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Abstract
Mutations in the PARK6 gene coding for PTEN-induced kinase 1 (PINK1) cause recessive early-
onset parkinsonism. Although PINK1 and Parkin promote the degradation of depolarized
mitochondria in cultured cells, little is known about changes in signaling pathways that may
additionally contribute to dopamine neuron loss in recessive parkinsonism. Accumulating
evidence implicates impaired Akt cell survival signaling in sporadic and familial PD (PD). IGF-1/
Akt signaling inhibits dopamine neuron loss in several animal models of PD and both IGF-1 and
insulin are neuroprotective in various settings. Here, we tested whether PINK1 is required for
insulin-like growth factor 1 (IGF-1) and insulin dependent phosphorylation of Akt and the
regulation of downstream Akt target proteins. Our results show that embryonic fibroblasts from
PINK1-deficient mice display significantly reduced Akt phosphorylation in response to both
IGF-1 and insulin. Moreover, phosphorylation of glycogen synthase kinase-3β (GSK-3β) and
nuclear exclusion of FoxO1 are decreased in IGF-1 treated PINK1-deficient cells. In addition,
phosphorylation of ribosomal protein S6 is reduced indicating decreased activity of mitochondrial
target of rapamycin (mTOR) in IGF-1 treated PINK1−/− cells. Importantly, the protection afforded
by IGF-1 against staurosporine-induced metabolic dysfunction and apoptosis is abrogated in
PINK1-deficient cells. Moreover, IGF-1-induced Akt phosphorylation is impaired in primary
cortical neurons from PINK1-deficient mice. Inhibition of cellular Ser/Thr phosphatases did not
increase the amount of phosphorylated Akt in PINK1−/− cells, suggesting that components
upstream of Akt phosphorylation are compromised in PINK1-deficient cells. Our studies show
that PINK1 is required for optimal IGF-1 and insulin dependent Akt signal transduction, and raise
the possibility that impaired IGF-1/Akt signaling is involved in PINK1-related parkinsonism by
increasing the vulnerability of dopaminergic neurons to stress-induced cell death.
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INTRODUCTION
Recessive familial parkinsonism is caused by mutations in the genes encoding the proteins
Parkin, PINK1, DJ-1 and ATP132A (Bonifati et al., 2003; Kitada et al., 1998; Ramirez et
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al., 2006; Valente et al., 2004). Many studies have shown that neurons and animals lacking
Parkin, PINK1 or DJ-1 show increased sensitivity to oxidative stress and/or mitochondrial
complex I inhibitors, and that all proteins harbor functions that directly or indirectly are
critical for mitochondrial homoeostasis and, in Drosophila, the prevention of mitochondrial
degeneration (Akundi et al., 2011; Canet-Aviles et al., 2004; Chen et al., 2010; Clark et al.,
2006; Deng et al., 2008; Gautier et al., 2008; Gegg et al., 2009; Greene et al., 2005; Haque
et al., 2008; Inden et al., 2006; Jiang et al., 2004; Kim et al., 2005b; Meulener et al., 2005;
Park et al., 2005; Park et al., 2006; Paterna et al., 2007; Pesah et al., 2004; Pridgeon et al.,
2007; Saini et al., 2010; Thomas et al., 2011; Wood-Kaczmar et al., 2008). In cell lines,
PINK1 and Parkin cooperate to promote the degradation of depolarized mitochondria
through autophagy (Dagda et al., 2009; Geisler et al., 2010; Narendra et al., 2010; Vives-
Bauza et al., 2009). However, recent experiments have shown that PINK1/Parkin-mediated
mitophagy of dysfunctional mitochondria is less effective in primary neurons due to
different bioenergetic requirements (Van Laar et al., 2011). This does not rule out a critical
involvement of impaired mitochondrial quality control in dopaminergic neuron loss. Rather,
it suggests that impaired mitophagy as well as other defects jointly contribute to the demise
of neurons in recessive parkinsonism. Mounting evidence points to a stimulatory role of
recessive PD gene products in Akt cell survival signaling (Aleyasin et al., 2010; Kim et al.,
2005a; Murata et al., 2011; Yang et al., 2005). Importantly, Akt signal transduction is also
impaired in sporadic PD, where reduced levels of pSer473-Akt in the midbrain and tyrosine
hydroxylase-positive neurons of the substantia nigra of PD patients compared to control
subjects have been observed (Malagelada et al., 2008; Timmons et al., 2009). IGF-1 protects
neurons against multiple stresses through induction of Akt signaling (Zheng et al., 2000).
The importance of IGF-1 in the development and maintenance of dopaminergic neurons has
been known for a long time (Beck, 1994) and is consistent with abundant expression of
IGF-1 receptors in dopaminergic neurons of the substantia nigra (Quesada et al., 2007).
Moreover, genetic defects in IGF-1 signaling increase neuroinflammation and neuron loss in
a mouse model of sporadic PD (Nadjar et al., 2009). We have recently generated a new line
of PINK1-deficient mice that develop age-dependent loss of striatal dopamine (DA)
associated with increased DA turnover and display increased Ca2+-induced mitochondrial
permeability transition (Akundi et al., 2011). In addition, basal and inflammatory cytokine-
induced nuclear factor-κB (NF-κB) activity was reduced in PINK1−/− mouse embryonic
fibroblasts (MEF) (Akundi et al., 2011). Because NF-κB inhibits apoptosis in neurons
(Mattson and Camandola, 2001; Mattson et al., 2000), we reasoned that the lack of PINK1
might interfere with neuroprotective cell signaling. To further address this, we studied the
effects of PINK1 deficiency on insulin-like growth factor 1 (IGF-1) and insulin-mediated
Akt phosphorylation, because of the importance of this anti-apoptotic pathway for DA
neuron physiology and survival in several animal models of PD (Clarkson et al., 2001; Ebert
et al., 2008; Nadjar et al., 2009; Quesada et al., 2008). In addition, we studied whether
PINK1 deficiency inhibits the phosphorylation of GSK-3β, because increased GSK-3β
activity has been linked to Alzheimer’s disease (AD) (Avila et al., 2010; Giese, 2009;
Sereno et al., 2009), PD (Nagao and Hayashi, 2009) and 6-OHDA induced neuron death
(Chen et al., 2004). Given that forkhead box O (FoxO) transcription factors play an
important role in regulating energy metabolism, oxidative stress response and cell death
(Davila and Torres-Aleman, 2008; Gross et al., 2008; van der Horst and Burgering, 2007),
we also investigated whether the lack of PINK1 affected the nuclear exclusion of the
transcription factor FoxO1 downstream of activated Akt (Burgering and Medema, 2003).
Finally, recent evidence points to abnormal regulation of translation in models of PD,
possibly as a consequence of impaired Akt-mTOR signaling (Gehrke et al., 2010; Tain et al.,
2009). We were thus interested to study whether phosphorylation of ribosomal protein S6 by
mTOR was altered in response to IGF-1 in PINK1-deficient cells. Here we show that
embryonic fibroblasts from PINK1−/− mice are severely impaired in the phosphorylation of
Akt in response to IGF-1 and insulin. This defect is associated with abnormal
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phosphorylation of GSK-3β and reduced nuclear exclusion of FoxO1. Both proteins can
promote apoptosis and have been linked to neurodegenerative diseases (Crews and Masliah,
2010; Giese, 2009; Nagao and Hayashi, 2009; Valencia et al., 2010). We also find that
phosphorylation of ribosomal protein S6 by mTOR is impaired. Importantly, the protection
afforded by IGF-1 against staurosporine-induced metabolic dysfunction and apoptosis is
abrogated in PINK1-deficient cells, and impaired IGF-1 induced Akt phosphorylation is
present in primary cortical neurons of PINK1−/− mice. These results reveal a novel function
of PINK1 in promoting growth factor and hormone-induced Akt activation, and suggest that
defects in IGF-1-mediated Akt survival signaling and abnormal regulation of pro-apoptotic
Akt target proteins may contribute to DA neuron loss in PINK1-related parkinsonism.

