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We report that rapamycin, an allosteric inhibitor of certain but not all actions of the key cellular kinase mammalian target of rapamycin
(mTOR), protects neurons from death in both cellular and animal toxin models of Parkinson’s disease (PD). This protective action
appears to be attributable to blocked translation of RTP801/REDD1/Ddit4, a protein that is induced in cell and animal models of PD and
in affected neurons of PD patients and that causes neuron death by leading to dephosphorylation of the survival kinase Akt. In support of
this mechanism, in PD models, rapamycin spares phosphorylation of Akt at a site critical for maintenance of its survival-promoting
activity. The capacity of rapamycin to provide neuroprotection in PD models appears to arise from its selective suppression of some but
not all actions of mTOR, as indicated by the contrasting finding that Torin1, a full catalytic mTOR inhibitor, is not protective and induces
Akt dephosphorylation and neuron death.

Introduction
Parkinson’s disease (PD) is characterized by neurodegeneration
of specific populations of central and peripheral neurons, includ-
ing those in the substantia nigra pars compacta (SNpc) and
sympathetic ganglia (Fahn, 1998; Dauer and Przedborski, 2003;
Marras and Lang, 2008). Current treatments principally amelio-
rate clinical manifestations of the disease rather than the under-
lying neuron degeneration and death. This reflects an incomplete
understanding of the pathways that lead to neuron loss in PD
(Levy et al., 2009).

A SAGE screen (Ryu et al., 2005) designed to uncover novel
participants (and potential therapeutic targets) in PD-related
neuron death revealed RTP801 (REDD1; Ddit4) as a gene that is
highly induced in a cellular toxin model of PD. RTP801 protein
and transcripts are induced by a variety of stresses relevant to PD,
including oxidative stress, DNA damage, mitochondrial dys-
function, and endoplasmic reticulum stress (Ellisen et al., 2002;
Shoshani et al., 2002; Wang et al., 2003; Schwarzer et al., 2005) as well
as in various cellular PD toxin models (Malagelada et al., 2006). In
addition, RTP801 is induced in dopaminergic SN neurons in a
mouse 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
model of PD and in dopaminergic SN neurons of PD patients
(Malagelada et al., 2006).

RTP801 has variable effects on survival of non-neuronal
cells but induces apoptotic death of all neuronal types tested to
date (Shoshani et al., 2002; Malagelada et al., 2006, 2008). Signifi-
cantly, RTP801 knockdown protects from death in cellular models
of PD (Malagelada et al., 2006). RTP801 promotes neuron death by
suppressing activation of mammalian target of rapamycin (mTOR)
(Malagelada et al., 2006), a kinase that regulates key cellular func-
tions (Fingar and Blenis, 2004; Swiech et al., 2008). This mTOR
blockade in turn suppresses activation of Akt, a protein kinase with a
major role in maintaining neuron survival (Dudek et al., 1997;
Franke et al., 1997a,b), and it is this action that appears to underlie, at
least in part, the proapoptotic actions of PD toxins and RTP801
(Malagelada et al., 2008). In consonance with this mechanism, SN
neurons of PD patients possess substantially lower levels of phos-
phorylated (but not total) Akt (Malagelada et al., 2008).

Rapamycin is a macrolide that specifically inhibits certain
mTOR actions by allosterically modulating access of a subset of
substrates to the mTOR catalytic site (Sabers et al., 1995; Snyder
et al., 1998; Pong and Zaleska, 2003). Thus, in contrast to
RTP801, which apparently inhibits all mTOR actions by sup-
pressing its activation by the Rheb GTPase (Brugarolas et al.,
2004; Sofer et al., 2005), rapamycin blocks only a subset of mTOR
activities (Lorenz and Heitman, 1995; Choo et al., 2008; Thoreen
et al., 2009). One relevant consequence is that rapamycin sup-
presses mTOR-dependent translation of some classes of mRNAs
but not others (Choo et al., 2008).

Here, we report that rapamycin blocks RTP801 induction in
both in vitro and in vivo toxin models of PD. This appears to
occur at the level of mTOR-controlled translation. Consistent
with the role of RTP801 in mediating neuron death, rapamycin is
also protective in such models. The contrasting actions of
RTP801 and rapamycin in neuron death and survival appear to
be attributable to their differential actions on mTOR and on
regulating Akt phosphorylation.
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Materials and Methods
Antibodies, plasmids, and materials
Anti-RTP801 antiserum was purchased from Millipore Bioscience Re-
search Reagents or from Proteintech Group. Anti-ERK1 antibody was
obtained from Santa Cruz Biotechnology. Anti-horseradish peroxidase
secondary antibodies were obtained from Pierce. Antibodies against
phospho-Ser473–Akt, phospho-Thr308 –Akt, total Akt, phospho-
Ser2448 –mTOR, phospho-Ser235/236 –S6, phospho-Thr37/46 – 4EBP1,
phospho-Ser371–p70S6kinase, and p70S6kinase were obtained from
Cell Signaling Technology. Tyrosine hydroxylase (TH) polyclonal anti-
body was purchased from Calbiochem EMD Biosciences. Donkey anti-
rabbit or anti-mouse secondary antibodies conjugated with Alexa 488 or
Alexa 568 were purchased from Invitrogen.

RTP801 constructs were generated as described previously (Malagelada et
al., 2006). All newly made constructs were verified by DNA sequencing.
6-OHDA was purchased from Sigma or Tocris Bioscience. Rapamycin
was purchased from Calbiochem or LC Laboratories for cell culture
treatment or in vivo experiments, respectively. Cycloheximide was pur-
chased from Calbiochem EMD Biosciences. FK506 was purchased from
Axxora. pcDNA3 wild-type (WT) mTOR was a kind gift from Dr. Gary
G. Chiang (Burnham Institute for Medical Research, La Jolla, CA)
(Chiang and Abraham, 2005). Torin1 was a kind gift from Dr. D. M.
Sabatini (Harvard University, Cambridge, MA).

