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Abstract As a key regulator of cell metabolism and sur-

vival, mechanistic target of rapamycin (mTOR) emerges as

a novel therapeutic target for Parkinson’s disease (PD). A

growing body of research indicates that restoring perturbed

mTOR signaling in PD models can prevent neuronal cell

death. Nevertheless, molecular mechanisms underlying

mTOR-mediated effects in PD have not been fully under-

stood yet. Here, we review recent progress in characteriz-

ing the association of mTOR signaling with PD risk factors

and further discuss the potential roles of mTOR in PD.

Keywords mTOR � Parkinson’s disease � Apoptosis �
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Introduction

Parkinson’s disease (PD) is an age-related neurodegener-

ative disorder characterized by loss of midbrain dopamin-

ergic neurons in the substantia nigra pars compacta and the

presence of intracytoplasmic inclusions called Lewy bodies

(Lin et al. 2012; Dexter and Jenner 2013; Anderson and

Maes 2014; Schapira et al. 2014). Aging is a primary risk

factor for PD (Dauer and Przedborski 2003). It is estimated

that PD afflicts about 1–2 % of persons 65 years and older.

The economic burden of PD on national healthcare system

continues to rise (Boland and Stacy 2012). Current

therapeutic interventions for PD may be used to slow the

worsening of clinical symptoms and improve the quality of

life. However, no cure is currently available for PD.

Investigations of the mechanisms underlying the etiology

and pathogenesis of PD will facilitate the discovery of

potential therapeutic targets for PD.

Mechanistic target of rapamycin (mTOR), a highly

conserved serine/threonine kinase expressed in most of

mammalian cell types, plays a central role in cell growth/

proliferation, survival, metabolism, protein synthesis and

autophagy (Laplante and Sabatini 2012; Cornu et al. 2013).

There is increasing evidence that mTOR can regulate

neuronal development, survival and differentiation, and it

also plays a crucial role in synaptic plasticity (Jaworski and

Sheng 2006; Swiech et al. 2008). Recent data have shown

that deregulation of mTOR is implicated in the pathogen-

esis of PD (Xu et al. 2014; Zhou et al. 2015). Therefore,

mTOR might be one of the potential therapeutic targets for

PD. Here, we review recent understanding of mTOR sig-

naling in PD.

mTOR Signaling Pathway

Components and Structure of mTOR

mTOR is a serine/threonine protein kinase, and it oversees

multiple functions in cells that involve gene transcription,

protein synthesis, cytoskeletal organization, cell metabo-

lism, proliferation and survival (Laplante and Sabatini

2012; Maiese et al. 2013). In mammalian cells, there are

two mTOR complexes, i.e., mTOR complex 1 (mTORC1)

and mTOR complex 2 (mTORC2) (Fig. 1). mTORC1,

which controls protein homeostasis and autophagy, con-

tains mTOR, Raptor (regulatory-associated protein of
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mTOR), mLST8 (mammalian lethal with Sec-13 protein

8), PRAS40 (proline-rich Akt substrate of 40 kDa), Deptor

(DEP domain-containing mTOR-interacting protein) and

Tel2 (telomere maintenance 2)/Tti1 (Tel2 interacting pro-

tein 1). Both Raptor and mLST8 act as positive regulators

to promote the mTORC1 signaling (Dennis et al. 2013). In

contrast, PRAS40 can block mTORC1 activity by pre-

venting the binding of mTORC1 to Raptor (Wang et al.

2012a). Phosphorylation of PRAS40 by protein kinase B

(Akt) dissociates it from Raptor, which promotes the

binding of PRAS40 to the cytoplasmic docking protein

14-3-3 and subsequent mTORC1 activation (Wang et al.

2012a; Chong et al. 2012; Shang et al. 2012b; Xiong et al.