MATERIALS AND METHODS
Preparation and culture of primary MEF

The generation of PINK1-deficient mice has recently been described (Akundi et al., 2011).
All animal work has been conducted according to national guidelines and has been approved
by the Animal Care and Use Committee of the University of Kentucky. Primary MEF were
prepared from wildtype and PINK1−/− embryos at 15.5–16.5 dpc as described (Nagy et al.,
2003: Manipulating the Mouse Embryo, 3rd ed., CSHL press). 5×106 cells were plated per
150-mm tissue culture dish. Cells were split 1:6 after growing confluent and frozen at
passage 2. MEF were maintained in DMEM, 10% fetal bovine serum supplemented with 40
U/ml penicillin, 40 mg/ml streptomycin, 0.2 mM L-glutamine and 0.1 mM 2-
mercaptoethanol (Invitrogen) in a 37°C incubator with 5% CO2.

Primary cortical neuron cultures
Primary cortical neurons were isolated from newborn (postnatal day 1) wildtype and
PINK1−/− mice as previously described (Pang and Geddes, 1997). Briefly, cortices were
dissected in Hank’s balanced salt solution (HBSS, Life Technologies) and digested in HBSS
with 2 mg/ml trypsin for 15 min at RT. Cortices were washed four times in HBSS and
trypsin inactivated with soybean trypsin inhibitor (1.5 mg/ml, 5 min incubation at RT). After
four washes cortices were dissociated by repeated trituration in HBSS (4–5 cortices/ml)
using a fire-polished pasteur pipette. Cells were seeded onto poly-D-lysine (50 µg/ml)-
coated 35 mm culture dishes at a density of 25,000 cells per cm2 in Neurobasal-A medium
supplemented with 2% B27, 0.5 mM L-glutamine and 25 µM L-glutamate (Life
Technologies) and cultured at 37°C in a 5% CO2 humidified incubator. One and four days
after plating we replaced half of the medium with medium lacking glutamate.

Cell treatments and Western blot analysis
5×105 MEF were serum-starved for 4 hours and incubated with 100 ng/ml IGF-1 (R&D
Systems), 100 nM insulin (Tocris) or 0–1 mM H2O2 for the indicated times. In some
experiments cells were incubated with 1 µM FK506 (Tocris) or 100 nM calyculin A (Enzo
Biosciences) to inhibit phosphatases prior to and during stimulation with IGF-1, as indicated
in the figure legends. On DIV7, primary cortical neurons were deprived of B27 supplement
for 24 hours and subsequently incubated with 100 ng/ml IGF-1 for 30 min, or left untreated.
For Western blot analysis, cells were washed in phosphate-buffered saline (PBS) and lysed
in denaturing buffer (42 mM Tris-HCl, 1.3% SDS, 6.5% glycerol, 0.1 mM sodium
orthovanadate, pH 6.8) containing protease and phosphatase inhibitor cocktails (Sigma). To
isolate cytosolic proteins, the cytoplasmic extraction reagents CER-I and CER-II (Pierce)
were used according to the manufacturer’s instructions. Purity of the cytosolic factions was
confirmed by absence of the nuclear protein NP-62 (Santa Cruz, antibody H-122) and
presence of GAPDH. Western blot analysis was carried out by standard methods, with 50µg
total protein per sample. Primary antibodies were 1:1000 diluted rabbit anti-Akt, phospho-
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Akt (Ser473), phospho-Akt (Thr308) GSK-3β, phospho-GSK-3β (Ser 9), phospho-S6
ribosomal protein (Ser235/236), FoxO1 (Cell Signaling Technology) and 1:5000 diluted
mouse monoclonal anti-GAPDH (Novus). Secondary antibodies were 1:5000 diluted IR-
Dye 800CW-conjugated anti-rabbit IgG and Alexa Fluor 680-conjugated anti-mouse IgG.
Membranes were scanned in the 700 nm (GAPDH) and 800 nm (primary antigens) channels
of the Odyssey infrared imaging system (LI-COR Biosciences). Band quantification was
done using the Odyssey software (LI-COR Biosciences) by selecting the background and
subtracting it from the fluorescence intensity measured for each band. Bands for total
protein and phosphoproteins were first normalized to GAPDH signals. Subsequently the
ratio of normalized phosphoproteins to normalized total protein was calculated and is shown
in the figures.