Cell culture
PC12 cells were cultured and treated with nerve growth factor (NGF) as
described previously (Greene and Tischler, 1976) For NGF treatment,
the cells were cultured in RPMI 1640 medium (Cellgro) supplemented
with 1% horse serum, penicillin/streptomycin, and 50 ng/ml recombi-
nant human NGF (a kind gift from Genentech) for 8 –10 d. Medium was
changed every other day and immediately before treatments. 6-OHDA
and 1-methyl-4-phenylpyridinium (MPP�) were prepared before use in
10 and 100 mM stocks, respectively, and diluted in medium to the indi-
cated final concentrations. Neonatal rat superior cervical ganglion sym-
pathetic neurons were cultured as described previously (Ryu et al., 2002;
Malagelada et al., 2006, 2008). Treatments with 6-OHDA were per-
formed at day 7 in vitro, and cell viability was assessed 24 h later as
reported previously (Malagelada et al., 2006). Values represent the
mean � SEM of at least three different experiments. Evaluation of pro-
portions of neurite-bearing cells was performed as described previously
(Greene and Tischler, 1976) by counting the proportion of cells that have
the neurites at least twice as long as the diameter of their soma.

Quantitative reverse transcription-PCR
Each sample of total RNA was isolated from neuronal PC12 cells by using
TRI reagent (Molecular Research Center). cDNA was transcribed from
total RNA with First-Strand cDNA Synthesis for Quantitative RT-PCR
kit (Marlingen Biosciences). The primers used for quantitative-PCR am-
plification of RTP801 were 5�-GCTCTGGACCCCAGTCTAGT-3� and
5�-GGGACAGTCCTTCAGTCCTT-3�.

Equal amounts of cDNA template were used for each quantitative PCR
analysis of RTP801 and A-tubulin. Quantitative PCR was performed
using a Cepheid SmartCycler following the specifications of the manu-
facturer. A-tubulin was used for normalization of RTP801 transcripts.
cDNA was added to a 25 �l volume reaction mix containing Ready-
to-Go Beads (GE Healthcare) or OmniMix HS master mix (Cepheid) and
SYBR Green I (Invitrogen) together with appropriate primers at 0.2 �M each.
Analyses of amplification curves of real-time fluorescence and of melting
curves were performed as described previously (Troy et al., 2001).

RTP801 half-life
Cultures of neuronal PC12 cells were treated with 1 �M rapamycin for 1 h
and then with 1 mM MPP� for 8 h in the continued presence of rapamy-
cin. The cultures were then treated with 1 �M cycloheximide for 0, 5, or
10 min and then harvested and subjected to Western immunoblotting for
RTP801 and ERK1. The relative optical densities of the RTP801 signals
were determined and normalized to that for ERK1. There were no evident
effects of cycloheximide on ERK1 expression levels over the 5–10 min course
of the experiment. The half-life of RTP801 protein under each condition was

calculated from the slope derived by plotting the natural log of values for
relative RTP801 expression versus time of cycloheximide treatment and fit-
ting the data to a straight line using least-squares analysis.

Transfection
Neuronal PC12 cells were transfected with Lipofectamine 2000 (Invitro-
gen) according to the instructions of the manufacturer. At 48 h after
transfection, cells were treated with 6-OHDA or MPP�. At 24 h after the
treatments, viable transfected (as judged by expression of fluorophore)
neuronal PC12 cells were scored by strip counting under an epifluores-
cence microscope (Malagelada et al., 2006).

In vivo MPTP treatments in mice
Rapamycin preparation. Rapamycin (LC Laboratories) was dissolved in
0.2 ml of 100% ethanol and then diluted 100-fold with 40% propyleneg-
lycol to obtain a final concentration of 0.75 mg/ml (Zhou et al., 2009).

Animals and MPTP regimens. Ten-week-old, male, C57BL mice
(Charles River Laboratories) were divided into four groups of 3–10 mice
(MPTP/rapamycin, MPTP/vehicle, saline/rapamycin, and saline/vehi-
cle) and were subjected to either an acute or a subacute MPTP regimen.

Acute regimen. For additional details, see the study by Jackson-Lewis et
al. (1995). Animals from each group received one intraperitoneal injec-
tion of MPTP-HCl (18 mg/kg free base suspended in saline; Sigma-
Aldrich) or saline every 2 h for a total of four doses over an 8 h period in
1 d and were killed at the indicated time points after the last MPTP/saline
injection. Rapamycin (7.5 mg/kg) (Zhou et al., 2009) or vehicle was
administered intraperitoneally daily for 2 d before the first MPTP/saline
injection and continued for 4 d after the last MPTP/saline injection. On
the day of the MPTP/saline injections, rapamycin/vehicle was adminis-
trated 30 min before first MPTP/saline injection.

Subacute regimen. For additional details, see the study by Tatton and
Kish (1997). Animals from each group received one intraperitoneal in-
jection of MPTP-HCl daily (30 mg/kg free base in saline) for 5 d and were
killed at the indicated time points after the last MPTP injection. Rapa-
mycin/vehicle was administered intraperitoneally daily, starting 2 d be-
fore the first MPTP/saline injection and continuing for 4 d after the last
MPTP/saline injection. Rapamycin/vehicle was administrated 30 min
before each MPTP/saline injection.

Quantification of dopamine neurodegeneration. The total numbers of
TH-positive (TH �) SNpc neurons were determined in the acute model
at 7 d after the last MPTP or vehicle injection by unbiased stereology
using the optical fractionator method (StereoInvestigator; MBF Bio-
science). Quantification of the numbers of condensed chromatin SN cells
in the subacute model were assessed 2 d after the last MPTP injection in
the subacute regimen as described previously (Vila et al., 2001).

Western blot analysis. Whole-cell extracts or mouse midbrain extracts
were analyzed as described previously (Malagelada et al., 2006).

