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Abstract. Although there are ongoing intensive research 
efforts, no effective pharmacological therapies for Parkinson's 
disease (PD) have been developed thus far. However, with 
the development of efficient gene delivery systems, gene 
therapy for PD has become a focus of research and increasing 
evidence suggests that continuous production of neurotrophic 
factors play a significant role in the functional restoration of 
the nigrostriatal dopaminergic (DA) system. Our recent study 
reported that the transduction of DA neurons with ras homolog 
enriched in brain, which has an S16H mutation [Rheb(S16H)], 
protected the nigrostriatal DA projection in a neurotoxin model 
of PD in vivo. In addition, Rheb(S16H) expression significantly 
increased the levels of glial cell line‑derived neurotrophic 
factor and brain‑derived neurotrophic factor, which contributed 
to the neuroprotective effects of Rheb(S16H) in DA neurons in 
the adult brain, indicating that the activation of the signaling 
pathways involved in cell survival by a specific gene delivery, 
such as Rheb(S16H) to adult neurons, may be a useful strategy 
to protect neural systems in the adult brain. In the present 
study, a brief overview of our recent studies is provided, which 
demonstrates the neuroprotective mechanisms of Rheb(S16H) 
on the nigrostriatal DA projection in the adult brain.
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1. Introduction

Parkinson's disease (PD) is a chronic and progressive 
movement disorder that is mediated by the degeneration of 
nigrostriatal dopaminergic (DA) neurons, which causes motor 
symptoms, including tremor at rest, rigidity, bradykinesia 
and postural instability (1‑4). Although the etiology of PD is 
poorly understood and therefore cannot guide the development 
of knowledge‑based targeted therapeutics, investigators have 
attempted to develop targeted therapies using viral vector 
technologies to transfer specific genes to neurons, with the aim 
of improving the function of the degenerating DA system (5,6). 
Striatal delivery of adeno‑associated virus (AAV) 2‑mediated 
cerebral dopamine neurotrophic factor produced neuroprotec-
tive and functional restorative effects in the 6‑hydroxydopamine 
(6‑OHDA)‑induced animal model of PD (7). In addition, our 
previous studies (8,9) demonstrated that AAV1 transduction 
with a gene encoding the constitutively active form of ras 
homolog enriched in the brain, with a mutation of the serine 
to histidine at the 16 position [Rheb(S16H)], induced trophic 
effects. These effects resulted in the protection and restora-
tion of DA neurons in the 6‑OHDA‑induced model of PD via 
activation of the mammalian target of rapamycin complex 1 
(mTORC1), indicating that the activation of mTORC1 by a 
specific gene delivery, such as Rheb(S16H) to DA neurons, 
may be a useful strategy in protecting the DA systems in the 
adult brain.

Accumulating evidence suggests that the use of various 
growth factors, such as glial cell line‑derived neurotrophic 
factor (GDNF) (10‑13) and brain‑derived neurotrophic factor 
(BDNF) (10,12,14,15), may have a therapeutic potential against 
PD. GDNF is a trophic factor involved in the survival of DA 
neurons (10‑13) and has been identified in numerous types of 
neurons, including DA neurons (16). BDNF is a neurotrophin 
that can be synthesized by DA neurons in the substantia nigra 
(SN) of the adult brain (17) and is also involved in the survival 
of DA neurons (18). The study by Chauhan et al (19) reported 
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that DA neurons in the SN of PD brains express decreased 
levels of GDNF and BDNF. In animal models of PD, experi-
mental results using GDNF (10‑13) and BDNF (10,18) have 
consistently shown neuroprotective effects on DA neurons. 
Thus, replacement strategies to supplement neurotrophic 
factors are considered potential therapeutic approaches for 
PD. Our recent study found that the activation of mTORC1 by 
Rheb(S16H) transduction of DA neurons induced the produc-
tion of trophic factors, such as GDNF and BDNF, and that 
the endogenous production of those factors contributed to the 
neuroprotection by Rheb(S16H) transduction in a neurotoxin 
model of PD (20). The present study describes the importance 
of Rheb(S16H) transduction of DA neurons in the adult brain, 
indicating a potential therapeutic method for PD.