FoxO1 immunocytochemistry
3×104 MEF were plated into individual chambers of 8-well chambered coverglass (Nunc).
After serum starvation cells were incubated with 100 ng/ml IGF-1 for 0, 30 or 60 minutes,
followed by fixation in 4% paraformaldehyde. Cells were washed in PBS and blocked for 1
hour in PBS, 4% horse serum, 1% bovine serum albumin and 0.4% Triton X-100. FoxO1
was detected by incubation with 1:200 diluted rabbit anti-FoxO1 antibody (Cell Signaling)
and 1:300 diluted Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen). After
washing in PBS cells were incubated for 5 min with propidium iodide (0.33 mg/ml in PBS)
and subjected to five final washes in PBS. Cells were mounted with anti-fade media
(Invitrogen). Cells incubated with secondary antibody alone showed that the background
signal was negligible and thus FoxO1 signals were specific. Images were taken for both
FoxO1 signal (FITC filter) and propidium iodide signal (Cy3 filter) from at least ten random
areas of the slide. Images were captured using an Axiovert 40 fluorescence microscope
equipped with an Axiocam MRc5 digital camera and AxioVision software 4.8 (Carl Zeiss).
The total number of cells analyzed per condition is indicated in the figure legend. To
determine the percentage of FoxO1-positive nuclei, images of FoxO1 and propidium signals
were merged using Photoshop software (Adobe).

Quantification of cell viability and cell death
Cell viability was measured using the CellTiter 96 Aqueous One Solution Cell Proliferation
Assay (Promega G3580) according to the manufacturer’s instructions. In this assay,
dehydrogenases of metabolically active cells produce NADH or NADPH that convert [3-
(4,5-dimethylthiazol-2-yl)-5-(3-acrboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) through reduction into a colored formazan product. Briefly, 104 cells/well were
plated in 96-well plates and grown for 24 hours in presence or absence of 100 ng/ml IGF-1
(± IGF-1), followed by incubation for 24 hours with 1 µM staurosporine in serum-free
medium ± IGF-1. Twenty µl of MTS reagent was added to each well (100 µl medium) and
cells were incubated for 3 hours at 37°C. The amount of formazan produced was measured
by absorbance at 490 nm in a Biotek EL800 microplate reader. To quantify LDH released
into the medium from dead cells we used the CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega G1780). Twenty-five µl supernatants from cells cultured and treated as
above were incubated for 30 min with the assay buffer according to the manufacturer’s
instructions and the amount of formazan produced measured by absorbance at 490 nm.

Phospho-tau Western blots
Mouse striatum was dissected on ice and homogenized in denaturing buffer (42 mM Tris-
HCl, 1.3% SDS, 6.5% glycerol, 0.1 mM sodium orthovanadate, pH 6.8) containing protease
and phosphatase inhibitor cocktails (Sigma). Cultured cells were lysed in the same buffer.
Hippocampal tissue was homogenized in 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
0.1 mM EDTA containing Sigma protease inhibitors. Homogenates/lysates were spun at
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13,000 × g for 10 minutes and the supernatants were used for Western blot analysis, which
was carried out by standard methods using 50 µg total protein per sample. Mouse
monoclonal PHF-1 antibody (Greenberg et al., 1992; Otvos et al., 1994) was used at a 1:250
dilution to detect Ser396/404 phosphorylated tau. Secondary Alexa Fluor 680-conjugated
anti-mouse IgG was used at 1:5000. Membranes were scanned in the Odyssey infrared
imaging system (LI-COR Biosciences).

Statistical analysis
Data were analyzed by ANOVA and two-tailed t-test. Data are presented as mean ± SD
(unless stated otherwise) and values of p<0.05 were considered statistically significant.

RESULTS
PINK1 ablation impairs IGF-1-induced Akt activation and phosphorylation of GSK-3β

Akt is activated by phosphorylation on Ser473 and Thr308 (Alessi et al., 1997; Bozulic and
Hemmings, 2009; Stephens et al., 1998). To test whether ablation of PINK1 affects IGF-1-
mediated Akt activation, we studied phosphorylation of Akt on Ser473 and Thr308 in
embryonic fibroblasts from wildtype and PINK1−/− mice. Basal levels of phosphorylated
Akt were low and similar in wildtype and PINK1−/− MEF (Fig. 1A and C). IGF-1 led to a
rapid and robust increase in both pSer473-Akt and pThr308-Akt in wildtype MEF (Fig. 1A–
D). In contrast, IGF-1 induced Akt phosphorylation was drastically reduced in PINK1−/−

MEF, such that the amounts of both pSer473-Akt and pThr308-Akt were significantly lower
in PINK1−/− MEF compared to wildtype MEF after treatment with IGF-1, except for
pThr308-Akt at 60 min (Fig. 1A–D). These results show that lack of PINK1 impairs IGF-1
dependent Akt phosphorylation. GSK-3β is a constitutively active kinase that is inhibited by
Akt through phosphorylation on Ser9 (Cross et al., 1995). To study whether impaired IGF-1/
Akt signaling in PINK1−/− fibroblasts leads to abnormal phosphorylation of GSK-3β, we
quantified the amount of GSK-3β phosphorylated on Ser9 (inactive GSK-3β) relative to total
GSK-3β in normal and IGF-1 treated cells. As shown in Figure 2A, IGF-1 strongly
increased the levels of pSer9-GSK3 in wildtype MEF but not in PINK1−/− fibroblasts.
Quantification of results from three independent experiments showed that the difference in
GSK-3β phosphorylation was significant at 30 min, and nearly significant at 15 min
(p=0.08) after IGF-1 treatment (Fig. 2B). These results demonstrate that PINK1 deficiency
impairs IGF-1-induced phosphorylation and inactivation of GSK-3β.

