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Parkinson’s disease (PD) is a progressive
age-related movement disorder that results primarily
from the selective loss of midbrain dopaminergic (DA)
neurons. Symptoms of PD can be induced by genetic
mutations or by DA neuron-specific toxins. A specific
ablation of an essential factor controlling ribosomal
RNA transcription, TifIa, in adult mouse DA neurons
represses mTOR signaling and leads to progressive
neurodegeneration and PD-like phenotype. Using an
inducible Cre system in adult mice, we show here that
the specific ablation of Pten in adult mouse DA neurons
leads to activation of mTOR pathway and is neuroprotective in genetic (TifIa deletion) and neurotoxin-induced (MPTP or 6OHDA) mouse models of PD. Adult
mice with DA neuron-specific Pten deletion exhibit
elevated expression of tyrosine hydroxylase, a ratelimiting enzyme in the dopamine biosynthesis pathway,
associated with increased striatal dopamine content,
and increased mRNA levels of Foxa2, Pitx3, En1, Nurr1,
and Lmx1b—the essential factors for maintaining physiological functions of adult DA neurons. Pten deletion
attenuates the loss of tyrosine hydroxylase-positive cells
after 6OHDA treatment, restores striatal dopamine in
TifIa-knockout and MPTP-treated mice, and rescues
locomotor impairments caused by TifIa loss. Inhibition
of Pten-dependent functions in adult DA neurons may
represent a promising PD therapy.—Domanskyi, A.,
Geißler, C., Vinnikov, I. A., Alter, H., Schober, A.,
Vogt, M. A., Gass, P., Parlato, R., Schütz, G. Pten
ablation in adult dopaminergic neurons is neuroprotective in Parkinson’s disease models. FASEB J. 25,
2898 –2910 (2011). www.fasebj.org
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Neurodegenerative diseases such as Alzheimer’s
disease, Huntington’s disease, and Parkinson’s disease
(PD) are among the most devastating age-related disorders in humans. PD is a progressive movement disorder resulting primarily from the selective loss of dopaminergic (DA) neurons in the substantia nigra. The
majority of PD cases are sporadic; however, ⬃3% of PD
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cases are associated with genomic mutations. The affected genes include ␣-synuclein, parkin, leucine-rich
repeat kinase 2 (LRRK2), DJ-1, and phosphatase and
tensin homologue deleted on chromosome 10 (PTEN)induced kinase 1 (PINK1) (1). Symptoms of PD can
also be induced by DA neuron-specific toxins, such as
6-hydroxydopamine (6OHDA), rotenone, and 1-methyl4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) (2, 3).
Functional analysis of pathways affected by these
genomic mutations and toxins implicated mitochondrial dysfunction and oxidative stress as important
factors in the pathogenesis of PD (4). Recent data
demonstrate a functional link between PINK1 and
parkin in maintaining mitochondrial integrity. PINK1
accumulates on damaged mitochondria and recruits
and directly phosphorylates parkin, leading to activation of its ubiquitin-protein ligase activity that promotes
a selective autophagy of damaged mitochondria (5–7).
Notably, PD-associated mutations in PINK1 and parkin
disrupt this pathway (8). Several genetic animal models
have been created to study the mechanisms behind PD
development. However, most of these genetic mouse
models fail to recapitulate all symptoms of human PD
(9, 10).
We have previously demonstrated that a disruption of
ribosomal RNA synthesis through the genetic ablation
of TifIa, an essential factor controlling RNA polymerase
I (Pol I)-mediated transcription, leads to progressive
neurodegeneration (11). Using transgenic mice with
DA neuron-specific expression of inducible Cre recombinase, we have achieved a specific and temporally
controlled ablation of TifIa in adult DA neurons.
Compared to the neurotoxin-induced models of PD,
such an inducible genetic system offers higher specificity and selectivity toward DA neuronal population. The
mice lacking TifIa selectively in adult neurons exhibit a
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PD-like phenotype and, therefore, represent a novel
animal model recapitulating essential hallmarks of PD
development and progression. Notably, TifIa loss in DA
neurons results in nucleolar disruption and downregulation of Akt/mTOR signaling (12).
A lipid phosphatase Pten antagonizes the Akt/
mTOR signaling pathway regulating cell growth and
survival, as well as apoptosis and autophagy (13). Pten
can interact with components of the Pol I transcription
complex and down-regulate ribosomal RNA synthesis
(14). Because of its inhibitory effects on the Akt/
mTOR prosurvival pathway, Pten may play a role in PD
development (15). PD-related protein DJ-1 suppresses
Pten function in Drosophila and in cultured cells (16).
Down-regulation of Pten in neurotoxin-treated cells
reduces intracellular levels of reactive oxygen species
(17). Brain-specific Pten deletion during early embryonic development causes defects in neuronal migration, increased neuronal soma and nucleoli size, altered branching morphology, seizures, and ataxia that
are probably due to defects in synaptic transmission
and myelination abnormalities (18 –21). In contrast,
Pten ablation in developing DA neurons is protective
against acute neurotoxic insult (22). However, since in
these models Pten expression in the brain is ablated
already during neuronal differentiation, these results
may not fully reflect the functions of this protein in
adult neurons. Moreover, while all previous publications show that Pten loss protects neurons against acute
neurotoxic stress in vitro and in vivo (17, 22), the
neuroprotective potential of Pten ablation in genetic
model of PD has never been observed up to now.
Here, we demonstrate a neuroprotective role of Pten
ablation in a genetic progressive model of PD caused by
the loss of TifIa and in neurotoxin-induced PD models.
In TifIa/Pten-knockout mice, Pten loss partially restored
striatal dopamine and completely rescued locomotor
deficits associated with TifIa ablation. We further show
that specific Pten deletion in adult DA neurons protected these neurons from 6OHDA toxicity and restored striatal dopamine in MPTP-treated mice. Notably, Pten ablation in adult DA neurons did not result in
any obvious phenotypic abnormalities. These results
indicate that inhibiting Pten-dependent functions in
adult DA neurons has a neuroprotective effect that can
be used for therapeutic interventions.