2. mTORC1 activation for survival of DA neurons in the 
adult brain

Neurotrophic factors, such as GDNF and BDNF, regulate the 
development, maintenance, function and plasticity of mature 
neurons and they have emerged as promising therapeutic 
agents for PD (21). The cellular effects of GDNF and BDNF, 
which show the most evident reduction in DA neurons in PD 
brains (19), are initiated by their binding to GNDF family 
receptor α1  (22) and tropomyosin receptor kinase B  (12), 
respectively. The stimulation of these receptors by treatment 
with GDNF and BDNF activates the Akt/mTOR signaling 
pathway, which is involved in the downstream activation of the 
pro‑survival pathway in neurons (23). In addition, consistent 
with the decreased levels of GDNF and BDNF in PD brains, 
the decreased levels of Akt phosphorylation, resulting in a loss 
of mTORC1 activation, are observed in the SN of patients with 
PD and in a 1‑methyl‑4‑phenylpyridinium (MPP+) model of 
PD, which mimics the phenotype of patients with PD (24). 
Numerous studies have also reported that the activation of the 
Akt/mTOR signaling pathway enhances the activity of intra-
cellular cell survival pathways under a variety of conditions, 
such as ischemic shock, oxidative stress and the withdrawal of 
trophic factors (25‑27). These results indicate that the activa-
tion of mTORC1 signaling pathway may be necessary for the 
survival of DA neurons and the functional maintenance of the 
DA system in the adult brain.

3. Rheb(S16H) transduction of DA neurons for mTORC1 
activation

Rheb, a key upstream regulator of mTORC1 activation, is 
regulated via GTPase activity of tuberous sclerosis complex 
(TSC)1/TSC2 and it is involved in cellular processes, such 
as protein synthesis, cell growth, proliferation, survival and 
synaptic plasticity (8,28). Furthermore, the serine at position 16 
of Rheb has sensitivity to TSC activation and Rheb(S16H), 
a mutation of the serine to histidine, exhibits resistance to 
GTPase activation by TSC (8,29), indicating that Rheb(S16H) 
is a strong activator of mTORC1. Our recent studies demon-
strated that Rheb(S16H) expression in DA neurons induced 
an increase in phosphorylation of the mTORC1 substrates, 
4E‑BP1 and p70S6K, indicating activation of mTORC1 and 
showed apparent neurotrophic effects in the nigrostriatal DA 
system in the adult brains (8,20). Additionally, the activation of 

mTORC1 by Rheb(S16H) transduction of DA neurons resulted 
in neuroprotective effects on the nigrostriatal DA projection 
in rat and mouse models of PD, indicating that Rheb(S16H) 
transduction of SN pars compacta neurons may have a common 
effect against different neurotoxins and models associated 
with the degeneration of the nigrostriatal DA projection in the 
adult brain.

4. GDNF and BDNF against PD

GDNF and BDNF are important trophic factors involved in 
the survival of neurons (10‑15). The neurotrophic properties 
of GDNF were first reported by Lin et al (11), in a study that 
demonstrated that GDNF promotes cell survival and increases 
dopamine uptake in the DA neuron cultures derived from 
the embryonic rodent midbrain. Subsequent studies have 
demonstrated that treatment with GDNF has neurotrophic 
and protective effects in animal models of PD  (10,12,13) 
and conditional ablation of GDNF in adult mice results in 
a delayed and progressive loss of DA neurons (30). Similar 
to GDNF, the experimental results have shown that BDNF 
has neuroprotective effects in animal models of PD (10,18) 
and the infusion of an antisense oligonucleotide specific to 
BDNF results in anatomical, neurochemical and behavioral 
deficits that are characteristic of neurotoxic models of PD (31). 
Although these results indicate that neurotrophic factors are 
indispensable for the survival and protection of DA neurons 