Lack of PINK1 interferes with IGF-1-induced nuclear export of FoxO1
To study whether impaired activation of Akt after treatment with IGF-1 interferes with
nuclear exclusion of FoxO1 in PINK1−/− MEF, we carried out immunocytochemistry with
an antibody to FoxO1 and quantified the number of cells in which FoxO1 colocalized with
the nuclear marker propidium iodide. In the absence of IGF-1, FoxO1 localized to the
nucleus of most cells in both wildtype and PINK1−/− MEF (Fig. 3A). As expected, IGF-1
treatment of wildtype MEF led to a significant reduction in the number of cells with nuclear
FoxO1 (Fig. 3A and B). In contrast, IGF-1 only weakly promoted nuclear exclusion of
FoxO1 in PINK1−/− MEF, and both 30 minutes and 60 minutes after IGF-1 treatment
significantly more PINK1−/− than wildtype MEF contained FoxO1 in the nucleus (Fig. 3A
and B). In agreement with this finding, the cytosolic levels of FoxO1 were higher in
wildtype MEF compared to PINK1−/− MEF after treatment with IGF-1 (Fig. 3C). Taken
together, these results show that the lack of PINK1 inhibits IGF-1 mediated nuclear
exclusion of FoxO1.
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IGF-1-induced phosphorylation of ribosomal protein S6 is reduced in PINK1−/− cells
Akt increases the activity of the mitochondrial target of rapamycin (mTOR), which in turn
activates p70 S6 kinase (p70S6K) to phosphorylate the ribosomal protein S6 (Bibollet-
Bahena and Almazan, 2009; Huang and Manning, 2008). Through this pathway IGF-1
stimulates protein synthesis. As shown in Figure 4, IGF-1 significantly increased the
phosphorylation of S6 in wildtype but not PINK1−/− MEF, suggesting that PINK1 ablation
interferes with IGF-1 induced protein synthesis.

PINK1 is required for insulin-dependent Akt signaling and PINK1-deficient mice show
increased body weight

Akt plays a key role in regulating insulin-dependent metabolic responses including β-cell
mass and pancreas plasticity, and impaired Akt signaling is involved in the development of
insulin resistance and type-2 diabetes (Elghazi and Bernal-Mizrachi, 2009; Vasudevan and
Garraway, 2010; Zoncu et al., 2011). To study insulin-dependent activation of Akt, wildtype
and PINK1−/− MEF were treated with insulin for various times and the levels of pSer473-
Akt relative to total Akt were analyzed by Western blot. As shown in Figure 5,
phosphorylation of Akt on Ser473 in response to insulin was significantly reduced in
PINK1−/− MEF in two independent experiments. Interestingly, PINK1−/− male mice were
significantly heavier than their wildtype controls up to 175 days of age, but no longer at 390
days (Fig. 6A). Females lacking PINK1 showed increased weight up to 80 days of age (Fig.
6B). Although these data do not establish that the increased weight of PINK1−/− mice is
related to insulin resistance, decreased insulin-dependent Akt signaling in PINK1−/− MEF
warrants further investigation of this pathway in vivo.

IGF-1 ameliorates staurosporine-induced metabolic dysfunction and cell death in wildtype
but not PINK1-deficient cells

To study whether impaired IGF-1 induced Akt phosphorylation and signaling renders
PINK1−/− cells more vulnerable to apoptosis, we treated cells with staurosporine (STS) in
the absence and presence of IGF-1. It has been shown previously that IGF-1 inhibits STS-
induced mitochondrial dysfunction and apoptosis (Allen et al., 2005; Chandrasekher and
Sailaja, 2004; Hilmi et al., 2008; Pucci et al., 2008). We measured cell viability/metabolic
activity by MTS reduction and cell death by quantification of lactate dehydrogenase (LDH)
released into the medium. Control (untreated) wildtype and PINK1−/− cells showed
comparable MTS reduction and LDH release. Treatment with STS decreased MTS reduction
(Figure 7A) and increased cell death (Figure 7B) in both genotypes of cells (p<0.001). In
addition, PINK1-deficient cells showed lower MTS reduction (p<0.01) and higher cell death
(p<0.05) after STS treatment compared to wildtype cells. In STS-treated wildtype cells,
IGF-1 restored MTS reduction to that of control cells (p<0.0001). In contrast, STS-treated
and STS/IGF-1-treated PINK1−/− cells displayed similar MTS reduction (not significantly
different). IGF-1 also reduced LDH release of STS-treated wildtype cells (p<0.0001) but not
STS-treated PINK1−/− cells (Figure 7B). Finally, both MTS reduction (p<0.05) and cell
death (p<0.01) were significantly different between wildtype and PINK1−/− cells after
treatment with STS+IGF-1. In summary, PINK1−/− MEF are more sensitive to STS-induced
metabolic dysfunction and apoptosis. Moreover, IGF-1 inhibited STS-induced metabolic
dysfunction and cell death in WT but not PINK1−/− MEF. These data suggest that PINK1
ablation interferes with IGF-1-mediated protection against apoptosis.