Statistics
All experiments were performed at least in triplicate, and results are
reported as means � SEM. Student’s t test was performed as unpaired,
two-tailed sets of arrays and presented as probability ( p) values. ANOVA
with Bonferroni’s multiple comparison test or the Newman–Keuls test
was performed to compare multiple groups with the control group.

Results
mTOR protects against 6-OHDA-induced death
Our past studies have indicated that PD toxins induce RTP801
and that RTP801 in turn causes neuron death by suppressing
activation of mTOR (Malagelada et al., 2006, 2008). If this mech-
anism is correct, then restoring mTOR activity should prevent
neuronal death induced by a PD-mimicking toxin such as
6-OHDA. Because 6-OHDA reduces but does not completely
block mTOR activity (Malagelada et al., 2006), we reasoned that
WT mTOR overexpression should provide a sufficient level of the
activated kinase to confer neuroprotection. Accordingly, overex-
pression in neuronally differentiated PC12 cells of WT mTOR
(Edinger et al., 2003) protected from 6-OHDA (Fig. 1a). Con-
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versely, overexpression of a kinase-
inactive form of mTOR failed to rescue
the cells from 6-OHDA (data not shown).
Immunostaining for phosphorylated
epitopes that are targets of mTOR or of its
target, p70S6 kinase, confirmed that over-
expression maintained mTOR kinase ac-
tivity in presence of 6-OHDA (Fig. 1b–d).

To further assess the role of mTOR in
neuronal survival, we treated cultures
with 250 nM Torin1, a highly selective
ATP-competitive inhibitor of all mTOR
activities (Thoreen et al., 2009). This in-
duced death of 22 � 4% of the cells by 24 h
(**p � 0.01 vs control untreated cells; re-
sult represents mean � SEM of three in-
dependent experiments, done at least in
triplicate). Immunoblot analysis of
mTOR-dependent phosphorylations at
5 h of Torin1 treatment confirmed inhibi-
tion of mTOR activity at this time (Fig.
1e). However, there was no inhibition at
24 h (data not shown), suggesting that
Torin1 was either ineffective or unstable
after more prolonged times. This may ex-
plain why Torin1 was not more effective
in inducing death. Together, these find-
ings indicate that activated mTOR pro-
vides neuroprotection, whereas mTOR
inhibition induces neuronal death.

Rapamycin blocks RTP801 induction
by PD toxins
If mTOR activity is required for neuron sur-
vival and this is inhibited by RTP801, then
strategies that suppress RTP801 induction
should be neuroprotective. Because there
are often reciprocal control pathways be-
tween mTOR and its regulators (Huang and
Manning, 2009), we assessed whether par-
tial inhibition of mTOR function might af-
fect RTP801 expression. We therefore tested
the effect of rapamycin on RTP801 induc-
tion in 6-OHDA-treated PC12 cell cultures.
As shown in Figure 2a, we found inhibition
at 0.1 and 1 �M (but not 20 nM) rapamycin. Western immunoblot-
ting confirmed that phosphorylation of p70S6 kinase at Ser371,
which is mTOR dependent and rapamycin sensitive (Burnett et al.,
1998), was also suppressed (Fig. 2a,b). Finally, rapamycin also
blocked RTP801 induction in neuronal PC12 cells by a second PD-
mimetic toxin, MPP� (Fig. 2c).

Sympathetic neurons, which neuronal PC12 cells closely re-
semble, exhibit Lewy bodies and degenerate in PD (Marras and
Lang, 2008; Orimo et al., 2008). Significantly, RTP801 is induced
and mediates death of 6-OHDA-treated cultured sympathetic
neurons (Malagelada et al., 2006, 2008). Rapamycin also sup-
presses RTP801 induction in these neurons (Fig. 2d).

Rapamycin protects from PD toxins
Because RTP801 mediates death of neuronal PC12 cells and sympa-
thetic neurons triggered by PD toxins, we next assessed whether
rapamycin, which suppresses RTP801 induction, is protective. In
parallel with effects on RTP801 induction, 100 nM and 1 �M, but not

20 nM, rapamycin protected neuronal PC12 cells from 6-OHDA
(Figs. 1a, 3a). Rapamycin also effectively suppressed death induced
by MPP� (Fig. 3b). Importantly, rapamycin protected not only cell
bodies but also neurites (Fig. 3c). Note that rapamycin alone slightly
decreased the length of neurites (Costantini and Isacson, 2000;
Zheng et al., 2002), a result most likely attributable to partial inhibi-
tion of mTOR by rapamycin and its consequent effects on Akt activ-
ity and protein synthesis. To extend our findings to neurons,
sympathetic neurons were pretreated with rapamycin and then as-
sessed for survival after 6-OHDA treatment. Here also, rapamycin
protected from death (Fig. 3d).

FK506 does not block RTP801 induction or protect from 6-OHDA
Rapamycin binds the immunophilin FK506-binding protein-12
(FKBP12), and this complex can mediate the interference of
rapamycin with mTOR activities (Sabers et al., 1995). FK506, like
rapamycin, is a macrolide that binds FKBP12 (Avramut and
Achim, 2002). Although FK506 does not block mTOR, it and

Figure 1. mTOR overexpression protects from 6-OHDA. a, Neuronal PC12 cells were transfected with either enhanced green
fluorescent protein (eGFP)/pcDNA3 (control) or eGFP/pcDNA3 WT mTOR and, after 48 h, were treated with or without 50 �M

