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RTP801 Is Induced in Parkinson’s Disease and Mediates
Neuron Death by Inhibiting Akt Phosphorylation/Activation

Cristina Malagelada, Zong Hao Jin, and Lloyd A. Greene

Department of Pathology and Cell Biology, Columbia University, New York, New York 10032

Previously, we reported that RTP801, a stress regulated protein, is induced in multiple cellular models of Parkinson’s disease (PD), in an
animal model of PD and in dopaminergic neurons of PD patients. In cellular PD models, RTP801 is both sufficient and necessary for death.
We further showed that RTP801 and PD mimetics such as 6-OHDA trigger neuron death by suppressing activation of the key kinase
mammalian target of rapamycin (mTOR). Here, we report that as a consequence of mTOR signaling blockade, 6-OHDA suppresses the
phosphorylation and activation of Akt, a major supporter of neuron survival. This effect is mediated by RTP801 and appears to underlie
neuron death induced by 6-OHDA. Examination of postmortem dopaminergic neurons reveals a consistent depletion of phospho-Akt,
but not of total Akt in PD patients. These observations support a sequential mechanism in which PD-associated stresses induce RTP801,
suppress mTOR signaling, deplete phosphorylated/activated Akt and permit neuron degeneration and death.
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Introduction

Parkinson’s disease (PD) is characterized by degeneration of spe-
cific populations of central and peripheral neurons, including
substantia nigral dopaminergic neurons (Fahn, 1998; Marras and
Lang, 2008). The mechanisms underlying neuron death in PD are
incompletely understood and current therapies largely address
symptoms rather than neuron loss.

Because neuron death, regardless of initiating causes, gener-
ally requires proapoptotic gene activation, we used serial analysis
of gene expression to identify transcripts induced in a cellular
model of PD (Ryu etal., 2002, 2005). The most induced transcript
(100-fold) was that encoding the protein RTP801/REDDI.
RTP801 is induced by stresses including DNA damage, oxidative
stress, hypoxia, ER stress and energy depletion (Ellisen et al.,
2002; Shoshani et al., 2002; Wang et al., 2003; Sofer et al., 2005)
that have been raised as causes of neuron degeneration in PD
(Marras and Lang, 2008). RTP801 can be pro or antiapoptotic
and in neuronal cells promotes death (Shoshani et al., 2002; Mal-
agelada et al., 2006). We found that multiple PD mimetics (6-
OHDA, MPP+ and rotenone) induced RTP801 in neuronal cells
and that it mediated death in each case (Malagelada et al., 2006).
Moreover, RTP801 was induced in an animal model of PD and is
elevated in dopaminergic neurons of PD patients. Such findings
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establish RTP801 as a potential contributor to neuron degenera-
tion in PD.

The mechanisms by which RTP801 kills neurons have been
unclear. The only presently described action of RTP801 is to
suppress activation of the kinase mammalian target of rapamycin
(mTOR) via a mechanism dependent on TSC2 (tuberous sclero-
sis protein 2) (DeYoung et al., 2008). In consonance with such
observations, we showed that 6-OHDA inhibits mTOR activity
and that this was mediated by RTP801 (Malagelada et al., 2006).
Moreover, TSC2 shRNA suppressed killing of neuronal cells by
RTP801 and 6-OHDA. Such findings implicate blockade of
mTOR signaling in the mechanism by which RTP801 causes neu-
ron death.

We considered how mTOR activity might be relevant to neu-
ron survival. mTOR forms two complexes with distinct substrate
specificities. The mTORCI complex controls protein translation
by phosphorylating substrates such as S6 kinase and 4EBP1 (Hara
et al., 2002; Kim et al., 2002; Thedieck et al., 2007). mTORC?2, in
contrast, phosphorylates the protein kinase Akt at Ser473 (Sar-
bassov et al., 2005; Jacinto et al., 2006). mTORC2, by incom-
pletely understood mechanisms, also affects Akt phosphorylation
at Thr308 (Sarbassov et al., 2005). While Akt phosphorylation at
either site is activating, full activation requires phosphorylation at
both Ser473 and Thr308 (Alessi et al., 1996). Akt is a major pro-
moter of neuron survival (Dudek et al., 1997) and does so by
phosphorylating substrates including BAD, GSK3, NFkB and
forkhead proteins (Cross et al., 1995; del Peso et al., 1997; Kulik et
al., 1997; Brunet et al., 2001).