Impaired Akt signaling is not due to increased dephosphorylation of Akt in PINK1−/− cells
Because it has been shown that the phosphatase calcineurin is activated in human
dopaminergic cells with a stable knockdown of PINK1 (Sandebring et al., 2009), we
examined whether calcineurin may be responsible for the reduced levels of phosphorylated
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Akt in IGF-1 stimulated PINK1−/− MEF. Incubation of cells with the calcineurin inhibitor
FK506 for one hour (Fig. 8A) and twenty-four hours (not shown) before and during the
addition of IGF-1 did not increase Akt phosphorylation in PINK1−/− (and wildtype) cells.
The same results were obtained when cyclosporine A was used to inhibit calcineurin (data
not shown). We also inhibited all Ser/Thr phosphatases with calyculin A (Ni et al., 2007).
Even under these conditions, the IGF-1 stimulated Akt phosphorylation was unchanged and
lower in PINK1−/− cells than in wildtype cells (Figure 8B). These experiments show that the
reduced Akt phosphorylation in PINK1−/− MEF is not due to enhanced Akt
dephosphorylation.

Oxidative stress-induced Akt signaling is normal in PINK1-deficient MEF
To study whether PINK1 is required for oxidative stress-induced activation of Akt, we
treated wildtype and PINK1−/− MEF with increasing concentrations of hydrogen peroxide
(H2O2). We found a dose-dependent phosphorylation of Akt with significant Akt activation
occurring at 0.5 mM and 1 mM H2O2. However, no difference in the normalized pSer473-
Akt levels was observed between wildtype and PINK1-deficient MEF (Figure 9). These
results show that PINK1 is dispensible for Akt phosphorylation in response to oxidative
stress, at least under the conditions used here.

Impaired IGF-1-induced Akt phosphorylation in primary cortical neurons of PINK1−/− mice
To study whether the lack of PINK1 affected Akt phosphorylation in response to IGF-1 in
neurons, we isolated primary cortical neurons from wildtype and PINK1−/− mice. Levels of
pSer473-Akt were determined in neurons deprived of growth factor supplement for 24 hours
and in growth factor-starved neurons after stimulation for 30 minutes with IGF-1. The levels
of pSer473-Akt were not statistically different in wildtype and PINK1 mutant neurons after
starvation (Figure 10A, control). In contrast, induction of Akt phosphorylation by IGF-1 was
significantly larger in wildtype than in PINK1−/− cortical neurons (Fig. 10A and B), similar
to what we found in MEF. These results show that the defect in IGF-1-induced Akt
phosphorylation is also present in primary neurons of PINK1-deficient mice.

Phosphorylation of tau on serine residues 396 and 404 is unaltered in the striatum and in
cortical neurons of PINK1−/− mice

Tau is hyper-phosphorylated in several neurodegenerative diseases, notably AD, and
contains multiple sites that can be phosphorylated by GSK-3β in vitro and in cells (Hanger
and Noble, 2011). Among these sites are the serine residues 396/404, which are recognized
when phosphorylated by the antibody PHF-1 (Greenberg et al., 1992; Otvos et al., 1994).
PHF-1 also recognizes phosphorylated tau from mice, which is increased in a sporadic
model of PD in a α-synuclein-dependent manner (Duka et al., 2006). To study whether tau
phosphorylation on Ser396/404 may be altered in PINK1-deficient mice, we analyzed total
extracts of mouse striatum and primary cortical neurons from wildtype and PINK1-deficient
mice by Western blot with the PHF-1 antibody. In addition, we used extracts from MEF
before and after treatment with IGF-1. As a control to verify antibody functionality, we used
hippocampal extracts from normal individuals and late-stage AD patients. Normal human
hippocampus contained no detectable phosphoSer396/404-tau. However, as expected, the
hippocampus from an AD patient showed high levels of phospho-tau (Fig. 11A). In contrast,
extracts from mouse striatum (Fig. 11B) and primary cortical neurons (Fig. 11C) showed
very low levels of phospho-tau, which only became detectable upon over-exposure of the
Western blots. However, no differences in phospho-tau levels between wildtype and
PINK1−/− striatum and cortical neurons were observed in these studies (Fig. 11B and C). No
phospho-tau was detected in MEF, neither before nor after IGF-1 treatment (data not
shown).
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DISCUSSION
Mutations in PINK1 are linked to recessive familial PD. In cultured cells PINK1 and Parkin
promote the degradation of depolarized mitochondria through autophagy (Narendra et al.,
2010; Vives-Bauza et al., 2009). However, it remains to be seen whether impaired
mitophagy of dysfunctional mitochondria is the major cause for DA neuron loss (Van Laar
et al., 2011). It is likely that other defects in the absence of PINK1 also contribute to the
increased DA neuron vulnerability in PD. Mounting evidence points to a stimulatory role of
recessive PD gene products in Akt cell survival signaling (Aleyasin et al., 2010; Kim et al.,
2005a; Murata et al., 2011; Yang et al., 2005). DJ-1 promotes the membrane localization
and phosphorylation of Akt and is required for the neuroprotective effects of Akt in a mouse
model of sporadic PD in which DA neuron loss occurs due to mitochondrial complex I
inhibition and oxidative stress (Aleyasin et al., 2010). Importantly, Akt signal transduction is
also impaired in sporadic PD (Malagelada et al., 2008; Timmons et al., 2009). At least a
proportion of PINK1 has been reported to be cytosolic (Beilina et al., 2005; Haque et al.,
2008; Takatori et al., 2008) and overexpression of cytosol-restricted PINK1 (by deletion of
its mitochondrial targeting motif) protected neurons from the dopaminergic toxin MPTP,
suggesting that PINK1 can exert neuroprotection through cytosolic mechanisms (Haque et
al., 2008). Here we show for the first time that PINK1 is required for the full activation of
Akt in response to IGF-1 and insulin. Calcineurin dephosphorylates Akt (Ni et al., 2007;
Park et al., 2008; Wu et al., 2006), and it has been shown that calcineurin is activated in
human dopaminergic cells with a stable knockdown of PINK1 (Sandebring et al., 2009).
However, reduced Akt phosphorylation in PINK1-deficient MEF is not due to elevated
phosphatase activity, as several calcineurin and pan-phosphatase inhibitors failed to increase
Akt phosphorylation in PINK1-deficient cells stimulated with IGF-1. Therefore, we
conclude that IGF-1 pathway signaling components upstream of Akt phosphorylation are
compromised in PINK1−/− cells.