MATERIALS AND METHODS
Experimental mice and tamoxifen (Tam) treatment
Mice were maintained in C57BL/6 genetic background on a
12-h light-dark cycle with free access to water and food. The
Ptenfl/fl/DATCreERT2 mouse line was generated by mating
Ptenfl/fl mice (23) with DATCreERT2 mice (24). To generate
TifIafl/fl/Ptenfl/fl/DATCreERT2 mice, Ptenfl/fl/DATCreERT2 animals were mated with TifIafl/fl mice (25). Inducible
Cre recombinase was activated in 8- to 10-wk-old mice by
intraperitonial injections of 1 mg Tam (Sigma, St. Louis, MO,
USA) diluted in sunflower oil 2⫻/d for 5 d (see Fig. 1A).
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Littermates harboring only floxed alleles were used as controls. All experimental procedures were approved by the
Committee of Animal Care and Use (Regierungspräsidium
Karlsruhe) and carried out in accordance with EU guidelines
on animal care.
Immunohistochemistry and immunoblotting
Mice were perfused with 4% PFA; the brains were dissected
and were fixed overnight in 4% PFA and processed for either
paraffin or vibratome sections. Immunohistochemical staining was performed as described previously (11), using the
following antibodies: anti-tyrosine hydroxylase (TH; 1:1000,
AB1542; Millipore, Billerica, MA, USA), anti-nucleophosmin
(NPM; 1:1000, MAB4500; Millipore), anti-phospho-Akt
(pAkt; 1:50, 4058; Cell Signaling, Beverly, MA, USA), antiphospho-S6 (pS6; 1:50, 4857; Cell Signaling), anti-Pten (1:50,
9559; Cell Signaling), anti-dopamine transporter (DAT;
1:500, MAB369; Millipore).
For the preparation of total protein extracts and RNA
isolation, the mice were sacrificed by asphyxiation with CO2,
the brains were dissected, and 2-mm striatal or ventral midbrain slices were cut using a 1-mm brain matrix (Alto,
Leominster, MA, USA). Total RNA and protein extraction
was performed with AllPrep DNA/RNA/Protein Mini Kit
(Qiagen, Venlo, The Netherlands) according to manufacturer’s instructions. Total protein extracts (50 g) from ventral
midbrain or striatum were used for immunoblotting with
anti-TH (1:5000), anti-Pten (1:2000), anti-Akt (1:2000, 4685;
Cell Signaling), anti-S6 (1:2000, 2217; Cell Signaling), antipAkt (1:1000), and anti-pS6 (1:500), or anti-PINK1 (1:500,
10006283; Cayman Chemicals) antibody and with antiGAPDH (1:10000, MAB374; Millipore) as a loading control.
Images were acquired with the LAS-3000 imaging system
(Fuji, Tokyo, Japan); band intensity was quantified using
ImageGauge software (Fuji) and normalized to that of control samples.
Quantitative analyses of DA neurons and striatal TH
immunoreactivity
Neuronal numbers and morphology were quantified on
micrographs from stained brain sections using MCID Image
Analysis software (InterFocus Imaging, UK). The number of
TH⫹ or Nissl-stained neurons in substantia nigra, identified
according to the anatomical landmarks (26), was quantified
on coronal paraffin sections (7 m), immunostained with
anti-TH antibody, or stained with cresyl violet. The values
were calculated for each mouse from ⱖ12 sections covering
rostral substantia nigra. To quantify the nucleolar disruption
levels in TH⫹ neurons of TifIa and TifIa/Pten double-knockout mice, similar analysis was performed on paraffin sections
immunostained with anti-TH and anti-NPM antibodies. Nucleoli diameter and cell area of TH⫹ neurons on the midbrain sections immunostained with anti-TH/anti-NPM antibodies, as well as the optical density of DAT- or THimmunostained striatal sections were quantified using ImageJ
software (http://rsbweb.nih.gov/ij/). Image analysis and
neuronal counts were performed independently by more
than one investigator, masked to the experimental conditions.
Quantitative RT-PCR
Total RNA isolated from striatal and ventral midbrain samples of control and mutant mice served as a template for DNA
synthesis using Super-Script III first-strand synthesis kit (Invitrogen). For genomic DNA contamination control, samples
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with no added reverse transcriptase enzyme were included.
Quantitative PCR was performed with a Chromo4 real-time
PCR detection system (Bio-Rad, Hercules, CA, USA) using
TaqMan gene expression assays (Applied Biosystems, Foster
City, CA, USA), according to the manufacturer’s instructions.
The mRNA levels of TH, En1, Pitx3, Nurr1, Lmx1b, Foxa1, and
Foxa2 in the samples from the mutant mice were normalized
to those of controls. The mRNA levels of two housekeeping
genes, Hprt1 and B2m, were measured to control for the equal
amount of input cDNA.
Striatal dopamine content measurements
Striatal dopamine content measurements were performed by
the HPLC-electrochemical detection method (HPLC-ED), as
described previously (27).
MPTP and 6OHDA treatments
The mice were intraperitoneally injected 1⫻/d with 20
mg/kg body weight 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine hydrochloride (MPTP; Sigma, St. Louis, MO, USA) for
3 d (28) and sacrificed 5 d after the last injection.
For the unilateral stereotactic intrastriatal 6OHDA injec-