In light of (1) RTP801 induction in PD models and PD, (2)
the proapoptotic action of RTP801 in neurons, (3) the rela-
tionships between RTP801, mTOR and Akt activity and (4) the
central action of Akt in neuron survival, we examine here the
role of RTP801 in suppressing Akt activity and promoting
neuron death in PD.
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Figure 1.

6-OHDA promotes dephosphorylation of Akt in neuronal PC12 cells. A, Western immunoblot of extracts of neuronal PC12 cells exposed to 6-OHDA for various times. Membranes was

probed with antibodies to phospho-Ser473-Akt, phospho-Thr308-Akt, and RTP801 and reprobed with antibodies to total Akt or Erk1 antibodies to show equal protein loading and constancy of Akt
expression in each condition. B, Immunostaining of neuronal PC12 cells reveals loss of Akt phosphorylation at Ser 473 and Thr308 after 16 h of exposure to 6-OHDA compared with untreated cultures
[Control (Ctrl)]. Nuclei were visualized by staining with Hoechst 33258. These are results are representative of at least 3 independent Western immunoblot and immunostaining experiments.

Materials and Methods

Antibodies, plasmids and materials. Anti-RTP801 antiserum was pur-
chased from Millipore or from Proteintech Group. Anti-Erkl antibody
was obtained from Santa Cruz Biotechnology. Anti-horseradish
peroxidase-, Alexa fluor 568 or 483 conjugated secondary antibodies
were obtained from Pierce and Invitrogen, respectively.

Antibodies against phospho-(Ser473) Akt, phospho-(Thr308) Akt,
phospho-(Ser253) Foxo3a, phospho-(Ser2448)-mTOR and phospho-
(Ser136) BAD were obtained from Cell Signaling Technology. Monoclo-
nal mouse anti GFP antibody was purchased from Novus Biologicals.

RTP801 constructs were generated by PCR cloning (RTP801 forward:
5'-GAATTCGAACCATGCCTAGCCTTTGGGATCG-3"; RTP801 re-
verse: 5'-GTCGACTCAACACTCTTCAATGAGCA-3") from a cDNA li-
brary derived from neuronal PC12 cells and ligated to the pCMS-EGFP
vector as described previously (Malagelada et al., 2006). All newly made
constructs were verified by DNA sequencing. 6-OHDA was purchased
from Sigma or Tocris. pIRES-CA-Akt (E17K) vector and pIRES-
Dominant-negative Akt vector were a kind gift from Dr. Thomas Franke
(New York University, New York, NY)

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 recombinant human NGF (a kind gift from Genentech) for 8—10
d. Medium was changed every other day and immediately before treat-
ments. 6-OHDA was prepared before use in 10 mum stocks and diluted in
medium to the indicated final concentrations. Neonatal rat superior cer-
vical ganglion sympathetic neurons were cultured as described previ-
ously (Ryu et al, 2002; Malagelada et al., 2006). Treatments with
6-OHDA was performed at day 7 in vitro, and cell viability was assessed

24 h later. Immunocytochemistry was performed 16 h after treatment.
Values represent the mean = SEM of at least three different experiments.

ShRNA production. Two different RTP801 shRNAs and a scrambled
shRNA (control shRNA) were prepared in DsRed expressing pSIREN
vectors as previously described (Malagelada et al., 2006) by using BD
knock-out RNAi systems according to the manufacturer’s instructions
(BD Biosciences) based on the following sequences: 1: 5'- AAG ACT CCT
CAT ACCTGGATG-3';4:5'- AAG AGC TGC CAT AGT GTG GCT-3".
Sh scrambled RNA-eGFP, ShRTP801_1-eGFP and shRTP801_4-eGFP
were constructed by excising ShRNA sequence and upstream U6 pro-
moter out of the pSIREN vector via bglll and EcoRI, and ligating into
similarly cut pCMS-eGFP (which lacks the CMV promoter region but
retains the EGFP cistron).

Transfection. Neuronal PC12 cells and rat sympathetic neurons were
transfected with Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions. 48 h after transfection, cells were treated with
6-OHDA. Twenty-four hours after the treatments, viable transfected (as
judged by expression of fluorophore or by immunostaining against eGFP
protein) neuronal PC12 or sympathetic neurons were scored by strip-
counting or whole-well counting, respectively, under an epifluorescence
microscope (Malagelada et al., 2006).