2014). mTORC2, which regulates cellular survival and

proliferation, contains mTOR, Deptor, mLST8, Rictor

(rapamycin-insensitive companion of mTOR), mSin1

(mammalian stress-activated map kinase-interacting pro-

tein 1), Protor (the protein observed with Rictor) and Tti1/

Tel2. Both Rictor and mSin1 are scaffold proteins regu-

lating the assembly of mTORC2. mSin1 is also necessary

for mTORC2 to activate Akt (Frias et al. 2006). Protor is

involved in mTORC2-mediated activation of SGK1

(serum/glucocorticoid regulated kinase 1) (Pearce et al.

2011). mTORC1 and mTORC2 share three regulatory

components in common, including Deptor, mLST8 and

Tti1/Tel2. Tti1/Tel2 complex serves as scaffold proteins

regulating the assembly of both mTORC1 and mTORC2.

Besides, it has been suggested that mLST8 may be

important for mTORC2 activity (Laplante and Sabatini

2012). In contrast, Deptor suppresses mTOR activity and

negatively regulates both mTORC1 and mTORC2. Inhi-

bition of Deptor increases the activities of Akt, mTORC1

and mTORC2 (Peterson et al. 2009). Despite the presence

of catalytic mTOR subunit in both mTORC1 and

mTORC2, mTORC1 is more sensitive than mTORC2 to

the inhibition by canonical mTOR inhibitor rapamycin

(Loewith et al. 2002).

mTORC1 Signaling Pathway

mTOR lies downstream of insulin-like growth factor 1

(IGF-1) receptor (IGFR) (Ma and Blenis 2009). Previous

studies have suggested tuberous sclerosis complex (TSC)

1/2 as an important regulator between PI3 K/Akt and

mTORC1 (Gao et al. 2002; Inoki et al. 2002; Tee et al.

2002). TSC1/2 complex triggers the conversion of active

GTP-bound form of GTPase Rheb to inactive GDP-bound

state and thus negatively regulates mTORC1 activity (Tee

et al. 2002; Manning and Cantley 2003). Furthermore,

TSC1/2 can be activated by energy deficiency via AMP-

activated kinase (AMPK), which is an important energy

sensor (Wullschleger et al. 2006). It should be noted that

AMPK can be phosphorylated by LKB1 (serine/threonine

Fig. 1 mTOR signaling in PD.

As a negative regulator of

autophagy, active mTORC1

could be associated with a-

synuclein accumulation. In

addition, Parkin regulates the

activity of mTORC1 through

REDD1. PINK1 activates

mTORC2 via phosphorylation

of Rictor. UCHL1 attenuates the

kinase activity of mTORC1 for

S6K1/4E-BP1, whereas it

enhances mTORC2 activity for

Akt. Similar to mTORC1,

LRRK2 can also phosphorylate

4E-BP1
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kinase 11) in response to the conditions of cellular energy

deficiency (Kahn et al. 2005). Elevation of AMP levels or

AMP/ATP ratio can induce AMPK phosphorylation and

activation (Inoki et al. 2003). Phosphorylated AMPK

subsequently activates the TSC1/2, which leads to

increased GAP activity of TSC1/2 complex and inhibition

of mTORC1 activity (Wullschleger et al. 2006). In addi-

tion, AMPK can modulate TSC1/2 activity through

RTP801 (REDD1, DNA damage response 1). Upon

hypoxia, AMPK activity can increase REDD1 expression

to suppress mTORC1 activity through releasing TSC2 from

protein 14-3-3 (DeYoung et al. 2008). Knockdown of

REDD1 blocks the hypoxia-induced mTORC1 inhibition.

mTORC1 exerts its role in regulation of protein translation

mainly through controlling the ribosomal protein S6 kinase

beta-1 (S6K1) and eukaryotic initiation factor 4E-binding

protein 1 (4E-BP1), two well-known downstream substrates

involved in translational regulation (Cornu et al. 2013;