tions, control and Pten-knockout mice 19 wk after the onset of
Pten deletion were anesthetized with ketamine/xylazine and
placed in a stereotactic frame (David Kopf Instruments,
Tujunga, CA, USA). 6OHDA (Sigma) was diluted in 0.9%
NaCl to 5.0 mg/ml final concentration, and a total dose of
15.0 g (3 l) was injected using a glass capillary into the
striatum at AP: ⫹0.4 mm; ML: ⫹1.8 mm; DV: ⫺3.5 mm
relative to bregma. Sham-operated mice received 3 l 0.9%
NaCl intrastriatal injection to the same coordinates. The
capillary was slowly withdrawn after 3–5 min. The animals
were sacrificed for analysis 10 d after the injection (see
Fig. 4B). Sham-operated mice did not show any changes in
TH⫹ neuronal numbers and in striatal dopamine content
(data not shown).
Behavioral assays
The constant-speed rotarod assay to measure forelimb and
hindlimb motor coordination and balance was performed
using the rotarod apparatus (Ugo Basile, Biological Research
Apparatus, Varese, Italy). During the training period, each
mouse was placed on the rotarod at a constant speed (15
rpm) for several trials per day until all of the mice attained a
stable baseline level of performance, staying at the 15 rpm

Figure 1. Pten ablation leads to Akt/mTOR pathway activation in adult DA neurons. A) Experimental timeline. Pten deletion was
induced by Tam injections in 8- to 10-wk-old mice. At the indicated time points (red arrowheads), the mice were sacrificed, and
the brains were dissected and processed for immunostaining, HPLC, or RNA/protein extraction as described in Materials and
Methods. B) Loss of Pten and increase in phosphorylation of Akt and ribosomal protein S6 in Pten-knockout (Pten ko) animals
3 wk after the first Tam injection, visualized by immunostaining using specific antibodies. Insets: higher magnifications of
representative neurons. Scale bar: 200 m.
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Figure 2. Increased neuronal soma and nucleolar size, TH protein expression, and striatal dopamine content in Pten-knockout mice.
A) Increase in soma and nucleoli size in midbrain DA neurons, visualized by TH (blue) and NPM (brown) immunostaining, and
quantification of TH⫹ cell numbers in control and Pten-knockout mice 6 wk after the first Tam injection. Insets: higher magnifications
of representative TH⫹ neurons with NPM-immunostained nucleoli (arrows). B) Quantification of nucleolar diameter and cell area
of TH⫹ neurons in the substantia nigra (SN) and ventral tegmental area (VTA) in control and Pten-knockout mice 6 wk after the first
Tam injection. C) Increase in TH protein levels was analyzed by quantitative immunoblotting of midbrain and striatal protein samples
from control and Pten-knockout mice 8 wk after the first Tam injection. Equal loading of samples was controlled by immunoblotting
with anti-GAPDH antibody. D) Striatal dopamine content increase in Pten-knockout mice, measured by HPLC 8 wk after the first Tam
injection. E) Increase in the striatal density of DAT⫹ axonal terminals in Pten-knockout mice, visualized by DAT immunostaining 6
wk after the first Tam injection. Scale bars ⫽ 200 m (A); 500 m (E). All data are expressed as means ⫾ se. *P ⬍ 0.05, **P ⬍ 0.01,
***P ⬍ 0.001 vs. control mice; Student’s unpaired t test.
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2901

rotating rod for 60 s. Mice then received several trials at 15,
25, 35, and 44 rpm rotation speed with 60-s maximum trial
length and 5-min intervals between individual trials, as described by Carter et al. (29). The mean latency to fall off the
rotarod (for the two trials at each speed level) was recorded
and used in subsequent analyses.
The footprint analysis was performed as described by
Carter et al. (30). Briefly, the mice were trained to run toward
an enclosed goal box in an open-top runway. The forepaws
and hindpaws were painted with nontoxic paints of contrasting colors, and the mice were immediately placed on one end
of the sheet of paper opposite the goal box. After drying, the
footprint patterns were scanned and analyzed. For every
mouse and for every step, the overlap between forepaw and
hindpaw placement was defined as the average distance
between the front and hind footprints on each side. For
example, in Fig. 5A, the measured distances are shown as red
(a1, a2,…, an) and blue (b1, b2,…, bn) lines; the left overlap is
the average length of lines a1, a2,…, an, and the right overlap
is the average length of lines b1, b2,…, bn. The overlap
asymmetry was calculated as an absolute value of a difference
between left and right overlaps (ref. 30; see Fig. 5A).
For the open field test, the mice were placed in a 50- ⫻
50-cm arena illuminated with 25 lux from above for 10 min
during their active period. Mice were placed individually into
the arena and monitored for 10 min by a video camera (Sony
CCD IRIS; Sony, Tokyo, Japan). The resulting data were
analyzed using the image processing system EthoVision 3.0
(Noldus Information Technology, Wageningen, The Netherlands). For each sample, the system recorded position, object
area, and the status of defined events. Parameters assessed
were total traveled distance and average velocity. To measure
grip strength, mice were held at the tail and lowered until
they could hold with their forepaws the front bar of a triangle
fixed at the grip strength apparatus (Bioseb, Chaville,
France). After a few seconds, animals were pulled horizontally
until they lost their grip. This was repeated 5 times, and the
mean grip strength was calculated. The apparatus displayed
the power of the grip in grams. For the wire hang test, the
mice were put on a wire grid placed 60 cm above a cage filled
with bedding. After 10 s, the grid was gently rotated to 90°
within 1 s and held for 15 s. Then, the grid was rotated to 135°
within 1 s and held for 15 s. The grid was rotated again to 180°
and held for 20 s. The latency to fall off the grid and the angle
of the wire grid were measured.
Statistical analyses