6-OHDA. Replicate cultures were pretreated for 1 h with 1 �M rapamycin as indicated before 6-OHDA treatment and maintained
with rapamycin for the duration of the experiment. One day later, transfected viable cells were scored under fluorescence micros-
copy. Values are expressed as mean � SEM of at least three independent experiments in triplicate in each condition. ***p � 0.01
compared with cells transfected with eGFP/pcDNA3 empty vector; **p � 0.01 compared with cells transfected with eGFP/pcDNA3
empty vector exposed to 50 �M 6OHDA. b– d, Neuronal PC12 cells were transfected with eGFP/pcDNA3 or eGFP/pcDNA3 WT mTOR
vector. After 48 h, cultures were treated with 50 �M 6-OHDA for 24 h. Cultures were then immunostained with antibodies to
phopsho-Ser2448 –mTOR, phospho-Ser235/236 –S6, and phospho-Thr37/46 – 4EBP1, respectively, along with antiserum to GFP
to visualize transfected GFP � cells. Proportions of transfected cells positive for phospho-mTOR, phospho-S6, or phospho-4EBP1
were scored under fluorescence microscopy. Values represent means � SEM for three independent experiments done in triplicate.
*p � 0.05 compared with cells transfected with pcDNA3 empty vector treated with 6-OHDA. e, Neuronal PC12 cells were exposed
to 250 nM or 1 �M Torin1 for 5 h. Cell extracts were then collected and subjected to SDS-PAGE and Western immunoblotting.
Membranes were probed with the indicated immunoreagents and reprobed with an antibody for total Akt, as a loading control.
M.W., Molecular weight; Ct, control.
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derivatives are reportedly neuroprotective
(Snyder et al., 1998; Pong and Zaleska,
2003), thus raising the possibility that it is
immunophilin interactionrather thanmTOR
inhibition that accounts for the protective ac-
tions of rapamycin in PD models. However,
100 �M FK506 did not block RTP801 induc-
tionby6-OHDA(Fig.2b, right)nordiditpro-
tect against 6-OHDA (Fig. 3a).

Rapamycin appears to suppress
RTP801 translation
We next explored the mechanism by which
rapamycin blocks RTP801 induction by PD
toxins. There are three means by which this
could occur: inhibition of transcription,
increased turnover, and suppression of
translation. Rapamycin did not inhibit in-
duction of RTP801 transcripts by MPP�
and somewhat enhanced RTP801 mRNA
levels (Fig. 4a). We also assessed whether
rapamycin regulates RTP801 protein by
affecting its rate of turnover. RTP801 pro-
tein is unstable, with a half-life of 2–5 min
in mouse embryo fibroblasts (Kimball et al.,
2008). Neuronal PC12 cells were treated
with or without MPP� and/or rapamycin
for 8 h and then with cycloheximide for
5–60 min. Relative RTP801 protein expres-
sion was then assessed by Western immu-
noblotting, and the data from the 5 and 10
min points were used to calculate RTP801
protein half-life under each condition (Fig.
4b) (supplemental Table 1, available at
www.jneurosci.org as supplemental mate-
rial). MPP� did not appreciably affect the
half-life of RTP801 protein, and, in the pres-
ence of MPP� and rapamycin, the half-life
was somewhat increased rather than re-
duced (from 5–7 to �10 min). Consistent
with the inhibition by RTP801 of mTOR ac-
tivity and the short half-life of RTP801 pro-
tein, cycloheximide restored mTOR activity
in cells treated with MPP�, as indicated by
restoration of mTOR-dependent mTOR
phosphorylation at Ser2448 (data not
shown) (Kimball et al., 2008).

Together, thesedata indicate thatrapamy-
cin does not prevent RTP801 protein induc-
tion by either inhibiting RTP801 transcription
or enhancing RTP801 turnover. Elimination
of these possibilities thus indicates that rapa-
mycin blocks RTP801 protein induction by
inhibiting its translation. This is consistent
with the capacity of rapamycin to suppress
mTOR-dependent translation of a subset of
cellular transcripts (Choo et al., 2008).

Rapamycin prevents 6-OHDA-promoted
Akt dephosphorylation at Thr308
Our findings indicate that PD toxins and
RTP801 trigger neuron death by blocking
mTOR-dependent phosphorylation/acti-

Figure 2. Rapamycin blocks upregulation of RTP801 protein by PD mimetics. a, Neuronal PC12 cells were pretreated with or
without 0.1 or 1 �M rapamycin (top) or with 20 nM rapamycin (bottom) and exposed to 100 �M 6-OHDA for 8 h. Cell extracts were
subjected to SDS-PAGE and Western immunoblotting. Membranes were probed with the indicated immunoreagents and reprobed
with antibodies for ERK1/2 or total Akt as loading controls. Right panels show quantification (means � SEM) from three or more
independent experiments. RTP801 relative expression (normalized to ERK1/2): *p � 0.05 versus untreated control (Ct) cultures;
��p � 0.01, ���p � 0.001 versus 6-OHDA-treated cultures. phospho-S6K relative expression (normalized to ERK1/2): **p �
0.01 versus untreated control cultures; �p � 0.05 versus 6-OHDA-treated cultures. b, Neuronal PC12 cells were pretreated with or
without 1 �M rapamycin or 1 �M FK506 and then exposed to 100 �M 6-OHDA for 8 h. Cell extracts were subjected to SDS-PAGE and
Western immunoblotting. Membranes were probed with the indicated immunoreagents and reprobed with antibodies for total
S6K and ERK1. The vertical white line between lanes in b (bottom) indicates elimination of irrelevant intervening lanes in the blot.
c, Neuronal PC12 cells were pretreated with or without 1 �M rapamycin and then exposed to 100 �M 6-OHDA or 500 �M MPP�
for 8 h. Cell extracts were subjected to SDS-PAGE and Western immunoblotting. Membranes were probed with the indicated
immunoreagents and reprobed with an antibody for total ERK1 as loading control. Right panel shows quantification (means �
SEM; normalized to ERK1/2) from three or more independent experiments. RTP801 relative expression: *p � 0.05, **p � 0.01
versus untreated control cultures; ��p � 0.01 versus 6-OHDA-treated cultures; ##p � 0.01 versus MPP�-treated cultures.
d, Sympathetic neuron cultures were pretreated with or without 1 �M rapamycin and then exposed to 10 �M 6-OHDA for 16 h. Cell
extracts were analyzed by Western immunoblotting with the indicated immunoreagents. Right panel shows quantification
(means � SEM; normalized to ERK1/2) from three or more independent experiments. RTP801 relative expression: *p � 0.05
versus untreated control (Ctl) cultures. The vertical white line between lanes indicates elimination of irrelevant intervening lanes
in the blot.
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vation of the survival kinase Akt (Mal-
agelada et al., 2008). We therefore
examined Akt phosphorylation in neuro-
nal PC12 cells exposed to 6-OHDA and
rapamycin. Rapamycin alone had little ef-
fect on Akt phosphorylation at Thr308
but depressed phosphorylation at Ser473,
a site targeted by the mTOR complex
mTORC2 (Sarbassov et al., 2006). As we
reported previously, 6-OHDA repressed
Akt phosphorylation at both Ser473 and
Thr308 (Fig. 4c,d). In contrast, rapamycin
prevented 6-OHDA-promoted dephos-
phorylation of Akt at Thr308 (Fig. 4c,d).
Phosphorylation of this site, a target for the
phosphatidylinositol 3-kinase (PI3K)–
PDK1 pathway (Alessi et al., 1997), is suffi-
cient to promote Akt activity (Jacinto et al.,
2006) and cell survival. Such findings thus
indicate that, in contrast to PD toxins and
RTP801, rapamycin is not neurotoxic and is
neuroprotective because it maintains Akt
phosphorylation at Thr308.