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

Immunofluorescence. Neuronal PC12 cells or sympathetic neurons
were fixed with 4% paraformaldehyde in PBS at room temperature for 15
min. The cultures were washed three times with PBS and blocked with
5% horse serum (Vector Laboratories) in PBS containing 0.3% Triton
X-100 for an hour atroom temperature. Primary antibodies against GFP,
phospho-Ser473 Akt or phospho-Thr308 Akt were diluted following
supplier’s instructions in PBS-0.3% Triton X-100 and incubated over-
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Figure 2.

night at 4°C. Cultures were washed three times in PBS and incubated
with Alexa Fluor 483 or 568 conjugated secondary antibodies against
rabbit and mouse primary antibodies for an hour at room tempera-
ture, washed in PBS and mounted with ProLong Gold antifade from
Invitrogen. Cells were observed under fluorescence microscopy or
confocal microscopy.

Immunohistochemistry in human sections. Sections of PD and non-PD
substantia nigra were obtained from the New York Brain Bank at Colum-
bia University with the aid of Drs. Jean-Paul Vonsattel, Serge Przedborski
and Vernice Jackson-Lewis (Columbia University, New York, NY).
Paraffin-embedded sections were heated for 1 h at 65°C and dewaxed in
xylene. Rehydration was performed by incubating the slides in an ethanol
series (100, 75 and 50%). Sections were incubated in 3% H,O, at room
temperature for 10 min to block nonspecific peroxidase-activity and then
antigen was retrieved in Reveal solution from Biocare Medical in a rice
cooker for 35 min at 100°C. Sections were then washed with TBS-0.1%
Tween (TBST) and blocked first with Avidin/biotin solution (Vector
Laboratories), and subsequently in 5% horse serum-TBST for 1 h at
room temperature (RT). They were then incubated with phospho-
Thr308 Akt or phospho-Ser473 Akt primary antibodies overnight at 4°C
and with biotinylated secondary antibody for 1 h at 37°C. Sections
were next incubated in ready-to-use ABC complex solution (Vector
Laboratories) at RT for 30 min and then SG substrate (Vector Labo-
ratories) was added. Sections were washed, dehydrated and mounted
with Permount (Fisher Scientific) mounting media and observed un-
der brightfield microscopy.

Hoechst
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6-OHDA promotes dephosphorylation of Akt and suppresses phosphorylation of the Akt substrates Bad and Foxo3a
in rat sympathetic neurons. A, Cultured sympathetic neurons were exposed to 10 m 6-OHDA for 16 h and cell extracts were
subjected to SDS-PAGE and Western immunoblotting. Membranes were probed with the indicated immunoreagents and re-
probed with antibodies for Akt and ERK1 to show that protein loading was equal in each condition. B, Inmunostaining reveals that
6-0HDA treatment causes Akt dephosphorylation at both Akt residues, Ser473 and Thr308 (both in green), in cultures of rat
sympathetic neurons. Treatment was for 16 h with 10 wum 6-OHDA. Nuclei were visualized by Hoechst 33258 (blue). These are
representative results from at least 3 independent immunostaining experiments, each one in triplicate.
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Statistics. All experiments were performed at
least in triplicate, and results are reported as
means = SEM. Student’s ¢ test was performed as
unpaired, two-tailed sets of arrays and presented
as probability ( p) values. ANOVA with Bonferro-
ni’s multiple comparison test was performed to
compare multiple groups to the control group.

Results

6-OHDA diminishes Akt
phosphorylation and activity in
neuronal PC12 cells and rat

sympathetic neurons

We have reported that the protein RTP801
mediates neuronal death triggered by
6-OHDA and other PD mimetics and that
it does so, at least in part, by blocking acti-
vation of mTOR signaling (Malagelada et
al., 2006). We have therefore investigated
the mechanism by which mTOR inactiva-
tion by PD mimetics and RTP801 leads to
neuronal death. The mTOR complex
mTORC2 has been described as possessing
PDXK?2 activity that phosphorylates the ki-
nase Akt at residue Ser473 and promotes
its activation (Jacinto et al., 2004; Sar-
bassov et al., 2004). Akt phosphorylation
by the kinase PDK1 at a second activating
site, Thr308, is also suppressed by loss of
mTORC2 signaling (Sarbassov et al.,
2005). Because active Akt is a major regu-
lator of neuron survival (Dudek et al.,
1997; Franke et al., 1997a), we first exam-
ined its phosphorylation state after expo-
sure to 6-OHDA. Western immunoblot
analysis of lysates of neuronal (NGF
treated for at least 5 d) PC12 cells exposed
to 6-OHDA for various times showed a
substantial drop in Akt phosphorylation at
Ser473 (Fig. 1A). This was detectable by
8 h of treatment (a time when RTP801 in-
duction occurs) (Fig. 1 A) (Malagelada et al., 2006) and was max-
imal by ~16 h, the time when 6-OHDA-promoted death begins
to become apparent. This effect was also manifest at the cellular
level as shown by immunostaining cells for phospho-Ser473-Akt
with or without 16 h of exposure to 6-OHDA (Fig. 1B).