the estrogen receptor (CreERT2) is controlled by the
regulatory elements of the DAT gene. In this study, we
used DATCreERT2 mice in which the CreERT2 construct based on a bacterial artificial chromosome
(BAC) harboring the DAT gene was integrated into the
genome by insertion transgenesis (11, 24). Because of
its large size, a BAC-based construct usually contains
most of the regulatory elements necessary for the
specific expression of CreERT2 independently of the
genomic integration site (32), while not compromising
the expression of endogenous DAT gene.
To induce Pten deletion in adult DA neurons, 8- to
10-wk-old Pten-knockout mice were injected with Tam
and analyzed at different time points (3, 6, 8, and 21
wk) after induction of the mutation by Tam injections
(Fig. 1A).
The loss of Pten protein specifically in midbrain DA
neurons, but not in the surrounding tissue containing
other neuronal types and glial cells, was detectable by
immunostaining 3 wk after Tam (Fig. 1B). Pten deletion
resulted in increased levels of phosphorylated Akt,
leading to the activation of Akt/mTOR pathway, as
judged by the increase in phosphorylation of S6 protein, one of the downstream targets of mTOR (Fig. 1B).
A significant increase in Akt and S6 phosphorylation
was also evident in the immunoblot analysis of total
protein extracts from the ventral midbrain of Ptenknockout and control mice (Supplemental Fig. S1).
Pten-knockout mice exhibited reduced levels of Pten
(Supplemental Fig. S1), with the remaining Pten protein signal most probably attributed to the other neuronal types and glial cells inevitably present in the
dissected ventral midbrain samples.
Pten can induce the expression of a PD-associated
protein, PINK1 (33); therefore, deletion of Pten may
lead to PINK1 down-regulation. However, in our immunoblot analysis, the down-regulation of PINK1 protein
in the ventral midbrain of Pten-knockout mice was not
statistically significant (Supplemental Fig. S1). Notably,
Pten ablation in adult DA neurons did not lead to
changes in TH⫹ cell numbers in the substantia nigra
(Fig. 2A). However, the cell bodies of DA neurons both

Statistical significance was calculated either by Student’s
2-tailed unpaired t test or 2-way ANOVA followed by Bonferroni post hoc analyses for multiple comparisons, using GraphPad Prism software (GraphPad Scientific, San Diego, CA,
USA). Data in text and figures are represented as means ⫾ se.