Laplante and Sabatini 2012). Activated mTORC1 phos-

phorylates and activates S6K1, which in turn phosphorylates

and activates S6 protein, a component of the S40 ribosome

subunit (Ma and Blenis 2009). In contrast, activated

mTORC1 phosphorylates and inactivates 4E-BP1, a

repressor of mRNA translation, by inhibiting the interaction

between 4E-BP1 and eukaryotic translation initiation factor-

4E (eIF-4E). Therefore, mTORC1 signaling mainly medi-

ates the translation initiation and elongation, as well as the

ribosome biogenesis (Ma and Blenis 2009).

mTORC2 Signaling Pathway

mTORC2, similar to mTORC1, also responds to growth

factors through PI3 K pathway. In contrast to mTORC1,

TSC1/2 may promote the mTORC2 activity through the

N-terminal region of TSC2 and the C-terminal region of

Rictor (Huang et al. 2009). Previous studies have suggested

that removal of a functional TSC1/2 complex can lead to

the loss of mTORC2 activity in vitro (Huang et al.

2008, 2009). In addition, mTORC2 exerts its role in reg-

ulating cell survival, metabolism and cytoskeleton organi-

zation mainly through its primary downstream targets, such

as Akt, protein kinase C alpha (PKCa) and SGK1 (Guertin

et al. 2006; Oh and Jacinto 2011). In addition to its sub-

strate Akt, mTORC2 regulates cytoskeleton remodeling

through PKCa phosphorylation (Sarbassov et al. 2004) and

cell migration through the activation of Rac guanine

nucleotide exchange factors P-Rex1 and P-Rex2 (Gulhati

et al. 2011). Moreover, mTORC2 controls ion transport

through phosphorylation and activation of SGK1, which is

a member of the protein kinase A/protein kinase G/protein

kinase C (AGC) family (Garcia-Martinez and Alessi 2008).

mTOR Signaling in PD: Neuroprotective
or Neurotoxic?

The mechanisms underlying the etiology and pathogenesis

of PD remain largely unknown. In recent years, evidence has

accumulated that mTOR signaling is altered during PD

progression (Bockaert and Marin 2015; Dijkstra et al. 2015).

However, the role of mTOR in PD seems to be controversial

since it could be either neuroprotective or neurotoxic in

different PD models (Table 1). For example, several studies

have shown that PD toxins (rotenone, 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxydopamine (6-

OHDA), etc.) suppress mTOR signaling and reduce cell

viability (Chen et al. 2010; Rieker et al. 2011; Rodriguez-

Blanco et al. 2012; Selvaraj et al. 2012; Xu et al. 2014; Zhou

et al. 2015), whereas over-expression of wild-type mTOR

can partially prevent neuronal cell loss induced by PD toxins

(Malagelada et al. 2010; Xu et al. 2014; Zhou et al. 2015).

Moreover, Domanskyi and co-workers have reported that

genetic deletion of PTEN, which encodes a lipid phos-

phatase, activates mTOR and protects dopaminergic neurons

against neurotoxin insult in mouse models of PD (Doman-

skyi et al. 2011). By contrast, gene knockdown or oxidative

stress-mediated down-regulation of Tnfaip8/Oxi-a, a

potential mTOR activator, could prevent the activation of

mTOR and mTOR inhibitor rapamycin could potentiate

oxidative stress-induced neuronal cell death (Choi et al.

2010). In addition, REDD1, as an inhibitor of mTORC1

(DeYoung et al. 2008), is highly expressed in brains of

patients with PD and up-regulated in neurotoxin-induced

cellular models of PD (Malagelada et al. 2006). Consistent

with these findings, it has been reported that elevated

REDD1 expression suppresses mTOR signaling while inhi-

bition of REDD1 translation is neuroprotective in cellular

and animal models of PD (Malagelada et al. 2008, 2010; Bao

et al. 2012). Interestingly, it has also been suggested that

activation of Akt/mTOR signaling in dopaminergic neurons

of substantia nigra may facilitate the regeneration of axons

upon neurotoxin lesion (Kim et al. 2011). Taken together,

these reports indicate that mTOR may be neuroprotective in

certain PD models.

Nevertheless, increased mTOR protein levels have also

been found in postmortem brains of PD (Wills et al. 2012).