Consistent with impaired Akt signaling, we demonstrate that phosphorylation of GSK-3β
and nuclear exclusion of FoxO1 are reduced in IGF-1 stimulated PINK1−/− cells. Besides
Akt, protein kinase C and p90Rsk, a downstream kinase of Erk, can phosphorylate GSK-3β
at the Ser9 residue (Eldar-Finkelman, 2002; Stambolic and Woodgett, 1994). IGF-1 can also
activate Erk (Feldman et al., 1997) and our experiments have not addressed whether IGF-1
induced Erk signaling is impaired in PINK1-deficient cells. If PINK1 deficiency
preferentially affects Akt activation it may explain why the differences in GSK-3β
phosphorylation were significant at 30 min after IGF-1 but only nearly significant at 15
minutes after IGF-1 (p=0.08). GSK-3β is implicated in the pathogenesis of PD (Nagao and
Hayashi, 2009) and PD risk is associated with polymorphisms of the GSK-3β gene (Kwok et
al., 2005). In addition, GSK-3β mediates DA neuron death in 6-OHDA treated rats (Chen et
al., 2004). It has been shown recently that GSK-3β directly contributes to the shrinkage and
degeneration of neuronal dendrites in a Drosophila model of dominant PD that expresses
G2019S LRRK2 (Lin et al., 2010). Furthermore, it has been reported that LRRK2
phosphorylates FoxO1 and enhances its transcriptional activity towards apoptotic target
genes in both Drosophila and mammalian cells, leading to DA neuron loss and neurotoxicity
(Kanao et al., 2010). Thus, our results show that two proteins implicated in the pathogenesis
of dominant PD are also deregulated in PINK1-deficient cells and suggest that increased
GSK-3β and FoxO1 activity may be involved in the pathogenesis of familial PD. Finally we
show that the lack of PINK1 interferes with IGF-1-induced phosphorylation of the
ribosomal protein S6, which is necessary for protein synthesis. In Drosophila, it has recently
been shown that inactivating pink1 and parkin mutations as well as pathogenic LRRK2-
G2019S result in deregulation of translation via abnormal phosphorylation of 4E-BP1
(Gehrke et al., 2010; Tain et al., 2009). Collectively, these results suggest that abnormalities
in protein synthesis are common to various form of PD and may be related to impaired Akt-
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mTOR signaling. Importantly, we demonstrate that IGF-1 reversed/inhibited staurosporine-
induced metabolic dysfunction and cell death in wildtype cells, but not in PINK1−/− cells.
This shows that PINK1 is required for the protective effects of IGF-1 on staurosporine-
induced cellular dysfunction and apoptosis and suggests that impaired IGF-1/Akt signaling
may render PINK1-deficient cells more susceptible to apoptotic stimuli. In agreement with
our results, it has recently been shown that adenoviral overexpression of PINK1 increases
the phosphorylation of Akt on Ser473 in SH-SY5Y neuroblastoma cells via mTORC2
(Murata et al., 2011). PINK1-induced Akt phosphorylation was required for heightened
resistance to rotenone-induced cell death and other apoptotic stimuli (Murata et al., 2011).
Our results extend these findings by showing that physiological levels of PINK1 increase
Akt phosphorylation in response to IGF-1, thereby protecting cells against apoptosis.
Moreover we find that, when combined with IGF-1, PINK1 not only increases the
phosphorylation of Akt on Ser472 (Murata et al., 2011) but also on Thr308. The only time
point where Thr308 phosphorylation was not different was 60 min after IGF-1 treatment.
Mitochondrial target of rapamycin complex 2 (mTORC2) is responsible for Ser473
phosphorylation while PDK1 phosphorylates Akt on Thr308 (Bozulic and Hemmings,
2009). It is possible that the lack of PINK1 affects IGF-1-induced activation of mTORC2
and PDK1 differentially, both in magnitude and time. This idea is consistent with the finding
that overexpression of PINK1 (in the absence of IGF-1) enhanced phosphorylation of Akt on
Ser473 but not Thr308 (Murata et al., 2011).

The finding of impaired IGF-1 induced Akt signaling and protection against apoptosis in
PINK1-deficient cells is likely relevant for PD pathogenesis for several reasons. First, IGF-1
receptors are abundantly expressed in dopaminergic neurons of the substantia nigra
(Quesada et al., 2007), and mice with a heterozygous deletion of the IGF-1 receptor gene
(Igfr+/− mice) developed increased neuroinflammation and DA neuron loss after injection
with the Parkinsonian mitochondrial complex I inhibitor MPTP (Nadjar et al., 2009).
Second, IGF-1 improved the survival of grafted human DA neurons (Clarkson et al., 2001),
antagonized DA toxicity (Offen et al., 2001) and inhibited DA neuron death in 6-
hydroxydopamine (6-OHDA)-treated rats through activation of the PI3K-Akt pathway
(Ebert et al., 2008; Quesada et al., 2008; Quesada and Micevych, 2004). Third, a
constitutively active form of Akt suppressed both retrograde axon degeneration and DA
neuron loss in toxin and axotomy-induced models of PD (Cheng et al., 2011), and promoted
re-growth of dopaminergic axons after chemical lesion (Kim et al., 2011). Finally, Akt is
involved in regulating signal transduction in DA-responsive postsynaptic striatal neurons
(Beaulieu et al., 2007). Collectively, these data show that the IGF-1/Akt pathway protects
DA neurons in vivo against mitochondrial dysfunction, oxidative stress and axonal
pathologies induced by Parkinsonian toxins. Consequently, reduced IGF-1/Akt signaling in
the absence of PINK1 may lower the threshold for stress-induced apoptosis and/or reduce
regenerative axonal responses after insult, ultimately causing neuron death. This hypothesis
is further supported by the observation that IGF-1-dependent induction of Akt
phosphorylation is also impaired in primary cortical neurons from PINK1-deficient mice.
We have recently shown that mitochondria from the brain of PINK1-deficient mice display
increased calcium-induced permeability transition (Akundi et al., 2011). Calcium plays an
important role in the normal physiology as well as cell death of DA neurons (Chan et al.,
2007). Reduced IGF-1/Akt survival signaling in PINK1 deficiency may further increase the
vulnerability of DA neurons to calcium-induced mitochondrial dysfunction and apoptosis.
For example, IGF-1 has been shown to prevent Ca2+ overload-mediated death of motor
neurons (Vincent et al., 2004) and photoreceptors (Arroba et al., 2009), and to block
glutamate-induced death of oligodendrocytes progenitors (Ness et al., 2004; Ness and
Wood, 2002; Wood et al., 2007) through the activation of the PI3K/Akt pathway. Decreased
IGF-1 and/or insulin-dependent Akt signaling may also render neurons more vulnerable to
oxidative stress-induced impairments in glucose metabolism (Duarte et al., 2006), glutamate