Figure 1. Schematic representation of the Rheb(S16H)/mTORC1/p‑CREB, 
GDNF and BDNF signaling pathways. The serine at position 16 of Rheb has 
sensitivity to TSC GTPase activation (20,29) and Rheb(S16H) results in the 
persistence of the GTP‑bound Rheb as an activated from. The accumula-
tion of GTP‑bound Rheb by hRheb(S16H) stimulates mTORC1 to produce 
p‑CREB, GDNF and BDNF, resulting in protection of the nigrostriatal DA 
projection. The dotted arrows indicate that p‑CREB may mediate the produc-
tion of GDNF and BDNF. Rheb(S16H), ras homolog enriched in brain, which 
has a S16H mutation; mTORC1, mammalian target of rapamycin complex 1; 
p‑CREB, phospho‑cAMP response element‑binding protein; GDNF, glial 
cell line‑derived neurotrophic factor; BDNF, brain‑derived neurotrophic 
factor; TSC, tuberous sclerosis complex.
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and the support of diverse neurotrophic factors may mediate 
the survival of DA neurons, the use as a treatment for PD is 
impeded due to one particular factor. GDNF and BDNF do not 
cross the blood‑brain barrier; therefore, direct application of 
these factors to the brain is essential. However, clinical trials of 
intracerebroventricular injection and intraputaminal infusion 
of GDNF failed in patients with PD (32,33), possibly due to the 
limited penetration and distribution to the target brain areas. 
Thus, despite the potential clinical importance of these factors, 
the utilization in clinical pharmacology and other therapeutics 
for PD is dependent upon sustained delivery of the appropriate 
amounts of the factors to the target areas in a safe and effica-
cious manner, without producing adverse effects.

5. Mechanisms of Rheb(S16H)‑induced neuroprotection

As reported in our previous studies (8,9), the activation of 
mTORC1 by Rheb(S16H) transduction of DA neurons resulted 
in the SN‑induced neurotrophic effects in the DA neurons, as 
well as in the protection and restoration of the nigrostriatal DA 
projection in a neurotoxin model of PD. These results indicate 
that an alternative to delivering neurotrophic molecules to the 
brain extracellular spaces, such as viral vector approaches to 
transduction of neurons, is to directly activate the intracellular 
signaling pathways responsible for their effects. However, it is 
largely unknown whether the activated mTORC1 induced the 
production of neurotrophic factors, such as GDNF and BDNF, 
thereby contributing to the protection of the nigrostriatal DA 
projection by intracellular signaling pathways in neurons 
of the adult brain. Our recent study found that Rheb(S16H) 
expression induced GDNF and BDNF, which contributed to 
the protection of the nigrostriatal DA projection in adult DA 
neurons in vivo and the induction of those factors was signifi-
cantly attenuated by treatment with rapamycin, a specific 
mTORC1 inhibitor (20). Additionally, Rheb(S16H) expres-
sion induced an increase in the levels of the phospho‑cAMP 
response element‑binding protein (p‑CREB) in DA neurons, 
which may be involved in the production of GDNF and 
BDNF (20). In addition to the induction of neurotrophic factors, 
our results using neutralizing antibodies against GDNF and 
BDNF showed that the Rheb(S16H)‑induced trophic factors 
contributed to the protection of the nigrostriatal DA projec-
tion through synergistic effects in the MPP+‑treated rat model 
of PD (20). These observations indicate that the observed 
upregulation of neurotrophic factors may be mediated by 
the Rheb(S16H)/mTORC1/CREB signaling pathway in DA 
neurons, and Rheb(S16H) expression in DA neurons protects 
the nigrostriatal DA projections through synergistic trophic 
effects mediated by GDNF and BDNF (Fig. 1).

6. Conclusion

Our recent studies showed that Rheb(S16H) transduction of DA 
neurons induced the sustained production of GDNF and BDNF, 
which contributed to the neuroprotective effect of Rheb(S16H) 
in a neurotoxin model of PD. Additionally, the decreased levels 
of GDNF, BDNF and Akt phosphorylation, which resulted in 
a loss of mTORC1 activation, are observed in the SN of PD 
patients. Therefore, even though the optimum gene delivery 
system without any side‑effects for the clinical trial remains 

to be found, our results indicate that Rheb(S16H) transduction 
may be a useful strategy to protect the nigrostriatal DA pathway 
in the adult brain, particularly considering that the activation 
of mTORC1 by a specific gene delivery to DA neurons in the 
SN results in the sustained production of diverse neurotrophic 
factors, such as GDNF and BDNF, involved in the maintenance 
and protection of the nigrostriatal DA system in the adult brain.
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