To extend these observations to primary neurons, we used
cultured rat sympathetic neurons. Sympathetic neurons are af-
fected in Parkinson’s Disease (Orimo et al., 2008) and, like neu-
ronal PC12 cells that highly resemble them, die in response to
RTP801 over-expression (about a 50% of cell death) (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material), and undergo RTP801-dependent death after exposure
to 6-OHDA (Malagelada et al., 2006). Western immunoblotting
(Fig. 2A) as well as immunostaining (Fig. 2 B) revealed an exten-
sive loss of Akt phosphorylation at Ser473 following 16 h of ex-
posure to 6-OHDA. Densitometric quantification of Western
blots from 3 independent experiments showed a fall of 47.5 =
0.5% (p < 0.01 vs control cultures). This was paralleled by an
increase in RTP801 levels as well as by a decrease in phosphorylation
of mTOR at its p70S6 kinase phosphorylation site, Ser2448 (Chiang
and Abraham, 2005) (Fig. 2A). The latter observations indicate that
mTOR kinase activity is impaired in 6-OHDA-treated sympathetic

merge

merge
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In addition to phosphorylation at
Ser473, Akt activity is also positively regu-
lated by phosphorylation at Thr308. This
is mediated by PDK1 and requires activa-
tion of PI3K signaling (Dudek et al., 1997;
Franke et al., 1997a). The latter is relevant
to our system because both neuronal PC12
cells and sympathetic neurons require and
are cultured in the presence of nerve growth
factor, an activator of PI3K and of Akt phos-
phorylation (Philpott et al., 1997; Crowder
and Freeman, 1998). As shown in Figures 1
and 2, in addition to diminishing Akt phos-
phorylation at Ser473, 6-OHDA also de-
creased phosphorylation of Akt at Thr308 in
both neuronal PC12 cells and in sympathetic
neurons as indicated by both Western im-
munoblotting and immunostaining.

For sympathetic neurons, densitomet-
ric quantification of Western blots from 3
independent experiments showed that lev-
els of phospho-Thr308-Akt fell by 59.5 *
16.5% (p < 0.05 vs control cultures) at
16 h of treatment.

Loss of Akt phosphorylation at both
Ser473 and Thr308 would be expected to
diminish cellular Akt activity. To assess
this, we used Western immunoblotting to
analyze phosphorylation of two of its sub-
strates, BAD and Foxo3a (Datta et al.,
1997; del Peso et al., 1997; Zheng et al.,
2002) in neuronal cells exposed to
6-OHDA for 16 h. In sympathetic neurons
(Fig. 2A) and neuronal PC12 cells (data
not shown), there was a marked decrease in
phosphorylation of BAD at Ser136 and of
Foxo3a at Ser 253, the sites targeted by Akt.
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RTP801 overexpression induces dephosphorylation of Akt at Ser473 and Akt Thr308. A, Neuronal PC12 cells were

transfected with pCMS-EGFP or pCMS-EGFP RTP801 and 48 h later, cultures were fixed and immunostained with antibodies to

Ectopic expression of RTP801 triggers
loss of Akt phosphorylated at Ser473
and Thr308

Because RTP801 mediates the actions of
6-OHDA on neuronal survival, we next as-
sessed whether RTP801 can also affect the levels of cellular Akt
phosphorylation. Neuronal PC12 cells were transfected either
with control vector (pCMSeGFP) or with vector expressing
RTP801 (pCMSeGFP-RTP801). Two days later, the cultures were
fixed and immunostained for phospho-Ser473-Akt or phospho-
Thr308-Akt. Cells transfected with the control vector appeared
no different from nontransfected cells with respect to expression
of Akt phosphorylated at either site (Fig. 3A). In contrast, cells
transfected with RTP801 (eGFP+) showed a greatly diminished
level of immunostaining for both phospho-Ser473-Akt or
phospho-Thr308-Akt. This was confirmed by scoring the control
and RTP801-transfected cells for the presence or absence of de-
tectable phospho-Akt staining (Fig. 3B).

RTP801 mediates the effects of 6-OHDA on loss

of phospho-Akt

Our past study showed that knockdown of RTP801 with multiple
shRNAs protected neuronal PC12 cells and sympathetic neurons

phospho-Ser473 Akt (in red, left panel), phospho-Thr308 Akt (in red, right panel) and GFP (in green, in both panels). Arrows
indicate positions of transfected cells. B, Proportions of transfected (eGFP+) cells positive for expression of phospho-Ser473 or
Thr308 — Akt were scored under fluorescence microscopy for each condition. Values represent mean == SEM for 3 independent
experiments done in triplicate.