In En1 (engrailed 1)?/- mouse model of PD, heterozygous

deletion of En1, a transcription factor important for the

survival of mesencephalic dopaminergic neurons, results in

up-regulation of mTOR signaling in dopaminergic neurons

(Nordstrom et al. 2015). Additionally, maneb and paraquat,

two environmental risk factors for PD, could significantly

increase mTOR levels in mice (Wills et al. 2012). More-

over, accumulating evidence suggests that inhibition of

mTOR with rapamycin or its derivatives could be

Neuromol Med (2017) 19:1–10 3

123



neuroprotective in cellular and animal models of PD

(Ravikumar et al. 2006; Pan et al. 2008, 2009; Tain et al.

2009; Spencer et al. 2009; Dehay et al. 2010; Malagelada

et al. 2010; Cullen et al. 2011; Jiang et al. 2013a; Decressac

and Bjorklund 2013). Interestingly, a common anti-

Parkinsonian medication, L-DOPA (levodopa), elicits

motor side effects (dyskinesia) via the activation of mTOR

signaling in the striatum of mouse model of PD (Santini

et al. 2009; Subramaniam et al. 2012). Inhibition of mTOR

with rapamycin or its derivatives prevents the development

of L-DOPA-induced dyskinesia without significantly com-

promising the anti-akinetic potency of L-DOPA in animal

models of PD (Santini et al. 2009; Decressac and Bjorklund

2013). Collectively, these findings suggest that inhibition

of mTOR in PD may be beneficial.

The neuroprotective function of mTOR activation seems

to contradict with the beneficial effects of mTOR inhibition

in PD. However, two caveats must be considered regarding

the interpretation of these experimental data of mTOR in

PD models. First, short-term treatment with rapamycin

only partially inhibits mTORC1 activity and has limited

effects on mTORC2 activity (Jacinto et al. 2004; Sarbassov

et al. 2006; Thoreen and Sabatini 2009). In contrast,

prolonged rapamycin treatment attenuates the activity of

mTORC2, but not mTORC1, in a cell-type-dependent

manner (Sarbassov et al. 2006; Choo et al. 2008). There-

fore, the neuroprotective effect of rapamycin may be

attributed to its inhibition of some but not all functions of

mTOR. Certain mTOR functions could be still vital to the

viability of neuronal cells upon rapamycin treatment. This

notion can be supported by the finding that Torin1, a highly

potent mTOR inhibitor (Thoreen et al. 2009), cannot

replicate the neuroprotective effects of rapamycin in PD

models (Malagelada et al. 2010). Second, it is not sur-

prising that exogenous PD toxins can perturb mTOR sig-

naling which is important for cell survival and metabolism.

However, neurotoxin-induced cellular or animal models of

PD only partially mimic neuropathological features of PD

(Tieu 2011). Down-regulation of mTOR signaling by PD

toxins cannot rule out the possibility that mTOR remains

unaltered or is even more active in other PD risk factor-

associated models. Suppression of hyperactive mTOR with

rapamycin in these PD models is presumably neuropro-

tective. Therefore, we hypothesize that fine-tuned mTOR

signaling may be crucial for the survival of dopaminergic

neurons.

Table 1 Role of mTOR in PD

PD patients or models Deregulated mTOR Phenotype or effect References

Patients with PD or Lewy body

disease; a-synuclein transgenic

mice; paraquat-treated mice

Increased mTOR

levels

a-Synuclein accumulation Crews et al. (2010), Wills et al. (2012)

PD patients with Braak a-

synuclein stages 1 and 2

Up-regulation of

mTOR

a-Synuclein accumulation Dijkstra et al. (2015)

En1?/- mice Up-regulation of

mTOR

Dopaminergic

neurodegeneration

Nordstrom et al. (2015)

6-OHDA-lesioned mice mTORC1 activation by

L-DOPA

L-DOPA-induced

dyskinesia

Santini et al. (2009), Subramaniam et al. (2012)