Akundi et al. Page 9

Neurobiol Dis. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Digicaylioglu et al., 2004; Vincent et al., 2004) as well as hypoxia-ischemia and axonal
injury (Kermer et al., 2000; Lin et al., 2009). Surprisingly, we found that oxidative stress
(H2O2)-induced phosphorylation of Akt was normal in the absence of PINK1, although we
cannot exclude that the relatively high concentrations of H2O2 required to activate Akt in
MEF may have masked a differential activation of Akt in PINK1−/− cells. It has been shown
that DJ-1 is required for the full activation of Akt in response to oxidative stress in
Drosophila (Yang et al., 2005), suggesting that different recessive PD genes may enhance
Akt signaling in response to different stimuli. Consistent with this idea, Parkin has been
reported to enhance Akt signaling in response to epidermal growth factor (EGF) in an E3
ligase-dependent manner (Fallon et al., 2006). Because PINK1 acts upstream of Parkin
(Clark et al., 2006; Park et al., 2006) and increases the Parkin E3 ligase activity (Sha et al.,
2010), PINK1 and Parkin may jointly promote growth factor-induced Akt signal
transduction. Parkin and PINK1 cooperate to promote nuclear factor kappa-B (NF-κB)
signaling (Akundi et al., 2011; Sha et al., 2010), another pathway that inhibits apoptosis in
neurons (Mattson and Camandola, 2001; Mattson et al., 2000). However, further studies are
required to substantiate that PINK1 and Parkin jointly enhance Akt survival signaling and to
elucidate the underlying mechanisms of impaired IGF-1/Akt signaling in PINK1-deficient
cells. In summary, we demonstrate for the first time that endogenous PINK1 significantly
enhances IGF-1-induced Akt signaling, a pathway that is neuroprotective in several models
of PD. Our results suggest that defects in IGF-1-mediated Akt signal transduction and
abnormal regulation of pro-apoptotic Akt target proteins may contribute to neuron loss in
PINK1-related parkinsonism.

Highlights

Pink1 enhances insulin-like growth factor 1 (IGF-1) and insulin-dependent Akt
signaling.

Apoptotic Akt substrates GSK-3β and FoxO1 are deregulated in IGF-treated Pink1-
mutant cells.

IGF-1-induced phosphorylation of ribosomal protein S6 is reduced in Pink1−/− cells.

Pink1 deficiency inhibits IGF-1-mediated protection against apoptosis
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Figure 1. IGF-1-induced phosphorylation of Akt is reduced in cells lacking PINK1
Serum-starved wildtype (PINK1+/+) and PINK1−/− MEF were stimulated with 100 ng/ml
IGF-1 for the indicated times and the levels of pSer473-Akt and pSer308-Akt were
quantified by Western blots and normalized to total Akt. In addition, GAPDH served as an
internal loading control. Normalized amounts of pSer473-Akt (A) and pThr308-Akt (C),
n=4 experiments per genotype and incubation time. Representative Western blots for
pSer473-Akt and pThr308-Akt are shown in (B) and (D).
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Figure 2. Lack of PINK1 reduces IGF-1-induced phosphorylation of GSK-3β
Serum-starved wildtype (PINK1+/+) and PINK1−/− MEF were stimulated with 100ng/ml
IGF-1 for the indicated times. (A) Total GSK-3β and pSer9-GSK-3β were detected by
Western blot. GAPDH served as an internal loading control. (B) Quantification of the results
from three independent experiments (n=3), showing a significant reduction of GSK-3β
phosphorylation in PINK1-deficient cells at 30 min and nearly significant decline at 15 min
of IGF-1 incubation. Mean ± SEM, ** p<0.01.
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Figure 3. PINK1 deficiency interferes with IGF-1-induced nuclear exclusion of FoxO1
Serum-starved wildtype (PINK1+/+) and PINK1−/− MEF were stimulated with 100 ng/ml
IGF-1 for 0 (control), 30 or 60 min. (A and B) Cells were fixed, FoxO1 was detected with a
specific antibody and nuclei were stained with PI. (A) Percent of cells with FoxO1-positive
nuclei. (B) Representative pictures of cells from wildtype and PINK1−/− MEF 60 min after
incubation with IGF-1, showing nuclei in wildtype cells that lack FoxO1 signals as a result
of IGF-1-induced nuclear exclusion (arrows). Such nuclei were rarely detected in PINK1−/−