**p < 0.05 vs eGFP+ control cells. *p << 0.01 vs eGFP + control cells.

from several different PD mimetics (Malagelada et al., 2006). To
assess whether the effects of 6-OHDA on Akt phosphorylation
are also mediated by RTP801, rat sympathetic neurons were
transfected with a construct expressing an shRNA previously
shown to strongly block expression of RTP801 (pCMS eGFP-
shRTP801_4) or with a control construct containing a scrambled
shRNA that recognizes no known rat sequence (pCMS eGFPshG)
(Malagelada et al., 2006). Two days after transfection, the cul-
tures were treated with or without 6-OHDA for 24 h and were
then immunostained with phospho-Ser473- or phospho-
Thr308-Akt antibodies as well as with mouse GFP antibody. Cells
were also stained with Hoechst 33258 to visualize pyknotic nu-
clei. Transfected neurons with no sign of chromatin condensa-
tion were scored for the proportion that positively stained with
the two phospho-AKT antibodies. For neurons transfected with
control shRNA, 35-45% lost detectable immunostaining for
phospho-Ser473 or phospho-Thr308 Akt after treatment with
6-OHDA (Fig. 4A, white bars). In contrast, for neurons trans-
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Figure 4.  RTP801 mediates 6-OHDA-induced dephosphorylation of Akt. A, Rat sympathetic neurons (SCG) were transfected

with either pCMS eGFP-shG (scrambled shRNA as a control) or pCMS eGFP-shRTP801_1 or pCMS eGFP-shRTP801_4 and 2 d later
were treated with or without 10 v 6-OHDA for 24 h. Cultures were then immunostained with antibodies to phospho-Ser473 Akt
or phospho-Thr308 Akt along with antiserum to GFP to visualize transfected GFP + neurons. Proportions of transfected neurons
positive for phospho-Akt (Ser473 or Thr308) were scored under fluorescence microscopy. B, Neuronal PC12 cells were transfected
with either pSiren-DsRed ShLuciferase as a control or pSiren-DsRed ShRTP801_1 or pSiren-DsRed ShRTP801_4and 2 d later were
treated with or without 100 m 6-OHDA for 24 h. Proportions of transfected cells positive for expression of phospho-Ser473 Akt
were scored under fluorescence microscopy. Values from both neuronal PC12 cells and sympathetic neurons represent mean =+
SEM for 3 independent experiments done in triplicate, *p << 0.0 vs untreated ShG or ShLuciferase transfected cells; *p < 0.01
vs 6-OHDA treated ShG or ShLuc transfected cells; **p << 0.05 vs 6-OHDA treated ShG transfected cells.

fected with RTP801 shRNA there little or no significant loss of
expression of either phosphorylated form of Akt (Fig. 4 A, black
bars). Comparable results were achieved with neuronal PC12
cells in which transfected RTP801 shRNA blocked loss of both
phospho-Ser473 and phospho-Thr308 Akt after 16 h of exposure
to 6-OHDA (Fig. 4 B) (data not shown). We used a second inde-
pendent RTP801 shRNA (shRTP801_1) (Malagelada et al., 2006)
to confirm these findings (Fig. 4A, B).

Constitutively active Akt protects cells from cell death
induced by 6-OHDA and RTP801

Our findings indicate that 6-OHDA leads to depletion of neuro-
nal levels of phospho-Akt. Because phospho-Akt is required for
neuron survival, we next assessed whether such depletion may
underlie the toxic actions of 6-OHDA. We reasoned that if this
were the case, then augmentation of cellular phospho-Akt with a
constitutively activatable form of this enzyme would be protec-
tive. In a past study, infection with virus expressing a constitu-
tively activatable form of Akt (Myr-Akt) was reported to protect
dopaminergic neurons in an in vivo model of 6-OHDA treatment
(Ries et al., 2006). For our investigations, we used a construct of
Akt1 (CA-Akt) with a glutamic acid to lysine mutation at residue
17. This mutation leads to constitutive cellular phosphorylation
and activation of Akt (Carpten et al., 2007). Western immuno-
blotting confirmed that the mutant was phosphorylated when
transfected into HEK293 cells (data not shown). Neuronal PC12
cells were transfected with either pIRES empty vector, pIRES-
CA-Aktl, or pIRES-kinase-dead Aktl (K179M) and after 48 h
were exposed to 6-OHDA. One day later, the transfected cells