Torin1 mimics RTP801 but not
rapamycin
Our findings raise the hypothesis that
RTP801 kills neurons because it fully blocks
mTOR signaling, whereas rapamycin is
neuroprotective because it blocks some
mTOR actions (e.g., promoting RTP801
synthesis) but not others (e.g., maintaining
Akt Thr308 phosphorylation). If this is cor-
rect, then Torin1, which blocks all actions of
mTOR, should mimic RTP801 but not
rapamycin. As reported above, Torin1 in-
duces neuronal cell death. Consistent with
this, Torin1, like RTP801 and PD toxins
(Malagelada et al., 2008), but unlike rapa-
mycin, suppresses Akt phosphorylation at
both Thr308 and Ser473 (Fig. 1e). More-
over, whereas Torin1 blocks RTP801 pro-
tein induction by 6-OHDA, it does not
inhibit death promoted by 6-OHDA (data
not shown). These findings thus further
support the idea that rapamycin in neuro-
protective because it selectively blocks some
but not all mTOR actions.

Rapamycin does not block death
induced by exogenous RTP801
Our findings suggest that rapamycin pro-
tects from PD toxins by blocking RTP801
induction. Alternatively, protection could
arise from an action downstream or inde-
pendent of RTP801. In this case, rapamycin
should be neuroprotective even if RTP801 induction were not sup-
pressed. To assess this, we transfected neuronal PC12 cells with
RTP801, which is sufficient to promote their death, and evaluated
protection by rapamycin 48 h later. Rapamycin at 1 �M did not
protect from exogenous RTP801 (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material), even when read-
ded to the cultures after 24 h (data not shown). These observations

support the idea that rapamycin protects by suppressing RTP801
induction and does not block death downstream of RTP801.

Rapamycin blocks RTP801 induction and is neuroprotective
in in vivo models of PD
RTP801 is induced in the mouse acute MPTP model (Malagelada
et al., 2006). Based on the present in vitro findings, we assessed

Figure 3. Rapamycin protects cultured neuronal PC12 cells and sympathetic neurons from PD mimetics. a, Neuronal PC12 cells
were pretreated with the indicated concentrations of rapamycin or FK506 for 1 h and then exposed to 100 �M 6-OHDA. Survival was
measured 24 h later. Values are expressed as mean�SEM of at least three independent experiments in triplicate in each condition.
**p � 0.01 and ***p � 0.001 compared with untreated cultures exposed to 6-OHDA. b, Neuronal PC12 cells were pretreated with
1 �M rapamycin for 1 h and then exposed to no treatment [control (Ctl)], 100 �M 6-OHDA, or 200 �M MPP� in the continued
presence of rapamycin. Survival was measured 24 h later. Values are expressed as mean � SEM of at least three independent
experiments in triplicate in each condition. ���p � 0.001 compared with untreated cultures; ***p � 0.001 compared with
cultures treated with 6-OHDA alone; *p�0.05 compared with cultures treated with MPP�alone. c, Images of neuronal PC12 cells
cultures treated with or without rapamycin and then exposed to the indicated PD mimetics. Note in the right that rapamycin
diminishes neurite loss in neuronal PC12 cell cultures induced by PD mimetics. *p � 0.05 and ***p � 0.001 compared with
untreated control cultures; ��p � 0.01 compared with 6-OHDA-treated cultures alone; #p � 0.05 compared with MPP� alone.
d, Sympathetic neurons at 7 d in vitro were pretreated for 1 h with 20 nM, 0.1 �M, or 1 �M rapamycin and then exposed to 15 �M

6-OHDA. After 24 h, cultures were fixed and stained with nuclear dye Hoechst 33342. Surviving neurons (judged by the lack of
chromatin condensation) were strip counted under fluorescence microscopy. Values are expressed as mean� SEM of at least three
independent experiments in triplicate in each condition. **p � 0.01 compared with untreated cultures exposed to 6-OHDA.
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whether rapamycin blocks RTP801 induction and is neuroprotective in
vivo. Rapamycin (7.5 mg/kg) (Zhou et al., 2009) was administered to
miceintraperitoneallyonceaday,2dbeforeMPTP.Thiswasthehighest
dose that could be used without major toxicity when administered
along with MPTP, apparently attributable to peripheral effects. An-
imals then received four MPTP injections at 2 h intervals. Rapamy-
cin was continued on the day of treatment and for the next 4 d.
Additional animals received vehicle alone, rapamycin alone, or
MPTP alone. RTP801 levels increase in dopaminergic midbrain
neurons by 24 h after acute MPTP treatment (Malagelada et al.,
2006), and we therefore killed one group of animals at this time and
examined RTP801 levels in ventral midbrain homogenates by West-
ern immunoblotting. MPTP increased RTP801 protein levels in
midbrains by an average of 55% compared with vehicle-treated an-
imals (Fig. 5a). Rapamycin had no effect on basal RTP801 but fully
blocked the increase promoted by MPTP (Fig. 5a).