RESULTS
Pten deletion leads to Akt/mTOR pathway activation
and increases in TH expression and striatal dopamine
content
To exclude possible effects of Pten deletion on differentiation and activity of DA neurons during embryonic
development, we specifically ablated Pten in adult
mouse DA neurons using the Tam-inducible CreERT2/
loxP system (31), where the expression of Cre recombinase fused to a modified ligand-binding domain of
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Figure 3. Increase in mRNA levels of midbrain DA neuronspecific genes in Pten-knockout mice. Quantification of the
relative mRNA expression by qRT-PCR in dissected midbrain
samples from control (n⫽7) and Pten-knockout mice (n⫽7) 8
wk after the first Tam injection. Data are expressed as
means ⫾ se. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 vs. control
mice; Student’s unpaired t test.
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in the substantia nigra and in the ventral tegmental
area (VTA) were significantly larger, with higher intensity of TH immunostaining in Pten-knockout mice as
compared to control mice. The nucleoli of midbrain
DA neurons visualized by immunostaining for the nucleolar protein NPM were also significantly enlarged
(Fig. 2A, B). We also observed more pronounced TH
immunostaining of neurofilaments in the substantia
nigra reticulata in Pten-knockout mice (Figs. 2A, 6A and
Supplemental Fig. S2A). Quantitative analysis of immunostained sections revealed a significant increase in the
length and density of TH⫹ neuronal fibers in Ptenknockout mice (Supplemental Fig. S2A).
To quantify the TH protein expression levels, we
dissected the ventral midbrain region and the striatum
and performed immunoblot analysis of total protein
extracts from Pten-knockout and control mice 6 wk after
beginning of Tam treatment. In agreement with the
immunostaining results, we detected a significant upregulation of TH protein (Fig. 2C) and mRNA (Fig. 3)
expression both in the ventral midbrain and in the
striatum of Pten-knockout mice. Pten-knockout mice
had increased striatal dopamine content (Fig. 2D) and
striatal density of DAT⫹ as well as TH⫹ axonal terminals
(Figs. 2E and Supplemental S2B).
Thus, Pten ablation in adult DA neurons led to
Akt/mTOR pathway activation, significant enlargement
of cell soma and nucleoli, higher TH expression in the
midbrain DA neurons, and higher density of TH⫹
axonal terminals in the striatum. Notably, increased TH
levels in Pten-knockout mice were accompanied by
significantly increased striatal dopamine content.
Pten-knockout mice have increased expression of
specific genes involved in the maintenance of adult
DA neurons
To elucidate the molecular mechanisms responsible for
the observed cellular phenotype in Pten-knockout animals, we performed a quantitative RT-PCR analysis on
the dissected ventral midbrain samples to quantify
mRNA levels of several genes important for the development and also for the maintenance of DA neuronal
population (34 –37). Besides the increase in TH, adult
Pten-knockout mice had significantly increased levels of
En1, Pitx3, Nurr1, Lmx1b, and Foxa2 mRNA in DA
neurons, whereas the increase in Foxa1 mRNA levels
did not reach statistical significance (Fig. 3). Foxa2,
Pitx3, and Nurr1 are directly involved in regulation of
TH expression during DA neuron development (37).
Our results suggest that the elevated levels of these
transcription factors may also promote TH expression
in adult DA neurons, leading to elevated striatal dopamine content in Pten-knockout mice.
Pten-knockout mice are protected against MPTP and
6OHDA toxicity
To study the neuroprotective effect of Pten deletion in
a neurotoxin-induced PD model, control and PtenPTEN LOSS PROTECTS DOPAMINERGIC NEURONS

knockout mice were treated with MPTP. While the
MPTP treatment led to a significant decrease in striatal
dopamine content in controls, the levels of striatal
dopamine remained elevated in MPTP-treated Ptenknockout mice (Fig. 4A).
The neuroprotective effect of Pten deletion was also
evident in mice treated with a dopaminergic neuronspecific neurotoxin, 6OHDA (Fig. 4B). After a unilateral intrastriatal 6OHDA injection, the survival of nigral
TH⫹ neurons in control mice was 30% at the injected
compared to the contralateral side, whereas in Ptenknockout mice, 51% of cells survived 6OHDA treatment (Fig. 4C, D). A similar result was obtained by
performing total neuronal counts on Nissl-stained sections, confirming that the observed neuroprotective
effect was indeed due to the increased cell survival after
Pten deletion (Fig. 4D). Correspondingly, while in control mice striatal dopamine concentration at the injected site dropped to 1.7 ⫾ 0.8 ng/mg, Pten-knockout
animals retained 5.5 ⫾ 0.7 ng/mg striatal dopamine at
the injected side (Fig. 4E).
On a behavioral level, the footprint analysis revealed
an asymmetry in overlap between forepaw and hindpaw
placement in control mice after MPTP treatment (Fig. 5),
whereas MPTP-treated Pten-knockout mice were not
affected (Fig. 5B). Similar asymmetry was detected in
TifIa-knockout, but not TifIa/Pten double-knockout
mice (Fig. 5B). The overlap between forepaw and
hindpaw placement is used to measure the accuracy of
foot positioning and the uniformity of step alternation
(30, 38), and the overlap asymmetry was the first early
detectable behavioral abnormality in our experiments.
Even though the overlap asymmetry may not reflect a
specific loss of dopaminergic function, the asymmetric
posture and gait have previously been reported in mice
exhibiting DA neuron degeneration (39) and in patients with PD (40 – 42).
The deletion of Pten resulted in a significant increase
in total striatal dopamine content not only in basal
conditions but also after MPTP treatment. Moreover,
Pten ablation was sufficient to attenuate the loss of TH⫹
neurons and striatal dopamine in 6OHDA-treated
mice, demonstrating that the loss of Pten is beneficial
for the functional maintenance of adult DA neurons in
stressed conditions.
Pten deletion attenuates the decline in striatal
dopamine content and rescues locomotor deficits in a
genetic model of PD
To assess whether Pten deletion has a neuroprotective
role in a genetic progressive model of PD, we used our
recently developed TifIa-knockout PD model and generated TifIa/Pten double-knockout mice to achieve the
inducible tissue-specific deletion of both TifIa and Pten
genes in adult DA neurons. At 8 wk after TifIa deletion,
we observed a significant reduction in the number of
TH⫹ neurons in the substantia nigra of TifIa singleknockout mice (Fig. 6A, B). Most of the remaining TH⫹
neurons exhibited disrupted nucleoli and reduced
2903

