRNA translation, is phosphorylated and 
inactivated by the Akt(PKB) signaling pathway. Genes Dev 
1998;12:502-13. 

41. Repasky GA, Chenette EJ, Der CJ. Renewing the 
conspiracy theory debate: does Raf function alone 
to mediate Ras oncogenesis? Trends Cell Biol 
2004;14:639-47. 

42. Inoki K, Zhu TQ, Guan KL. TSC2 mediates cellular 
energy response to control cell growth and survival. Cell 
2003;115:577-90. 

43. Morgan-Warren PJ, Berry M, Ahmed Z, et al. Exploiting 
mTOR Signaling: A Novel Translatable Treatment 
Strategy for Traumatic Optic Neuropathy? Invest 
Ophthalmol Vis Sci 2013;54:6903-16. 

44. Vander Haar E, Lee SI, Bandhakavi S, et al. Insulin 
signalling to mTOR mediated by the Akt/PKB substrate 
PRAS40. Nat Cell Biol 2007;9:316-23. 

45. Nie D, Di Nardo A, Han JM, et al. Tsc2-Rheb signaling 
regulates EphA-mediated axon guidance. Nat Neurosci 
2010;13:163-72. 

46. Wu KY, Hengst U, Cox LJ, et al. Local translation 
of RhoA regulates growth cone collapse. Nature 
2005;436:1020-4. 

47. Campbell DS, Holt CE. Chemotropic responses of retinal 
growth cones mediated by rapid local protein synthesis and 
degradation. Neuron 2001;32:1013-26. 

48. Choi YJ, Di Nardo A, Kramvis I, et al. Tuberous sclerosis 
complex proteins control axon formation. Genes Dev 
2008;22:2485-95. 

49. Wildonger J, Jan LY, Jan YN. The Tsc1-Tsc2 complex 
influences neuronal polarity by modulating TORC1 
activity and SAD levels. Genes Dev 2008;22:2447-53. 

50. Abe N, Borson SH, Gambello MJ, et al. Mammalian 



Biotarget, 2018Page 8 of 9

© Biotarget. All rights reserved. Biotarget 2018;2:18biotarget.amegroups.com

Target of Rapamycin (mTOR) Activation Increases Axonal 
Growth Capacity of Injured Peripheral Nerves. J Biol 
Chem 2010;285:28034-43. 

51. Swiech L, Perycz M, Malik A, et al. Role of mTOR in 
physiology and pathology of the nervous system. Biochim 
Biophys Acta 2008;1784:116-32. 

52. An WL, Cowburn RF, Li L, et al. Up-regulation of 
phosphorylated/activated p70 S6 kinase and its relationship 
to neurofibrillary pathology in Alzheimer's disease. Am J 
Pathol 2003;163:591-607. 

53. Liu K, Lu Y, Lee JK, et al. PTEN deletion enhances the 
regenerative ability of adult corticospinal neurons. Nat 
Neurosci 2010;13:1075-81. 

54. Sun F, Park KK, Belin S, et al. Sustained axon regeneration 
induced by co-deletion of PTEN and SOCS3. Nature 
2011;480:372-5. 

55. de Lima S, Koriyama Y, Kurimoto T, et al. Full-length 
axon regeneration in the adult mouse optic nerve and 
partial recovery of simple visual behaviors. Proc Natl Acad 
Sci U S A 2012;109:9149-54. 

56. Luo X, Salgueiro Y, Beckerman SR, et al. Three-
dimensional evaluation of retinal ganglion cell axon 
regeneration and pathfinding in whole mouse tissue after 
injury. Exp Neurol 2013;247:653-62. 

57. Du K, Zheng S, Zhang Q, et al. Pten Deletion Promotes 
Regrowth of Corticospinal Tract Axons 1 Year after Spinal 
Cord Injury. J Neurosci 2015;35:9754-63. 

58. Wyatt LA, Filbin MT, Keirstead HS. PTEN Inhibition 
Enhances Neurite Outgrowth in Human Embryonic Stem 
Cell-Derived Neuronal Progenitor Cells. J Comp Neurol 
2014;522:2741-55. 

59. Christie KJ, Webber CA, Martinez JA, et al. PTEN 
Inhibition to Facilitate Intrinsic Regenerative Outgrowth 
of Adult Peripheral Axons. J Neurosci 2010;30:9306-15. 

60. Eickholt BJ, Ahmed AI, Davies M, et al. Control of 
axonal growth and regeneration of sensory neurons by the 
p110delta PI 3-kinase. PLoS One 2007;2:e869. 

61. Saijilafu, Zhang BY, Zhou FQ. Signaling pathways that 
regulate axon regeneration. Neurosci Bull 2013;29:411-20. 

62. Neumann S, Woolf CJ. Regeneration of dorsal column 
fibers into and beyond the lesion site following adult spinal 
cord injury. Neuron 1999;23:83-91. 