Expression levels of phospho-Ser473-
Akt and phospho-Thr308-Akt are
decreased in neuromelanin positive
neurons in the substantia nigra of PD
patients

In our previous study, we observed that
RTP801 protein, in addition to its elevation
in cellular and animal models of PD, was
more highly expressed in neuromelanin-
containing neurons in the substantia nigra
(SN) of postmortem brains from PD patients than in comparable
tissue from non-PD patients (Malagelada et al., 2006). We therefore
wished to determine, based on our in vitro studies, whether such
neurons might also show changes in expression of phospho-Akt.
Neuromelanin typically accumulates in dopaminergic neurons of
the SN in individuals with or without PD, and it is this class of
pigmented neurons that are lost in the disease. The presence of neu-
romelanin, which appears brown under brightfield microscopy,
thus served as a convenient marker for dopaminergic SN neurons in
paraffin-embedded postmortem PD and non-PD brains in which
we performed immunohistochemical staining (using a blue-gray
chromogen to distinguish it from neuromelanin) of phospho-
Ser473-Akt and phospho-Thr308-Akt. Sections from eight PD and
seven non-PD brains were examined. Although there was variability
in intensity within the population, most neuromelanin-positive
neurons from the non-PD brains consistently showed positive stain-
ing for both phospho-Ser473- and phospho-Thr308-Akt (Fig. 6A;
supplemental Fig. 2, available at www.jneurosci.org as supplemental
material). In contrast, although a small number of neuromelanin-
positive neurons in the PD brains showed positive staining for
phospho-Akt, the majority of neurons gave no detectable signal (Fig.
6A; supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Immunostaining for total Akt in the same sets of
brains revealed positive staining in all observed neuromelanin-
positive neurons. Although there were differences in expression
from neuron to neuron, there were no evident overall differences
between PD and non-PD neurons (Fig. 6A; supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). The mid-
brain sections we examined also contained cells with neuron-like
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Figure5.  Constitutively active Akt protects from death induced by both 6-OHDA and ectopic
RTP801.4, Neuronal PC12 cells were transfected with pIRES, -pIRES-CA-Akt (Akt E17K) or pIRES-
dominant negative Akt and after 48 h, cultures were treated with or without 100 um 6-OHDA.
24 h later, transfected viable cells were scored under fluorescence microscopy. Values are ex-
pressed as mean = SEM of at least three independent experiments in triplicate in each condi-
tion. *p << 0.01 compared with cells transfected with pIRES empty vector. B, Neuronal P(12
cells were cotransfected with pIRES, pIRES-CA—Akt, or pIRES-dominant negative Akt in the
presence of pCMSeGFP empty vector or pCMS eGFP-RTP801. Seventy-two hours later, viable
transfected cells were scored under fluorescence microscopy. Values represent means =+ SEM
for 3independent experiments done in triplicate *p << 0.01 versus pCMS eGFP-RTP801 + cells.

morphology that did not contain detectable neuromelanin and that
were presumably nondopaminergic. In contrast to the majority of
neuromelanin-positive neurons in PD brains, these stained posi-
tively for phospho-Ser473-Akt and phospho-Thr308-Akt in both
PD and control brains (Fig. 6A).

To quantify the differences in phospho-Akt staining in PD
and control SN, we scored individual neuromelanin-positive
neurons from four randomly chosen PD and four randomly cho-
sen control brains for the presence or absence of detectable phos-
phorylated Akt. In the sections from controls, ~75% positively
stained for Akt-Ser473 and Thr308 whereas these values were
~25% for sections from PD brains (Fig. 6B). These findings
support the conclusion that DA neurons in PD brains exhibit not
only elevated expression of RTP801, but also diminished levels of
the survival protein phospho-Akt.

Discussion

Our past studies have shown that the stress-responsive protein
RTP801 is substantially induced in multiple cellular models of
PD, in an animal model of PD and in dopaminergic neurons of
patients with PD (Ryu et al., 2002; Malagelada et al., 2006).
RTP801 over-expression is sufficient to promote neuron death
and we have reported that this protein is required for neuron
death in cellular models of PD (Malagelada et al., 2006). The
focus of the present investigations was to explore the underlying
mechanism by which RTP801 leads to death of neurons in the
context of PD. This was performed in cellular models of PD,
neuronal PC12 cells and sympathetic neurons, exposed to the PD
mimetic 6-OHDA. Neuronal PC12 cells have been used in a
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number of PD-related studies (Malagelada and Greene, 2008)
and closely resemble sympathetic neurons, a population that is
adversely affected in PD (Orimo et al., 2008).