6-OHDA-lesioned rodents mTOR inhibition by

rapamycin or

temsirolimus

Prevention of L-DOPA-

induced dyskinesia

Santini et al. (2009), Decressac and Bjorklund

(2013)

MPTP, rotenone or 6-OHDA-

treated neuronal cells or rodents

mTOR inhibition by

rapamycin

Neuroprotection Pan et al. (2009), Malagelada et al. (2010), Dehay

et al. (2010), Jiang et al. (2013a)

Neuronal cells over-expressing a-

synuclein

mTOR inhibition by

rapamycin

Reduced a-synuclein

accumulation

Spencer et al. (2009)

PINK1/parkin mutations in

Drosophila

mTOR inhibition by

rapamycin

Suppressed dopaminergic

neurodegeneration

Tain et al. (2009)

MPTP, rotenone or 6-OHDA-

treated neuronal cells or rodents

mTOR inhibition by

neurotoxins

Mitochondrial dysfunction,

increased oxidative

stress, neuronal cell

death

Malagelada et al. (2006, 2008), Rieker et al. (2011),

Rodriguez-Blanco et al. (2012), Selvaraj et al.

(2012), Xu et al. (2014), Zhou et al. (2015)

MPTP, rotenone or 6-OHDA-

treated neuronal cells or rodents

mTOR activation by

pharmacological or

genetic

manipulations

Reduced neurotoxicity of

toxins

Malagelada et al. (2010), Domanskyi et al. (2011),

Kim et al. (2011), Bao et al. (2012), Xu et al.

(2014), Zhou et al. (2015)
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mTOR Signaling in Neuronal Apoptosis
and Oxidative Stress

PD, as a progressive neurodegenerative disorder, is char-

acterized by a selective loss of nigrostriatal dopaminergic

neurons (Dawson and Dawson 2003). Accumulating

experimental evidence suggests that persistent oxidative

stress is a major contributor for degeneration of nigrostri-

atal dopaminergic neurons (Ciccone et al. 2013; Zeng et al.

2014; Zhang et al. 2015). The implication of oxidative

stress in PD is also supported by postmortem analysis of

the brains from patients with PD showing a deficiency in

antioxidant glutathione (GSH), inhibited mitochondrial

complex I activity and increased superoxide dismutase

(SOD) activity in the substantia nigra (Mythri et al. 2011).

The relation between oxidative stress and the loss of

dopaminergic neurons is further supported by PD toxin-

induced animal models (Perier et al. 2003; Richardson

et al. 2005; Panov et al. 2005). Thus, oxidative stress may

be a common mechanism contributing to neurodegenera-

tion in PD.

Oxidative stress is defined as a surplus of oxidants or a

deficit in antioxidants (Shulman et al. 2011). This may be

due to either an overproduction of reactive oxygen species

(ROS) or a failure of cellular antioxidant machinery (Ya-

coubian and Standaert 2009). Although normal levels of

ROS produced by mitochondria are usually detoxified

quickly, ROS overproduction can disrupt protein functions

and activate or inactivate signaling pathways (such as

mTOR), leading to neuronal cell death (Ruffels et al. 2004;

Maiese et al. 2010; Jayaram et al. 2011; Yang et al. 2011).

mTOR, as a central controller in cell growth/prolifera-

tion, survival and metabolism, may play an important role

in preventing neuronal cell death under oxidative stress

(Shang et al. 2011). For example, previous studies reported

by Chen et al. (2010) and Shang et al. (2011) demonstrated

that hydrogen peroxide (H2O2)-generated oxidative stress

induces neuronal cell death and inhibits mTOR activity.

More recently, another study further indicated that rote-

none induces neuronal cell death via the generation of

H2O2 and the inhibition of mTOR (Zhou et al. 2015).

Therefore, these studies suggest that mTOR activators may

be exploited for prevention of oxidative stress-associated

neuronal cell death. This notion has been supported by the

report that a mTOR activating protein protects dopamin-

ergic neurons against oxidative stress (Choi et al. 2010).