We also measured Akt phosphorylation in ventral midbrain
homogenates obtained from animals subjected to the various treat-

ments (supplemental Fig. 2, available at
www.jneurosci.org as supplemental mate-
rial). Although MPTP-insensitive glial cells
and TH-negative (TH�) neurons in the
ventral midbrain should contribute to the
total and phospho-Akt signals, phosphory-
lation of Akt at Thr308 showed a tendency
to decrease in response to MPTP, and there
was a significant increase in phospho-
Thr308–Akt in animals treated with MPTP
plus rapamycin compared with those
treated with MPTP alone. This apparent
protection of phospho-Thr308–Akt by
rapamycin is consistent with our in vitro
findings.

Additional animals were killed 7 d after
the last MPTP injection, and numbers of
TH� neurons in the SNpc were assessed
by unbiased stereology. MPTP alone re-
duced the numbers of TH� neurons by
�60% (Fig. 5b). Rapamycin substantially
blocked this effect but had no significant
effect on its own. Figure 5b shows repre-
sentative sections at comparable levels of
the SNpc from each condition and illus-
trates the protection with rapamycin.

To assess the possibility that the differ-
ences in numbers of SNpc TH� neurons
among the various experimental groups
were attributable to merely a loss of ex-
pression of the phenotypic marker TH
rather than to neuron death, we also
counted by unbiased stereology the total
numbers of TH�/Nissl� neurons in the
SNpc (determined by staining with cresyl
violet). This total number (which repre-
sents nondopaminergic neurons insensi-
tive to MPTP plus MPTP-sensitive
dopaminergic neurons that have lost TH
expression) did not show a significant
change among the various treatments
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material),
indicating that protection by rapamycin
was attributable to effects on survival

rather than on preservation of TH expression. In addition, anal-
ysis of control and treated striata confirmed that rapamycin did
not affect the capacity of MPTP treatment to deplete levels of
dopamine (DA) and its metabolites (data not shown) and that it
did not interfere with MPTP metabolism or MPP� uptake (stri-
atal levels 90 min after one intraperitoneal injection of 30 mg/kg
MPTP: 13.7 � 1.0 �g/g for MPTP alone, 17.6 � 1.3 �g/g for
MPTP plus rapamycin; n � 3; p � 0.07 by Student’s t test).

We additionally investigated the effects of rapamycin in the
subacute MPTP model in which higher doses of MPTP are ad-
ministered daily for 5 d, resulting in maximal induction of apo-
ptotic profiles in the SN between 2 and 4 d after the last injection
(Tatton and Kish, 1997). Rapamycin or vehicle was administered
30 min before MPTP. Mice were killed 2 d after the last MPTP
injection, and SNpc apoptotic cells were assessed by quantitative
stereology for numbers of condensed nuclei after Nissl staining.
Rapamycin alone had no significant effect on numbers of con-
densed nuclei, whereas MPTP greatly increased this population

Figure 4. Effects of rapamycin on RTP801 mRNA, RTP801 turnover, and Akt phosphorylation. a, Neuronal PC12 cells were
pretreated with 1 �M rapamycin and then exposed to 1 mM MPP� for 8 h. RNA was extracted, and reverse transcription-PCR was
performed to quantify the number of copies of cDNA coding for RTP801 under the indicated conditions. Values represent mean �
SEM of at least four independent experiments. *p � 0.05 versus control (Ctl); **p � 0.01 versus control (Ctl). b, Neuronal PC12
cells were pretreated with 1 �M rapamycin and then exposed to 1 mM MPP� for 8 h. Then they were treated with or without 1 �M

cycloheximide (CHX) for 10 or 60 min. Cell extracts were collected immediately after and subjected to SDS-PAGE and Western
immunoblotting. Membranes were probed with the indicated immunoreagents and reprobed with antibodies for total ERK1 and
Akt. Densitometry values represent mean � SEM of at least three independent experiments. *p � 0.05 versus control (�) and
�p � 0.05 versus MPP� alone. M.W., Molecular weight. c, Neuronal PC12 cells were pretreated with or without 1 �M rapamycin
and exposed to 100 �M 6-OHDA for 16 h. Cell extracts were analyzed by SDS-PAGE and Western immunoblotting. Membranes were
probed with anti-phospho-Thr308 –Akt, anti-phospho-Ser473–Akt, and anti-RTP801 antibodies. Membranes were reprobed
with antibody against total Akt as loading control. Films were scanned and densitometries (NIH ImageJ) were expressed as
arbitrary units versus total Akt loading control for the two phospho-Akt residues (d) and RTP801 (e). Values represent mean�SEM
of at least three independent experiments in each condition. #p � 0.05 versus phospho-Ser473–Akt in control extracts (Ct); *p �
0.05 versus phospho-Thr308 –Akt in control extracts (Ct); �p � 0.05 versus phospho-Thr308 –Akt in 100 �M 6-OHDA-treated
cells.
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(Fig. 5c). In contrast, cotreatment with rapamycin reduced by
half the numbers of condensed nuclei in MPTP-treated animals.

Discussion
RTP801 is induced in cell and animal models of PD and in dopa-
minergic SN neurons of PD patients. Moreover, RTP801 overex-
pression is sufficient to kill neurons (Shoshani et al., 2002;
Malagelada et al., 2006, 2008), and interference with RTP801
expression protects from PD toxins (Malagelada et al., 2006).
Here, we sought means to interfere with RTP801 induction and
assessed whether and how this would provide neuroprotection in
cell and animal PD models. We used sympathetic neurons and
neuronal PC12 cells for mechanism studies because the former
show Lewy body formation and functional impairment in PD
(Marras and Lang, 2008; Orimo et al., 2008), whereas the latter
closely model sympathetic neurons and their susceptibility to PD
toxins and provide ample material for experimental analysis
(Greene and Tischler, 1976; Malagelada and Greene, 2008).