Figure 4. Pten deletion attenuates MPTP and 6OHDA toxicity. A) Pten ablation protects striatal dopamine levels, measured by
HPLC, in Pten-knockout mice after MPTP treatment. Two-way ANOVA showed a significant effect of genotype (control vs. Pten
ko, P⬍0.0001), and treatment ⫻ genotype interaction (P⫽0.0356). Groups with different superscript letters are statistically
different (P⬍0.05; Bonferroni post hoc test). B) Timeline of the 6OHDA treatment experiments. Pten deletion was induced by
Tam injections in 8- to 10-wk-old mice; 19 wk after the first Tam injection, mice received a unilateral stereotactic intrastriatal
(continued on next page)
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Figure 5. Pten deletion rescues gait abnormality caused by MPTP treatment or TifIa ablation. A) Representative footprint
patterns from NaCl- and MPTP-treated control mice obtained in footprint analysis experiment. Overlap between forepaw and
hindpaw placement was measured as mean distance between front and hind footprints on each side (means of a1, a2, a3,…, an
for left overlap and b1, b2, b3,…, bn for right overlap). Overlap asymmetry was calculated as an absolute value of a difference
between left and right overlaps. Note that length of red and blue lines is similar for control mice, but is different for
MPTP-treated mice. B) Asymmetry in overlap between forepaw and hindpaw placement in control and Pten-knockout mice
treated with MPTP, and TifIa single-knockout and TifIa/Pten double-knockout mice. Data are expressed as means ⫾ se. *P ⬍
0.05, **P ⬍ 0.01 vs. control mice; Student’s unpaired t test.

soma size (Fig. 6A). Pten deletion could not prevent
nucleolar disruption and degeneration of TH⫹ nigral
neurons, as similar levels of TH⫹ neuronal loss and
nucleolar disruption were also observed in TifIa/Pten
double-knockout mice (Fig. 6A, B).
TifIa single-knockout mice developed a progressive
decline of the striatal dopamine. While the average
striatal dopamine concentration in control mice
throughout the study period was 12.3 ⫾ 0.5 ng/mg, in
TifIa single-knockout mice, it was progressively reduced
from 5.8 ⫾ 0.4 ng/mg at 6 wk to 0.66 ⫾ 0.03 ng/mg at
21 wk after beginning Tam treatment (Fig. 6C). In
comparison to TifIa-knockout animals, the striatal dopamine level was significantly higher in TifIa/Pten double-knockout mice (Fig. 6C).
To attest whether the observed molecular phenotypes were accompanied by behavioral changes in the
mutant mice, we performed several behavioral tests in
control, TifIa or Pten single-knockout, and TifIa/Pten
double-knockout mice. At 8 wk after the first Tam
injection, control and knockout mice did not show
statistically significant differences in distance and average speed in open field test, in grip strength, and in
wire hang tests (data not shown). To assess the locomotor behavior of TifIa or Pten single-knockout and TifIa/
Pten double-knockout mice, we utilized a constant
speed rotarod assay that was shown to be highly sensitive in detecting locomotor deficits associated with early

neurodegeneration stages (38, 43). At 6 wk after the
beginning of Tam treatment, all tested mice were able
to maintain the balance on the rotarod for 40 – 60 s at
all rotation speeds (Fig. 6D). Control, Pten singleknockout, and TifIa/Pten double-knockout mice kept
this ability until 21 wk after Tam. In contrast, beyond 10
wk after Tam treatment, TifIa-knockout mice exhibited
a progressive decline in performance on the rotarod at
all rotation speeds (Fig. 6D). At 10 wk after Tam
treatment, TifIa-knockout mice did not maintain balance on the rotarod at the highest rotation speed (Fig.
6D, 44 rpm), and they performed significantly worse
than TifIa/Pten double-knockout mice at 35 and 44 rpm
(Fig. 6D, 35 rpm). By 21 wk after Tam, TifIa-knockout
mice failed to maintain balance on the rotarod at
higher rotation speeds for ⬎5 s, and even at the lowest
rotation speed, these mice could not perform for ⬎15
s (Fig. 6D). TifIa/Pten double-knockout mice had no
apparent problems with the balance at all rotation
speeds and at all tested time points (Fig. 6D), indicating
that Pten ablation rescued the progression of locomotor
deficits caused by TifIa deletion in these mice.

DISCUSSION
The role of Akt/mTOR pathway and, particularly, Pten
in the progression of cancer and PD is a subject of