Mechanistic studies indicated that mTOR activation pre-

vents the apoptosis of neuronal cells upon oxidative stress

via S6K1, 4E-BP1 or Akt. For instance, it has been

reported that inhibition of mTOR activity by H2O2 or

rotenone suppresses phosphorylation of both S6K1 and 4E-

BP1, leading to neuronal cell death (Chen et al. 2010; Zhou

et al. 2015). In addition, mTOR-mediated inhibition of

neuronal cell death also relies upon Akt activation (Magri

et al. 2011; Shang et al. 2011, 2012a). Xu et al. (2014) have

reported that inactivation of Akt in a cellular model of PD

results in suppression of mTOR signaling, leading to neu-

ronal cell death. These studies suggest that mTOR activa-

tion may be required for cell survival during oxidative

stress in dopaminergic neurons and loss of mTOR activity

may lead to neurodegeneration. However, there are also

other studies suggesting that mTOR activation mediates the

apoptosis of neuronal cells under oxidative stress. For

example, cadmium-induced ROS contributes to the acti-

vation of mTOR signaling, leading to neuronal cell death

(Chen et al. 2008, 2011). In addition, mechanistic study

indicated that calcium/calmodulin-dependent protein

kinase II (CaMKII) and calcium signaling are involved in

mTOR activation induced by cadmium (Chen et al. 2011;

Xu et al. 2011). Taken together, it seems that the effects of

mTOR activation on the neuronal cell survival or apoptosis

during oxidative stress depend on the types of PD-related

toxins. Thus, it is necessary to investigate the precise role

of mTOR signaling pathway in oxidative stress induced by

different PD toxins.

mTOR-Mediated Autophagy and a-Synuclein

Accumulation

Autophagy (self-eating) is a lysosome-dependent intracel-

lular process that allows cells to recycle cytoplasmic

components and remove defective cellular organelles such

as endoplasmic reticulum (Gumy et al. 2010; Cheung and

Ip 2011; Francois et al. 2014; Menzies et al. 2015; Vaki-

fahmetoglu-Norberg et al. 2015; Nakka et al. 2016).

Autophagy includes macroautophagy, microautophagy and

chaperone-mediated autophagy (Yamada and Singh 2012).

Macroautophagy is usually considered to represent autop-

hagy in general. It involves four stages including induction,

autophagosome formation, autophagosome fusion with

lysosomes and autophagosome for degradation (Silva et al.

2011; He et al. 2013; Kim et al. 2014b; Lim et al. 2014;

Maiese 2015). Usually, autophagy is maintained at basal

levels in most tissues. It can be up-regulated by suppressing

mTOR signaling (Wang et al. 2012b). As a negative reg-

ulator of autophagy, mTOR appears to modulate autophagy

through the regulation of autophagy-related genes (Atg). It

has been reported that loss of Atg5 or Atg7 induces

abnormal intracellular protein accumulation/aggregation in

neurons and causes neurodegeneration (Komatsu et al.

2006; Hara et al. 2006). These studies thus suggest that

autophagy may help inhibit abnormal accumulation of

protein aggregates in neurons. Increasing data suggest that

autophagy inhibition during aging may contribute to the
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accumulation and aggregation of proteins (such as a-

synuclein), resulting in cellular toxicity and eventual neu-

rodegeneration as seen in PD (Cuervo et al. 2005; Wong

and Cuervo 2010). In contrast, activation of autophagy

promotes the clearance of cytoplasmic protein aggregates,

such as a-synuclein (Menzies et al. 2015). Thus, autophagy

constitutes a fundamental survival strategy for neurode-

generative diseases including PD.

The accumulation of a-synuclein and the formation of

Lewy bodies are pathological hallmarks of PD (Lin et al.

2012). It has been reported that mutations of a-synuclein,

such as A53T, A30P and E46K, and increase in concen-

trations of a-synuclein in dopaminergic neurons have been

associated with the cause and progression of PD (Dehay

et al. 2010; Wong and Cuervo 2010; Cannon et al. 2013;

Dehay et al. 2015). In addition, lysosomal deficiency and

autophagosome accumulation have been observed in

postmortem brains of patients with PD (Anglade et al.