We observed that 6-OHDA and RTP801 deplete cellular levels
of phosphorylated Akt, a major anti-apoptotic kinase (Dudek et
al., 1997; Franke et al., 1997a,b; Philpott et al., 1997; Crowder and
Freeman, 1998; Brunet et al., 2001). Significantly, this was ac-
companied by a fall in Akt activity as reflected in the decreased
phosphorylation of the Akt substrates Foxo3a and BAD. Both
Foxo3a and BAD have proapoptotic actions in neurons and such
actions are suppressed when these proteins are phosphorylated
by Akt (Datta et al., 1997; del Peso et al., 1997; Zheng et al., 2002).
The dephosphorylated forms of these proteins, as well as of other
Akt-regulated proapoptotic species may therefore contribute to
the death promoted by 6-OHDA and RTP801. Although we have
examined Akt phosphorylation in toxin models of PD, it is sig-
nificant tht DJ-1 downregulation and Parkin loss-of-function are
reported to cause impairment of the PI3K/Akt cascade and Akt
dephosphorylation in Drosophila (Yang et al., 2005)

Given the key function of active Akt in maintaining neuronal
survival, our findings suggest that the fall in cellular levels of
phospho-Akt and of Akt activity triggered by 6-OHDA and
RTP801 are also responsible for, or at least contribute to, neuron
death. To test this hypothesis, we used CA-Akt, a mutant form of
the enzyme that becomes constitutively phosphorylated and ac-
tivated and that should therefore replace or augment endogenous
activated Akt. In support of this model, CA-Akt protected cells
from both 6-OHDA and RTP801. Of direct relevance, a recent
study reported that virally delivered Myr-Akt, another constitu-
tively activatable form of Akt, protects dopaminergic substantia
nigra neurons from 6-OHDA in vivo (Ries et al., 2006).

Although our findings place RTP801 upstream of Akt phos-
phorylation, there is no evidence for the converse in our system.
Basal RTP801 levels are low in cells maintained with NGF, a
factor that activates Akt, and NGF deprivation, which leads to
loss of PI3K activity and of Akt phosphorylation and activity,
does not induce RTP801 (Malagelada et al., 2006).

An unusual feature of RTP801 is that it has both anti and
proapoptotic actions, depending on the cellular context. For ex-
ample, RTP801 is reported to have no effect on the viability of
proliferating NGF-untreated PC12 cells and protects them as well
as MCF7 cells from oxidative stress (Shoshani et al., 2002). It also
protects lymphoma cells from death induced by dexamethasone
(Wang et al., 2003) and desensitizes prostate tumor cells to apo-
ptotic stimuli (Schwarzer et al., 2005). For several additional cell
types, there is no indication that RTP801 over-expression alone
induces death (Brugarolas et al., 2004; Corradetti et al., 2005; Ryu
et al., 2005). In contrast, RTP801 over-expression promotes
death of lung epithelial cells and of neuronal cells including PC12
cells exposed to NGF (Shoshani et al., 2002; Malagelada et al.,
2006), sympathetic neurons and hippocampal neurons (Lopez-
Toledano etal., 2006). Downregulation of RTP801 also protected
retinal ganglion cells in a mouse model of retinopathy of prema-
turity (Brafman et al., 2004). The selective vulnerability of some
cell types such as neurons to RTP801 could be due to a differential
sensitivity with respect to Akt phosphorylation. For instance,
transient over-expression of RTP801 in HEK293 cells affects nei-
ther their viability nor levels of phosphorylated Akt (Corradetti et
al., 2005; DeYoung et al., 2008).

The only presently described cellular response to RTP801 is
blockade of mTOR activation via release of TSC2 from 14-3-3
protein (DeYoung et al., 2008). Our past work confirmed that
RTP801 and 6-OHDA (in an RTP801-dependent manner) sup-
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Figure 6.  Expression of phospho-Ser473 and phospho-Thr308-Akt expression is diminished in human dopaminergic PD sub-