MEF. In contrast, wildtype and PINK1−/− control cells (absence of IGF-1) demonstrated
comparable expression of FoxO1 in the nucleus (panel A). Cells analyzed: n=214, 169, 272,
283, 220, and 347 for WT control, PINK1−/− control, WT 30min IGF-1, PINK1−/− 30min
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IGF-1, WT 60min IGF-1 and PINK1−/− 60min IGF-1, respectively. *** P<0.001, compared
to wildtype cells. (C) Cytosolic fractions of cell lysates were analyzed by Western blot for
FoxO1, showing that wildtype cells have higher amounts of FoxO1 in the cytosol after
treatment with IGF-1, compared to PINK1−/− cells.
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Figure 4. PINK1 deficiency interferes with IGF-1-induced phosphorylation of ribosomal protein
S6
Serum-starved wildtype (PINK1+/+) and PINK1−/− MEF were stimulated with 100 ng/ml
IGF-1 for the indicated times and the levels of phospho-S6 (Ser235/236) were quantified by
Western blots and normalized to GAPDH. The graph shows mean ± SEM from four
independent experiments (n=4). A Western blot is shown above the graph (lanes correspond
to x-axis labels of the graph). *p<0.05, **p<0.01, ***p<0.001, compared to PINK1+/+

without IGF-1. ##p<0.01, compared to PINK1+/+, 60 min IGF-1.
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Figure 5. Insulin-dependent phosphorylation of Akt is impaired in PINK1-deficient cells
Serum-starved wildtype (PINK1+/+) and PINK1−/− MEF were stimulated with 100 nM
insulin for the indicated times. Levels of total Akt and pSer473-Akt were analyzed by
Western blots in two independent experiments, with GAPDH as an internal loading control.
In both experiments the lack of PINK1 significantly reduced the insulin-dependent
phosphorylation of Akt whereas basal Akt phosphorylation was unaffected. Total Akt levels
were comparable between genotypes and not altered by insulin treatment.

Akundi et al. Page 21

Neurobiol Dis. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. PINK1−/− mice show increased body weight
Mice were weighed at the indicated ages. Weight differences persisted to higher ages in
males than females. Number of male mice: 32 days (7 WT and 8 PINK1−/−), 90 days (8 WT
and 8 PINK1−/−), 175 days (14 WT and 18 PINK1−/−), 390 days (12 WT and 12 PINK1−/−).
Number of female mice: 40 days (10 WT and 7 PINK1−/−), 80 days (6 WT and 3
PINK1−/−), 140 days (4 WT and 3 PINK1−/−), 204 days (9 WT and 8 PINK1−/−), 326 days
(5 WT and 4 PINK1−/−), 413 days (4 WT and 5 PINK1−/−). * p<0.05, ** p<0.01.
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Figure 7. Pink1 ablation interferes with IGF-1-mediated protection against staurosporine-
induced metabolic dysfunction and cell death
Cells were grown in 96-well plates in presence or absence of 100 ng/ml IGF-1 (± IGF-1) for
24 hours and then treated with 1 µM staurosporine for 24 hours ± IGF-1. (A) Cell viability/
metabolism was measured by MTS reduction and (B) cell death was quantified by LDH
release as described in Materials and Methods. ### p<0.0001 compared to control, ***
p<0.0001 compared to staurosporine-treated cells, n.s. indicates not significantly different
from staurosporine-treated cells (n=8 wells/condition). Two replicate experiments with
similar results were done.

Akundi et al. Page 23

Neurobiol Dis. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Impaired Akt signaling in PINK1−/− cells is not due to enhanced Akt
dephosphorylation
Serum-starved wildtype (PINK1+/+) and PINK1−/− MEF were incubated with 1 mM FK506
for 60 min to inhibit calcineurin (A) or 100 nM calyculin A for 15 min to inhibit all Ser/Thr
phosphatases (Ni et al., 2007). Subsequently cells were stimulated with 100 ng/ml IGF-1 for
15 min and the levels of pSer473-Akt, total Akt and GAPDH in whole cell lysates were
analyzed by Western blot analysis. No difference in the amounts of pSer473-Akt and total
Akt were seen without and with phosphatase inhibitor treatment (neither in PINK1+/+ nor
PINK1−/− cells), indicating that dephosphorylation of Akt played no role in the lower
amounts of pSer473 Akt observed in IGF-1 treated PINK1−/− cells. Identical results were
obtained when the cells were treated for 24 hours with 1 mM FK506, or for one or 24 hours
with 10 mM cyclosporine A (data not shown). Three replicate experiments with similar
results were done.
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Figure 9. Oxidative stress-induced phosphorylation of Akt is normal in the absence of PINK1
Serum-starved wildtype (PINK1+/+) and PINK1−/− MEF were incubated for 30 min with the
indicated concentrations of H2O2. Levels of total Akt and pSer473-Akt were analyzed by
Western blots in two independent experiments and were comparable between genotypes.
Even after 60 min, H2O2 concentrations up to 0.2 mM induced little or no Akt
phosphorylation (data not shown). Two replicate experiments with similar results were done.
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Figure 10. Induction of Akt phosphorylation in response to IGF-1 is reduced in primary cortical
neurons of PINK1−/− mice
B27-starved PINK1+/+ and PINK1−/− primary cortical neurons were stimulated with 100 ng/
ml IGF-1 for 30 minutes and the levels of pSer473-Akt and GAPDH were quantified by
Western blots. Basal levels of pSer473-Akt were not different between PINK1+/+ and
PINK1−/− neurons and set to 100% for both genotypes. Data represent mean ± SD from n=4
experiments. ### p<0.001 compared to same genotype without IGF-1 (control), ** p<0.01
compared to PINK1+/+ with IGF-1.
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Figure 11. Phosphorylation of tau at Ser396/404 is unaltered in PINK1−/− striatum and cortical
neurons
Phospho-tau (Ser396/404) was detected with the PHF-1 antibody (see Materials and
Methods). (A) Human hippocampal tissue from control and AD patients was used to
confirm functionality of the antibody. (B) Phospho-tau in the striatum and (C) phospho-tau
in primary cortical neurons of wildtype and PINK1-deficient mice.
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