1997; Chu et al. 2009). Inhibition of autophagic functions

may contribute to the accumulation and aggregation of

proteins and eventual neurodegeneration as seen in PD

(Wong and Cuervo 2010; Wills et al. 2012). In contrast,

activation of autophagy by mTOR inhibition prevents the

formation of cytoplasmic protein aggregates, such as a-

synuclein (Webb et al. 2003; Sarkar et al. 2005, 2007; Yu

et al. 2009; Spencer et al. 2009; Crews et al. 2010; Cullen

et al. 2011; Jiang et al. 2013b; Decressac et al. 2013; Perez-

Revuelta et al. 2014). Moreover, induction of autophagy

with the inhibition of mTOR increases the survival of

Drosophila melanogaster treated with the neurotoxin

paraquat and attenuates rotenone-induced apoptosis of SH-

SY5Y cells (Ravikumar et al. 2006; Pan et al. 2009; Bjedov

et al. 2010). Autophagy may also protect neurons through

the maintenance of mitochondrial homeostasis (Jeong et al.

2012; Williams et al. 2012). Impaired autophagic degra-

dation leads to an accumulation of dysfunctional mito-

chondria that cannot be efficiently degraded through

mitophagy in the cytosol of affected neurons (Vila et al.

2011). Accumulation of dysfunctional mitochondria was

shown to contribute to death of dopaminergic neurons by

the release of cytochrome C and subsequent activation of

caspase-dependent apoptosis (Perier et al. 2005). However,

autophagy may play a dual role that can either protect cell

survival or potentiate neuronal lesion in PD. Under

oxidative stress, autophagy induction with mTOR inhibi-

tion can lead to neuronal cell death (Choi et al. 2010).

Therefore, a balance between autophagy-mediated inhibi-

tion of protein aggregation and apoptosis must be main-

tained for neuronal survival.

Moreover, there are many studies about the molecular

mechanisms underlying autophagy induction through

mTOR inhibition. For example, antagonizing neuronal

toll-like receptor 2 activates autophagy through mTOR

inhibition, resulting in prevention of synucleinopathy (Kim

et al. 2015). mTOR-dependent protein phosphatase 2A

activation is involved in the decrease in Ser-129 phos-

phorylated a-synuclein levels in neuronal cells through

autophagy induction (Perez-Revuelta et al. 2014). Coop-

erative action of JNK and AKT/mTOR is involved in

MPTP-induced autophagy of PC12 cells (Rodriguez-

Blanco et al. 2012). Altered regulation of Tnfaip8 l1/Oxi-b
may significantly contribute to deregulated autophagy

observed in dopaminergic neurons under pathogenic

oxidative stress condition (Ha et al. 2014). Over-expres-

sion of human E46K mutant a-synuclein impairs autop-

hagy through inactivation of JNK1/Bcl-2 pathway (Yan

et al. 2014). In addition, other studies suggested that the

development of agents which can enhance autophagy

activity might be a promising therapeutic strategy for PD.

For example, curcumin is neuroprotective in A53T a-

synuclein-associated cellular model of PD through down-

regulation of mTOR/S6K1 signaling and recovery of

autophagy (Jiang et al. 2013b). Corynoxine, a natural

autophagy enhancer, promotes the clearance of a-synu-

clein via Akt/mTOR pathway (Chen et al. 2014). Chebu-

lagic acid, the major constituent of Terminalia chebula and

Phyllanthus emblica, protects neuronal cells against toxi-

city induced by MPTP via autophagy induction (Kim et al.

2014a). Onjisaponin B, derived from Radix polygalae,

enhances autophagy and accelerates the degradation of

mutant a-synuclein in PC12 cells (Wu et al. 2013).