63. Lebrun-Julien F, Bachmann L, Norrmen C, et al. Balanced 
mTORC1 Activity in Oligodendrocytes Is Required for 
Accurate CNS Myelination. J Neurosci 2014;34:8432-48. 

64. Bercury KK, Dai J, Sachs HH, et al. Conditional 
Ablation of Raptor or Rictor Has Differential Impact on 
Oligodendrocyte Differentiation and CNS Myelination. J 

Neurosci 2014;34:4466-80. 
65. Sherman DL, Krols M, Wu LM, et al. Arrest of 

Myelination and Reduced Axon Growth When Schwann 
Cells Lack mTOR. J Neurosci 2012;32:1817-25. 

66. Zou J, Zhou L, Du XX, et al. Rheb1 Is Required 
for mTORC1 and Myelination in Postnatal Brain 
Development. Dev Cell 2011;20:97-108. 

67. Chen CH, Sung CS, Huang SY, et al. The role of 
the PI3K/Akt/mTOR pathway in glial scar formation 
following spinal cord injury. Exp Neurol 2016;278:27-41. 

68. Jahan N, Hannila SS. Transforming growth factor beta-
induced expression of chondroitin sulfate proteoglycans 
is mediated through non-Smad signaling pathways. Exp 
Neurol 2015;263:372-84. 

69. Codeluppi S, Fernandez-Zafra T, Sandor K, et al. 
Interleukin-6 Secretion by Astrocytes Is Dynamically 
Regulated by PI3K-mTOR-Calcium Signaling. Plos One 
2014;9:e92649. 

70. Müller A, Hauk TG, Fischer D. Astrocyte-derived CNTF 
switches mature RGCs to a regenerative state following 
inflammatory stimulation. Brain 2007;130:3308-20. 

71. Leaver SG, Cui Q, Plant GW, et al. AAV-mediated 
expression of CNTF promotes long-term survival and 
regeneration of adult rat retinal ganglion cells. Gene Ther 
2006;13:1328-41. 

72. Yokogami K, Wakisaka S, Avruch J, et al. Serine 
phosphorylation and maximal activation of STAT3 during 
CNTF signaling is mediated by the rapamycin target 
mTOR. Curr Biol 2000;10:47-50. 

73. Leibinger M, Andreadaki A, Fischer D. Role of mTOR in 
neuroprotection and axon regeneration after inflammatory 
stimulation. Neurobiol Dis 2012;46:314-24. 

74. Heskamp A, Leibinger M, Andreadaki A, et al. CXCL12/
SDF-1 facilitates optic nerve regeneration. Neurobiol Dis 
2013;55:76-86. 

75. Yu-Wai-Man P, Griffiths PG. Steroids for traumatic 
optic neuropathy. Cochrane Database Syst Rev 
2013;(6):CD006032. 

76. Codeluppi S, Svensson CI, Hefferan MP, et al. The Rheb-
mTOR Pathway Is Upregulated in Reactive Astrocytes of 
the Injured Spinal Cord. J Neurosci 2009;29:1093-104. 

77. Dello Russo C, Lisi L, Tringali G, et al. Involvement 
of mTOR kinase in cytokine-dependent microglial 
activation and cell proliferation. Biochem Pharmacol 
2009;78:1242-51. 

78. Pan T, Kondo S, Zhu W, et al. Neuroprotection of 
rapamycin in lactacystin-induced neurodegeneration via 
autophagy enhancement. Neurobiol Dis 2008;32:16-25. 



Biotarget, 2018 Page 9 of 9

© Biotarget. All rights reserved. Biotarget 2018;2:18biotarget.amegroups.com

79. Guba M, von Breitenbuch P, Steinbauer M, et al. 
Rapamycin inhibits primary and metastatic tumor growth 
by antiangiogenesis: involvement of vascular endothelial 
growth factor. Nat Med 2002;8:128-35. 

80. Don AS, Zheng XF. Recent clinical trials of mTOR-
targeted cancer therapies. Rev Recent Clin Trials 
2011;6:24-35. 

81. Alayev A, Holz MK. mTOR signaling for biological 
control and cancer. J Cell Physiol 2013;228:1658-64. 

82. O' Neill C. PI3-kinase/Akt/mTOR signaling: Impaired 

on/off switches in aging, cognitive decline and Alzheimer's 
disease. Exp Gerontol 2013;48:647-53. 

83. Podsypanina K, Ellenson LH, Nemes A, et al. Mutation 
of Pten/Mmac1 in mice causes neoplasia in multiple organ 
systems. Proc Natl Acad Sci U S A 1999;96:1563-8. 

84. Gutilla EA, Buyukozturk MM, Steward O. Long-term 
consequences of conditional genetic deletion of PTEN 
in the sensorimotor cortex of neonatal mice. Exp Neurol 
2016;279:27-39.

doi: 10.21037/biotarget.2018.12.01
Cite this article as: Huang Z, Zhu J, Sun J, Ma W, Wang L, 
Zhang Q, Sun H. Effect of mammalian target of rapamycin 
signaling pathway on nerve regeneration. Biotarget 2018;2:18.