The only described action for RTP801 is repression of mTOR
activation through the TSC1/TSC2 tuberous sclerosis complex
(Brugarolas et al., 2004; DeYoung et al., 2008). In line with this,
RTP801 represses mTOR-dependent actions in neuronal cells
such as phosphorylation of S6 kinase, 4EBP1, and Akt, and
neuronal death caused by RTP801 or 6-OHDA requires TSC2
(Malagelada et al., 2006, 2008). Our findings that mTOR overex-
pression protects from 6-OHDA and that the mTOR inhibitor
Torin1, like RTP801, induces death and blocks Akt phosphory-
lation at Ser473 and Thr308, further supporting a mechanism
whereby RTP801 promotes neuron death by inhibiting mTOR
and Akt signaling.

We observed that rapamycin suppresses RTP801 induction by
PD toxins. RTP801 is an unstable protein (Kimball et al., 2008),
and we found a half-life of 5– 8 min in neuronal PC12 cells.
Interference with either the transcription, translation, or protein
stability of RTP801 would therefore cause its rapid depletion.
Our data indicate that rapamycin does not reduce either the tran-
scription or protein stability of RTP801 and thus favor a mecha-
nism whereby rapamycin inhibits the translation of RTP801
transcripts. This is consistent with the well described actions of
rapamycin on protein translation (Terada et al., 1994). Recent
findings indicate that rapamycin can differentially inhibit
mTOR-dependent translation promoted by p70S6 kinase versus
cap-dependent translation regulated by 4EBP1 (Choo et al.,
2008). p70S6 kinase appears to selectively control translation of
mRNAs with structured 5� untranslated regions (Fingar and
Blenis, 2004). This would explain why rapamycin suppresses in-
duction of endogenous RTP801 but not synthesis of exogenous
RTP801 driven by a heterologous promoter.

RTP801 knockdown protects cultured neuronal cells from a
variety of PD toxins (Malagelada et al., 2006). We therefore rea-
soned that, if rapamycin blocks RTP801 induction, it should also
be neuroprotective. In consonance with this, rapamycin blocks
death of neuronal PC12 cells and sympathetic neurons induced
by 6-OHDA and MPP� and of SN neurons in living mice in two
different MPTP protocols. In contrast, rapamycin did not sup-
press death promoted by exogenous RTP801, ruling out a mech-
anism whereby rapamycin inhibits death downstream of RTP801
induction.

Schwarzer et al. (2005) reported on the basis of an array study
that rapamycin reduces the basal level RTP801 transcripts in a
prostate cell line. This contrasts with the present study in which
rapamycin did not reduce either basal or induced levels of
RTP801 message.

Figure 5. Rapamycin prevents RTP801 protein upregulation by MPTP in vivo and pro-
tects substantia nigral neurons from MPTP in living mice. a, Mice were injected with
vehicle, rapamycin, MPTP, or rapamycin plus MPTP, as described in Materials and Methods
for the acute regimen, and killed after 24 h. Ventral midbrains were dissected and homog-
enized in lysis buffer, and the homogenates were subjected to SDS-PAGE and Western
immunoblotting. Membranes were probed with RTP801 antibody and reprobed with an
antibody for total ERK1/2 as a loading control. Film resulting from the immunoblot was
scanned, and relative densities of RTP801 bands were normalized in each case to the
densities of the corresponding ERK1/2 signals. Values (in arbitrary units) for RTP801 are
expressed as mean � SEM for at least three mice per condition. *p � 0.01 versus mice
injected with vehicle; �p � 0.01 versus mice injected with MPTP. M.W., Molecular
weight. b, Mice subjected to the acute regimen as indicated were killed 7 d after the last
MPTP injection. Midbrains were cryosectioned, immunostained with tyrosine hydroxylase
antibody, and subjected to Nissl staining. Unbiased stereology was used to determine the
total numbers of TH-positive neurons in the substantia nigra. Results represent mean �
SEM of total number of TH-positive cells per substantia nigra (right and left) for at least
seven mice per each condition. **p � 0.001 versus mice injected with vehicle; ��p �
0.01 versus mice injected with rapamycin plus MPTP. Bottom shows representative mi-
crographs of SN stained with TH antibody in comparable sections for each condition. c,
Mice subjected to the subacute MPTP regimen as indicated were killed 2 d after the last
injection. Midbrains were cryosectioned, immunostained lightly with tyrosine hydroxy-
lase antibody, and subjected to Nissl staining to visualize condensed nuclei (with frag-
mented chromatin). Results represent mean � SEM of total number of apoptotic nuclei
per midbrain for at least four mice per each condition. ***p � 0.001 versus mice injected
with MPTP alone.
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Rapamycin and RTP801 both inhibit mTOR signaling. This
raises the issue as to why the former is neuroprotective whereas the
latter promotes neuron death. The resolution appears to lie in
the distinction in mechanisms and consequent actions of the two
molecules. RTP801 acts upstream of mTOR to block its activation by
the Rheb GTPase (Sofer et al., 2005; DeYoung et al., 2008). This
suppresses most, if not all, mTOR activities. In contrast, rapamycin
allosterically affects mTOR–substrate interactions and selectively
blocks some mTOR actions but not others in a cell-type specific
manner (Edinger et al., 2003; Choo et al., 2008; Thoreen et al., 2009).
Relevant examples include rapamycin-resistant mTOR-dependent
phosphorylation of Akt (Jacinto et al., 2004; Sarbassov et al., 2004)
(Fig. 4) and cap-dependent mRNA translation (Choo et al., 2008;
Choo and Blenis, 2009). These considerations suggest that rapamy-
cin, unlike RTP801, spares mTOR-dependent activities in neurons
needed for survival. This is consistent with findings that rapamycin
does not impede neuron survival, dendritic growth and complexity,
or action potentials (Rüegg et al., 2007). Additional support comes
from our observation that Torin1, which, like RTP801 and in con-
trast to rapamycin, appears to block all actions of mTOR (Thoreen et
al., 2009), promoted neuronal cell death.