The Association of mTOR with Other Genetic Risk

Factors for PD

Besides a-synuclein, there are at least another five genes

commonly associated with PD, including leucine-rich

repeat kinase 2 (LRRK2), PTEN-induced putative kinase 1

(PINK1), RING domain-containing E3 ubiquitin ligase

(Parkin), DJ-1 and ubiquitin carboxyl-terminal esterase L1

(UCHL1). It has been reported that REDD1 is a substrate of

Parkin and Parkin knockout or loss-of-function mutations

increase REDD1 levels in neurons (Romani-Aumedes et al.

2014). As mentioned above, REDD1 is a negative regulator

of mTORC1. It is plausible that loss of Parkin causes

neurodegeneration through up-regulation of REDD1 and

subsequent down-regulation of mTORC1. Other than Par-

kin, PINK1 induces phosphorylation of Rictor, a unique

element in mTORC2, leading to the activation of mTORC2

(Murata et al. 2011). Interestingly, UCHL1 regulates the

activity of both mTOR complexes. It has been demon-

strated that UCHL1 can attenuate the kinase activity of

mTORC1 for S6K1 and 4E-BP1 and enhance mTORC2

activity for Akt (Hussain et al. 2013). However, it has also

been reported that loss of UCHL1 function may induce the

clearance of a-synuclein (Cartier et al. 2012). As inhibition
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of mTORC1 generally prevents a-synuclein aggregation,

the effect of UCHL1-mediated mTORC1 inhibition on the

clearance of a-synuclein needs to be clarified. As for

LRRK2, it is the most common genetic risk factor for late-

onset PD (Hu and Tong 2010). Although no direct link of

LRRK2 to mTOR has been reported, LRRK2 can phos-

phorylate 4E-BP1, a substrate of mTORC1, resulting in

deregulated protein translation and loss of dopaminergic

neurons in Drosophila (Imai et al. 2008).

Conclusion and Future Perspectives

mTOR complexes (mTORC1 and mTORC2) are multi-

functional in neuronal cells. It remains largely unexplored

how mTOR modulates the survival of dopaminergic neu-

rons. Both up-regulation and down-regulation of mTOR

signaling have been reported in PD models. It thus raises a

critical question of whether mTOR is neuroprotective or

potentially promotes PD pathogenesis. To address this

question, more mechanistic studies are required to eluci-

date how mTOR activity is perturbed in cellular and animal

models of PD. It is envisaged that a balance between

activation and inactivation of mTOR signaling is crucial

for the survival of dopaminergic neurons. Restoration of

perturbed mTOR signaling may be therapeutically benefi-

cial for PD.

Compared with mTORC1, mTORC2 is a less studied

protein complex in PD. As mTORC2 can regulate

mTORC1 activity via Akt, the role of mTORC2 in PD also

needs to be further investigated. To study the functions of

both mTORC1 and mTORC2, Torin1, instead of rapamy-

cin, should be used since Torin1 can potently inhibit both

protein complexes. In addition, since rapamycin only par-

tially inhibits mTORC1, the application of Torin1 as a

control can help distinguish the effects of full inhibition of

mTOR from those of rapamycin-mediated mTOR inhibi-

tion. The differential effects between partial and full inhi-

bition of mTOR will be important for the drug

development with mTOR as a therapeutic target.

mTOR is a negative regulator of autophagy. mTOR

inhibition results in the activation of autophagy and con-

sequently attenuates a-synuclein accumulation. However,

the role of mTOR in PD may not be limited to autophagy–

lysosome pathway. mTOR signaling in other cellular pro-

cesses, such as protein synthesis and energy metabolism,

needs to be further studied in PD models. In addition to a-

synuclein, three other genetic risk factors for PD, including

Parkin, PINK1 and UCHL1, can directly or indirectly

regulate the activity of mTORC1 and/or mTORC2.

Moreover, LRRK2 can also phosphorylate the substrate of

mTORC1, 4E-BP1, suggesting that a crosstalk between

LRRK2 and mTOR signaling may exist. These preliminary

studies warrant further investigation of the contribution of

both mTOR signaling and PD genes to the pathogenesis of

PD.
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