injection of 15 g 6OHDA and were sacrificed 10 d later, as described in Materials and Methods. C) DA neurons visualized by
TH immunostaining on midbrain section from 6OHDA-injected control and Pten-knockout mice. Asterisk indicates injected
side. Scale bar ⫽ 200 m. D) Quantification of TH⫹ and Nissl⫹ cell numbers in the substantia nigra at the injected side in
control and Pten-knockout mice 10 d after 6OHDA injection, relative to the corresponding number of cells at the side
contralateral to the injection. *P ⬍ 0.05, **P ⬍ 0.01; Student’s unpaired t test. E) Pten deletion attenuates the decline in striatal
dopamine on 6OHDA-injected side of striatum, as measured by HPLC, in control and Pten-knockout mice. Two-way ANOVA
showed a significant effect of treatment (6OHDA vs. noninjected, P⬍0.0001), genotype (control vs. Pten ko, P⬍0.0001), and
treatment ⫻ genotype interaction (P⫽0.0001). Groups with different superscript letters are statistically different (P⬍0.001;
Bonferroni post hoc test). All data are expressed as means ⫾ se.
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Figure 6. Pten deletion attenuates striatal dopamine decline and rescues locomotor deficits in TifIa-knockout model of PD.
A) Increase in soma and nucleoli size in Pten-knockout mice and nucleoli disruption in TifIa single-knockout and TifIa/Pten
double-knockout mice in the midbrain DA neurons, visualized by TH (blue) and NPM (brown) immunostaining. Insets: higher
magnifications of representative TH⫹ neurons with NPM-immunostained nucleoli in control and Pten single-knockout mice, and
disrupted nucleoli in TifIa single and TifIa/Pten double-knockout mice (arrows). Scale bars ⫽ 200 m. B) Quantification of TH⫹
cell numbers in TifIa and TifIa/Pten double-knockout mice 8 wk after the first Tam injection, normalized to the number of TH⫹
(continued on next page)
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intensive discussion (15, 44). Particularly attractive is
the hypothesis that activation of the prosurvival Akt/
mTOR pathway protects postmitotic neurons from endogenous and exogenous neurotoxic insults without
promoting tumorigenesis (45). Indeed, an adenovirusmediated overexpression of Akt in adult mouse DA
neurons induces trophic effects and neuroprotection
in the 6OHDA model of PD (46). Genetic deletion of
Pten in developing DA neurons leads to similar neuroprotective effects accompanied by increases in total
striatal dopamine content and in the number of TH⫹
DA neurons in the ventral midbrain (22). However, in
these genetic mutants, Pten expression is lost already at
embryonic day 15 (E15; ref. 47), long before the onset
of postnatal apoptotic death of DA neurons (48). Thus,
the Pten deletion described by Diaz-Ruiz et al. (22)
could affect postnatal development of the DA system
and lead to the observed increase in TH⫹ neuronal
number because of the postnatal apoptosis inhibition.
Therefore, the neuroprotective effects of Pten loss
observed in the earlier study (22) could be due to the
trophic effects of Akt/mTOR pathway activation during
early postnatal development, and would not necessarily
reflect the role of Pten in adult DA neurons.
The use of a BAC-based transgenesis with a temporally controlled Cre recombinase allows us to achieve a
highly specific Pten ablation selectively in DA neurons
in adult mice. Moreover, this inducible genetic system
ensures higher targeting efficiency and specificity compared to virus-mediated transgene expression. In our
study, Pten deletion led to activation of the Akt/mTOR
pathway selectively in the adult DA neurons. While the
number of TH⫹ neurons in the substantia nigra and
VTA regions was not affected, we observed the increased size of cell soma and nucleoli in this neuronal
population, as well as more pronounced TH⫹ neurofilaments in the substantia nigra reticulata and in the
striatum.
The increase in striatal dopamine caused by Pten
ablation did not lead to any behavioral changes in open
field, wire hang, and grip strength tests and in the
rotarod assay. These results are in line with recently
reported data indicating that Pten deletion in DA
neurons during embryonic development leads to the
increase in striatal dopamine content, but does not
change extracellular dopamine dynamics (22). Adultonset ablation of Pten did not significantly affect the
levels of PD-related protein PINK1 in the ventral midbrain of Pten-knockout mice. The absence of the behavioral phenotype after the adult DA-specific Pten deletion in our study also indicates that, in contrast to the
brain-specific Pten deletion that causes defects in the

synaptic structure and myelination abnormalities (18),
the adult onset Pten ablation did not lead to any obvious
deleterious functional changes, such as the loss of TH⫹
neurons or reduced performance in a rotarod assay,
even up to 35 wk after the deletion onset (data not
shown).
Here, we demonstrate that Pten ablation resulted in
the increased expression not only of TH, but also of
En1, Pitx3, Nurr1, Lmx1b, and Foxa2. These genes play
crucial roles in the development of midbrain DA neurons (36). During embryonic development, forkhead
transcription factors Foxa1 and Foxa2 regulate the
expression of Lmx1a and Lmx1b and are required for
the expression of En1 and Nurr1 in immature DA
neurons (35, 37). Foxa1 and Foxa2 cooperate with
Pitx3 and Nurr1 to promote TH expression during late
DA neuron differentiation (34, 37). The expression of
these factors continues in the midbrain DA neurons
through adulthood; moreover, haploinsufficiency for
Foxa2 or En1/2, or adult-onset deletion of Nurr1 lead to
a progressive loss of midbrain DA neurons and decline
in striatal dopamine, resulting in the development of
PD-like phenotype in adult mice (39, 49 –51). Decreased Nurr1 expression, as well as mutations and
polymorphisms in this gene, have also been identified
in some cases of early-onset PD (52–54). In combination with our results, these data support the hypothesis
that the developmental Foxa1/2-regulated gene expression network is functional also in the adult animals,
promoting the expression of TH. We demonstrate here
that Pten ablation results in the up-regulation of Foxa2,
as well as En1, Pitx3, Lmx1b, and Nurr1 expression,
leading to the increase in TH levels in the ventral
midbrain and rising striatal dopamine content.
In this study, we show that the adult-onset Pten
deletion is neuroprotective in a genetic progressive
model of PD caused by selective ablation of Pol I-specific transcription initiation factor TifIa in adult DA
neurons (12). Adult-onset TifIa deletion leads to inhibition of ribosomal RNA synthesis, nucleolar disruption, progressive loss of TH⫹ nigral DA neurons, and
decline in striatal dopamine. This neurodegenerative
phenotype may partly be due to the down-regulation of
Akt/mTOR pathway observed in TifIa-knockout animals (11, 12). Therefore, we studied whether Pten
deletion that activates Akt/mTOR signaling could attenuate a neurodegenerative phenotype caused by TifIa
ablation. Despite the fact that Pten deletion could
prevent neither nucleolar disruption nor the loss of
nigral TH⫹ neurons in TifIa/Pten double-knockout
animals, the loss of Pten significantly attenuated the
decline in striatal dopamine in TifIa/Pten double-knockout