stantia nigral neurons. 4, Sections of postmortem human SN from control (CT1, (T2,(T3 and CT4) and PD (PD1, PD2, PD3 and PD4)
brains were immunostained (blue-gray) for phospho-Ser473-Akt (top) or phospho-Thr308-Akt (middle) in each set of samples.
Note the presence of neuromelanin granules (brown) in the somas of dopaminergic neurons. In parallel, other sections from the
same patients were immunostained with an antibody against total Akt (bottom). The asterisk in the middle panel (PD2) points to
a cell with neuronal morphology that did not contain detectable neuromelanin and that positively stained for phospho-Thr308-
Akt. B, Neuromelanin positive neurons in PD and control sections were scored for the presence or absence of detectable staining
for phospho-Ser473 Akt and phospho-Thr308. Values show proportion of total neuromelanin-positive neurons in each brain that
showed detectable immunostaining for each antigen. (Controls: black squares for Phospho-Ser473-Akt, black triangles for
Phospho-Thr308 Akt. PD: white squares for Phospho-Ser473-Akt, white triangles for Phospho-Thr308 Akt). The numbers of
neuromelanin positive neurons scored were between 60 and 200 per brain for controls and 10— 60 for PD patients (20X mag-
nification). Results were expressed as percentage of positive phospho-Akt neuromelanin (NM) neurons versus total NM positive
neurons present per field per patient. Note that the lower neuron numbers in the PD brains reflects loss of neurons that is
characteristic of this disorder.
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bassov et al., 2005). In addition, knock-
down of mTOR or of the mTORC2 com-
ponent rictor also compromises PDK1-
dependent phosphorylation of Akt at
Thr308 (Sarbassov et al., 2005). We there-
fore favor the scheme that induction of
RTP801 by 6-OHDA in neurons blocks
mTOR signaling and that this in turn leads
to loss of Akt phosphorylation at both
Ser473 and Thr308 and consequently, to
cell death.

To relate out observations in cellular
models of PD to the human disease, we
have used immunostaining of sections
from PD and non-PD postmortem brains.
We have reported that RTP801 is elevated
in dopaminergic neurons in the SN of PD
patients (Malagelada et al., 2006). Here, we
find that the same group of neurons shows
diminished levels of phospho-Ser473- and
phospho-Thr308-Akt. Because the major-
ity of dopaminergic neurons examined
showed elevated RTP801 and decreased
phospho-Akt, we conclude that the two
states largely coincide in the same neurons.
These observations are consistent with a
causal role (as delineated by our model
studies) for elevated RTP801 and conse-
quent loss of Akt activity in the neuronal de-
generation and death that characterize PD.

Unlike the acute effects of PD mimetics
in cellular and animal models, neuron de-
generation and death in PD occurs over a
prolonged period. Although we cannot
survey the same neurons over time in PD
patients, the presence of elevated RTP801
and decreased phospho-Akt in those neu-
rons that remain at the time of death sug-
gests that such changes do not necessarily
cause rapid death and may be sustained
over protracted periods at sublethal levels.
Akt and mTOR signaling pathways play
multiple roles in neurons aside from
maintaining survival, and it is likely that
even partial blockade of their function by
RTP801 may impair neuron function in
ways relevant to PD. For instance, mTOR
and Akt regulate cell mass and Akt has tro-
phicactions on neurons including increas-
ing their size and degree of sprouting (Ries
et al., 2006) as well as the caliber and
branching of axons (Markus et al., 2002).
In PD, in contrast, there is a significant
atrophy of pigmented SN neurons (Ru-
dow et al., 2008). mTOR (Swiech et al.,

press mTOR signaling in neuronal cells and that death promoted
by PD mimetics and RTP801 is dependent on TSC2 (Malagelada
et al., 2006). It therefore follows that the depletion of phospho-
Akt observed in response to 6-OHDA and RTP801 are mediated
at least in part by inhibition of mTOR. In support of this, Akt is
phosphorylated at Ser473 by the mTORC2 complex and phos-
phorylation of Akt at this site is greatly diminished in mammalian
cells lacking mTOR or mTORC2 signaling components (Sar-

2008) and Akt (Jaworski et al., 2005; Kumar et al., 2005) signaling
pathways also play critical roles in dendritic arborization which is
markedly reduced in neurons affected by PD (Patt and Gerhard,
1993; Kumar et al., 2005). Loss of mTOR signaling also promotes
autophagy (Ravikumar et al., 2004), a process that is present in
PD neurons (Anglade et al., 1997) and that can be causally asso-
ciated with neurodegeneration (Boland and Nixon, 2006). One
may imagine, therefore, that in PD, sustained stresses (environ-
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mental or genetic in nature) will induce RTP801 and result in
chronic depression of mTOR and Akt activities that, while not
initially fatal, will impair neuronal function. At some point, when
a critical threshold of activity loss is reached, neuron death will
ensue.

Our observations raise RTP801 and the pathways up- and
down-stream of it as potential targets for preventing the degen-
eration and death of neurons associated with PD. This includes
strategies that might selectively enhance the activation of mMTOR
and/or Akt in affected neurons.
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