An important aspect of the neuroprotective role of rapamycin
in PD models appears to be its effects on Akt. Akt plays a major

role in neuron survival (Franke et al.,
1997a,b), and active Akt protects SN neu-
rons from 6-OHDA in vivo (Ries et al.,
2006) and neuronal PC12 cells from
6-OHDA and overexpressed RTP801
(Malagelada et al., 2008). Whereas Akt
phosphorylation at both Ser473 and
Thr308 provides maximum catalytic ac-
tivity, phosphorylation at Thr308 (the site
regulated by growth factors through PI3K
signaling) is sufficient to activate the ki-
nase and to maintain survival (Jacinto et
al., 2006). Our studies indicate that one
RTP801 action responsible for neuron
death is inhibition of mTOR-dependent
Akt phosphorylation at both Ser473 and
Thr308 (Malagelada et al., 2008). This ap-
pears relevant to the pathophysiology of
PD because DA neurons from PD patients
have greatly reduced expression of
phospho-Ser473 and phospho-Thr308 –
Akt but not of total Akt (Malagelada et al.,
2008). In this context, it is significant that
rapamycin blocks RTP801 protein induc-
tion and preserves Akt phosphorylation at
Thr308, even in the presence of a PD
toxin.

The capacity of rapamycin to preserve
Thr308 phosphorylation may reflect the
well described pathway in which mTOR-
activated p70S6 kinase phosphorylates,
and consequentially destabilizes, IRS-1, a
scaffold protein involved in growth factor
activation of PI3K and Akt (Shah et al.,
2004). By blocking mTOR-dependent
p70S6K activation (Chung et al., 1992;
Price et al., 1992), rapamycin leads to ele-
vated IRS-1 and enhances PI3K signaling
and Akt phosphorylation at Thr308 (Ha-
ruta et al., 2000; Jacinto et al., 2006; Wan

et al., 2007). In agreement with this, as in other systems (Hartley
and Cooper, 2002; Tremblay et al., 2005), rapamycin maintained
IRS-1 expression in our cultures, even in the presence of PD
toxins (C. Malagelada, unpublished results).

Our findings highlight suppression of RTP801 induction as a
likely mechanism by which rapamycin protects neurons from PD
toxins. However, there are additional mechanisms by which
rapamycin may confer neuroprotection. One is induction of au-
tophagy. Autophagy has been suggested to be neuroprotective by
enhancing clearance of harmful protein aggregates (Ravikumar
et al., 2004, 2006; Sarkar and Rubinsztein, 2008; Sarkar et al.,
2009). In particular, rapamycin protects in Huntington’s disease
models, and evidence suggests that this is attributable to stimu-
lation of autophagy (Sarkar et al., 2009). Conversely, autophagy
occurs in PD neurons (Anglade et al., 1997), and MPP� induces
autophagy in SH-SY5Y neuroblastoma cells (Zhu et al., 2007).
Stimulation of macroautophagy also contributes to neuron death
in an �-synuclein PD model (Xilouri et al., 2009). Thus, it is
unclear whether or not rapamycin-stimulated autophagy would
be protective in the context of PD. Additionally, it was reported
that rapamycin protects macroautophagy-deficient fibroblasts
from aggregated mutant huntingtin fragments by inhibiting
mTOR-dependent protein synthesis (Wyttenbach et al., 2008).

Figure 6. Scheme of hypothesized mechanisms by which neuron cell death and survival are regulated by mTOR and RTP801
signaling. a, Under basal conditions, RTP801 gene and protein expression are low. mTOR activity is unaffected and promotes
rapamycin-sensitive and -insensitive translation as well as phosphorylation of Akt at Ser473 and Thr308. Cell survival is favored.
b, In the presence of Torin1, all mTOR activities including Akt phosphorylation at Ser473 and Thr308 and rapamycin-sensitive
and -insensitive translation are blocked. RTP801 expression is low. Cell death is favored because of inhibition of Akt phosphoryla-
tion/activation. c, In the presence of PD toxins, RTP801 gene and protein expression are induced. This leads to RTP801-dependent
inhibition of mTOR activation and consequently to inhibition of Akt phosphorylation at Ser473 and Thr308. Cell death is favored.
Although mTOR inhibition will affect RTP801 translation, the increased half-life of RTP801 protein in the presence of PD toxins and
mutual feedback relationship between mTOR activity and RTP801 translation likely account for the sustained elevation of RTP801
levels in the presence of the toxins. d, Rapamycin does not affect induction of RTP801 transcripts by PD toxins but blocks
mTOR-dependent RTP801 protein synthesis (most likely through inhibition of mTORC1-dependent p70S6 kinase activation) and
phosphorylation of Akt at Ser473 (most likely through inhibition of mTORC2). Other activities of mTOR are left intact such as
cap-dependent translation. Phosphorylation of Akt at Thr308 is also spared, leading to cell survival. This sparing of Thr308 phos-
phorylation may reflect inhibition by rapamycin of mTOR-dependent p70S6 kinase activation and of RTP801 synthesis. In addition,
inhibition of p70S6 kinase activity may enhance Akt Thr308 phosphorylation by leading to stabilization of IRS-1 and to enhanced
PI3K activity.
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Such observations support the hypothesis that rapamycin confers
neuroprotection by interfering with RTP801 translation.

In summary, rapamycin confers neuroprotection from PD
toxins both in vitro and in vivo. Our data support a model in
which rapamycin blocks translation of RTP801, thereby relieving
RTP801 inhibition of mTOR and, consequently, of the survival-
promoting kinase Akt (Fig. 6). The neuroprotective properties of
rapamycin arise from its capacity to block some actions of mTOR
(such as p70S6K activation) but not others (such as regulation of
Akt Thr308 phosphorylation). Such findings, along with the ele-
vation of RTP801 that occurs in human PD-affected neurons,
support the idea of targeting RTP801 as a therapeutic strategy to
suppress neuron death in PD.
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