cells in control mice. C) Pten deletion attenuates the progressive decline in striatal dopamine, measured by HPLC, in TifIa- and
TifIa/Pten-knockout mice 6, 8, and 21 wk after Tam injections. Groups with different superscript letters are statistically different
(P⬍0.05; 2-way ANOVA with Bonferroni post hoc test). D) Balance and motor coordination of control, Pten, TifIa-knockout, and
TifIa/Pten double-knockout mice, as measured by a constant speed rotarod assay at 15, 25, 35, and 44 rpm at indicated time
points after the first Tam injection. Graphs show mean latency to fall for the two trials at each speed level. All data are expressed
as means ⫾ se. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 vs. control mice; #P ⬍ 0.05, ###P ⬍ 0.001 vs. TifIa/Pten ko mice; Student’s
unpaired t test.
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compared to TifIa single-knockout mice. The protection against progressive loss of striatal dopamine after
the activation of Akt/mTOR pathway in TifIa/Pten
double-knockout mice may, at least partly, be due to
the Akt-mediated suppression of retrograde axonal
degeneration (55).One of the earliest behavioral abnormalities that we detected in TifIa-knockout mice was
the asymmetry in overlap between forepaw and hindpaw placement. Asymmetric onset is a clinical characteristic of patients with PD (40 – 42) that has also been
described for some mouse models of PD (39). Notably,
this gait abnormality was present only in TifIa singleknockout, but not in TifIa/Pten double-knockout mice,
further demonstrating the protective role of Pten deletion in this mouse model.
The increased striatal dopamine levels in TifIa/Pten
double-knockout mice were paralleled by the amelioration of locomotor deficits in rotarod assay. TifIa-knockout mice exhibited progressive difficulties in maintaining the balance on a rotarod beginning at 10 wk after
TifIa deletion, whereas Pten ablation rescued this phenotype. Interestingly, the first behavioral symptoms of
PD in humans are observed when the striatal dopamine
levels fall below 20% of their normal level (56). Similarly, TifIa-knockout mice exhibited first signs of motor
deficits in rotarod assay at 8 –10 wk after TifIa ablation,
when the striatal dopamine content reached a threshold level of 20 –25% compared with control mice. In
TifIa/Pten double-knockout animals, the decline in
striatal dopamine is attenuated, and the progression on
locomotor phenotype is prevented, or at least significantly delayed.
To further characterize the neuroprotective potential of Pten deletion, we used 6OHDA and MPTP
models of PD. In both models, Pten ablation prevented
the toxin-induced decline in striatal dopamine. Moreover, Pten deletion attenuated the loss of TH⫹ neurons
in the substantia nigra of 6OHDA-treated animals.
Correspondingly, our behavioral analysis revealed the
presence of early signs of a gait disturbance in the form
of overlap asymmetry in MPTP-treated control, but not
Pten-knockout mice.
In this study, we demonstrate the neuroprotective
role of Pten deletion in the adult DA neurons. Previous
reports demonstrated that activation of Akt/mTOR
pathway induces protection against DA neuron loss and
axonal degeneration due to inhibition of excessive
autophagy and apoptosis in toxin-induced models of
PD (46, 55), whereas the repression of Akt/mTOR
signaling in DA neurons is associated with mitochondrial dysfunctions and increased oxidative stress (12,
57). However, it was also shown that systemic administration of an mTOR inhibitor, rapamycin, is protective
in mouse and fly models of Huntington’s disease,
Alzheimer’s disease, and PD due to its effects on 4E-BP
activation or induction of autophagy (58 – 60). A common conclusion emerging from these studies is that,
apparently, a protective role of Akt/mTOR pathway
can be highly context dependent and that normal
cellular functions require a correct balance between
2908
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Akt/mTOR overstimulation and repression. While
overstimulation of Akt/mTOR signaling may result in
accumulation of toxic proteins and damaged mitochondria due to insufficient levels of autophagy, its
repression leads to neuronal atrophy, axonal degeneration, and cell death (61, 62).
The protective effects of Pten deletion observed in
our study may result not only from Akt/mTOR pathway
activation, as Pten was shown to be involved in the
maintenance of mitochondrial function, mitophagy,
and regulation of mitochondria-dependent apoptosis
by preventing cytochrome c release and caspase 3
activation during toxic insults (17, 45, 63).
Our study extends the understanding of the neuroprotective mechanisms induced by selective Pten ablation in adult DA neurons in genetic and toxin-induced
models of PD. We also suggest a molecular sequence of
events, in which the loss of Pten up-regulates several
factors important for the maintenance of the DA neuronal population, notably Foxa2, Pitx3, and Nurr1, that
promote TH expression in ventral midbrain, leading to
an increase in striatal dopamine content. The selective
ablation of Pten in adult DA neurons excludes possible
developmental effects arising when Pten is deleted
during embryonic development (18, 22). Therefore, in
addition to its proposed use in the treatment of brain
injury after ischemic stroke (45, 64), specific inhibition
of Pten-dependent functions in adult DA neuronal
population serves as an attractive therapeutic approach
to the treatment of PD.
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